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ABSTRACT

To further make green energy a mainstay to combat the emissions from the consumption
of fossil fuels, alternative solutions for energy generation have been of interest. Offshore
wind generation has recently become one of the most promising sustainable energy sources.
About 80% of the wind resources are available in offshore regions with water depths of
more than 60 m, and using the fixed foundation concept is unfeasible from an economic
point of view. The floating wind turbine leverages this abundant wind resource in deep
water. One of the critical components of the floating wind turbine is the mooring lines,
which keep the floater in place (station keeping). The use of steel chains, polyester, or
nylons for the mooring lines is possible. Because of the ease of construction and the
unconditional stability offered by the spar-type concept, given that the centre of gravity
is lower than the centre of buoyancy, it is used in this study. This report analyses the
suitability of taut configuration polyester mooring lines in providing sufficient yaw stiffness
for a spar-type floater. The floater is subjected to irregular waves with a water depth of
250 m. The significant wave height and peak periods range from 5.25 m to 6.6 m and
9.03 s to 12.67 s, respectively. In the initial proposed solution, about 95% of the length
of each mooring line is made of polyester, while the remaining part is made of stud-less
chains with a buoy placed at the connection point; the chain connects to the anchor. A
fully coupled analysis is carried out in OpenFAST, and the hydrodynamic input file is
prepared with the boundary element method (BEM) solver NEMOH and BEMRosetta.
The baseline IEA 15 MW semi-submersible controller and tower properties are used. The
MoorDyn program is used to compute the mooring dynamics of the semi-taut mooring
configuration. The crowfoot configuration, which is patented, is first modelled, and then
the simple catenary system is also modelled. The best configuration is then selected as
the one that provides yaw stiffness similar to the crowfoot configuration. The selected
configuration is a 3-line semi-taut mooring with three anchor points and six fairlead points.
This configuration provides yaw stiffness higher than the initial proposal and utilises 50%
less chain and 30% less polyester.

xii
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1. INTRODUCTION

1.1. Background and Motivation

Energy, derived from several sources such as nuclear, hydro, petroleum derivatives,
solar, and wind, is necessary for human and industrial activities (Abbasi et al., 2021).
The ever-increasing energy demand over the years has necessitated the use of petroleum
derivatives by the world economy to meet this demand (Wang et al., 2022). Carbon (IV)
oxide (CO2) emission from the consumption of these petroleum derivatives, the main
greenhouse gas, reached a record 36.7 million metric tonnes in 2019 (Wang et al., 2022).
According to the global energy demand change data, between 2011 and 2018, energy
consumption grew by 100% compared to the previous ten years, leading to an increase
in fossil fuel energy demand by 2.3% (Abbasi et al., 2021). The emissions and wastes
generated by fossil fuel degrade the natural environment (Wang et al., 2022). To solve this
issue, the Paris Agreement was set up to maintain global warming to 1.5◦C from 2030,
which would mean cutting down CO2 emission by 50% (Abbasi and Adedoyin, 2021).
Reducing carbon emissions has necessitated the rapid development of renewable energies.

In recent times, wind energy has gained much attention, and the primary driving force for
the rapid growth of offshore wind is the reduction of the Levelized Cost of Energy (LCOE).
For an energy project, the LCOE may be defined as the cost of electricity produced over
the lifetime of the project (Vazquez and Iglesias, 2016), or the price that the energy must
be sold for the project to break even at the end of its design life (Martinez and Iglesias,
2022). The LCOE can also be defined as the cost required to produce one unit of electricity
in MW-h over an offshore energy project’s design life or life cycle (Musial et al., 2021).
The LCOE is a useful first-order metric used to rank different energy sources such as
nuclear, combined cycle, and offshore wind (IRENA, 2021). There is an ongoing attempt
to further reduce the LCOE by more efficient and economical designs. According to a
study by Martinez and Iglesias (2022), the LCOE for floating wind is between 95 e/MWh
and about 160 e/MWh. For floating wind turbines in Norway and Portugal, the LCOE
for floating offshore wind is around 125 e/MWh.
About 80% of wind resources are located in water depths of more than 60 m (WindEurope,

2017). The limit to water depth of wind turbines with fixed foundations is 50 m for
monopiles and more for jackets; however, the jackets are challenging to construct and may
not be an optimal solution if high dynamic loads are expected (Shittu et al., 2021). With
the limitations of the fixed concept and the prospects of the floating concept in mind, it is
imperative to explore the floating offshore wind fully. One of the critical components of
the floating offshore wind turbine is the mooring system. Figure 1.1 shows the various
costs involved in a floating offshore wind project. The cost presented in Figure 1.1 assumes
a fixed water depth of 200 m for the mooring cost. Though the cost of mooring appears
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to be the smallest among all the costs in Figure 1.1, this cost increases as the water depth
increases (Martinez and Iglesias, 2022) and could reach up to 10% of the total cost of
energy (Bhinder et al., 2015). If the construction and manufacturing of load-bearing
elements and anchoring technology of a floating offshore wind are improved, then there
could be a potential saving in cost of about 14.7% (Kausche et al., 2018). Hence, an
efficient foundation design that balances good design and economics is essential.
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the length of the mooring lines. It is found that the influence of the water 
depth via the cost of the mooring lines pales in comparison with other 
costs, e.g., the anchoring system. It follows that water depth is not so 
relevant in the cost of floating technologies, unlike in bottom-fixed 
technologies. This translates into one constraint less for the installa
tion of this technology and, therefore, a very good opportunity for some 
regions. This is the case, most notably, of the Iberian Peninsula and Gulf 

of Biscay, which present a very narrow continental shelf that rapidly 
leads to water depths of over 1000 m, thus precluding the widespread 
installation of bottom-fixed turbines. 

As regards the LCOE, the mapping highlights the dominance of the 
energy production, and consequently of the wind resource itself, over 
other site-specific aspects such as distance to shore or water depth. In 
other words, the estimated annual energy production is the main 

Fig. 9. Total CAPEX (M€) of the exemplar wind farm.  

Fig. 10. Cost breakdown of the exemplar wind farm vs. distance to shore, excluding the effects of varying water depths. [A generic water depth of 200 m was 
assumed for the mooring costs]. 

A. Martinez and G. Iglesias                                                                                                                                                                                                                   

Figure 1.1: Cost breakdown of an exemplar wind farm versus distance to shore (Martinez
and Iglesias, 2022).

A spar platform is a deep draft floater usually moored to the seabed, mainly used to
support wind turbines. One major issue with the spar floater is the ability of the mooring
lines to provide sufficient yaw stiffness. The platform motion is relatively high in yaw
(El Beshbichi et al., 2022), and a restrain in this degree of freedom is essential to the smooth
operation of the wind turbine. The current optimal solution for mooring configurations
is the crowfoot or bridle concept. This concept is patented with CA 2608233 under the
Canadian patent; therefore, it can not be used. The bridle concept is a catenary system
with three mooring lines that start from the anchor and split into two or more branches
close to the fairlead before connecting to the platform. The point of splinting of the line is
often referred to as a star-delta connection.
Parkwind nv and NorSea group are accessing the possibility of installing floating offshore

wind turbines in Utsira Nord (Figure 1.2) to continue the relentless stride of Norway’s
ambition of owning and operating 1 GW of energy by 2030 Equinor (2021) and are seeking
an alternative solution to the bridle concept. Utsira Nord is located on the south coast of
Norway with a water depth of 250 m at the location where the wind farm will be cited.
So, the primary motivation of this work is to design a mooring configuration that is an
alternative to the bridle concept and provides a similar level of yaw stiffness. This solution
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must be economical, feasible, and timely for the Utsira Nord project.

Figure 1.2: Utsira Nord (Equinor, 2021).

1.2. Problem Statement

The ability of a spar-type floater to provide sufficient yaw stiffness is crucial to the proper
functioning of the wind turbine generator (WTG). The WTG cause gyroscopic effects,
and the mooring system must be able to restrain the turbine from these gyroscopic effects.
The key to achieving this restraint is an efficient mooring design. This work accesses
different mooring configurations for the operational design load case (DLC) and selects
the best one. The Open-sourced multi-fidelity open-source program OpenFAST, capable
of carrying out a complete coupled analysis (aero-servo-hydro-elastic), is used. As part of
cost reduction, the major programs used in this study are open source.
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1.3. Aim and Objectives of the Study

1.3.1. Aim

The mooring arrangement for the 17 MW floating wind turbine concept has yet to be
developed, as no 17 MW wind turbine has been used or deployed commercially. This study
aims to design a mooring configuration to provide sufficient yaw stiffness for a spar-type
floater to be deployed commercially for the Utsira Nord project.

1.3.2. Objectives

The objectives of this study are to:

• Model the spar geometry in preparation for hydrostatics and hydrodynamics analysis.
• Obtain the hydrostatics properties to verify the values in the study report.
• Carry out a mesh study to determine the meshed part for analysis.
• Analyse the moored platform response to buoy wave elevation records.
• Carry out a fully coupled analysis and compute the yaw response.
• Design the mooring configuration.

1.4. Outline of the Thesis

The remainder of this document has been organised in the following sequence: section 2
describes the relevant background and mathematical formulation of the equations of
mooring dynamics and types of mooring lines and configuration used in the floating wind
industry; the methodology, and solution strategy is described in section 3; in section 4, the
model is prepared for analysis and preliminary results are presented; the main findings and
the selected mooring configuration are presented in section 5; and the thesis is finalised
with conclusion and recommendation for further work in section 6.
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2. THEORETICAL BACKGROUND

2.1. Floating Body

Floating offshore platforms in marine environments are continuously exposed to environ-
mental loads such as waves, currents, and winds, causing the platforms to respond in the
6 degrees of freedom (DOFs), as shown Figure 2.1. The wind turbine can float because of
the equilibrium between its mass and the buoyancy force.

Sebastian, 2012). As an example, a typical floating offshore HAWT
(Fig. 2 (Sebastian and Lackner, 2012c), from left to right) shows a
flow-field around a rotor blade during the pitching motion of the
spar-buoy FOWT type. As the rotor blade begins to pitch back, it
interacts with its own wake which leads to the development of
turbulence region. In Fig. 2, the toroidal recirculations can be seen
and this transitional aerodynamic phenomenon is called the vortex
ring state, or settling with power (Peters and Chen, 1982). The
pitching motion intermediately causes a transient flow condition
which is one of potential operating and simulating problems for a
floating wind turbine. Particularly, it is believed that pitching and
yawing motions lead to large variation of the aerodynamic perfor-
mance of a floating offshore HAWT system because of the above
issues (Sebastian and Lackner, 2012a, 2012b, 2012c).

