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Background

The large -scale deplo yment of offshore wind provides economically viable, secure, low carbon
energysource st hat meet the EUOGs cli mate change targets for

The EU -wide target of 27% renewable contribution of final energy consumption in the EU as a
whole by 2030 requires technological innovations capable of providing a significant
breakthrough in lowering the Levelised Cost of Energy (LCOE).

In offshore wind, Operations and Maintenance (O&M) costs represent 16 -23% of LCOE
(sources: Tavner, Offshore Wind Turbine Reliability; & BVG Associates). Rotor O&M represents

a large part of this cost, specifically iss ues around blade erosion and blade structural integrity.
Furthermore, rotor aerodynamic performance is a key component to reduce LCOE, with an

estimated 1% increase in Annual Energy Production (AEP) equating to 1% reduction in LCOE.

The Offshore Demonstra tion Blade (ODB) project aims to reduce the LCOE of offshore wind by
up to 4.7% by demonstrating a set of blade technologies aimed at increasing the rotor energy
performance and reducing O&M costs.

The ODB project will demonstrate the follo wing novel tech nologies :
9 aerodynamic low drag add  -ons;
leading edge insert for erosion protection;
structural stiffener to prevent damage due to shear distortion;
fibre optic sensors to monitor and validate structural stiffener performance;
fibre optic sensorsto  detect leading edge erosion and top coating performance;
High - performance hybrid coating for leading edge protection;
Aerodynamic next -generation blade add-ons that are 100% retrofitable increase AEP
(decreasing LCOE).

=A =4 =4 -4 -4 A

For ease of cross -reference this Final Report has been structured into sections that
correspond to the tasks identified in the original bid document, with leaders of each
sub section identified.
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1 Wor k PackagPer ol ect Management

1.1 Startup of project
Lead er: ODSL

The Offshore Demonstration Blade (AODBO0O) project is a
demonstrating seven novel blade retrofit technologies that have the potential to reduce the
Levelised Cost of Energy (ALCOEO)%. of offshore wind by

The ODB project is supported by funding from the DemoWind 2 programme, a European

Research Area Network (ERA -NET) COFUND programme . DemoWind 2 is an ERA -NET Cofund
Action programme supported by the European Unionds Ho
The DemoWind 2 programme aims to facilitate the cost reduction of innovative technologies to

accelerate their commercial deployment by connecting European offshore wind d emonstration

opportunities and supporting knowledge exchange and collaborative working between existing

and new European partnerships.

The ODB project is being delivered by a consortium of ten project partners from four European
countries. The ODB consorti  um is formed of the following organisations:

T Aerox Advanced Polymers (AAEROXO0)

1 Bladena ApS

1 Centro Nacional De Energias Renovables ( ACENERO)

f Universi dad CEU Cardenal Herrera (ACEUOQ)

1 Dansk IngenigrService AIS ( fADIS ¢)

1 Technical University of Denmark ( ADTUO)

T Of fshore Renewable Energy Catapult Limited (AODSLO
I Siemens Gamesa Renewable Energy

1 TNO

M Total Wind

1.2 Press release
Leader: DIS

Press releases for national and international media was prepared by DIS and ODSL for approval

by the project partners as communicable project milestones are reached. A press release
announcing the commencement of the ODB project was issued on 8 ™ November 2017  detailing
the purpose and goals of the project . This was issued some 10 months after the formal project

kick off mee ting, with the delay being due to delays in the Spanish partners receiving
confirmation of their funding from their national authorities.

DemoWind This project has received funding from the European
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1.3 Project Management
Leader: ODSL

The ODB consortium formally came into being on 10" July 2016 with the signing of th e ODB
Consortium Agreement by all ten partners in the project. The Consortium Agreement was
negotiated and agreed between all partners and was based upon DESCA - Horizon 2020 Model
Consortium Agreement  (Version 1.2, March 2016) with project specific amendments. The two -
year ODB project will be coordinated by the ODSL with DIS leading on project communication

and dissemination.

Frequent progress meetings have been  held with all partners to review the con sortium action
list, provide progress updates to all partners, coordinate activities between different
technologies, andto ensure all partners are aware of upcoming key dates.

The General Assembly is the decision -making body of the consortium with powers defined in
the consortium agreement. It meets at least twice a year with the 2017 General Assemblies

hel d at par t nerbemsmark and in the WKL Thefirst n  General Assembly of 2018 was
held in March at the CEU facility in Valencia, Spain. The fin al face to face project meeting was

held in June 2019 with al/l project partners present.

Final Dissemination Event.

1.4 Project communication
Leader: DIS

The Communication Plan sets out the communications management pr inciples for the ODB
project. The plan covers key messages, communication responsibilities and lines of
communication between all project partners

DIS is responsible for Work Package 7 i Dissemination and Exploitation T and will therefore
have the lead on coordinating external project communication activities. However, all
communications activity must be approved by ODB partners. Also, a Il 10 project partners are
committed to maximising the potential impact of disseminating the outputs of the p roject to
relevant stakeholders.

The Plan sets out the key messages, activities and timetable for external communication in
relation to project communications. The outputs from the Plan will communicate the successful
demonstration of the novel blade techn ologies that have the potential to lower the Levelised
Cost of Energy (LCOE) by up to 4.7%. The plan is a live document and as such project partners

will update DIS on external messaging references and opportunities

The objectives of all communication act ivities should be:

1 To demonstrate that the novel technologies demonstrated represent a step change in
improving rotor energy performance and reducing O&M costs.

I To demonstrate that the technology has been successfully tested and if deployed
commercially ha s the potential to reduce the LCOE of European offshore wind by 4.7%.

DemoWind This project has received funding from the European
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The communication deliverables are:

Deliverable Deliverable name Work Lead

number package Partner
number

D1.2 Final version project § WP1 ODSL

communication plan

D7.2 Midterm report WP7 DIS
D7.3 Final Project report WP7 DIS
Press Release DIS
Website launch DIS
Exhibition DIS
Workshop DIS

Table 1 - Communications Deliverables

The main target audiences for communications activities are detailed in the table below.

Owner/Operators, Offshore wind project developer®riginal equipment manufacturers
Offshore Wwind
Supply Chain

National and EU National fundingbodies and EU commission
funding bodies

Public authorities National & EU Authorities, especially those responsible for site authorizati
Investors Project financers, insurance companies, institutional investors
Associations Wind Energy associations at national and [Etk| Environmental associations
Medias National and international medias, trade press

Table 2 - Communications Target Audiences

All key messages are target to the audiences/target groups, with an objective of the message.

Project outputs will be shared through a variety of communication channels.

DemoWind This project has received funding from the European
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2 Wor k PackagleeczZhnol ogy Maturing

2.1 Low drag vortex generator design
Leader: CENER

Important Note:

CENER received the confirmation from MINECO (Spanish national funding body) about the
funding to be received by the end o f October 2017. In addition, the budget was considerably
reduced from the budget requested by CENER.

For CENER, MI NECO does not fund researcherds personne
new hiring, so a new researcher joined CENER team on November 29 th 2017.

Even though the budget, time and resources were reduced, CENER has advanced in the design
of the low drag vortex generator.

Vortex generators are devices that are added to the wind turbine blades in order to delay
separation. They work producing vortices that mix the high energy upper parts of the boundary
layer with the lower parts, re -energizing the boundary layer and delaying separation.

