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ABSTRACT

This research investigates the influence of vortex-induced vibrations (VIV) on dynamic power cables
for floating offshore wind turbines. This was conducted through the use of two different numerical
modelling tools, OrcaFlex and Shear7. Shear7, a frequency domain VIV prediction model was coupled
with OrcaFlex, a time-domain three-dimensional finite element analysis software. Two popular
numerical methods, Iwans and Blevins Wake Oscillator (IBWO), Milan Wake Oscillator (MWO) are
employed for predicting cable’s VIV. These models are validated against scaled down experimental
results for a dynamic power cable. Shear7 produces the most accurate prediction and is chosen for
further analysis of additional parameters. MWO seriously struggles and is deemed unsuitable for use
in this context. IBWO predicts Root Mean Square (RMS) crossflow displacements up to four times

greater than Shear7.

The environment in which dynamic power cables will be deployed will potentially be in locations with
extreme subsea currents and waves. As such it is important to understand the influence these will
have on the VIV of these cables. Through this research multiple parameters were investigated to
determine the impact these have on the VIV behaviour. The current the cable was exposed to was
varied to account for known current behaviour at sites likely to host FOWTs. It was found that the
profile, direction relative to the plane of the cable, and speed of the currents all have significant effects
on the VIV behaviour. Different current directions result in drastically altering the VIV profile of the
dynamic power cable by changing the maximum predicted amplitude and location along the cable
length. A change from uniform current of 1m/s to a shear profile based on site data at Hywind, with a
surface current speed of 1m/s, resulted in a decrease in RMS displacement of 10% at angle 0, 3% at

angle 90, and 21% at angle 180.

The deployed cable configuration was studied to observe how this impacted the VIV behaviour and
under what conditions would a certain configuration be preferred. A lazy wave, double wave, steep
wave, and tethered lazy wave were analysed. It was found that different configurations lead to
substantially different RMS crossflow displacements and locations of largest displacement. Current

directions and profiles were also shown to impact each configuration uniquely.

The structural properties of an object undergoing VIV are known to greatly impact the response. With
various cable designs still being investigated there is no preferred properties in operation. As such,

multiple cables are used to determine the scale of this influence on the VIV response. The bending



stiffness, diameter, and mass ratio are all shown to alter the VIV response of the cable. This is not only
due to fundamental VIV influence but also changes on the global scale of the cable in terms of
sensitivity to deformation and influences this has on the relative velocity. The cable density influences
the extent of cable deformation which in turn changes the relative velocity resulting in more extreme
variations in amplitude along the cable length the less dense the cable is. The bending stiffness of the
cable has a similar impact, where the greater the stiffness the lower the variation in amplitude over
cable length. Regarding diameter, the greater the diameter the lower the predicted frequency and

less range in amplitude.

Waves are known to influence the VIV behaviour of structural bodies. In offshore sites with high wind
speeds, it is likely that the dynamic power cables will be exposed to waves of significant magnitude.
The impact of the wave height, period, and direction are studied to assess the importance of this when
considering the VIV response for dynamic cables. The wave height was shown to result in large stresses
on the cable as it increases. The direction of the waves are also shown to alter the VIV behaviour, this
was elevated when compared against current direction as well. Wave height and direction were found
to greatly influence the RMS stress the cable was exposed to. A wave height of 8m at angle 0 resulted
in stress over three times larger at certain locations compared to just current. For angle 90 a 50%
increase could be seen. For angle 180, the mean stress over the full cable length was found to show

minimal change.

The influence of all the parameters discussed shows how crucial further investigation and analysis is

to fully understand and predict the VIV influence before wide scale deployment.
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LAY SUMMARY

This research aims to investigate the vortex-induced vibrations (VIV) on dynamic power cables for
floating wind turbines under varying environmental conditions. The environmental conditions and the
influence on VIV are investigated through the use of a numerical VIV prediction model software

Shear7. This was coupled with OrcaFlex, a time-domain hydrodynamic model.

VIV are a hydrodynamic phenomenon, as fluid flows past an object vortices can develop. These
vortices impart a varying force on the object in both the in-line and crossflow direction. This causes
the object to vibrate. The frequency of this vibration is initially dictated by the relative velocity of the
fluid flow, however, as this frequency approaches the natural frequency of the object a phenomenon
called “lock-in” can occur. This results in much larger vibrations at the natural frequency of the object
which can cause significant fatigue. Dynamic power cables are located in sites with potentially

substantial current speeds and wave conditions which can excite VIV along the cable.

The current conditions explored are speed, direction, and shear profile. All of these are found to
greatly influence the VIV response. As the current speed increases the most significant vibrations are
found to be increasingly localised to certain sections along the cable length. For an angle of 0 this is
towards the touchdown point of the cable and for angle 180 this is towards the hang-off point. An
angle of 90 degrees doesn’t showcase this large dependence. A shear profile is seen to reduce the
RMS displacement along the cable length compared to a uniform profile. The magnitude of this

decrease is dependent on the shear profile.

The wave conditions investigated are height, period, and direction relative to current. As the wave
height increase it results in a greater induced stress on the cable. There is no obvious link observed
between the wave period and the induced stress on the cable. The wave direction relative to current
direction is shown to have a substantial impact on stress. The greatest induced stress is seen when
the wave is co-linear to current direction, with this decreasing as it tends to perpendicular and then
increasing after this as it tends to being directly opposite. When directly opposite the stress is less

than when the wave direction is co-linear.

Dynamic power cables are required to be flexible in nature due to the harsh conditions they are
present in. There is no current optimal design of cables due to immaturity of the area, and as such,
the cable properties are not determined. The bending stiffness, diameter, and density of the cable are
investigated. It is found that all of these parameters influence the VIV response of a full-scale cable.

The lower the bending stiffness and density of the cable the more extreme the localisation of the



largest vibrations, this is due to the cable deformation. When the cable deforms due to the current it
results in large variations in the relative velocity along its length. This means certain sections of the
cable experience larger velocities so are subjected to greater vibrations, compared to other locations

where due to the angle of inclination experience much smaller relative velocities.
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1 INTRODUCTION

There have been global initiatives to limit the global warming of the planet, most notably the Paris
Agreement which set out to limit the global temperature increase to less than 2 degrees Celsius
relative to pre-industrial levels. Electricity and heat generation accounts for over 40% of CO, emissions
globally (International Energy Agency, 2021), and thus it is an area where substantial improvements
can be made. Renewable electricity generation provides a low carbon electricity supply which is vital
to curb the increase in CO2 emissions. The UK benefits from having substantial wind and marine
resources, over 40% of the wind resource across the whole of Europe (Greenmatch, 2017). On a global
scale the demand on electricity has risen annually since records started (International Energy Agency,

2021). With this trend set to continue the necessity for sustainable electricity generation increases.

As suitable near shore sites for fixed bottom wind turbines are exhausted expansion into deeper
waters is required. In addition to the benefit of reduced competition for sites, faster and more
consistent wind speeds are available. At deeper waters, the preferred base for wind turbines is floating
over fixed as the large depths make it excessively difficult to secure the structure to the seabed. When
considering the global scene, countries with limited shallow waters, such as France, Japan, and the

West Coast of USA, are highlighted as locations for potential huge scale deployment.

There is global interest in FOWT, and there are currently four floating wind turbine arrays: Hywind
Scotland 30MW total (Peterhead), Hywind Tampen 95 MW (Norway), Kincardine 50 MW total
(Aberdeen) and Windfloat 25 MW total (Portugal). There are other smaller FOWT projects: Fukushima

Forward, Groix and Belle-ile, and the Gaelectric Energy Storage Array?.

Wind generated a record amount of energy in the UK in 2023, supplying 29.4% of electricity demand?.
The UK Government recently announced their aim to increase the capacity of offshore wind farms in
the UK from 10 GW to 40 GW by 2030 (Durakovic, 2020). This substantial increase in capacity will
require the deployment of wind farms in deeper waters, where floating wind turbines would be the
energy converter of choice. Not only are offshore wind turbines environmentally beneficial they are
also economically viable when compared to more traditional sources of generation such as coal and

gas. This is shown by the latest Contract for Difference bid for offshore wind turbines which landed on

L https://en.wikipedia.org/wiki/Floating_wind_turbine#cite_note-69
2 https://www.nationalgrideso.com/news/britains-electricity-explained-2023-review
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£37.35/MWh3, below the wholesale electricity price. Unsubsidised electricity delivered from wind

turbines highlights their economic success and the future they have in the UK energy mix.

To help meet this pledge for offshore wind the UK government has set a target to deliver 5GW of
floating wind by 2030% The Crown Estate recently delivered a new leasing for offshore wind farms to
increase capacity by 7.9GW. Crown Estate Scotland announced the outcome of its most recent leasing
in January 2022. The results from this are permission for 17 new projects with a total capacity of

24.8GW, with 14.6GW assigned to floating wind.

As an emerging technology there is still lots of room for innovation within the FOWT sphere. One of
these is the choice of floating platform. Currently the most promising options are spar, semi-
submersible and tension leg platforms. Kincardine and WindFloat wind turbine arrays use the semi-
submersible platform. At the Hywind Tampen and Peterhead sites the spar platform is deployed. The
platform initially chosen for investigation in this work was a semi-submersible platform based on the

work done by NREL FOWT (Jonkman et al., 2010).

Transmitting the electricity generated by offshore wind turbines back to the mainland, where the large
demand centres are, is done by power cables. Traditionally offshore wind turbines have foundations
secured to the seafloor. This allows the cable to exit at this point and run along the seabed back to
the shore. This is not possible with floating wind turbines as there is no solid structure that extends
all the way down to the seabed. Instead, the cable must traverse across the water column from
floating platform to seabed. This requires a new cable design to survive the hostile environment where

typical offshore cables would fail due to the large bending and tension loads.

1.1 GENERAL BACKGROUND OF DYNAMIC SUBSEA POWER CABLES

There have been reviews of academic literature conducted around dynamic power cables but minimal
discussion surrounding the fatigue inducing factors and failure modes of cables, and next to nothing
on VIV behaviour. CoreWind 2020, produced a review of the dynamic power cable system which
addresses the current scene, discussing aspects such as installation, cable cross-section and
configuration, and operation and maintenance. Taormina et al. 2018, performed a review of the

potential environmental impacts of deployment of subsea power cables. Weerheim, 2018, performed

3https://renews.biz/78997/update-owic-hails-record-low-offshore-wind-strike-
price/#:~:text=The%200ffshore%20projects%20landed%20CfDs,price%20ever%20for%20any%20technology.
4 https://www.thecrownestate.co.uk/en-gb/what-we-do/on-the-seabed/floating-offshore-
wind/#:~:text=The%20Government%20has%20set%20an,achieve%20its%20net%20zero%20ambitions.
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a literature study of the development of dynamic power cables for floating wind turbines. It discusses
potential cable arrangements, the design elements of the cable, cable damages, loads, and fatigue.
DNV GL AS 2016, provides a comprehensive overview of the state of subsea power cables for wind

turbines, providing useful background information on the full project design process.

There are two main companies in the cable manufacturing industry, these are JDR Cables and Nexans
making up 33.9% and 25.7% of the market share, respectively. The following three biggest competitors
are NSW, Prysmian and Draka contributing approximately 12.6%, 9.3% and 8.7%, respectively (El
Mountassir & Strang-Moran, 2018).

With mooring and anchoring optimised within the oil and gas industry, with lots of this information
readily transferrable, the obvious technology requiring further development is the power cables. This
is exemplified by the fact that subsea power cables account for 75-80% of the total insurance cost
claims for offshore wind whilst only contributing to 9% of the overall cost of the farm (El Mountassir
and Strang-Moran, 2018). This is evidently an area where drastic improvements can be made to help

further drive down costs and increase up time and profitability.

There are numerous reasons for failure of power cables, the majority of which are not results of the
hostile environment where they are often located. The principle reasons for failure are electrical faults
47%, manufacturing and installation 37%, external and environmental 13%, and cable replacements

3% (El Mountassir & Strang-Moran, 2018).

1.1.1  Why Are Dynamic Subsea Power Cables Required?

The power cables used for floating wind turbines are required to be dynamic to be able to absorb the
loads they are exposed to in the harsh ocean conditions they are located. These loads are
predominantly due to ocean currents, waves, and platform induced motion. Standard stationary
power cables would be unable to survive in these conditions due to their inability to effectively absorb
motions. This is because of their higher bending stiffness not allowing adequate displacement from
static location. The movement and cable deformation allows for absorption and redistribution of

incident forces.

Dynamic power cables require additional armour, greater fatigue resistance, greater axial strength,
and greater bending stiffness. This leads to larger weight and outer diameter which induces greater
tension on the cable itself, especially at the hang off point. To accommodate these requirements the
configuration of the cable is of extreme importance. It is important to understand the fatigue life of

these power cables as failure is expensive and potentially dangerous.
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1.1.2 Where Are Dynamic Subsea Power Cables Deployed?

Dynamic power cables are used offshore for marine energy converters such as tidal turbines, wave
energy converters, and floating offshore wind turbines. Orbital (tidal turbine) and Hywind (FOWT
array) are two examples that use such cables and are both located in the North of Scotland. Out of
these energy converters the one with the greatest potential for large scale deployment is the FOWT.

As such these are the focus of the majority of research conducted.

1.2 AIMS AND OBJECTIVES

VIV of the power cable leads to fatigue loading and, eventually, permanent damage reducing the
tensile strength of the cable and increasing the likelihood of failure. The potential damage of the VIV
has not been comprehensively considered for dynamic power cables. It is important to understand
the VIV impact on the power cables prior to full large-scale deployment. This may lead to a reduction
in production costs if a lower safety factor is suitable, reduced maintenance if the cable is always
within a safe fatigue life, and increased safety if the likelihood of failure is reduced. Additionally, some
FOWT sites may be particularly susceptible to VIV fatigue depending on environmental conditions and

suppression methods may be required to ensure an adequate safety factor is accounted for.

The VIV of risers and umbilicals for the oil and gas industry is well documented and investigated
research area with which similarities can be drawn. The majority of studies are aimed at targeting
scaled down experiments owing to the excessive costs for full scale investigation. One of the most
significant experiments performed, in terms of scale, was conducted in the Gulf Stream for a
composite pipe of length 152m and outer diameter 0.0363m (Jaiswal & Vandiver, 2007). High mode

number vibrations were observed, greater than the 10" mode.

This research mainly aims to identify the susceptibility of dynamic power cables to VIV depending on
various parameters such as environmental conditions, cable properties, and cable configurations. This
allows for the identification of particular locations susceptible to fatigue along the cable length,
dependence on current direction, current profile, and the impact of changing cable orientation and

configuration.

1.2.1 Main Objectives

1. To study the dynamic power cable by numerical modelling methods using industry standard

software tools and evaluate their suitability:

There are numerous vortex-induced vibrations prediction tools available. The suitability of these

models is tied to the data set used to calibrate them. The models chosen for this research are the
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Milan Wake Oscillator, Iwans and Blevins Wake Oscillator, and Shear7, a frequency domain model.
These tools are calibrated against a scaled down dynamic power cable and then compared against
one another for a full-scale model. The sensitivity of the numerical parameters of the Shear7 model

are also investigated. This is captured within Chapter 3.2, Chapter 4, and Chapter 5.

2. Toinvestigate VIV of the cable for various current profiles and propagation directions:

With deeper waters scoped out for floating offshore wind turbine (FOWT) deployment the
environmental conditions may vary drastically from one site to another. This may render some sites
highly susceptible to VIV which could impact the fatigue life of the cable. Understanding how different
current profiles, speeds, and directions influence the response is important to categorise whether a

site is potentially dangerous due to restricting VIV interactions. This is explored in Chapter 7.

3. To investigate the impact of different power cable configurations, power cable designs, and
additional physical parameters such as buoyancy modules and marine growth on the VIV

behaviour:

There are multiple different cable configurations available, with these having different benefits and
costs associated. Understanding the VIV response of these different shapes is important to appreciate
the potential limitations and how this may be exacerbated by certain environmental conditions. This
is discussed in Chapter 8. With dynamic power cable design still in its infancy, the properties of the
cables are likely to go through sizable changes until an optimal design is decided. The properties of an
object are known to have an impact on the VIV behaviour, recognising this in the context of dynamic
power cables is valuable as certain variables may result in dangerous VIV responses. This is discussed
in Chapter 6. Other factors related to external cable properties are investigated, these are the impact
of buoyancy modules, straking, and marine growth. Straking is deployed to disrupt the water flow
around the cable which reduces the formation of vortices and assists in minimising the induced
vibrations. This helps to extend the lifespan of the cables. All of these factors are found to substantially
influence the VIV response. Buoyancy module length, and diameter is found to alter the RMS crossflow
displacement. Marine growth is predicted to result in greater displacement and frequency response
if present. The mode of vibrations for when straking is present compared to not is shown to not
sufficiently alter the VIV behaviour of the section of the cable that remains bare. These results are

explored in Chapter 8, 9.5, 9.6, and 9.7.

4. To investigate the influence of waves on the VIV behaviour for varying heights periods and

propagation directions using Shear7:
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In deeper waters there is the potential for considerably large wave heights and storm conditions.
While storm conditions aren’t investigated in this work, the influences of wave height, direction and
period are. The influences of the wave parameters can greatly influence the platform motion response
and the VIV of an object. Neglecting this could lead to underestimation of the potential increase in

VIV magnitude compared to only currents. This is discussed in Chapter 10.

1.3 ORIGINAL CONTRIBUTION

This research aims to better understand the influence of various environmental and numerical
parameters on the vortex-induced vibration of dynamic power cables. There exist gaps in literature
around understanding the changes to VIV response that are brought on by deploying a highly flexible
object in new configurations and hostile environmental conditions. It is important to appreciate the
impact of these factors when designing and deploying offshore cables. Shear7 and OrcaFlex have been
used previously to model the VIV along dynamic power cables but not in such depth to fully consider
the influence of the many different factors. These previous studies are discussed in detail in Chapter
2.7. This research aims to quantify the impact of current direction, speed, and profile, cable
configuration, profile, and buoyancy module arrangements, wave heights, period, and direction, and
numerical models, and parameters. Covering a broad range of topics allows for an understanding of
the multiple different parameters that influence the response of the cable and appreciate which

parameters are likely to result in the greatest influence on the cable.

1.4 THESIS LAYOUT AND ORGANISATION

This research is organised into multiple chapters with the general layout of an introduction, literature

review, methodology, and combined results and discussion section.

The introduction section aims to introduce the reader to the floating offshore wind landscape while
introducing the current dynamic power cable scene and highlighting the importance of understanding

the knowledge gaps.

The literature review section explains the most relevant work done to date in the field of vortex-
induced vibrations and how they relate to the research conducted. An overview on the current

dynamic power cable scene is presented, highlighting the shortcomings still present.

The methodology section lays out the numerical models used and explains the underlying theory
behind them. The numerical model set-up is explained, informing on the floating wind platform used

and different cable configurations. The different environmental parameters are discussed along with
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cable properties. There is a validation section outlining the justification of the numerical parameters

chosen in this research and how the models were calibrated.

The results and discussion chapter is split into six sections, with each aiming to explore a different
theme. These are the cable configuration, cable properties, current profile, wave parameters,

numerical models, and numerical parameters.
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2 LITERATURE REVIEW

There have been some investigations into dynamic power cables for offshore energy converters but
mainly in the context of measuring tension, platform motion, and over-bending. These studies have
predominantly focused on investigating the benefits of a lazy-wave design over catenary and
situations where failure may occur. These configurations can be seen in Figure 2.7. Investigations into
the behaviour of the internal components of the cable have been conducted. specifically discussing

the stick-slip behaviour and the potential impact this has on the cable’s properties.

Specifically, regarding the VIV of a dynamic power cable there have been very few studies. Delizisis et
al. 2022, and de Wilde et al. 2021, performed experiments on a dynamic power cable constrained in
the vertical plane with numerical analysis then carried out using Shear7. With the correct
hydrodynamic parameters modelling software are able to accurately predict the maximum
displacement amplitude relative to current speed. This is highlighted in Chapter 3.2, where it is shown
that when correctly calibrated the numerical predictions closely follow the experimental results
(Delizisis, 2022). The gap in literature is predominantly centred around the lazy wave and alternative
configurations and the impact that has on the VIV of dynamic power cables. There have been few
studies focusing on the VIV of flexible risers in the catenary and lazy wave configuration, but this data

isn’t categorically transferrable due to differences in the material properties.

2.1 POWER CABLE BACKGROUND

The electrical cables used for FOWT are of the umbilical typology, meaning there are multiple internal
components in addition to electrical conductors such as data cables. This is because they provide
service support from the main station to the individual turbines to ensure things such as correct
orientation and operation of the FOWT farm (Sobhaniasl et al., 2020). Umbilicals are most commonly
seen in the offshore oil and gas industry where they are of the steel variety and the curvature of these
cables governs the fatigue problem (Dai et al., 2020). These large curvatures typically occur at large
wave heights and near wave periods of resonance resulting in large amplitude of oscillations (Yang et

al., 2018) .
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Table 2-1: Dynamic vs Static Power Cable Configuration (JDR via CoreWind, 2020)

Dynamic Power Cable Static Power Cable

Image source: IDR Cable Systems Image source: JDR Cable Systems

Outer Protective Sheath Light Protective Rovings

Even number of Contra-helical Armour Wire Strength . i
Single Armour Wire Strength Member Layer

Member Layers
Inner Bedding Layer Sheath Inner Bedding Layer Rovings
Twisted Triad Bundle of Fibre Optic Cable and Twisted Triad Bundle of Fibre Optic Cable and
Electrical Cores with Wire based Screen Electrical Cores with Screen

Good Torsional Balance )
Greater Axial Strength (Max Tension) Coil-able for low cost basket vessels
Sufficient Axial Strength for shallow installation

Light Weight

Greater Fatigue Resistance
Greater Bend Stiffness
Greater Weight and Outer Diameter

Greater Flexibility (Smaller Minimum Bend Radius)
Greater Abrasion Protection and Impact Resistance

2.1.1 Cross-Sectional Components

When considering dynamic power cables two standards are used to provide criteria and guidance for
design and analysis. These standards are DNVGL-ST-0359 and DNV-0S-J10, the DNVGL-ST-0359
standard is shown in Figure 1 (DNVGL, 2016). The cable consists of numerous components with the

most influential being the choice of conductor and armour sheathing.
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Conductor
(Cu, A1)

) Optical fibres, with
Insulation protection (option)

(e.9. XLPE, EPR)

Filler
(non-metaliic)

Semi-conducting
layers

Screen/sheath
(metaliic)

Armour bedding

Armour
Sheath
(non-metallic, option)
Outer serving / sheath
(non-metaliic)

Figure 2-1: Cross-section of a dynamic power cable (DNVGL, 2016)

The internal structure is very similar to that of an umbilical, internal friction between components is
possible as is slipping of one structure over another. This impacts the bending stiffness and as such

this is dependent on factors such as helical winding and bending curvature.

Karlsen et al. 2009, looked into the lay angles of copper phases and armouring layers, as well as
controlling the friction forces between conductors and load carrying elements. This is important to
ensure the desired stress distribution and prevent mechanical overloading of the conductors. This
investigation was conducted using UFLEX2D, a non-linear FEA stress analysis software, and
experimental testing. It was found that a dynamic deep-water power cable requires stress relief to
prevent creep on the copper. Creep is progressive deformation of a material under constant stress.
Altering the lay-up angles of both copper conductors and armouring layers can help relieve creep. The
frictional forces between copper wires and armouring layers are more than sufficient to prevent

copper slipping occurring.

2.1.1.1 Optical Fibre

Fibre optic cables are included within the subsea power cables to form a communication network
allowing for the relaying of data readings from each turbine and thus intervention if required. The
exact composition of the fibre optic cable is heavily dependent on the communication requirements,
for windfarm applications a single cable can obtain up to 96 fibres (CoreWind, 2020). The fibre bundles
are contained within a steel tube with an additional layer of armour and sheathing required to ensure
adequate protection. The size of the fibre optic cable is dependent on the requirements desired and

the outer diameter of the power cable.
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2.1.1.2 Conductor

There are two preferred choices for conductors within a subsea power cable: aluminium and copper.
The core size of the cable has the greatest impact on the total cable outer diameter and is largely
determined by the conductor choice. Copper has a higher conductivity than aluminium meaning that
for an aluminium cable to meet the same current carrying requirements for the output power a larger
core size is required. Aluminium is, however, substantially less dense than copper. A cable with a larger
diameter is more susceptible to exciting VIV. Comparatively speaking, when comparing the two
conductor choices over the scale of the entire cable length the difference in costs is minimal and site
dependent on which is preferable. The most important property, and why copper is the preferred
conductor of choice, is that copper has a greater stress fatigue resistance to amplitude vibrations
which results in an increased life (Boone & Christiaan, 2015) . Copper is also less prone to failure due
to corrosion; aluminium is highly reactive and susceptible to seawater corrosion and thus requires

additional protection.

Thies et al., 2019, investigated the suitability of aluminium conductor compared to copper via a global
load analysis, taking into account the forces and motions acting on the cable due to the ocean
environment and the aero-hydrodynamic response of the floating structure. The aerodynamic model
was produced using FAST and the hydrodynamic model was produced using OrcaFlex. The results
show that aluminium is capable of performing as a conductor for subsea power cables and leads to
lower peak tension at attachment points and lower effective tension across the cable when compared
to copper. This is however a trade off against the requirement for increased cable diameter. To
adequately assess the capability a local analysis would also have been required, which would have
analysed the aluminium within the cross section of the cable including internal interactions such as

stick-slip and friction.

Regarding failure due to the conductors within dynamic power cables Karlsen 2010 and Nasution et
al. 2012, investigated the fatigue of copper wires. Karlsen used an experimental method to assess the
impact of friction, creep properties, and high tension on wire interaction. This was done through
rotational bending at 112 rotations per minute with an applied tension of 8kN and 2kN both examined.
Failure was defined as the first rapid elongation of the wire not due to tension increase. The results
show that a higher tension decreases the number of cycles to failure and that fretting plays a less
dominating role than high tension. Nasution et al. 2012, investigated the fatigue performance of a
single wire 95 mm? copper conductor and the impact of geometrical irregularities in the wires due to

the manufacturing process. Fatigue testing was conducted by applying axial tension to the wire and
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the corresponding strain was analysed using UFlex3d, a finite element software. The results show that

surface irregularities can result in differences in fatigue performances between layers.

2.1.1.3 Insulation

Cross-linked polyethylene (XLPE) is the most prominent material utilised for insulation in submarine
power cables and has been in use since 1973. XLPE consists of cross-linked long molecular chains of
LDPE forming a three-dimensional network. Low density polyethylene is the alternative, but XLPE is
preferred due to its superior dielectric loss characteristic property, resulting in the minimisation of

insulation thickness (Nexans, 2013).

2.1.1.4 Armour

The armour of the dynamic power cable is subject to high mechanical loading from the floating
platforms response to waves, wind, swell, and subsea currents, as well as the risk of wear due to
contact. Since retirement and replacement of a cable is not envisioned, the robustness and fatigue
resistance are vital to ensure the viability of floating offshore wind turbines. Dynamic cables often
have double armouring to increase torsional stiffness whereas static cables only require a single layer

of armour.

Dynamic high voltage subsea power cables require sheathing to protect the insulation from water
ingress and provide a means to handle potential short circuit currents (IEC 60840, 2004). The choice
of sheathing is limited for this application due to the dynamic conditions. Lead is often chosen for
static power cables due to its chemical stability and ductility. Lead alloys, however, are strongly
influenced by time-dependant phenomena such as creep and recrystallization. Viespoli et al. 2020,
conducted experimental fatigue tests at two different strain rates with analysis of the cables post-
mortem done via scanning electron microscopy. The results indicate that lead alloys are influenced by
creep deformation resulting in shorter fatigue life when deformation occurs. The deformations
investigated were at a much smaller scale than those present in a dynamic power cable highlighting
the unsuitability of lead for this application. Instead, longitudinally welded copper sheaths or non-

metallic water barriers are preferred (Sonerud et al., 2012).

2.1.1.5 Bend Stiffeners

Bend stiffeners are deployed at both the hang-off and touchdown point of the cable to help extend
the life of umbilicals and power cables. This is achieved by increasing the local stiffness of the cable to
limit bending stresses and curvature. They are often made from an elastomeric material to function

in the constant loading environment they are found due to wave and current-induced motions. They
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prevent structural damage to the cable due to overbending and have a conical shape to provide

gradual increases in stiffness of the cable to prevent over bending at its termination point.

- T ]
g reliability in harsh dynamic of

y/ Y

Figure 2-2: Bend stifener example (Marinet, 2015)

CRP Subsea, Hellenic Cables, and University of Exeter conducted two tests on a dynamic power cable
and bend stiffener combination (Marinet, 2015). The first test involved bending the cable at a 3.7°
angle held in places by a constant force (40, 60, 80kN) of varying degree at a 10s period. The second
test involved increasing the headstock angle to 4° and decreasing the cycle period from 10s to 1s. The
results were compared for using a bend stiffener and not using a bend stiffener. The results showed
that when utilising a bend stiffener, the power cables survived 3.7 times as many cycles as without
and also was on average 72.5% stiffer than the power cable alone. These results highlight the

importance of deploying bend stiffeners when considering power cables for floating wind turbines.

2.1.2  Stick-Slip Phenomenon

Due to the nature of the power cable, and its numerous internal components, modelling fatigue life is
difficult due to the complex internal interactions. A stick-slip phenomenon is observed where the
bending stiffness of the cable changes after a certain curvature due to the cable not being restricted
by friction internally but instead the components are able to slide over one another reducing the
bending stiffness. This can extend the fatigue life of the cable through damping or reduce the fatigue

life if the initial high bending stiffness is not taken into account.

Coser et al. 2016, conducted cantilever beam tests and three-point bending tests on a power cable to

determine how the bending stiffness varied under axial tensions from 0 - 212kN. The axial tension had
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a substantial influence on the bending stiffness, increasing it from 0 to 2kN resulted in the stick
bending stiffness increase by 146%. Further to this, viscoelastic behaviour was observed due to the
multi-layer structure. The results were calibrated against a numerical model which showed good

agreement for high tensions but less so for lower tensions.

2.2 CABLE CONFIGURATION

There are many different potential cable arrangements, as shown in Figure 2-7, with the most
common being the catenary and the lazy wave shape. The catenary design is often the preferred
choice for mooring lines and other subsea structures, such as risers and umbilicals in the oil and gas
industry, but in the context of dynamic subsea power cables the lazy wave appears to be the optimal
design. Often when discussing a lazy wave cable configuration, the sag and hog bend are referred to.
These can be seen in Figure 2-3, the sag bend is the dip seen in the cable a third along the length and

the hog bend is the peak seen two thirds along the length.

The different configurations investigated in this study are a lazy wave, a steep tethered wave, a double
wave, and a steep wave. The predominant differences between the configurations are the location of
the buoyancy modules and thus, the resulting cable shape. Figure 2-3, Figure 2-4, Figure 2-5, and
Figure 2-6 show the model configurations within OrcaFlex that are investigated in this study. In this

study, the cable’s hang-off point is at x = 0.

Figure 2-3: OrcaFlex model of the NREL FOWT and lazy wave dynamic power cable with current
direction labelled
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Figure 2-4: OrcaFlex model of the steep tethered wave dynamic power cable configuration

Figure 2-5: OrcaFlex model of the double wave dynamic power cable configuration

Figure 2-6: OrcaFlex model of the steep wave dynamic power cable configuration

The cable shape can have a substantial influence on the response to the environment. The catenary
configuration is known to have a high risk of compression and as such is not generally considered for
dynamic power cables. The lazy wave configuration is the currently preferred design due to requiring

minimal subsea infrastructure, compared to a steep wave which often requires a subsea base and
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subsea bend stiffeners. The steep wave does better maintain the configuration when exposed to
environmental loads, so in scenarios where this compliance is important then they may be the
configuration of choice. The double wave configuration is a more complex structure due to having
multiple buoyancy sections. The predominant benefits of this configuration are in shallow water
conditions where there is a reduction in curvature at the hang-off and touchdown points compared
to the other cable configurations due to the more gradual decrease in water depth over the cable’s

length.

Rentschler et al. 2019, investigated catenary and lazy wave cable configurations for subsea dynamic
umbilicals for FOWTs using OrcaFlex and analysing the tension and curvature at different water depths
under gravitational loading. The lazy wave shape was preferable in all scenarios with the catenary
configurations unfeasible in water depths over 100m due to critical tension at the hang-off point. The
use of a bend stiffener was recommended to prevent over-bending for all scenarios. Dynamic loading
due to the ocean environment has a substantial impact on the cable, without consideration of this a

cable arrangement is not validated.

Steep Wave Lazy Wave Free Hanging Catenary

Figure 2-7: Typical flexible cable configurations (Clausen & D’Souza, 2001)

Silva et al. 2018, investigated the length of the buoyancy section of flexible risers in a lazy wave
configuration using DEEPLINES, a FEA software, with global loading due to wind, wave and current
conditions assessed. The buoyancy section length was varied over four different cases, ranging from
the original lazy wave design to the no buoyancy section free hanging catenary. It was found that
reducing the buoyancy section by 50% still resulted in a configuration classified as high safety (chance
of failure in last operation year less than 10®), highlighting potential cost savings through reduction in

material required.

Boo and Yang 2019, assessed the performance of two lazy-wave shape configurations of lengths 180m
and 520m via a fully coupled dynamic analysis of a hybrid platform varying the power production
loading and sea conditions using OrcaFlex. The cable was assessed by considering the tension load,
hang-off load, touch down angles, and minimum bend radius. Both arrangements satisfied design
requirements, the 180m cable was preferred due to lower variations in hang-off load angles. Fatigue
analysis was conducted, and it was observed that the most significant damage occurred at the touch

down point for both arrangements.
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Zhao et al. 2021, compared the use of a double wave and a typical lazy wave configuration for a FOWT
under wind, wave, and current loading using a fully coupled model within SIMO/REFLEX, a time-
domain global analysis software. The S-N curve, with a rain flow counting method, was used to
estimate the fatigue damage of the copper conductor. Both configurations were capable of
withstanding a harsh environment, the double-wave showed superior performance in compression
mitigation, anti-bending, and fatigue life. This is due to the extra wave arc providing improved
compliance with the wave motion transfer and energy dissipation. For both configurations, the point
of most significant fatigue was the hang-off point. The responses for both mooring lines and dynamic
cables were dominated by the floating platform motion and sea current. Other protective ancillary
equipment, such as bend stiffeners, were not modelled which would have supported the hang-off

point.

When considering the VIV response, platform choice is unlikely to have the most substantial impact,
compared to the current being the dominating environmental influence. Platform motion induced
responses, due to waves and wind, could also play a significant part in overall behaviour and should

be investigated further.

2.2.1 Buoyancy Modules

Buoyancy modules are deployed along the midsection of the cable so that it complies with the lazy
wave shape. Figure 2-8 shows an example of buoyancy modules attached to a cable. As can be seen,
the modules have significantly larger diameters than the cable and enclosed air inside to provide a

buoyancy force to the cable midsection.
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Figure 2-8: Buoyancy module example®

Over time these modules can lose their buoyancy as water seeps in, resulting in adjusting the cable
shape. This needs to be accounted for when accurately modelling over an entire cable’s life span. The
length of buoyancy modules, diameter, and distance between modules are all factors that influence
cable shape and response to incident loads. These parameters are investigated within this research.
There is no preferred buoyancy module to cable spacing ratio with each individual deployment

employing a unique configuration.