One of the common challenges to all support structure designs is
the ability to predict the dynamic load responses of the coupled wind
turbine and platform systemwhich usually combines stochastic wave

and wind loading. Because of the load prediction challenges for
design requirements, various experiments with floating sub-
structures have been performed. At present, several experimental
floating substructures of floating offshore horizontal axis wind tur-
bine seem to be in test phases: Statoil Hywind (Spar), SWAY (Spar),
Blue H (TLP), Gusto Trifloater (Semisubmersible) and Poseidon
(Semisubmersible) in Europe, Fukushima (Semisubmersible), Kaba-
shima Island (Spar) and WindLens Floater (Semisubmersible) in
Japan and DeepCwind (Semisubmersible) and Principle Power
WindFloat (Semisubmersible) floating turbine in the US (EWEA,
2013a, 2013b; Main(e) International Consulting LLC Report, 2013).
However, to effectively design an FOWT system, the designer,
researcher, and engineer need to produce an analysis tool that is able
to accurately predict loads and resulting dynamic responses of the
coupled wind turbine and platform system caused by combined
stochastic wave and wind loading. The fully coupled aero–hydro–
servo–elastic dynamic approaches (Jonkman and Buhl, 2007a,
2007b; Jonkman, 2009a, 2009b; Shim and Kim, 2008; Roddier et al.,
2010; Cermelli et al., 2009; Marshall et al., 2009; Crozier, 2011;
Cordle, 2010; Bossanyi, 2003), or a simplified aero–hydro-dynamic
method (Karimirad and Moan, 2012) have been considered to cal-
culate the dynamic responses of a floating offshore wind turbine.
FAST code (Jonkman and Buhl, 2007a, 2007b; Jonkman, 2009a,
2009b) for the aeroelastic analysis of a horizontal axis wind turbine
(HAWT) has been developed by NREL's National Wind Technology
Center (NWTC). Now, it is extended with a HydroDyn model to have
additional capability of the fully coupled time-domain aero–hydro–
servo–elastic simulations considering floating platform motions.
FAST has been coupled with several sub-modules in order to model
FOWT such as Charm3D (Shim and Kim, 2008), TimeFloat (Roddier
et al., 2010; Cermelli et al., 2009), ADAM (Marshall et al., 2009), etc.
Additionally, the other time-domain programs for the modeling and
simulation of an offshore structure have been developed such as
SIMO, HAWC2, 3Dfloat, DeepC, Bladed, etc. (Crozier, 2011; Cordle,
2010; Bossanyi, 2003). However, almost all design codes currently
capable of performing integrated modeling of floating wind turbines
are based on the commonly-used sufficient aerodynamic analysis
method, blade element momentum (BEM) theory to calculate aero-
dynamic forces on the wind turbine rotor. The conventional blade
element momentum (BEM) method is applied based on empirical
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Fig. 1. The degrees of freedom of an offshore floating wind turbine platform.

Fig. 2. Platform pitching motion and its effects on surrounding flow-field.

T.-T. Tran, D.-H. Kim / J. Wind Eng. Ind. Aerodyn. 142 (2015) 65–8166

Figure 2.1: Degrees of freedom of a floating body (Tran and Kim, 2015).

According to Faltinsen (1993), the motion of a floating platform may be divided into wave-
frequency, high-frequency, mean-drift, and slow-drift. The wave-frequency motion results
from the wave-frequency range of significant wave energy, which is linearly excited. The
high-frequency motion is caused by a second-order effect, which is significant for tension
leg platforms (TLPs) and occurs in the form of springing or ringing due to resonance
oscillation in roll, pitch, and heave of the platform. The high-frequency motion has a
natural period of 2-4 s, less than most wave periods and is excited by a non-linear wave
effect. Springing and ringing are transient and steady-sate oscillations, respectively. The
platform’s slow-drift and mean drift motions are due to the wave’s and wind action’s
non-linear effect. For a moored platform, the slow drift and mean drift motions occur in
the degrees of freedom with neutral stability (surge, sway, yaw), so the restoring force is
derived from the mooring lines Faltinsen (1993).
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2.2. Floating Offshore Wind Turbine Structure Types

Currently, there are broadly four main types of floating wind turbine floaters. These
include the spar, semi-submersible, tension leg platform (TLP), and barge-type floater.
The different concepts retain stability in different ways. The spar is ballast stabilised and
derives its (rotational) stability from the relative position of the cog and cob. Provided
that the cog is lower (closer to the seabed) than the cob, then the spar is stable in pitch and
roll. For the semi-submersible and barge-type, the stability in roll and pitch is obtained
due to the platform’s large water plane area. The larger the water plane, the higher the
inertia, translating to greater stability. For the TLPs, the stability of the platform is
provided by the rigidity of the tethers. Figure 2.2 shows the different types of concepts.

Figure 2.2: Different floating wind turbine concepts (Ørsted, nd).

The typical natural periods of some floating concepts presented in DNV-RP-C205 (DNV,
2010a) are shown in Table 2.1. The low natural periods in heave, roll, and pitch for the
TLP explain why the springing and ringing phenomena occur.

Table 2.1: Typical natural periods [s] of deep water floaters (DNV, 2010a).
Floater mode Spar TLP Semi-sub
Surge > 100 > 100 > 100
Sway > 100 > 100 > 100
Heave 20 − 35 < 5 20 − 50
Roll 50 − 90 < 5 30 − 60
Pitch 50 − 90 < 5 30 − 60
Yaw > 100 > 100 > 50 − 60

The various concepts have their peculiarity, and a qualitative assessment according to
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Jonkman and Matha (2011) is presented in Table 2.2. In this table, a + indicates that
the parameter under consideration is favourable to the floater type, a − sign indicates
an unfavourable condition, while 0 means neutral. This is a subjective assessment as
noted by Jonkman and Matha (2011); however, one clear thing is that the construction
and anchoring are significant issues of the TLPs. The wave sensitivity is relatively better
for the spar-buoy since the projected area (perpendicular to the wave direction) is the
least of the three concepts of the same power capacity, so the wave incidences are in a
relatively small area. Coupled motion is present for the barge type, which is also evident
on Table 2.1. Four of the six DOFs have a similar natural period range, meaning two or
more of the DOFs may resonate simultaneously.

Table 2.2: Qualitative assessment of floating wind turbine concepts (Jonkman and Matha,
2011).

Parameter TLP Spar buoy Barge
Pitch stability Mooring Ballast Buoyancy
Natural periods + 0 -
Coupled motion + 0 -
Wave sensitivity 0 + -
Turbine weight 0 - +
Moorings + - -
Anchors - + +
Construction - - +
O&M + 0 -

2.3. Water Wave Theory

Waves are disturbances that travel through media such as air and water. As waves
travel, they carry energy, which is usually dissipated on the structure they come in contact
with in whole or in part. In offshore hydrodynamics, the studied waves are usually assumed
to be caused by a wind blowing over a fetch whose restoring force is gravity. This wave
has a wave period of 1-25 seconds (Benitz et al., 2015). Only the linear wave theory is
applied in this study, and this concept is presented next.

2.3.1. Linear Wave Theory

A good understanding of wave modelling is vital before attempting to model or simulate
the behaviour of a rigid body in an offshore environment. A more technical definition of
waves is required at this point. Before defining a wave, it is essential to understand what
surface elevations mean and use its meaning to define waves. In a time record, surface
elevation is the instantaneous vertical position of the sea surface with respect to some
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reference level (Figure 2.3). In such a record, a wave is a profile between two downward or
upward zero-crossing elevations (Holthuijsen, 2010).

26 Description of ocean waves
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Figure 3.1 The definition of a ‘wave’ in a time record of the surface elevation with
downward zero-crossings (upper panel) or upward zero-crossings (lower panel).

in time) relative to some reference level. In such a record, a wave is the profile
of the surface elevation between two successive downward zero-crossings of the
elevation (zero = mean of surface elevations, see Fig. 3.1). A surface elevation can
be negative, whereas a wave cannot. Alternatives for defining a wave are possible,
e.g., the profile between two successive upward zero-crossings (see Fig. 3.1).

If the surface elevation, denoted as η(t), is seen as a Gaussian1 process (see
Appendix A), it does not matter whether the definition with downward zero-
crossings or upward zero-crossings is used, because the statistical characteristics
would be symmetrical. However, many prefer the definition with the downward
crossings because in visual estimates the height of the crest relative to the preced-
ing trough is normally considered to be the wave height. In addition, in a breaking

1 Johann Carl Friedrich Gauss (1777–1855) was a German scientist with a wide range of interests. He had
a passion for numbers and calculations (theory of numbers, algebra, analysis, geometry, probability and the
theory of errors). He was also active in astronomy, celestial mechanics, surveying and geodesy. He made his
fortune with shares in private companies.

(a) Downward crossing

26 Description of ocean waves

( )tη

( )tη

t

t

3 m

2

1

0

−1

−2

−3

3 m

2

1

0

−1

−2

−3

surface elevation

downward crossing

wave

upward crossing

wave

Figure 3.1 The definition of a ‘wave’ in a time record of the surface elevation with
downward zero-crossings (upper panel) or upward zero-crossings (lower panel).

in time) relative to some reference level. In such a record, a wave is the profile
of the surface elevation between two successive downward zero-crossings of the
elevation (zero = mean of surface elevations, see Fig. 3.1). A surface elevation can
be negative, whereas a wave cannot. Alternatives for defining a wave are possible,
e.g., the profile between two successive upward zero-crossings (see Fig. 3.1).

If the surface elevation, denoted as η(t), is seen as a Gaussian1 process (see
Appendix A), it does not matter whether the definition with downward zero-
crossings or upward zero-crossings is used, because the statistical characteristics
would be symmetrical. However, many prefer the definition with the downward
crossings because in visual estimates the height of the crest relative to the preced-
ing trough is normally considered to be the wave height. In addition, in a breaking

1 Johann Carl Friedrich Gauss (1777–1855) was a German scientist with a wide range of interests. He had
a passion for numbers and calculations (theory of numbers, algebra, analysis, geometry, probability and the
theory of errors). He was also active in astronomy, celestial mechanics, surveying and geodesy. He made his
fortune with shares in private companies.

(b) Upward crossing

Figure 2.3: Definition of wave (Holthuijsen, 2010).

The linear Airy wave theory is the most practical and straightforward wave theory
(Chakrabarti, 1987). This theory is based on the wave height being small compared to the
water depth and wavelength. To compute the wave force as a result of this linear wave, it
is first assumed that the wave velocity has a potential given by

ϕ (x, z, t) = gH

2kc
cosh [k (z + h)]

cosh (kh) sin [k (x− ct)] , (2.1)

where g is gravity acceleration, H is wave height, k is wave number, c is wave celerity, h
is water depth and ω is the angular frequency of the wave. The pressure from this wave
potential is obtained by substituting Equation 2.1 into the unsteady Bernoulli equation
(Benitz et al., 2015). After this substitution, it comes:

p (x, z, t) = ρgz + 1
2ρgH

cosh [k (z + h)]
cosh (kh) cos (kx− ωt+ ψ) (2.2)

The first term of Equation 2.2 represents the static pressure, while the second term
represents the dynamic pressure dependent on both time and water depth. Only a very
brief introduction to the concept is given here. A more detailed treatment of this subject
and all the boundary conditions can be found in Chakrabarti (1987).

2.3.2. Region of Applicability of Different Wave Theories

In hydrodynamic problems, different wave theories are applied. To determine the applicable
wave theory for a particular hydrodynamic problem, Le Méhauté’s diagram (Figure 2.4)
can be used. Figure 2.4 plots the non-dimensionalised wave height against the non-
dimensionalised water depth. The combination of the parameters is used to approximate
the applicable wave theory. For seas with high wave heights and shallow depths, it is likely
that the linear wave theory will not be applicable. However, the linear wave theory could
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be applied in a low wave height and deep water. The BEM solvers used in this report
apply the linear wave theory in their solution strategy.

were later developed by Boussinesq and Rayleigh, in 1871 and
1876, respectively [19]. Solitary waves consist of a single peak
which maintains its form and speed as it progresses. Solitary
waves are sometimes referred to as solitons, a term which was
coined by Zabusky and Kruskal in 1965 [42]. An excellent review of
equations which admit solitary wave solutions, and important
applications of these waves, is given by Scott et al. [43]. It should
be noted that while a variety of equations admit solitary wave
solutions, the Navier–Stokes equations do not. A comprehensive
review of solitary waves can also be found in the work of Miles
[44]. Sun [45] provides a discussion the non-existence of solitary
waves in water with small surface tension.

