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As the transition to decarbonising electricity generation accelerates, full scale prototype installations of
offshore renewable energy (ORE) devices have been deployed; with larger commercial-scale farms planned in
the next 10 years. Success in the sector is partly dependent on removing economic uncertainties associated
with these new technologies. An important concern is the impact of marine growth (or biofouling) on the
functionality and survivability of dynamic subsea power cables (dSPCs) used in floating wind and marine
renewable energy technologies. Biofouling will increase loading on dSPCs and may affect the structural
response. Coupled with exposure to extreme hydrodynamics forces in the resource-rich environments
targeted for ORE deployments, dSPCs are highly vulnerable to fatigue failure. dSPCs are costly to repair and
maintenance may result in a significant loss of revenue due to disruption in power supply.
Existing studies on marine growth on offshore infrastructure are mostly restricted to the Oil and Gas (O&G)
sector and inferences to dSPCs are limited. The impacts of biofouling on dSPCs are likely to differ considerably
from O&G applications in that: different component materials are used, with substrate being a major factor in
the settlement and growth of marine organisms; installations are
detailed knowledge of growth rates and species of biofouling organisms; and dSPC functioning is more
complex than more well-studied mooring structures with the added roles of heat and electromagnetic fields
generated during cable operation affecting marine growth. Furthermore, while existing standards and
guidelines used in the ORE sector provide broad generalisations on marine growth, these are typically
informed by surveys of large O&G structures with limitations on inferences of the impacts from biofouling on
smaller diameter structures, such as cables.
This project is using a multi-disciplinary approach to gather and quantify information on the impacts to
dSPCs from marine growth, and in the preparation of a larger scale research proposal to target knowledge
gaps and test mitigations - the ultimate aim being to assist the ORE sector in lowering the levelized cost of
energy. Specific objectives include: assessment of literature and investigation of current data on biofouling
most pertinent to dSPCs and associated components; assessment of potential mitigations, including the
latest antifouling strategies; characterisation of the impact of marine growth on hydrodynamic and
structural response of dSPCs, with focus on fatigue life prediction; and appraisal of economic impacts and
risks to assess installation, operation and maintenance costs of ORE farms.
These objectives are being achieved through a collaboration of marine ecologists, research engineers, and
test centres and developers representing floating ORE technologies. Existing in situ survey data from ORE
installations are being collated to identify key species, their seasonality, and knowledge gaps in the North
Sea. Quantifiable biofouling data is being used to inform the expected loading consequences of marine
growth on cable buoyancy and movement. OrcaFlex and ANSYS/UFLEX software are being used to model
the impact of marine growth on cable structural response and predicted fatigue life. Discussions with the
ORE sector are providing industry input into options to mitigate the impacts of marine growth and to better
understand the cost implications to these deployments. The investigation initiated by this project will
inform the direction and scope of the resulting large-scale funding proposal.

The Impacts of Marine Growth
on Dynamic Subsea Cables

Dynamic subsea cables (dSPCs) are used in offshore wind and marine renewable energy technologies to transmit
electricity from floating devices to the seabed. In comparison with subsea cables laying on or buried in the seabed, dSPCS
are more vulnerable to fatigue and structural failure, owing to greater exposure to cyclic wave and tidal loads in the water
column. Replacement of cables and components is costly in terms of materials, vessel use, and operational
impacting the levelized cost of electricity generation. Lift and drag forces are exacerbated by biofouling - the settlement
and growth of marine organisms on submerged structures antifouling strategies are costly and only partially successful.
Biofouling: Existing studies on marine growth on offshore
infrastructure are mostly restricted to the Oil and Gas
(O&G) sector and inferences to dSPCs are limited.
Biofouling on dSPCs differs from O&G applications in that:
different component materials are used; installations are
habitats; and more complex dSPC
occurring in
functioning includes generation of electromagnetic fields
and heat during cable operation1, affecting marine growth.

Dynamic subsea cables: Preliminary modelling of the
impacts of marine growth on dSPC from wave and floating
wind devices are being conducted based on drag-mediated
responses in cable tension and curvature associated with
biofouling4 (Figure 2). Initial results indicate that heavy
calcareous fouling may increase tension by >60%, while
curvature may substantial increase or decrease depending
upon the scale of the floating platform or device.

Figure 1: biofouling in the marine renewable energy sector (Images: A. Want)

In situ studies of biofouling indicate that hydrodynamic
forces, i.e. wave exposure and tidal currents, play an
important role in determining species composition2.
Greater knowledge of fouling species at specific locations
and applications, at different depths, and on various
substrates may have implications on management
strategies designed to minimise impacts on dSPC
performance and, ultimately, may lower costs. For
example: selectively scheduling of maintenance operations
to periods when problematic growth is heaviest, or fouling
is most easily removed may be a cost-effective strategy3.

Figure 2: preliminary modelling of the impacts of heavy calcareous fouling on dSPC
tension and curvature. Top: small-scale wave energy converter; bottom: 5 MW
floating wind turbine.

These models are being refined with inclusion of mass of
growth, as well as biofouling data specific to habitats
targeted by the ORE sector, and will be modified to include
a variety of floating devices. The inclusion of computational
fluid dynamics to model the consequences of marine
growth is being considered to further enhance these
models. Findings may inform management decisions
including antifouling actions as part of project cost analysis.

Key objectives:
Literature review and data collation of existing biofouling studies pertinent to dSPC
performance and survivability
Assessment of potential mitigations including the latest antifouling strategies
Characterising structural responses of dSPCs to marine growth, focussing on fatigue life
prediction, and considering economic impacts
Preparation of a large-scale proposal to target knowledge gaps and test mitigations
Opportunities to engage with the offshore wind industry and the ORE sector are welcomed
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Offshore wind turbines scatter incoming waves, causing reflection and diffraction of waves in their
immediate vicinity. This can affect sediment transport, coastal processes, structural loading, as well
as the available wave resource for hybrid wind-wave developments.
Wave scattering from an individual turbine (a bottom-mounted vertical cylindrical monopile) may be
calculated analytically. However, multiple turbines are significantly more difficult to calculate, since
the incoming waves scattered by one turbine are affected by all its neighbours. Existing numerical
treatments eg Aguilera et al (2020) can only consider selected monochromatic waves meeting a
maximum of four turbines, and cannot cope with large arrays. By contrast, Gwynt y Môr has 160
turbines. The effect on the wave climate of this scale of development has not yet been modelled.
This research seeks to develop methodology to address the following questions: What effect do
large, regular wind turbine arrays have on the wave climate? How significant is the effect and how
far away do any effects persist? How do effects depend on wavelength, location, and turbine
separation and configuration?
The project comprises a combination of data acquisition and modelling, using Gwynt y Môr and
neighbouring developments as a case study. The funding has allowed the acquisition of a RBR Solo
D|wave16 Logger (and sundries), a bottom-mounted pressure sensor for wave measurements.
Initially, multiple short deployments were planned to test a highly simplified analytical modelling
approach. Instead, a single, deployment (11th November 2021) will provide a full winter's worth of
wave data for input to a
more sophisticated
numerical model.
Analytical treatments of
waves around cylindrical
structures use Hankel
function decomposition to
solve the Helmholtz
equation, with Neumann
boundary conditions on
each scatterer, and a
radiation condition. A
numerical solver for
precisely this system was
1 Locations of wind farms and sensor deployments
recently developed by
Hawkins (2020) for electromagnetic and acoustic calculations. This project is the first application to
water wave scattering. Gwynt y Môr and Rhyl Flats wind farms may each be modelled using the
nearby sensors for input wave data.
The numerical method was tested by calculating wave modulation around Gwynt y Môr, at peak
frequency and direction (as measured by the nearby buoy). The wave field changes at wavelength
scale, with spatially-averaged results showing a small increase upwave (due to reflection) and
decrease downwave from the site. Extension beyond monochromatic waves to full directional
spectra is currently ongoing.