2.3 FAILURE

Power cables must be able to survive in the hostile conditions they are located. This involves being
able to withstand substantial cyclic loads from waves, currents, and wind. loads lead to dynamic
motion along the cable length which induces stress; accumulation of these stresses can eventually
lead to fatigue. To reduce the impact of this, the fatigue strength of the cable is considered with

double armouring and bend stiffeners deployed to prolong its life. The cost of cable failure is

Shttps://www.crpsubsea.com/crp-subsea-awarded-a-major-contract-to-provide-distributed-buoyancy-modules-dbms/
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considerable, especially when taking into account not only repair costs but also generation revenue
loss. From 2014-2017 cable failures in UK projects resulted in a total generation loss of 1.97TWh,
around £227M (EI Mountassir & Strang-Moran, 2018). It is estimated that 95% of all offshore wind
farms experience cable related insurance pay-outs (CODAN, 2017). This further highlights the
necessity to understand the cable behaviour to prevent failure in any situation it can be avoided.
Dynamic power cables have additional costs associated with them as well, such as repairing and

replacement being more difficult than for static power cables.

The most critical points of failure for the power cables occur at the touchdown and hang-off points.
The hang-off point is the area of highest effective tension, (Thies et al., 2019), due to supporting the
weight of the cable, whereas the touchdown point is at risk of compression leading to bird caging
reducing the tensile strength of the cable permanently (Rentschler et al., 2019). Bird-caging is a type
of stranded wire distortion where the strands of the wire unravel and expand outward compromising

the integrity of the wire.

Curvature of the cable has a substantial influence on the induced fatigue of the cable. It has been
observed previously, in the context of steel umbilicals, that curvature governs the fatigue problem
(Dai et al., 2020). The larger the curvature, generally, the greater the fatigue induced. These larger
curvatures typically occur at large wave height and near wave periods of resonance (Yang et al., 2018).
With the lazy wave shape resulting in large curvature at points along the cable it is important to factor

this in when determining the fatigue impact along the entire cable length.

2.3.1 Compression

Compression of the cable leads to serious damage, permanently reducing its tensile strength and
potentially leading to failure. This circumstance must be avoided and is commonly done through the

use of touchdown protectors at the point of contact between cable and seabed.

The risk of compression is dependent on multiple factors with the most prominent being the cable
configuration. A catenary cable shape is more susceptible to compression than a lazy wave shape
(Thies et al., 2012a). A lazy-wave design suppresses the dynamic motion response of the floating
platform better than a catenary. Further to this, the lazy-wave configuration results in fewer fatigue
cycles compared to the catenary and a reduced maximum tension. Different cable properties may be
required depending on site conditions. Oud et al. 2021, investigated cable deployment at two different
sites and found that in high current environments a lightweight cable was susceptible to compression

and over-bending. It is important to investigate this risk before full-scale deployment.
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2.3.2 Minimum Bending

Dynamic power cables have a minimum bending radius, this is the smallest radius that the cable must
be bent to otherwise there is a risk of cracking leading to permanent cable damage. Thies et al. 2017,
investigated the sensitivity of a dynamic subsea power cable to differing environmental conditions by
varying the tidal range, current speed, and current direction using OrcaFlex. The minimum bending
radius and effective tension along the power cable were analysed, as was the cable’s weight to
determine the influence this had on the mechanical loads. The marine energy converter was modelled
as a floating-point absorber and based on a generic 3.25t buoy deployed at the Southwest Mooring
Test Facility (SWMTF). The buoy located here had been installed with different three-leg catenary
hybrid (rope-chain) mooring configurations between 2010 and 2016 (Harnois et al., 2013). As the
water depth increased the effective tension across the cable increased and the lazy wave shape loses
compliance. Low tides can lead to risk of compression at the touchdown point, which is one of the
highest risks of cable failure. The direction of the tidal currents have significant impacts on the bending
radius of the cable. The most impacted location identified, in terms of bend radius, is at the touchdown
point where the bend radius can vary from 2m to 10m, depending on the current direction, with an
angle of 0 relative to cable plane being the worst. The cable weight dictates the static tension of the
system. A larger cable weight increases tension across the entire cable length with this most

noticeable at the hang-off point.

2.3.3 Over Tension

Over-tension can lead to permanent damage of the cable, and in extreme cases, even snapping.
Snapping is dangerous and requires replacement of the entire cable. This can be reduced through
spreading the tension across the length of the cable and strengthening the cable at certain positions,
preventing a concentration at a particular point. Bend stiffeners are also deployed to assist with this.
The use of buoyancy modules also has an influence on the tension profile over the cable length and

can be used to assist in alleviating locations with excessively high tension.

2.3.4 Marine Growth

Power cables provide appropriate conditions for the developments of reefs along their lengths. Living
organisms make their home here and coral is often developed. The introduction of this impacts the
behaviour of the cable: the diameter is changed locally, roughness is increased ,and the mass per unit
length increases as well. In addition, these marine species adhering to the power cable results in an
increase in axial tension and bending stiffness. There are means to reduce this through methods such
as anti-bio fouling, but even the impact of these is limited. If strakes are deployed, to reduce the

magnitude of VIV, these have their effectiveness reduced due to presence of marine life. The impact
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of marine growth needs to be accounted for when modelling offshore structures due to the large

influence they can have on the cable properties and thus VIV behaviour.

Griffiths 2022, investigated the marine growth behaviour for bottom spanning power cables. It was
observed that marine growth is highly asymmetric. This has a substantial impact on the cable and
leads to variations in flexibility, density, and size around the circumference of the cable. This influences
the lift force on the cable. The influence of the marine growth is also shown to be dependent on the

Reynolds number.

2.3.5 Installation

Installation of dynamic power cables is a difficult task and requires specialist ship vessels to do so, and
also appropriate calm and safe weather conditions. The cables are substantial in length and diameter,
and as such require large vessels to transport them many kilometres offshore. The installation stage
is a time where damage is likely to occur due to unpredictable sea conditions or human error. Any
faults introduced here can substantially influence the fatigue life. These can be due to kinks in the
cable, anchoring damages from the laying vessel or inadequate coordination of the vessel as the cable
is placed. The positioning and arrangement of the cable is important, and hence why different
configurations are considered in this study. This positioning, however, can be lost during storms or

installation and has the potential to result in cable failure.

Yuan et al. 2021, provided an overview of the different vessels for submarine cable laying. The demand
for more advanced vessels is continually increasing with the ability to bury cables, scan the sea floor,

and greater load capacity as wind turbines move further away from shore.

2.3.6  Future of FOWTs

Considering the future of FOWTs, where wide scale deployment is seen, there are numerous potential
innovations that may become common place. A few examples of these are: further automation where
the floating wind turbines are capable of installing themselves; further deployment of subsea vehicles
that automatically repair cables and faults without requiring a human operator; and increased use of
network sensors to constantly monitor cable conditions and detect any fluctuations that may be due

to a fault or surge.

2.4 GENERAL VIV DIscUSSION

Vortex induced vibrations are a well-known problem in fluid mechanics with a large number of studies
being conducted in the area. Comprehensive review papers are available (Ali et al., 2021; Gabbai &

Benaroya, 2005; T. Sarpkaya, 2004; Williamson & Govardhan, 2004). There have been numerous
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experimental and numerical investigations conducted to help further understand this phenomenon.
The majority of research within this area focuses on subsea marine risers and umbilicals for the oil and
gas industry, tension cables for bridges, and subsea power cables on the sea floor, with a notable
number of academic studies on rigid, elastically mounted rigid and flexible cylinders also present. As
of now, there has been very limited investigation into the VIV of dynamic subsea power cables

required for floating renewable energy converters such as FOWTs and wave energy converters.

2.5 GOVERNING PARAMETERS

When considering the frequency response of an object subject to VIV, this is tied to the following
frequency parameters:

®  f,ac: natural frequency in a vacuum

®  f.om:lock-in frequency

e f..:frequency of oscillation

e f.:: vortex shedding frequency of a body at rest

e f,s: vortex shedding frequency of a body in motion

For a cylinder, vortex shedding is related to the non-dimensional Strouhal number. The Strouhal
number, St, describes an oscillating flow and is defined as (Strouhal, 1878):

D Eqg. 2.1
St = fstﬁ

where U is the velocity of the ambient flow and D is the object diameter.

The Strouhal number emerges as the most robust parameter. The Strouhal number represents the
ratio of inertial forces, due to the local acceleration of the flow, to the inertial forces, due to the
convective acceleration. In flows characterized by a periodic motion, the Strouhal number is
associated with the oscillations of the flow because of the inertial forces relative to the changes in

velocity due to the convective acceleration of the flow field.

The frequency parameters, in turn with the flow, dictate the reduced velocity the object is exposed

to:

U Eqg. 2.2

Where V. is the reduced velocity.
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The Strouhal number varies according to the Reynolds number and roughness of the cylinder.
Different flow regimes are observed around a circular cylinder depending on the Reynolds number of
the flow. Figure 2-9 shows the different behaviour that can be expected for different flow regimes

(Blevins, 1977).
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Figure 2-9: Flow regimes for fluid flow around a circular cylinder (Blevins, 1977)

There is significant documentation at low Reynolds Number, Re, but more research is necessary to
understand the impact at higher subcritical Re and through the critical range as many practical
applications occur within these regimes. Modelling at high Re is more difficult due to increased
computing power required to model the small-scale hydrodynamic interactions and large-scale

experimental set-ups required.

Unsteady hydrodynamic loads arising from the transverse pressure gradient acting on a body can
excite a dynamic response. The natural frequencies of the structure can lead to large oscillations and
excitation. When the vortex shedding frequency approaches one of the natural frequencies of the
object it diverges from the Strouhal vibration frequency and begins to follow the excited natural
frequency, this is known as lock-in. In the lock-in region, the oscillation of the cylinder can have a large
amplitude which results in significant fatigue damage. At subcritical Re, the energy containing
frequencies are confined to a narrow band and the Strouhal number is about 0.2 for smooth cylinders.

In general, it is nearly constant around a value of 0.2 for the subcritical Reynold number range which
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spans from 300 — 2x10° (S. S. Chen, 1977), but at higher and lower Reynolds numbers the Strouhal

Number can substantially diverge from this.

Table 2-2: Flow Classification for Rigid Smooth Cylinders (T. “Sarp” Sarpkaya, 2010)

Supercritical

Regime Reynolds Number Characteristics Strouhal Number
Range

Subcritical <2x10° Laminar flow into development of 0212 — ﬂ
Karman vortex street ' Re

Critical 2 x10° —5x 10° |Unstable boundary layer, increase in 0.2 —-0.35
Strouhal number, decrease in wake
width

Supercritical 5% 105 —3 x 10° |Unstable regime and loss of wake 0.35 —0.45
periodicity

Post- >3 x 10° Reappearance of wake periodicity ~0.28

This research is generally conducted within the upper subcritical to the lower supercritical flow

regimes, the flow regimes are outlined in Table 2-2. The dependence of Strouhal Number on Reynolds

number is shown further in Figure 2-10. These flow regimes aren’t solved within Shear7, but it is

important to understand the large variation in Strouhal Number that is seen experimentally and

appreciate the issues when setting the Strouhal Number.
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Figure 2-10: Comparison of experimental results relating Strouhal Number and Reynolds Number

(Sarpkaya, 2010)

Experiments conducted at the UK National Physical Laboratory, 1969, have shown that, when the

cylinder is free to oscillate, the sharp rise in the Strouhal number does not occur and remains at a
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value nearly equal to that found at subcritical Reynolds numbers. This is shown in Figure 2-11 where

the large jump wasn’t observed.
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Figure 2-11: Strouhal number - Reynolds Number Relationship (Lienhardt, 1966)

Bearman, 1969, conducted VIV experiments in a wind tunnel with a 17.8 cm diameter smooth rigid
cylinder to investigate the dependence of Strouhal number on Reynolds number. Large variations in

Strouhal number were observed with the maximum value of 0.46 reported at Re of 5.5 X 10°.

Resvanis et al. 2012, investigated the impact of Reynolds number on lift coefficient based on
experimental data. This was done through the use of a towing tank and three different flexible
cylinders. The velocity was varied from 0.25 - 3.45 m/s, Re range 5,000 — 220,000 with both shear and
uniform currents investigated. It was found that increasing the Reynolds number results in an increase
in amplitude of vibration, change in Strouhal number and lift coefficient. The best fit line for Strouhal

number against Reynolds number based off of smooth pipe results was:

St = —0.00651In(Re) + 0.21 Eq. 2.3

This trend was followed up to 1.4 x 10° and approached a limiting value of around 0.13. This differs

from stationary cylinders where it is predicted that Re remains constant at 0.2 until around Re =

2 x 105,

The Strouhal number is a user-defined parameter within OrcaFlex and Shear7. It is important to
calibrate this value as it dictates the VIV response. This is done in this research by calibrating the

numerical model against experimental results.
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2.5.1 Added Mass

Du Buat 1822 and Bessel 1828, conducted experiments with spheres and pendulums oscillating in
water, and air and concluded that it is necessary to attribute an added mass Am to the spheres,
making it behave as if it had a mass of m + Am. In reality, there is no mass change of the body, and
the physical shape remains the same but the increase of kinetic energy of the fluid required to produce

accelerations manifest themselves as added mass.

The added mass coefficient is a user-defined parameter within OrcaFlex. It can influence the VIV
behaviour and requires calibration. Calibration is achieved through validating simulation results

against experimental data.

2.5.2 Lift Force

Figure 2-12 shows how the lift coefficient varies with Reynolds number for numerous different
experiments. These results show how sensitive the lift coefficient is to Reynolds Number, and a variety

of other parameters.
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Figure 2-12: Lift coefficient against Re for circular cylinders 1) (Phillips, 1956) 2) (Schwabe, 1935) 3)
(Bishop & Hassan, 1963) 4) (Keefe, 1962) 5) (Gerrard, 1961) 6) (Bingham, H. H., Weimer, D. K., and
Griffith, 1952) 7) (Macovsky, 1958) 8) (Vickery, B. J. and Watkins, 1962) 9) (McGregor, 1957) 10)
(Humphreys, 1960) 11) (Fung, 1960) 12) (Schmidt, 1965) 13) (Jordan & Fromm, 1972) 14) (Macovsky,
1958) 15) (Dawson & Marcus, 1970) 16) (Weaver, 1961) 17) (Goldman, 1958) 18) (Bublitz, 1971) 19)
(Warren, 1962) 20) (Schmidt, 1965)

The lift coefficient in our research is defined with Shear7 via a user supplied lift table. The table chosen
can influence the predicted VIV response notably. This is shown in Chapter 5.2. The table chosen in

our research has been calibrated against experimental results.
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Lock-in can occur at a wide range of flow velocities. There are two distinct roles played by the vortices:
excitation and driving.

- Excitation means the vortices can, and do, excite the body, even when the out-of-phase
component of their lift force is relatively small, provided that f,s is close to the prevailing
frequency of the body. Even weak vortices can excite a body to large amplitudes when the
body and vortices arrive at a common frequency, in the region of about f,, /fss = 0.5-0.9.

- Driving ability of the vortices ensues from the particular modal dynamics and leads to a
sufficiently large out of phase lift component in regions f,,/fs: = 0.9 - 1.0. The effectiveness
of the driving function depends on a number of parameters (range of f,,/fst, Re, damping,

virtual mass, and others).

For long structures, the phenomenon is further complicated by the fact the structure tends to respond
at a variety of frequencies over its length. This is known as multi-mode interaction. This gives rise to

additional and omnidirectional fluid forces whose prediction is at best an approximation.

2.5.3 Experimental and Numerical Review

2.5.3.1 Relevant Fundamental Experimental Work

The existence of vortices leads to the generation of oscillatory lift and drag forces with shedding
frequencies of () and 2 respectively (Blevins, 1974). For a stationary cylinder, the drag and lift
forces act in the inline and crossflow directions. This, however, is not always the case for an oscillating
cylinder where the directions of apparent drag and lift forces can be arbitrary. The lift frequency being
half that of the drag frequency is what leads to the development of the figure of eight shape for the
cable displacement in the drag/lift plane (Xu et al., 2018). In this research, the focus is solely on the
crossflow vibrations due to the lift force due to limitations of the software because Shear7 only allows
the modelling of crossflow vibrations. This means the figure of eight displacement profile isn’t

modelled and the influence this may have on displacement and frequency is not accounted for.

Govardhan and Williamson 2006 and Klamo et al. 2005, have both shown that the peak amplitude
response of a rigid cylinder is influenced by Re. T. Sarpkaya 1995, discussed the significance of two-
directional free oscillations with the results of this discussion shown in Figure 2-13. From this, one can
see that the variation of the normalised amplitude, A/D, with V., for the case of the same natural
frequency in the inline and crossflow directions, resulted in around 20% larger amplitudes over a 20%
larger range of V.St = fi:/f.x, at a Re of about 3.5 x 10*. However, the variations of A/D for other
natural frequency ratios were more difficult, indicating that dramatic changes in the wake impact the

amplitude of vibrations.
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Figure 2-13: Normalised drag coefficient and A/D at Re = 35,000 for inline free, inline restricted and
forced vibrations at fex/fe,=2

W. L. Chen et al. 2015, investigated the vortex induced vibrations of a flexible cable at an inclined
angle under a shear flow within a wind tunnel. It was observed that at lower velocities only single
mode vibrations occurred with crossflow displacement larger than the inline. At larger velocities multi-
mode vibrations were observed. Multimode vibrations occur when different modes of vibrations are
excited along a structural body’s length. This is due to different incident relative velocities caused by
either shear current profiles, turbulence, or a non-linear angle of inclination of the body relative to
the flow. For a lazy wave power cable, all of these factors are present and influence the VIV behaviour.
For the larger flow velocities, multi-mode vibrations were observed, with the crossflow and inline
displacement smaller than that of the single mode vibrations. Both multi and single-mode vibrations

resulted in similar maximum accelerations.
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Figure 2-14: a) 1DOF rigid cylinder b) flexible cylinder c) inline and transverse trajectories (Re = 30,000,
L/d =26, m* = 3.0, damping = 0.035)

Triantafyllou et al. 2003, carried out experiments with a rigid cylinder (1DOF) and a flexible cylinder
(2DOF) at MIT. These were done at Re = 3x10%, aspect ratio = 26, m* = 3, and { =0.035. The results
from this are shown in Figure 2-14. The amplitude of A/D reached a maximum 1.0 at V. = 5.6 for a
rigid cylinder and reduced to very small values after 1. = 11 is reached. In Figure 2-14b, the flexible
cylinder shows overall the same behaviour as the rigid cylinder, however, the V,. for the maximum
A/D was at about 7, the value for A/D was around 1.5, and after the V,. continued to increase the
amplitude plateaued at around 0.75 A/D. Figure 2-14c shows the motion trajectories of the flexible
cylinder, it can be seen that the largest excursions in the in-line direction occurred when V,. = 5.5 and
not 7 which was when the maximum amplitude in transverse direction happened. This shows that
inline and transverse oscillations don’t reach their maxima at the same time, the former precedes the
latter. Unfortunately, inline vibrations are not modelled in this research due to software limitations,

but it is important to understand the relationship regardless.
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Allen & Henning 1997, conducted towing tank tests for two different 2m long smooth flexible cylinders
at Reynolds numbers ranging from 2 X 10> — 6 x 10° for an 89 mm outer diameter ABS pipe, and
6 x 105 — 1.5 x 10° for a 141 mm outer diameter PVC pipe. The results showed that the amplitude

of VIV is strongly linked to the Re, as is the drag coefficient.

Fu et al. 2013, investigated VIV of a flexible cylinder within an ocean basin. The cylinder was positioned
horizontally and clamped at one end with a force transducer connected to the other. The frequency
and amplitude of vibrations were varied over three scenarios: smaller than, equal to, and larger than
the natural frequency. In all three cases, three regions could be observed during the development of
VIV: build-up, lock-in and dying-out. As the vortex shedding frequency increased the lock-in region

widened. A pure lock-in region was responsible for cases with a large amplitude of vibration.

2.5.3.2 Cable Relevant Experiments

Delizisis et al. 2022, performed scaled down VIV experiments for a dynamic subsea power cable. This
was done in a towing tank with the cable arranged vertically extending over 7m. The results from this
experiment were compared against numerical results produced from simulations ran via coupling
OrcaFlex and Shear7. A sensitivity analysis was conducted investigating the impact of the lift
coefficient, Strouhal number, reduced velocity bandwidth, added mass coefficient, and damping
coefficient. It was shown that these user-specified parameters do influence the behaviour, and a set
of values were proposed for investigating at similar Reynolds number for full scale deployment
(11 x 103 — 44 x 103). These parameters were predominantly aimed at low mode excitation which

over the span of a full-scale cable is likely to only be sufficient at very low velocities.

Le Cunff et al. 2004, numerically investigated the influence of current angle on the VIV of an inclined
steel catenary riser. The amplitude of the vibrations was larger when the current angle was
perpendicular to the plane of the inclination of the cable than parallel. The amplitude of vibrations at

touchdown point was especially dependent on the direction of current.

Chaplin and King 2018, performed laboratory experiments on a flexible catenary riser model with low
bending stiffness, high curvature, tensioned by its weight and drag up to a Re of 70,000. Different
current angles saw significant differences in the cylinder displacement. The acceleration and
displacement spectra were broad banded with multiple peaks. The amplitude of motion was generally
within one diameter, but peak frequency was often well below the expected range of 0.16 to 0.2. The
crossflow response at a current angle of 0 degrees was uniform along riser length. The drag coefficient

deduced from the angle relative to horizontal was estimated at between 2.0 and 2.8.
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Srinil et al. 2018, performed 2D experiments on a rigid curved circular cylinder with a low mass ratio
to investigate the impact of flow direction and cylinder curvature on VIV behaviour. Current angles 0,
90, and 180 degrees were considered up to Re of 50,000. The results showed that current angle 90

degrees resulted in the largest maximum displacement amplitude, followed by 180, and then angle 0.

Zhu et al. 2023, experimentally investigated the VIV of a flexible free spanning submarine power cable
exposed to uniform currents, with the impact of bending stiffness and sag considered. It was shown
that the VIV behaviour was strongly dependent on modal properties: single mode was observed when
the frequencies of vibrations were widely separated and the transition to multi-mode occurred when
they were close enough. The VIV behaviour was significantly affected by the sag of the cable. The
maximum vibration displacement for lower sags was greater than the higher sags overall. As velocity

increased so did the amplitude of maximum vibration.

Han et al. 2017, experimentally investigated the dynamic response of a towed flexible cylinder with
an angle of declination of 45 degrees with Re = 800 — 16,000. The maximum response amplitude
reached a value of 3.0D in the crossflow direction. The dominant frequencies increased linearly with
the reduced velocity. Multimode VIV was observed at higher velocities. The drag coefficients

calculated were in the range of 0.9 - 2.6.

Vieira et al. 2021, experimentally investigated the angle of inclination of a flexible cylinder relative to
different directions of current flow. The differences in dynamic behaviours were attributed to

differences in mean tension along the cylinder’s length due to drag forces from towing direction.

Hu et al. 2022, experimentally and numerically investigated the bending behaviour of a multilayer
copper conductor for a dynamic power cable. Non-linear bending performance was observed. This
was predominately in the transition stick-slip zone and the full slip zone. The friction coefficient
between the sheath layer and the copper wire had an obvious influence on the slip transition zone,
the friction coefficient between copper wires mainly impacted the full slip zone. The radial extrusion
pressure of the outer sheath layer had an obvious influence on the nonlinearity of the bending of the
copper conductor. When analysing fatigue life, attention should be given to the nonlinear

characteristics of the bending performance.

Vandiver et al. 2006, performed towing experiments within a lake on a 33mm diameter 122m long
pipe to investigate fatigue damage caused from high mode VIV. The contribution to RMS stress from
higher harmonics was more than 50% in the areas with the highest RMS stresses observed. This

highlights the danger of high mode VIV and the large damage that this can result in.
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2.6 STRESS LOAD CYCLES AND FATIGUE LIFE ESTIMATION

Marinet 2015, investigated the bending stiffness characterisation and fatigue life of dynamic power
cables for FOWT via experimental testing by applying complex loading regimes to simulate dynamic
loads exposed to during offshore deployment. Test specimens were 5.5m long sections of a three-
core x 50mm? conductors submarine MV power cable with rated voltage 12/20/24 kV designed
according to IEC60502-2 standard (IEC, 2014). The fatigue loading regimes applied to the cable were
based on numerical results obtained from OrcaFlex under storm conditions with a lazy-wave shape.
The section of the cable that was exposed to the most severe loading regime within OrcaFlex was
identified and the loading time series and curvature were used for the experimental fatigue test. At
higher curvature values the bend stiffness increases more significantly as it deviates from the cable
mechanical model. A hysteresis curve was also observed for all test cases confirming that structural
damping for power cables is significant. Substantial damage was not observed for any component

except the copper conductor.

Marta et al. 2015, investigated the mechanical loading on a power cable via FEA and physical
experimentation for a variety of floating marine energy converters based on the hydrodynamic
loading results from an OrcaFlex simulation. The most significant issue identified was due to cyclic
bending loading which resulted in both extreme bending and fatigue damage for all scenarios
investigated. Fretting of the copper conductor was observed due to internal friction as deformation
occurred and compression was identified as a potential issue with anti-buckling protection

recommended to prevent this.

Tjahjanto and Ab, 2019, performed 3D FEA and analytical analysis on the mechanical properties of
large HVAC subsea power cables exposed to tensile loads, focusing on tension-twist coupling and
stress response of internal components. The numerical model was compared to experimental results,
where one end of the cable was fixed and exposed to a tensile load while the other was free to rotate
with the elongation, rotation, and induced twist all measured. Good agreement between FEA and
experimental results was observed, regarding both elongation response and tension-twist behaviour
but it did not account for the radial deflection of helical components. This highlights the difficulty of
accurately modelling structures with complex internal structures and that these different components

all influence the full structure behaviour.

Sobhaniasl et al. 2020, modelled a FOWT in FAST one-way coupled this with ANSYS AQWA to model
the power cable and then validated this against the published results of Phase IV of the NREL 5 MW

FOWT [88]. A total of 20 different sea states from the South China Sea were investigated (Qiao et al.,
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2014). The fatigue damage was highly dependent on the location with different points along the cable
experiencing large deviations from one another. The suggested safety factor of 10 was used for this
project (DNV GL, 2012). It was found that coupling of the loading due to the rotating wind turbine
blade is fundamental to achieve reliable estimations as dismissing it leads to large differences in

damage evaluation.

Pan et al. 2019, investigated the behaviour of a submarine platform connecting a wellhead platform
to a floating production, storage, and offloading platform using OrcaFlex. Local stress analysis of the
cable was conducted using FEM software. It was determined that the minimum fatigue life occurs at
the hang-off point due to the large bending and tension cycles caused by the dynamic motions of the
floating platform. An experimental test was conducted on a cable, failure modes consisting of cracks
and individual wire fretting were observed but these didn’t result in direct loss of service under

electrical tests.

Yang et al. 2018, produced a numerical model of a wave energy converter system and performed
global analysis on the corresponding power cable. DNV DeepC and RIFLEX were used in a coupled
simulation model to simulate the motion and structural response with stress-based fatigue analyses
carried out separately to predict the fatigue damage. Three cable design parameters were
investigated, mass, bending stiffness, and length with the scope to optimise least risk of contact and
longest fatigue life. Large curvature response typically occurred at high wave heights and near wave
period of resonance, an exception to this was a current at angle 90 degrees which resulted in wave

period having limited influence and height dictating the response.

Beier et al. 2023, investigated the fatigue life of a suspended inter-array cable connecting two FOWTs.
The calculations were done through a simplified method based on stress factors. It was noted that the
suspended cable had a long fatigue life resulting from low cyclic loadings. The critical areas for damage
were at the hang-off points and next to the buoys, this was noted to be due to bending. The buoy and
cable properties had a notable influence on the fatigue life. The effects of marine growth were
investigated, and it was found to not have too great an impact, mainly due to the cable’s depth not

being appropriate for marine growth over large lengths.

Poon et al. 2023, experimentally investigated the fretting of a copper conductor material via
piezoelectric wear tests. Piezoelectric Effect is the ability of certain materials to generate an electric
charge in response to applied mechanical stress. This was done to measure the cyclic evolution of the
coefficient of friction and wear coefficient, as these are noted as key inputs to local fretting wear

modelling. A 2D fretting fatigue simulation was developed using Abaqus, a FEA software, for the

51



copper material. General agreement was found when comparing to measured data. Neglecting the
impact of fretting wear in fatigue life prediction for copper conductor material led to significantly over
conservative life predictions for slip conditions and significant under-prediction for partial slip

conditions.

2.7 VIV MODELLING SOFTWARE (SHEAR7, MWO, IBWO, ORCAFLEX)

Chaplin et al. 2005, performed experimental VIV analysis of a riser in a stepped current and compared
the observations with 11 different numerical model’s blind predictions, the results are shown in Figure
2-15. The empirical models were found to perform better than the CFD models used. Both Shear7 and
the MWO model were tested. The MWO model performed very well, predicting the maximum
crossflow displacement as 95% of the experimental data. Shear7 also performed well, estimating the
crossflow displacement at around 105% of the experimental data. Both models are capable of

accurately predicting crossflow displacement for a riser in a stepped current.

Norsk Hydro (6) |
USP (15)
DeepFlow (2)
VIVIC (6) ]

Orcina VT (15)
Orcina WO (15) |

VIVA (15) |
VIVANA (15) |
VICoMo (15) |

SHEAR7 (13) |
ABAVIV(6) |

0 0.5 1 1.5
<Ymaxld >

Figure 2-15: Normalisation of predicted and experimentally measured crossflow displacement (J. R.
Chaplin et al., 2005)

Dos Santos et al. 2014, investigated the VIV of a free span pipe experimentally and compared the
result against numerical simulations from software Shear7, VIVANA, and a wake oscillator vortex-
tracking model from OrcaFlex. The pipe was 6m long and 0.02m in outer diameter. All of the models

were noted to struggle to capture the lock-in range at the current speeds modelled.

2.7.1.1 Where Has Each Model Been Used Before?

2.7.1.1.1 Shear7

Dillon-Gibbons et al. 2017, used Shear7 coupled with OrcaFlex and a wake oscillator model to

investigate impact of waves on heave-induced vibrations. A steel lazy wave riser was used in this study.
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The wake oscillator model produced much more conservative results, an order of magnitude one

larger compared to Shear7 regarding fatigue damage.

Y. Zhang and Tan 2011, investigated the VIV of a flexible riser using Shear7, IBWO, and Vortex Tracking
within OrcaFlex and assessed the fatigue damage. All models predicted similar displacement and

frequency of vibration. This was a preliminary study with no validation against experimental results.

Lee et al. 2017, investigated the fatigue life of a steel catenary riser using Shear7 coupled with
OrcaFlex. The parameters within Shear7 were varied to determine the influence. A larger lift

coefficient resulted in larger input power and greater fatigue loads.

Nallayarasu 2020, performed experimental tests on a 1.56 m long 15mm outer diameter flexible cable
and compared the results against Shear7. Shear7 matched experimental results well, it was also

observed that the Strouhal number depended on Reynolds number.

Fuglsang et al. 2023, investigated the HVIV response of a lazy wave and a W shaped cable under
varying wave conditions. Peak locations of fatigue damage were observed towards the hang-off point,
where the largest relative velocities were observed. The incident wave direction had a notable impact
on VIV response, a wave angle of 0 degrees, relative to the cable plane, resulted in greater relative
velocities and increased fatigue damage. The methodology for this study followed the procedure of
splitting each wave period into ten separate time instances and these being used to model fatigue life

in the frequency domain separately with this then averaged out.

2.7.1.1.2 Wake Oscillator Models

A significant number of wake oscillator models base their equation of wake on the van der Pol
equation. The van der Pol oscillator is a non-conservative oscillating system with non-linear damping
accounted for. The wake oscillators used in our research are explained in more detail in the

Methodology Section.

2.7.1.1.2.1 Iwans and Blevins Wake Oscillator

Trarieux 2004, compared experimental data for an umbilical lazy wave cable against an existing semi-
empirical model. This semi-empirical model was based on Iwans and Blevins wake oscillator (IBWO)
model (lwan & Blevins, 1974). The experimental measurements were taken by measuring the strain
at three separate locations within the hang-off point bend stiffener. Only measuring at this location
allowed for validation of curvature response at this point but failed to capture the vibrations along

the rest of the cable, specifically at the sag and hog bends. The numerical model was shown to provide
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good predictions when the flow was mainly out-of-plane of the structure but suffered inaccuracies

once the flow becomes highly sheared.

2.7.1.1.2.2 Milan Wake Oscillator

Zhou et al. 2017, investigated the use of the Milan wake oscillator (MWQO) within OrcaFlex to model
VIV of a free span pipe under different arrangements with soil-bed interaction. The numerical
simulation outputs were compared to experimental results. MWO produced conservative results, with
it noted that changing the transverse force factor of the MWO produces predictions closer to
experimental results. The modelled amplitude displacement was slightly over-estimated compared to

the experimental data.

Carneiro et al. 2008, presented simulation results for the wake oscillator and vortex tracking models
within OrcaFlex. The MWO responded well to a uniform current but struggled for a sheared current
profile, IBWO over-estimated for the uniform current but shear current predictions were extremely

close to experimental results. Vortex tracking over-estimated the displacement in all situations.

2.7.1.2 Alternative Wake Oscillator Models

The literature below is for alternative wake oscillator models that have been used to analyse the
response of catenary or curved flexible cylinders. The outputs from these studies are directly relevant

in providing context around the influence of deformation on the VIV response of an object.

Ma and Srinil 2023, performed numerical simulations using a distributed wake oscillator model based
on the van der Pol equation. Predictions of multidimensional VIV of a long flexible curved catenary
riser under different flow configurations was achieved. Numerical predictions were noted to result in
discrepancies due to a low mode order approximation and the corresponding phenomenological and
empirical assumptions of the fluid structure interaction model. These are based on a time-
independentinclined curved configuration in dormant fluid. For a current angle of 90 degrees standing
waves were observed at low velocity and travelling waves at higher velocity. A current angle of 0
degrees resulted in travelling waves due to spanwise vortex excitation frequencies. An angle of 180
degrees resulted in hybrid travelling standing waves with a change in wave propagation direction
towards the centre riser section. Such features are due to nonlinearity of the sheared flow and become
more complex at higher velocities due to greater amplitude and frequency variations in both space
and time. Deformation of the riser due to drag forces played a substantial role since this dynamic
feature is nonlinearly coupled with VIV. A current angle of 90 degrees results in a curved symmetrical

profile, whereas for 0 and 180 degrees asymmetric displacement was observed. This impacted the
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natural frequencies, modal shapes, and associated vortex shedding frequencies which leads to
complex multi-modal responses. This response is also seen in this research for a flexible power cable
in the lazy wave configuration. Different current angles influence the response and exhibit asymmetric
deformation. As the current velocity increased the riser was dominated by higher-order modes, with
multimodal contributions also increasing, depending on flow-cylinder orientation. As the riser is
displaced due to drag forces the relative velocity fluctuates which dynamically impacts the response
features and hydrodynamic force excitations. The crossflow vibrations are predicted to dominate in
all scenarios. Both crossflow and inline amplitudes for angles 0 and 180 degrees are less than that of
90, due to the impact of nonlinearly sheared flows. This assists in providing confidence that only

focusing on the crossflow displacement in this research is adequate.