The con ventional vortex generators (rectangular or delta shaped) are very useful delaying
separation but they produce a drag penalty to the blades. The objective of this project is to

design low drag vortex generators that add a drag to the blade surface smaller than the one
added by conventional vortex generators.

The activ ities performed are summarized as

1. CFD computations of conventional vortex generators mounted on a flat plate and
comparison with experiments from previous projects to validate the tools.

2. CFD computations of new shaped vortex generators on a flat plate.

3. CFD computations of vortex generators (conventional and designed) mounted in airfoil
sections.

4. CFD computations of the Levenmouth wind turbine (3D) in order to understand how the
flow behaves in the blade and how it could be improved with the use of vortex generators.

These activities are described in detail being in the sections below, with due consideration to
confidentiality issues.

2.1.1 CFD computations of conventional vortex generator s
Conventional vortex generators have been computed using the open source CFD code
OpenFoam. The version used is 4.0. The conventional vortex generators have a height of 5 mm
and a length of 12.5 mm in order to be compared with the experimental campaign pe rformed

DemoWind This project has received funding from the European
g7 Deiv Union’s Horizon 2020 research and innovation
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in the AVATAR project. Meshes modelling a pair of rectangular VGs are calculated, they are
shown below in Figure 1.

Figure 1- Mesh for the vortex generators pair. 12 million cells.

The meshes have 12 million nodes, and were calculated using the KOmega SST model for a
Reynolds number of 5100.

The velocity profiles for this case are plotted in the some lines located in different planes after
the VG pair and compared with the experimental campaign from AVATAR (Figure 2).The results
were satisfactory and the CFD produ ce good comparisons.

DemoWind This project has received funding from the European
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Figure 2 -Velocity profiles in the plane 10h after the vortex generator pair in the middle of the vortex
generators, inthe  trailing edge of each one TE, and in one third of the vortex generator trailing edge
separation (Omm, 6.25mm and 10 mm respectively)

The plan es are shown in  Figure 3 and as can be seen the vortex are fully developed right after
the VG location. Some other results are obtained, such as peak vorticity evolut ion, vortex lateral
and vertical paths and will be included in future reports.
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Figure 3 - Flow field in three planes after the vortex generators (planes at 10h -25h & 50h being h the
vortex generator height)

2.1.2 Design of low drag vortex generators
In the ODB project CENER designed Low drag vortex generators. The main objective of the
designs was to reduce the drag added to the surface when the vortex generators were installed.
In addition an increase in the efficiency of the blade section was also a requirement for the

designs.

Several vortex generators shapes were designed and computed, the following figure show two
examples of their shape.

Figure . Vortex generators shapes designed during the ODB project.

These VG shapes are compared in order to evaluate the vortex generator cross section effect
over the production of vortices. The following figures show velocity contours for three planes

after the vortex generator pair for three different geometri es: rectangular, delta and airfoil
(;\\ DemoWind This p,roject ‘has received funding from the European
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shaped. As can be seen the different vortex generators produ

Ul

e different vortices and effects

over the flow. 10h wh 50h

Figure 4 - Velocity fields in three planes right after a vortex generators mounted on a flat plate (10h,
25h and 50h) for three different vortex generator shapes (top rectangular, middle delta and low airfoil
shaped)

Several vortex generators shapes were compared and finally one was selected to be the most
suitable to be installed in the 7 MW Levenmouth wind turbine. The VG shape is based on a
symmetric airfoil. This VG was 3D printed to be tested in the wind tunnel and in the wind
turbine. CENER created the manufacturing plan of the VGs to be sent to the manufacturer. The
vortex generator  shape is shown in the following figure.

Vortex generators geometry. Designed by CENER in the ODB project.

2.1.3 Within the project, CENER also defined the support plate for the VG
pair to be installed both in the wind turbine and the wind tunnel.
CFD of vortex generators mounted in airfoil sections
In the first project period, CFD computations of conventional vortex generators mounted on
airfoils are performed. The objective of these computations is to evaluate how the different
shaped vortex generators contribute to delay separation.

The first computations are being performed on conventional VGs (rectangular and delta shaped)
mounted in a DU97W30 0 airfoil to be compared with the experiments from the AVATAR project
in which CENER participated.

DemoWind This project has received funding from the European
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In this case the meshes model only a pair of VGs, have a total number of cells of 12 million and
are computed using the KOmega SST turbulence model. The mesh es and some visualization of
the flow are shown in the Figure 5 and Figure 6.

Figure 5 - Mesh used for the computations of the vortex generators mounted in the DU97W300 airfoil.

Figure 6 - DU97W300 airfoil ~ flow visualization with a rectangular pair of VGs mounted. Left AOA=0° and
right AOA=12°.

2.1.4 CFD computations on the Levenmouth Blade
During the first period of the project, CENER worked in creating the mesh of the Levenmouth
Wind Turbine blade in order to perform 3D CFD computations to evaluate the flow in the blade
and the best areas to place the vortex generators. Due to confidentiality reasons (NDA between
ODSL and CENER) images of the blade mesh are not provided.

In addition, pseudo 2D computations of blade sections with the vortex generators integrated

were done to evaluate computationally the effect of using this type of add -ons. The
computations also included the leading edge protection system with the aim of evaluate the

capability o fthe VGs of mitigate its aerodynamic effect.

DemoWind This project has received funding from the European
g7 Deiv Union’s Horizon 2020 research and innovation
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Figure 7 1 Blade section studied with the leading edge erosion protections system and the low d rag

vortex generators

The aerodynamic polar curves computed using OpenFoam v4 are shown next. The comparisons
show the flow behaviour with leading edge protection system with and without VGS. When the

VGs are included both lift and efficiency (lift divid

ed by drag) increase and so the vortex

generators mitigate the aerodynamic problems derived from the use of a leading edge

protection system.
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——LEPS
— LEPS & VG

NACA63621 LEPS CFD Drag polar

= :
—LEPS&VG 0.07
1.5 T
0.06|
1 0.051
:‘. 05 ; 0.041
(@] o
0.03f
ol
0.02
05
0.01
5 40 s 0 5 0 15 20 4 a0 50 5 10 1520
AoA [deg] AoA [deg]
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Figure 8 T CFD simulations of the Levenmouth wind turbine section with th e leading edge protection

system with and without VGs

Some figures with flow visualization of the calculations are shown next:

Figure 9 i Flow visualization from computations in the blade section with LEPS and VGs

DemoWind This project has received funding from the European
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Figure 10 1 Vortices after the VGs in the computations from the blade section with LEPS and VGs

2.2 Erosion Metallic protective insert: FEM modelling & blade
integration analysis
Leader: ODSL

2.2.1 Introduction
The current three bladed, upwind design of wind turbine has evo Ived to suit its environment.
Onshore, the tip speed of turbines is limited by the amount of noise the turbine can generate,
and turbines are considered to be more visually appealing if they rotate more slowly. This has
driven the adoption of three bladed turbines as the dominant turbine type used by the industry.
There are also fatigue issues which require the use of a teeter -hub to implement two  -bladed
downwind turbines but overall these do not add to the cost of energy.