The surface height of a solitary wave is expressed as

η¼ H

cosh

ffiffiffiffiffiffiffiffiffi
3H

4h3

s
ðct� x!Þ

 ! !2

and the wave speed is given by

c¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðHþhÞ

p
ð45Þ

where as before, H is the wave height, h is the water depth, g is the
gravity and x! is the direction of the progressing wave.

2.5. Breaking waves

Largely, wave breaking occurs due to wave crests becoming
unstable. Many theories have been proposed to quantify wave
breaking, including approaches based on wave steepness and
acceleration. Breaking waves consist of the formation of a spilling
region in front of the wave crest. Trailing behind the breaking
wave is a turbulent wake in which the intensity decreases with
distance from the wave crest. White-capping occurs because of air
entrainment for particularly intense breaking waves.

Both Stokes and Michel came up with limiting configuration
theories for breaking waves in 1880 and 1893, respectively [21,25].
Stokes's breaking wave criteria included that the particle velocity
at the wave crest equals the phase velocity, the wave crest reaches
a sharp angle of 1201, a wave height to wave length ratio of 1=7,
and a particle acceleration of 0.5g at the wave crest [21]. Based on
a limiting steepness criterion, Michel [25] showed in 1893 that
waves break when wave heights are greater than or equal to
0:027gT2. This was confirmed experimentally by Ochi and Tsai [24]
who found the empirical criterion HZ0:020gT2.

Later work by Longuet-Higgins [23] gave a calculation demon-
strating wave breaking at much smaller amplitudes than pre-
viously theorized. An acceleration based criterion was proposed by
Phillips [46] that stated breaking would occur when the down-
ward acceleration exceeded gravity. Longuet-Higgins showed that
white-capping occurs theoretically when the downward accelera-
tion in all directions is within the Stokes 1201 angle. Longuet-
Higgins also derived that instabilities in regular waves occur when
the wave steepness, ka, approaches 0.436. Rewriting this state-
ment in terms of wave height gives H ¼ 0:022gT2 which is in good
agreement with the work done by Michel and confirmed by Ochi
and Tsai, mentioned earlier.

2.6. Regions of wave applicability

A variety of classic wave approximations have been discussed
in this section. Understanding the limits of validity of each wave
theory is important when selecting which equations to use.
LeMéhauté [26] compiled a useful diagram demonstrating the
approximate regions of applicability, and is shown in Fig. 3. The
vertical axis shows the non-dimensionalized wave height plotted
against the non-dimensionalized water depth on the horizontal

axis. It is demonstrated that cnoidal theory is valid in regions of
small wave height and water depth. In deeper water, linear wave
theory is valid for small wave heights. As wave height grows,
Stokes theory becomes applicable and the order of approximation
grows with wave height. A line for breaking wave criteria is shown
which bounds all the theories.

3. Ocean physics

The previous section treated waves as a deterministic process.
In reality, the surface of the ocean is composed of waves of many
different parameters. The instantaneous sea surface can be
described as the summation of deterministic waves if they act
independently and interact weakly. The profiles of wind-generated
waves vary continuously over space and time in an irregular
fashion. The description of the sea cannot be described on a single
wave basis, but must be treated stochastically. Evaluation of
statistical properties of waves can be done through frequency
and probability domains. Waves in deep water follow a Gaussian
distribution for their wave heights, while shallow water wave
heights are non-Gaussian, but nonetheless can be described with a

Fig. 3. Approximate regions of applicability for different wave theories, depending
on wave height and water depth, from LeMéhauté [26].

Table 3
Sea states. Adapted from the UK meteorological office fact sheet [203].

WMO sea state code Significant wave height (m) Characteristics

0 0 Calm (glassy)
1 0–0.1 Calm (rippled)
2 0.1–0.5 Smooth (wavelets)
3 0.5–1.25 Slight
4 1.25–2.5 Moderate
5 2.5–4 Rough
6 4–6 Very rough
7 6–9 High
8 9–14 Very high
9 Over 14 Phenomenal

M.A. Benitz et al. / Renewable and Sustainable Energy Reviews 44 (2015) 692–716698

Figure 2.4: Approximate regions of applicability of different wave theories Le Méhauté,
cited in Benitz et al. (2015).

2.4. Classification of Hydrodynamic Bodies

In order to compute the wave forces on a hydrodynamic body, it is necessary to know
the right approach to adopt. The applicable approach is determined by the ratio of the
characteristic dimension of the floating body (D), the sinusoidal wavelength (λ), and
the ratio between the wave height (H) and D. Figure 2.5 shows the influence of inertia
and drag force on a floating body as determined by the ratios (H/D and π ×D/λ). As
seen in Figure 2.5, a floating body with relatively large diameters in deep water will fall
under region II, the diffraction region where the structure modifies the flow. For bodies in
Region II, the potential flow theory is applicable in determining the wave forces. Slender
bodies, such as mooring lines, will most likely fall under region V, which is drag and
inertia-dominated, and the structure does not modify the flow. In region V, the Morison
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equation is sufficient to determine the wave forces in most cases. In summary, the graph
starts from having no influence of drag at all at the bottom right to being drag-dominated
at the top right.

approximation—be neglected in the design storm. In operational sea states with
shorter waves and lower wave heights the drift force may be of the same magnitude
as the wind and current forces, but all three forces are smaller. The drift force of 2.5
kN will be used in the example below.

7.3.3.2 First-Order Wave Forces

Overview

The first approach to calculating wave forces on bodies in water was founded on the
assumption that the body does not affect the water motion and pressure distribution
in the incident wave. Nowadays one would normally use diffraction theory, taking
into account the scatter of the incident wave caused by the body.

In Fig. 7.6 we can note different flow regimes as function of pD/k and H/D. In
the present case pD/k = pD/(g Tp

2/2p) � 0.06 and Hmax/D � 3, which set us in the
inertia and drag regime. For such bodies with a characteristic diameter of less than
1/4 to 1/5 of a wave length the effect on the wave is small, and the wave force can,
as an approximation, be set to the sum of an inertia term and a drag term. The
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Figure 2.5: Different wave force regimes. Redrawn from Chakrabarti (1987).

2.4.1. Radiation and Diffraction Analysis

The radiation and diffraction theory is used to compute the wave forces of structures
in region II of Figure 2.5. The spar considered here falls within the neighbourhood of
this region, and it is worth looking at the theory behind this concept. The mathematical
formulation can be found in literature such as (Faltinsen, 1993). Only the concept is
described here. The radiation and diffraction problem is approached in the following ways:
the floating body is assumed to be fixed while the wave progresses towards it (diffraction).
As the wave incidents on the platform, two forces emerge. One is the Froude-Krilov force,
and the other is the incident wave force. The wave is assumed to be fixed for the radiation
while the body oscillates in all DOFs. This results in the added mass and radiation
damping in the 6 DOFs. (Figure 2.6) shows how a floating body is idealised and set up for
computing the wave forces using the radiation and diffraction approach.
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Figure 2.6: Solution strategy for a floating problem (Faltinsen, 1993).

2.4.2. Morison Equation

As noted earlier, the wave forces on the lines are computed using the Morison equation
for the mooring lines analysed in this report. A brief introduction to this equation is
presented here. When the characteristic diameter of a body is less than 1/4 to 1/5 of the
wavelength, the effect on the wave is small, and the wave force can be approximated by
summing the inertia term and drag term Bergdahl (2017). The drag and inertia forces are
linearly added together in the Morison equation, as shown in Equation 2.3. The inertia
term consists of the body’s mass and the added mass due to water or fluid that is assumed
to flow with the body. The drag term is dependent on the relative velocity between the
fluid and the body. In the drag term, the relative velocity is of power 2. As shown in
Equation 2.3 (the absolute value multiplied by the actual value), it has been written to
preserve the correct sign. If it were not written like this, then the product would always
be positive, which does not represent what is happening in reality.

F = ρV
du

dt
−mẍ+ CmρV

(
du

dt
− ẍ

)
︸ ︷︷ ︸

Inertia term

+ 1
2CDρA |u− ẋ| (u− ẋ)︸ ︷︷ ︸

Drag term

(2.3)

Where:

• F is the reaction force from the mooring system.

• ρ is the water density.

• The displaced volume is represented by V .

• u and du
dt

represent the undisturbed horizontal water velocity and acceleration at the
body’s centre.

• m represents the mass of the body.

• x, ẋ, and ẍ represent the body’s position, velocity, and acceleration, respectively, in
a direction normal to the relative velocity.

• A is the cross-sectional area of the body.
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• Cm and cD are the added mass- and damping coefficients respectively. Recommended
values for Cm and CD can be found in many references such as DNV-RP-C205 (DNV,
2010a).

2.5. Mooring Systems

2.5.1. Types of Mooring

A mooring system comprises wires, chains and synthetic ropes with one end attached to
the vessel or platform and the other fixed to the sea bottom. (Journée and Massie, 2001).
According to Journée and Massie (2001), the most common types of mooring systems are:

• Catenary line mooring
In a static sense, this type of mooring configuration gets its restoring force by lifting
and lowering the weight of the mooring line, which is predominantly steel.

Fig. 1 shows for a typical catenary system, how as the platform moves the tension in the lines on one side increases, whilst the 
tension on the opposite side decreases. This difference in tension provides the restoring force necessary to return the platform to 
its original position (see Fig. 1a). Note that the horizontal restoring forces on the platform are only a small component of the 
tension in the mooring line as determined by the downward angle of the catenary. Fig. 1b shows the increased efficiency in a 
mooring system employing lightweight fibre ropes used in a taut mooring configuration. The offshore oil and gas industry 
recognised the benefits of using polyester ropes in taut moorings, some twenty years ago. Polyester parallel strand ropes have 
been the subject of much research, and their performance is now well understood [9, 13]. 

 
Fig. 1:  Diagram showing the benefits of a taut mooring system over a steel catenary (after [9]). 
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Figure 2.7: Catenary mooring system (Ridge et al., 2010).

• Taut/semi-taut line mooring
The taut line mooring system radiates outward from the floating body to the seabed.
The taut mooring is usually made of lightweight materials such as polyester and
nylon, so the catenary effect can be considered negligible. The restoring force of the
system is obtained as a result of the elastic stiffness of the mooring lines.

Fig. 1 shows for a typical catenary system, how as the platform moves the tension in the lines on one side increases, whilst the 
tension on the opposite side decreases. This difference in tension provides the restoring force necessary to return the platform to 
its original position (see Fig. 1a). Note that the horizontal restoring forces on the platform are only a small component of the 
tension in the mooring line as determined by the downward angle of the catenary. Fig. 1b shows the increased efficiency in a 
mooring system employing lightweight fibre ropes used in a taut mooring configuration. The offshore oil and gas industry 
recognised the benefits of using polyester ropes in taut moorings, some twenty years ago. Polyester parallel strand ropes have 
been the subject of much research, and their performance is now well understood [9, 13]. 

 
Fig. 1:  Diagram showing the benefits of a taut mooring system over a steel catenary (after [9]). 

H1 H1 

T1 T1 V1 V1 

HR1 HR2 

TR1 

TR2 

VR1 

VR2 

(a) A heavy steel catenary requires a high tension (T1) to provide relatively modest restoring station keeping forces 
(HR1). The vertical component of force (V1) must be reacted by the buoyancy of the WEC. 