Cheng et al. 2021, investigated the VIV of a steep wave riser that was subjected to oblique uniform
currents. A 3D non-linear time domain FEM was used and coupled with a wake oscillator model based
on the van der Pol equation. The results from this paper predict much smaller vibration displacement
at current angle of 90 degrees, due to the large out of plane deformation of the riser. This is
significantly different from the results of other studies and the research conducted in this thesis.
Different modelling techniques, riser properties, and riser configurations are all impacting factors. A
standing wave dominated the hang-off section of the cable, whereas a travelling wave appeared in
the buoyancy and touchdown sections. Different VIV behaviour at different current angles was
observed due to the large out of plane deformations. The parameters of the buoyancy modules had a
significant influence on the cable deformation and the lift forces. It was noted that increasing the

length of the buoyancy segment could potentially mitigate VIV power at the touchdown section.

Ma and Srinil 2021, used a 3D van der Pol wake oscillator time-domain model to predict the VIV
response of a flexible catenary riser subjected to planar and non-planar flows. The flow orientation
was shown to significantly affect the VIV of the riser. An angle of 90 degrees resulted in the largest

amplitudes with the lowest vibrations predicted for a current angle of 180 degrees.

Li et al. 2021, used the intrinsic finite element model VFIFE to model a catenary riser. This was
compared against experiments and the result showed good agreement. Current angle relative to the
catenary plane had an influence on mode transition, frequency, energy transfer, and the internal
forces. The mode number increased as velocity increased for all current angles. The critical velocity
for mode transition was different for each current angle. The displacement amplitude at a current

angle of 90 degrees was larger than that at 180 degrees.
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2.7.1.2.1 Computational Fluid Dynamics

There have been various investigations into CFD for offshore risers, umbilicals, and power cables (J.
Chaplin et al., 2005; Z. S. Chen & Kim, 2010; Constantinides et al., 2016; S. Lee et al., 2020; Stabile et
al., 2018). Due to the large computational demands many CFD studies are conducted at low Reynolds
numbers and as such aren’t relevant to our research. This project does not use CFD due to time

constraints required to sufficiently learn the required software and computational power demand.

2.7.1.3  Turbulence Impact

Turbulence is often not considered in studies due to the added complexity in both numerical and
experimental modelling. Kang et al. 2019, investigated the influence of different mass ratios and
frequency ratios over a Re range from 1450 — 91800 via OpenFoam, a CFD software. By utilising a
modified SST turbulence model the coupled Unsteady Reynolds-Averaged Navier—Stokes equations
and double-degree-of-freedom vibration equations were solved. For a cylinder with mass ratio of 2.6
an increase in Re led to an increase in crossflow and inline vibration amplitudes but for a mass ratio
of 13 the inline amplitude decreased with an Re increase. In our research the impact of turbulence is

not considered due to software limitations.

2.7.1.4 Cable Properties

There are a large range of potential cable properties due to the lack of maturity in this area meaning
a preferred cable, and corresponding properties, doesn’t exist. To account for this, numerous different

cables of varying weight, diameter, voltage and bending stiffness were investigated in this research.

These cables are from a 220kV floating substation (Guignier et al., 2020a), 11kV umbilical (Martinelli
et al., 2010), 33kV aluminium core power cable (de Wilde et al., 2021), and polymer braid cable and
steel wire armour aluminium core cable (Oud et al., 2021) . The configuration of the cable shape can
also be varied greatly. Numerous different configuration were investigated such as a lazy wave (Thies
et al., 2012b), double wave (Guignier et al., 2020a), tethered wave Gran Can, and Steep Wave West
Barra (Oud et al., 2021). The properties of these cables are shown in the methodology section in Table

3-3.

2.7.2 Buoyancy Module

Wu et al. 2017, conducted experimental forced motion tests for a rigid cylinder with staggered
buoyancy elements. It was observed that the VIV behaviour was influenced by both buoyancy element

dimensions and arrangement over the cylinder length.
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Jia et al. 2022, performed experimental tests on a flexible riser with different configurations of both
buoyancy modules and helical strakes. Helical strakes are deployed to suppress VIV by disrupting the
induction of a regular vortex stream. A multi-frequency response was observed due to different
diameters of buoyancy modules and riser. It was observed that when the bare riser was fully covered
with strakes the only frequency excited was due to the buoyancy module. The helical strakes had little
effect on the added mass coefficient of either the buoyancy modules or bare riser section. The helical

strakes had a damping effect on both the bare riser and the buoyancy modules.

Lekkala et al. 2020, investigated different buoyancy module distribution using Shear7 and calibrated
numerical parameters against experimental results. The ratio of buoyancy module to riser was shown
to substantially impact the VIV response and fatigue damage rate by altering the response frequency

and RMS crossflow displacement.

Vandiver and Peoples 2003, investigated the impact of staggered buoyancy modules on the VIV of a
riser. Results showed that, depending on the buoyancy module arrangement, the fatigue damage rate

can be decreased, this is provided that the ratio of mass to tension hasn’t increased too substantially.

Wu et al. 2020, used VIVANA, a semi-empirical finite element analysis software, to model risers with
buoyancy elements. The hydrodynamic coefficients chosen were derived from experiments. Five
different arrangements were investigated with results being noticeably dependent on this. The
optimal final dataset produced results notable different from the bare riser default dataset with the
RMS curvature, mode, frequency, and amplitude all impacted. The large deviations observed when
applying to different configurations was due to complex interactions between bare riser and buoyancy

elements.

All of the literature cited above conducted or related their research to experimental tests that had
buoyancy modules distributed over the full length of a riser. This differs from a lazy wave
configuration, where the buoyancy modules are relatively localised and only cover a small portion of
the cable. Further investigation into the influence of buoyancy modules constrained to a certain
section is required to better understand the overall impact on the VIV behaviour for the full-scale

cable with buoyancy modules deployed at the mid-section.

2.7.3 Waves

Waves are known to impact power cables due to platform induced motion and incident forces along

the upper end of the cable. This can cause failure due to compression, over-tension, and excessive
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bending. To account for this, a dynamic power cable is deployed to absorb the motion, and the

platform is moored to withstand the heave induced forces and motions.

Thies et al. 2012a, assessed the mechanical loading and failure modes of dynamic power cables,
focussing on the point of maximum loading over the cable and the influence of external parameters:
wave height, wave period, regular or irregular sea state, and cable configuration. This was done
through OrcaFlex and experimental testing at a 1/20 scale. In a regular sea state, an increase in wave
height leads to an increase in tension and bending moment of the cable, whereas a greater wave
period leads to a reduction in these. An irregular sea state results in higher loads induced and an

increased number of fatigue cycles.

Numerical simulations were performed by W. Chen et al. 2014, to predict the impact of top end heave
on the VIV along a riser’s length. The VIV displacement amplitude increased when top end heave
motion was present compared to when it wasn’t. It was also noted that the VIV response amplitude

increased as the tension ratio increased, almost linear with tension ratio.

Zhang et al. 2021, used a van der Pol wake oscillator model to predict the behaviour of a top tensioned
riser in varying wave and current conditions. This was compared against experimental data. At lower
current velocities, the heave motion of the platform resulted in a significantly larger VIV response. As
the amplitude of the heave motion was increased the vibration and bending stresses also increased.
The dominant vibration frequency was noted to be insignificantly impacted by the heave motion in
higher currents. The VIV frequency response was dominated by the relative flow of the current.
However, when the platform heave amplitude and heave frequency were large enough the heave

frequency appeared in the VIV frequency spectrum.

Yin 2022, used VIVANA-TD, an empirical time-domain VIV solver, to predict the crossflow VIV
responses induced due to heave motion and compared the predictions to experimental data for a lazy
wave riser. It was noted that the vessel motion induced normal relative velocity along the riser, with
this being largest towards the hang-off point. The lazy wave riser response was dominated by the bare
riser frequency over the buoyancy modules or heave frequency. A significant portion of the lazy wave
riser was dominated by travelling wave responses with standing waves observed locally towards the

touchdown point.
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3 METHODOLOGY

3.1 NUMERICAL MODELLING
3.1.1 OrcaFlex

All analysis presented in this work was performed with OrcaFlex 11.2a (Orcina Ltd., 2022), a three-
dimensional finite element program for time domain dynamic analyses. Within OrcaFlex each line is
discretised into segments, which are modelled by massless segments connected to a node at each
end. This is shown in Figure 3-1. The nodes model the mass, weight, buoyancy, and drag properties of
the line segments. The node properties are defined by each half-segment attached. Forces and
moments are then applied at these nodes. Segments are used to model the axial and torsional

properties of the line.

Actual Pipe Discretised Model

End A
Node 1

Segment 1 Segment 1
/ —_— Node 2
Segment 2 Segment 2

\

Segment 3

Segment 3

lEndB

Figure 3-1: Diagrams showing how a pipe is discretised within OrcaFlex

There are three different types of spring dampers used to model within OrcaFlex, shown in Figure 3-2:
- Axial stiffness is modelled at the centre of each segment and applies an equal and opposite
effective tension force to the nodes at each end of the segment.
- Bending properties are captured using rotational spring dampers either side of each node.
- Torsion is modelled using a torsional spring damper at the centre of each segment applying

equal and opposite torque moments to the nodes at the end of the segment.
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Figure 3-2: Diagram showing spring damper and directions within OrcaFlex

3.1.2

Static and Dynamic analysis

OrcaFlex calculates the forces and moments on the line in five stages: tension forces, bending

moments, shear forces, torsion moments, and total load. Analysis is then conducted in two parts, an

initial static analysis followed by a dynamic analysis.

3.1.2.1 Static Analysis

The static analysis determines the positions and orientations for each element in the model, such that

all forces and moments are in equilibrium. This is done through an iterative method:

1.
2.
3.

Initially the DOFs of all objects, other than lines, are fixed.

The line statics are then determined.

Then all DOFs are released and a whole system statics is performed using Newton-Raphson’s
method with an initial guess coming from the first two stages.

The static solution is then used for the start of the dynamic analysis.
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3.1.3 Dynamic Analysis

The time domain analysis is nonlinear, with mass-damping stiffness and loading evaluated at every

time step. Numerical time-stepping algorithms are utilised to solve the equation of motion:

M(p,a) + C(p,y) + K(p) = F(p,y,t) Eq.3.1

where M(p, a) is the inertia load, C(p, y) the damping load, K (p) stiffness load, F(p, y, t) external
load, p, v and a are position, velocity, and acceleration vectors respectively, and t is the simulation
time. An explicit integration time stepping scheme, the semi-implicit Euler, is used with a chosen

constant time step.

The equation of motion (Newton’s Law) is then formed for each free body and line node:

M(p,a) = F(p,y,t) — C(p,y) — K(p) Eqg. 3.2

This equation of motion is applied locally for each free body and line node. The local equation of
motion is solved for each acceleration vector at the start of each time step and then integrated using

semi-implicit Euler integration.

3.1.3.1 Line Forces

3.1.3.1.1 Tension
Tensions in the segments are calculated through distance and the rate of change between nodes at
the ends of the segment. The tension in the axial spring-damper is given by the effective tension, T,:

T, =T, + (aopo — a;p;) Eq. 3.3

where T,, is wall tension, defined in Eq. 3.4, p; is the internal pressure, p, is the external surrounding

. T . . . .
fluid pressure, a; = ZIDzstress is the internal cross sectional area of the stress annulus with I Dg;;pss

. . . s . . .
the internal stress diameter of the line type, and ay = " 0D? ;o5 is the internal cross sectional area

of the stress annulus with O D0 the external stress diameter of the line type.
For linear axial stiffness, the wall tension is:

T dl 1 Eq.3.4
Ty = EAe — 2v(agpg — a;p;) + k“E + EACEE

where EA is the axial stiffness (E is Young’s Modulus and A is the cross sectional area), € is the total

mean axial strain ((1 — Aly)/(Alp), L is the instantaneous length of segment, 4 is the expansion factor
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of segment, [, is the unstretched length of segment, v is the poisson ratio, k;; is the tension/torque

coupling, T is the segment twist angle, and c is the damping coefficient in seconds (defined in Eq. 3.5).

The damping coefficient represents the numerical damping in the line and is calculated from the

formula:

Aq Eq. 3.5

c= mccm

2mly
EA

where 4, is the expansion factor of the segment, c iy = is the unstretched length of the

segment, and m is the segment mass.

3.1.3.1.2 Bending Moment

The bending moments are calculated via the bending spring dampers either side of each node. Each
of these dampers applies a bend moment on the node depending on the spanning angle, a, between
the node’s axial direction and corresponding segment’s axial direction. For linear isotropic bending

stiffness, which is considered in this research, the bend moment generated by the bending spring

damper is:
Magnitude:
d|c| Eqg. 3.6
my| = El|c| +d——
Imal = Ellel +d—
Direction:
b = unit vector in direction (s, X n,) Eqg. 3.7

where EI is the bending stiffness, d = %dmt: Ap is the target bending damping, and d.;; =

JmEILy is the bending critical damping value for a segment.
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3.1.3.1.3 Shear Force

Each line segment is modelled as a straight stiff rod in which bending moment varies linearly from one
end, my, to the other, m,. The shear force is thus a constant vector representing the rate of change

of bending moment along the length:

1 Eqg. 3.8
fo = 5,7 (my —my)

where s, is the shear force is a vector applied to both ends of each segment.

3.1.3.1.4 Pipe Stress Calculation

The stress results from OrcaFlex only apply to simple pipes because it assumes the loads on the line
are for a simple cylinder whose inside and outside diameters are given by the stress diameter specified
on the line-types form. It assumes a cylinder of uniform material, as such it is not suitable for umbilicals

or dynamic power cables with complex internals.

3.1.3.1.5 Hydrodynamic Loads
OrcaFlex calculates the hydrodynamic loads on lines using an extended form of Morison’s

equation (Morison et al., 1953):

1 Eqg. 3.9

where f is the fluid force per unit length on the body, C,, is the inertia coefficient for the body, 4 is
the mass of fluid displaced by the body, as is the fluid acceleration relative to earth, p is the density

of the fluid, Cy is the drag coefficient of the body, and V; is the fluid velocity relative to earth.

These same principles can be applied to a moving body, here the inertia term is reduced by C,Aa,

and the fluid flow relative to the body V;.:

1 Eqg. 3.10
f = (Crbay = Cabay) +5 pCaAV; V] a

where C, is the added mass coefficient for the body, a;, is the fluid acceleration relative to the body,

and ;. is the fluid velocity relative to the body.
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The value C,, is taken to be 1 + C,, extending Morison’s equation to be:

1 Eq.3.11
f = (Bay + Cabay) +5 pCad1V;| a

where a, = ay — a;, is the fluid acceleration relative to the body.

The term in the parentheses represents the inertia force and the second term represents the drag
force on the body. The drag force is a result of the velocity of the flow that passes the object, while
the inertia force is a result of the acceleration of the flow and consists of two parts: one proportional
to fluid acceleration relative to earth (Froud-Krylov component) and one proportional to fluid

acceleration relative to the body (added mass component).

3.1.3.1.6 Inertia Force

Froude Krylov

The Froude-Krylov component is the integral over the surface of the body of the pressure due to the
incident wave, undisturbed by the presence of the body. In other words, the force introduced by the
unsteady pressure field generated by undisturbed waves. It can be imagined by removing the body
and replacing it with equivalent volume of water. This water would have mass A and undergo
acceleration ay and thus experience a force Aay. If the body now replaces the water the same force

must act on the body.

Added Mass
The added mass load on each line segment follows the inertia term of Morison’s equation.
3.1.3.1.7 Drag Force

Within OrcaFlex, the drag forces are determined using the crossflow principle. The fluid velocity
relative to the line is split into its components normal and parallel to the line axis. The drag force
normal to the line axis is calculated by V,and V,,, the drag force parallel uses Vz. In OrcaFlex the drag

force is defined as:

1 Eq. 3.12
fo= EpCdAVrlvrl

where A is the drag area.
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3.1.3.1.8 Lift Force

If a symmetric cross-section is used this results in no lift force calculated as there is no pressure

difference across the line.

3.1.4 Wake Oscillators

Wake oscillator models offer the opportunity to model the response of the object to a flow without
adjusting the flow physically. This limits the model’s accuracy, but previous studies have shown that
wake oscillator models are capable of reliably predicting the response of a cylinder in uniform flow
and are much less computationally expensive than models that simulate the flow response. There are
two wake oscillator models available within OrcaFlex, the Milan wake oscillator and the Iwan and
Blevins wake oscillator model. The suitability of these models to predict the VIV for a dynamic power
cable in a lazy wave configuration is investigated in this research and discussed in Chapter 3.2 and

Chapter 4.

3.1.4.1 Milan Wake Oscillator Model

The Milan Wake Oscillator model is a time-domain and heuristic model operating in a single degree of
freedom to represent the cylinder wake, proposed by Falco et al. 1999. The oscillation of the wake is
a function of time obeying a differential equation, the wake equation of motion. The wake oscillation
generates a lift force, and the model determines the lift force magnitude and applies this to the
cylinder determining its motion. In turn, further development of the wake is dependent on the
cylinder motion. The MWO model calculates the drag force on the cylinder and then adds the standard
Morrison drag force. The motion of the cable is heavily influenced by the drag coefficient specified for
the transverse direction. Within the OrcaFlex environment the transverse drag coefficient is initially
set to 1.2. The data set used for this scenario was the original OrcaFlex data set as this was calibrated
to work with a thin flexible cable exposed to sea currents. The Strouhal Number is assumed to be
constant at 0.2, as this is what the Milan model is calibrated at, but at higher Re it can vary between

0.14-0.4. This is a potential source of inaccuracy.

3.1.4.2 Iwan and Blevins Wake Oscillator Model

In the Iwan Blevins model (lwan & Blevins, 1974), the wake degree of freedom obeys a van der Pol
equation. The rate of change of the wake degree of freedom is a measure of the fluid momentum in
the transverse direction. The model was calibrated against experimental results for both fixed and
forced cylinders and the model’s prediction was then compared against experimental results for
spring mounted cylinders. The Morrison drag force is included in the transverse direction, however,

when using the model OrcaFlex suppresses the transverse component of the drag force (the drag
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coefficient for the transverse direction is not considered). The fundamental fluid oscillator expression

is shown below (N. Minorsky, 1962):

N . U , 23 ..U Eq. 3.13
Z+KBwszz(al—a4)52—a2ﬁ+a3y+a45y

Where wy is the shedding frequency, K' is a proportionality constant, a; are dimensionless constants,
D is the diameter of the cylinder, U is the fluid velocity, and u: is translational velocity of the vortex

street.

3.1.5 Shear7 (Frequency Domain)

Shear7 operates within the frequency domain to predict the VIV behaviour along an object through
mode superposition. It has been used previously, as discussed in the literature review section, to
predict the vibrations for steel and power cables in the lazy wave configuration. Shear7 is the
predominantly used tool in this research because it has been calibrated against experimental results
for a scaled down dynamic power cable and has industry wide use. The derivation that follows is based

off of the work of Vandiver and Li, 2005.

Shear7 initially characterises the structural behaviour of the body being investigated. The equation of

motion for a tension beam, with no damping, is:
myy + Ely""" —Ty" =0 Eq.3.14

where m; is the linear density of the beam (including the added mass effect), EI is bending stiffness,

and T is tension.
Let the displacement be:

y = AeJ(kx+wt) Eq.3.15
with A amplitude, k the wave number, w the frequency, and x and t spatial and temporal variables.
Substituting this into the beam equation results in:

—-myw? + EIk* +Tk? =0 Eq.3.16

A parameter which characterises the beam behaviour is defined as:
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T Eq. 3.17
P=——
Elk?

If P > 30 the structure is essentially a taught string and bending stiffness should be discounted.

Solving Eq. 3.17 for the wave number yields the dispersion relation:

vz _ “TET? + 4El0’m, Eq.3.18
B 2EI
P can more conveniently be expressed as:
2 Eqg. 3.19

p=

1+ /1+4ETI;"tw2

Numerical studies have shown that when P is less than 30 the bending stiffness is important and
therefore the beam model should be used. In this research the value is always less than 30. This means
the bending stiffness is considered when computing the modal response of the structure. The natural
frequencies and mode shapes are defined within OrcaFlex separately from Shear7, regardless. The
parameter P is used throughout this study to justify the continued assumption of bending stiffness

dominated response.

The parameter ng, characterises finite or infinite structural behaviour, where ¢, is the nth modal

damping ratio and is given by:

_ Ry EqQ. 3.20
2w,M,

Cn

with R,, being the nth modal damping constant, w,, the nth natural frequency and M,, the nth modal
mass. When ng,, is greater than 2 infinitely long structural behaviour dominates. When it is less than
0.2 spatial attenuation is small. Our models tend to fall within this range ~1, meaning spatial

attenuation is relevant and is not treated as an infinitely long model.

Shear7 requires both the natural frequency and the mode-shapes to be calculated and from this it
evaluates the modes most likely to be excited based on the minimum and maximum excitation

frequencies:

2SViin Eqg.3.21
Wmin = Tr
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2S Vinax Eq. 3.22
Wmax = T

where Vy,in, and V4, are the minimum and maximum flow velocities, respectively.

J. Kim Vandiver and Marcollo, 2003, introduced the reduced velocity bandwidth. This is a measure of
“the ability of the wake to synchronise with the motion of a vibrating cylinder in a shear flow”. It is
based on the idea that at a certain vibration frequency and amplitude there is a flow velocity, V., which
is ideal for lock-in. This ideal flow speed is at the centre of a range of velocities which make up the

region possible of inducing lock-in. This ideal reduced velocity is defined as:

V. Eqg.3.23
Ve = D
v

f is the vibration frequency, not a fixed natural frequency.

Lock-in is able to occur over a range of values, AV. This variation, when divided by the centre velocity

provides the lock-in bandwidth dVj:

_ AV VR,U - VR,L Eq 3.24

where Vg ;; is the upper reduced velocity capable of wake synchronisation and Vg | is the lowest.

This parameter is used to predict the extent of a potential lock-in region. 0.4 is the default value and
interpreted as meaning lock-in can occur for £20% around the centre velocity. The reason for low
mass ratio cylinders to have such a large lock-in range in uniform flow is because the natural frequency

increases with flow speed.

Shear7 is given the natural frequency, mode shape, and curvature of the modes from OrcaFlex. Shear7
then identifies the potentially excited modes by comparing the minimum and maximum excitation
frequencies with the natural frequencies supplied from OrcaFlex. When considering added mass in
Shear7, this is deemed to primarily affect the predicted natural frequencies and has minimal influence

on the Shear7 calculations.

The added mass coefficient was initially set to equal 0.5, based off of the work by Delizisis et al. 2022.
At large Reynolds number and current speeds the predicted VIV are much less sensitive to the value

of the added mass coefficient. At large modes the difference between modes is much less significant,
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i.e. vibrating at a mode of 30 or 31 will result in similar fatigue stresses on the cable. The added mass

coefficient is investigated in Chapter 5.4.

Figure 3-3 shows how nodes at the boundary are handled:

minimum .
maximum

shedding frequency shedding frequency

not excited excited

minimum maximum

shedding frequency shedding frequency

excited not excited

— L

®
®
L ]

natural frequency domain

2 2

Figure 3-3: Identification of the boundary of the potentially excited modes

The range of modes used to compute the VIV response is from the first mode to the mode whose
natural frequency is 1.5 times higher than the highest vortex shedding frequency. The reason for this
large range is because to be able to correctly model spatial attenuation non-resonant modes are
required to be included in the response calculation. Spatial attenuation is the loss of energy due to

dispersion as it travels through a medium.
A rough estimation of the power of each mode is then calculated:

|Q,|? Eq.3.25
" 2R,

HZ

Where @, is the modal force and R,. is the modal damping:

v , Eq.3.26
0, = f 971, Vi) DOV ()Y, () dx
0
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L-L7 L Eq. 3.27
R, =f R (0)Y, 2 (x)wydx +f Rs (%)Y, (x)w,dx
0 0

where Ry, and R are the modal hydrodynamic and structural damping and Y, is the rth mode shape
of the system. L” is the excitation region for mode r and is determined by lower and upper limits

result from user-selected, multi-mode, reduced velocity bandwidth.

A comparison is then made as to the significance of the input power of each mode, based on a user
selected value where lower power modes are discounted. The user selected value is known as the
power-in ratio. The value is calibrated from experimental results. Delizisis et al. 2022, set a value of
0.05, this was to ensure that lower power modes were included in determining the VIV displacement
response. For a highly flexible cable at lower relative velocity, the lower modes may, wrongfully, be

ignored if typical calibrated parameters are used.

If the number of modes above cut-off is one, then a single mode response is predicted, otherwise

multi-mode is predicted. The method for identification of modes is shown in Figure 3-4.

structure fMow profile
| o Vinax frequency user-input
cutoff
», 4}\
%, "bﬁ,%
‘.O‘an, LN
» i
modes
: above cutoflf
potentially
excited i
. v . / H H —
min 0 . =

ratio of modal input power to the maximum input power

input power is estimated from flow velocity and user-input
reduced velocity range

Figure 3-4: How OrcaFlex identifies the most important modes

The length of the power-in region for each excited mode is calculated:

- V(x) Eq.3.28
"D
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where V(x) is the local flow velocity at x, D(x) is the local diameter of the cylinder, V,.(x) is the

reduced velocity at x for mode r, and f, is the rth natural frequency of the structure.

As previously discussed, the Strouhal number is heavily influenced by the Reynolds number. Based on
a conservative maximum current speed of 2m/s the maximum predicted Re is 4.2 x 10° for the
power cable and 1.4 X 10° for the buoyancy section. This is for the largest power cable investigated
which is designed for a substation at 220kV. Referring to Blevins 1977, this Re results in a predicted
Strouhal number range from approximately 0.18 - 0.4, depending on the roughness of the cylinder.
Shear7 requires a user defined number to be used for the Strouhal Number. The impact of this value

on VIV is investigated in Chapter 5.1.

Since V (x) varies with location a reduced velocity power-in region is defined. This is done to define
the portion of the structure which contributes to the resonant response of one mode. It is assumed
that whenever V. at x for mode r is within the reduced velocity bandwidth for mode r the fluid will

excite the structure and contribute to the structural response.

This process divides the entire structure into different power-in regions which have the same range
of reduced velocity, but vary in location because each region is defined by a different natural
frequency. The number of these regions is the number of modes above cut-off. For every excited mode
there are power-in and power-out (damping) regions. The power-in region for mode r is L” and the

length of the power-out region for mode r is L — L. Figure 3-5 shows how this is done.

A
D

Figure 3-5: The division of the Power-In region
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If there is overlap between adjacent power-in regions, then the program will perform a mode overlap
elimination. The criterion for elimination is that the power-in region length for each mode involved in
the overlap shrinks equally until the overlap disappears. For each mode r in the power-in region the

lift force is assumed to occur at the natural frequency of that mode.
The governing equation for the behaviour of the structure in Shear7 is:
m:y+ Ry +Ty" = P(x,t) Eg. 3.29

where m; is the mass per unit length (including the added mass), ¥ is the acceleration of the structure,
R is the damping per unit length (including both structural and hydrodynamic), y is the velocity of the
structure, T is the tension, y" is the second derivative of the displacement of the structure with
respect to the spatial variable, and P(x,t) is the excitation force per unit length (lift force

distribution).

The system displacement response can be written as the superposition of modal responses:
Eg. 3.30
Y0 = )V (x)4.(0) ;
T

where Y,(x) is the rth mode shape of the system. Substituting this relation into the governing

equation and performing the standard modal analysis leads to:
MG, (t) + Rrq,(t) + K-q-(t) = B-(t) Eq.3.31

Where:

Modal Mass: M, = fOL Y2 (x)m.dx

Modal Damping: R, = fOL Y,2(x)R(x)dx
Modal Stiffness: K, = — fOL TY," (x)Y,(x)dx

Modal Force: P.(t) = fOL Y, (x)P(x,t)dx
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In the power-in region for mode 7, it is assumed that the local force and rth modal velocity are always
in phase. Hence, the formula for the calculation of the rth modal force in the rth mode power in

region is:

L
P(t) = fo Y, (x)|P(x, t)dx Eq. 3.32

The lift force per unit length, with frequency w, can be written as:

1
P(x,t) = EprVZ(x)cL(x, w,)sin(w,t) Eq.3.33

where ps is the fluid volume density, D is the diameter of the cylinder, V(x) is the flow velocity, and

C, (x, w,) is the lift coefficient amplitude for mode r.
Let the modal velocity for mode r be:

q,(t) = A, w,sin (w,t) Eq.3.34
where A, is the modal displacement amplitude of the structure for mode r.

The rth modal input power is the rth modal excitation force times the rth modal velocity:

] L1 ) ., Eq. 3.35
mn = f EprV () Cp(x, w)sin* (w,t)|Yy-(x)|dx
0
where L represents the length of the power-in region for the rth mode.
The time-average of the modal input power over one period P is:
1P 1Y Eq. 3.36
(Ity = Ef mhdt = Zf prDV?(x)C(x, w,)sin® (w, t) Y, (x)|dx
0 0
The time-average of the modal output power over one period P is:
P Eq.3.37

out 1 out 1t 2 2.2
(I1e¥ty = > [evtdt = > R(xX)Y,“(x)A,“w,“dx
0 0

73



It is assumed that, for mode 7, input and output power are in balance. Equating these leads to the

following expression:

1.7
A, 2 I V() CL(x, )Yy () Fa. 3.38

T L-LT L
Do [ Re@Y 2w dx + [} RV, (Rwydx

where the damping has been separated into the hydrodynamic part (R;) and the structural part (Ry)
because they have different integration intervals, and L — L" denotes the length of the power-out

region.

An initial user determined value is assigned within OrcaFlex to the lift and damping coefficients. An
iteration calculation is then performed, with the lift force and damping updating, until convergence is

reached:

GO RCIEC)

This iterative process is completed for each mode above the cut-off. After convergence, the modal

responses are used to calculate the total RMS response of the cylinder.

Damping results in the dissipation of energy from the system. Bahmani and Akbari 2010, investigated
the impact of damping ratios on VIV for a circular cylinder. It was observed the damping ratio
influences both the lock-in range as well as the amplitude of vibrations. A larger damping resulted in
a reduced lock-in range as well as a reduced maximum amplitude value. It is well known that smaller
structural damping ratio leads to larger amplitudes of vibration (Williamson & Govardhan, 2004, and
J K Vandiver, 1993). The predicted value of damping is dependent on the exact cable specifications. A
very conservative estimate would set the damping to be equal to 0.3%, which is common for subsea
risers. The dynamic power cable configuration is similar to that of an umbilical so a damping

configuration similar to this would be more appropriate.
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Shear7 determines the lift coefficient value compared to a supplied table of values. The lift coefficient
values are dependent on the response amplitude and reduced velocity. The lift coefficient is updated
according to a function of the non-dimensional response amplitude (A/D). Figure 3-6 shows an

example lift coefficient curve:

c, 4

Cl,.m:u\ .
-
Cio

Figure 3-6: Example of a smoothed lift coefficient curve in Shear7 (Vandiver & Li, 2005)

The lift coefficient curve is generated by fitting two parabolas through four user-defined values, shown

in Figure 3-6. These values are:

o (A/D)y: value of A/D when C; is equal to 0
o  (A/D)max: value of A/D when Cy is at its maximum,
® ([ max: is the maximum value of C},

e (p:thevalue of C, when (4/D) is equal to 0.

A parameter Cp r1o0r is used to limit the maximum negative value of the lift coefficient. This is
specified by the user. Shear7 contains C; tables which are calibrated against experimental results. The
tables used in this research are:
- Table1:
O Conservative table with a single curve independent of frequency ratio.

Table 2:

O Non-conservative table based on experimental data fit, a three-dimensional lift
coefficient curve that varies based on A/D and frequency ratio.

Table 4:

O Alift table developed for high Reynolds Number experiments.

Table 5:

75



O Conservative model of strakes

- Table6:

O Ideal, no marine growth, undamaged strakes based on 25% high, 17.5 pitch ratio.

Table 1 is based off of a linear function of lift coefficient vs A/D and is independent of the frequency

ratio. Table 2 is based on a functioned based smooth lift coefficient vs A/D curve fitted to non-

conservative experimental data. Table 2 is predominantly used due to its calibration to experimental

data, and it has been shown to accurately model at high modes, and at low modes for a power cable

previously. The other lift coefficient tables are investigated as well. This value can be the hardest to

calibrate as it can vary for different cable sections, such as the buoyancy modules. Without

appropriate experimental data to adequately determine the impact of buoyancy modules on the lift

coefficient tables it is decided to utilise the same lift tables for the whole cable length in this research.

The full Shear?7 procedure is shown
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Figure 3-7: Flow-chart of the shear7 mode superposition solution (Vandiver & Li, 2005)
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There are two methods for utilising Shear7 used in this project. Both of these methods are described
below with the fully coupled method being preferred due to communicating between both Shear7

and OrcaFlex to reach convergence.

Fully coupled:

1. Line’s drag coefficients are specified within OrcaFlex.

2. The static position of the line is determined according to the specified drag coefficients.

3. Shear7is ran to analyse VIV at that position, the line drag coefficients are then updated.
4. The static position of the line is recalculated based on the new drag coefficients.
5

Steps 3 and 4 are repeated until convergence is achieved.

Independently defined modes of vibration:
1. The modes of vibration are determined within OrcaFlex, typically from still water.
2. Thenormalrelative velocity to the object is extracted from OrcaFlex for the chosen conditions.
3. The normal relative velocity is used by Shear7 to predict the mode excitation and predict the

VIV behaviour.

The drag coefficient was set to equal 1.2 as this is standard for a smooth cylinder. In reality marine
growth would attach itself to the cable and change the value of this. Marty et al. 2021, investigated
the impact of mussels on the forces experienced by a cylinder under varying current conditions. They
found that depending on the mussel configuration the drag coefficient, lift coefficient, and Strouhal
number all vary over a range of Re = 0.5 — 3.5 x 10°. Shear7 determines the drag coefficient through
coupling until convergence is reached, as such varying the initial drag coefficient value has no impact

on results.

The hydrodynamic parameters within Shear7 are defined and calibrated for a cable perpendicular to
the direction of the fluid flow. As the angle of inclination of the cable changes, due to factors such as
the cable configuration and current direction, the originally specified and calibrated coefficients may
no longer be suitable, especially at extreme angles. This is because the parameters are calculated for
specific reduced velocities, and when the cable is deformed to such an extent the reduced velocity is
substantially altered, and the coefficients may incorrectly predict the VIV behaviour. This incorrect
response is nullified in most situations. This is due to the vibrations over the rest of the cable, where

such extreme angles of inclination are not present, dominate the response.
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3.1.6 Frequency Prediction Process for Shear7

Shear7 operates using mode superposition. The likelihood of the excitation of each mode is
determined along the cable’s length. Figure 3-8, Figure 3-9, and Figure 3-10 show the probability of
excitation of each mode’s corresponding frequency for a current angle of 0, 90, and 180 degrees

respectively.
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Figure 3-8: Probability of excitation frequencies for a uniform current at a speed of 1m/s and angle of
0 degrees

Probability

Figure 3-9: Probability of excitation frequencies for a uniform current at a speed of 1m/s and angle of
90 degrees
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Figure 3-10: Probability of excitation frequencies for a uniform current at a speed of 1m/s and angle
of 180 degrees

78



The mode with the largest probability of excitation is used for analysis and comparison from the
Shear7 output results. As can be seen, there are, especially evident at higher velocities, multiple
modes that are similar in probability. This is acknowledged as limiting the accuracy but accepted
because the maximum probability value is still very similar in frequency value to the other modes with
large probabilities. This can explain discrepancies seen in frequency predictions. Spectral analysis is

conducted to determine the frequency of vibrations using the IBWO model.