Onshore, this combination of facto rs has meant that leading edge erosion has not been a huge
problem for the industry because it only starts to be an issue at higher tip speeds. Offshore,

with the noise and  aesthetic considerations removed, erosion becomes the limiting factor on

tip speed. There are considerable benefits to moving to higher tips speeds T two bladed turbines
are more viable, the blades will become more slender (thus reducing the amount of material

required in their construction) and the higher rotational speed means that the turbine torque is
lower, which reduces the cost of both the drivetrain and the structural elements of the turbine.
However, erosion currently limits tip speed to around 90m/s. In the helicopter industry, tip

speeds of over 200m/s are not uncommon, and the problem of erosion has been addressed
with the use of extremely hard electroformed nickel strips which protect the leading edge.

This work package aims to demonstrate that the use of electroformed nickel plates is feasible

for wind turbine leading edge p rotection. The integration method for adding the metallic
leading -edge eros ion protection tiles has followed a simulation based approach up until the time

of writing. The tiles will be adhesively bonded onto the leading edge, with an additional
mechanical fixing to act as a redundant method of attaching the tiles to the blade.

The following elements have been considered during the development of the leading -edge
erosion protection system:

DemoWind This project has received funding from the European
g7 Deiv Union’s Horizon 2020 research and innovation
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Business case and potential cost savings arising from increasing blad e tip speed
Tile geometry requirements

Adhesive stresses under extreme blade loads for baseline geometry

Clashing of tiles under extreme blade loading

Fatigue of nickel tiles

Effect of the tiles on blade loading

Loading of mechanical fixing

Design of mecha nical fixing

Design of adhesive test rig

Integration of tiles into the turbine lightning system

=2 =4 =4 =4 -4 -8 -4 -8 A

=

All of these steps are considered in more detail in the project deliverables.

2.2.2 Business Case and Potential Cost Savings from Increased Tip

Speed
Leading edge ero sion is responsible for significant energy yield losses in offshore wind. State
of the art PU coatings require typically maintenance every 1 -4 years. According to the analysis

provided below, the  Levelised Cost of Erosion for a 10MW wind turbine would be in the range
of 2% - 3% of the NPV of the energy yield, considering current operations & maintenance
strategy (periodic repairs on wind turbine blades). It is estimated that a solution providing
lifetime er osion protection implemented in a 10MW wind turbine would reduce the levelised
cost of erosion compared to the current operation & maintenance strategy from 3% down to

1%. This means a 2% reduction in the cost of energy.

In addition to the O&M cost savings that can be obtained using current blade designs, if the
strips allow substantially higher tip speeds to be achieved then additional cost savings can be
realised.

If the limitation imposed by leading edge erosion was removed and tip speeds were increased,

then considerable reductions in blade mass could be achieved because of the resultant decrease

in blade planform area. Using the blade of the ORE Catapult 7MW research turbine at
Levenmouth as a baseline, the estimated blade mass could be reduced by 6Te ( a 17%
reduction) and the nacelle mass could be reduced by 90Te (a 22% reduction). Assuming that

cost is approximately proporti onal to mass these savings could amount to a 4% reduction in

the levelised cost of energy.

It was therefore concluded that the cos t reductions from very high tip speeds were worth
pursuing further.

2.2.3 Tile Geometry Requirements
The tile geometry was chosen on the basis of the typical chordwise extent of existing leading -
edge erosion protection. The spanwise length of the tiles was chosen on the basis that they
would be installed by rope access and it should therefore be possible to hold and manipulate
the tiles with only one hand (a 500mm length was chosen as a compromise between ease of
handling and number of tiles). Finally, the thickness of the tiles was chosen to be similar to
what is used on helicopters as this is a proven ap plication (which is towards the thinner end of

DemoWind This project has received funding from the European
g7 Deiv Union’s Horizon 2020 research and innovation
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what is possible using the electroforming process, leading to an additional benefit of lower
adhesive stresses). This led to the following tile parameters:

1 The tiles extend about 3% of the chord length on both pressure and suction side
1 Thetilesare 500 mm in length
1 The tiles are at least 0.3mm thick

2.2.4 Blade Displacement Load Cases

It was determined that the stress in the adhesive would be affected by the following
parameters:

1. Tile geometry and stiffness (thicknes s, chordwise extent on each side of the blade,
spanwi se | ength, and Youngds Modul us)

2. Blade bending stiffness and axial stiffness

3. Blade bending and axial loading

4. Distance of the leading edge from the blade neutral axis

The tile geometry can be easily genera ted for any section of the blade, the blade stiffness
properties and distance of the leading edge from the neutral axis are available in the Bladed
model of the turbine, and the extreme blade loads at each section are available from the blade
design report . A parametric FE model of the blade was created which aims to recreate the
curvature of the blade and the strain at the leading edge under extreme loads to check the Von

Mises stress in the adhesive.

Figure 11 - Parametric FE mod el of blade/adhesivel/tile system

This model determined that the section at 77m from the root would be the most critical section.
However, there is an existing lightning receptor at 74m from the root, and this section was
almost as critical as the 77m secti on in terms of adhesive stress, so it was chosen as the section
at which tiles would be installed.

This project has received funding from the European
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2.2.5 Clashing of tiles under extreme loading

Clashing of the tiles under extreme loading was checked using a CAD model of the blade, and
it was concluded thata's  trip separation of 2mm would be sufficient to prevent clashing.

et Y S S [ | N Y N TR L
T T T e it e b
Autodesk Inventor 2016 =)
I0\ There were ne interferences detected.

Figure 12 - Clash detection under the critical edge max load case

2.2.6 Choice of Adhesive

The leading -edge erosion protection plates will be installed at height, which rules out the use
of adhesives which are reliant on hot pressure bonding (which is how the erosion shields are

bonded to helicopter blades). Cold bonded adhesives were then selected based on their
datasheet bond strength to fibre reinforced plastic a nd steel (which was considered to have
similar bonding properties to nickel), their weather resistance and the suitability of the
application process. After this qualification stage, 3M DP490 was the found to be the best choice

and using the datasheet tens ile properties it was checked in the model described above.

2.2.7 Aerodynamic  Analysis
The effect of the nickel plates on turbine performance was assessed using the wind turbine

simulation tool Bladed. Aerodynamic polars were generated for the case where the nic kel strips
are attached to the leading edge of the blade using FLUENT T a comparison between the
unmodified and modified polars is shown in Figure 13.
DemoWind This project has received funding from the European
= Union’s Horizon 2020 research and innovation
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Figure 13 - Plot of lift coefficient for unmodified and modified aerofoils

These were then applied to the blade model in Bladed between the 73.5m station and the

74.5m station and the loads were compared to those with an unmodified blade. It was found
that the blade root extreme and fatigue loads were not greatly affected, and neither were the

tower top and bottom extreme loads. However, the tower top and bottom design equivalent

loads increased. This will be further investigated.

2.2.8 Fatigue of Nickel Plates
Using the parametric model described earlier, the strain in the z (axial) direction of the nickel

strip was assessed due to a unit 0 , 0 and "Oload was assessed. The axial strain due to any
combination of these loads can then be obtained by superposition. ORE Catapult has in -house
wind turbine blade fatigue analysis software certified by DNV -GL, and this was used to do a

fatigue analysis on the nickel strip.
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Figure 14 - Plot of Palmgren -Miner damage sum at each point on critical tile

Figure 14 shows a map of where the worst damage occurred on the critical tile. At the most
damaged location, the maximum stra in cycle amplitude was lower than the endurance limit of
the worst performing nickel found in the literature by a factor of 3, so it was concluded that
fatigue is unlikely to be a problem for the strips.