Figure 1. Initiation fracture energy of the (a) 0° plies obtained from the translaminar failure
of [90/0]8S cross-ply laminates and (b) [90/45/0/-45]4S Quasi-Isotropic laminates.
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(1) Pile group foundations

(4) Three step model

Installing piles in groups can allow the combined foundation to provide a
larger stiffness than might be achieved with a single monopile.
Large moments (e.g. due to a wind turbine) are converted to axial loads (as
shown below), allowing smaller piles to be used.

Monopile

This model, by Mylonakis (1995), allows interaction factors to be calculated
in closed form.
Based on the Winkler model, it requires free-field displacement attenuation
function,
and dynamic Winkler impedance function
.
These can be related to soil properties, ( , , , ), e.g. with the horizontal
soil slice solution of Novak et al. (1978).

Pile Group

However, piles in a group interact with each other, resulting in a pile group
stiffness lower than the sum of the stiffnesses of each pile.
Under dynamic loading, the phase difference in pile response means piles
can resonate, or destructively interfere with each other.
Predicting this effect is key to pile group design under dynamic loading.

(2) The Problem

(5) Solution example (fixed head)

Analysis of pile groups normally requires modelling the full problem in 3D.
This is inconvenient, particularly at the early stages of design, where a simpler
method would be useful to determine the optimal foundation dimensions.
In this work, a simplified energy method is applied to calculate interaction
factors (3) under high frequency loading with the three step model (4).
The resulting solution (5) is easy to employ, can model any inhomogeneous
soil, and compares well with numerical continuum results (6).

The resulting equation:
can be transformed to the weak form using Pile 2 boundary conditions:

This can be rearranged for the interaction factor. By simplifying the result
using the solution for pile fixed head stiffness,
, only one integral remains
to be solved (fixed head case):

(3) Interaction factors
Introduced by Poulos (1968, 1971). Extended to dynamic loading, Kaynia (1982).
Allow N pile groups to be analysed with superposition, so a 3D numerical model
is not required.

where

(6) Comparison to continuum solution:
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This integral is simple to solve numerically, and in some cases can even be
solved analytically.
Equivalent solutions developed for axial loading and free head piles.

N simultaneous equations can then be obtained, one for each pile:
These are solved for the overall pile group response.

Axial Loading

,

Linear profile:

,

Lateral Loading (Fixed head,

,
,

)
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Poulos, H. G. (1971). Behavior of Laterally Loaded Piles: II - Pile Groups. Journal of the Soil Mechanics and Foundations Division, ASCE,
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Further details can be found in the following work: Crispin, J. J. (2022) Static and Dynamic Analysis of Piles in Inhomogeneous Soil. PhD
Thesis, University of Bristol, Bristol, UK.
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Multi-use platforms at sea (MUPS): An innovative way to manage
offshore space and reduce coastal anthropic pressure

INTRODUCTION

OBJECTIVES
Define larvae pathways

Multi use platforms at sea (MUPS) way to: 1) share
services; 2) reduce costs and 3) reduce anthropic
pressure.

edulis

L.

Release drifters

Impact of ORE on larval recruitment

Offshore Renewable Energy (ORE): approximately
6,564 km2 (14 % of space occupation).
Shellfisheries: Mytilus
represents 40% to 50%.

METHODS

Using ORE structures to collect larvae

Different type of drifters
(drogued/undrogued)
From different sites
(onshore/offshore)
At different period
(summer/winter)

Improve hydrodynamics and particle tracking models

aquaculture
Aquaculture sites
Offshore wind farm sites non-active
Offshore wind farm sites active
Tidal stream sites
Biding/leasing sites
Tidal lagoon projects

Isle of man

Figure 1: Microstar drifter

Drifter ID Type of drifters

Drifters released site

Period of
release

Start of
release

End of
Time step
(min)
transmission

Micro 1

Drogued at 1 m

Summer

18/07/2021 12/08/2021

30

Micro 2

Drogued at 1 m

Summer

18/07/2021 12/08/2021

30

Micro 3

Drogued at 1 m

Summer

18/07/2021 12/08/2021

30

Morecambe Bay

Output from drifters
Position every 30 min
Impact of wind on trajectory
Impact of tide on trajectory
Distance made by drifters
Relative distance between drifters
Sea surface temperature

RESULTS
Video of drifters dispersal

Liverpool

Hydrodynamic
Model

Particle tracking
model

Legend
Starting position
Drifter position through time
Figure 2: Map of the area of study: Eastern Irish Sea.

Drifter 1

Improvement of models
accuracy

Drifter 2
Drifter 3

Applications
England

Isle of man

ORE applications:
Improvement of accuracy of hydrodynamic models
Impact of ORE on sea surface flows

MUPS applications:
Define best ORE sites to develop offshore aquaculture
Information on best ORE sites to catch larvae

Further applications:
Ecology: Spread of invasive species, connectivity among populations
Management: Define sites for Marine protected areas based on particles dispersal
Anglesey

Improvements

Wales

Data improvement
Multiple drifters release during field campaign:

Figure 2: Drifters trajectory representing Micro 1 (blue line); Micro 2 (magenta line) and
Micro 3 (black line) ). The starting position (red dot) and final position (green dot) are also
represented.
Table 1: Net distance (km) made by the drifters

Drifter ID

Micro 1

Micro 2

Micro3

Distance (km)

76.1

91.3

96.2

Release different types: deeper drogue (5m
vs 1m), undrogued
Release during different season (winter vs
summer)

Figure 3: Undrogued drifter (left picture) and
drifter with 5m depth drogue (right picture)

Dual-Purpose Wave Energy Breakwater System
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Introduction

Impermeable
wall

Porous wall

Rising demand for clean energy to reduce carbon emissions
Meet long-term climate and sustainability goals

Motivation

To harness the wave power potential, simultaneously absorb the
incident wave energy and protect the shoreline from erosion