3.1.6.1 Wave Modelling Using Shear7

The methodology for discerning the impact of waves on the VIV profile was influenced by that of
Dillon-Gibbons et al. 2017. OrcaFlex is initially run in the time domain for the chosen environmental
load case. Time instances are extracted over the wave period at twelve equally spaced time intervals.
The normal relative velocity for each node along the cable is extracted for each of these instances.
These twelve individual normal relative velocity vectors are then run within Shear7 with the mode file
supplied separately. The output Shear7 results are then analysed for each separate time instance. A
time domain VIV prediction model would be preferred in this situation to better capture the time-
varying behaviour as well as additional interactions, such as wave and heave induced frequencies of

vibration. Without access to an appropriate time domain model this is not attempted in this research.

3.1.7 Limitations

Naturally, all numerical models are limited by their relevance to the problem proposed and the dataset
used to calibrate them. A dynamic power cable in the lazy wave configuration lacks full scale
experimental data to calibrate any numerical model. The parameters chosen for Shear7 in this project
were determined from scaled down power cable experiments. de Wilde et al. 2021 and Delizisis et al.
2022, conducted an experiment on a scaled down power cable in the vertical plane and then replicated
this behaviour using Shear?7. It is noted that the parameters from Delizisis were calibrated for lower
modes of vibration and for a scaled down power cable. The parameters from Delizisis’ study are
compared to additional sets of parameters. These parameters were calibrated for higher modes and
for a high aspect ratio riser, therefore are appropriate in terms of higher mode VIV but fail to
accurately account for the flexible power cable behaviour and the lazy wave shape. This is discussed

in Chapter 5.2.
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3.2 VALIDATION

The three different models that are used in this study, IBWO, MWO, and Shear7, were validated and
calibrated against experimental results from Flotant, FLOTANT is a Cooperation Research Project
funded by the European Union’s Horizon 2020 research and innovation programme. Flotant released
two public deliverables which provided experimental results for VIV along a power cable (de Wilde et

al., 2021 and Oud et al., 2021).

3.2.1 Flotant Tow Tank Tests

Flotant ran experimental tests on a scaled down dynamic power cable to observe and analyse the VIV
behaviour. The cable used was a 48mm outer diameter, simplified, scale 1:3 representation of a 144
mm outer diameter, full scale, 66 kV submarine electrical cable. The cable was tested via forced

oscillations in air, water, and also through VIV tow tank tests.

The cable used in the experiments consisted of a simplified single conductor core consisting of
stranded aluminium 29mm in diameter. The outer layer was XLPE, commonly used in cabling. The

properties of the full cable are shown in Table 3-1.

Table 3-1: Flotant Cable Properties

Parameter Value
Outer Diameter 48mm
Length 6.4m
Mass in air 2.8 kg/m
Bending Stiffness 3.0 kNm?
Natural Frequency 1.77 Hz

Only the tow tests from Flotant were used for comparison when investigating the VIV prediction
models. These two tests were performed by attaching the top end of the vertically hanging cable to a
moving carriage and attaching the lower end of the cable to a 200 kg block. The carriage ramped up
to the required speed and, after a sufficiently long distance, the VIV was measured. Within OrcaFlex
the block was modelled as an additional line module and the current was modelled as uniform. The

model set-up within OrcaFlex is shown in Figure 3-11.
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Figure 3-11: Cable model within OrcaFlex according to Flotant

From the experimental tests it was observed that the crossflow displacement was roughly 3 to 4 times

larger than the inline displacement, with VIV of notable amplitude seen.

Comparisons of the predictions produced from the different models against the experimental data
has been undertaken. A drag coefficient of 1.2 was used for the MWO and IBWO models, otherwise
the default parameters for these models were used. The numerical parameters chosen for Shear7

were taken from a study conducted by Delizisis et al. 2022 and discussed previously.

3.2.2 VIV Model Comparison

The results from the different models are compared at different intervals along the cable length, these

being 0.5L, 0.75L, and L.
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Figure 3-12: Numerical and experimental model comparison of the RMS displacement at 0.5L

As can be seen in Figure 3-12 there were notable discrepancies between the predictions of the
different VIV models. Generally, all the models accurately predicted the reduced velocity at which the
first mode of vibration developed, around 3.9. However, there were large differences in the
magnitude of the RMS displacement predicted. Comparing the model results to experimental results,
IBWO predicted a peak in displacement at a reduced velocity of 4.9 and a second lower peak at 6.3.
These peaks were at lower reduced velocities than for the experimental results, and also at
magnitudes greater than double the displacement. The MWO predicted a first peak at a reduced
velocity of 5.8 which is very similar to the experimental data, albeit at a magnitude 70% greater. The
second peak was predicted at 7.5, again similar to the experimental results, before a gradual decline
in amplitude as the reduced velocity continued to increase, then followed by a rapid drop to close to
0 A/D at 11. Shear7 predicted the closest VIV response out of the numerical models in terms of both
magnitude and relationship to reduced velocity. Shear7 predicted the first and second peak at similar
reduced velocities to the experimental results, albeit underestimating the first peak amplitude by 25%
and overpredicting the second peak amplitude by 15%. When comparing the different model’s
accuracies, Shear7 is the obvious preferred choice despite the discrepancies in the magnitude of the

amplitude.
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Figure 3-13: Numerical and experimental model comparison of the RMS displacement at 0.75L

Figure 3-13 showcases similar trends in the VIV model outputs as observed in Figure 3-12. The IBWO
model predicted the first peak at a reduced velocity of 5, compared to the experimental peak which
was at 6. The amplitude of vibration was also substantially larger than the experimental results, nearly
double in magnitude. MWO predicted the first peak in displacement over a range of reduced velocity
from 4 — 7, also at a greater magnitude than the experimental data. Shear7 predicted that peak at the
same reduced velocity as the experimental data but at a smaller magnitude. After the peak, Shear7’s
predictions closely matched the experimental data, in terms of the influence of reduced velocity on

amplitude of vibrations, while slightly underestimating the magnitude of the displacement.
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Figure 3-14: Numerical and experimental model comparison of the RMS displacement at L
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Both the wake oscillator model’s predictions substantially diverged from the experimental data for
the length L/L, shown in Figure 3-14. IBWO predicted a sharp peak at a reduced velocity of 6 followed
by a sudden decrease back to no prediction VIV displacement at a reduced velocity of 8.3. MWO
predicted a gradual increase in displacement from a reduced velocity of 3.7 up to 7.7, which was then
followed by a gradual decrease as the reduced velocity continues to increase. Both the wake oscillator
models predicted much larger magnitudes of displacement compared to the experimental values and
substantially different relationships between displacement and reduced velocity. Shear7 predicted
the first peak in RMS displacement at a very similar reduced velocity to the experimental data, 5.8, as
well as at a similar displacement, 0.52 A/D. It then followed a similar trend regarding the relationship
of displacement amplitude to reduced velocity, as the reduced velocity continues to increase both the
experimental and Shear7 amplitudes gradually decreased until a reduced velocity of around 9, after

which a gradual increase is seen.

When comparing the results from the three different VIV prediction models against the experimental
data Shear7 produced the most accurate predictions regarding both the magnitude of displacement
and the relationship between reduced velocity and amplitude of vibrations. IBWO predicted both a
sharp increase and decrease around the same reduced velocity as seen in the experimental peak,
except at magnitudes of displacement nearly double. MWO predicted a similarly rapid increase in
displacement but predicts a wider range of lock-in reduced velocities with an elongated peak. Both
the wake oscillator models vastly over-predicted the RMS displacement, often in the magnitude of
over double that of the experimental data. Based on these observations, Shear7 is chosen as the

preferred model for predicting the vibrations for a dynamic lazy wave power cable.

3.2.3 CableDyn Experiments

Experiments were undertaken within the FloWave facility at the University of Edinburgh as part of the
CableDyn Project (EPSRC CableDyn Project, 2022). A lazy wave power cable was deployed within the
2m deep tank. This was scaled down from a water depth of 100m and based on the full-scale
configuration used as the lazy wave power cable configuration in this thesis. Currents were generated
within the facility ranging from 0.1-0.8 m/s at intervals of 0.1 m/s. The direction of the current was
varied at angles 0, 90, and 180 degrees relative to the plane of the cable. The cable’s internal

components can be seen in Figure 3-15.
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Figure 3-15: Cable internal components (i) inner core cable (ii) 3d printed spacers (iii) spacers fixed on
the inner cable (iv) strain gauge fixing at individual locations (v) cable setup inside the silicon tube
(EPSRC CableDyn Project, 2022)

The properties of the scaled-down cable were determined from a plain cable sample using the
TecQuipment SM1004 Beam Apparatus at the University of Exeter. Both a simply supported beam and
a cantilever beam arrangement were used to determine the cable properties. The linear bending

stiffness of the instrumented cable was 0.265 Nm? with a quoted error of 24%.

The damping of the cable was determined via free decay tests in both air and water. In air, the
damping was 6% and water 3.8%. The water damping of 3.8% is similar to the 2.8% damping observed

in the Flotant experiments discussed previously. The full cable properties are shown in Table 3-2.
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Table 3-2: Properties of the Scaled Cable Model (EPSRC CableDyn Project, 2022)

Properties

Inner cable

Length (m) 5m
Total weight 4.113 kg
Outside diameter (m) 0.031

Inner core cable

HO7RN-F 3 core rubber cable

Inner core cable diameter (m)

9.8 mm

Inner core cable weight (g/m) 134 g/m
Mass ratio 1.09
Submerged length of cable in water 45m
Touchdown zone 1.08 m
Buoyancy section 1.12m
Top section 2.279m
Spacers

Numbers 118
Weight (g/piece) 4.4
Total weight 519.2 g
Silicon tube weight 250 g/m
Weight of strain gauges wires 461 g
Weight of water filled 1108.2 g
Buoyancy modulus (BM)

Outside diameter 70 mm
Inside diameter 31 mm
Length 40 mm
Density 100 kg/m3
No. of BM 5
Distance between BM 0.184m
Cable structural properties

Natural frequency in air 0.61 Hz
Damping in air 0.59 %
Bending stiffness 0.27 Nm2

The exact cable configuration is shown in Figure 3-16. There were strain gauges located along the

cable’s length. The strain isn’t an output from our research and as such the strain measurements

weren’t used. The RMS displacement results compared in this section were output from CableDyn.

There were notably large error margins reported due to the use of Qualisys to determine the

displacement. Qualisys uses underwater cameras to measure the displacement and struggled to pick

up section along the cable length at certain markers. There were also difficulties experienced with

extracting the RMS displacement from the Qualisys output data due to the large deformations the

cable saw.
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Figure 3-16: Cable configuration with locations of strain gauges

Qualisys was also used to determine the displacement of the cable around the strain gauge locations.
The resulting displacement was compared against an OrcaFlex and Shear7 coupled model replicating
the experimental setup. The current speed for each comparison was uniform and 0.1 m/s. Shear7 uses

numerical parameters calibrated from the experiments performed by Flotant discussed previously.
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Figure 3-17: Experimental and numerical comparison of the RMS displacement for a current angle of
0 degrees
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As can be seen from Figure 3-17, Shear7 predicted a similar mode of vibration and peaks at locations
along the cable length. There were some notable differences in magnitude with the experimental data
predicting three peak displacements and all at approximately 0.4A/D. Shear7, however, predicted a
larger displacement towards the hang-off point at the first peak, around 0.5 A/D, which decreased to
0.4 A/D for the second peak and 0.35 A/D for the third peak. Shear7 also predicted much more drastic
dips between the peak whereas the experimental data predicted a much smaller trough between the
peaks. The large dips seen for the Shear7 results were likely due to the prediction of a standing wave.
This trend was seen for all current angles. The limitations of the accuracy of the RMS displacement
results have been previously discussed and also will have influenced the output. Shear7 is capable of
modelling travelling waves via modal superposition. Vibrations develop within the ‘power-in regions’

and then travel along the cable. This is determined via an internal Shear7 excitation force model.
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Figure 3-18: Experimental and numerical comparison of the RMS displacement for a current angle of
90 degrees

Figure 3-18 shows how the RMS displacement in the X and Y directions compared to the transverse
RMS displacement. Shear7 outputs displacement in terms of the local cable orientation, and as such,
due to the nature of the deformation for a current angle of 90 this wasn’t contained within one plane.
To allow for comparison against the experimental data the displacement along both axes has been
included. It is difficult to draw conclusions about the VIV profile. One main conclusion that can be
drawn is that the magnitude of RMS displacement predicted by Shear7 was within a similar magnitude

for both the X and Y RMS displacement. Shear7 handles the different current angles by using the
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reduced velocity determined in OrcaFlex and modelling the crossflow vibrations at each section along
the cable as perpendicular to the incident current direction at each section. Qualisys is not able to

define the normal direction of the flow along the full cable length for a current angle of 90 degrees.
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Figure 3-19: Experimental and numerical comparison of the RMS displacement for a current angle of
180 degrees

The experimental RMS displacement profile seen in Figure 3-19 was not as well defined as for current
angle 0. The peaks were less obvious but what is discernible is that there were still some maximums
in displacement evident at the midsection and towards the touchdown location. Overall, the
magnitude of the vibrations was similar for the Shear7 predictions compared to experimental data,
however, similar to the other current angles, the experimental data didn’t see as drastic a decrease in

displacement between the peaks and maintains, overall, a larger mean RMS displacement.

3.3 NUMERICAL MODEL SET— UP

In order to investigate the cable dynamics a suitable floating platform is required. This is necessary to
allow for realistic wave and current induced motions. The displacement of the platform has an impact
on the cable configuration and also deflection, these parameters will impact the VIV the cable
experiences. The full model setup is shown in Figure 2-3, Figure 2-4, Figure 2-5, and Figure 2-6 below

with the different cable configurations investigated.
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3.3.1 Floating Offshore Wind Turbine Platform

The semi-submersible turbine platform used in this study was based off of the NREL OC4 (NREL, 1996).
The environment modelled is that of the Buchan Deep Hywind Site (Mathiesen et al., 2014). There are
floating wind turbines currently located at this site. The water depth was set initially to 107m which is

within the range of depths at this location.

3.3.2 Description of Power Cable

A dynamic power cable is made up of many internal components, as shown in Figure 2-1. Armouring
is required to protect the cable, resulting in a larger diameter than for a similarly rated static power
cable. Four different power cables were chosen for investigation. These were all taken from published
literature and are as follows: a) 11kV umbilical for a wave-energy converter (Martinelli et al., 2010),
b) 33kV lightweight power cable designed by Fulgor S.A (Oud et al., 2021), c) a 220kV dynamic export
cable for a floating substation (Guignier et al., 2020), and d) a heavier cable for a shallow water steep

wave (Oud et al., 2021).

The properties of these cables are shown in the Table 3-3 (Gran Canaria and Flotant are the same

cable):
Table 3-3: Power Cable Properties
Martinelli Flotant Substation Gran West Barra
33kV 220kV Canaria
Cable
Diameter (m) 0.2 0.147 0.29 0.147 0.165
Bending Stiffness | 10 6.24 41 6.24 7.46
(kN.m?)
Axial Stiffness (MN) | 700 42.1 1419 42.1 578.7
Mass per unit Length | 80 22.9 139 22.9 42.02
(kg/m)
Minimum Bending | 2 2.3 53 2.3 2.5
Radius (m)
Buoyancy Module
Diameter (m) 0.68 0.5 1 0.5 0.56
Bending Stiffness | 1340 835 5800 835 835
(kN.m?)
Axial Stiffness (MN) | 700 421 1419 42.1 1200
Mass per unit Length | 208 176 500 75.1 107.47
(kg/m)

For floating offshore wind turbines an armoured and dynamic power cable is required to adequately
allow for adjustment to environmental conditions, such as subsea currents, waves, and platform
motion, to ensure it can withstand the load cycles to which it is exposed. The cable properties for

Martinelli are for an umbilical which has been used previously to investigate the power cables for
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floating marine energy converters by Rentschler et al. 2020, Sobhaniasl et al. 2020, and Thies et al.
2012. The power cable configuration was initially modelled as a lazy wave to allow for better
absorption of the induced motion, compared to that of a catenary arrangement which is at increased

risk of compression towards the touchdown point.

Bend stiffeners were deployed at the hang-off and touchdown point of the cable. These were
modelled as a hollow pipe covering the power cable with a large bending stiffness to reduce deflection
at these points to prevent compression, and over-bending and are 5m in length. The distribution of
the buoyancy section along the power cable length was influenced by Harnois et al. 2013, replicating
the relative proportions from this study. The cable length was 193.13 m in total with the hang-off/top-
end cable section extending up to 89.7m. The buoyancy section extended from 89.7 — 142.7m with
the configuration of 1 m of armoured cable followed by 0.8m of buoyancy section repeated. The
buoyancy section was modelled as individual buoyancy elements with the same properties as the
cable, except for a larger diameter and different mass per unit length. The touchdown/bottom-end

section of the cable extended from 142.7 to 193.13m.

Buoyancy modules are an added challenge for VIV modelling due to differences in their properties,
most notably diameter. The difference in diameter of the buoyancy attachments and cable means two
distinct frequencies are excitable (Constantinides et al., 2016). The buoyancy configuration influences
the VIV behaviour and as such is a parameter that should be considered (Constantinides & Zhang,
2014). The buoyancy modules were included in the VIV analysis within Shear?7. This was done by
assigning them as sections of the cable with larger diameters, bending stiffness and a different mass

ratio. This ensured they were factored in by Shear7 and their influence accounted for.

3.3.3 Mooring Lines

The mooring lines were modelled from the NREL OC-3 OrcaFlex example model (Ross & Mckinnon,
2018). There were three mooring lines in total, all equally spaced 120 degrees apart. There was no
investigation on the influence of the mooring lines and all differences in water depths resulted in the
mooring line being scaled accordingly. The mooring lines did play a significant part in the platform
induced motion and displacement of the FOWT and, accordingly, the cable shape but this was not

investigated in this research.

3.3.4 Wind Turbine

The wind turbine was modelled based on the NREL offshore 5-MW wind turbine (NREL, 1996). The
platform chosen was semi-submersible. It is noted that the optimum wind turbine platform is yet to

be decided and as there is no industry standard out there the semi-submersible platform is chosen.
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3.3.5 Environmental Parameters

3.3.5.1 Waves

The waves modelled were regular 5"-order Stokes waves. The wave height, period, and direction are

all parameters that were investigated in this research and contained within Chapter 10.

3.3.5.2 Current

In total, five different current profiles were investigated. These were a uniform profile, a power law
profile to 1/7, Hywind site shear current profile (Mathiesen et al., 2014), West of Barra current profile
(Oud et al., 2021) and Gran Canaria current profile (Oud et al., 2021). The data for Hywind, West Barra,
and Gran Canaria are shown in Table 3-4. Sheared current profiles can lead to multi-frequency

responses and reduce the amplitude of VIV (Constantinides et al., 2016).
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Figure 3-20: Comparison of all the current profiles investigated
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Table 3-4: Current Profile Data From Sites

West Barra Gran Canaria ‘ Hywind
Depth (m) Current Speed (m/s)
0 1.82 1.06 /
10 1.64 1.01 /
20 1.47 0.96 /
25 / / 1.42
30 131 0.91 /
40 1.17 0.87 132.7
50 1.05 0.82 /
60 1.02 0.77 127.3
70 0.98 0.72 124.6
80 0.92 0.67 /
90 0.84 0.62 112.6
100 0.57
110 0.52
120 0.47
130 0.44
140 0.44
150 0.43
160 0.42
170 0.41
180 0.4
190 0.39
200 0.38
210 0.36
220 0.34
230 0.31
240 0

The different current profiles investigated are shown in Figure 3-20. These current profiles were taken
from different sites where either floating wind turbines are located or are noted as potential

deployment sites in the future.

Shear7 operates by assuming the structure is constrained within the vertical plane. To allow the lazy
wave shape to be accounted for, Shear7 is supplied with the normal relative velocity from OrcaFlex
for the cable in a lazy wave shape. The local normal relative velocity profile is shown in Figure 3-21 for

the different current profiles discussed. This shows how significant an impact the current profile has.
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Figure 3-21: Comparison of the relative current velocity along the cable and the influence of current
profile

Varying the current direction also had an even larger influence on the normal relative velocity. This is

shown in Figure 3-22 which was for a uniform current profile of 1Im/s. The hang-off point is at x = 0.
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Figure 3-22: Comparison of the normal relative velocity for different current angles under a uniform
current profile

Figure 3-22 shows how the normal relative velocity varied across the cable’s length for different
current angles. The impact of the buoyancy section can most obviously be seen for current angles 0
and 180 degrees with large decreases at the cable mid-section. This behaviour was due to the sag and

hog bends, resulting in changing the angle of inclination relative to the current direction. This did not

94



have a substantial impact on 90 degrees as at this current direction, for the static orientation the cable
is perpendicular to the current direction. There was still a notable decrease in the relative velocity

towards the touchdown point due to cable deformation seen.

3.35.3 Wind

No wind was modelled. It was decided to focus on other parameters and the influence these have on

the VIV.

95



4 RESULTS AND DISCUSSION — NUMERICAL MODELS

Three different VIV models were investigated to predict the cable’s response. The models chosen were
the Milan Wake Oscillator, Iwan and Blevins Wake Oscillator, and the Shear7 frequency domain model,
which have been compared previously (Elrick and Venugopal, 2023). In the following sections, the x-
axis is x/L, where x represents the distance along the cable and L the full cable length. The y-axis is
A/D, where A represents the RMS crossflow amplitude and D the diameter of the cable. The hang-off

pointisatx=0.

4.1 UNIFORM CURRENT

The VIV transverse displacement along the length of the cable is shown in Figure 4-1 for three angles
of current propagation, 0°, 90° and 180°, three different types of cables, and three different VIV
models. The x-axis is x/L, where x represents the distance along the cable and L the full cable length.
The y axis is A/D, where A represents the RMS crossflow amplitude and D the diameter of the cable.

The current speed was 1m/s with a uniform profile.
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Figure 4-1: RMS transverse displacement along the length of the cable for different propagation
directions, models, and cables (top — 0°, middle — 90°, and bottom —180°) for uniform current 1m/s
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Figure 4-1 shows that the different models predicted substantially different magnitudes of VIV. The
wake oscillator models predicted maximum amplitude of vibrations of up to 2 A/D, which was up to
five times larger compared to Shear7. Previous studies have shown similarly large discrepancies
between wake oscillator models and Shear7 (Dillon-Gibbons et al., 2017), it was commented that
improved benchmarking can assist for tuning wake oscillator models. Currently, the wake oscillator

models are calibrated for a bare cylinder.

The MWO model predicted no vibrations near the hang-off point for a current angle of 0 degrees and
close to no VIV along the entire cable length for a current angle of 180 degrees. This prediction was
substantially different from the other models. The MWO is more sensitive to the orientation of the
cable relative to the flow than the other models and as such struggles to effectively predict the VIV of
the cable in the lazy wave configuration. It was previously documented to struggle in shear flows, and
this is shown in the results. IBWO and Shear7 predicted a similar VIV profile, albeit at significantly

different magnitudes.

Figure 4-1 also shows that the VIV profile was strongly dependent on the incident current direction
for all models. All models predicted that for a current angle of 0 degrees the most substantial RMS
displacement occurred towards the touchdown section. Prior to this, the angle of inclination of the
cable, relative to the current direction, varied between 0 - 45 degrees and thus smaller vibrations were
predicted. After the mid-section, the cable’s angle of inclination, relative to the current flow, tended
to perpendicular which resulted in a greater relative velocity and led to substantial VIV excitation,

resulting in the large displacement observed.

The largest vibrations were observed for all three cables, models, and different current propagation
angles at a current angle of 90 degrees. This was due to the initial plane of the cable being normal to
the flow direction. There was a noticeable decrease in amplitude for the section where the buoyancy

attachments are located, for all the models.

A similar sensitivity of the RMS displacement to current direction was seen for a current angle of 180
degrees as well. MWO was incapable of modelling the VIV, but IBWO and Shear7 both predicted
similar behaviour, where the largest displacement was observed towards the hang-off point before
decreasing along the rest of the cable length. Unlike for the other current angles, IBWO and Shear?7
had a similar displacement profile, except for the Flotant cable. The Flotant cable is substantially more

flexible than the other cables allowing for greater deformation.

When considering the RMS displacement, in terms of A/D, the magnitude was similar for all cables, as

was the VIV profile over the cable length. However, when considering the displacement in absolute
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units (metres) there were large differences in the amplitude of vibrations. The substation cable has
the largest diameter and mass per unit length and the models predicted the largest RMS displacement
(in metres) for this cable. The second greatest magnitude of vibrations were seen for Martinelli, with
middle values of these parameters. The difference between the predicted vibration amplitude for
Martinelli and Flotant was less than that for Substation. These results indicate that the cable
properties have a substantial impact on the VIV behaviour with the substation cable on average
predicting transverse VIV displacement up to three times the value of Flotant cable for the same

environmental conditions, when considering the displacement in metres.
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Figure 4-2: Effect of current speed on Location and Magnitude of Maximum VIV Displacement;
Substationyy, MartinellisFand Flotant\/(Red 0.5 m/s, Black 1 m/s, Blue 1.5 m/s and Green 2 m/s)

The effect of varying current speeds was investigated, and the results are shown in Figure 4-2. Current
speed was varied from 0.5 - 2 m/s, in steps of 0.5 m/s. Generally, the current speed had a minimal
influence on the location along the cable where the maximum amplitude was situated for all current
speeds greater than 0.5 m/s. At a current speed of 0.5 m/s, the models all predicted low-mode
excitation which resulted in large amplitudes over the full cable length. The location of maximum
vibrations along the cable was dependent on the model, with all current speeds closely grouped for
each angle. The locations of maximum displacement for a current angle of 0 degrees were near the
touchdown for both models, for angle 90, and 180, the maximum displacement location was towards

the hang-off point for Shear7 and just before the beginning of the buoyancy section for IBWO.
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The impact of vibration frequency against current speeds is shown in Figure 4-3 for Shear7 and IBWO
simulations. Both models predicted a similar trend in frequency, with a linear increase in frequency
with current speed. The current angle of propagation was also shown to have a minor influence on
frequency with no obvious trend for either model’s predictions. The cable properties were shown to
have a substantial impact on the frequency of vibrations, with different bending stiffness and mass
per unit length resulting in different predicted values for the frequency of excitation. It is obvious that
the three cables produce three sets of frequency grouping, and Flotant, which has the smallest

diameter, resulted in larger frequency of vibrations.
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Figure 4-3: Effect of current speed and direction on vibration frequency s 0,4~ 90 and \/ 180 Degrees
(Purple Flotant, Cyan Martinelli, Crimson Substation)

When comparing models, all results were within £40% of each other. The primary reason for the
discrepancy is due to the different Strouhal number used for each model, when the same value was
used the predicted frequencies are within £18%. When comparing the frequencies of different cables
Flotant’s cable was on average 40% larger than Martinelli’s cable for both Shear7 and IBWO. The
substation cable was on average 32% or 30% smaller than Martinelli for Shear7 and IBWO,

respectively.
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4.2 SHEAR CURRENT
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Figure 4-4: RMS transverse displacement along the length of the cable for different propagation
directions, models and cables (top — 0°, middle — 90°, and bottom — 180°) for shear current profile 1m/s
at the sea surface

The influence of a shear current profile on the RMS displacement was investigated for the chosen VIV
models. The RMS crossflow displacements are shown in Figure 4-4. Similar to the uniform results, the
shear current also resulted in large discrepancies between different models, cables, and current angles
of propagation. A constant trend observed is that, when compared to the uniform current the
amplitude of vibrations towards the touchdown point is reduced across all cables, angles, and for all
models. This is due to the lower current velocity at this point. When comparing the VIV profile towards

the hang-off point it is similar for both current profiles.

For Shear7, average reductions in RMS displacement over the full cable length, for all cables, were
10% at angle 0, 3% at angle 90, and 21% at angle 180. For IBWO the average reductions were 19% at
angle 0, 8% at angle 90, and 9% at angle 180. The largest vibrations were predicted for a current angle
of 90 degrees. It was also noted that the RMS displacement was not as sensitive to current speeds,
with large amplitude even at lower current speeds. The decrease in amplitude for an angle of 90
degrees is expected to be less compared to the other angles when changing to a shear current profile.

Current angles 0 and 180 degrees showed a larger dependence on the cable deformation, which is
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heavily influenced by the shear current when compared to a uniform profile. This resulted in a larger

decrease in average amplitude when compared to a uniform profile.

4.3 CONCLUSION

When comparing the predicted VIV behaviour all three models predicted substantially different

outcomes.

The Milan Wake Oscillator model struggled and didn’t predict any vibrations at certain locations along
the cable for some current angles, which was drastically different from the other models. Due to these
obvious limitations, it was not used further in this research, and it is noted that further calibration and

work is needed on the model for it to be suitable in this context.

Iwans and Blevins Wake Oscillator predicted an RMS crossflow displacement up to four times larger
than Shear7 at certain locations along the cable length. However, it did predict displacement along
the full cable length while also predicting similar locations of maximum displacement as Shear7.
Similar sensitivities to current angles are seen for IBWO and Shear7, albeit at significantly different
amplitudes. Regarding the frequency of vibrations, there were differences of up to 40% between

Shear7 and IBWO. IBWO predicted the greater frequency of vibrations.

When comparing the influence of a shear and uniform current profile, both IBWO and Shear?7
predicted notable decreases in displacement. This is to be expected due to the lower relative velocity
along the cable length. Observations from this were that a current angle of 90 degrees was least
susceptible to the current profile, compared to other angles, and showed the smallest mean decrease
in RMS displacement over the cable length for both models. Shear7 predicted a current angle of 180

degrees to be more sensitive to current profile whereas IBWO predicted an angle of O degrees.

Going forward, it is decided to focus on Shear7 as the model of choice due to having calibrated

parameters for a relevant cable experiment.
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5 RESULTS AND DiSCUSSION — NUMERICAL PARAMETERS

5.1 STROUHAL NUMBER

The Strouhal Number is a user-defined input for Shear7, it is typically determined experimentally from
relevant experiments. When calibrating the models, it is important to note the impact of the Strouhal
number. Strouhal number has an obvious impact on the VIV behaviour for all VIV models because it is
used to determine the frequency of vibrations, and in turn the amplitude. The most relevant
experiment to the VIV of dynamic power cables comes from Delizisis et al. 2022, who used a scaled
down dynamic power cable based on Flotant in a tow tank to determine the hydrodynamic coefficients
for Shear7. The Strouhal number most applicable from this was 0.14, this was however, at lower
Reynolds number and as the regime transitions from the sub-critical regime to the critical regime the
Strouhal Number may change further. The impact of the Strouhal number on a lazy wave Flotant cable

for a uniform current profile of 1m/s is investigated in Figure 5-1.
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Figure 5-1: Comparison of the influence of the Strouhal number on rms crossflow displacement

There was an obvious increase in RMS displacement for all current angles, and, along the cable length
as the Strouhal number decreases. Strouhal number was used to determine minimum and maximum
potentially excited modes. As the Strouhal number increases so does the maximum potentially excited

mode and thus frequency of vibration.
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Figure 5-2: Comparison of the influence of the Strouhal number on VIV frequency

As can be seen in Figure 5-2, generally, the larger the Strouhal number the greater the frequency of
vibrations that are observed. There were some discrepancies from this trend. This is to be expected

due to the determination of the maximum potential excited modes within Shear7.

5.2 DATASET COMPARISON

The cable properties chosen for comparing the impact of different datasets were Flotant. Table 5-1
shows the parameters that were changed between the datasets. Shear7 supplies additional lift tables
that may also be used to investigate the VIV behaviour. ‘Lift Table 4’ was also used, which was
calibrated against high mode VIV experiments for a Strouhal number of 0.18. Cables are exposed to
high Reynolds numbers and as such this lift table is included to investigate the impact it has on VIV
behaviour compared to other datasets. The Default dataset is a dataset from Shear7 that was
calibrated for a riser. All the other hydrodynamic parameters for this dataset are the same as the

default dataset except for using a different lift table.

Table 5-1: Dataset Comparison

Dataset Delizisis Default Lift Table 4
Strouhal Number 0.14 0.18 0.18
Bandwidth 0.8 0.4 0.4

Power Ratio 0.1 0.05 0.05

Lift Table 2 2 4

Added Mass 0.5 1 1

Damping Coefficient | 2.8% 2.8% 2.8%
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Figure 5-3: Influence of the dataset used on RMS displacement

When comparing the RMS displacement profiles over the cable length, shown in Figure 5-3, Delizisis
and Lift Table 4 predicted very similar profiles at similar A/D magnitudes, albeit at different modes.
The default parameters replicated similar behaviour regarding the location of largest displacement
along the cable’s length but consistently predicted this to be at a lower amplitude. These trends are

observed at all current angles.
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Figure 5-4: The influence of the chosen dataset on VIV frequency
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When comparing the frequency of vibrations, there was a strong dependence on the dataset chosen,
highlighted in Figure 5-4. This is largely due to different Strouhal numbers for each dataset. Delizisis
operated at a Strouhal Number of 0.14, and the others at 0.18. As discussed before this has a notable
impact on frequency. Further to this, using a different lift coefficient table resulted in predicting
different amplitudes of vibrations, drag coefficients, and mode shapes. These all influence the

frequency as well, which is why Default and Lift Table 4 have different excitation frequencies.

5.3 NORMALISED DATASET RMS DIsPLACEMENT COMPARISON

The impact of changing the chosen lift table was investigated by normalising the RMS displacement
from alternative datasets against the RMS displacement from using Delizisis parameters. The current
profile was uniform and varied in increments of 0.5 m/s and the cable used was Flotant. Aq.

represents the RMS displacement when the Lift Table 2 is used.
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Figure 5-5: A normalised comparison of the datasets for a current velocity of 0.5 m/s
As is shown in Figure 5-5, at a current speed of 0.5 m/s and for a current angle of 0 degrees the overall

displacement profile is similar for all datasets until the touchdown section. The discrepancies seen
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here are likely due to prediction of different modes, resulting in out of sync vibrations at certain
lengths and the large peaks and troughs observed. The default dataset predicted the lowest RMS

displacement followed by the Lift Table 4. This is a reoccurring trend.

For a current angle of 90 degrees, the displacement profile predicted that for both the Default and Lift
Table 4 larger vibrations were observed towards the hang-off point than for the Delizisis data set. This

then reduces along the rest of the cable length.

A current angle of 180 degrees resulted in a similar displacement profile for all datasets, albeit at
different magnitudes. Again, the Default dataset predicted the lowest magnitude of vibrations, 50%
over the full cable length. Lift Table 4 predicts an almost uniform decrease of 10% over the full cable

length.

5.3.2 Current Velocity 1m/s

It can be seen in Figure 5-6 that for a current angle of 0 degrees the overall displacement profile was
very similar for all datasets, except at different magnitudes. There were also some extreme variations
at both the hang-off and touchdown points. The discrepancies seen here are likely due to prediction
of different large displacement modes at these locations. The mean difference between Delizisis
dataset and Lift Table 4 is considered negligible. The Default Lift Table resulted in a decrease of 30%

over the full cable length.

For a current angle of 90 degrees the displacement profile was similar for the different datasets but
varied in magnitude. Lift Table 4 resulted in the largest RMS displacement over the full cable length,
with a mean increase over the full length of around 25%, and Default resulted in the smallest
displacement with a mean decrease of around 25%. There was a substantial deviation from the
Delizisis dataset observed towards the touchdown section, likely due to the large curvature and

influence this had on VIV depending on the dataset used.