2.2.9 Design of Redundant Mechanical Fixing
The extreme in ertial loading generated by a tile at the tip were calculated using Bladed, and
the extreme aerodynamic loading was calculated using FLUENT at 0° and 24° angles of attack.
The redundant mechanical fixing will consi sdesudate a OBi
(with the bond isolated from the main bond to prevent crack propagation between the two).
Small scale testing on this adhesive joint is scheduled to be performed in the next quarter.

(o)

2.2.10 Design of Flexural Test Rig
The adhesive modelling performed during this feasibility study was rather simplistic, and was
aimed at comparing adhesives against each other in terms of suitability rather than stating with
any degree of certainty that the adhesive would survive in the field. The reason for this is the
complex loading regime that the tiles experience T the state of being bent about both axes
means that the adhesive experiences a combination of Mode 1, Mode 2 and Mode 3 stressing
(see Figure 15). The correct way to analyse this system would be to use a fracture mechanics
approach with cohesive zone elements representing the nickel -adhesive and adhesive -blade
interfaces. However, these models require a substantial amount of characterisation data, which
is not available fort  his specific combination of materials.
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Figure 15 - Modes of crack growth - Mode 1, Mode 2 and Mode 3

In order to reduce risk, a simple test rig has been created which can recreate the curvature

and strain conditions experienced o n the blade on simple tubular specimens with a similar
radius to the leading edge at the critical section. The design and manufacture of this test rig is
detailed in the report on Milestone 1.

2.3 FEM structural model: X -Stiffener
Leader: Bladena

The FEM blad e model of the Levenmouth turbine with 83.5m blades was developed based on
information received from Catapult . During atwo -day workshop at Catapult facilities in Blyth,
relevant information regarding the 83.5m blade was shared with Bladena.

The developed FEM model incorporates the global geometric blade characteristics such as

length, max. chord position and size, relative thicknesses of the aerodynamic profiles, shear

webs position in the blade relative to the trailing edge, etc. Local characteristics suc h as layup
thickness and composition in critical areas such as the trailing edge in max chord region are as

well incorporated.

A fine mesh in critical areas ensures the validity of the obtained deformations. The FEM blade
model was used to simulate differe  nt expected loading scenarios during normal operation
conditions. Focus is put on understanding the cross - sectional shear distortion blade behaviour.

Cross sectional shear distortion is post -processed for both main box of the blade as well as the
rear box. Figure 16 illustrates the nomenclature used in post - processing.
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Figure 16: 12m radial position cross section with details on the main and rear boxes
Cross sectional shear distortion is shown in Figure 17 and Figure 18.
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Figure 17: Cross -sectional Shear Distortion in the main box.
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Figure 18: Cross -sectional Shear Distortion in the rear box

This information is later used when the positioning of the X - Stiffener in the blade is decided.

The X - Stiffener is modelled as a bar finite element with properties allowing only tension to be
taken into consideration. The bar2 element is fixed in the blad e using an RBE3 MPC, thus
distributing the load on an area similar to the attached corner brackets in the real blade.

X- Stiffeners
Figure 19: Modelling of X - Stiffeners in the blade

The impact of the X - Stiffener is assessed by  comparing the reduction of the local deformation
(cross sectional shear distortion) before and after the X - Stiffener was installed.
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In Figure 20 cross sectional shear  distortion is post processed in the model with the X - Stiffener
and the diagonal 2 is used as a comparison base.

Rear box
2
6
— 5
o 3
(53]
g 2
1
-1 @ 5 10 5 20 25 30 35 43
-2
Blade length [m]
— ¥-Stiffener comb, D2
Figure 20: Comparison of cross sectional shear distortion. With red with X - Stiffener; with blue without.

The impact of introducing a connection between the two opposite corners is noted. When the
X- Stiffener is used, the cross sectional shear distortion magnitude is reduced with more than
70%.

1

2.4 Support for maturing the X - Stiffener
Leader: Bladena
Initial research showed that a simple maturing of the X -StiffenerE product was i ns
therefore much more extensive product development have been carried out by DIS, through
management and support from Bladena. In Fejl! Henvisningskilde ikke fundet. you see the
odX-StiffenerE that was designed for the geometry of a
but due to the complex geometry of the Levenmouth 83,5m turbine the design was changed to

accommodate this.

DemoWind This project has received funding from the European
= Union’s Horizon 2020 research and innovation
25 programme under grant agreement No 691732




The Offshore Demonstration Blade Project

Figure 21 7 OldX-St i f fener E design before project start

In Fejl! Henvisningskilde ikke fundet. is shown a new adaptable X -St i ffener E adesi gn
has been improved in the way that it can accommodate the different corner types of the

Levenmouth turbine, with varying angles and radius including the high force estimations from

task 2.3.

Snor fastgores omkring glasfiberstang.

Figure 22 i NewadaptableX -St i f fener E desi gn

The new design as undertaken different load analysis etc. and materials are currently being

tested in combination with the initially chosen adhesive to finalize the size of the corner mounts.

Next step is to get  correct prototypes made of the corner mount to test the attachment of the

full bracket into a constructed test piece simulating the actual blade geometry. These test pieces

are not available from any other blades and are therefore to be manufactured, this will be done
by the beginning of 2018.

Initial testing of the new corner mounts shown in Fejl! Henvisningskilde ikke fundet.
resulted in high peeling stresses in the Bondline due to high loads e xperienced during operation
of the turbine. Therefore, the development process needed to be revised and a change in
materials and design needed to be conducted. In the beginning of 2018, materials were
investigated in collaboration with DIS and SIKA DANMAR K A/S to test the adhesion to different
materials in connection with the specified adhesive (SikaForce 7818 L7 T Approved for internal
wind turbine blade repairs), see Figure 23. Final material was decided to be PUR 1150 Solid, as

it proved excellent strength for high loads including excellent adhesion to the specified
adhesive. This material ensured optimal connection between corner mount and blade panel,

this way, a cont rolled failure mode was obtainable.

DemoWind This project has received funding from the European
g7 Deiv Union’s Horizon 2020 research and innovation

programme under grant agreement No 691732

26




©DB

The Offshore Demonstration Blade Project
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Figure 23 i Adhesion testing for different materials in connection with specified adhesive using SIKA
DANMARK facilities in collaboration with DIS & Bladena

To transfer high loads optimally from the cross reinforcement to the blade panel/glass fibre
corner, throug h the PUR 1150 Solid. It was decided to use a fiberglass rod of ECR glass with
epoxy resin moulded into the PUR 1150 Solid corner mount. With this process, any slack that
could potentially interfere with optimal load transfer was avoided, see Figure 24.