Incoming
wave
WEC

Methodology

Experiment: 50m x 1m x 1m wave flume facility
Wave parameters: Wave height: 0.10m & 0.14m
Wave period: 1.4s 2.6s @interval of 0.3s
Chamber width(B)/wavelength(L):0.53-0.63
Porosity: 5%, 10%, 15% & 20%
Numerical: Rhino3D-NEMOH-WEC-SIM

Model details

Chambered breakwater (CBW) - comprises of a
porous & an impermeable wall (acrylic sheet)
Dimension - 0.98 m x 0.98 m x 0.01 m
Porosity defined by circular holes (diameter 0.03m)
Chamber width varied with respect to closed basin
condition (incident wave period closely matches
with the resonant period of chamber)
Sphere WEC (S-WEC) -1:30 scale hollow model
Outer & inner diameter of 0.15 m & 0.14 m
Semi-submerged with freeboard of 0.075 m &
draft of 0.075 m, Total weight of 0.80 kg

Results

Wave Surface elevations at closer intervals
inside the chamber
Average power generation performance
S-WEC Alone (H-0.10 m)
S-WEC Alone (H-0.14 m)
CBW with Dual S-WEC

Near porous wall (H-0.10m)
Near porous wall (H-0.14m)

Reflection Coefficient

CBW

Near impermeable wall (H-0.10m)
Near impermeable wall (H-0.14m)

CBW with Dual S-WEC

Conclusions
20% porosity of the seaside porous wall was found better among the tested range of porosities
Reflection coefficient (ratio of reflected wave height to incident wave height) from the CBW with dual SWEC is below 0.53
Transmission of waves is nil due to the impermeable wall towards the lee-ward side of structure
Introducing dual S-WEC models inside the CBW the power generation capability of the system was found
to amplify by 63% when compared to the stand-alone S-WEC
Performance of the S-WEC is maximum when the WEC is placed near (0.20 m) to the porous front wall or
towards the impermeable wall
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Reducing mooring line loads from wave energy
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Drones for ocean energy research
Placing ocean energy converters in our most dynamic environments requires a better understanding
of flow interactions, resulting environmental change and implications for marine life. For instance,
direct measurements of flow velocities and fine-scale turbulence (~meters) are often limited by
observational techniques, requiring innovation in the tools we have readily available. One such an
innovation is the use of consumer-grade aerial drones in ocean energy research applications. In
combination with other traditional sensors, such as acoustic Doppler current profilers (ADCPs), aerial
drone imagery can provide quantitative measurements of flow velocities very close to the water
surface, thereby complementing traditional sensors during both inflow and downstream
assessments of floating tidal turbines. Flow patterns (e.g. velocities, shear) and turbulence structures
(e.g. vorticity, upwelling boils) measured using drones and ADCPs in synchrony can provide direct
engineering insight for the assessment of device performance and array spacing. Further, it can be
used in environmental monitoring, providing a better understanding of the mechanisms underlying
marine fauna habitat use. Here, we present some recent case studies demonstrating novel insight
gained from using a combination of these approaches. We also introduce a two-stage feasibility
study around the world s most powerful tidal turbine, the floating O2 structure (Orbital Marine
Power) installed at EMEC (Fall of Warness, Orkney Islands), to inform on 1) industry-relevant flow
measures and, 2) environmental interactions. Using a combination of ADCPs, aerial drones and
broadband echosounders, the study will thus prove a low-cost, robust and reproducible monitoring
approach to assess bio-physical interactions with floating tidal turbines. Given the steady increase of
ocean energy converters in our coastal seas, this research is critical to understand the complex biophysical interactions of devices with their
the integration of various data streams, providing transferable knowledge and thus allowing for
more transparency and flexible collaboration between industry and academia.

Backscatter in Sv (dB re 1m-1)

Depth (m)

Velocity magnitude (ms-1)

Depth (m)

Non-Destructive Testing of Dynamic Subsea Power Cables
R. Nicholls-Lee, P.R. Thies
Subsea power cables are a critical infrastructure sub-system in the generation and distribution of renewable
energy globally. Subsea power cable failures are reported to account for 75-80% of the total cost of offshore
wind insurance claims in comparison, cabling makes up only around 9% of the overall cost of an offshore
wind farm [1]. Such failures are costly to repair and may result in a significant loss of revenue due to
disruption in power supply; for example, the cost for locating and replacing a section of damaged subsea
cable can vary from £0.66 million to £1.71 million [2]. Most failures currently occur due to anchoring or
fishing (trawling) damage; however, with the advent of the floating wind industry, and hence dynamic subsea
power cables, a new loading regime in the form of cyclic wave and tidal loading is present. Methods of nondestructive testing (NDT) exist for a range of end uses in many aspects of industry and research. However,
due to the complex layup of subsea power cables (with composite, plastic and metallic layers) no single
technique is currently available that can accurately predict the occurrence, location and type of failure the
cable experiences under dynamic loading. There is a need to develop a method for NDT of dynamic subsea
cables to determine the lcoation, cause and type of fault to facilitate repairs and minimise both the associated
insurance claims and operation and maintenance costs.
The aim of this work was to test and assess currently available NDT methods, used in other disciplines, for
suitability in determining failure modes, mechanisms and locations on a dynamic subsea power cable under
test at the DMaC facility in the University of Exeter. Conventional static subsea power cables perform poorly
in dynamic locations, where cyclic wave and current loads are present, with structural failure mechanisms
such as fatigue cracking and fretting occurring rapidly. A new generation of dynamic subsea power cables
are being developed to exhibit superior structural performance when compared to static cables. Such cables
can be tested in onshore experimental test rigs (e.g. DMaC), in order to characterise the overall properties
of the cable (bend stiffness and tensile stiffness); however, even under controlled conditions it is not
currently possible to determine exactly when and why failure starts to occur, in which layer of the cable it is
occurring and what the exact failure mechanisms are.
During this work, three NDT methods were trialled, that had initially been identified as promising, on a cable
under test at DMaC. The three techniques were: i) thermography [3], ii) eddy current testing [4], iii) spread
spectrum time domain reflectometry [5]. The methods were assessed with regards to what information
could be obtained from both a static and oscillating cable, how the results from one technique could
potentially inform another technique, and ultimately if any of these techniques had the potential to be
combined in the future to create a method of NDT for dynamic subsea power cables that can not only be
used in controlled experimental facilities, but also on location at wind farms to determine the location and
type of fault occurring in a cable thereby facilitating operation and maintenance activities. The results of the
testing were very promising, with cable motions and interlayer movements being picked up on various levels
by the three techniques.
[1] Strang-Moran, C. and O.E. Mountassir, Offshore wind subsea power cables: Installation, operation and market
trends. 2018, ORE Catapult.
[2] Dinmohammadi, F., et al., Predicting damage and life expectancy of subsea power cables in offshore renewable
energy applications. IEEE Access, 2019. 7: p. 54658-54669.
[3] Dulieu-Barton, J., Stanley, P., Development and applications of thermoelastic stress analysis, Journal of Strain
Analysis for Engineering Design, Vol. 33, Iss. 2, p. 93-104, 1998
[4] Hughes, R., High-Sensitivity Eddy-Current Testing Technology for Defect Detection in Aerospace Superalloys, PhD
Thesis, University of Warwick, 2015
[5] Furse, C., et al., Feasibility of spread spectrum sensors for location of arcs on live wires. IEEE Sensors Journal, 2005.
5(6): p. 1445-1450.
Acknowledgements: This work was supported by the EPSRC Supergen ORE Hub [EP/S000747/1] and a PRIMaRE Small
Research Projects Fund. Thanks go to Prof. J. Barton, Dr R. Hughes, Dr G. Olafsson, A. Hernandez Arroyo (University of
Bristol), and Dr G. Xu, N. Cartlidge (Viper Innovations) for their NDT expertise and participation.