Wave forces 

WEC 

Heavy chain 
catenary 

Anchor

H’1 H’1 

T’1 T’1 V’1 V’1 

HR1 H’R2 

T’R1 
T’R2 

V’R1 V’R2 

Near neutrally 
buoyant / Buoyant 
allowing taut 
mooring Anchor – note reduced 

footprint 

Wave forces 

(b) A lightweight fibre line requires a lower tension (T’1) to provide the same restoring station keeping forces (HR1). The vertical component 
of force (V’1) which must be reacted by the buoyancy of the WEC is lower. For a given displacement of the WEC, the greater compliance 

(lower stiffness) of the nylon line keeps the cyclic tension fluctuation lower (and thus reduces fatigue loading in the line and on the device). 

Authorized licensed use limited to: Univ Politecnica de Madrid. Downloaded on June 01,2023 at 14:36:34 UTC from IEEE Xplore.  Restrictions apply. 

Figure 2.8: Taut mooring (Ridge et al., 2010).

There is also a category of mooring system called the semi-taut mooring. In this
type of system, there is usually a combination of chains and ropes. The chains make
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contact with the seabed and connect to the anchor. Like the configuration proposed
by Olsen (2022), the bottom chain is around 10% of the total line length. The
rope connects from the chain to the fairlead. In some configurations, a small chain
segment is connected to the fairlead. Sometimes, buoys are placed at the connection
point between the chain and the rope as shown in Figure 2.9.

Sea surface
Floating platform

Anchor

Chain

Buoy

Seabed

Wave force

Rope

Figure 2.9: Semi-taut mooring.

• Tension leg mooring
This type of mooring system is used for Tension leg platforms (TLP). The buoyancy
force on the TLP is greater than the weight of the TLP, so there is a need to
counteract the unbalanced force. Since the tension leg mooring always holds down
the TLP, the mooring lines will always be under tension. So, when the platform is
displaced horizontally, the restoring force results from the horizontal component of
the tension in the mooring lines.

Anchor

Wave force

Tethers

Sea surface

Floating platform

Figure 2.10: Tension leg mooring.
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Mooring systems can also be classified based on how they are spread or how the lines
are distributed. In Figure 2.11, the equally spread configuration is such that the lines are
fixed at unique points on the floater and spread at equal angles; the group spread is such
that more than one line is fixed at a point. In contrast, the single spread is such that all
the lines connected to the floater all radiate or emanate from one point.CHAPTER 1. INTRODUCTION 7

Figure 1.5: Mooring systems types according the lines distribution: equally spread (left),
grouped spread (center) and single point (right)

Mooring systems can be also divided into passive systems, that do not need further adjust-
ments to support adverse environmental conditions, and active systems, where the tension
is adjusted depending on the severity of the environmental conditions.

1.4 Reference system and motions of a floating

platform

Six degrees of freedom corresponding to the six modes of motion as rigid solid of a floating
wind turbine are represented in Figure 1.6. The three translational degrees of freedom are
defined based on a inertial reference system with the X axis pointing towards the main wind
and wave direction, the Y axis pointing to the left when looking downwind and the Z axis
pointing vertically. In the offshore wind energy sector, the origin of this degree of freedom is
typically located at the still water level and at the centreline of the wind turbine’s tower when
the platform is at its undisplaced location. The rotational degrees of freedom are defined
based on a reference system that is fixed to the floating wind turbine and is coincident with
the inertial reference system when the platform is in its undisplaced position. The six rigid-
body degrees of freedom have the following particular names in the naval terminology and
are defined as:

• Surge: translation along the main wind/wave direction (inertial X axis)

• Sway: translation along the lateral axis (inertial Y axis)

• Heave: translation along the vertical axis (inertial Z axis)

• Roll: rotation about the wind turbine fixed X axis

• Pitch: rotation about wind turbine fixed Y axis

(a) Equally spread
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Figure 1.5: Mooring systems types according the lines distribution: equally spread (left),
grouped spread (center) and single point (right)
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and wave direction, the Y axis pointing to the left when looking downwind and the Z axis
pointing vertically. In the offshore wind energy sector, the origin of this degree of freedom is
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the platform is at its undisplaced location. The rotational degrees of freedom are defined
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the inertial reference system when the platform is in its undisplaced position. The six rigid-
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Mooring systems can be also divided into passive systems, that do not need further adjust-
ments to support adverse environmental conditions, and active systems, where the tension
is adjusted depending on the severity of the environmental conditions.

1.4 Reference system and motions of a floating

platform

Six degrees of freedom corresponding to the six modes of motion as rigid solid of a floating
wind turbine are represented in Figure 1.6. The three translational degrees of freedom are
defined based on a inertial reference system with the X axis pointing towards the main wind
and wave direction, the Y axis pointing to the left when looking downwind and the Z axis
pointing vertically. In the offshore wind energy sector, the origin of this degree of freedom is
typically located at the still water level and at the centreline of the wind turbine’s tower when
the platform is at its undisplaced location. The rotational degrees of freedom are defined
based on a reference system that is fixed to the floating wind turbine and is coincident with
the inertial reference system when the platform is in its undisplaced position. The six rigid-
body degrees of freedom have the following particular names in the naval terminology and
are defined as:

• Surge: translation along the main wind/wave direction (inertial X axis)

• Sway: translation along the lateral axis (inertial Y axis)

• Heave: translation along the vertical axis (inertial Z axis)

• Roll: rotation about the wind turbine fixed X axis

• Pitch: rotation about wind turbine fixed Y axis

(c) Single point spread

Figure 2.11: Mooring systems types according the lines distribution (Azcona Armendáriz,
2015).

2.5.2. Materials for Mooring

There are several commercially available materials that could be used for mooring line
application. These materials include:

• Hemp: According to McKenna et al., (2004) as cited by Weller et al. (2013), natural
fibres like hemp has similar strength like nylon and polyester but synthetic materials
are favoured as their performance is more predictable in demanding applications
including the effects of weathering. Hemp are not commercially used and were used
in the early days of sails (Weller et al., 2013).

• High Modulus polyethylene (HMPE): The gel spinning of ultra-high molecular weight
polyethylene produces HMPE fibers. The concentrated solution-derived extruded
gels have the ability to be stretched to produce highly orientated, chain-extended,
extremely crystalline fibers. Although the strength and modulus are greater than
for Aramids, the low melting point of the fibers (Vlasblom, 2018) and the creep
tendencies (ABS, 2021) are drawbacks.

• Aromatic polyamides (Aramid): These are high-modulus and high-tenacity fibres.
Aramid fibers are relatively light, stiff, and strong . Moreover, they resist impact
and abrasion damage, due to the high energy dissipation mechanism involved in
their failure (they break into microfibrils). In particular, Aramide fibers are less stiff
and strong than carbon, but being lighter, they possess comparable specific strength
(strength-to-weight ratio) (Vlasblom, 2018). Their use is quite limited now because
of their high cost.
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• Polyethylene Terephthalate (PET): This material is the most important polyester.
When subjected to quick cooling, PET has the property of being a transparent,
amorphous thermoplastic; nevertheless, when cooled slowly or when cold pulled,
PET exhibits semicrystalline behavior (Paladhi et al., 2022). They are mostly used
in the oil and gas industry.

• Polypropylene (PP): This is a thermoplastic substance utilized in a wide range of
products, including textiles, labels, packaging, and home goods. PP is a widely used
polymer because of its low cost and great processing ability, especially for the auto
sector. At low temperatures, pure PP is resistant to photo-oxidation and thermal
oxidation. Additionally, PP is susceptible to a variety of environmental factors,
including temperature, light, and radiation (Rani et al., 2023).

• Polyamide 6 (PA6): Nylon 6 and polycaprolactam are additional names for PA6. One
of the most widely utilized polyamides on a global scale. It is a versatile and widely
used engineering material that offers excellent mechanical properties and resistance
to heat, chemicals, and moisture. Its high strength, toughness, and wear resistance
make it a popular choice for a wide range of applications in various industries (Team,
2023).

Table 2.3 shows the properties of these materials for comparative purposes.

Table 2.3: Selected properties of mooring line materials (Weller et al., 2013).
Material Density (g/cm3) Moisture (%) Modulus (N/tex, Gpa) Strength (Mpa)
Hemp 1.5 8 21.7, 32.6 705
Steel 7.85 0 20, 160 2600

HMPE 0.97 0 100, 100 3400
Aramid 1.45 1-7 60, 90 2900

PET 1.38 <1 11, 15 1130
PP 0.91 0 7, 6 560
PA6 1.14 5 7, 8 960

In the catenary system, chain mooring offers restoring force based on the weight of the
chain. This means that heavier chains are required as the water depth increases. There
are regions where the weight of the chain becomes impractical because of the length
required. Fibre ropes have been used in the oil and gas industry for water depths of
up to 3000 m, and their use in the offshore wind industry is gaining popularity. The
polyester and nylon lines are two candidates for fibre rope mooring. One major challenge
of the fibre rope is internal abrasion from fine particles, which causes strength loss (API,
2014). The particles causing strength loss could come from water with high turbidity
(API, 2014) or cable dropping to the sea floor Acteon (2015). Table 2.4 shows comparative
properties between the fibre materials used for mooring applications. Based on Table 2.4
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and the recommendation of Acteon (2015), the polyester material is preferred over the
nylon material since it has better abrasion resistance and tension-tension fatigue damage
resistance.

Table 2.4: Mooring fibre properties (API, 2014).

Property Polyester Aramid HMPE Nylon

Strength to weight ratio medium high high low
Stiffness medium high high low
Tension-tension fatigue damage resistance high high high low1

Axial compression fatigue damage resistance high low1 high high
Abrasion resistance high medium high low
1 The effect of these properties is a function of construction and application.

2.5.3. Mooring Dynamics

Hall and Goupee (2015) presented an approach for computing the dynamics of mooring
lines by discretising the mass of the mooring lines as shown in Figure 2.12. In Figure 2.12,
the mass of the mooring line is lumped at equal intervals connected by a weightless string.
The position of the masses is represented by ri with 0 representing the bottom-most node
(closer to the anchor) and N at the topmost node (close to the fairlead). ri is a vector
with components xi, yi, and zi. The connecting string is numbered such that the string
connecting nodes i and nodes i + 1 are assigned the code number i + 1/2. With each
segment having the same unstreched length (l), volume-equivalent diameter (d), density
(ρ), young modulus (E) and internal damping coefficient (Cint). The right-handed inertia
frame of reference is used with the z-axis pointing upwards. 
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Figure 2.12: Mooring line discritization (Hall and Goupee, 2015).

Though the derivation to be presented here is for a single mooring line with uniform
properties, the idea can be extended to mooring lines made of different materials.
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The mooring line model combines damping forces with weight and buoyancy forces,
internal axial stiffness, hydrodynamic forces from the equation of Morison and forces
resulting from contact with seabed (Hall and Goupee, 2015). The various forces are
shown in Figure 2.13. The cable weight is lumped at each note i and represented by
the downward arrow and Wi in Figure 2.13. The internal stiffness and mooring line
damping are respectively represented as Ti+(1/2) and Ci+(1/2). The tangential direction of
the lumped mass at each node may be computed as the average tangent direction of the
two adjacent cables as shown in Figure 2.13.

length of the mooring line. In this approach, illustrated in Fig. 1,
the cable is broken up into N evenly-sized line segments connect-
ing Nþ1 node points. The indexing starts at the anchor, with the
anchor node given a value of 0 and the cable segment between
nodes 0 and 1 given an index of 1/2.