P

Figure 24 i New corner mount moulded by Tinby A/S showing final design where PUR 1150 Solid is
moulded around a @30mm ECR fiberglass rod for optimal load transfer

To account for the complex geometry the corner mounts need to handle, three different lower

moulds have been produced using the same upp er mould part. As shown below in Figure 25,
first corner mount will be used for angles between 60° -80°, second mount will be used for
angles between 80° -110° and third m ount is for 110° -140° angles. The design/shape of the
corner mount ensures that sufficient Bondline surface is obtained in angles from 60° to 140°

blade angles using a linear approach to the inside radius of the blade.

i

Figure 25 i Photo showing the 3 different corner mounts produced to cover angles between 60° & 140°
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Calculations for the corner mount connections have been in correlation with standard procedure

used in the wind industry where adhesive bon d lines should not exceed 5 mm of thickness.
Therefore, the area of the connection to the blade panel is designed for p mm bond line
thickness, and areas exceeding this is not included in the calculations.

To control the failure mode of the full X -Stiff ener E assembly, testing of the
been conducted on Aworst caseo0 specially made gl ass f
have been produced in angles of 60°, 80° and 110° to mimic the angles in between each corner

mount, see Figure 26. As an example, the bracket covering 60° -80° have been tested in glass

fibre corners of 60° and again at 80°.

- e
& a0°

¥ , L ¥

- g ¥ = j g > i
Figure 26 1 Dr awi ngs of specially produced glass fibre corners t

testing of adhesion to corner mounts

After careful consideration and testing performed at DTU (See more in section 3.6), we have

reached a s trength of approx. 2 MPa. That is the connection to pure glass fibre, the connection

to sandwich panel will be minimum 1,2 MPa. From adhesion coupon testing the strength to the

glass fibre was tested for 12+ MPa, and the adhesion to the PUR was 15+ MPa. We believe
after thorough examination of the test performed on the glass fibre corners, that the clamping

method and design of specimen has led to high peeling stresses in the Bondline due to bending

of the glass fibre corner. The size of the specimen has le d to these results, where it is believed

that this high local deformation would not be possible in the full blade, hence; these peeling

stresses would not be present in full scale, and a strength closer to the 12 MPa is still valid.

From these findings, an  d to make sure there is no blade risk involved, we have moved on with

a safety factor of 4+. We have taken a worst case saying if the bracket is only 50% attached

to the blade and gone down to 0,5 MPa strength. That results in a maximum force in each blade

corner of approx. 600 kg. Therefore, the locking mechanism for the X -StiffenerE has b
tested and validated to ensure the rope will loosen at a maximum load of 600 kg, hence; no

blade risk is involved.

For connecting the corner mounts, different fibre r ope types have been investigated to give us
the optimal strength properties to ensure proper connection for full blade life time by using

non - conductive materials. This resulted in a @8 mm Dyneema® DM20 (Provided by DYNAMICA
Ropes ApS) rope, pre -stretched at high temperatures to remove as much elongation as
possible. As this rope type have a specified maximum load capability of 6.900 kg, we are
working below 10% of the strength, this is also to ensure proper tension through product
lifetime. The ropeischo  sen forits high strength, low elongation and very good ability to handle
creep together with the extremely high strength to weight ratio (6,9 ton A 3,5kg/100m).
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Figure 27 i Elongation performance of the rope used for the X
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Figure 28 i Creep performance of the rope used for the X

Tolockthe X -Sti ffener E

30

-StiffenerE produ:

C 0 n n e c¢hasedapproach wasrdecided sodhat the

maximum breaking load could be managed precisely. Testing of the length of the overlap in

relation to the strength have been performed at DTU together with Bladena to in
-duty glue -lined shrinkwrap from 3M

possibilities. By using a heavy

vestigate the
-DANMARK, and proper rope

surface preparations, only 11 cm overlap is necessary to obtain a maximum load of 600 kg.

e
locking mechanis

Figure 29 i | Poté éhwmg the
Risk management have been carried out throughout the development
Failure Mode and Effect Analysis (FMEA) tool to deal with all possible

current FMEA is covering: Design, Installation and operation. Below in

rating scheme for the FMEA that shows the content and reasoning for
implemented in the FMEA.

m for the X

StiffenerE produ

process by using a
failure modes. Bladena's

Figure 30 is shown the
different values
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Value Severity of Failure Probability of Occurance
Failure
Customer will not notice the adverse effect oritis =1in
1 insignificant Remoaote probability of occurnace 100,000
Customer will probably experience a slight effect after a Low failurerate with supporting .
2 ) " 1in 10,000
long time documentation
3 Customer will experience a slight effect Lowfallure rate without supporting 1in 2000
documentation
Cust Il duct i
4 ustomer will experience a reduction in performance Occasional failures 1in 1000
Repair will be needed eventually
Warranty repair or significant manufacturing or assembly Relatively moderate failure rate with
5 : : " 1in 500
complaint. Qverall function of system is partly lost. supporting documentation
High degree of customer dissatisfaction due to Moderate failure rate without supporting
[ . " 1in 200
component failure without complete loss of function. documentation
Function of complete system is lost. Very high degree of . . "
Relatively high fail ite with i
7 | dissatistaction due to loss offunction. No Impact on safety| - o o 10 IS [ Wil suppering 11n 100
documentation
or governmental regulations
Effect can result in unsafe situations. Severe damage to High failure rate without supporting 1in 50
° the overall system docuemntation
Effect will cause damage to the complete system and its Failure is almost certain based on .
9 : " : " 1in 20
surroundings. Dangerous situations will occur warrranty data or significant DV-test
Effect can cause highly dangerous and life-threatening Assured of failure based on warranty data
10 =1in10
situations. Heavy damage to machinery. or significant DV-testing
Figure 30 i Rating scheme for FMEA used to manage the development for the X -StiffenerE produc!

In Figure 31 itis shown how the different values are calculated into three different severity

categories from green (No noticeable risk) to red (High risk for severe failure). Where the X -
St i f f en e rofment mitiaylcontained mostly green, but also some yellow rated failure

modes. These yellow rated failure modes have been used to further development and improve

that part of the product to make sure all failure modes by the end of the project and befo re

final installation is rated as green (No noticeable risk).

Failure mode and effect analysis (FMEA)

P = Probability (chance) of Occurrence
§ = Severity of failure
R = Risk Priority Number (P x S)

Bladena

BLADE ENABLER

Probability of Occurrence
1 2 3 4 5 8 7 8 9 10
1 1 2 3 4 k] 6 7 & 9 10
2 2 4 6 8 10 12 14 16 18 20
3 B 6 9 12 15 18 21 24 27
4 4 & 12 16 20 24 28
Severity of 5 5 10 15 20 25 30
Failure ] 6 12 18 24 30 36
7 T 14 21 35
] 8 16 24
9 9 18 27
10 10 20 30

Figure 31 i Failure mode category calculation scheme

This structured and documented approach to the development process has led to the final

approval by Catapult fo

r installation on the 7MW Levenmouth turbine.

Initially planned for installation around August/September 2018, but due to complications with
the turbine, the installation window was pushed to November 2018. The cold weather around

30
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that time made the curin g of the adhesive difficult, and it was decided to push the installation
until the temperature was approx. 10°C and above. Therefore, final installation was conducted
by GEV in May 2019 with supervision and assistance from Bladena (See Figure 32).

Figure 32 i Final installationoftheX -Sti ffener E in the 7MW Levenmouth t

The solution and the initial planning were to install the X -StiffenerE in both diagon

rear box of the blade, but from the measurements obtained one diagonal showed to be
dom inant. This diagonal was therefore reinforced by the X -StiffenerE with 10
around max chord with a spacing of approx. 20 cm to distribute the loads properly.