NON-DESTRUCTIVE TESTING OF DYNAMIC SUBSEA POWER CABLES
Rachel Nicholls-Lee, Philipp R. Thies, Renewable Energy Research Group, University of Exeter

Introduction:

Subsea power cable failures account for 75-80% of
the total cost of offshore wind insurance claims however, cabling makes
up only around 9% of the overall cost of an offshore wind farm [1].
Such failures are costly to repair and may result in a significant loss of
revenue due to disruption in power supply; for example, the cost for
locating and replacing a section of damaged subsea cable can be up to £2
million [2].

Motivation:

There is a need to develop a method for nondestructive testing (NDT) of dynamic subsea cables to determine the
location, cause and type of fault to facilitate repairs and minimise both
the associated insurance claims and operation and maintenance costs.
The aim of this work, was to test and assess currently available NDE
methods, used in other disciplines, for suitability in determining failure
modes, mechanisms and locations on a dynamic subsea power cable
under test.

Structural Cable Testing
Physical testing is essential to understand the
structural response of the cable. Key tests
include; bend stiffness, axial stiffness, cycles
to failure & verification of numerical
modelling results.
There are several challenges associated with
structural testing of subsea power cables:
Cannot see internal damage cable is tested to
failure and dissected
Repeatability a cable sees >1.5M cycles in a
lifetime = 2 months continuous testing
Length restrictions cables in operation often
kms in length vs a few metres in a test rig
No voltage during testing

Figure 2: Subsea power cable under test at DMaC

Figure 1: Components of a lazy wave dynamic subsea power cable assembly

Non-Destructive Testing Methods
Thermography [3] - relates thermal response from

cyclic loading to the sum of the principal stresses.
Can detect damage at various depths in structure.
Pulse thermography and thermal data from cyclic
loading were investigated. (Figure 4)

Eddy Current Testing

[4] - Electromagnetic NDT
technique used to detect damage/changes in
material properties of electrically conducting
components. Sensors applied externally to cable
under test, to assess potential of technique to
evaluate changes/damage. (Figure 5)

Spread Spectrum Time Domain Reflectometry
(SSTDR) [5] - developed to locate hard faults along
wire. Transmits small but recognisable signals in
high noise environments, these reflect off changes
of characteristic impedance, e.g. faults. (Figure 6)

Figure 6: SSTDR

A length of dynamic subsea power cable
was tested in DMaC (Figures 2 & 3). Initially
the cable bending and axial stiffness were
determined. Subsequently, the three NDT
methods were applied and the following
testing undertaken:
Sinusoidal bending fixed & varying tension
Manual bending
Fault finding

Figure 5: Eddy Current Testing

Results

Conclusions:

There is a need for NDT methods for subsea power cables to understand structural failures
and mitigate costly farm downtime and cable repairs.
Three NDT methods have been assessed for use in monitoring subsea power cables;
thermography, eddy current testing and Spread Spectrum Time Domain Reflectometry.
Results were very promising, with all methods detecting various aspects of cable motion
and structural response on cable under controlled, static and dynamic tests.
There is significant potential for live monitoring of dynamic subsea power cable motions
and faults using NDT.

Thermograpy: picked up helical winding of
internal substructure of cable (Figure 7)
Eddy Current: detected shifts in armouring
(hysteresis apparent), and was also
capable of monitoring dynamic changes
due to movement with suitable sensitivity

(Figure 8)

SSTDR: All movements observed were
found to be due to electro-mechanical
changes in the cable, not external noise.
SSTDR was accurate enough to detect the
cable motions to the nearest degree.
Specific events (frequencies) can be
detected, for example VIV and freak waves.
Can be installed on live cables. (Figure 9)

Figure 4: Thermography

Future Work:
Figure 7: Thermography results

Further testing to calibrate methods for use in the real world
Calibration of methods with each other to assess events
Investigation of other NDT methods
References:
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Figure 8: Eddy Current Testing Results

Figure 9: SSTDR results
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Physics-informed machine learning for rapid fatigue assessments
in offshore wind farms
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Accurate and efficient assessment of offshore wind turbine monopile fatigue is required to inform
maintenance and decommissioning decision making. Although, direct field-based measurements are
limited and current industry standard modelling approaches are often devoid of fully non-linear waves,
thus omitting critically important resonance effects. Here, numerical modelling is combined with
machine learning to develop a meta-model capable of rapidly estimating monopile damage and fatigue.
Fully non-linear wave kinematics were numerically modelled using higher-order boundary element
methods to represent conditions recorded in the North Sea. These environmental simulations were
implemented within numerical areo-hydro-servo-elastic engineering modelling of a reference turbine
(NREL 5MW) with monopile foundations, for both operational and parked turbine configurations
across a range of incoming wind conditions. The modelled fore-aft tower base bending moments are
used to estimate of the corresponding structural damage using rainflow-counting methods, enabling
identification of conditions associated with the largest damage loads. These data are applied within the
development a meta-model based on convolutional neural networks to provide rapid assessment of
monopile damage associated with any given environmental and operational condition.
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Optimisation of Compact Wide-Bandgap-Enabled Power Electronics Converters
for Offshore Wind Farms
Dr Ian Laird & Dr Saeed Jahdi - University of Bristol
Initial VSC-HVDC converters had 2-level and 3-level structures. These were simpler to control. Many
challenges as hundreds of series-connected devices had to be switched simultaneously. MMC converters
remove this issue. Pole-to-pole DC fault imposes a significant risk. DC cable fault is rare, however more
likely when overhead lines are used. The bottom anti-parallel diode provides a low resistance path for the
DC fault current to circulate across all bottom IGBT/diode modules. The bypass thyristor will not mitigate
the fault current but will provide a safe bypass path. As soon as the current in each arm reaches a predefined value, the thyristors will be fired, and the current is diverted.

The steps to mitigate the current can be listed as:
1. DC fault occurs and current starts to rise. 2. Current reaches pre-defined value and thyristors fire. 3.
Fault increases while bypassed in thyristors. 4. AC breakers disconnect and converter turns-off.
Failure in devices can be either in open-circuit mode or short-circuit mode. The latter is more risky. The
sequence of events in protection against a DC fault is as follows:
1.
2.
3.
4.
5.
6.