A current angle of 180 degrees predicted similar displacement profiles for all datasets, albeit at
different magnitudes, with again the Default dataset predicting the lowest vibrations and the Delizisis
set the largest. One notable difference is that other datasets predicted a larger displacement decrease

from the hang-off point towards the touchdown section than for Delizisis dataset.
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Figure 5-6: A normalised comparison of the datasets for a current velocity of 1 m/s
5.3.3 Current Velocity 1.5m/s

Figure 5-7 shows that after the current speed increased to 1.5 m/s substantial differences in the RMS
displacement for a current angle of O degrees were observed. This is especially evident at the hang-
off point, which was greater than a magnitude of four larger. This large difference was due to the
different handling of the cable deformation and the impact this had on the VIV profile. The Delizisis
dataset predicted a much greater VIV dependency on the cable deformation than the other data sets,
with little displacement predicted at the hang-off point. Whereas the other datasets still predicted
there to be substantial displacement along this section which is why such disparity in amplitude of

vibrations is observed.

For a current angle of 90 degrees a similar trend is observed for the other current speeds where the
displacement profile was similar for the different datasets but varied in magnitude. The Default
dataset still resulted in the lowest magnitude of displacement followed by Lift Table 4. Another

notable observation was the substantial displacement predicted at the hang-off point for both Lift
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Table 4 and the Default Lift Table. This was likely due to different handling of the bend stiffener and

curvature of the cable at this point.
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Figure 5-7: A normalised comparison of the datasets for a current velocity of 1.5 m/s
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For a current angle of 180 degrees there were more substantial discrepancies compared to the lower

current speeds. The Default Lift Table and Lift Table 4 predicted larger amplitudes of vibrations

towards the hang-off point, this was due to the deformation observed as well as the handling of the

bend stiffener. After the hang-off section both these datasets predicted a general decrease in the

mean RMS displacement as the cable tends to the touchdown point. For Lift Table 1, this was at a

much lower magnitude than the Delizisis dataset.
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5.3.4 Current Velocity 2m/s

4.0
\/ Angle 0

3.5 A
3.0 1
2.5 1
2.0 4

AlAcL2

1.5 |
10 V/\\/A N Al

Vg
O'Oo.o 0.2 0.4 0.6 0.8 1.0

4.0
35 4 Angle 90
3.0 1
2.5
2.0 1

AlAcL2

1.5 4

0\ n |
MRV AVEaV ey AV S M/ /)

0.0

0.0 0.2
4.0

3.5 1 Angle 180

3.0 1

.0

2.5 1
2.0 1

1.5 1 /\ [\
1.0 \}4
0.5 w \ﬂ
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 10

x/L

Lift Dataset
—— Lift Table 4 —— Default Lift Table 1

AlAci2

Figure 5-8: A normalised comparison of the datasets for a current velocity of 2 m/s

The displacement profile for a current angle of 0 degrees was vastly different, as can be observed in
Figure 5-8. This is because Delizisis predicted little to no amplitude of displacement at the hang-off
section whereas the other datasets still predicted vibrations of substantial amplitude. These datasets
don’t expect the cable deformation and changes in the angle of inclination to result in as large an

influence on the RMS displacement.

A current angle of 90 degrees follows the previously discussed trend where Lift Table 4 and Delizisis
produced very similar profiles and amplitudes of VIV. The Default dataset produced a similar profile

but at a lower magnitude. The large discrepancies at the hang-off point are noted.

For a current angle of 180 degrees the displacement profile was similar to that of 1.5 m/s, including

the large deviation at the hang-off point. The difference between the magnitude of RMS displacement
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for the datasets was more substantial than for the other current speeds with both the Default and

Delizisis dataset predicting smaller magnitude than for 1.5 m/s.

5.4 ADDED MASS COEFFICIENT

The added mass coefficient predominantly influences the response of OrcaFlex, which has a knock-on
impact to Shear7. The added mass coefficient was used within OrcaFlex to determine the fluid
acceleration on the body. This changed the deformation of the cable. The added mass coefficient also

impacted the natural frequency, mode shape, and curvature.
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Figure 5-9: A comparison of the impact of the added mass coefficient on the RMS crossflow
displacement

Observing Figure 5-9, it can be seen that the added mass coefficient had a substantial impact on the
displacement. This was due to the change of deformation and the impact on the modal analysis. As
the added mass coefficient increased the RMS displacement decreased. This increase was almost
uniform across the entire cable length. Similar trends were still observed along the cable length for
the different angles, these being that the locations of maximum displacement are consistent and

extreme variations in amplitude over the cable length were present.
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There was no obvious dependency on the frequency of vibrations when compared to the added mass
coefficient, shown in Figure 5-10. One notable observation is that a current angle of 0 degrees resulted

in the greatest predicted frequency compared to the other angles.

5.5 REDUCE VELOCITY BANDWIDTH

The reduced velocity bandwidth determines the range of modes that are considered within Shear7 to
model the VIV behaviour. The greater the bandwidth the greater the number of modes that are
considered within Shear7. More modes can lead to greater modal damping and intermodal

interactions.

The reduced velocity bandwidth is shown in Figure 5-11 to have a notable influence on the RMS
displacement. As it decreases so does the amplitude of vibrations, albeit not substantially. This is due
to fewer modes influencing the VIV behaviour compared to lower values. There was little obvious
change in the VIV profile over the length of the cable. Locations of maximum displacement were

consistent across all bandwidths.
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Figure 5-11: A comparison of the impact of the reduced velocity bandwidth on the RMS crossflow
displacement
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The influence of the reduced velocity bandwidth on VIV frequency can be seen in Figure 5-12. There

was little noticeable impact on the frequency, except for a few anomalies. The bandwidth didn’t
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substantially alter the most dominant mode of vibration. The bandwidth is shown to have a relatively

small influence on both the RMS displacement prediction and the frequency of vibration.

5.6 NUMERICAL PARAMETERS CONCLUSION

It has been shown that the VIV predictions are sensitive, to varying degrees, to the numerical
parameters defined with the semi-empirical Shear7 frequency domain model. The Strouhal Number
is noted as the most consequential numerical parameter, with large discrepancies between the
predicted RMS displacement and frequency observed. When this is combined with a different lift table
dataset, large differences in the predicted VIV behaviour are seen. This is to be expected but further
amplifies the importance of using the correct dataset to predict vibrations. The added mass coefficient
and bandwidth are shown to influence the VIV behaviour; however, the outputted results are not as
sensitive as for other parameters. Without an appropriate dataset available for a full-scale experiment

a scaled down model has been calibrated against and extrapolated.
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6 RESULTS AND DISCUSSION — CABLE PROPERTIES

The structural properties of an object are known to influence the VIV response. Further to this, they
also dictate the global response of the cable to incidental environmental forces, which has an
additional influence on VIV behaviour. In this section the impact of various parameters are

investigated: damping, density, flexural rigidity, and diameter.

6.1 DAMPING

Damping is well known to have an impact on the VIV behaviour of any structure. Dynamic power
cables are subject to potentially large damping. This is in part due to the internal cable structure, which
allows for stick-slip behaviour, other complex interactions of the different internal components (Beier
et al. 2023), and the properties of the cable components. Damping results in absorbing the energy of
motion and thus reducing the intensity of VIV. The numerical parameters used to derive the results in

this section are taken from Delizisis’ work.

The results of varying the damping are shown in Figure 6-1. The x-axis is x/L, where x represents the
distance along the cable and L the full cable length. The y axis is A/D, where A represents the RMS
crossflow amplitude and D the diameter of the cable. The cable used for this was Martinelli’s and was

exposed to a uniform current of 1m/s.
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Figure 6-1: A comparison of the impact of the damping ratio on the RMS crossflow displacement
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As can be seen in Figure 6-1, for all current angles damping has a substantial influence on the
amplitude of vibrations. The larger the damping, the smaller the RMS displacement. When comparing
the RMS displacement profile, altering the damping coefficient is predicted to have a minimal
influence. The predominant impact was over the mode or frequency of vibration. The location of
maximum displacement along the cable length was the same for different damping coefficients. This
highlights the lack of impact that the damping has on the frequency of vibrations, and also amplifies
that there are other more influential parameters, such as incident current angle, which alters the VIV
displacement profile. It is important to fully understand the damping coefficient for the cable
deployed as under or over-estimating can drastically impact the predicted fatigue damage. This could

lead to manufacturing for a much shorter fatigue life than what is required on site.

To allow for further comparison the plots in Figure 6-1 were normalised against a damping coefficient

of 2.8%, from Delizisis’ study, which is shown as A, s.

0 Degrees
2 —
1
___.--\#‘,.--.._
0 T T T T
5 90 Degrees
£ N 3
S~
2 TR S SIS T
0 T T T T
5 180 Degrees
1
= e
—-——-_.___________-___‘___'______..-—-.__-—-———__.rh..___
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
x/L
Damping
0% — 2.8% 5% — 7.5% 10%

Figure 6-2: A normalised comparison of the impact of damping ratio on the RMS crossflow
displacement

Figure 6-2 further highlights how impactful the damping coefficient is, assuming no damping can lead
to vibrations double the magnitude in amplitude or, on the other hand, overestimating can lead to

predicting vibrations halve the magnitude. The overall trend is that the larger the damping, the smaller
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the RMS displacement amplitude. When comparing the mode of vibration and RMS displacement
profile the changing of the damping coefficient is predicted to have a minimal influence. It is important
to fully understand the damping coefficient for the cable being deployed to accurately predict the VIV

behaviour.
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Figure 6-3: A comparison of the impact of damping on frequency of crossflow vibrations

When comparing the frequency of vibration and its dependency on the damping coefficient, seen in
Figure 6-3, it can be observed that there is no real trend in vibration frequency between different
damping that is consistent over all current angles. At higher current speeds, the vibrations did start to
differentiate further from each other, but still within 10%. For a current angle of 0 degrees the
frequency was similar for all damping at current speeds 0.5 and 1 m/s. Greater than this current speed,
a trend emerges where the lower the damping the greater the frequency of vibration. For current
angles 90 and 180 degrees a similar trend could be seen, with a few noted anomalies digressing from
this. Outside of the results for a current speed of 1.5 m/s, at a current angle of 90 degrees a similar
trend was seen where the lower the damping the greater the VIV frequency. A current angle of 180
degrees had a very tightly grouped frequency spread with damping. 0% damping was shown to be the
most variable and diverged from the otherwise consistent trend of the greater the damping the lower
the frequency seen for all current speeds. Another observation is that a current angle of 0 degrees

resulted in the greatest frequency of vibration compared to the other angles.
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6.2 IMPACT OF DENSITY

Cable deformation is noted be one of the most impactful factors on the VIV behaviour. It is also shown
to be sensitive to all of the different cable properties. The deformation of the cable is dependent on
mass ratio, current angle, current profile, current speed, bending stiffness, and diameter of the cable.
To exemplify how greatly the deflection can vary over just one of these parameters Figure 6-4, Figure

6-5, and Figure 6-6 compare the deflection of the cable for different current angles and mass ratios.

Table 6-1: Mass Ratio for Different Cables

Cable Flotant Martinelli Substation
Mass Ratio 1.316 2.484 2.053

The mass ratio of the cable was varied according to Table 6-1 and taken from the cables discussed
earlier. All other parameters, such as bending stiffness and diameter, were taken from Martinelli’s
cable.
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Figure 6-4: A comparison of the impact of the mass ratio on cable deflection for a current angle of 0
degrees

For a current angle of 0 degrees, the lowest mass ratio cable was deflected to such an extent that it
was perpendicular to current direction towards the touchdown point and tending to parallel towards
the hang-off point. This in turn resulted in a larger relative velocity at the touchdown point and a lower
relative velocity at the hang-off point compared to the larger mass ratio cables. All the cables still
exhibited a high RMS amplitude variability with location along the cable length, but this was amplified

by the further a cable deflected.
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Figure 6-5: A comparison of the impact of the mass ratio on cable deflection for a current angle of 90

degrees

A current angle 90 didn’t exhibit as a large dependence on the RMS displacement on the mass ratio

compared to the other angles. This was because the static plane of the cable at this current angle was

naturally perpendicular to current direction over the full cable length, there were no changes in angle

of inclination. It can be seen in Figure 6-5 that the lower the mass ratio the greater the deflection, but

the influence of this was less impactful on the RMS displacement than for the other current angles.
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Figure 6-6: A comparison of the impact of the mass ratio on cable deflection for a current angle of 180

degrees
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A current angle of 180 degrees showcased similar behaviour to that of O degrees, where greater
deflection was observed for the lower mass ratio which resulted in a greater RMS displacement
dependency on the location along cable length. The cable followed the opposite deflection behaviour
to angle O degrees, where it tended to perpendicular at the hang-off point and the angle of inclination
reduced towards the touchdown point. This resulted in opposing displacement profiles where the
greatest magnitude of VIV was towards the hang-off point rather than the touchdown point for a

current angle of O degrees.

As can be observed, the lower the mass ratio the greater the cable deflection for all current angles.
This is to be expected. This had the knock-on impact of altering the normal relative velocity that the
cable was exposed to by changing the angle of inclination relative to flow direction. This resulted in

the extreme discrepancies in the RMS displacement amplitude over the cable length.

0.6

0 Degrees
0.4
Y
0.2 4
0.0 T T T T
0.6
90 Degrees
0.4 1
S 7
0.2
0.0 T T T T
0.6 180 Degrees
0.4
0.2
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
XL
Cable Density
—— Martinelli Flotant —— Substation

Figure 6-7: Influence of Mass Ratio on RMS Displacement

The results shown in Figure 6-7 indicate that altering the mass ratio impacts the RMS displacement
profile. For a current angle of 0 degrees, the smallest mass ratio cable resulted in a larger RMS
displacement amplitude observed towards the touchdown point and a reduced displacement towards
the hang-off point. The cable with smaller mass ratio resulted in greater deflection as it was more
susceptible to induced drag forces from the sea currents. This resulted in greater cable deflection
which in turn changed the relative velocity the cable was exposed to. For a current angle of 90 degrees

the cable exhibited the same behaviour of increased deflection with a reduced mass ratio. However,
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there were fewer extreme variations in RMS displacement along the length due to the angle of
inclination and relative velocity not varying as greatly along the cable length because the initial spatial
plane of the cable was perpendicular to the current flow. The RMS displacement profile for a current
angle 180 degrees can be explained by the same logic as for a current angle of 0 degrees, except with

the deflection resulting in the extreme amplitudes at opposite ends of the cable.
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Figure 6-8: A comparison of the impact of cable density on frequency of vibrations

When observing Figure 6-8, for current angles 0 and 180 degrees there is a trend where the lowest
mass ratio cable resulted in the largest frequency of vibrations up to 1.5m/s. However, for a current
speed of 2m/s, it resulted in a predicted lower frequency compared to the other cable densities. This
is because at 2m/s the cable deformation was so great the cable extended beyond perpendicular and
the cable was exposed to a lower relative velocity than for the less deformed cables of lower density.
For an angle of 90 degrees there is no obvious relationship between mass ratio and frequency of

vibration. All of the current angles resulted in similar frequency of vibrations.
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6.3 IMPACT OF CABLE CHOICE

Four different power cables are used in this study to examine the influence they have on the VIV

response in a lazy wave configuration. These cable properties are shown in Table 3-3.
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Figure 6-9: A comparison of the impact of the cable properties on the RMS crossflow displacement for
a uniform current of 1Im/s

There are notable differences in the VIV behaviour profile over the full cable length depending on the
cable chosen, seen in Figure 6-9. Substation and Martinelli cables are greater in diameter and bending
stiffness than the other cables, and thus were less perceptible to deformation due to subsea currents.
This deformation resulted in large variations in the normal relative velocity along the cable length,
which in turn resulted in the extreme differences in VIV magnitude depending on location along the
cable length. This was exemplified by a current angle of 0 degrees where Flotant and West Barra
showed minimal displacement towards the hang-off and greater than a magnitude of four larger at
the touchdown, this behaviour wasn’t as exaggerated for the other cables. A current angle of 90
degrees, in terms of magnitude of RMS displacement, resulted in very similar results for all cables. A
current angle of 180 degrees exhibited similar behaviour to an angle 0 degrees. The cables that were
more flexible and lower diameter resulted in more extreme variations in amplitude over the full cable

length.
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Figure 6-10: A comparison of the influence of cable’s properties on the VIV frequency for Martinelli’s
cable

There are obvious differences in the frequencies of vibration for the different power cables. This is
owing to their different properties resulting in producing distinctive sets of natural frequencies. This
is presented in Figure 6-10. When comparing the frequencies, the ranking in terms of magnitude is
that Flotant produced the largest, followed by West Barra, then Martinelli, and finally Substation. This
is expected as the frequency of vibrations decreased as both diameter and mass per unit length
increased. When comparing average frequency Flotant was largest, 10% greater than West Barra,

which was 23% greater than Martinelli, which was 49% greater than Substation.

6.4 |IMPACT OF DIAMETER

The impact of cable diameter on VIV behaviour was investigated for Martinelli, Flotant, and Substation
cables (refer to Table 3-3 for cable properties). The elastic modulus and mass ratio for each different
diameter was kept constant, this involved scaling the bending stiffness and mass per unit length
accordingly. The parameter Dy is equivalent to the original diameter of each respective cable. When
determining the A/D for the RMS displacement, it is important to stress that the D is determined for

each different cable diameter and is not set to simply be Do.
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Figure 6-11: A comparison of the impact of the cable’s diameter on the RMS crossflow displacement
for Martinelli’s cable at a uniform current speed of 1 m/s

Figure 6-11 shows that there was an obvious impact of cable diameter on the RMS displacement. As
the diameter increased, generally, the mean displacement over the entire length of the cable also
increased. This was due to the excitation of lower modes of vibration. The increase in amplitude was
not linearly relative to the increase in diameter. As the diameter increased, it can be observed that
the variation in RMS displacement along the cable length also decreased. This was likely due to both
a lower mode of vibration, resulting in a larger RMS displacement, and also a reduction in the cable
deformation, meaning that the greater the diameter the less the reduced velocity varied along the
cable length. This reduction in cable deformation in turn reduced localised large differences in
displacement along the cable length. The current angles most susceptible to extreme variations in

RMS displacement over the cable length were 0 and 180 degrees.
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Figure 6-12: A comparison of the impact of the cable’s diameter on vibration frequency for Flotant’s
cable

As discussed, and shown in Figure 6-12, the mode of vibration of the cable was significantly influenced
by the cable diameter. The smaller the diameter the greater the frequency of vibration. The difference
in magnitude in frequency was relative to the diameter, i.e., a diameter of 0.5D, was approximately
twice that of Do. The frequency of vibration was determined within Shear7 and was directly dependent
on the cable diameter. A smaller diameter cable is more susceptible to the excitation of high modes.
The impact of this on fatigue is dependent on the internal parameters of the cable, such as the S-N
curve. Over all current speeds, a current angle of 0 degrees resulted in the greatest frequency of

vibrations compared to the other angles.
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Figure 6-13: A comparison of the impact of the cable’s diameter on the RMS crossflow displacement
for Flotant’s cable at a uniform current speed of 1 m/s

Flotant’s cable followed the same trend as Martinelli’s, where the smaller the diameter the smaller
the amplitude of vibration that was observed, highlighted in Figure 6-13. One noticeable difference,
when compared to Martinelli’s cable, was that the RMS displacement profile wasn’t as considerably
impacted by changes in diameter. There is still an evident trend where, as the diameter increased
there were fewer extreme differences in amplitude along the length but compared to Martinelli this
was much less substantial. This was likely due to D, for Flotant being smaller than Martinelli and also
having a smaller elastic modulus, meaning that even at large diameters the cable was still subjected

to substantial deflection meaning large variations in reduced velocity along the cable length occur.
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Figure 6-14: A comparison of the influence of the cable’s properties on the VIV frequency for Flotant’s
cable

The vibration frequency versus current speed plots in Figure 6-14 show that as diameter decreased
the frequency of vibrations increased, this followed the same trend as for Martinelli with one notable
anomaly observed for diameter of 0.5 Dy at a current speed 2m/s. This discrepancy was likely due to
the cable deflection at this current speed being so substantial that the cable deformed past
perpendicular to the seabed. This influenced the normal relative velocity and the VIV response at this

section.
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6.4.3 Substation
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Figure 6-15: A comparison of the impact of the cable diameter on the RMS crossflow displacement for
Guignier’s substation cable at a uniform current speed of 1 m/s

Similar to the other cables, it can be seen in Figure 6-15 there is an evident impact of cable diameter.
However, the discrepancies in RMS displacement profile over the cable’s length were much smaller.
Substation is already a large diameter cable with a large elastic modulus meaning it was not subjected
to as large deflection with current speed compared to the other cables. Increasing the diameter and
making the cable stiffer and less susceptible to deflection didn’t impact the normal relative velocity as
much as for the other cables because the cable deflection was already so limited. The most obvious
difference seen was when the diameter was reduced to 0.5D,. The reduction in diameter allowed for
more meaningful deflection to take place and resulted in the large variations in displacement over the
cable’s length observed, which was seen for the other cables. For cable diameters of Dyand greater

there was much smaller variations in amplitude over the cable length due to the stiffness of the cable.
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Figure 6-16: A comparison of the influence of the cable’s properties on the VIV frequency for Guignier’s
cable

The impact of diameter on the frequency of vibrations followed the same trend as the other cables,
where the frequency increased as the diameter decreased, shown in Figure 6-16. This trend was still
seen, despite the displacement profile not being as substantially influenced by changes in diameter.

A current angle of 0 degrees resulted in the greatest frequency of vibrations.

6.5 IMPACT OF BENDING STIFFNESS

The bending stiffness of the cable dictates how susceptible it is to deformation for a given load. A
lower flexural rigidity means, assuming all other parameters are consistent, that greater deformation

would occur for a given current speed up to a limiting value.

Table 6-2: Flexural Rigidity for Different Cables
Cable Flotant Martinelli Substation
Flexural Rigidity Nm? | 1.01 x 108 3.82 x10° 2.87 x 10°

The bending stiffness of Martinelli’s cable was adjusted to determine the influence this had on VIV
behaviour. The bending stiffness was altered by adjusting the flexural rigidity according to the values

in Table 6-2 for Flotant and Substation cables. A uniform current profile of 1Im/s was used.
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Figure 6-17: A comparison of the impact of bending stiffness on the RMS crossflow displacement

The bending stiffness is shown in Figure 6-17 to have an impact on the RMS displacement for all of the
current angles. When comparing whether the VIV behaviour was dominated by tension or bending
stiffness the parameter P from Eq. 3.19 is used. For a current angle of 0 degrees P is equal to 0.516,
0.279, and 0.0785 for Martinelli, Flotant, and Substation respectively. For a current angle of 90
degrees, P is equal to 0.47, 1.58, and 2.99 for Martinelli, Flotant, and Substation respectively. For a
current angle of 180 degrees P is equal to 2.30, 0.474, and 1.51 for Martinelli, Flotant, and Substation
respectively. These values indicate that for all current angles and bending stiffness values, the VIV

behaviour was bending stiffness dominated.

For a current angle of 0 degrees, it can be observed that as the bending stiffness increased the RMS
displacement towards the hang-off point increased. This was because the cable was less susceptible
to deflection. This means the variation in reduced velocity over the full cable length is reduced
compared to the more flexible cables. The more flexible cables resulted in a greater magnitude of
vibrations towards the touchdown point compared to the less flexible cables. The behaviour for
current angle 180 degrees can be explained by this as well. The stiffer cables deflected less at the
hang-off point; thus, the normal relative velocity didn’t vary as greatly along the cable length, still,
notable differences in amplitude along the cable length were seen for all bending stiffnesses. The RMS

displacement profile for a current angle of 90 degrees was not as greatly influenced by the bending
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stiffness because the current direction was perpendicular relative to the initial spatial plane where
the cable was present. The cable was still susceptible to deflection, as the bending stiffness decreased

greater displacement was seen towards the touchdown point and smaller at the hang-off point.
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Figure 6-18: A comparison of the impact of the bending stiffness impact on VIV frequency

When comparing the frequency of vibrations in Figure 6-18, there was no obvious influence of bending
stiffness on the frequency of vibrations. For current angles 0 and 180 degrees, up to 1.5m/s, the
smallest bending stiffness resulted in the greatest frequency of vibration. This was likely due to
substantial cable deflection occurring meaning greater relative velocity at certain sections increasing
the frequency at this point and skewing the most likely mode of vibration. However, at 2m/s, the cable
deflection for all bending stiffnesses was substantial enough so that it was no longer the limiting
factor. The smallest bending stiffness resulted in the cable deflecting to such a large extent that it bent
past the normal, relative to current direction, and a reduction in reduced velocity occurred. For a
current angle of 90 degrees different behaviour was observed. There was no obvious dependency of

frequency on the flexural rigidity of the cable.

6.6 CONCLUSION

The structural properties of the cable were observed to have an influence on the VIV response. The
bending stiffness, diameter, and mass ratio were all analysed. A significant proportion of the impacts

of these parameters on the VIV behaviour can be attributed to the influence they had on the cable
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deformation. Changing the cable deformation notably altered the relative velocity along the cable,
which in turn, changed the VIV response. This was particularly noticeable for the bending stiffness and
density of the cable. The lower the bending stiffness or density of the cable the greater the localisation
of extreme displacements along the cable length because the cable is more susceptible to deformation
from the incident forces from the current. When considering the frequency, however, there were no

discernible trends on the impact of mass ratio or flexural rigidity.

Regarding the diameter, generally, similar behaviour was seen as the other properties, where the
lower the diameter the greater the range in RMS displacement over the cable length. Furthermore,
when altering the diameter there were large changes in frequency seen. These changes were a linear

increase in frequency with diameter.
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7 RESULTS AND DisCcUSSION — CURRENT PROFILE

The influence of current on the VIV response of a dynamic power cable was explored. This involved
altering the current speed, direction, and shear profile. The current speed was changed in various
increments up to a speed of 2m/s. The direction of the current was varied, generally, in increments of
90 degrees. Five different shear current profiles were used to determine their influence on the VIV

response.

7.1 UNIFORM CURRENT
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Figure 7-1: A normalised comparison of the influence of current speed on the RMS crossflow
displacement for a current angle of 0 degrees for Martinelli’s cable

It is shown in Figure 7-1 that as velocity increased the RMS displacement towards the hang-off point
decreased for a current angle of 0 degrees. A; represents the RMS displacement for a current speed
of 1 m/s, and as such a current speed of 1 m/s is represented by a flat line at a value of A/A; = 1. This
was due to the cable deformation; it displaced from its static location at higher velocities due to
increased drag force which resulted in the angle of inclination decreasing so that the cable increasingly
tended to parallel relevant to current direction. The RMS displacement towards the touchdown
increased for higher current velocities. This was due to higher velocities displacing the cable and
resulting in it tending towards perpendicular to the current direction along the bottom section. This

highlights the impact that cable deformation can have on the VIV behaviour.
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Figure 7-2: A normalised comparison of the influence of current speed on the RMS curvature for a
current angle of 0 degrees for Martinelli’s cable

Figure 7-2 shows how the curvature along the cable’s length varied with current speed. A current
speed of 0.5 m/s showed substantially smaller curvature over the full cable length. It can be seen that
up to approximately 0.3 x/L there was little difference between all current speeds greater than 1 m/s.
After this point, however, the curvature for different speeds substantially diverged, with the greater
the current speed the greater the curvature observed. This was most evident towards the touchdown
section; this was the location where the cable was exposed to the greatest relative velocity. There
were notable small variations in curvature along the buoyancy module section. When comparing this
to the RMS crossflow displacement, the trend was similar with an increase in both parameters along
the cable length. However, the displacement began at a smaller value and didn’t increase as

substantially as the curvature, relative to the normalised 1 m/s profile.
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Figure 7-3: A comparison of the influence of current speed on the tension for a current angle of 0
degrees for Martinelli’s cable

It can be seen in Figure 7-3 that as the current speeds increased so did the tension over the full cable
length, except at the touchdown point where the larger the current speed the lower the tension. This
was due to overbending at this point, and it is noted that there was a high risk of compression. It was
expected that the tension would increase due to greater induced force from the current flow. When
determining the influence of the tension, parameter P from equations Eqg. 3.17 and Eq. 3.19 is referred
to. P equalled 5.06, 0.51, 0.29, and 0.68 for current speeds 0.5, 1.0, 1.5, 2.0 m/s respectively. Thus,

the beam model was used, as the bending stiffness was important.
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Figure 7-4: A normalised comparison of the influence of current speed on the RMS crossflow
displacement for a current angle of 90 degrees for Martinelli’s cable

The impact at angle 90 degrees is harder to quantify compared to the other current angles
investigated, as seen in Figure 7-4. Generally, there were some large discrepancies, particularly

towards the hang-off point, between different current speeds but no obvious trend is discerned as
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the current speed increased. The deviation in the VIV profile was likely due to different modes being
excited. The deformation of the cable with increased current speed had less influence on the RMS

displacement compared to the other current angles.
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Figure 7-5: A normalised comparison of the influence of current speed on the RMS curvature for a
current angle of 90 degrees for Martinelli’s cable

Figure 7-5 shows how the RMS curvature varied with current speed. It can be observed that as the
speed increased so did the RMS curvature, however above a current speed 1.5 m/s this difference was
reduced. The most obvious difference in behaviour along the cable’s length were observed at the
hang-off point. This was due to the large curvature as the cable exited the bend stiffener. After 0.3 x/L
the differences in RMS curvature were more uniform over the cable’s length. When comparing this to

the RMS crossflow displacement the overall profiles are very similar.
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Figure 7-6: A comparison of the influence of current speed on the tension for a current angle of 90
degrees for Martinelli’s cable
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It can be seen in Figure 7-6, the tension increased with current speed. The first peak seen for a speed
of 0.5 m/s was lost for the larger current speeds as the cable deformed. When determining the
influence of the tension on the structural dynamic behaviour, parameter P from equations Eq. 3.17
and Eq. 3.19 is referred to. P equalled 6.11, 4.04, 5.47, and 8.28 for current speeds 0.5, 1.0, 1.5, 2.0

m/s respectively. Thus, the beam model was used as the bending stiffness is important.
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Figure 7-7: A normalised comparison of the influence of current speed on the RMS crossflow
displacement for a current angle of 180 degrees for Martinelli’s cable

For a current angle of 180 degrees, as the current velocity increased the RMS displacement towards
the touchdown point decreased, shown in Figure 7-7. This is due to the cable deformation resulting in
an increased relative velocity at the hang-off point relative to the rest of the cable. As the current
velocity increased, so does the cable deformation. After a current speed of around 1.5 m/s was

reached the rate of decrease in displacement with current speed is less.
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Figure 7-8: A normalised comparison of the influence of current speed on the RMS curvature for a
current angle of 180 degrees for Martinelli’s cable
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It can be observed in Figure 7-8 that the curvature along the cable’s length increased as the current
speed increased. The most obvious differences were seen towards the hang-off point. This is similar
to the behaviour seen for the RMS displacement but to a more exaggerated extent. Towards the
touchdown point, the current speeds greater than 1m/s resulted in reduced curvature. This was due
to the cable deformation. The large curvature seen at the hang-off point was also due to the
deformation of the cable with greater relative velocity seen at this section. When comparing this to
the RMS crossflow displacement, both predicted that the maximum curvature was towards the hang-
off point and then decreased with cable length. However, the RMS crossflow displacement predicted

a smaller difference between the maximum and minimum values.
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Figure 7-9: A comparison of the influence of current speed on the tension for a current angle of 180
degrees for Martinelli’s cable

Figure 7-9 shows how the tension varied with current speed. There was an obvious trend where the
greater the current speed the greater the tension over the full cable length. The tension profile also
changed, as the current speed increased above 1 m/s the first peak was heavily suppressed for 1.5
m/s and non-existent for 2 m/s. This was due to the cable deformation. P equalled 6.56, 2.47, 2.30,
and 2.89 for current speeds 0.5, 1.0, 1.5, 2.0 m/s respectively. Thus, the beam model was used as the

bending stiffness was important.
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Figure 7-10: Comparison of the modal probabilities and corresponding frequency for different current
speeds for Martinelli's cable

Figure 7-10 shows how the modal probability changed with current speed and direction. It can be seen
that for all angles when the current speed was lower, there were less potentially excited modes. As
the current speed increased there was a greater number of potentially excited modes. This is to be
expected, as there was a larger variation in the relative velocity over the cable’s length and greater
sections of the cable were exposed to velocities large enough to induce VIV. For lower speeds this was
limited. A current angle of 180 degrees showed the greatest variation in excited modes. This was
because of the deformation of the cable allowing for multiple excitation zones across the cable’s
length, whereas for 0 degrees this was much more limited towards the touchdown section. Generally,
the distribution of the potentially excited modes was around a maximum. In future comparison of
frequencies, the maximum was the sole frequency used to allow for ease of comparison over multiple

varying parameters.
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7.1.2 Flotant
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Figure 7-11: A normalised comparison of the influence of current speed on the RMS crossflow
displacement for a current angle of 0 degrees for Flotant’s cable

For a current angle of O degrees, a similar trend can be seen in Figure 7-11 where the greater the
current velocity was the smaller the displacement was towards the hang-off point. There was a slight
increase in displacement as well at the touchdown section. The reason for this behaviour was due to
the cable deformation. As Flotant was a more flexible cable than Martinelli, at lower current speeds
substantial deflection occurred. This meant that increasing the current speed didn’t result in such
large variations in displacement along the cable length and the increase in displacement at this section

with current speeds stopped at a much earlier current speed, around 1.25 m/s.

x/L

Current Speed (ms™!)
0.5 — 1.0 —_— 1.5 — 2.0

RMS Curvature/RMS Curvature;

Figure 7-12: A normalised comparison of the influence of current speed on the RMS curvature for a
current angle of 0 degrees for Flotant’s cable
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Figure 7-12 shows how the curvature along the cable’s length varies with current speed. U to
approximately 0.3 x/L the RMS curvature was similar for all other current speeds from 1m/s. After this
point, however, the RMS curvature for a current speed of 0.5 m/s decreased as the length increased.
As the location along the cable increased past 0.45 x/L the curvature for current speeds greater than
1 m/s began to diverge, the greater the current speed the greater the curvature observed. When
comparing this to the crossflow displacement different behaviour was seen. There were deviations

for both parameters towards the hang-off point. The profile for 0.5 m/s was not dissimilar.
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Figure 7-13: A comparison of the influence of current speed on the tension for a current angle of 0
degrees for Flotant’s cable

It can be observed in Figure 7-13 how the tension along the cable’s length varied with the current
speed. This followed a similar trend as for Martinelli’s cable whereas current speed increased so did
the tension, up to the touchdown point where there was a high risk of compression with larger current
speeds. There was greater compression observed here compared to Martinelli because Flotant’s cable
is more flexible. P equalled 1.63, 2.70, 6.94, and 12.8 for current speeds 0.5, 1.0, 1.5, and 2.0 m/s

respectively. Thus, the beam model was used as the bending stiffness was important.
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Figure 7-14: A normalised comparison of the influence of current speed on the RMS crossflow
displacement for a current angle of 90 degrees for Flotant’s cable
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For a current angle of 90 degrees, it can be observed in Figure 7-14 that as the current speed increased
the vibration profile was impacted. There was a change in mode of vibration, but averaging out over
the full cable length, from 1-2m/s there was little difference in the magnitude of vibrations. There
were notable discrepancies at both the touchdown and the hang-off points, which were due to the
bend stiffeners and extreme bending at these sites. There was no overall trend as current speed

increased.
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Figure 7-15: A normalised comparison of the influence of current speed on the RMS curvature for a
current angle of 90 degrees for Flotant’s cable