For more information regarding the installation procedure etc. see Fejl' Henvisningskilde
ikke fundet. Fejl! Henvisningskilde ikke fundet. Fejl! Henvisningskilde ikke fundet.

2.5 Erosion Sensor: modelling & testing
Leader: TNO

TNO and Siemens Gamesa have held some meetings in order to clarify some important points

to be taken into account in the erosion sensor. So me points that need to be clarify in a near
future are, for instance, adherence, feasibility study of its integration from the structural and
aerodynamic point of view as holes are required to pass the fibre  through the blade  and could

appear steps due to the sensor, compatibility with lightning protection system (LPS),
communication protocol, alarms, etc. In this sense, Siemens Gamesa has offered its support to
TNO in order to try to study some of the points in the next months.

2.5.1 Principle of erosion sensor
The main principle opted for measuring erosion is based on humidity sensing. In previous
projects, TNO successfully developed a humidity sensor based on optical fibre technology. More

DemoWind This project has received funding from the European
g7 Deii ' . Union’s Horizon 2020 research and innovation

programme under grant agreement No 691732

31

conne



The Offshore Demonstration Blade Project

specifically, Fibre Bragg Grating based fibres (FBGs) with a moisture re sponsive coating were
used for this purpose. During the current project, the integration of these fibres in leading edge
protection (LEP) coatings of windmill blades is investigated.

The mechanism of erosion detection using humidity sensors is based onad ifference in response
to the externally changing humidity conditions. For a non -eroded coating, a slow response of
the sensor is expected, since moisture transport through a high quality coating progresses

slowly. For an eroded coating, suffering from weig ht loss (thickness reduction) and / or
microcracks, moisture transport is much faster, leading to a fast sensor response.

2.5.2 Feasibility studies
In order to study this principle for LEP coatings, two main questions needed to be answered:

Isthe mechanical st  ability of the fibres in the LEP coating sufficient to perform measure erosion?
Especially so, since significant droplet impact forces act on the coating (and the fibre).

Are the formulation, moisture transport and mechanical properties compatible with the
moisture sensing fibres to function as an erosion sensor?

To determine the mechanical stability, TNO supplied erosion sensor fibres to Aerox . The fibres
were in integrated various testing coupons and submitted to rain erosion testing. In addition,

the mechanical properties of the fibres were shared with CEU, who used these data to run
mechanical simulations.

Initially, humidity test were done with TNO fabricated PUR coatings to study the proof of
principle. Next, the functionality of the rain erosion sensor inside the AEROX LEP coating was

studied. In order to do so, various test samples were prepared at Aerox in co llaboration with
TNO ( Figure 33), after which humidity test were done at TNO with these samples. Finally, rain

droplet impact was simulated experimentally at TNO, to relate the droplet impact energy to the

response of the f ibres incorporated in the Aerox samples.

Figure 33 - Incorporation of TNO sensor fibres in Aerox coatings at Aerox laboratories (Valencia, Spain).
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2.5.3 Results

The rain erosion test s, analysed by Aerox , as well as the simulations do ne at CEU, indicated
that the top part of the blade, is not a good position for the fibre from a mechanical point of

view (den oted as position1in  Fejl! Henvisningskilde ikke fundet. ). Large m echanical stress
is exerted on the fibres incorporated in the top part of the blade, possibly leading to failure of

the fibre. In addition, the erosion of the AHP LEP coating was significantly accelerated in
presence of the fibre (at position 1). This is p robably due to the mismatch in mechanical
properties between the AHP LEP coating (rubber -like) and the fibre (stiff, glass -like).

Because this issue was anticipated for at the start of the project, other fibre positions were
studied as well, shown in Fejl' Henvisningskilde ikke fundet.

Coated _,_‘ AHP LEP
re 550 - 600 um (1 layer)
Q | AHP PRIMER 80-120 ym

SUBSTRATE (PUTY)
\ 500 - 700 pm

Figure 34 - Fibre positions denoted as 1 (LEP), 2 (primer) and 3 (pu tty) tested with rain erosion tests
(Aerox), mechanical simul  ations (CEU), humidity (TNO) and rain droplet impact experiments (TNO).
Figure courtesy Aerox.

In the figure below the accelerated rain erosion results are shown when embedding a fibre at
position 2 and 3. A comparison has been made when no fibre was embed ded as well.
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Figure 35: Testruns on the accelerated rain droplet erosion test setup analysing the effect of fibre optic
sensor location.

Although erosion is  accelerated at position # 2 , it does allow for erosion sensing based o n
humidity signals. In addition, this position is more likely to ensure the fibre do es not break
during droplet impact and it allows for tracking the number and (low) energy of droplet

impact(s).

The initial humidity test with TNO fabricated PUR coatings i ndicated that the principle of erosion
sensing in PUR coatings was feasible. Depending on the thickness of the coating present,

humidity signals differed due to a difference in moisture transport, implying that the erosion
measurement is possible with this approach. Next, the fibres incorporated in the Aerox coatings

at positions 1, 2 and 3 were tested. From an erosion sensing point of view, fibre positions 1

and 2 were favoured, measuring humidity inside of the AHP LEP and primer coatings (  Fejl!
Henvisningskilde ikke fundet. ). Position 3 was less favourable, probably because moisture
transport over various interfaces occurs at a much slower rate and because the swelling and
shrinking mechanism is hampered when th e sensor is at position number 3.

—21C3-a

154506 ]
154504 ]
154502 ] rl,-‘| o I I B Bl B
154500

1544.98
1544 56 ]
154494 1

=

2]
Hi%)

Wavelength(nm

=
F

154452 T
1544 56 |

1544 54

154482 ||

1844 78 | {40
184474 —

154490 ]
1544 80 ] g
T T T T

0 50 100 180 200 250

1544 28 |
154478 *
Time (hours)

Figure 36 - Fibre response (black line) incorporated in Aerox coatings at position 2 (primer) while
varying the humidity (red line) between 45 and 75% relative humidity.

Based on the mechanical s tability and functional sensing aspects studied during this feasibility

study, it can be concluded that this principle is feasible for erosion testing. However, care should

be taken at which position the erosion sensor fibres are placed inside the coating on the wind
turbine blade. For mechanical stability, the deeper the fibre is embedded, the better the
mechanical stability of both fibre and LEP coating.
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Finally, the droplet impact experiments indicated that the number of impacts as well as the

energy of the impact can be related to the fibre response for low energy impact (comparable
to small rain droplets with speeds up to 125 m-s ‘1. For high energy impact the number of
droplets could be measured, but the energy of the impact could not be rela ted to the fibre
response because of a threshold behaviour encountered.

2.5.4 Conclusion
Based on the mechanical stability and functional sensing aspects studied during this feasibility

study, it can be concluded that this principle is feasible for erosion sens ing.

During this study, the best position to place the erosion sensor was found to be in  the AHP
primer layer, position nr. 2 of Fejl' Henvisningskilde ikke fundet. . At that position it does
allow for erosion sensing based on humidity signals. Representative  tests in the laboratory
made clear that the sensor has a negative impact on the life -time of the  Aerox LEP coating. For
that reason it was decided not to install the erosion sensor in the Levenmouth Demonstration

Turbine (LDT). and spent the remaining budget on running experiments and models to evaluate
trade - off to steer development in future.