The right-handed inertial reference frame is defined with the z-
axis being measured positive up from the water plane. The
location of each node point i is defined by the vector ri which
contains the x, y, and z coordinates of the node position. Each
segment iþ1

2 of a cable has identical properties of unstretched
length (l), volume-equivalent diameter (d), density (ρ), Young's
modulus (E), and internal damping coefficient (Cint). The model
allows cables with different sets of properties and supports
features such as point masses and line interconnections; however,
these are outside the scope of this study.

The cable model combines internal axial stiffness and damping
forces with weight and buoyancy forces, hydrodynamic forces
from Morison's equation, and forces from contact with the seabed.
These forces are illustrated as vectors in Fig. 2. The internal
stiffness and damping forces in cable segment iþ1

2 are represented
by Tiþð1=2Þ and Ciþð1=2Þ, respectively. The cable weight lumped at
each node i is represented by Wi.

The model calculates the hydrodynamic loads directly at the
node points rather than the more common approach of calculating
the hydrodynamic forces at the segment midpoints and then
distributing them to the node points (e.g. Walton and Polachek,
1959; Khan and Ansari, 1986). In theory, calculating the drag at the
nodes provides damping of line motions in all cases, whereas
calculating drag at the segment centers cannot provide damping
for motions in which the segment centers do not translate (eg.
cable vibrations having a wavelength of twice the segment length).
Whether this makes any practical difference is not known. The

cable tangent direction at each node point is approximated as the
average of the tangent directions of the two adjacent cable
elements (illustrated by the dotted lines in Fig. 2). This tangent
direction is necessary for calculating the hydrodynamic forces.
Transverse drag and added mass are calculated using Morison's
equation. Axial drag and added mass, particularly relevant for
chain moorings, are calculated in a similar way. How the internal
and external forces are included in the discretized formulation is
described in the following subsections.

2.1. Internal forces

The internal forces included in the model are axial stiffness,
axial damping, and weight. Buoyancy is accounted together with
weight for convenience.

The net buoyancy of each segment iþ1
2 is

Wiþð1=2Þ ¼
π
4
d2lðρw�ρÞg; ð1Þ

where ρw is the water density and g is the magnitude of accel-
eration due to gravity. This force is divided evenly among the two
connecting nodes, giving the net buoyancy or weight at node i in
vector form as

Wi ¼ 1
2 ðWiþð1=2Þ þWi�ð1=2ÞÞêz ð2Þ

where êz is a unit vector in the positive z direction.
The tension in cable segment iþ1

2 is

Tiþð1=2Þ ¼ E
π
4
d2ϵiþð1=2Þ ¼ E

π
4
d2

Jriþ1�ri J
l

�1
� �

; ð3Þ

where ϵiþð1=2Þ is the strain and the double vertical lines (J � J)
denote the L2 norm or magnitude of the vector they contain.
Multiplying (3) by a unit vector pointing along the line segment
gives a vector representation of the tension force:

Tiþð1=2Þ ¼ E
π
4
d2

Jriþ1�ri J
l

�1
� �

riþ1�ri
Jriþ1�ri J

� �

¼ E
π
4
d2

1
l
� 1
Jriþ1�ri J

� �
ðriþ1�riÞ: ð4Þ

This tension force's direction is defined as pointing from node i
to node iþ1, indicating the force on node i. The negative of this
force vector is the force on node iþ1. A tension force is applied
only if there is positive tension in the line (i.e. if Jriþ1�ri J4 l).
Otherwise, the tension force is set to zero; no compression force is
modeled.

An internal damping force, which is an important contributor
to numerical stability, is also applied:

Ciþð1=2Þ ¼ Cint
π
4
d2 _ϵ iþð1=2Þ

riþ1�ri
Jriþ1�ri J

� �
; ð5Þ

where the internal damping coefficient, Cint, has units of stress per
strain rate (Pa-s) and the strain rate of the segment, _ϵ iþð1=2Þ, is
calculated as

_ϵiþð1=2Þ ¼
∂ϵ
∂t

¼ ∂
∂t

Jriþ1�ri J
l

� �

¼ 1
2l

1
Jriþ1�ri J

∂
∂t

ðxiþ1�xiÞ2þðyiþ1�yiÞ2þðziþ1�ziÞ2
h i

¼ 1
l

1
Jriþ1�ri J

ðxiþ1�xiÞð _xiþ1� _xiÞþðyiþ1�yiÞð _yiþ1� _yiÞ
�

þðziþ1�ziÞð_ziþ1� _ziÞ
�
: ð6Þ

2.2. External forces

The hydrodynamic analysis neglects the effect of wave kine-
matics, modeling the forces caused by the cable motion in
quiescent water only. This is justified later in Section 3.4. The first

Fig. 1. Mooring line discretization and indexing.

Fig. 2. Internal and external cable forces.

M. Hall, A. Goupee / Ocean Engineering 104 (2015) 590–603592

Figure 2.13: Internal and external forces (Hall and Goupee, 2015).

The hydrodynamic forces in the cable are calculated in the mooring line at the node
rather than at the midsegment of each line. This is because computing the forces at
the node provides damping in all cases. However, when the forces are computed in the
mid-segment of the cable, there is an instance when the cable segment does not translate
(when cable vibration has a wavelength that is twice the segment length). This will lead
to zero damping for this case (Hall and Goupee, 2015). The mooring lines are usually
very slender; hence, the shear force may be neglected (Azcona Armendáriz, 2015). The
bending and torsional stiffness are also neglected (for mooring lines, the bending stiffness
is usually neglected (DNV, 2018b)). In that case, the only internal forces in the cable are
tension and damping (Azcona Armendáriz, 2015).
Internal forces

The internal forces included in the mooring discretization are axial stiffness, axial damping,
weight, and damping. For convenience, the weight is accounted for together with the
internal forces. The resultant vertical force or net buoyancy in each line segment is
computed using



18 2. THEORETICAL BACKGROUND

Wi+(1/2) = π

4d
2l (ρw − ρ) g, , (2.4)

Where ρw is the density of the fluid (seawater in this case), and g is the gravity acceleration.
So the weight at each node may now be computed as the average between the weight of
adjacent line segments Hall and Goupee (2015)

Wi = 1
2
(
Wi+(1/2) +Wi−(1/2)

)
êz (2.5)

Where êz is a unit vector in the positive z direction.
If the bending and torsional stiffness are also neglected, then the only internal force in the

cable are tension and damping (Azcona Armendáriz, 2015). The tension in cable segment
i+ 1

2 may be represented using the generalised Hooke’s law as

Ti+(1/2) = E
π

4d
2ϵi+(1/2) (2.6)

In Equation 2.6, ϵi+(1/2) is the strain which is calculated per segment as the ratio change
in length of a segment (stretched length − unstretched length) to the original length of
the segment (unstretched length). Since the mooring line is in a 3D space, the stretched
length may be represented with an L2 norm, representing the difference in the node i and
node i+ 1. If this is taken into account and the resulting strain is multiplied by a unit
vector pointing in the line segment, then the strain may be obtained as:

ϵi+(1/2) =
(

∥ri+1 + ri∥ − l

l

)(
ri+1 − ri

∥ri+1 − ri∥

)
=
(

1
l

− 1
∥ri+1 − ri∥

)
(ri+1 − ri) (2.7)

Combining Equation 2.6 and Equation 2.7, the tension in the cable may be represented
as:

Ti+(1/2) = E
π

4d
2
(

1
l

− 1
∥ri+1 + ri∥

)
(ri+1 − ri) (2.8)

In Equation 2.8 a positive L2 indicates a tensile force, while a negative L2 indicates a
compressive force. For MoorDyn v1 implementation, compressive forces are not considered,
so the L2 norm is penalised so that only values greater than or equal to zero are considered.
The next internal force to consider is the internal damping force. Damping forces are
usually proportional to velocity, so the internal damping in the cable is proportional to
the strain rate. The strain rate is the time derivative of the strain and is a velocity-like
entity. Hall and Goupee (2015) presents the internal damping as:

Ci+(1/2) = Cint
π

4d
2ε̇i+(1/2)

(
ri+1 − ri

∥ri+1 − ri∥

)
(2.9)
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The strain rate may be expressed in derivative form as:

ϵ̇i+(1/2) = ∂ϵi+(1/2)

∂t
= ∂

∂t

(
∥ri+1 − ri∥

l
− 1

)
(2.10)

Equation 2.10 may be simplified thus:

∂ϵi+(1/2)

∂t
= ∂

∂t

{
∥ri+1 − ri∥

l

}
− ∂

∂t
{1} (2.11)

The partial derivative of 1 w.r.t time Equation 2.11 is zero, so only the first term on the
right-hand side will remain. Noting that

∥ri+1 − ri∥ =
√

(xi+1 − xi)2 + (yi+1 − yi)2 + (zi+1 − zi)2

and multiplying Equation 2.11 by
∥ri+1 − ri∥
∥ri+1 − ri∥

,

then dividing the same by 2 to avoid the factor of 2 after taking the derivative obtained:

ϵ̇i+(1/2) = 1
l

1
∥ri+1 − ri∥

[(xi+1 − xi) (ẋi+1 − ẋi) + (yi+1 − yi) (ẏi+1 − ẏi) + (zi+1 − zi) (żi+1 − żi)]

(2.12)
External forces

The governing equations for the external forces on the mooring lines are derived as
presented by (Hall and Goupee, 2015). The hydrodynamic drag and added mass constitute
the external forces. So, to consider these forces, the velocity and acceleration of the fluid
are resolved to radial and tangential components. It is to be noted that the influence of
the wave-particle velocity (wave kinematics) is not taken into account since their effect is
negligible on the cables as described by (Hall and Goupee, 2015). The tangential direction
of node i may be approximated by considering a line passing through nodes i − 1 and
i+ 1. The following unit vector may represent the tangent direction.

q̂i = ri+1 − ri−1

∥ri+1 − ri−1∥
, (2.13)

So, the transverse direction q̂i is perpendicular to direction p̂ and p̂ will always align
with the relative direction of the water velocity over the cable. Since still water is being
considered (wave kinematics neglected), the relative velocity of the fluid at the node is
assumed to be in the opposite direction of the cable. Therefore, the fluid velocity may
be represented as the negative derivative of the position vector at the node with respect
to time so that the relative water velocity at the node is −ṙi. The magnitude of the
tangential component of this flow is the dot product between −ṙi and q̂i and is in the
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direction of the vector presented in Equation 2.13. Also, the transverse component of
the vector is the vector subtraction of the fluid velocity and the tangential component as
(ṙi · q̂i) q̂i − ṙi. Putting these together and considering the drag expression of the Morison
equation, the transverse and tangential drag terms may be expressed in the form given in
Equation 2.14 and Equation 2.15 respectively.

Dpi = 1
2ρwCdndl ∥(ṙi · q̂i) q̂i − ṙi∥ [(ṙi · q̂) q̂i − ṙi] (2.14)

Dqi = 1
2ρwCdtπdl ∥(−ṙi · q̂i) q̂i∥ (−ṙ · q̂i) q̂i, (2.15)

Cdn is the transverse drag coefficient while Cdt is the tangential drag coefficient. d and l

represent the diameter and cable segment length in Equation 2.14 and Equation 2.15 and
every other equations within this section.
Similarly, the transverse and tangential added mass, which is a product of the accelera-

tion and the velocity vector, may be computed using Equation 2.16 and Equation 2.17
respectively.

apiri = ρwCan
π

4d
2l [(r̈i · q̂i) q̂i − r̈i] , (2.16)

aqi
r̈i = ρwCat

π

4d
2l (−r̈i · q̂i) q̂i, (2.17)

Can is the transverse added mass coefficient and Cat is the tangential added mass coefficient.
To model the forces arising from sea contact, a spring damper model is used, which is only

active if the cable makes contact with the seabed (zi ≤ zbot). kb is the spring constant or
stiffness coefficient of the seabed, and cb represents the damping coefficient of the seabed.