Normal operation
Instigation of Fault
Thyristors Fired
Fault removed, and devices recover
All diodes recovered
Some thyristors recover & others still recovering.

On top it can be seen that:
1. Synthesized fault current
2. Reverse recovery current in silicon and SiC
thyristor at +20% and -20% charge profiles.
3D plot of the worst-case reverse voltage depending on recovery charge variations and fault dIF/dt of
silicon device. N.B., the SiC thyristor reverse voltage is constant at 1.5 kV. The increase of dIF/dt or charge
difference rapidly results in additional reverse blocking requirement on the fast-recovered silicon
thyristors, while the reverse voltage for SiC device consistently remains at its share of DC line-to-line
voltage, irrespective of capacitor voltage, charge variation or dIF/dt.

Optimisation of Compact Wide-Bandgap-Enabled
Power Electronics Converters for Offshore Wind Farms
Dr Ian Laird, Dr Saeed Jahdi
Introduction:
Initial
VSC-HVDC
converters had 2level and 3-level
structures.
These were simpler
to control.
Many challenges as
hundreds of seriesconnected
devices
had to be switched
simultaneously.
MMC
converters
remove this issue.

MMC-VSC-HVDC CONVERTERS AT DC FAULTS:
Pole-to-pole DC fault
imposes a significant risk.
DC cable fault is rare,
however more likely when
overhead lines are used.
The bottom anti-parallel
diode provides a low
resistance path for the DC
fault current to circulate
across
all
bottom
IGBT/diode modules.
The bypass thyristor will not mitigate the fault current but
will provide a safe bypass path.
As soon as the current in each arm reaches a pre-defined
value, the thyristors will be fired, and the current is
diverted.

The steps to mitigate the current can be listed as:
1. DC fault occurs and current starts to rise in the diode.
2. Current reaches pre-defined value and thyristors fire.
3. Fault increases while mostly bypassed in thyristors.
4. AC breakers disconnect and converter turns-off.

STATE OF THE ART OF SIC THYRISTORS:
Failure in devices can be either in open-circuit mode or
short-circuit mode. The latter is more risky.
In below, the typical 4-inch 6.5 kV Silicon thyristor disk and
6.5 kV Silicon Carbide thyristor in SOT-227 package with
8.2*8.2 mm die area cut from a 3 inch 4H-SiC wafer can be
seen.

University of Bristol
SIC THYRISTORS AS HB-MMC PROTECTION:

The sequence of events
in protection against a DC
fault is as follows:
1. Normal operation
2. Instigation of Fault
3. Thyristors Fired
4. Fault removed, and
devices recover
(yellow arrows)
5. All diodes recovered,
and Thyristors
continue to recover
6. 6. Some thyristors
recovered while others
are still recovering.

MODELING THYRISTORS AT DC FAULTS:
On top it can be seen that:
1. Synthesized fault current
2. Reverse recovery current in silicon and
SiC thyristor at +20% and -20% charge
profiles.
3D plot of the worst-case reverse voltage
depending on recovery charge variations and
fault dIF/dt of silicon device. N.B., the SiC
thyristor reverse voltage is constant at 1.5 kV.
The increase of dIF/dt or charge difference
rapidly results in additional reverse blocking
requirement on the fast-recovered silicon
thyristors, while the reverse voltage for SiC
device consistently remains at its share of DC
line-to-line voltage, irrespective of capacitor
voltage, charge variation or dIF/dt.

Conclusion
SiC thyristors can relax the electro-thermal stress on the silicon thyristors following bypassing
of a DC fault current.
The key feature in SiC thyristors enabling them to tackle this stress is the very low stored
recovery charge in the drift region of device.
Majority of
SiC thyristors are designed with asymmetrical blocking capability.
Symmetrical or asymmetrical structures which are designed in favour of reverse blocking
capability are sought. The surge current of the devices also need to increase, which depend
on production of defect-free substrates. These are expected to be available in foreseeable
future.
Therefore, it can be argued that production of high current SiC thyristors with considerable
reverse blocking capability will eliminate the main failure risk of silicon thyristors and will
displace the silicon thyristors and other complex fault management techniques in protection
of HB-MMC-VSC-HVDC converters at DC faults.
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Innovative and cross-disciplinary wave energy research, aiming to develop a revolutionary
Smart Control Algorithm (SCA)
Liang Li, Saishuai Dai
University of Strathclyde, Department of Naval Architecture, Ocean and Marine Engineering

Despite decades of research and development, large-scale wave energy deployment is hardly
seen due to many remaining challenges. From the economic point of view, the Levelized Cost
of Electricity (LCoE) of wave energy is still higher than other sustainable energy recourses, e.g.
offshore wind. Technically, reliability and survivability of wave energy converters (WECs) in
extreme waves conditions are not yet fully resolved. This project conducts innovative and
cross-disciplinary research about wave energy, aiming to develop a revolutionary Smart
Control Algorithm (SCA) to tackle the two challenges mentioned: increase power capture and
reduce potential damage to the device.
Based on Artificial Intelligence (AI) techniques, the SCA forecasts future wave loads and
implements tailored control actions to the WEC. Control of the WEC is realized by the wellknown declutching control, where the PTO system is loaded and off-loaded alternately
according to the forecasted future wave loads. During operational conditions, the PTO system
is controlled in such a way so that the device will resonant with the incoming wave and thus
maximizing the power output. When the SCA predicts an extreme event, the WEC is locked in
position to prevent potential structural damage.
Tank test of a truncated cylinder has been carried out to measure the wave force acting in the
heave direction. The measured force was used to validate the force prediction capability of
the SCA algorithm. The SCA algorithm will later be implemented on a controller board,
together with a mechanical control system, the SCA will be accessed in terms of power output
and device response under extreme conditions.

Figure 1 Measurement of the wave force acting on a fixed truncated
cylinder representing a floating point absorber.
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Unsteady Loading Tidal Turbine Benchmarking Study:
Turbulence Grid Flow Characterisation
Sam Tucker Harvey1 and Richard Willden
Department of Engineering Science, University of Oxford
1 email:

sam.harvey@eng.ox.ac.uk

1. Introduction

3. Turbulence Generation

Tidal turbines operate in a hostile hydrodynamic environment dominated by unsteadiness
created by
Waves
Turbulence
Platform motion

The turbine will be tested in a towing tank facility with a low level of freestream
turbulence. To elevate the turbulence level, a carriage mounted turbulence grid has been
implemented, as illustrated in Figure 3. The grid is
in size and mounted
in
front of the intended turbine plane. The grid can be constructed in three different
configurations to provide varying levels of freestream turbulence.