2.6 Cross S ectional Shear Distortion Sensor : modelling & testing
Leader: TNO

2.6.1 Modelling Approach
Cross sectional shear distortion is an indicator for the deformations a wind turbine blade
experiences during operation. In the context of this project it is measured as t he length change
of the two diagonals of the rear box of blade #3 at certain distances from the blade root
(specified as radius e.g. R14 in meters) of the Levenmouth Demonstration Turbine (LDT). While

initially the main box of this blade was envisaged, it became apparent that this structure was
too narrow for the installation of the Cross Sectional Shear Distortion Sensor (CSSDS) during
the first inspection of the bladebds interior. The

the diagonal length chan  ge is expected to be less than 30 mm by the work package partners.

For illustration, the cross section at R14 is depicted in  Figure 37. While the dimensions of the
cross sections differ with only up to 50 cm, their shape changes rather significantly. This results

in a more complex design and installation procedure of the CSSDS than originally anticipated.
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Figure 37 - Cross section R14 of L DT

To determine the length of the cross sectional diagonals, TNO developed the CSSDS based on

its Fibre Bragg Grating (FBG) technology. The CSSDS s chematic design and interfaces are
depicted in Figure 38. The sensor transfers mechanical strain (i.e. the length change of the
diagonals) into an optical response of an optical fibre (i.e. the sensing fibre) that can easily be

measured by off the shelve electronics placed inside the hub. Therefore, the sensing fibres have
to be strained along the identified diagonals and attached to the blade interior (suction and

pressure side surfaces). This attachment is realised by the so called Fibre Corner Mounts (FCM).

Once the mecha nical strain is translated into an optical signal that propagates along the optical

fiore from the measured cross section, it can be measured by the interrogator and
measur ement PC that are placed inside the wind turbin:i
is processed, aggregated and send to TNO using ethernet or a 4G connection.
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Figure 38 i CSSDS schematic design & interfaces

The CSSDS is designed such, that it can measure the diagonal length change of the specified

cross sections with an accuracy and precision of below 0.5 mm over a period of operation of 12

months. Also it has to be able to be installed and decommissioned by trained TotalWind
technicians and comply to the requirements of ODSL.

The two most complex components that had to be developed for the CSSDS are the Fibre
Corner Mount (FCM) and the Hub Cabinet (HC) and are therefore briefly discussed
subsequently.

2.6.2 Fibre C orner Mount
The main purpose of the FCM is to transfer rear box deformation into the sensing optical fibre
to pick up upon the strain along the diagonals. Therefore it has to:

9 Provide a robust and rigid interface to the blade surface
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1 Clamp the sensing opti cal fibr e without slip and not exceeding the minimal bend radius
of 15 mm

1 Apply a well-defined pre tension to the fibr e, such that the fibre can also measure
compression of the rear box diagonals

i Beabletobeinstalled simply and safely by the TotalWind technicians

One FCM is placed in each of the 4 corners of the 3 designated cross sections of the re ar box
as depicted in  Figure 37 sym bolized by red cubes. Figure 39 shows the first concept and the
final design of the FCM, illustrating the development necessary to transform the requirements

into actual functionality.

PN

(

L4

m innovation
for life

Figure 39 - FCM first concept (left) and final design (right)
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2.6.3 Hub Cabinet

While the FCM is required to translate the diagonal strain into an optical signal that propagates

inside the optical fibres, an optical interrogator is needed to convert it into an electronical signal

that can easily be processed. To provide the interroga tor with a suitable environment,
mechanical protection and to enable an uninterrupted operation for at least 12 h, even when

the power to the hub cabinet is cut, the HC was developed. The HC also holds the measurement

PC that manages the data created by th e interrogator. In order to be able to install the HC with

the weight and volume constraints imposed by the wind turbine, the HC had to be broken up

into 3 sub -assemblies, the power supply unit sub -assembly, the interrogator sub -assembly and
the cabinet wi th the measurement PC installed. They are depicted in  Figure 40. The HC also
provides the external interfaces to the other components of the CSSDS, as well as to the w ind
turbine. The HC is going to be installed inside the hub of LDT and mounted onto the hub

interface provided by  ODSL.

m innovation
for life

Figure 40 - Hub Cabinet (left), power supply unit sub -assembly (top right) and the interrogator sub -
assembly (bottom right)

2.6.4 DTU Test Integration
The CSSDS sensor is developed by TNO, and had to be installed by blade technicians in a wind
turbine that is managed by ORE Catapult and its contractors. The separation of tasks and
responsibilities inherent to this construction and the fact that it will be a first time right
installation form a risk for the installation and operation of the CSSDS that is mitigated by a
te st integration of the CSSDS into the blade test rig at DTU. There the complete CSSDS system
was installed with two cross sections of the blade equipped in November 2017. The test

DemoWind This project has received funding from the European
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integration (see  Figure 41) resulted in an improved installation manual, training of the blade
technicians and confidence to be able to integrate the CSSDS successfully into LDT with the
estimated effort.

Figure 41 - CSSDS test integration at DTU, installed FCMs inside the blade (left) and test rig (right)

2.7 Advanced Hybrid  Polymer (AHP) coating solution: modelling,
polymer design and properties modulation
Leader: Aerox

2.7.1 Refinement of the formulation of the AHP polymer
The work started with the AEROX AHP Technology and a firs t formulation of the AEROX AHP
leading edge protection (d e si gn dENSD). AEROX AHP Technology is based on the precise
combination of two thermoset polymers with different rheological, thermal, chemical and
physical properties, allowing the creation of high -performance material s with extraordinary
erosion re sistance .

AEROX AHP Leading Edge Pr ot ect i on sygtéim domsiéty of a 2 -component polyurea -
polyurethane coating  which is extremely easy to apply with excellent erosion resistance. Once

the product is applied on the leading edge of the blade, it creates a protective multilayer system
(together with the composite material of the blade and the commonly used putty) which

absorbs and dissipates the energy of the impacts of the raindrops.

AEROX AHP LEP system can be applied either at the blade manufacturer pr emises or in field.
The coating solution was designed with three application methodologies to fit the requirements
of each OEM and/or blade manufacturer (spray, paint roller and filling knife) (See Figure 42).
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W ke
Figure 42 - Application methodologies on wind blades. Left: spray. Centre: roller. Right: filling knife.

The formulation of the AHP polymer was adjusted to both environments Levenmouth conditions

(service) and Siemens Gamesa production conditions (service and plant). Viscoelasticity and
mechanic response to impacts were defined, simulated and tested in order to select the most
adequate formulation.

Four additional formulations were created (LEN 22, LEN 23, LEN 30 and LEN 39) modifying
viscosity, amount of pigment, and additives in order to modify the elasticity, hardness, energy
absorption capacity, applicatio n window (moisture and temperature) with the objective of
finding the best formulation for service and plant applications.