Bi = dl [(zbot − zi) kb − żicb] êz (2.18)

The lumped mass at each node of the mooring line is the sum of one-half the total
distributed mass of adjacent line segments. It is possible to represent this mass at each
node by a diagonal matrix. To do this, the mass per node is multiplied with a 3 × 3
identity matrix I as presented in Equation 2.19

mi = π

4d
2lρI, (2.19)

To combine the mass and the added mass, r̈i is factored out from Equation 2.16 and
Equation 2.17 and then rearranged to for Equation 2.20.

ai = api + aqi = ρw
π

4d
2l
[
Can

(
I − q̂iq̂T

i

)
+ Cat

(
q̂iq̂T

i

)]
(2.20)
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Now, the entire equation of motion per node may be written as

mi + ai︸ ︷︷ ︸
mass and added mass

r̈i = Ti+(1/2) − Ti−(1/2) + Ci+(1/2) − Ci−(1/2)︸ ︷︷ ︸
internal stiffness and damping

+ Wi + Bi︸ ︷︷ ︸
weight and contact

+ Dpi + Dqi︸ ︷︷ ︸
drag

,

(2.21)
which is a second-order ordinary differential equation (ODE). This equation can be reduced
to a first-order ODE and solved using the Runge-Kutta (RK2) integration algorithm Hall
and Goupee (2015).

2.5.4. Initial Cable Configuration

Before the mooring dynamics of the lines are solved, it is necessary to first determine the
initial configuration of the line. This configuration is usually determined by equations
that determine the position of all points (nodes) along the line. Figure 2.14 shows the
mooring line in the local coordinate system. Here, the coordinate along the line length is
designated s.

where ρ is the water density, g is the gravitational acceleration constant, and Dc is the effective 
diameter of the mooring line.  Because I have limited the model to simulating only homogenous 
mooring lines, I handle multisegment lines (i.e., chain plus wire plus chain segments in series) by 
using an equivalent line with weighted-average values of the weight and stiffness (weighted 
based on the unstretched lengths of each segment). 

Each mooring line is analyzed in a local coordinate system that originates at the anchor.  The 
local z-axis of this coordinate system is vertical and the local x-axis is directed horizontally from 
the anchor to the instantaneous position of the fairlead.  Figure 2-5 illustrates a typical line.  
When the mooring system module is called for a given support platform displacement, the 
module first transforms each fairlead position from the global frame to this local system to 
determine its location relative to the anchor, xF and zF. 

 

Figure 2-5.  Mooring line in a local coordinate system 

I took advantage of the analytical formulation for an elastic cable suspended between two points, 
hanging under its own weight (in fluid).  I derived this analytical formulation following a 
procedure similar to that presented in Ref. [22], which I do not give here for brevity.  (The 
derivation was not exactly the same because Ref. [22] did not account for seabed interaction nor 
did it account for taut lines where the angle of the line at the anchor was nonzero).  The 
derivation required the assumption that the extensional stiffness of the mooring line, EA, was 
much greater than the hydrostatic pressure at all locations along the line. 

In the local coordinate system, the analytical formulation is given in terms of two nonlinear 
equations in two unknowns—the unknowns are the horizontal and vertical components of the 
effective tension in the mooring line at the fairlead, HF and VF, respectively.  (The effective 
tension is defined as the actual cable [wall] tension plus the hydrostatic pressure.)  When no 
portion of the line rests on the seabed, the analytical formulation is as follows: 
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Figure 2.14: Mooring line in a local coordinate system (Jonkman, 2007).

Jonkman (2007) presented several equations to accomplish this. First, it is necessary
to determine the horizontal and vertical components of the tension at the fairlead (HF

and VF ). The horizontal and vertical components of the tension with the mooring line
having no seabed contact may be computed using the systems of equations presented in
Equation 2.22 and Equation 2.23

xF (HF , VF ) = HF

ω

ln

 VF

HF

+

√√√√1 +
(
VF

HF

)2
− ln

[
VF − ωL

HF

+
√

1 +
(
VF − ωL

HF

)]
+ HFL

EA
(2.22)
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zF (HF , VF ) = HF

ω


√√√√1 +

(
VF

HF

)2
−
√

1 +
(
VF − ωL

HF

)+ 1
EA

(
VFL− ωL2

2

)
, (2.23)

where
xF and zF are the coordinates of the node at the fairlead,
ω is the mass per unit length of the line,
L is the length of the line,
EA is the axial stiffness of the line.

Equation 2.22 and Equation 2.23 needs to be solved iteratively (using Newton-Raphson
solution scheme for example) to determine the values of VF and HF . Similarly, for lines
with seabed contact, the vertical and horizontal components of the tension at the fairlead
may be computed using the following systems to non-linear equations (Equation 2.24 and
Equation 2.25)

xF (HF , VF ) = L− VF

ω
+ HF

ω
ln

 VF

HF

+

√√√√1 +
(
VF

HF

)2
+ HFL

EA

+ CBω

2EA

[
−
(
L− VF

ω

)2
+
(
L− VF

ω
− HF

CBω

)
max

(
L− VF

ω
− HF

CBω
, 0
)]

(2.24)

zF (HF , VF ) = HF

ω


√√√√1 +

(
VF

HF

)2
−

√√√√1 +
(
VF − ωL

HF

)2
+ 1

EA

(
VFL− ωL2

2

)
, (2.25)

where CB is the seabed friction. As mentioned earlier, a non-linear solution scheme is
needed to solve equations 2.22, 2.23, 2.24, and 2.25. To do this, a starting value (guess) is
required; Peyrot and Goulois presented the starting values as shown in Equation 2.26 and
Equation 2.27 (Jonkman, 2007)

H0
F =

∣∣∣∣ωxF

2λ0

∣∣∣∣ (2.26)

V 0
F = ω

2

[
zF

tanh (λ0)
+ L

]
. (2.27)

λ0 is a parameter which is determined according to the following rule:
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
1000000 for xF = 0

0.2 for
√
x2

F + z2
F ≥ L√

3
(

L2−z2
F

x2
F

− 1
)

otherwise
(2.28)

Once HF and VF have been determined, then the horizontal and vertical tension of the
line at the anchor may be determined by considering the equilibrium of the line. After
the tension in the line at the anchor and fairlead are known for the particular time step
under consideration has been determined, then the location of each node (x(s), z(s)) (after
discretization) on the mooring line may now be computed using

x (s) = HF

ω

ln

VA + ωs

HF

+

√√√√1 +
(
VA + ωs

HF

)2
− ln

 VA

HF

+

√√√√1 +
(
VA

HF

)2

+ HF s

EA

(2.29)

z (s) = HF

ω


√√√√1 +

(
VA + ωs

HF

)2
−

√√√√1 +
(
VA

HF

)2
+ 1

EA

(
VAs+ ωs2

2

)
(2.30)

The mooring system considered in this report is a taut system; therefore, there is no
contact between the mooring lines and the sea floor. The equation to compute the position
of the nodes along the lines for a cable making contact with the sea floor can be found in
(Jonkman, 2007).

2.5.5. Modelling Fibre Ropes

The method described thus far is for a linear mooring line, such as steel chains and wires.
Mooring lines made of materials such as polyester and nylon have nonlinear behaviour, and
the method of calculating the tension is slightly different. Different classification societies
and regulatory bodies propose different methods for considering the nonlinear tension
strain relationship in a fibre rope. These methods were summarised in a table by West et al.
(2020) and have been reproduced here in Table 2.5. As this work is still a preliminary design
and not all the wind turbine data are currently available, the Upper-Lower bound model is
used. At a later stage when more precise inputs such as the controller properties and the
WTG tower are available, a non-linear analysis that takes into account the nonlinearity in
the cable is included in the analysis. Further discussion on the Upper-Lower bound model
and the determination of the numerical values are presented in subsubsection 4.7.3.
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Table 2.5: Summary of recommended stiffness methods West et al. (2020).

Model name Model Description Code agency

Static dynamic model The static stiffness is lower and used up to
a mean loading. Then from the mean load-
ing, a stiffer dynamic stiffness is utilised

ABS

Upper-Lower Bound
Model

Here, two stiffness are chosen. The upper
bound is the stiffer, and the lower bound
is the expected soft stiffness. The analy-
sis runs for both cases, and the maximum
platform offset and cable tension are found.
The actual system will lie somewhere be-
tween the lower and upper bound stiffness

ABS and API

Nonlinear Viscoelastic The mooring lines are modelled as differ-
ent viscoelastic setups such as the Gen-
eralised Maxwell Model and the Kelvin
Model. Springs and dampers connected in
series and parallel make up the model and
give a realistic response.

DNV

Nonlinear load elonga-
tion model

A lookup table containing the Load-
Elongation relationship or analytical re-
lationship is used to model the load-
elongation relationship

API

Separate decoupled fre-
quency responses

Responses due to high-frequency wind
loads, current and wind loads, low-
frequency wave, and mean environmental
loading are evaluated, and the responses
are added together.

API
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3. METHODOLOGY

3.1. Software Selection

The software applications used for this analysis are open-source due to the limitations
of student licenses of commercially available software applications. The good thing about
open source is that it has more capabilities and draws the user closer to the underlying
theories. Open-source’s strength is that it requires a more in-depth understanding and a
sound user to run it. Commercial software is a black box that can be used to generate
results by any random user. The major stages in the analysis are geometry creation, mesh
generation, frequency domain analysis, and time domain analysis with the mooring lines
attached to the platform. The major open-sourced software applications used for this
thesis are capytaine, WEC-Sim, NEMOH, BEMRosetta, and OpenFAST. Capytaine is
used for the frequency domain analysis of the floater without the mooring lines as a first
step in gaining some insight into the problem, while WEC-Sim is used for the time series
analysis to compute the response of the platform with different mooring configurations
(only surge, heave and pitch responses are possible). After fully understanding the problem,
OpenFAST, NEMOH and BEMRosetta are used to compute the system response in yaw.

3.1.1. AutoCAD and Rhinoceros

AutoCAD is a computer-aided design (CAD) and drafting software created by Autodesk
to produce 2D and 3D drawings. Due to the relative ease of using this drafting software,
it is used to reproduce the 2D geometry of the spar. The 2D geometry is then exported to
Rhinoceros to create a 3D step file and meshed parts.

3.1.2. GMSH

GMSH is an open-source meshing generator developed by Christophe Geuzaine and Jean-
François Remacle (Geuzaine and Remacle, 2009). The program contains four modules:
the geometry module, meshing module, solving module, and post-processing module. The
3D step file created in Rhino is merged with a new .geo file in GMSH. This geometry file
is then meshed and saved as a .stl format for use in Capytaine.

3.1.3. Capytaine

Capytaine software, a Python-based potential flow solver, simulates the interaction between
wind, waves and a floating body in the frequency domain. Capytaine is a Python version
of NEMOH (which was written in FORTRAN), and the output generated by this program
can also be generated using AQWA and WAMIT. However, due to the license requirements
of AQWA and WAMIT, they are not considered for this analysis.
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Figure 3.1 shows the method followed in Capytaine to compute the hydrodynamic forces.
In orange are the required inputs. In blue are the processes required to produce the
result in yellow. The v 2.0 of the program was used for this study, and the major Python
compilers used are ipython, qtconsole, and jupyter notebook. Capytaine is first used to
understand the problem better and to provide the necessary input files for WEC-Sim.
While NEMOH and BEMRosetta are used to prepare the hydrodynamic input file for
OpenFAST.