The unsteady loading due to these effects is not well predicted using current modelling
techniques, often resulting in over-conservatism in designs.
To aid in the improvement of the mathematical and engineering models used in the design of
tidal devices, the benchmarking study will provide a well-documented dataset from a highly
instrumented 1.6m tidal rotor. Two rounds of blind benchmarking will be performed in which
engineers from academia and industry will be invited to predict the loading under prescribed
turbulence and wave conditions.
Figure 3: carriage mounted turbulence grid

2. Turbine Design and Instrumentation

4. Turbulence Grid Flow Characterisation

Figure 1 below illustrates the benchmarking turbine design and instrumentation. The turbine
will measure the rotor torque and thrust with a torque/thrust sensor, while individual blade
root bending moments will be obtained from strain gauges within the hub. Further to this, two
of the blades of the benchmarking turbine are instrumented for the spanwise distributions of
bending moments with strain gauges, while the final blade is instrumented with Fibre Bragg
Sensors (FBG). To allow the blades to be instrumented internally, they are constructed with two
parts (A and B) that are adhered together allowing the formation of an internal cavity, as
illustrated in Figure 2.

FBG Electronics

Strain Gauge
Amplifiers

Slip Ring

To characterise the flow field behind the turbulence grid prior to performing experiments with
the benchmarking turbine, Acoustic Doppler Velocimeters (ADVs) were utilised to measure the
flow velocity in the intended turbine plane without the benchmarking turbine. A Nortek
Vectrino was used to obtain measurements, while seeding was introduced into the towing tank
prior to each set of experimental runs.
Figure 4 illustrates the measured profile of mean streamwise velocity behind the turbulence
grid.
denotes the freestream flow velocity, while is the vertical coordinate normalised
with the turbulence grid width with respect to its centre. Across the region that will be
occupied by the turbine, which is shaded in yellow and green for the nacelle and blade
respectively in figure 2, the mean streamwise flow velocity was
with a variation of just
. Over the same region the streamwise turbulence intensity was found to have a mean
value of
. Figure 5 shows the velocity spectra measured in the intended turbine plane at
the grid centre. The results can be seen to conform to the theoretical power law decay,
especially for the vertical velocity component.

Gearbox
Figure 4: mean streamwise velocity profile

Rotary
Encoder

Hub-Integrated
Torque/Thrust
Root Bending Sensor
Sensor

Generator

Figure 1: benchmarking turbine design
Figure 5: velocity spectra at grid centre
B

5. Conclusions
The unsteady loading tidal benchmarking project aims to provide a well documented dataset
that will aid in the improvement of mathematical and engineering models utilised in tidal
turbine design
The benchmarking turbine has been designed to incorporate in blade measurements of the
edgewise and flapwise bending moments using both Fibre Bragg sensors and strain gauges
A
Figure 2: blade construction

The flow behind the turbulence grid developed for the project has been characterised and is
close to uniform with a mean streamwise turbulence intensity of
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Wave energy extraction from a floating
flexible circular plate
Abstract:

Simone Michele (simone.michele@plymouth.ac.uk)
Siming Zheng (siming.zheng@plymouth.ac.uk)
University of Plymouth, Plymouth, United Kingdom

We present a theoretical model to investigate the hydrodynamics of a floating flexible circular wave energy converter (WEC). Decomposition in rigid and bending elastic modes of the plate
allows us to investigate power extraction efficiency in monochromatic incident waves. We show that plate elasticity increases the number of eigenfrequencies, which has a positive beneficial
effect on power output. We also show how plate radius and power takeoff (PTO) distribution affect the response of the system and the consequent absorbed energy. This work highlights the
need to extend theoretical studies and experimental investigations on flexible devices, currently seen as the future of WEC technology.

Motivations of the study

Examples Theoretical and experimental models

Compared with the conventional rigid-body-based WECs, the WECs made from
flexible materials are not only advantageous for the larger potential of wave power
absorption but also believed to offer improved performance/survivability and
reduced cost in respect to steel/concrete alternatives;
In the last decade, there has been a growing trend towards flexible body WECs, e.g.,
flexible plate WECs, bulge wave devices, and SQ devices;
One way to attract funds and confidence in industry is to consider light and flexible
materials instead of bulky metallic components;
Further analytical/experimental work is needed to understand the global
hydrodynamic behaviour of flexible WECs.

E. Renzi. Hydroelectromechanical modelling of a
piezoelectric wave energy converter (2016)

S. Michele, F. Buriani, E. Renzi, M. van Rooij, B.
Jayawardhana and A.I. Vakis. Wave Energy
Extraction by Flexible Floaters (2020)

Mathematical model

Governing equations and boundary conditions
Dynamic equation

Kinematic condition

W represents the plate displacement, t denotes time, q is the transverse
distributed load positive in the z direction, D represents the flexural
rigidity, denotes the biharmonic operator in cylindrical-polar
coordinates, is the plate density

View from above and horizontal cross-section of the flexible circular WEC

No-flux at the seabed

Harmonic expansion

Mode expansion

Linearised kinematic and mixed
boundary conditions on the free surface

where represents the complex amplitude
of each modal shape w, h denotes heave, p
pitch, whereas mn denotes the bending
modes

Radiation velocity potential

Diffraction velocity potential
For r>R

General solution for pitch, heave or bending mode

The particular solutions for the rigid heave and pitch mode are given by
for r>R

whereas the particular solution for each bending elastic mode is given by

For r<R

The radiation potential solution in r<R is given by the homogeneous part
and a particular solution that accounts for the plate vibration in z = 0.
The homogeneous component reads

represents the propagating wave, represents the evanescent wave,
is the Hankel
are the modified Bessel functions of order n, whereas
function of first kind and order n,
Aln and Bln are unknown complex constants. Substituting in the matching conditions
;
and integrating over
, yields an inhomogeneous linear system in
the complex constants Aln , Bln which can be solved numerically.

As before, by matching the velocity potentials in r=R yields a sequence
forced by the particular
of linear systems in the unknowns
solutions

whereas the structure of each particular solution differs from one another.

Plate response and generated power

The resulting system can be written in the following matrix form

Given the effect of all the external forces, the dynamic equation can be expanded as
where M is the coefficient matrix, {F} is the exciting force vector, whereas
{ } is the vector containing the modal amplitudes. Expression above
suggests that the continuous floating plate is equivalent to a system of linear
coupled forced harmonic oscillators. Once the response of the system is
found, the average generated power by the plate and the system efficiency
is simply

where is the fluid density. The third term represents the hydrostatic pressure, the fourth
term denotes the effects of localised forces due to the PTO systems, is the Dirac delta
function and the last term represents the dynamic pressure exerted by the wave field. Note
that the second term in the brackets takes into account a localised force given by a PTO
device located in r = 0, therefore the Dirac delta function is defined differently. By using
both harmonic expansion and dry mode decomposition we get
The complex modal amplitudes can be found by multiplying both sides of by each of the
modal shape functions w and then integrating with respect the plate wetted surface.