Figure 7-15 shows how the RMS curvature for current speeds greater than 1 m/s followed a similar
profile with larger values compared to 1 m/s with the discrepancy between 2 m/s and 1.5 m/s less
than the difference between 1.5 and 1 m/s. The curvature for 0.5m/s substantially diverged from
previously seen trends. This was likely due to the tension dominated behaviour seen for the larger
current speeds. When comparing this to the crossflow displacement, very similar profiles and trends

are seen. Overall, the general magnitudes were similar to the normalised 1m/s values.
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Figure 7-16: A comparison of the influence of current speed on the tension for a current angle of 90
degrees for Flotant’s cable
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When observing the tension profiles shown in Figure 7-16 an obvious trend was seen where the
greater the current speed the greater the tension, with the tension profile over the cable’s length very
similar. P equalled 10.0, 45.8, 100, 178 for current speeds 0.5, 1.0, 1.5, 2.0 m/s respectively. With such
large values the behaviour was now tension dominated for speeds greater than 1.0 m/s. This was likely

the reason for the substantial differentiation in results between 0.5m/s and the larger current speeds.
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Figure 7-17: A normalised comparison of the influence of current speed on the RMS crossflow
displacement for a current angle of 180 degrees for Flotant’s cable

As shown in Figure 7-17 for a current angle of 180 degrees the RMS displacement towards the hang-
off point was generally similar for all speeds except for a large peak at 0.025 x/L which was where the
bend stiffener ended, and large curvature was present. There was no linear relation seen between
current speed and RMS displacement at the touchdown point. Generally, as the current speed
increased from 0.25-1.25 m/s the magnitude of vibrations towards the touchdown point decreased.
However, from 1.25-2 m/s as the current speed increased so did the RMS displacement. The decrease
from 0.25-1.25 m/s was likely due to the deformation of the cable. From 1.25-2 m/s the increase in
RMS displacement was likely due to the cable deformation having reached its near maximum value.
Further increases in deformation were not substantial enough to influence the normal relative velocity

over the increases in current speed.
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Figure 7-18: A normalised comparison of the influence of current speed on the RMS curvature for a
current angle of 180 degrees for Flotant’s cable

The behaviour seen in Figure 7-18 substantially deviated from the trends seen for other cables.
Generally, a current speed of 1 m/s resulted in the greatest curvatures, except for discrepancies at the
hang-off, buoyancy section, and touchdown points. A current speed of 0.5 m/s did not follow the same
trend and showed larger curvature at the touchdown point and less toward the hang-off point. This
was due to the cable deformation being less for this current speed meaning the relative velocity
towards the touchdown point was not as different compared to the hang-off point as it was for the
other current speeds. The behaviour for 2m/s can be explained by the VIV behaviour being tension
dominated. When comparing this to the RMS crossflow displacement, both predict large discrepancies
at the anchor points, but the crossflow displacement followed a different profile with increased

displacement along the touchdown section.
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Figure 7-19: A comparison of the influence of current speed on the tension for a current angle of 180
degrees for Flotant’s cable
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When comparing the tensions shown in Figure 7-19 there was a similar profile seen over the cable
length with an almost uniform tension value outside of the hang-off point. As expected, with increased
current speed there was an increase in tension. P equalled 4.58, 7.19, 21.7, 50.1 for current speeds
0.5, 1.0, 1.5, 2.0 m/s respectively. All the current speeds were treated with the beam model except

for 2m/s where it was tension dominated.
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Figure 7-20: Comparison of the modal probabilities and corresponding frequency for different current
speeds for Flotant's cable

Figure 7-20 shows how the probability of mode excitation varied with current angle and speed. Similar
to Martinelli’s cable, for a current speed of 0.5m/s there were limited predicted potential modes of
excitation. This was due to lower relative current velocity limiting the potential excitation modes. The
number of potentially excited modes increased with current speed. The probability of the excitation
of each mode generally shows an expected maximum. However, for some angles the maximum
probability was similar to other potential frequencies. This was noted as a limitation in the
methodology, but it allowed for easier comparison when many parameters were varied in future

frequency comparisons.
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7.1.3 Substation
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Figure 7-21: A normalised comparison of the influence of current speed on the RMS crossflow
displacement for a current angle of 0 degrees for Guignier’s cable

The general trend is that for a current angle of O degrees as the current speed increased RMS
displacement towards the hang-off point decreased, shown in Figure 7-21. This can be attributed to
the orientation of the cable relative to current, as the speed increased the orientation of the cable
ended up becoming increasingly parallel to the direction of the flow. This resulted in a reduced normal
relative velocity along this section. The RMS displacement towards the touchdown point was shown
to increase with speed up to a speed of 1.25 m/s. After this speed the displacement was similar for all

further increases.
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Figure 7-22: A normalised comparison of the influence of current speed on the RMS curvature for a
current angle of 0 degrees for Substation cable

Figure 7-22 shows how the RMS curvature of the cable increased with current speed. This was

especially prevalent at the touchdown section due to amplification of the relative velocity with greater
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cable deformation as the current speed increased. When comparing this to the RMS crossflow
displacement, the trend was similar with the maximum differences towards the touchdown, albeit at

substantially different magnitudes.
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Figure 7-23: A comparison of the influence of current speed on the tension for a current angle of 0
degrees for Substation cable

The trend observed in Figure 7-23 was similar to both Flotant and Martinelli, where tension increased
with current speed except at the touchdown section where compression could occur for the larger
current speeds. P equalled 2.03, 0.253, 0.194, 0.360 for current speeds 0.5, 1.0, 1.5, 2.0 m/s

respectively. The VIV behaviour for all current models accounted for the bending stiffness.
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Figure 7-24: A normalised comparison of the influence of current speed on the RMS crossflow
displacement for a current angle of 90 degrees for Guignier’s cable

There was generally no obvious trends regarding displacement for a current angle of 90 degrees, as

can be observed in Figure 7-24. All current speeds predicted a large amplitude for the RMS
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displacement. The most obvious difference between current velocities was that as speed increased

the mode of vibrations also increased. This is discussed in the following section.
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Figure 7-25: A normalised comparison of the influence of current speed on the RMS curvature for a
current angle of 90 degrees for Substation cable

It can be observed in Figure 7-25 that there was no link between current speed and magnitude of RMS
curvature. A speed of 2m/s does result in the largest RMS curvature, but this was followed by 1 m/s,
then 1.5 m/s, and lastly 0.5 m/s. When comparing this to the RMS crossflow displacement, the

behaviour was very similar over the cable length.
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Figure 7-26: A comparison of the influence of current speed on the tension for a current angle of 90
degrees for Substation cable

There is a prevalent trend in Figure 7-26 where the greater the current speed the greater the tension.
The tension profile with cable location was similar for all speeds. P equalled 2.96, 1.96, 2.54, 3.84 for
current speeds 0.5, 1.0, 1.5, 2.0 m/s respectively. The VIV behaviour for all current speeds accounted

for bending stiffness.
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Figure 7-27: A normalised comparison of the influence of current speed on the RMS crossflow
displacement for a current angle of 180 degrees for Guignier’s cable

As current speed increases for a current angle of 180 degrees there are decreases in the RMS
displacement towards the touchdown point, shown in Figure 7-27. The rate of the reduction in the
amplitude of VIV at the touchdown section did decrease as the speed continued to increase but not

to the same extent as for the other cables.
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Figure 7-28: A normalised comparison of the influence of current speed on the RMS curvature for a
current angle of 180 degrees for Substation cable

Figure 7-28 displays a trend where the larger the current speed the greater the RMS curvature. This
behaviour was amplified at the hang-off point and the discrepancy between speeds greater than
0.5m/s decreased with cable length. This was due to cable deformation and the influence this had on
the normal relative velocity. The greater the current speed the more pronounced the deformation.
When comparing this to the RMSS crossflow displacement, both display similar trends where the

largest current speeds peaked towards the hang-off point and decreased with cable length. However,
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the peak for the crossflow displacement was smaller and the decrease larger relative to the

normalised 1 m/s values compared to the RMS curvature behaviour.
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Figure 7-29: A comparison of the influence of current speed on the tension for a current angle of 180
degrees for Substation cable

The tension profiles in Figure 7-29 follow the expected trend of an increased magnitude with current
speed. The profile changed with speed, the first peak was amplified at a current speed of 0.5 m/s. The
amplification of this peak decreased as current speed increased. This was due to the increased drag
forces and resultant cable deformation. P equalled 2.89, 1.27, 1.23, 1.49 for current speeds 0.5, 1.0,
1.5, 2.0 m/s respectively. For all current speeds the bending stiffness was important in determining

the VIV behaviour.
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Figure 7-30: Comparison of the modal probabilities and corresponding frequency for different
current speeds for Substation cable

Figure 7-30 shows the potentially excited modes over the cable length and the influence of current
speed and angle. A current angle of 90 degrees predicts the fewest potential excitation modes for all
current speeds. This was due to the incident current angle and the generally more uniform relative
velocity over the cable’s length. For current angles 0 and 180, due to the cable’s shape and current
flow direction, there are extreme variations from one cable section to the other. The current angle

with the largest range of potentially excited modes was 180 degrees. For all current angles there was

an obvious most probable excitation mode.
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7.1.4 Frequency of Vibrations for a Uniform Current Profile
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Figure 7-31: A comparison of the impact of the cable’s properties on the vibration frequency

Generally, as is shown in Figure 7-31 there was a linear increase in frequency with current speed.
There were some deviations from this trend, especially notable at larger current speeds. Flotant
vibrated at the largest frequency, followed by Martinelli and then Substation. This was attributed to
the difference in bending stiffness, mass ratio, and the diameter of the cable. Slight deviations from
this pattern were due to cable deformation, discrepancies in mode number excitation, and multiple
modes of vibration with similar probabilities of excitation. For Flotant’s cable, a current angle of 180
degrees resulted in much lower frequencies compared to the other current angles. This wasn’t seen

for Martinelli or Substation.
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7.2 0-360° CURRENT ANGLE

The impact of all current degrees from 0 - 360 was investigated for Martinelli, Flotant, and Substation

cables. The conditions were a uniform current profile of 1m/s.

7.2.1.1 Martinelli
90°

270°
x/L

Figure 7-32: A plot comparing the location of the maximum RMS crossflow displacement along
Martinelli’s cable’s length for every current degree from 0 - 360 for a uniform current of 1 m/s

The direction of current had a significant impact on the location of maximum displacement along the
cable length, seen in Figure 7-32. For current angles less than 65 degrees the position of maximum
displacement was predicted to be towards the touchdown point. For current angles greater than 65
degrees the location was towards the hang off point except, for a few outliers between angles 155

and 205 degrees.
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Figure 7-33: A plot comparing the amplitude of the maximum RMS crossflow displacement along
Martinelli’s cable’s length for every current degree from 0 - 360 for a uniform current of 1 m/s

As is shown in Figure 7-33 the largest RMS displacement was observed at the current angles ranging
from 80-90 degrees, where the relative current velocity was largest, and the impact of cable
deformation was minimal. There were notable outliers at angles 30, 155, 205, and 330 degrees. These
are attributed to difficulties in modelling the relative velocity at these sections and are a noted
shortcoming of the modelling software. This shortcoming can be explained by Shear7 struggling to
accurately capture the VIV behaviour for small angles of inclination. This behaviour was only prevalent
at certain current angles due to a combination of both the cable deformation and the incident current

angle impact on the relative velocity. This in turn altered the predicted excitation modes.

Discounting the outliers, outside of the 80-90 degrees range the RMS displacement was generally
around 0.4 — 0.5 A/D for 0-150 degrees. From 155 to 180 degrees a decrease in displacement to
around 0.25 A/D was seen. This was likely due to the cable deformation at this angle and the knock-

on impact on the relative velocity resulting in smaller displacement predictions.
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Figure 7-34: A plot comparing the most dominant frequency of vibration along Martinelli’s cable’s
length for every current degree from 0 - 360 for a uniform current of 1 m/s

When analysing the frequency of vibrations, shown in Figure 7-34, there was not as strong a
dependence on current direction as for the other parameters. The frequency for all angles fell within
the range of 0.55 - 0.65 Hz. The current angle between 135-180 degrees did result in smaller frequency

of vibrations, below 0.6 Hz, whereas the rest of the current angles were above this.
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7.2.1.2 Flotant

When considering the influence of current direction on various outputs, Flotant’s cable resulted in

more definitively noticeable trends compared to Martinelli’s cable.

180°

270°

x/L
Figure 7-35: A plot comparing the location of the maximum RMS crossflow displacement along
Flotant’s cable’s length for every current degree from 0 - 360 for a uniform current of 1 m/s

Regarding the location of maximum displacement along the cable length, for currents angles in range
of 0 - 75 degrees the position of maximum displacement was located towards the touchdown point.
This is shown in Figure 7-35. For current angles larger than 75 degrees the predicted location of
maximum RMS displacement was located very close to the hang-off point. This was due to the cable
orientation being significantly impacted by current direction and the induced deformation. The trend
of location and dependency on current direction was consistent across all angles with no outliers

observed.
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Figure 7-36: A plot comparing the amplitude of the maximum RMS crossflow displacement along
Flotant’s cable’s length for every current degree from 0 - 360 for a uniform current of 1 m/s

The amplitude of maximum displacement was strongly impacted by the current angle, seen in Figure
7-36. The largest magnitudes of vibrations were observed between 90-150 degrees with a
displacement just below 0.5 A/D. The lowest magnitudes of vibrations were observed at angles 165-
180 and 40-80 degrees with displacements around 0.37 A/D. This was likely due to the normal relative
velocity profile at these angles and was similar to the trend seen for Martinelli, except without the

anomalous results.

270°
Frequency (Hz)
Figure 7-37: A plot comparing the most dominant frequency of vibration along Flotant’s cable’s length
for every current degree from 0 - 360 for a uniform current of 1 m/s
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The frequency of vibrations for Flotant cable varied with angle, shown in Figure 7-37. The magnitude
of the frequency was within the range of 0.7 — 1.0 Hz for all the current angles. The lowest frequency
was observed between 55 - 95 degrees with a value of around 0.8 Hz. There is no overarching obvious

trend observed.

7.2.1.3 Substation

270°

x/L
Figure 7-38: A plot comparing the location of the maximum RMS crossflow displacement along
Guignier’s cable’s length for every current degree from 0 - 360 for a uniform current of 1 m/s

Substation cable similarly shows that the location of maximum displacement varied greatly depending
on current direction, seen in Figure 7-38. From a current angle range of 0 - 50 degrees the location of
the greatest displacement was towards the touchdown point. After this, excluding the 85 - 95 and 155
- 160 degree ranges, the largest displacements were seen towards the hang-off point. Substation was
the largest and heaviest cable and as such was the least susceptible to deformation. This lack of
deformation generally meant that less extreme variations in displacement were seen over the cable
length. This was likely responsible for changes in location of maximum displacement at certain angles,

unlike Flotant which follows a much more obvious trend.
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Figure 7-39: A plot comparing the amplitude of the maximum RMS crossflow displacement along
Guignier’s cable’s length for every current degree from 0 - 360 for a uniform current of 1 m/s

Regarding the maximum RMS displacement, shown in Figure 7-39, the current angle was shown to
greatly influence the magnitude. The A/D between angles 0-40 degrees was around 0.45 before
dropping to 0.35A/D from 40-50 degrees. After this, it significantly increased to over 0.6 A/D up to 85
degrees. The maximum amplitude then was 0.45 until 135 degrees where it reduced as the angle
increased to a low of 0.3 at 180 degrees. There are multiple anomalous results seen in Figure 7-39, for

example, current angles 155 and 87 degrees. This has been noted before for Martinelli’s cable.

270°
Frequency (Hz)
Figure 7-40: A plot comparing the most dominant frequency of vibration along Guignier’s cable’s
length for every current degree from 0 - 360 for a uniform current of 1 m/s
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For Substation cable, the variation in frequency over all current angles was the lowest out of all the
cables, highlighted in Figure 7-40. The vast majority of frequencies were contained within the range
from 0.4 — 0.45 Hz. This was likely due to the reduction in deformation compared to the other cables

meaning large variations in relative velocity over the cable length were reduced.

7.3 SHEAR CURRENT PROFILE

Five different current profiles (see Figure 3-20) were investigated to determine the influence they
have on the RMS crossflow displacement and the frequency of vibrations. The cable used in this study
was Martinelli and a sea surface current speed of 1 m/s was chosen. Shear7 reported multiple
different modes of vibrations along the cable. To allow for comparison, initially, the most probable
excitation mode was compared. To better understand the influence and range of vibration frequencies

over the cable length, these were compared separately.
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Figure 7-41: A comparison of the RMS crossflow displacement for different current profiles assuming
a sea surface speed of 1 m/s

Figure 7-41 shows how significant an influence the current profile had on the amplitude of vibrations.
This is important as different sites can have substantially different current profiles, meaning, certain

locations may require additional suppression techniques to reduce VIV.

When considering VIV along the hang-off section, current profiles Hywind and Power Law resulted in

a similar displacement profile to the uniform profile. This was due to the similar relative velocities at
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this section. West Barra and Gran Canaria, however, were substantially different, with Gran Canaria
deviating the most. This was due to both the reduced cable deflection and also the lower relative

velocity impacting VIV behaviour at the hang-off point.

For a current angle of 0 degrees, all current profiles resulted in the largest RMS displacement observed
over the full cable length being towards the touchdown section, highlighting even for highly sheared
flows there was still a notable location susceptible to larger vibrations. A uniform profile resulted in a
significantly larger displacement at the touchdown compared to any other current profile. Over the
full cable length, reductions in amplitude observed compared to the uniform profile were: 13%
Hywind, 12% Power Law, 20% Gran Canaria and an increase in 7% for West Barra. The West Barra

result was out of keeping with this trend due to excitation of low modes.

Hywind, Power Law, and Uniform current profiles had similar VIV displacement profiles for a current
angle of 90 degrees. The current profiles most significantly deviated from one another towards the
touchdown section. West Barra and Gran Canaria showed much smaller amplitudes of displacement
than the other current profiles. Over the full cable length, the reductions in amplitude observed were
12% Hywind, 11% Power Law, 34% Gran Canaria and 32% for West Barra. The reductions in amplitude
were due to the shear current profiles producing lower relative velocity along the cable length. Cable
deformation had a smaller influence for this current angle than for either a current angle of 0 or 180

degrees.

For a current angle of 180 degrees the largest vibrations for all current profiles were observed towards
the hang-off point. The current profiles Uniform, Power Law, and Hywind all resulted in similar RMS
displacement over the full cable length to each other. Gran Canaria and West Barra again deviated,
the predicted displacement was substantially lower at the hang-off point, but the variation over the
full cable length was much smaller. This was due to these current profiles resulting in substantially
less cable deflection, and thus less extreme differences in relative velocity over the cable length,
compared to the other current profiles. Over the full cable length reductions in amplitude observed
were 12% Hywind, 8% Power Law, 51% Gran Canaria and 44% for West Barra compared to a uniform

current profile.
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Figure 7-42: A comparison of the mode excitation probability and frequency of vibration for different
current profiles assuming a sea surface speed of 1 m/s

When comparing the mode excitation probabilities shown in Figure 7-42, all current angles and
profiles resulted in the excitation of numerous modes. There is a general trend over all angles where
a uniform profile resulted in the largest excitation modes. For a current angle of 0 degrees, there was
an obvious most probable frequency of vibration for all current profiles. The most probable excitation
frequency wasn’t as prominent for an angle of 90 degrees with a wider range of similarly probable
excitation modes. The maximum probable excitation frequency was not as sharply defined with a
more gradual increase. A current angle of 180 degrees exhibited similar behaviour to the angle of 90
degrees, however, for the current profiles of Gran Canaria and West Barra the range of possible
excitation modes was substantially larger than for the other angles. In addition, the maximum

excitation probability was not as prominent
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Figure 7-43: A comparison of the vibration frequency for different current profiles assuming a sea
surface speed of 1 m/s

The frequency of vibrations for the different current profiles are shown in Figure 7-43. The general
trend was that the current profiles with the larger relative velocity over the full cable length resulted
in higher frequency of vibrations, this trend was clearly shown for current angles 0 and 90 degrees.
The uniform profile resulted in the greatest frequency, followed by the power law profile, very closely
followed by the Hywind profile, followed by the West Barra profile and lastly by the Gran Canaria

profile.

However, the current angle of 180 degrees deviated from this trend, there was less discrepancy
between the frequency of vibrations for all current profiles. The previously seen trend was not as
obviously defined. It was predicted this was likely due to the frequency of vibrations being dominated
by the upper most section of the cable for which Uniform, Hywind and Power Law have very similar
profiles. When considering the other profiles West Barra had a lower relative velocity along this
section compared to Gran Canaria. A current angle of 180 degrees resulted in the smallest frequency
of vibrations compared to the other current angles for the uniform profile, but larger for Gran Canaria
and West Barra, and similar for Hywind and Shear Power Law profiles. This tighter grouping

exemplifies the smaller dependency on current profile at this current angle.
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7.4 CONCLUSION

The variations in current parameters to which the power cable was exposed to are shown to greatly
influence the VIV behaviour. The current speed, direction, and shear profile were the parameters
investigated and their impact on the RMS crossflow displacement, frequency of vibrations, and the

location of maximum displacement along the cable length studied.

When comparing the impact of a shear current profile against a uniform current profile reductions in
RMS displacement were consistently observed. For a current angle of 0 degrees, changing from a
uniform current profile resulted in reductions of: 13% Hywind profile, 12% Power Law profile, 20%
Gran Canaria profile, and an increase in 7% for West Barra profile. The West Barra result was out of
keeping with this trend due to the excitation of low high displacement modes. For a current angle of
90 degrees reductions of: 12% Hywind profile, 11% Power Law profile, 34% Gran Canaria profile, and
32% for West Barra profile were seen. For a current angle of 180 degrees the reductions observed
were: 12% Hywind profile, 8% Power Law profile, 51% Gran Canaria profile, and 44% for West Barra
profile. For current angles of 0 and 90 degrees the reductions in amplitude were most significant
towards the touchdown point, where the greatest difference in current speed between shear and
uniform profiles was observed. For 180 degrees the greatest differences in RMS displacement were
at the hang-off point, where the largest amplitude of vibration was seen for this angle. The discrepancy
here was likely due to the shear profile not resulting in as large cable deformation, most impactfully
along the lower section. This means that the top section towards the hang-off point wasn’t displaced
too such a large degree as for the uniform current. In turn, resulting in a lower relative velocity

compared to the less sheared current profiles.

When comparing the influence of current angle, substantially different RMS crossflow displacement
profiles along the cable length were observed. This was due to the changes in the normal relative
velocity along the cable length. It was difficult to quantify this impact in terms of discrepancies in the
overall magnitude of RMS displacement, instead, it was chosen to focus on the location of maximum
displacement along the cable length, highlighting the impact of the angle of the current. For a uniform
current profile, a current angle of 0 degrees saw the largest displacement towards the touchdown
point, 90% along the cable length. A current angle of 90 degrees had the largest displacement towards
the hang-off point, 10% along the cable length. A current angle of 180 degrees had the largest
displacement approximately 5% from the hang-off point. These large variations in location were due
to the deformation of the cable which altered the angle of inclination and allowed extreme and

localised vibrations of large amplitude at certain locations along the cable length.
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When analysing the effect of current speed, the most notable observations are that there was an
almost linear increase in the frequency of vibrations with current speed, and the greater the current
speed the more localised the largest RMS displacement was to a certain section along the cable. The
increase in frequency expectedly occurred due to higher mode excitation which occurred with greater
relative velocity. The increased localisation of large displacements was noted to be due to more
substantial deformation of the cable occurring as the current speed increased. This in turn altered the
normal relative velocity profile along the cable length resulting in certain sections being exposed to

much greater values than others.
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8 RESULTS AND DiscusSION — CABLE CONFIGURATION

8.1 DIFFERENT CABLE CONFIGURATIONS

Additional cable configurations were investigated to determine the influence this had on the VIV
behaviour. The cable layouts were taken from Flotant’s project sites at Gran Canaria and West Barra
(Oud et al., 2021), and a double wave configuration from Guignier (Guignier et al., 2020b). These
configurations were a tethered steep wave at Gran Canaria, Figure 2-4, a steep wave at West Barra,
Figure 2-6, and a double wave for Guignier, Figure 2-5. Gran Canaria is a deep-water site (250 m) using
a 460m cable length and a lower maximum current speed compared to West Barra which is a
shallower water site (100 m) with faster currents with cable length 200m. The Gran Canaria cable was
deemed unsuitable to use at the West Barra site because it is very light and subjected to too large
deformation resulting in compression at touchdown point. Guignier is a 100m deep site with a 366m

long cable. The properties for these cables are shown in the methodology section in Table 3-3.

The current profiles scaled for 107m water depth are shown in Figure 8-1.
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Figure 8-1: Comparison of the current profiles investigated against water depth

The current profiles are not smooth due to the site data availability. For Hywind there was only current
measured at 5 depths over 107m, West Barra and Gran Canaria have measurements for every 10
metres of water depth. West Barra measurements extend to a depth of 90m and Gran Canaria 240m.
This is shown in Table 3-4. Due to the large distances between the data points substantial

extrapolation was required resulting in the uneven profiles observed.
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8.1.1 Gran Canaria Tethered

8.1.1.1  Sheared Current Profile

The plots below are for the Gran Canaria site, with the relevant sheared current profile and water
depth from measured site conditions. The cable used for Gran Canaria was the same as the Flotant
cable. The current speed scaling factor operated as such, a factor of 1 represents the maximum 50-

year current conditions from the site. This is shown in Table 3-4.
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Figure 8-2: A comparison of the RMS crossflow displacement for changing current angles and speeds
for a tethered lazy wave configuration for a shear current profile

Figure 8-2 shows that the VIV behaviour for a tethered lazy wave was dependent on current direction,
but less so compared to the previous lazy wave configuration. There was no displacement from 0.8 —
1.0 x/L because the cable was resting along the seabed at this point. The displacement towards the
hang-off point was larger than the touchdown point for all current directions and speeds. This was
different from the other configurations where extreme variations were observed between hang-off
and touchdown point depending on the current direction. A current angle of 90 degrees resulted in
the largest RMS displacement over the cable length, which was due to the plane of the cable being
normal relative to current direction. The difference between angle 0 and 180 degrees was minimal.

This differed hugely from the lazy wave configuration where for these current angles almost opposite
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displacement profiles are seen. The introduction of a tether severely limited the cable deformation at
the hang-off point, meaning there was a reduction in the variation in the normal relative velocity over
the cable’s length. There was a common trend for all current angles, where, with increased depth and
length along the cable the RMS displacement decreased. This was partly due to the shear current

profile as well as the cable configuration.
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Figure 8-3: A comparison of the impact of the shear current speed and direction on the vibration
frequency for a tethered lazy wave

There is a notable trend observed where a current angle of 180 degrees resulted in the greatest
frequency followed by 90 degrees, and lastly by O degrees, shown in Figure 8-3. Despite the similar
crossflow displacement profiles, the angle of inclination of the cable relative to the current flow had
an influence on the excitation of higher modes of vibration. For a current angle of 180 degrees the,
limited but still relevant, deformation of the cable resulted in greatest relative velocity towards the
hang-off point and hence the larger frequency of vibration. A current angle of 90 degrees was less
influenced by cable deformation as the full cable length experienced large relative normal velocity and
wasn’t influenced as significantly by the angles of inclination. A current angle of O degrees resulted in
the lowest frequency vibration due to the shear current profile and the limitations to cable

deformation because of the tether preventing excessive bending.

8.1.2 Uniform

The Flotant power cable was calibrated to be deployed at deep water sites with low current speed
and was noted to struggle in higher current velocities. The tethered lazy wave cable configuration was
also noted to not operate within required safety constraints for larger current speeds. The results
below are unrealistic since both cable choice and configuration would not be chosen for any site with

such environmental conditions.
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Figure 8-4: A comparison of the RMS crossflow displacement for a tethered lazy wave configuration
and varying current speeds for a uniform current profile

The reason for such large RMS displacement towards the touchdown point was due to the uniform
current profile resulting in much larger velocities towards the seabed than the site measured shear
current profile. This allowed the section of the cable that was previously resting along the seabed to
become excited and taught. This resulted in the vibrations seen from 0.8 — 1 x/L where they weren’t
observed previously, as can be seen in Figure 8-4. This in turn influenced the VIV behaviour of the full
cable length. In reality this situation should not occur, the cable has already been noted as unsuitable

for site conditions with such large current velocities.
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Figure 8-5: A comparison of the impact of the current speed and direction on the vibration frequency
for a tethered lazy wave
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The frequencies of vibrations predicted were within a similar range for all current angles, shown in

Current Angle
+ 0 Degrees + 90 Degrees + 180 Degrees

Figure 8-5. A general trend emerges where a current angle of 180 degrees resulted in the lowest
predicted frequency, and an angle of 0 the largest. This was the opposite trend as seen for the shear
current profile. This highlights the sensitivity of the VIV behaviour to the current profile; a uniform
current profile allowed for substantial vibration and cable deflection at the touchdown point whereas

the site measured shear current profile didn't.

8.2 WEST OF BARRA

The site conditions for the West of Barra were such that the current speed was much greater
compared to Gran Canaria. The exact difference is shown in Table 3-4. The configuration chosen was
a steep wave with no tether. The current profile is shown in Figure 8-1. The current speed scaling
factor operated as such, a factor of 1 represents the maximum 50-year current conditions from the

site and is shown in Table 3-4.
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Figure 8-6: A comparison of the RMS crossflow displacement for a steep wave configuration and
varying current speeds for a shear current profile
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The current speed had a substantial impact on the VIV behaviour, this is highlighted in Figure 8-6. For
both angles 0 and 180 degrees at a scaling factor speed of 0.25, the displacement profile was very
similar, albeit at different magnitudes. Both these angles experienced low mode VIV excitation. This
was likely due to such a low current speed not resulting in any relevant cable deformation, and thus,

the relative velocity was similar for both current angles.

As the current speed increased, the RMS displacement profile for angles 0 and 180 began to diverge.
For a current angle of 0 degrees a general trend was seen where the largest amplitude of vibrations
were towards the touchdown point. This was noted to be due to cable deformation resulting in greater
relative velocity at this point and thus greater VIV excitation. As the current speed increased the

location of maximum displacement shifted closer to the touchdown point.

For a current angle of 180 degrees a different trend was seen. It didn’t exemplify the previously
observed trend for a lazy wave configuration where the largest displacement was constrained towards
the hang-off point with, relatively, much smaller displacement seen at the touchdown section. This
was likely due to the steep wave configuration being constrained so that it was unable to deform to
such an extent as the lazy wave configuration, so extreme amplitude discrepancies at the hang-off

point relative to the touchdown section didn’t occur.

As expected, a current angle of 90 degrees didn’t exhibit the same RMS displacement profile at the
lower current speeds as the other current angles. This was because the current angle was
perpendicular to the spatial plane where the cable was initially located before any deformation
occurred. This meant the cable was exposed to a greater relative velocity and higher mode VIV
excitation occurred. For a current angle of 90 degrees, the largest vibrations along the cable length
were observed at the section extending from the hang-off point to the cable mid-point (0.5 x/L), after
this a steady decrease in displacement occurred. This trend was likely due to the shear current profile

reducing the relative velocity and the VIV interference from the buoyancy modules.
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Figure 8-7: A comparison of the impact of the current speed and direction on the vibration frequency
for a steep wave and shear current profile

When comparing the frequency of vibration shown in Figure 8-7, at a scaling factor of 0.25 a current
angle of 90 degrees resulted in a frequency of vibration up to four times larger than the other current
angles. This was previously noted to be due to the angle of inclination resulting in low mode VIV
excitation for current angles 0 and 180 degrees. For a scaling factor of 0.5 similar, frequency was seen
for all current angles. As current speed increased past this point a current angles of 180 degrees
resulted in sizeably larger frequencies of vibration compared to angles 0 and 90, which resulted in

similar frequencies of excitation.

8.2.2 Uniform Current Profile
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Figure 8-8: A comparison of the RMS crossflow displacement for a steep wave configuration and
varying current speeds for a uniform current profile

When observing the RMS displacement in Figure 8-8 and comparing this to Figure 8-6 it can be seen
that both the overall profiles were similar, even if different magnitudes of displacement were seen.
The variation in displacement along the cable length was increased for current angles 0 and 180

degrees compared to the shear current profile. This was most notable for 180 degrees, where
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previously the vibrations at the hang-off point were smaller until a large scaling factor was reached.
The reasoning for the difference in the uniform current profile response was that greater deformation

occurred over the full cable length and the current speed was larger than for the sheared profile site

conditions.
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Figure 8-9: A comparison of the impact of the current speed and direction on the vibration frequency
for a steep wave and uniform current profile

When comparing the frequency seen in Figure 8-9, the most notable observation was that a current
angle of 0 degrees resulted in the lowest magnitude of vibrations for all speeds by a significant margin,
when the current speed was greater than 0.5 m/s. This was due to the steep wave configuration and
low modes of excitation being predicted, despite substantially large normal relative velocity. Current
angles of 90 and 180 degrees weren’t as influenced by this. This was also notably different from the
shear profile, and showed how impactful the current profile was in terms of mode of vibration and
location of maximum displacement. The VIV frequency for angles 90 and 180 degrees were very

similar for all current speeds.

8.3 SUBSTATION GUIGNIER DOUBLE WAVE

A double wave cable was modelled, the shape of the cable was emulated from the work of Guignier,
Figure 8-10. The cable used in this model was Substation and the shear power law current profile was

chosen as specific site data was not available.
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Figure 8-10: Guignier Double Wave Cable Configuration (Guignier et al., 2020)
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Figure 8-11: A comparison of the RMS crossflow displacement for a double laze wave configuration
and varying current speeds for a shear power law current profile

Figure 8-11 shows the influence that the double wave cable configuration shape had on the RMS
displacement. The impact of the buoyancy modules was evident with all current angles showing a
decrease along the sections where these were located. For a current angle of O degrees, large
displacements at the hang-off, mid-section, and touchdown section for all current speeds 1m/s and
greater could be seen. This was notably different than for a lazy wave configuration where the largest
amplitudes of vibrations were generally concentrated towards the touchdown point. The double wave
configuration wasn’t as susceptible to deformation for this current angle, likely due to being much

longer and having two buoyancy module sections.

A current angle of 90 degrees resulted in a similar displacement profile to an angle of 0 degrees with

notable vibrations along the hang-off, mid-section, and touchdown sections. A notable trend was that
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the RMS displacement decreased along the cable length to a greater extent than for an angle of 0

degrees. This was likely most influenced by the shear current profile.

A current angle of 180 degrees shows a prominent trend for all current speeds, with this exaggerated
as the speed increased. The largest RMS displacement was observed at the hang-off point, this then
decreased rapidly along the cable length, with an especially notable drop at the upper buoyancy
section. This rapid decrease in RMS displacement was most influenced by the cable deformation,
allowing for substantial normal relative velocity variations along the cable length with the greatest
values towards the hang-off point. The shear current profile also influenced the behaviour. Compared
to the other angles, the most drastic discrepancies in the magnitude of displacement were seen for

this angle of current propagation.
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Figure 8-12: A comparison of the impact of the current speed and direction on the vibration frequency
for a double lazy wave and shear power law current profile

When looking at the frequency of vibrations shown in Figure 8-12, it can be seen that a current angle
of 180 degrees generally resulted in the greatest frequency of vibration. This was followed by a current

angle of 90 degrees and lastly O degrees.

8.4 COMPARING DIFFERENT CONFIGURATIONS FLOTANT CABLE

Figure 8-13 compares the different VIV profiles for four different cable configurations: lazy wave,
steep wave, tethered lazy wave, and double wave. The cable properties were kept consistent across
all configurations by using the Flotant cable properties. The current profile was kept constant by using
the shear power law profile with the current speed at the surface being 1m/s. As the cables were
different lengths and at different depths the x-axis was normalised with regards to the respective

cable lengths.
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Figure 8-13: A comparison of the RMS crossflow displacement for varying cable configurations for a
shear power law current profile

It can be observed from Figure 8-13 that the cable configuration had a notable impact on the VIV
behaviour. All cable configurations showed that the buoyancy section had an impact on VIV profile,

generally leading to suppression of vibrations.