Figure 3.1: Simplified flowchart of the internals of Capytaine solver (Ancellin, 2023).

The time it takes Capytaine to run depends on the input size given. For example, a finer
mesh or a higher frequency range with many data points will require more computational
power. The finest mesh possible is used in this work since only one run of the complete
solution in Capytaine is required.

3.1.4. NEMOH

NEMMOH is a BEM code developed by a group of researchers in Ecole Central de Nantes
over 30 years ago and was first released in 2014. This program is used to compute wave
loads on offshore structures, such as added mass, radiation damping and diffraction forces
(Kurnia and Ducrozet, 2022). The current release, v3, has two modules, NEMOH1 for
first-order computation and NEMOH2 for computing the quadratic transfer function
(QTF). The flowchart of the software is shown in Figure 3.2.
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• Important notice: the computation with the free-surface integral still has an issue
if the lid body panels exist (cf. IRR method). For now, the user is suggested not
to specify the lid body panels in the mesh file input for NEMOH1 computation if
he wants to compute the full QTFs with the free surface integral.

• For the free-surface integral, a quadrilateral free-surface mesh has to be specified.

• The computation can be done for bi-directional or uni-directional wave for the
specified multiple wave direction.

• QTF computations have not been tested yet for the multi-bodies problem.

NEMOH related publications to be referred are [1] for the first order NEMOH and [9,
10, 11] for the QTF module. A publication related with this release is in preparation as
in [6].

2.2 Units

NEMOH expects all quantities to be expressed in S.I. units: m, kg, s, rad (meter, kilo-
gram, seconds, radian, respectively). But some of the phase outputs may be expressed
in deg or ◦, in this case it will be indicated in the file header.

The force unit is [N ], the moment unit is [Nm], added Mass [kg], damping coefficient
[kg/s]. As the force output is normalized with the unit wave amplitude a [m], then the
normalized force unit is [N/m] and the normalized moment is [N ].

Response amplitude operator for translation motion has unit [m/m] and for rotation
it is [deg/m].

The force quadratic transfer function (QTF) has unit [N/m2] and for the moment QTF
it is [N/m]. The QTF output is normalized by ρg where the fluid density ρ, [kg/m3],
and the gravitation constant g, [m/s2].

2.3 Software features and capabilities

Figure 2: Global flowchart of NEMOH software

9

Figure 3.2: Global flowchart of NEMOH software (Kurnia and Ducrozet, 2022).

The output from NEMOH can not be read directly by OpenFAST, so the software
BEMRosetta was used to convert the output to a WAMIT-style output.

3.1.5. BEMRosetta

BEMRosetta, a software developed by (Zabala et al., 2021), is used to convert the BEM
output from one program to the format of another program. For example, in this work,
the out of the NEHMOH is in .tec format is converted to WAMIT format (.1, .3, and .hst)
which is the only output OpenFAST can read. Viewing the BEM using BEMRosetta is
also possible.

3.1.6. MoorDyn

MoorDyn is an open-source lumped mass mooring model used for predicting the dynamics
of a mooring line without considering bending and torsional stiffness (Hall, 2015). This
definition only applies to version 1 of the program as it is now possible to consider
bending stiffness on v2. The v1 is used with WEC-Sim since this is the only version
that works with it, while the version 2 is used with OpenFAST. Even though the v2 is
used with OpenFAST, as already mentioned in subsubsection 2.5.3, the bending stiffness
is not considered for the lines and is neglected for this preliminary stage of the design
process. The program’s primary purpose is coupling with other solvers such as WEC-Sim,
OpenFAST, DualSPhysics, OPENFoam, and STARCCM+. It is also possible to use the
program as a standalone, whereby the fairlead motion is supplied as input based on some
mathematical functions. A sinusoidal movement, for example, can be represented by a
sine or cosine function. In order to couple MoorDyn and WEC-Sim with a Windows
operating system, the source code of MoorDyn needs to be compiled into a dynamically
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linked library (dll). This dll and Moordyn header file are the two files required for coupling
MoorDyn with WEC-Sim. For the mooring design, the MoorDyn was selected since it is
possible to couple it with the WEC-Sim application.

3.1.7. OpenFAST

OpenFAST is a program that couples the aerodynamic-, hydrodynamic-, and structural
response of a floating platform with the Coriolis effect of the generators and the mooring
dynamics of the station-keeping systems. More details about this program is provided in
subsection 3.3.

3.1.8. WEC-Sim

The wave energy converter simulator is an open-source software developed in MAT-
LAB/Simulink using the multi-body dynamics solver Simscape Multi-body. Although
WEC-Sim is primary for designing a wave energy converter, it is also suitable for designing
the mooring system of any floating body if the correct inputs are provided. WEC-Sim only
simulates the interaction between the floating body and waves the addition of wind load or
WTG forcing function is not possible. In this work, WEC-Sim is used as a starting point in
understanding a wind turbine’s time series coupled simulation. Though the superstructure
is not present, it serves as an academic exercise. It gives an insight into how MoorDyn
coupling works since MoorDyn is the mooring dynamics code used with OpenFAST in
this work.

A geometry in .stl meshed format is required for the simulation. When a linear analysis
is performed, this geometry is used just for animation, so the meshing does not matter.
However, if the analysis is a non-linear one, then the size of the mesh of the geometry will
play a significant role (Ogden et al., 2022). In this study, only a linear analysis is done, so
a coarse mesh saves computational time. Figure 3.3 shows input parameters of WEC-Sim
and the BEMIO. The PTO is not taken into consideration for this work; therefore, the
PTO-Sim module is not added in the Simulink model and the WEC-Sim input file. In the
pre-analysis, the BEM code used is Capytaine, a linear analysis for the hydrodynamics.
A user-defined wave time series obtained from Parkwind nv is used (the FLS 351, 365,
and 390). Each time series represents a one-hour elevation record with a time step of
0.025 s. More details about the elevation record in subsubsection 4.9.1. The mooring code
used is MoorDyn, and the visualization software is Paraview. The various modules in
the Simulink library are shown in subsection 4.6. These are needed to build the model
required for analysis as seen in subsection 4.6.
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Figure 3.3: WEC-Sim input parameters (Ruehl, 2017).

The model is built by dragging the sub-module from each module. For example, the spar
floater .stl geometry file is assigned to the body element, and DOFs are assigned to the
constraints. The frame is used to assign the seabed while the MoorDyn is assigned to the
Mooring module. In this work, only four modules are used: the body elements, constraints,
frames, and moorings. The eventual model created must be saved in the same directory
as the WEC-Sim input file or in any other location provided the WEC-Sim input file is
modified to point to the directory where it is saved.

Figure 3.4: Simulink library.

3.2. WEC-Sim Solution Strategy

This section describes the method WEC-Sim uses to carry out the mooring design.
Figure 3.5 presents the program flow, which shows the input files needed, the required
stage, and the processes needed to give the desired output at the extreme right of the



30 3. METHODOLOGY

flowchart. One of the input files is the geometry file, which must be provided in a .stl file
format with the global frame of reference positioned at the cog. This geometry differs from
the one Capytaine uses for the potential flow solution. For the geometry used in Capytaine,
the global reference plane is positioned at the mean sea level (MSL) along the axis of the
vertical cog. The BEM code used is Capytaine, a Python-based application described
in subsubsection 3.1.3. The output of Capytaine is parsed to WEC-Sim as a NetCDF.
The boundary element input/output (BEMIO) receives this input from Capytaine and
converts it to a hierarchical data format (.h5 ), which is then parsed to the next stage of
the program analysis run. 
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Figure 3.5: Flow chart of WEC-Sim (Ruehl et al., 2022).

The MoorDyn input file is a text file containing the properties of the mooring lines. This
text file is in a sub-folder named Mooring in the WEC-Sim directory. A brief description
of the BEM solution, MoorDyn coupling, and the equation of motion solved by WEC-Sim
is presented next.

3.2.1. Boundary Element Method Solution

The method adopted by the capytaine program for solving the radiation and diffraction
problem is the Boundary Element Method. In this method, the following assumptions are
made:

• Sea bottom is flat.
• The wave amplitude is small compared to the wavelength, which implies a small

slope.
• The fluid is inviscid.
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• The flow is irrotational and incompressible.

The irrotational and inviscid flow means Airy’s wave theory is applicable. The Le Méhauté’s
diagram discussed in subsubsection 2.3.2 justifies using Airy’s wave theory. The water
depth of the wind farm location is 250 m. The flow can be considered inviscid since flow
separation is less dominant, hence negligible drag.

3.2.2. Time Series Solution Methodology with WEC-Sim

The WEC-Sim software outputs the platform’s response, displacement, velocity, and
acceleration by solving the Cummins equation. This equation is represented as:

mẌ = Fexc (t) + Fmd (t) + Frad (t) + Fpto (t) + Fv (t) + Fme (t) + FB (t) + Fm (t) (3.1)

Where:

• Ẍ is the translation and rotation acceleration vector of the platform

• Fext(t) wave excitation force and torque vector

• Fmd(t) mean drift force and torque vector

• Frad(t) Force and torque vector resulting from wave radiation

• Fpto(t) Power take-off force and torque vector

• Fv(t) Damping force and torque vector

• Fme(t) Morison element force and torque vector

• FB(t) Net buoyancy restoring force and torque vector

• Fm(t) Force and torque vector resulting from mooring connection

For the current platform under consideration, the mean drift and power take-off force
and torque will not be taken into account so that the equation of motion reduces to

mẌ = Fexc (t) + Frad (t) + Fv (t) + Fme (t) + FB (t) + Fm (t) . (3.2)

Where each term maintains the same meaning as those in Equation 3.1. The Fext(t) and
Fv(t) terms of Equation 3.1 are inputs to WEC-Sim which are generated by the BEM
software such as Capytaine as in the case of this thesis.

3.2.3. Coupling with MoorDyn

In MoorDyn, there is a possibility of using different types of mooring materials, such as
polyester and chains or the same materials with different properties. The point where two
different materials meet is a special node called connect. The connect nodes are not fixed
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in space but move according to the force acting on them. There are two other types of
special nodes, namely: vessel, which moves under the control of an outside program. This
node is mainly used to specify a point on the fairlead. The second one is the fixed node;
this node does not move and is usually used to specify the anchor point (Hall, 2015). The
.txt file input format of MoorDyn is shown in Figure 3.6.

Mooring line data file for MoorDyn in Lines.dll
---------------------- LINE DICTIONARY -----------------------------------------------------
LineType  Diam    MassDenInAir    EA          BA/-zeta     Can     Cat    Cdn     Cdt 
        (-)       (m)            (kg/m)            (N)           (Pa-s/-)       (-)        (-)       (-)       (-) 
---------------------- NODE PROPERTIES -----------------------------------------------------
Node      Type      X        Y         Z        M        V        FX       FY      FZ     CdA   CA
  (-)            (-)       (m)     (m)     (m)    (kg)    (m^3)  (kN)  (kN)   (kN)   (m^2)  (-)

---------------------- LINE PROPERTIES -----------------------------------------------------
Line     LineType  UnstrLen  NumSegs   NodeAnch  NodeFair  Flags/Outputs
  (-)             (-)             (m)             (-)                  (-)                 (-)               (-)

---------------------- SOLVER OPTIONS-----------------------------------------
x1   dtM             - time step to use in mooring integration
x2   WaveKin     - wave kinematics flag (0=neglect the only option currently supported)
x3   kBot            - bottom stiffness
x4   cBot            - bottom damping
x5   WtrDpth     - water depth
x6   CdScaleIC   - factor by which to scale drag coefficients during dynamic relaxation IC gen
x7   threshIC      - threshold for IC con
x8   WriteUnits  - option to skip units line in output files if zero
-------------------------- OUTPUTS --------------------------------

--------------------- need this line ------------------

Figure 3.6: MoorDyn Input file.