Effects of the PTO distribution
Let us consider the following parameters: A = 1 m, h = 10 m, hp = 1 m and
0.3, E=0.1 GPa and R=10m

Effects of plate flexural rigidity
=

A parametric analysis is performed for a softened plate characterized by a smaller value
E = 0.05 GPa and an idealized rigid plate. The 5 PTO devices are
located in r = 0 and
,
whereas the plate radius is R = 10 m.

where w represents the amplitude of plate oscillations corresponding
to the PTO location
and E is the total energy

Effects of plate dimensions
Here we investigate the effects given by two different values of plate radius R
=[15; 5] m
E = 0.1 GPa and fixed PTO distribution.
The 5 PTO devices are located in r = 0 and
,
whereas the plate radius is R = 10 m.

Behaviour of CW versus frequency of the incident waves and PTO-Coefficient. (a) 5 PTO devices
located in r = 0 and
,
(b) Single PTO device located at the center of the plate.

When the number of the PTOs increases, the bandwidth of CW increases too and
the system also becomes more efficient. From a theoretical point of view, this
distribution maximises the radiated waves in the direction opposite the incident
waves

References

Behaviour of C W versus frequency of the incident waves
plate (b) Rigid plate

and PTO-Coefficient. (a) Flexible softened

When the flexural rigidity of the plate decreases, the efficiency of the system increases
significantly. When the plate is rigid there are no contributions from the bending modes
and the dynamics is governed by pitching and heaving motion only The overall
efficiency is clearly smaller with respect to the cases shown so far because we reduced
the number of eigenfrequencies and the resonances of the natural bending modes.

S. Michele, S. Zheng and D. Greaves. 2022 Wave energy extraction from a floating flexible circular plate. Ocean Engineering. Accepted.
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Behaviour of C W versus frequency of the incident waves

and PTO-Coefficient. (a) R=15m (b) R=5 m

For R=15 m the efficiency bandwidth and CW increase because of increased
number of eigenfrequencies in the range of interest. On the contrary, the
case of smaller radius R = 5 m, shows smaller overall efficiency with a single
visible peak. These results suggest that the plate radius R plays an important
role on power extraction efficiency, however one should take care of its
effects on plate structural resistance that could penalize the overall behavior
and durability in real seas. In fact, larger dimensions mean also larger loads.

Damage tolerant hybrid composites for safer and higher performance composite offshore
wind turbine blades
Sheik A. Malik1, M Jalalvand2, S Ordonez-Sanchez1
1 Department of Mechanical and Aerospace Eng. University of Strathclyde, 75 Montrose St. Glasgow, G1 1XQ
2 Mechanical Engineering Department, University of Southampton, Highfield Campus, Southampton, SO17 1BJ

Offshore wind turbines are becoming larger in capacity and size with wind turbines in the region of
10-15 MW being now commercialised [1]. As offshore wind turbine geometries become larger,
damages in the rotor blades are more likely to occur given the variability of the wind patterns over a
larger rotor area. Studies have shown that damage increases equivalent load for the flapwise blade
root moment is 45% compared to the upstream turbine [2]. To mitigate damages in offshore wind
turbine blades, hybrid reinforcement on the blade spar or at the root can be used as a damage
deterrent failure mechanism within the blade structure. New mechanisms combining rotation and
fragmentation of fibres achieving high strains and gradual failure in multi-directional carbon fibre
laminates have already been devised [3]. These hybrid composites will thus be investigated in this
project when used in an offshore wind turbine blade subjected to real-site wind loading.

(a)
(b)
Figure 1. (a) Blade turbine assessed in this project [4] and (b) test rig used to undertake loading tests
as it was used in [6].

The wind turbine blade assessed in this project is the 15 MW turbine designed by NREL and DTU [4].
The blade is 117 m in length and is composed of a number of different aerofoils along the blade length,
see Fig 1a. Thrust and bending moment will be evaluated at peak power conditions using the openaccess FAST code [5]. Stress and strain characteristics will then be evaluated in ANSYS to feed into the
experimental set-up.
The experimental set up will demonstrate gradual failure of hybrid composite blade under flexural
loading, producing highly-nonlinear load displacement curves and progressive brush-like failure with
large deformations [6]. Results will show implementation of damage mode maps to achieve a laminate
architecture that is more damage tolerant and thus enhances blade performance.
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Avoiding unforeseen consequences
in tidal turbine blade design
Dr. Stuart Walker
University of Exeter (s.walker7@exeter.ac.uk)
A major driver for the development of renewable energy is the need to reduce the
greenhouse gas emissions of electricity generation.
Tidal stream turbines allow low-emission electricity to be generated, but themselves
cause emissions due to materials, manufacturing, operation and end-of-life treatment.
Blades are a key area of concern since the materials used are often non-recyclable,
and the manufacturing processes used can be energy intensive.
This study compared blade materials, manufacturing methods and end-of-life treatments.
Glass fibre
Carbon fibre
Flax fibre
Steel

resin
{ Conventional
Recyclable resin }

Resin transfer moulding
Monocoque moulding
Powder heated mould
Folding

{ Landfill
Incineration
Composting
Recycling
To ensure comparable hydrodynamic performance, we calculated the mass of
each material required to match the deflection of a standard glass fibre blade.
moment of area, and thus thickness and mass.
Density (kg/m3)
Blade Mass

Glass fibre
1900
3.5 × 1010
2530

Carbon fibre
1200
1.68 × 1011
1024

Flax composite
1200
4.8 × 1010
1489

Steel
7850
2 × 1011
5551

We calculated embodied greenhouse gas emissions, water consumption, land use and human toxicity results for 28
combinations of blade material, manufacturing method and end of life treatment.
End-of-life treatment is significant, particularly to greenhouse gas
emissions and human toxicity. The incineration or landfill of carbon
fibre composites has large negative impacts.
Powder resin, as used in the heated mould method, also has
potential for significant human health impacts.
Steel has by far the most energy intensive manufacturing process.

Bio-based fibres can be composted to avoid landfill, but first
require recyclable resin to allow separation. The combination of
these products yields greenhouse gas emissions 50% lower
than conventional glass fibre turbine blades.
Costs appear in line with glass fibre composites, but this
material is at an early developmental stage.
This poster presents only a few results. Full details of this work can be found in:
, Walker, S. & Thies, P.,
Applied Energy, Vol 309, March 2022

Investigation into the Coupling of a Wave Energy
Converter with a Reverse Osmosis Desalination Plant
Tapas K. Das, Matt Folley, Carwyn Frost

Introduction

Schematic of Experimental Setup

Direct coupling to the hydraulic output of a wave energy
converter (WEC) to a desalination plant poses several
challenges the most significant being that reverse-osmosis
(RO) plant does not normally operate in variable inflow
conditions. This research investigates the direct coupling
of wave energy converters to reverse osmosis
desalination plant powered by pressurized water from the
primary power take off system.