When considering a current angle of O degrees, a general trend can be observed that the section
closest to the touchdown point experienced more significant amplitudes of vibrations compared to
the other current angles. The rest of the cable also vibrated at a lower magnitude of displacement
compared to the other current angles. The severity of the discrepancies between displacement at the
touchdown point and the rest of the cable was dependent on the cable configuration. The lazy wave
shape showed much larger displacement at the touchdown section relative to its displacement at the
hang-off point, compared to the other configurations. The RMS displacement profiles for the tethered
and double wave configurations showed less dependency on location along the cable length, with
prominent RMS displacement observed over the full cable. The steep wave’s profile was notably
different from the other cable configurations. It was at a much higher amplitude but lower mode

number.

A current angle of 90 degrees results in very similar behaviours for all configurations. This behaviour
being that the largest amplitude of displacement was observed at the hang-off point, and this tapers
down along the cable length to a much lower magnitude towards the touchdown section. This was to

be expected as the current direction was perpendicular to the cable plane and thus cable configuration
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has a lesser influence on normal relative velocity. The trend of reducing with depth was due to the

current profile following a power law and the normal relative velocity decreasing.

A current angle of 180 degrees produced similar profiles for all cable configurations, the largest
vibrations were observed towards the hang-off point and reduced along the cable’s length to a
minimum at the touchdown section. The largest displacement at the hang-off point was to be
expected, due to the cable deformation which resulted in decreasing the angle of inclination at this
section, and the larger relative current velocity from the shear current profile. It was noted that the
double wave configuration resulted in much more extreme variations in amplitude over the full length

compared to the other cable configurations.
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Figure 8-14: A comparison of the vibration frequency for varying cable configurations for a shear power
law current profile

The frequency of the vibrations is compared in Figure 8-14. The general trend was that the tethered
wave results in highest frequency of vibrations, followed by lazy wave, then double wave and finally
the steep wave, with some deviations from this trend noted. Except for a current angle of O degrees,

all configurations generally resulted in the frequency of vibrations being similar.

At a current angle of 0 degrees the cable was susceptible to large cable deformation for all
configurations and, thus, the large dependency on this resulted in anomalous frequency predictions.
The reason for the steep wave configuration to result in such low vibrations at current angle 0 was

due to excessive bending along the bottom section. The Flotant cable was noted to be unacceptable
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for use in the West Barra site due to large current resulting in compression at touchdown point. The

excessive bending resulted in reducing the normal relative velocity along the whole cable length.

Current angles 90 and 180 degrees didn’t show as much dependency on cable configuration. For 90
degrees this was due to the current propagation direction being perpendicular to the cable’s initial
plane, meaning relative velocity was kept more consistent along the full length and for different
shapes. For a current angle of 180 degrees, this was due to the relatively limited deformation for all
configurations and the cable section with the most dominant frequency was located towards the
hang-off point. All different configurations had relatively similar normal relative velocity profiles at
this position. Neither the length of cable nor the water depth appeared to have a substantial influence

on frequency of vibration with no obvious dependency observed.
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8-15: RMS curvature for different cable configurations
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8.5 CONCLUSION

The lazy wave, double wave, steep wave, and tethered lazy wave cable configurations were
investigated. The RMS crossflow displacement was seen to vary substantially between the different
cable shapes and responded independently to changes in the current profile. When considering the
current angle, similar behaviours were seen in regard to the locations of maximum VIV amplitude. For
a current angle of 0 degrees, significant amplitudes of vibrations were seen towards the touchdown
point. For a current angle of 90 degrees the largest vibrations were in the top half of the cable closest
to the sea surface. For a current angle of 180 the greatest magnitudes of vibrations were within 10-

20% along the cable length from the hang-off point.

The differences between maximum and minimum RMS displacement, however, were notably
different for each cable configuration. The double wave configuration had similar RMS displacement
over the full cable length for current angles 0 and 90 degrees, between 0.2-0.5 A/D. However, for a
current angle of 180 degrees there were a range of amplitudes of vibrations between 0.05-0.65 A/D
over the full cable length. Extreme vibrations were observed at the hang-off point before quickly
tapering off to near-zero displacement. The RMS crossflow displacement for the lazy wave
configuration showed a large dependency on the current direction, with all angles resulting in
substantially different VIV behaviour. The lazy wave had a range in amplitude of 0.1-0.45 A/D for an
angle of 0, 0.25-0.45 A/D for an angle of 90, and 0.05-0.35 A/D for an angle of 180. A steep wave
showed an unexpected RMS displacement profile for a current angle of 0 degrees, large RMS
displacements were observed over the full cable length in the range of 0.2-0.65 A/D. This was noted
as likely due to lower modes of excitation predicted. A similar displacement profile was seen for
current angles 90 and 180 degrees. For 90 degrees the largest displacement was 20-30% along the
cable length with a range of 0.1-0.3 A/D. For 180 degrees the largest displacement was around 10-
20% along the cable length with a range of 0.25-0.35 A/D. A tethered wave, despite having a similar
initial shape to the steep wave, displayed markedly different behaviour to this configuration. This was
likely due to the tether limiting cable deformation. Overall, the RMS displacement for the steep wave
showed less dependency on the current direction when compared to the other configurations. For a
current angle of 0 degrees, the largest displacement was towards the touchdown point with a range
of amplitude from 0.25-0.25 A/D. For an angle of 90 degrees, the peak amplitude occurred 5-30%
along the cable length with a range over the full cable length between 0.3-0.55 A/D. For 180 degrees,
the largest displacement was towards the hang-off point and there was a range in displacement

between 0.1-0.3 A/D.
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When comparing the frequency of vibrations of the different configurations there was a strong
dependency on both the current angle and the cable shape observed. A current angle of 0 degrees
showed the greatest variation between the configurations. In terms of ranking the greatest to smallest
VIV frequency, the order of the cable configurations were lazy wave, tethered wave, double wave,
and steep wave. When comparing the difference between the configurations, relative to the tethered
wave frequency, a double wave was ~83%, tethered wave was ~0.67%, and the steep wave was ~27%.
For the other current angles there was much less discrepancy between the configurations and no real

obvious trend was seen.
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9 RESULTS AND DISCUSSION - ADDITIONAL INFLUENCING FACTORS

9.1 MODULES AS ATTACHMENTS INSTEAD OF LINE SEGMENTS

The impact of modelling buoyancy modules as attachments instead of line segments was investigated.
Modelling as attachments works within Shear7 by providing a buoyancy lift force on the cable at
determined locations. However, the diameter and mass ratio of the modules are not considered by
Shear7. This was done to determine whether this had an influence on the VIV behaviour, and if so, the
extent of this influence. Modelling as line segments was preferred, this ensured that the diameter
difference of the buoyancy module relative to the cable was factored into the VIV behaviour within
Shear7. The cable chosen for comparison in this study was Martinelli with a uniform current profile in

a lazy wave configuration.

Table 9-1: A comparison of the RMS displacement for when modelling the buoyancy modules as
attachments or line segments
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Modelling as attachments produced much larger vibrations for all current angles and velocities.
Without the interference to VIV development, due to the change in diameter from the buoyancy

modules, a different vibration profile occurred. This predominantly manifested as a greater RMS
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displacement with similar relationships between length along cable and relevant significant
displacement observed in both models. It has been documented in various studies, highlighted in
Chapter 2.7.2, that the introduction of buoyancy modules resulted in the excitation of different
frequencies due to changes in diameters. This can impact the RMS displacement and the fatigue
damage rate. The results in Table 9-1 show this behaviour, with the buoyancy modules modelled as
attachments resulting in substantially larger vibrations for all current angles, as well as predicting
different modes of vibration. The overall profile of the RMS displacement was similar for both models

with the locations of maximum vibrations consistent.
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Figure 9-1: A comparison of the vibration frequency when modelling buoyancy modules as segments
or attachments

When comparing the frequency of vibrations for the different buoyancy modelling methods,
modelling as attachments resulted in greater frequencies observed, as shown in Figure 9-1. The
inclusion of buoyancy modules as line segments resulted in the disruption of the vortex-induced

vibrations due to the change in diameter.

Without adequate validation for a full-scale power cable with buoyancy modules over a lazy wave

configuration available it was difficult to decide which method of modelling produced optimal results.
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However, considering the attachment model ignored any VIV interaction of the buoyancy modules,

which is known to be invalid, it was chosen to model the modules as line segments.

9.2 DIFFERENT BUOYANCY MODULE DISTRIBUTION

The original buoyancy module distribution was 1m of cable to 0.8m of buoyancy module. This ratio
was adjusted to observe the influence this had on the VIV behaviour. The still water static cable
position of the cable was kept consistent through the simulations by adjusting the density of the
buoyancy module segments. Increasing the distance between the modules will impact the excitation
of the intra-buoyancy module cable segment as well as disturbing the VIV excitation along the rest of

the cable length.

The length of the buoyancy module was adjusted as well to determine the influence this would have
on the overall VIV behaviour. The current profile was kept uniform at 1m/s. Martinelli, Flotant, and
Substation cables were investigated. The ratio of cable to buoyancy module was defined by the

following:
Repm = Lc/Lpm
Where R;py represents the ratio of cable length between buoyancy modules, L., to length of

buoyancy modules, Lgy,.

9.2.1 Buoyancy Module Length of 0.5m

The buoyancy module length was set to 0.5m for these simulations, and the length of the cable was
adjusted to satisfy the specified ratios.

9.2.1.1 Martinelli

For Martinelli, the density of the cable was too large for a ratio of 3 to 1 so there are no results for this

distribution ratio.
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Figure 9-2: A comparison of the RMS displacement for different buoyancy module ratios for a buoyancy
modules length of 0.5m (Martinelli)

The buoyancy module distribution is shown, in Figure 9-2, to influence the VIV behaviour for all current
angles. Current angles 0 and 180 degrees vibrate at a greater amplitude for the larger cable to
buoyancy module ratio, this difference was minimal however, with the greatest discrepancies at the
mid-section of the cable where the buoyancy modules were located. Otherwise, the cables vibrated
at very similar amplitudes and RMS displacement profiles. However, a current angle of 90 degrees

substantially deviated from this trend, with the ratio of 1 to 1 producing larger amplitude of vibrations.
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Figure 9-3: A comparison of the vibration frequency for different buoyancy module ratios with a
buoyancy module length of 0.5m (Martinelli)

Observing Figure 9-3, the most obvious trend was that a current angle of 0 degrees results in greatest
frequency of vibrations, with angles 90 and 180 degrees similar in magnitude. When comparing the
impact of the buoyancy module ratio there was little discernible pattern across the current angles and
current speed. The largest frequency of vibration for different ratio of buoyancy modules was

independent for each angle and current speed.
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9.2.1.2 Flotant
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Figure 9-4: A comparison of the RMS displacement for different buoyancy module ratios for a buoyancy
modules length of 0.5m (Flotant)

When considering the buoyancy module distribution for the Flotant cable, it was shown in Figure 9-4
to have a significant impact. There was an obvious trend for all current angles where the greater the
distribution ratio the greater the RMS displacement. This is to be expected, a greater section of
exposed cable resulted in greater induced vibrations due to less interference with changes in diameter
due to the buoyancy modules. The difference between the buoyancy module ratios was dependent
on current angles. A current angle of 0 degrees showed little difference at the upper section but
notable differences along the mid and bottom sections of the cable. A current angle of 90 degrees
showed large discrepancies over the full cable length. A current angle of 180 degrees showed larger
differences towards the hang-off point and along the mid-section compared to the touchdown

section.
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Figure 9-5: A comparison of the vibration frequency for different buoyancy module ratios with a
buoyancy module length of 0.5m (Flotant)

A general trend seen in Figure 9-5, with multiple outliers, was that a cable to buoyancy module ratio
of three resulted in the greatest frequency of vibration. This was likely due to the reduced buoyancy

module influence as more cable section was exposed.
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9.2.1.3 Substation
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Figure 9-6: A comparison of the RMS displacement for different buoyancy module ratios for a buoyancy
modules length of 0.5m (Guignier)

The RMS displacement profile for the Substation cable follows the same trend as for the Flotant cable,
shown in Figure 9-6. The larger the cable to buoyancy module distribution ratio the greater the RMS
displacement. This behaviour was replicated due to the same reasons described in the Flotant section
above. The discrepancy between the magnitude of the RMS crossflow displacement of the buoyancy

module ratios was larger than for Flotant.
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Figure 9-7: A comparison of the vibration frequency for different buoyancy module ratios with a
buoyancy module length of 0.5m (Guignier)

The ratio of the buoyancy modules has no consistent trend for all current angles as is seen in Figure
9-7. There was also not a linear increase in the frequency of vibration with current speed. For a current
angle of 90 degrees, it was noted that a Ream of 1 results in the lowest frequency of vibration for all
current speeds. A current angle of 180 degrees predicted the lowest frequency of vibration compared

to the other current angles.

9.2.2 Buoyancy Module Length of 1m

The figures below are for a buoyancy module length of one metre. This meant that the number of
buoyancy modules over the cable length was halved compared to the plots shown in the above
section.

9.2.2.1 Martinelli

Again, a ratio of 3 to 1 was incapable of being modelled due to density limitations of the buoyancy

modules imposed by the large mass ratio of Martinelli’s cable.
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Figure 9-8: A comparison of the RMS displacement for different buoyancy module ratios for a buoyancy
modules length of 1m (Martinelli)

Shown in Figure 9-8, the results followed a similar trend to that of a 0.5m length module, where the
greater the distance between the modules the greater the amplitude of vibrations. The current angle
of 90 degrees did not exemplify this trend but there was less discrepancy between the cable ratios

than there was for a buoyancy module length of 0.5m.
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Figure 9-9: A comparison of the vibration frequency for different buoyancy module ratios with a
buoyancy module length of 1m (Martinelli)

There is no overarching trend in terms of frequency for the buoyancy module ratio seen in Figure 9-9.
A current angle of 0 degrees resulted in the largest frequency of vibrations compared to the other

angles. The frequency discrepancy between the different ratios was minimal for all current angles.
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9.2.2.2 Flotant
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Figure 9-10: A comparison of the RMS displacement for different buoyancy module ratios for a
buoyancy modules length of 1m (Flotant)

The trend observed in Figure 9-10 is very similar to that for a buoyancy module length 0.5m. This was
noted to be due to the same reasons previously discussed in the section above. The greater the

exposed cable length the greater the reduction of interference of the buoyancy modules.
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Figure 9-11: A comparison of the vibration frequency for different buoyancy module ratios with a
buoyancy module length of 1m (Flotant)

When comparing the frequencies of vibrations seen in Figure 9-11 there were noted to be huge
discrepancies and outliers for all current angles at certain current speeds. No discernible trend can be
observed when relating the buoyancy module ratio to frequency and current speed. A current angle

of 180 degrees predicted the lowest frequency of vibrations compared to angles 0 and 90 degrees.
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9.2.2.3 Substation
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Figure 9-12: A comparison of the RMS displacement for different buoyancy module ratios for a
buoyancy modules length of 1m (Guignier)

The trend shown in Figure 9-12 is again very similar to that of BM length 0.5m. This was noted to be
due to the same reasons previously discussed. The results for all cables followed a very similar pattern,
the greater the ratio of cable segment to buoyancy module the greater the RMS displacement. This

was likely due to the increased length of exposed cable.
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Figure 9-13: A comparison of the vibration frequency for different buoyancy module ratios with a
buoyancy module length of 1m (Guignier)

When comparing the frequency of vibration, seen in Figure 9-13, the most obvious trend was that a
current angle of 180 degrees resulted in the lowest frequency of vibrations. When comparing the
impact of the buoyancy module ratio there was little discernible pattern across the current angles. A
current angle of 90 degrees resulted in substantial variation in the predicted frequency, especially at
current speeds greater than 1 m/s. The grouping for current angles 0 and 180 degrees, ignoring two

outliers, were within + 5%.

9.3 BUOYANCY MODULE LENGTH

The impact of varying the buoyancy module length was investigated. This reused the results from the
previous section but repurposed them to allow easier comparison of this variable. The cable chosen
for this study was Flotant and a uniform current profile of 1m/s was used. The length of the buoyancy
module was increased while the length of the relevant cable section was also adjusted to
accommodate this to keep the ratio consistent. The overall length of the buoyancy sections remained

constant throughout. This meant for certain lengths and ratios that the buoyancy modules needed to
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be adjusted at the end of the buoyancy section to accommodate this and ensure the overall buoyancy

section length remained the same.

9.3.1 Buoyancy Module to Cable Ratio 1to 1
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Figure 9-14: A comparison of the RMS displacement for different buoyancy module length for a
buoyancy module to cable ratio of 1 to 1

The buoyancy module length for a 1 to 1 ratio seemed to have a minimal influence on the RMS
displacement for current angles 0 and 180 degrees, as shown in Figure 9-14. There was a slight
increase along the cable length for a longer buoyancy module for current angle 0 and a decrease at
the hang-off point for longer buoyancy modules for current angle 180 but this was considered
negligible. A current angle of 90 degrees showed a large variation in RMS crossflow displacement
profile, depending on the buoyancy module length. The longer the buoyancy module the greater the
displacement was at the hang-off point but the lower it was at the touchdown point. This was likely
due to the influence of differing drag forces from changes in the buoyancy module arrangement and
how this altered the cable deformation. The changes in cable deformation in turn influenced the

normal relative velocity which determined the VIV behaviour.
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Figure 9-15: A comparison of the vibration frequency for different buoyancy module for a buoyancy
module to cable ratio of 1 to 1

When comparing the frequency of vibrations shown in Figure 9-15 there is a trend present where the
longer the buoyancy module the greater the frequency of vibration. There were some anomalies. This
was potentially due to the longer buoyancy module length potentially exciting a greater frequency of

vibrations along its section. However, the difference in frequency was minimal for all current angles.
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9.3.2 Cable to Buoyancy Module Ratioof 2to 1
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Figure 9-16: A comparison of the RMS displacement for different buoyancy module length for a
buoyancy module to cable ratio of 2 to 1

There were much more notable changes in RMS displacement when varying the buoyancy module
length for a ratio of 2 to 1 compared to the 1 to 1 ratio, seen in Figure 9-16. There was a notable drop
in RMS displacement along the full cable length for all current angles as the BM length increased. The
greatest discrepancy observed was for a buoyancy module of length 1.5m. The 0.5m and 1m lengths
produced very similar displacement profiles for all current angles with a slight decrease in
displacement for the 1m compared to the 0.5m. This was likely due to the longer buoyancy module
disrupting the VIV interaction more substantially and suppressing the vibrations along the buoyancy

section. Cable deformation will also have had an impact.
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Figure 9-17: A comparison of the vibration frequency for different buoyancy module for a buoyancy
module to cable ratio of 2 to 1

There was no obvious pattern or dependency of the frequency of vibrations on the length of the
buoyancy module for a ratio of 2 to 1 seen in Figure 9-17. When comparing the frequency of vibrations
for different current angles there were no overarching trends observable with all angles of

propagation resulting in similar frequencies.
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9.3.3 Cable to Buoyancy Module Ratio of 3to 1
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Figure 9-18: A comparison of the RMS displacement for different buoyancy module length for a
buoyancy module to cable ratio of 3 to 1

As is shown in Figure 9-18 the buoyancy module lengths of 0.5 and 1m followed a very similar
displacement profile with very little discrepancy for all current angles. Similar to the 2 to 1 ratio, a
buoyancy module length of 1.5m resulted in a substantial change in the RMS displacement profile
over the cable length. This was most notable for current angles 0 and 180 degrees. For a current angle
of 0 degrees this resulted in close to zero amplitude of vibrations up to a length of 0.6 x/L followed by
vibrations of large displacement at the same amplitude as for the maximum of the other buoyancy

module lengths.
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Figure 9-19: A comparison of the vibration frequency for different buoyancy module for a buoyancy
module to cable ratio of 3 to 1

When comparing the frequency of vibrations seen in Figure 9-19 there was no definite trend over all
current angles and speeds. However, on average the larger the buoyancy module length the lower the

frequency of vibration. There were notable discrepancies to this trend.

9.4 BUOYANCY MODULE DIAMETER

The buoyancy module diameter was varied to determine the influence this had on behaviour. To
ensure this didn’t impact the static cable position, the density of the module was adjusted to maintain
the correct lazy wave shape at static location in still water. The cable tested was Flotant and a uniform

current profile of 1m/s was used. The ratio of the diameters, Rp is outlined below.

Rp = Dy /D¢
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Figure 9-20: : A comparison of the RMS displacement for different buoyancy module diameters

The results in Figure 9-20 highlighted the substantial influence that the diameter of the buoyancy
modules had on the RMS displacement. This was likely due to a variety of factors, including mass ratio,
diameter change, cable deformation, induced drag forces, and mode of vibration. The greater the
diameter of the buoyancy module the lower the amplitude of vibrations. A greater discrepancy in
diameter between the cable and BM meant greater interference on the development of VIV along the
buoyancy module section. This was particularly exemplified at a current angle of 90 degrees where,
prior to buoyancy module mid-section, the displacement profile was similar for all diameter ratios but

diverged greatly at this location for all ratios.
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Figure 9-21: A comparison of the vibration frequency for different buoyancy module diameters

Shown in Figure 9-21, there were some notable variations in the frequency of vibrations as current
speed varied, however, there was no overarching trend on the frequency dependency on different
buoyancy module diameters. A current angle of 0 degrees resulted in the largest frequency of
vibrations. For an angle of 180 degrees all ratios apart from the smallest didn’t result in a significant
increase in frequency as the speed increased from 1.5 to 2.0 m/s. This was predicted to be due to the
limitations in cable deformation that could occur at this angle for the larger diameter buoyancy

modules.

9.5 MARINE GROWTH

9.5.1 Gran Canaria

The impact of marine growth was investigated, this was modelled as increasing the diameter and mass
per unit length of the cable. The impact of bending stiffness and drag was not considered. The
thickness of the cable was increased by 100mm from sea level to 40m depth and 50mm from 40m
depth to the seabed. The marine growth was assumed to have a constant density of 1325 kgm. This
is generally a poor way to model marine growth as in reality it doesn’t form uniformly, the majority of

it is permeable, and discrepancies in its local geometry have significant influences on VIV and drag.
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However, without access to relevant hydrodynamic data and no way to model this within OrcaFlex or

Shear7, the described method was used, and the limitations are acknowledged.

The cable properties were that of Flotant, and the site was Gran Canaria with a tethered wave

configuration and using the site specified shear current profile.
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Figure 9-22: A comparison of the RMS displacement for the presence of marine growth for a tethered

wave cable configuration and relevant site conditions

With the inclusion of marine growth, the RMS displacement was notably impacted, as shown in Figure

9-22. For all current angles there was an increase in RMS displacement over the entire cable length

when marine growth was modelled. It is important to consider marine growth when modelling the full

life of a cable as marine growth as it is known to impact risers.

Greater amplitudes of vibrations were likely due to the increase in diameter resulting in greater

incident forces. For both simulations the diameter, D, was assumed to be the original cable diameter

which will also have substantially impacted these results. With marine growth, additional sections of

the cable along the seabed were also excited. This was likely due to the increased drag on the cable

meaning additional cable was elevated off the seabed and thus susceptible to VIV.
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Figure 9-23: A comparison of the vibration frequency for the presence of marine growth for a tethered
wave cable configuration and relevant site conditions

Comparing the frequencies seen in Figure 9-23, it can be observed that the inclusion of marine growth
had a substantial impact on the vibration frequency for all current angles. The inclusion of marine
growth resulted in reducing the frequency of vibrations by approximately 20% for O degrees, 25% 90
degrees, and 40% for 180 degrees. This was due to the increase in diameter and, as seen in Chapter
6.4, the lower the diameter the larger the modes of excitation. This trend was evident for all current

angles.

9.5.2 WestBara

The impacts of marine growth were also considered for the West Barra site. The parameters used

were the respective site current profile, steep wave configuration, and cable properties for the site.
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Figure 9-24: A comparison of the RMS displacement for the presence of marine growth for a steep
wave cable configuration and relevant site conditions

As can be seen in Figure 9-24, marine growth was shown to impact the VIV profile for the West Barra
site, however, the behaviour differed from what was seen for the Gran Canaria site. Unlike Gran
Canaria there was no consistent increase in RMS displacement over the entire cable length for all

current angles.

For a current angle of 0 degrees, the RMS displacement for the marine growth cable was larger at the
hang-off point than the cable without marine growth, however, from the cable midsection to
touchdown point the displacement profile was similar. This RMS displacement profile was likely due
to the inclusion of marine growth resulting in a stiffer and heavier cable, meaning less deformation
was able to occur relative to the cable without marine growth. The less extreme the cable deformation
the less extreme the variations in normal relative velocity along the cable’s length, meaning the less
extreme the variations in amplitude. A current angle of 180 degrees also resulted in a similar
displacement profile, in terms of both magnitude and location dependency, to the current angle O

degrees. Again, this was due to the reduction in cable deformation.

A current angle of 90 degrees reproduced the trend shown for Gran Canaria and resulted in greater
displacement over the full cable length. For a current angle of 90 degrees the normal relative velocity
was already consistently larger over the full cable length, so deformation naturally had a reduced

influence on RMS displacement.
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Figure 9-25: A comparison of the vibration frequency for the presence of marine growth for a steep
wave cable configuration and relevant site conditions

When comparing Figure 9-25, it is noted to be similar to the previously observed trend in Figure 9-23,
marine growth also has a notable influence on the vibration frequency for the West Barra site and
cable. When comparing to the cable with no marine growth, if MG was modelled the frequency of
vibrations was reduced. This was due to the increase in diameter and the similar relative velocities
resulting in the thinner cable experiencing greater frequency of vibrations. This trend was evident for

all current angles.

9.6 STRAKING

The impact of deploying helical straking was investigated. Helical straking was modelled along
different sections of the cable. The method for modelling was using specifications from the Shear7
UserGuide and adjusting various parameters accordingly. The cable used for testing was Flotant and
a uniform current profile of speed 1m/s was used. The numerical parameters used for modelling the
helical straking and how they alter the properties of the cable are shown in Table 9-2.The straking was
modelled by varying the mass, diameter, added mass coefficient and lift coefficient table based on the

Shear7 UserGuide.
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Table 9-2: Straking Properties

Mass kg/m 0.0337 (Original = 0.0229)
Ca 2
St 0.1
Bandwidth 0.25
Lift Coefficient Table 5
Damping A/D Still Water 0.4
Low V; Regions 0.5
Diameter 1.25 * Do
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Figure 9-26: A comparison of the RMS displacement over the full cable length for different straking
coverages

Figure 9-26 highlights the strong dependence of the RMS crossflow displacement on the section of
the cable where straking was deployed. When compared to a power cable without straking, deploying
straking over the full length of the power cable resulted in substantially differing behaviour, vibrating
at lower mode numbers and different amplitudes. With full coverage over the cable’s length, it was
to be expected that different behaviour would be observed. For a current angle of 90 degrees a
notably different displacement profile over the full cable length was seen compared to all other
straking configurations. When comparing the vibrations profiles, for a current angle of 0, depending
on the straking configuration, the VIV behaviour, in terms of both amplitude and frequency of

vibrations, was similar to when straking was only deployed along the bottom section. For a current
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angle of 180 degrees, this was also observed but instead for when straking was only deployed along

the top section.

When considering the other straking coverages, it could be observed that for a current angle of 90
degrees the section of the cable where straking was not present resulted in similar RMS displacement
profile compared to the fully non-straked cable. The sections that were straked, however, were
substantially suppressed and vibrated at very low amplitudes. Either side of the buoyancy section, the
section without straking closely followed the non-straked cable’s VIV profile. This suggests that the
buoyancy module and lazy wave bend section resulted in splitting the cable into two different
potential excitation zones. This would mean that the VIV behaviour is strongly dependent on two
different excitation frequencies, separated by the buoyancy section, at the touchdown and hang-off
points. This could result in different fatigue profiles and different fatigue life factors being required

for the pre and post buoyancy sections.

For current angles of 0 and 180 degrees, different behaviour was seen. If straking was only present
along the top section of the cable, then similar VIV behaviour as for the non-straked cable at an angle
of 0 degrees was observed. If straking was only present along the bottom section, then similar VIV
behaviour as for the non-straked cable at angle of 180 degrees was observed. The result of this was
that even if only straking the section particularly prone to vibrations, depending on the current angle,
then the VIV behaviour along the full cable length was suppressed. This could lead to cost savings by

reducing the amount of straking required.

When comparing whether the VIV behaviour was dominated by tension or bending stiffness, the
parameter P from Eqg. 3.19 was used, and the results are shown in Table 9-3. All straking configurations
over all current angles were shown to have a large influence on the dynamic behaviour of the cable.
There was a substantial decrease in the value of P when straking was deployed compared to when
not. This indicates that when straking is deployed, the cable response is dictated by bending stiffness

over tension.

Table 9-3: Impact of straking coverage on the structural dynamic behaviour

Current Angle No Straking Full Straking Bottom Section Top Section
Straking Straking
0 2.70 0.15 0.16 0.20
90 45.8 1.48 1.48 1.26
180 7.19 0.54 0.40 0.58
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Figure 9-27: A comparison of the vibration frequency for different straking coverages

Shown in Figure 9-27, the cable without straking resulted, on average, in the largest frequency of
vibrations across all current angles. This was to be expected as it was allowed to vibrate without any

deployed suppression methods influencing the VIV response.

Fora current angle 0, the top section straking coverage had similar frequency to the non-straked cable.
This was because VIV was dominated by the interactions towards the touchdown point at this current
angle due to the cable deformation that occurred. Straking along the top section of the cable didn’t

influence the VIV at the touchdown point.

The cable with bottom section straking coverage resulted in a similar VIV frequency as the non-straked
cable for both 90 and 180 degrees. This was likely due to at both these current directions the cable
section towards the hang-off point dominated the VIV response and thus the frequency of vibration.
Deploying straking towards the touchdown point only suppressed the VIV along here which didn’t

impact the most dominant frequency at the hang-off point.

The fully straked cable resulted in the lowest frequency of vibrations for all current angles and speeds.
These interactions show how important it is to factor in the current direction when deploying straking

as under certain conditions it may be unnecessary along certain sections of the cable length.
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9.7 REMOVAL OF BUOYANCY MODULES

The impact of removing buoyancy modules was investigated. This was modelled to highlight how
sensitive the VIV response was to any changes in the buoyancy module number as there is no current
preferred deployment number. At each iteration one buoyancy module was removed from the top
and bottom ends of the buoyancy section. Subsequent removal of buoyancy modules resulted in
increasing the depth of the sag and hog bend. The cable configuration was originally a lazy wave shape,

Martinelli’s cables properties, and a uniform current profile of 1m/s.

For all current angles, as the number of modules removed increased the touchdown point became
closer to the hang-off point in the spatial plane. This was to be expected, the less the number of
buoyancy modules the faster the cable approached the seabed as the cable configuration tended

towards a catenary arrangement.
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Figure 9-28: A comparison of the RMS displacement over the full cable length for different numbers of
buoyancy modules

There were notable differences in the VIV behaviour as buoyancy modules were removed, as shown
in Figure 9-28. The general trend is, that the greater the number of BM removed the less extreme the
variations in the magnitude of the RMS displacement profile compared over the full cable length. This

was due to decreases in the cable deformation for the same current speed as an increased length of
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the power cable rested on the seabed. Earlier touchdown of the cable to the seabed was also seen as

the buoyancy modules were removed.

When considering a current angle of 0 degrees, as the number of buoyancy modules was removed the
mean RMS displacement up to the touchdown point increased, the touchdown point was earlier and
the differences in amplitude over the full cable length were less. When comparing the difference in
the RMS displacement amplitude at the hang-off point to the point of maximum displacement over
the full cable length; for 12 buoyancy modules removed it was only ~25% greater compared to an

increase of ~100% for when only 1 buoyancy module was removed.

For a current angle of 90 degrees, as the number of buoyancy modules removed increased the
maximum displacement towards the touchdown point increased. The displacement profile towards

the hang-off points remained similar for all buoyancy module numbers.

The RMS displacement profile for a current angle of 180 degrees showed a strong correlation to the
number of buoyancy modules. As the number of buoyancy modules decreased there was an obvious
increase in mean RMS crossflow displacement over the full cable length up to the touchdown point,

with the most notable increases also observed at this point.

The removal of buoyancy modules changed the cable shape and meant it was less susceptible to large
deformations. This in turn suppressed the more substantial variations of the normal relative velocity
along the cable’s length. This highlighted the dependence of the VIV behaviour on the cable
configuration. Even when removing only a small number of modules the difference in the RMS
crossflow displacement profile was significant. This was not only due to more of the cable being
exposed, but also because the shape of the lazy wave cable was being altered (fewer modules lowered
the sag and hog bends). Further to this, an increased portion of the cable ran along the seabed

reducing the VIV towards the touchdown point and changing the effective length of the cable.
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Figure 9-29: A comparison of the vibration frequency for different numbers of buoyancy modules

When considering the influence of the removal of buoyancy modules on the frequency of vibrations,
current angles of 0 and 90 degrees resulted in a similar pattern where the greater the number of
buoyancy modules removed the greater the frequency of vibrations. This is shown in Figure 9-29. This
trend wasn’t definite over every value but was discernible when comparing over the full data range.
This behaviour was due to the removal of buoyancy modules altering the cable’s position in the water

and thus the normal relative velocity.

A current angle of 180 degrees, however, substantially deviated from the trend seen for angles 0 and
90 degrees. A current angle of 180 degrees resulted in a peak frequency observed when 9 modules
were removed and decreased when either more or less modules were removed. As buoyancy modules
were removed the depth of the sag and hog bend increased, meaning a greater portion of the cable

towards the hang-off point was directly perpendicular to the direction of the current.

9.8 CONCLUSION

In addition to the cable properties, other external parameters that can influence the VIV behaviour
were investigated. These were the straking, marine growth, and buoyancy module configuration.
Different sections of the cable length were straked to determine the effect this had on the RMS
crossflow displacement and the frequency of vibration. The straking deployment arrangements were

for the full length of the cable, the section from hang-off point to start of buoyancy section, and the
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section from the end of the buoyancy section to the touchdown point. Full straking coverage was
found to, expectedly, drastically change the RMS displacement and mode of vibration for all current
angles. An interesting observation was that if straking was only deployed along the top or bottom

sections then the impact this had on the RMS displacement was dependent on current direction.

For a current angle of O degrees, if only the top end of the cable was straked then the VIV behaviour
was very similar compared to a cable without any straking. This is because the most significant
vibrations for a current angle of 0 degrees were observed at the touchdown section, so straking at the
top section had little to no impact on the VIV behaviour. For a current angle of 180 degrees the
opposite behaviour was observed. If straking was only deployed along the bottom section, then there
was minimal impact on RMS displacement over the full cable length when compared to a cable
without straking. For a current angle of 90 degrees, all straking configurations had an influence on the
VIV profile compared to a cable without straking. If straking was present only on the bottom section
of the cable, then this was the closest representation of the no straking profile. These results highlight
how, depending on current direction, straking may be best deployed at certain locations along the
cable length. When comparing the frequency, a general trend was observed where the closer the
displacement profile was to the cable without straking, the closer the frequency in VIV that was

observed.