The input file is divided into different sections. The sections are LINE DICTIONARY,
NODE PROPERTIES, SOLVER OPTIONS, and OUTPUTS. In the LINE DICTIONARY,
the properties of the lines are specified. At the same time, the properties of the connected
nodes are described in the NODE PROPERTIES section. In the OUTPUT section, the
user specifies the desired output of the MoorDyn program. The list of possible outputs
is presented in Hall (2015). The meaning of each parameter is already described in the
figure for the SOLVER option. The x1, x2, ..., and x8 under the SOLVER OPTIONS are
placeholders for numbers. The meaning of the rest of the terminologies is shown in Table 3.1,
and the procedure for determining their numerical values is done in subsection 4.7.

In Table 4.3, the unit of the line internal damping is [Pa s] or [-], because in MoorDyn it is
possible to enter the absolute value of the internal damping stiffness, in which case the unit
is [Pa s], or a negative decimal number (which represents a fraction of the critical damping)
can be entered in which case, the internal damping will have no unit. This internal
damping parameter damps out the artificial resonance created by the line discretisation.
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Table 3.1: MoorDyn parameter description.
Parameter Description [units]
LineType Word for line type ID, eg chain, polyester [-]
Diam volume equivalent diameter of the line [m]
MassDenInAir Dry mass per unit length of the line [kg m−1]
EA Axial stiffness of the line [N]
BA/ − zeta Line internal damping [Pa-s] or [-]
Can Transverse added mass coefficient [-]
Cat Tangential added mass coefficient [-]
Cdn Transverse drag coefficient [-]
Cdt Tangential drag coefficient [-]
Node ID of the nodal connection [-]
Type connect, fix or vessel [-]
X, Y, Z Coordinates of the nodes [m]
M Node mass of clump weight at the node [kg]
V Node displacement at the node for floats [m3]
FX, FY, FZ Steady external force applied at the node [N]
CdA Product of projected area by drag coefficient [m2]
Ca Added mass coefficient used along with V [-]
UnstrLen Unstreched length of the line [m]
NumSegs Number of segments of the line [-]
NodeAnch ID of the node of a line segment close to anchor [-]

Most of the input files of MoorDyn are straightforward, but BA and dtM, which are
related to the line discretisation, are tricky parameters (Hall, 2015). To consider BA, Hall
(2015) presented a simple approach by considering the line as a spring-damper system.
Figure 3.7 shows the discretised line as a simple mass spring damper. The maximum axial
vibration mode will occur when two adjacent masses vibrate out of phase, making the
line’s midpoint remain stationary (Hall, 2015).

8 
 

There are currently five supported types of output quantities: 

 pX, pY , pZ  – x/y/z coordinate (m) 

 vX, vY, vZ – velocity (m/s) 

 aX, aY, aZ – acceleration (m/s^2) 

 T or Ten – tension (N) 

 fX, fY, fZ – net force in x/y/z direction (N) 

These can be produced at a connection object, denoted by the prefix Con#, where # is the 

connect number.  Or, they can be produced at a node along a line, denoted by the prefix L#N@, 

where # is the line number and @ is the number of the node along that line.  For example, 

 Con3vY outputs the connection 3 y velocity, 

 L2N4pX outputs the line 2, node 4 x position. 

These capabilities are not yet included in the C++ version of MoorDyn; instead, this version 

always creates a lines.out output file containing the tensions of all fairlead connections.  For 

now, any additional quantities can be obtained by using the optional line-specific output files as 

defined in the Line Properties section. 

4.1. Model Stability and Segment Damping 

Most of the entries in the input file are pretty straightforward and can be set according to 

common sense.  Two of the trickier input parameters are the internal damping (BA) for each 

line type, and the mooring simulation time step (dtM).  Both relate to the discretization of the 

lines. 

The highest axial vibration mode of the lumped-mass cable representation would be when 

adjacent nodes oscillate out of phase with each other, as depicted below. 

 

In this mode, the midpoint of each segment would not move.  The motion of each node can 

then be characterized by mass-spring-damper values of 

 

Figure 3.7: Mass spring damper idealisation of the mooring line (Hall, 2015).

With the system presented in Figure 3.7, the mass of each node (m) may be presented as
a fraction of the total mass of the line (wL), where L is the total length of the line and w



34 3. METHODOLOGY

is the distributed weight of the line. According to Hall (2015), the natural frequency and
damping of the line may be represented respectively as

ωn = 2N
L

√
EA

w
(3.3)

BA = ζ
L

N

√
EAw, (3.4)

where ζ is the damping ratio of the line and EA is the axial stiffness. It is recommended
that the damping ratio be close to 1 as much as possible to damp out the resonance
frequency of the line segment to ensure that the model is resolved properly. For simplicity,
Hall (2015) recommended that the negative value be entered in this section of the input
file (BA/− zeta) to give the damping ratio of each line segment. This approach is adopted
here; only the global behaviour of the line is sorted.
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3.3. OpenFAST Solution Strategy

To analyse the mooring configuration in the yaw DOF, it is necessary to analyze with
a code capable of perturbating the wind turbine in the yaw. Since WEC-Sim does not
provide this possibility, OpenFAST is used. OpenFAST is an aero-servo-hydro-elastic
solver used for computing the response of floating platforms. The IEA 15 MW offshore
reference model on UMaine VolturnUS-S semi-submersible floating platform is adapted in
this work. The various modules used in OpenFAST are shown in Figure 3.8.

Figure 3.8: FAST control volumes for floating systems (Jonkman and Jonkman, 2016).

The OpenFAST.exe is a glue code that binds all the modules shown in Figure 3.8. The
external conditions are defined in InflowWind (wind) and HydroDyn (waves and current).
Then, AeroDyn interacts with the outputs generated from the Inflow wind to compute the
applied loads on the wind turbine’s blades. In the HydroDyn, the hydrodynamic loads are
also computed for each time step. There is the possibility of computing the hydrodynamic
coefficients using a BEM code such as NEMOH and WAMIT. This work uses NEMOH to
carry out the BEM analysis. The control system of the generator and actuator systems are
defined in ServoDyn. Then, the tower, platform, and nacelle dynamics are defined in the
ElastoDyn input file. Moreover, finally, the mooring dynamics are described in MAP++,
MoorDyn, or FEMooring. In this work, MoorDyn is used. Other modules, such as IceDyn
and SubDyn are also available in OpenFAST. SubDyn is used for a fixed platform, while
IceDyn considers surface ice on the wind turbine (not considered here to simplify the
analysis).
In this work, the OpenFAST v3.5.0 is used, and the MoorDyn version coupled with it

is v2. The input file of v2 MoorDyn is significantly different from the ones described in
subsubsection 3.2.3 due to the added functionality. However, considering the scope of
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this work, the inputs for both v1 and v2 are identical since non-linearity in the line is not
considered.

3.3.1. HydroDyn Calculation Procedure

The HydroDyn calculation procedure is presented in Figure 3.9.
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Copyright © 2009 John Wiley & Sons, Ltd. Wind Energ 2009; 12:459–492
 DOI: 10.1002/we

Dyn support platform hydrodynamics module for offshore fl oating wind turbines. Figure 3 summarizes the 
HydroDyn calculation procedure.

The True Linear Hydrodynamic Model in the Time Domain
In linear hydrodynamics, the hydrodynamics problem can be split into three separate and simpler problems: 
one for radiation, one for diffraction and one for hydrostatics.24,25 The radiation problem seeks to fi nd the loads 
on a fl oating platform when the body is forced to oscillate in its various modes of motion and no incident 
surface waves are present. The resulting radiation loads are brought about as the body radiates waves away 
from itself (i.e. it generates outgoing waves) and include contributions from added mass and from wave-
radiation damping. The diffraction problem seeks to fi nd the loads on a fl oating platform when the body is 
fi xed at its mean position (no motion) and incident surface waves are present and scattered by the body. The 
diffraction loads are the result of the undisturbed pressure fi eld (Froude-Kriloff) and wave scattering. The 
hydrostatics problem is elementary, but is nevertheless crucial in the overall behaviour of a fl oating 
platform.

The total load from hydrodynamics and moorings acting on the support platform of an offshore fl oating 
wind turbine is in the form of equation (4). In the true linear hydrodynamics problem, the term Fi

Hydro in equa-
tion (4) is of the form shown in equation (5).26,27 The terms of this equation are discussed separately.

 F F gV C q K t q di
Hydro

i
Waves

i ij
Hydrostatic

j ij j= + − − −( ) ( )ρ δ τ τ τ0 3

0

�
tt

∫  (5)

The fi rst term on the right-hand side of equation (5), Fi
Waves, represents the total excitation load on the support 

platform from incident waves and is closely related to the wave elevation, z. As background, Airy wave 
theory24,25 describes the kinematics of regular waves, whose periodic elevation is represented as a sinusoid 
propagating at a single amplitude and frequency (period) or wavelength (Airy wave theory also describes how 
the undisturbed fl uid-particle velocities and accelerations decay exponentially with depth). Irregular or random 
waves that represent various stochastic sea states are modelled as the summation or superposition of multiple 

Figure 3. Summary of the HydroDyn calculation procedureFigure 3.9: HydroDyn Calculation Procedure (Jonkman, 2009).
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6. CONCLUSION AND RECOMMENDATIONS

6.1. Conclusion

The results of the hydrostatics obtained for the spar geometry align with what was expected.
However, a disparity in the wind turbine structure’s total mass was observed after adding
the individual masses of the wind turbine, which did not match the displaced mass. This
difference in weight was accounted for by adding weight to the solid ballast, and the cog
adjusted accordingly. The results obtained for the BEM analysis for the radiation damping
and added mass align with what was expected. The radiation damping and added mass
for each of the DOF approached zero and a fixed value, respectively, at infinite frequency.
The mooring configuration was designed by adapting the IEA 15 MW semi-submersible
wind turbine data to the spar. A fully coupled analysis was done in the time domain
using wave elevation records from Utsira Nord. The chosen configuration is a three-line
semi-taut configuration with better yaw stiffness than the proposed configuration of Olsen
(2022). Also, the new configuration makes efficient use of materials by using 30% and 50%
less polyester and chain lines, respectively.

6.2. Recommendations

It would be interesting to verify and validate some of the results obtained in this work.
Also, given more time, a different analysis approach can be followed. The following
recommendations are suggested

• The through non-linear viscoelastic behaviour of the polyester mooring line should
be modelled for calculating the mooring line tension.

• Shared mooring design should be assessed using fast farm.
• The coupled analysis should be done with the accurate data of the controller, site-

specific wind data should be used, and the correct tower bending modes and inertia
should be used for the analysis after all the data are made available.

• If possible, results obtained should be validated by tank testing.
• A coupled computational fluid dynamics (CFD) analysis should be done to verify

the results obtained.
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