Project Activities & Objectives
Physical modelling
Understand how variable pressure/flow impacts RO
plant water quality and specific energy consumption
Understand how RO plant water quality and specific
energy consumption may vary with membrane life
due to variable pressure/flow.
Numerical modelling

PS

Safety valve

Actuated
needle
FS
PS valve

CS

RO Module

CS

FS

Primary filter

High Pressure pump

Feed water

CS

Pressure
Switch

Safety valve

Check valve

FS

PS

PS-Pressure Sensor
FS-Flow sensor
CS-Conductivity sensor

Check valve

Primer pump

Accumulator

Retentate/Brine

Water tank

Permeate/Clean water

Desalination Experiment Rig

Reverse Osmosis Module

Understand how the design of the wave energy
technology influences the expected flow into the RO
desalination plant.
Two wave energy converters investigated
Heaving point absorber
Oscillating wave surge converter
Guidelines
Develop guidelines for wave-powered desalination
plant design to minimize cost of water.

A Wave Powered Desalination Plant
Point Absorber/ Surge Converter
Accumulator

Double
Acting
Cylinder

High Pressure Pump Accumulator

Water Tank

Project Outcome
Develop understanding
Understanding physical processes taking place in
reverse osmosis plant
Correlation between the numerical and physical
predictions
Investigate the design of wave powered
desalination with or without flow conditioners such as
accumulator

ERU
Brine
Clean water

Stimulate interest in deploying WEC technology for
desalination
Create road map wave-powered desalination
Work carried out under the DesWEC Project,
funded as a Supergen Flexible Funding
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An LES-AL Study of the DTU 10MW
Reference Wind Turbine

Dr. Xiaosheng Chen, Markella Zormpa, Dr. Christopher
Vogel, Prof. Richard Willden
Department of Engineering Science, University of Oxford
Xiaosheng.chen@eng.ox.ac.uk

DTU 10MW RWT
Objectives:

a)

Development of computationally efficient simulation techniques for high
fidelity CFD simulations; Actuator Line (AL) turbine representation,
Immersed boundary body representation, Efficient meshing strategies.
Including detailed evaluation of influence of techniques on wake physics.

Configuration & simulation set-up:
Single-rotor, operated at slightly below rated power,
.
Nacelle and tower represented by the immersed boundary method for
computational efficiency
2 grid generation methods compared: OpenFOAM Octree and ICEM CFD
O-grid; total cell count ~50M, with similar refinement in wake regions.
Simulation speed (at 3600 timesteps per rotation)
Octree:
core-hours / rotation
O-grid:
core-hours / rotation

Fig. 1 Example of the immersed
boundary method (top) and applied
to a cylinder test case (bottom).

Fig. 2 a) Octree & b) O-grid meshes.
b)

Turbine performance and wake profiles
Turbine performance
Bladeresolved [1]

Octree O-grid
LES-AL LES-AL

0.494

0.463

0.463

0.838

0.781

0.781

Wake velocity profiles
Octree

y/D=0

x/D=0.5

O-grid

x/D=0.5

Overall performance of LES-AL turbine compares well to blade
resolved for both meshing strategies.
Spanwise force distributions compare well except tip regions.
Differences between LES-AL cases and blade-resolved [1] are due
to lift-drag polars, tower wake effects and tip-loss correction.

Mean velocity and TKE field are similar between the 2 meshing strategies.
The accelerated region towards the blade root is consistent with reduced
root loads, which are due to the choice of lift-drag modelling coefficients in
the AL representation of the root aerofoil sections.
Octree case shows a reduced TKE decay rate compared to O-grid case.

Unsteady flow analysis
Streamwise velocity
spectra in the tip shear
region at x/D=0.5 and
x/D=1.0, z/D=±0.5

Octree

O-grid

Iso-surfaces of coloured by velocity (top)
Vorticity magnitude (bottom)

Octree

O-grid

Streamwise velocity
spectra in the nacelle
wake region at x/D=0.5
and x/D=1.0.

Visualisation of the turbulent structures (left) suggests a higher dissipation rate for larger
turbulent structures, e.g. tip vortices, in the O-grid case compared to the Octree case.
Both meshing strategies show a similar dissipation rate in the nacelle wake.
Tip shear region spectra demonstrate that the Octree meshing approach preserves higher
turbulence levels which is consistent with flow structure visualizations.
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Wave energy converters (WECs) based on flexible materials could provide a better solution than
traditional WECs with rigid materials regarding cost, survivability, overall performance, etc. The
flexible component of WECs requires outstanding fatigue performance under numerous deforming
cycles in the marine environment. Therefore, the assessment of the material selection, mechanical
and fatigue performance is vital for designing flexible WECs. In this work, natural rubber with nylon
fabric reinforcement has been selected and examined. A biaxial fatigue setup has been established for
flexible membrane materials, and the sample design was modified with the help of finite element
analysis (FEA). The scanning electron microscope (SEM) was adopted in investigating the rubber-nylon
interface and crack propagation under fatigue loading. The results show that the resorcinol
formaldehyde latex (RFL) sizing was applied to the nylon fibre bundle (cord) rather than a single fibre.
Thus, the rubber latex

the nylon cord, and defects can be observed at the

interface. Therefore, the filler design and manufacturing process need to be improved to increase the
interfacial bonding between filler and matrix. Apart from the rubber materials, thermoplastic
elastomers (e.g., ethylene-propylene copolymer) will also be investigated for comparison in future
work.
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Motivations:

Wave Energy Converters
(WECs) based on flexible
materials can provide a
better solution than
traditional WECs with rigid
materials regarding cost,
survivability, overall
Fig.1 Prototype of a flexible WEC in
performance, etc.

Sample design for biaxial fatigue test:

Different sample designs for the biaxial fatigue test were
studied by FEA.
Load is more centralised at the cross-section area of two
axes in design with reinforcement on the arm, improving
the efficiency of the fatigue test.

Plymouth COAST Laboratory [1]

The flexible component of WECs requires outstanding
fatigue performance under numerous deforming cycles in
the marine environment.
Assessment of the material selection, mechanical and
fatigue performance is vital for designing flexible WECs.

the project home page: https://www.plymouth.ac.uk/research/offshorerenewable-energy/flexwave

Methods:

Natural rubber with nylon fabric reinforcement has
been selected and examined (at the first stage).

Fig.2 Biaxial fatigue test setup

A biaxial fatigue setup
has been established for
flexible membrane
materials, and the
sample design was
modified with the help
of Finite Element
Analysis (FEA).

The Scanning Electron Microscope (SEM) was adopted in
investigating the rubber-nylon interface and crack
propagation under fatigue loading.

Fig.3 FEA results of the stress distribution of biaxial test with
different sample design

Rubber-nylon interface investigation:

Resorcinol Formaldehyde Latex (RFL) sizing was applied
to the nylon fibre bundle (cord) rather than a single fibre.
the nylon cord, and
defects can be observed at the interface.

Fig.4 SEM images of the cut surface of the natural rubber/nylon
fabric composite

Conclusions and future work

The sample design for the biaxial fatigue test is important for evaluating the fatigue performance of flexible materials.
The filler design and manufacturing process need to be improved to increase the interfacial bonding between filler & matrix.
Apart from the rubber materials, thermoplastic elastomers (e.g., EPC) will be investigated.

Reference: [1] https://www.supergen-marine.org.uk/supergen-grand-challenges/deformable-flexible-fabric-WEC
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