The influence of marine growth on VIV behaviour was explored and found to noticeably alter the RMS
displacement. For certain site conditions it can result in VIV over double the amplitude compared to
a cable without marine growth. For the Gran Canaria site, overall, a similar displacement profile was
seen for all current angles with the location of maximum displacement the same whether marine
growth was present or not. The main difference was the magnitude of the vibrations, marine growth
saw a substantial increase, up to double, for all current angles. For West Barra site the marine growth
had a different influence on the VIV behaviour. It resulted in a mean increase in RMS displacement for
all current angles. An angle of 0 degrees saw larger displacement at the hang-off point and similar at
the touchdown section. An angle of 90 degrees saw an increase of the RMS displacement of 25-100%
depending on location along the cable. For 180 degrees the amplitude was much larger at the hang-
off point but lower towards the touchdown point. When comparing the influence of marine growth
on the frequency, the inclusion of marine growth saw a reduction in the RMS displacement of 15-30%,

depending on current angle and cable configuration.

The length, diameter, and ratio of cable to buoyancy module were all investigated. Increasing the
diameter of the buoyancy module was found to reduce the magnitude of RMS displacement while

having minimal influence on the frequency of vibration. This response was likely because a buoyancy

213



module with a larger diameter had greater interference on the VIV that develops along the cable

sections. This resulted in a suppression of the VIV; thus, smaller displacement was seen.

The influence of altering the length of the buoyancy modules was found to be dependent on the ratio
of cable to buoyancy module. For a ratio of 1 to 1, only a current angle of 90 degrees showed any
changes. These changes being a slight increase in the RMS displacement along the upper section and
a decrease along the lower section. When comparing the frequency, a trend was seen where the
longest buoyancy module predicted the greatest frequency of VIV by 5-20%. For a cable to buoyancy
modaule ratio of 2 to 1, buoyancy module lengths of 0.5 and 1m produced very similar displacement
profiles. A buoyancy module length of 1.5m resulted in a near uniform decrease of 5-10% over the full
cable length. No obvious trend can be discerned regarding the frequency. For a cable to buoyancy
module ratio of 3 to 1, the 1.5m buoyancy module length resulted in significant discrepancies
compared to the other lengths. Much larger localised extreme amplitudes were observed, especially
for current angles 0 and 180 degrees. Outside of the touchdown section, for angle 0, and hang-off
section, for angle 180, near to no displacement was predicted. When comparing the frequency of

vibration, the 1.5m length produced the lowest estimations for all current angles.

When comparing the ratio of cable to buoyancy module, a general trend was seen where the greater
the length of cable relative to buoyancy module the greater the RMS displacement. This was generally

uniform across the cable lengths and buoyancy module lengths with a small increase of 5-10% seen.
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10 RESULTS AND DiIscussION — WAVES

Shear7 is a frequency domain model and as such cannot directly model the dynamic time-varying
interaction of waves on a structure. Due to this, there is a gap between what is physically occurring
and the numerical output from the model. The influence of the period of the waves and the potential
excitation of natural frequencies of the cable was not captured. Further, the waves will disturb the
VIV behaviour and impact the results. Without access to a reliable time-domain VIV model, these
shortcomings are duly noted. To allow for the influence of waves to still be analysed a methodology
has been proposed using time intervals equally spaced out through the wave period to capture the
variable relative velocity induced by the waves. This full procedure is explained in more depth in the

methodology section.

Due to the variability of normal relative velocity with time because of the introduction of waves, solely
modelling the RMS crossflow displacement profile doesn’t appropriately capture the potential VIV

response. As such, the RMS stress was chosen as the parameter to be compared instead.

The default method within Shear7 to determine fatigue is to use a stress cycle relationship. The fatigue
damage is calculated using the RMS stress, which is determined using the elastic modulus, outer
diameter, and Shear7 predicted curvature. The Rayleigh formula is employed alongside a user
specified SN curve to determine the fatigue damage rate. This method has been employed before by
Fuglsang et al. (2023) and Dillon-Gibbons et al. (2017). One significant limitation with coupling
OrcaFlex and Shear7 is the inability to model more than one S/N curve with the academic licence. This
means that the stick-slip curve is unable to be factored in and, in addition, a linear SN curve is required

which is not what is present in reality.

An alternative method is to use a bending stress curvature load factor (BSCLF) to predict the fatigue
damage rate. This doesn’t rely on the user specified elastic modulus or diameter. The methodology

for determining the bending stress is shown in the equation below:

Stress = BSCLF X Curvature

This stress is then used alongside the SN curve to determine the fatigue damage rate. The limitations

with the SN curve have been discussed before and still apply to this method.

The limitations imposed by the linear SN curve mean that this will also skew all predicted fatigue
damage. Due to this it was decided to compare the RMS stress for each different wave profile with

the outer diameter used and the elastic modulus supplied from the cable properties. It is still stressed
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that due to the inability to accurately model the expected stress of the internal components, due to
the multi-layer properties and complex dependency on curvature, that the stress values presented
are not intended to be accurate but provide a useful method for comparison. Determining the intra-

cable behaviour and induced fatigue was not within the scope of this research.

The cable chosen for comparison in this section was Martinelli’'s and was in the lazy wave

configuration.

Examples of how the normal relative velocity varied over a single wave period are shown in Figure
10-1. The wave period was 8 seconds, height 4m, direction 90 degrees with a colinear current of a
uniform profile and 1m/s. The predicted VIV responses relative to each individual relative velocity is

shown in Figure 10-2.
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Figure 10-1: The different normal relative velocity profiles observed over each separate time instance
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Figure 10-2: The different RMS displacements observed over each separate time instance over a full
wave period

As is shown, the different normal relative velocity profiles over the wave period can have a substantial
influence on the predicted RMS displacement profile. Additional calibration and validation of this
method is required but is has been utilised previously by Dillon-Gibbons et al. 2017, and Fuglsang et

al. 2023), and was the only method available for a frequency domain model.
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10.1 ONLY WAVES (NO SUBSEA CURRENTS)

An initial investigation on the influence of solely waves, with no sea current, on the VIV response was
undertaken. Both the RMS displacement and the RMS stress were output for comparison. Twelve-
time intervals were taken over the wave period. In this instance it was over a period of 8 seconds
meaning a time interval spacing of 0.75s was used. The wave height used was 4m and was a regular

Stokes 5" wave.
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Figure 10-3: A comparison of the RMS displacement over sperate time intervals over a full wave period
for wave angles 0, 90, and 180 degrees
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Figure 10-4: A comparison of the RMS stress over sperate time intervals over a full wave period for
wave angles 0, 90, and 180 degrees

From Figure 10-3 and Figure 10-4 the wave direction was shown to have an influence on the induced
RMS crossflow displacement. This was due to variations in the relative velocity that the cable was
exposed to. Different wave directions resulted in different relative velocity profiles from both the

cable configuration and the induced cable deformation.

When averaging over all time intervals the mean RMS stress for a current angle of 90 degrees was the
largest, followed by 180 degrees, and lastly by O degrees. A current angle of 90 degrees resulted in the
largest induced stress, due to the cable configuration and how the buoyancy mid-section was not as
well positioned to absorb the wave-induced motions compared to the other angles. A current angle 0
allowed for the best absorption of the wave-induced relative velocity and cable deformation because
of the orientation of the cable. The sag and hog bends were well positioned to absorb the induced
displacement and diffuse the incident forces along the rest of the cable length. A current angle of 180
degrees fared better than 90 degrees due to motion absorption as well. However, this absorption was
not as efficient as for a current angle of 0 degrees, this was because the initial acceleration due to the

waves was away from rather than towards the buoyancy module mid-section.
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When comparing the RMS stress over the different wave angles there was a similar behaviour seen,
discounting the large stress peaks due to the bend stiffener. There was a gradual increase in the RMS
stress from the hang-off point up to the start of the buoyancy section. At the buoyancy section large
peaks in the stress are observed. This was due to the buoyancy modules and the manner of modelling
the RMS stress. Shear7 considered the larger diameters of the buoyancy modules relative to the cable
and assumed increases in stress due to these. After the cable midsection, the RMS stress decreased
again until just after the buoyancy section. The stress then increased as the cable approached the
touchdown point. The large stress at the hang-off and touchdown point was due to the large curvature

here and the modelling of bend stiffeners. They were not considered in the analysis.

As can be seen in Figure 10-3 and Figure 10-4, the VIV behaviour can vary greatly depending on the
time interval along the wave period that is chosen. This is predominantly due to the magnitude of the
induced relative velocity from the incident wave and how this varies over the wave period. Going
forward the time interval chosen for comparison was the one that induced the maximum mean RMS
stress over the cable length. The maximum value of the RMS stress was chosen for comparison to be

conservative.

10.2 IMPACT OF WAVE HEIGHT

The impact of the wave height on the RMS stress was investigated. The waves modelled had a period
of 8 seconds and were colinear to the current direction. The predicted stress (Stressc) was normalised
by dividing by the RMS stress that was induced when solely current was modelled. The current profile
was uniform, and the speed was varied to determine the influence this has on the current-wave
interaction and deduce the relationship with wave height as well. All waves were modelled as colinear

to the current direction.

219



RMS Stress/Stressc

W
0
&
S
i
>
[
u
=
"
D.ﬂ T T T T
5 GD.G 0.2 0.4 0.6 0.8 1.0
' Angle 180
W
0
&
S
i
>
[
u
=
@
D.ﬂ T T T T
0.0 0.2 0.4 0.6 0.8 1.0
x/L
Wave Height

—_7 — 3 — 4 —5 —f =7

Figure 10-5: A comparison of the impact of the wave height on the RMS stress with a colinear current
of uniform profile and speed 0.5 m/s

The inclusion of waves resulted in a change in the VIV behaviour when compared to just currents.
Different modes of vibration were predicted causing the peak and troughs observed in the crossflow

RMS displacement, as can be seen in Figure 10-5.

For a current angle of 0 degrees the inclusion of waves resulted in an increase in stress over the full
cable length, this was especially noticeable towards the touchdown point. The larger the wave height
the greater the induced stress. For a current angle of 90 degrees a similar observation was seen where
the inclusion of waves resulted in an increase in the mean RMS stress, but not to such a large degree

as for angle 0. Again, the larger the wave height the greater the increase in RMS stress compared to
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when no waves were modelled. For a current angle of 180 degrees the mean stress over the full cable
length was similar for all wave heights, including when no waves were modelled. The largest wave
height resulted in the greatest difference compared to when no waves were modelled with larger

increases in stress seen towards the touchdown point and decreases towards the hang-off point.
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Figure 10-6: A comparison of the impact of the wave height on the RMS stress with a colinear current
of uniform profile and speed 1 m/s
In Figure 10-6, the impact of waves for a current speed of 1 m/s are shown. For an angle of 0 degrees,
the inclusion of waves resulted in an increase in the mean stress over the full cable length but to a
lesser degree than for a current speed of 0.5 m/s. Over the full cable length, the larger the wave height

the greater the mean induced stress, however, a wave height of 4m resulted in a larger stress towards
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the hang-off point compared to a height of 7m. Towards the touchdown point the trend of increased

stress with wave height is seen.

A trend is seen for an incident angle of 90 degrees where, as the wave height increased the stress at
the hang-off point decreased while the stress towards the touchdown point increased. The location
along the cable length where the mean RMS stress transition from being less than the current only
RMS stress to greater than it changed with wave height. As the height increased this transition shifted
earlier along the cable, towards the hang-off point. This change occurred in the range from 0.6 — 0.8

x/L.

For a current angle of 180 degrees the mean stress over the cable length was larger when waves were
included compared to just current. A similar trend to an angle 90 degrees was seen where the larger
the wave height the greater the stress at the touchdown point but the lower the induced stress at the

hang-off point.

The largest discrepancies in the RMS stress are seen at the hang-off points for both angles 0 and 180
degrees and can be observed in Figure 10-7. These were due to the bend stiffener and difficulties in

modelling this.

For a current angle of 0 degrees, if the bend stiffener interaction was discounted, a larger wave height
led to greater induced RMS stress from the cable section extending from the hang-off point to the

cable midsection, before returning to the similar magnitudes in RMS stress as for just current.

For a current angle of 90 degrees the RMS stress profile was different compared to the other current
speeds. As wave height increased a larger stress was seen at the hang-off point before gradually
decreasing along the cable length to just below the current only RMS stress at the touchdown section.

The larger waves height showed a greater induced stress over the full cable length.
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Figure 10-7: A comparison of the impact of the wave height on the RMS stress with a colinear current
of uniform profile and speed 1.5 m/s

For an angle of propagation of 180 degrees there was substantial disagreement seen at the hang-off
point. This was due to the bend stiffener and large curvatures observed. Past the immediate beginning
of the cable, the RMS stress was lower than for just the current. As the location along the cable tended
to zero the RMS stress continued to increase, passing from below the predicted RMS stress from only
current at 20% along the cable length and continuing to increase until the touchdown point was
reached where increases up to 90% were seen. The larger the wave height the greater the differences

at both the hang-off and touchdown locations.
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Figure 10-8: A comparison of the impact of the wave height on the RMS stress with a colinear current
of uniform profile and speed 2 m/s

As can be observed from Figure 10-8, at an angle of 0 degrees large differences were observed towards
the hang-off point for all wave heights of 4m and larger. This was due to cable deformation at larger
current speeds resulting in reducing the relative velocity, relative to the rest of the cable, at this
section due to the angle of inclination. The inclusion of waves induced platform motion as well as
direct wave-induced relative velocities at the hang-off section of the cable. These in turn altered the
angle of inclination which in turn allowed for VIV to occur where it was previously limited. The larger

the wave height the larger the wave-induced normal relative velocity.
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For an angle of 90 degrees a similar trend to 1.5 m/s is seen, just at a more exaggerated scale. The
larger the wave height the greater the RMS stress. This was most notable towards the hang-off point
before gradually decreasing towards the buoyancy section and actually resulting in a reduction in the

RMS stress at the touchdown section compared to when just the current was modelled.

An angle of 180 degrees resulted in noticeable discrepancies in the RMS stress at the hang-off point.
Large curvatures were seen here due to the bend stiffener and this location was where the wave-
induced relative velocity was greatest. The stress decreased from the hang-off point towards the
buoyancy section, where it was very similar to the stress predicted for just current. After the buoyancy
section the stress increased again as the cable tended towards the touchdown point. The larger the

wave height the greater the predicted stress over the full cable length.

At higher wave heights and current speeds, the curvature and bending stress at the hang-off point
increased. This can lead to the cable section being more susceptible to large, induced stresses where
it exits the bend stiffener. This interaction requires further investigation to fully understand how in
certain extreme environments the cable will be exposed to large curvature as it exits the bend stiffener

and the resultant influence this has on the induced stresses due to VIV.
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10.3 IMPACT OF WAVE PERIOD
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Figure 10-9: A comparison of the impact of the wave period on the RMS stress with a colinear current
of uniform profile and speed 1 m/s

The impact of varying the wave period was investigated to determine the potential influence this had

on the RMS stress. A current speed of 1 m/s with a uniform profile was included and was modelled as

co-linear to the wave direction. A wave height of 6m and a regular Stokes 5% profile was used.

Figure 10-9 shows the RMS stress for the different wave regimes normalised against the RMS stress
for a uniform current at the same propagation angle. The impact of the wave period was much less
substantial compared to the wave height. There is no overarching obvious trend observed in the

relationship between the wave period and the predicted RMS stress.
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For an angle of propagation of 0 degrees the inclusion of waves resulted in an increase in the mean
RMS stress over the full cable length for all wave periods. For an angle of 90 degrees, it resulted in a
mean decrease in the RMS for all wave periods. For an angle of 180 degrees, it resulted in an increase

in the RMS stress over the full cable length, this increase in stress was greater than for 0 degrees.

10.4 ImPACT OF WAVE DIRECTION

The interaction between the angle of propagation of the waves and current relative to each other was
investigated. It was shown that, in overall terms, the current had the more significant influence on the
VIV behaviour, however, waves still had a noticeable impact. This was especially poignant under
certain conditions where the induced RMS stress differed greatly than when modelling only currents.
A uniform current profile was used with a speed of 1 m/s, the waves were of height 6m and period of

8 seconds.

In Figure 10-10, Figure 10-11, and Figure 10-12 the impact of varying the wave direction relative to
current direction was investigated. The current angle of propagation was kept constant, and the
direction of the incident wave angle was changed. The RMS stress was normalised by dividing the RMS

stress of waves and current by the RMS stress of just the current.

2.0
1
¢ 15
B
—
5]
wo 1.0
IS
Ay
v 0.5 7
=
[

0.0 T T T T

0.0 0.2 0.4 0.6 0.8 1.0
*/L
Wave Angle
0 — 30 — 60 — Q0 120 m— 150 — 180

Figure 10-10: A comparison of the impact of the wave angle on the RMS stress with a current angle of
0 degrees, uniform profile and speed 1 m/s

Figure 10-10 shows that the inclusion of waves led to a greater induced stress over the full cable length
for all wave angles when the angle of current propagation was 0 degrees. The most notable increases
in the RMS stress were towards the hang-off point. At this point, the wave-induced relative velocity
was largest. A wave angle of 0 degrees, colinear to the current direction, resulted in the greatest
increase in the RMS stress. A trend can be seen where the predicted RMS stress decreased as the
wave angle tended from 0 degrees to 90 degrees. The RMS stress then increased from a minimum

mean RMS stress at angle 90 as the wave angle tended to 180 degrees. A colinear current angle
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resulted in positively reinforcing the current-induced relative velocity. As the wave angle tended
towards 90 degrees the wave-induced relative velocity on the cable in the current plane also

decreased. This in turn resulted in an overall lower relative velocity and thus a smaller RMS stress was

predicted.
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Figure 10-11: A comparison of the impact of the wave angle on the RMS stress with a current angle of
90 degrees, uniform profile and speed 1 m/s

All of the waves modelled for a current angle of 90 degrees resulted in a decrease in the RMS stress
at the hang-off point and an increase towards the touchdown point, as shown in Figure 10-11. The
greatest discrepancies in the induced RMS stress when compared to RMS stress for just current were
seen for a current angle of 90 degrees, followed by 60 and then 120 degrees. The other wave angles
showed a much smaller discrepancy. The large difference in the induced RMS stress around an angle
of propagation of 90 degrees was likely due to the cable deformation and the influence this had on
the wave induced relative velocity. An angle of 90 degrees was different from the other angles,
because it was not limited to a specific plane and thus experienced changes in terms of both angle of

inclination and the yaw angles relative to the current direction.
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Figure 10-12: A comparison of the impact of the wave angle on the RMS stress with a current angle of
180 degrees, uniform profile and speed 1 m/s
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Figure 10-12 shows that all of the wave angles modelled resulted in an increase in the RMS stress over
the full cable length. The greatest disparity was seen for a co-linear angle of 180 degrees. A similar
trend was seen as for a current angle of 0 degrees, where the RMS stress decreased as the wave angle
of propagation tended towards an angle of 90 degrees and increased past this point. This is noted to

be due to the same reasons discussed previously.

10.5 CoNcLUSION - WAVES

The influence of waves, in terms of height, period, and direction, was investigated by analysing the
induced RMS stress along the full cable length. It was found that the greater the wave height the
greater the induced stress for all current angles and current speeds with the magnitude of this increase
dependent on these current properties. The current speed was varied to determine the influence this
would have on the RMS stress induced by the waves. For an angle of 0 degrees, it was noted that an
increase from 0.5 m/s to 1 m/s resulted in a decrease in the overall RMS stress compared to the RMS
stress induced when no waves were present, only current. However, increasing the current speed
further saw a notable increase in the RMS stress, up to 4 magnitudes greater than the RMS stress from
just current, when waves were also modelled. An incident angle of 180 degrees showed a consistent
trend where the greater the current speed the greater the increase in the predicted RMS stress when
waves and current are modelled compared to just current. These discrepancies weren’t as drastic as
for angle 0. An incident angle of 90 degrees showed markedly different behaviour from the other
angles. The mean RMS stress of both waves and current over the full cable length was within £10% of
the RMS stress from only current, this was independent of current speed. The different behaviours
seen for the angles are noted to be due to the deformation of the cable. The introduction of waves on
a taught cable can induce vibrations in sections that were otherwise experiencing too little relative

velocity to see VIV.

When comparing the influence of wave period there is no evident trend seen. Under time-domain
analysis the inclusion of waves may excite low frequency natural modes along the cable length but as

Shear7 is a frequency domain model no such analysis was possible.

The impact of the wave direction when not colinear to current direction was also investigated. It is
observed that a co-linear wave resulted in the greatest discrepancy in RMS stress when compared to
only current. Additional remarks are that as the wave tended from colinear to perpendicular to current
direction the discrepancy between RMS stresses decreased. The change in wave angle altered the
normal relative velocity the cable experienced. With current still dominating in this regard, colinear

resulted in the greatest constructive interference, complementing the current. As it tended to
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perpendicular to the current, the interference of the waves in terms of normal relative velocity
decreased. As the angle of the wave tended from perpendicular to opposite the current direction the
RMS stress along the cable length began to increase before reaching a new maximum, smaller than
when compared to the wave from a co-linear angle. This behaviour was observed for a current angle

of 0, 90, and 180 degrees.

230



11 CONCLUDING REMARKS

Through this research the VIV of dynamic power cables, and the many different parameters that can
influence this behaviour, have been investigated. The sensitivity of the VIV to different environmental
and structural parameters was investigated. This was predominantly conducted through the coupled

use of OrcaFlex and Shear7. These models were initially calibrated against scaled down experiments.

Other tools were also investigated: the Milan Wake Oscillator and the Ilwans and Blevins Wake
Oscillator models. The MWO particularly struggled with the large angles of inclination and predicted
substantially different VIV behaviour compared to the other models. As such, it was discounted at the
early preliminary stage. IBWO predicted more similar VIV responses when compared to Shear7 but at
much greater amplitudes of crossflow displacement for all environmental conditions. The locations of
maximum displacement along the cable length and the impact of current on this were similar for
Shear7 and IBWO. This highlights the sensitivity of the VIV behaviour on the environmental
parameters. For the majority of the research, Shear7 was the model of choice due to its calibration

against experimental results and it is an up-to-date industry-standard software.

The current properties in which the power cable was exposed to were shown to greatly influence the
VIV behaviour. The current speed, direction, and shear profile were all altered to observe the influence
that this had on the RMS crossflow displacement, frequency of vibrations, and the location of
maximum displacement along the cable length. When comparing the impact of a shear current profile
against a uniform current profile reductions in RMS displacement and frequency of vibration were,
generally, observed. For a current angle of 0 degrees changing from a uniform current profile to a
shear current profile resulted in reductions of 13% for the Hywind profile, 12% for the Power Law
profile, 20% for the Gran Canaria profile, and an increase in 7% for the West Barra profile. The West
Barra result was out of keeping with the trend due to excitation of low modes. For a current angle of
90 degrees reductions of 12% for the Hywind profile, 11% for the Power Law profile, 34% for the Gran
Canaria profile, and 32% for the West Barra profile were observed. For a current angle of 180 degrees
the reductions observed were 12% for the Hywind profile, 8% for the Power Law profile, 51% for the
Gran Canaria profile, and 44% for the West Barra profile. For current angles of 0 and 90 degrees the
reductions in amplitude were most significant towards the touchdown point, where the greatest

difference in current speed between shear and uniform profiles was observed.

When analysing the influence of current angle on the VIV behaviour substantially different RMS

crossflow displacement along the cable length was observed for each current angle. This was due to
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the changes in the normal relative velocity along the cable length. It was difficult to quantify this
impact in terms of magnitude of RMS displacement due to the substantially different overall
displacement profile. It was chosen to discuss the influence in terms of location of maximum
displacement along the cable length instead to highlight the extreme variability. For a uniform current
profile, an angle of 0 degrees saw the largest displacement towards the touchdown point, 90% along
the cable length. A current angle of 90 degrees had the largest displacement towards the hang-off
point, 10% along the cable length. A current angle of 180 degrees had the largest displacement
approximately 5% from the hang-off point. These large variations in location were due to the
deformation on the cable, altering the angle of inclination and allowing extreme, and localised, large
RMS displacement at certain locations along the cable length. When analysing the effect of current
speed, the most notable observations were that there was an almost linear increase in the frequency
of vibrations with current speed. It was also noted that the greater the current speed the more
localised and contained the largest RMS crossflow vibrations are to a certain section along the cable.
This was due to more substantial deformation being observed as current speed increases which in

turn resulted in more localised and extreme normal relative velocities at certain cable sections.

The configuration of the dynamic power cable was investigated to determine the influence this has
on VIV behaviour. A lazy wave, double wave, steep wave, and tethered lazy wave cable configuration
were analysed. When comparing the RMS displacement there were substantial discrepancies in the

RMS crossflow displacement profile over the full cable length.

A trend observed across all cables was that a current angle of O degrees resulted in increasing the
crossflow displacement seen towards the touchdown point more so than compared to the other
angles. A current angle of 90 degrees had the most substantial displacement in the top half of the
cable. A current angle of 180 degrees resulted in increasing the displacement most substantially at 10-

20% along the cable length.

The differences between maximum and minimum RMS displacement over the full cable length,
however, was notably different for each cable configuration. The double wave configuration had
similar RMS displacement profiles for current angles 0 and 90 degrees, compared to an angle of 180
degrees which showed extreme vibrations at the hang-off point before quickly tapering off to near
zero displacement for the rest of the cable length. The lazy wave configuration showed large
dependence on current direction, with all angles resulting in substantially different VIV behaviour. A
steep wave showed an unexpected profile for a current angle of 0 degrees, large RMS displacement
was observed over the full cable length with this not localised to one section differing from other

configurations. This was noted as likely due to lower mode of excitation predicted. For current angles
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of 90 degrees and 180 degrees a similar displacement profile was seen where the largest displacement
was located around 20-30% along the cable length. A tethered wave, despite having a similar initial
shape to the steep wave displays markedly different behaviour to this configuration. This was likely
due to the tether limiting cable deformation and thus extreme discrepancies in the relative velocity
over the cable length. Overall, the RMS displacement showed less dependency on the current

direction for the steep tethered wave compared to the other configurations.

The structural properties of the cable were examined to determine the influence this had on the VIV
response. The effects of the bending stiffness, diameter, and mass ratio on the VIV behavior of the
cable were all investigated. A significant proportion of the impacts of these parameters on the VIV
behaviour could be attributed to the influence they have on the cable deformation. Deformation of
the cable notably altered the relative velocity along the cable, which in turn, changed the VIV
response. This was particularly noticeable for when the bending stiffness and density of the cable
were altered. The lower the bending stiffness and the lower the density the greater the localisation of
extreme displacements along the cable’s length. For the diameter, generally, similar behaviour was
seen where the smaller the cable’s diameter the greater the variation in RMS displacement over the
cable length. In addition, there were large changes in the VIV frequency where a linear increase with
diameter was seen. There were no discernible trends on the impact of the mass ratio or flexural rigidity

on the frequency of vibrations.

Additional cable influencing parameters were investigated. These were straking, marine growth, and
the buoyancy module configuration. Different portions of the cable length were covered with straking
to determine the influence this had on the RMS displacement and frequency of vibration. Full straking
coverage was found to, expectedly, drastically change the RMS displacement and mode of vibration
for all current angles. The most interesting observation was that if only the top end or bottom end of
the cable was straked then the impact this had on the RMS displacement was dependent on current
direction. For a current angle of 0 degrees, if only the top end of the cable was straked then it exhibited
very similar VIV behaviour compared to a non-straked cable over the full cable length. This was
because the most significant vibrations for a current angle of 0 degrees were observed at the
touchdown section, so straking at the top section had little to no impact. For a current angle of 180
degrees the opposite was observed, where if straking was deployed only along the bottom section of
the cable then there was minimal impact on RMS displacement over the full cable length compared
to a cable with no straking. For a current angle of 90 degrees all straking configurations had an
influence on the VIV response, but straking only on the bottom section most closely represented the

no straking profile. This highlights how, depending on the current direction, straking may be best
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deployed at certain locations along the cable length. When comparing the frequency of vibrations, a
general trend was observed where the closer the displacement profile is to the no straking profile the

closer the magnitude of the frequency was as well.

Marine growth was found to noticeably alter the RMS crossflow displacement, for certain site
conditions it could result in vibrations over double the amplitude compared to when no marine growth
was modelled. When comparing the influence of marine growth on frequency of vibration, the
inclusion of marine growth saw a reduction of 15-30% depending on the current angle and cable

configuration.

The length, diameter, and ratio of cable length intra buoyancy modules were all investigated.
Increasing the diameter of the buoyancy module was found to reduce the magnitude of RMS
displacement and had minimal influence on the frequency of vibration. This was likely due to a greater
buoyancy module diameter relative to cable diameter having greater interference on the VIV over the
cable sections. The influence of altering the length of the buoyancy modules was found to be
dependent on the ratio of cable to buoyancy module. For a ratio of 1 to 1 only a current angle of 90
degrees showed any changes, with these being a slight increase in displacement on the upper section
and decrease on the lower section. Comparing frequency, a lesser trend was seen where the longest
buoyancy module predicted the greatest frequency. For a ratio of 2 to 1, buoyancy module lengths of
0.5 and 1m produced very similar displacement profiles with a length of 1.5m resulting in a near
uniform decrease of 5-10% over the full cable length. No obvious trend can be discerned regarding
the frequency of vibration for this ratio. For a ratio of 3 to 1, the 1.5m buoyancy module length
resulted in large discrepancies compared to the other buoyancy module lengths. There were much
greater, localised extreme amplitudes, especially for current angles 0 and 180 degrees, where outside
of the touchdown and hang-off sections, respectively, there was near to no displacement predicted.
Comparing the frequency, the 1.5m buoyancy module length produced the lowest estimations for all
of the current angles. When comparing the ratio of the cable length to buoyancy module length, a
general trend was seen where the greater the ratio the greater the RMS displacement. This was
generally uniform across all the cable lengths and buoyancy module lengths with a small increase of

5-10% observed.

The influence of waves and the parameters in terms of height, period, and direction, were investigated
by analysing the induced RMS stress along the full cable length. It is worth reiterating again the
significant limitations that are imposed on all wave studies due to the use of a frequency domain

model.
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It was found that the greater the wave height the greater the RMS induced stress for all angles and
current speeds. The current speed was varied to determine the influence this would have on the RMS

stress induced by the waves.

For an angle of O degrees, it was noted that increasing the current speed from 0.5 m/s to 1 m/s
resulted in a decrease in the RMS stress when this was normalised against the RMS stress from just
modelling current at each respective speed. However, increasing the current speed further saw a
notable increase, up to 4 magnitudes greater, when waves were modelled. An angle of propagation
of 180 degrees showed a general trend where the greater the current speed the greater the stress
when waves were modelled compared to when just current was modelled. The discrepancies weren’t
as drastic as for an angle of 0 degrees. Angle 90 showed markedly different behaviour, the mean RMS
stress over the full cable for all current speeds was within £10% of the RMS stress when just current
was modelled. The different behaviours seen for the angles are noted to be due to the deformation
of the cable. The introduction of waves on a taught cable can induce vibrations in sections that were
otherwise experiencing too little relative velocity to see VIV. When comparing the influence of wave
period, there was no evident trend seen. The impact of wave direction that is non-colinear to current
direction is also investigated. It was observed that a co-linear wave resulted in the greatest
discrepancy in the RMS stress over the full cable length when compared to only current. Additional
remarks are that as the wave tended to perpendicular to the current direction the discrepancy
compared to just current reached a minimum. As the wave tended from perpendicular to opposite
the direction of the current the RMS stress began to increase again before reaching a new, lower,

maximum compared to the co-linear angle.

The influence of all these parameters showcases how crucial further investigation and analysis is.
More in-depth understanding is required to fully appreciate how site conditions can dictate the VIV
behaviour and what potential mitigation strategies may be required in certain circumstances. Greater
research on the fatigue life is necessary to comprehend how the cable life may be impacted by VIV

and note when it is excessively dangerous.

11.1 LIMITATIONS

Itis noted throughout this thesis that there are shortcomings due to the nature of using semi-empirical

modelling. These shortcomings are identified and explained.

The dataset used for calibration and assigned numerical parameters dictate the predicted response.
Without access to full-scale experimental results, the dataset used was calibrated using scaled-down

experiments and subsequently validated at a similar scale. It is noted that this may have resulted in
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disparities between what would be measured in the field, but without access to scaled relevant data,

this was deemed the best approach.

There were noted to be difficulties in modelling small angles of inclination and certain incident current
angles. This behaviour was only prevalent at certain current angles due to a combination of the cable
deformation and the incident current angle impacting the relative velocity. This resulted in the
prediction of excitation of low modes only. In future studies, the numerical model should be able to
handle all potential incident relative velocities. This may require fine-tuning of the model for different
conditions and lengths along the cable where the relative velocity substantially differentiates to allow
for amore accurate prediction of the response. This will likely require full-scale validation to accurately

determine what dataset is correct to use.

The response along the buoyancy module section was noted to be sensitive to the length, diameter,
number, and ratio of the buoyancy module to inter-cable lengths. The understanding of the real-world
VIV response along this section requires large-scale experimentation to be done to sufficiently
appreciate the impact of travelling waves and the impact of the excitation of the cable on either side

of the buoyancy module section.

The impact of the bend stiffener was noted to potentially result in a predicted large amplitude of
displacement under certain wave and current conditions. This was due to the large, induced curvature
of the cable immediately after exiting the stiffener. Further analysis of the sensitivity of the cable to
different bend stiffener parameters would allow for a better understanding of the potential response

and validate what is noted in this study.

Using a frequency domain model has notable limitations over a time-domain model for situations
where there is a time varying flow, such as waves. This was noted in this study and accounted for in
the methodology, but it does not make up for the large value that the use of a time-domain model
would add. Without being able to account for the potential excitement of the cable due to the wave
period there was notable value lost in this investigation. It would be advised to use a time-domain
model to better understand and appreciate the VIV response of a dynamic power cable under wave

environments.

11.2 RECOMMENDATIONS FOR FUTURE WORK

When considering the VIV response of dynamic power cables, it is important to factor in the cable
deformation and response to incident loads. The site condition, cable configuration and cable

properties are shown to be the predominant factors in determining the deformation response.
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Without considering the cable deformation, the predicted VIV response will substantially deviate from
the actual result. In the design of the cables, the impact that deformation has on the VIV response

should be accounted for.

Further investigation on the use of straking along the power cable will provide better information on
the potential influence on the VIV response. It has been seen that deploying only along certain sections
of the cable may have a similar effect on suppressing the vibrations as compared to deploying along
the full cable length. This would result in substantial cost savings. The suppression impact of the
straking was found to be dependent on the incident current angle. Additional analysis of this could
help to inform on the most effective locations for straking along the cable length, depending on site

conditions and determine the potential cost savings.

The mooring system of the FOWT can greatly influence the induced motion of the turbine platform.
This in turn can substantially impact the configuration of the cable and its response to environmental
conditions. Further analysis of the platform’s response and the influence this has on the power cable
should be undertaken to determine whether this has notable impacts on the VIV response. The
coupling between the platform’s and the cable’s response should be well investigated and

understood.

Huge value would be added to this field if large-scale experimental analysis was conducted to better
understand the impact that the cable configuration has and the impact of higher mode vibrations. This
would require large investment but would allow for the validation of modelling results and a better

understanding of the hydrodynamic response of the cable.

Due to the complex internal composition of the cable, the stick / slip phenomenon plays a role in the
cable’s response. Without correctly accounting for this behaviour the magnitude of the VIV response
can be wrongly predicted. The exact influence of this needs to be further accounted for and well
understood. This will also have a large impact on the fatigue of the cable. While the fatigue induced
on the cable has not been accounted for in this study, due to previously discussed limitations regarding
both accurate modelling and time restrictions, it is an area that requires further research. This would
require further experimentation and complex specialised numerical models to adequately capture the

full response of the cable’s internal components.
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