Simulations carried out by CEU, s hown in Figure 43, compared the behaviour of the different

LEP polymers under the effect of the raindrop i mpacts
was observed that the capability of the coating to transfe r wave energy in the multi -layered

system can influence the erosion damage. Stress reflections oscillate repeatedly through the

coating and substrate structure until dampened out by
energy of the initial shockwave. These LEP elastomer material coatings (LEN9 and LEN22) were

formulated with low macroscopic elastic modulus, high ultimate strain and high resilience that

reduce the stress at the impact surface and dampen the stress waves, ensuring the rapid

recovery time  of the material and the energy is dissipated quickly (depending on the dynamic
properties and the thickness). It is important to remark from Table 3 thatthetransmit ted stress
waves were reduced significantly from the liquid to the coating and, on the other hand,

amplified from the coating layer to the substrate, which in fact was not a problem due to the

higher mechanical capabilities of the laminate. These materials store energies at a reasonably
low level of stress (at a value lower than the fracture strain) but needed to be defined
considering the appropriate adhesion between the coating and the substrate and their relative

impedances (See Table 3).
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Figure 43 - Simulation of the stress developed through the thickness by different polymers (Epolit GC,
LEN9, LEN22. Example of obtained results for tested coupons configurations.
Material Combination : ZL Zc Zs ay, F Q. F q £ q 2|
Coating -Substrate (Kg/m2s) (Kg/m2s) (Kg/m2s) Ay Ay Aoy Aoy
LEP-GFRP 1482000,00 92870,88 5648008,50 0,882 0,118 -0,968 1,968
Gel Coat-GFRP 1482000,00 3041052,45 5648008,50 -0,345 1,345 -0,300 1,300
Table 3 - Impedance properties of selected candidate materials. Reflected and Transmitted waves as a
function of the Incident stress at surface (Liquid -Coating) and at interface (Coating - Substrate)
The five polymers, were also tested in the RET rig at University of Limerick. Several samples of
each formulation were tested. Figure 44 shows an example of the maximum resistance reached

by different samples. LEN 30 offered better performance than any other formulation tested.
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LEN 9 (Reference)

2,5hours 8,5hours 7,5hours

2 hours 3 hours 9,5hours 15 hours 5,5hours

Figure 44 - Results of RETs performed on 5 AHP polymer formulations.

The selection of the polymer was made taking into account the average resistance of each
formulation and the ability to be s anded and adapted to a cartridge format ( See Figure 45).
The selected formulation was that label led as LEN30. The repair and application methods are

described in fullin ~ Annex A .

LEN 9 LEN 22 LEN 23 LEN 30 LEN 39
SANDING? ‘/ J x ‘/

v
Formar | X X | v X

RAIN EROSIO

RESISTANCEH 2 hours 4 hours 8 hours 9 hours 7 hours

Figure 45 - Formulation selection criteria.

2.7.2 Modulation of the adhesion of the coating
During the rain erosion tests performed some samples showed delamination failure. This was

interpreted as lack of adhesion between the LEP and the putty/porefiller (See J.C.1 in Figure
44,).
In order to improve the adhesion, an interme diate layer of AHP Primer (Aerox AHP PR) was

applied. The objective of the primer was to avoid delamination and to control the fast growth
of the eroded zone once the erosion is initiated.
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Pull-off tests ( Figure 46) showed a change in the failure mechanism from adhesion failure
without using primer to cohesive failure when the primer is applied. Peeling tests showed the
increase of energy required to separate the coating from the fill er when using primer compared

to samples without primer.

LEP Coating
1-2 layers
800 pm

Filler
1000 pm

Laminate
1.4 mm

2 layer Biax
Fiberglass —
Epoxy

Force (N)
Force (N)

0 2 © 0 o

Deformation (mm)

WITHOUT PRIMER

LEP Coating
1-2 layers
780 pm

Primer
60 pm

Filler
960 pm

Laminate
1.4 mm

2 layer Biax
Fiberglass —
Epoxy

Deformation (mm)

WITH PRIMER WITHOUT PRIMEI  WITH PRIMER

Peeling Test Pultoff Test

Nanoindentation tests were used

Figure 46 - Pull-off and peeling tests

in order to characterise each layer of the LEP configuration

(LEP 7 PRIMER 1 FILLER). Indentation modulus and hardness of each layer were obtained as

showed in Figure 47.
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. Bulk properties obtained for LEP configuration materials with nanoindentation testing.
LEP Coating LEP Coating " Ind ion »
1-2 layers 1-2 layers Matedal Modulus H
800 pm 780 ym
LEP 21.37+0.45 MPa 6.39+0.8 MPa
;imer Primer 3.66+0.29 GPa 130.75+47 MPa
pm i
Filler Filler 8.76+0.87 GPa  167.37+14.17 MPa
1000 pm Filler
960 ym
Laminate " Laminate I ] : :
1,4 mm 1.4 mm . ' i i )
2 layer Biax 2 layer Biax I : : :
Fiberglass — Fiberglass — 3 ' K ' !
Epoxy /' Epoxy [CH ; g, ¢ k.
3 ' M 3 ' R
S, ' - S ' ' x
° " ° M ' *
Material 2 v 2 ! i A
Combination: r 4 Zc Zs ORuc O1ic ORes Ores < 4 : 5 o :-..' : N
Coating- (kg/m’s)  (kg/m’s)  (kg/m’s) e e Fies Fies = ' ) i3 a8
Substrate € ' € 1 1
S 1E [} ' =
g i 2 TR
£ ' £ ' It
LEP-GFRP 148M 0,00M 5,65M 0,882 0,118 -0,968 1,968 ' :_ :; : '
| S— R F———
LEP-Filler ~ 148M  009M  2,8M 0,882 0,118 0,936 1,936 o ® @ W 0 1 W @ w0 ® % ® ® w0 0
Indent Position (um) Indent Position (um)
LEP-Primer ~ 148M  009M  228M 0,882 0118 0922 1922 WIT UT PRIMER WITH PRIMER
Primer-Filler* 228M  2,83M -0,107 1,107

(* the relative acoustic properties are not considered on the liquid-coating surface and the primer acts as a first
substrate layer instead of the coating layer and the filler as the second substrate layer)

NanoindentationTesting

Figure 47 - Left: Impedance properties of LEP candidate materials. Reflected and Transmitted waves as
a function of the Incident stress at surface (Liquid -Coating) and at interface (Coating - Substrate ; Right:
Nanoindentation testing showing interface properties variation due to intermediate primer layer.

The relative acoustic properties were quantified for the different combinations of material

candidates for the multi  -layered system. It coul  d be observed that the filler layer inclusion and

even the primer layer did not negatively influence the reflected and the transmitted waves to

the LEP compared to the direct application of the LEP over the GFRP laminate. Moreover,
considering the primer |  ayer as a first substrate layer over the subsequent filler layer, there

was a reduced value for the reflected and transmitted stress waves. These results correlate

well with the similar erosion incubation time observed in both configurations (with and with out
a primer) in the rain erosion testing summarised in Figure 48 and Figure 49 for the LEP
configuration.

Simulations of the stresses caused in the multilayer system depending whether the primer is

applied or not, showed differences in the maximum values reached in each case. Maximum

stresses were reduced when the primer was applied. Simulation results were co nfirmed with
rain erosion tests carried out on fast degradation coatings with and without primer.
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Figure 48 - Simulation of the stresses absorbed with and without primer.

Finally, rain erosion tests were carried out in order to evaluate the influence of the primer on

the resistance of the coating system ( Figure 49). In the meantime, application processes were
improved, reaching around 15 hour s in average with LEN 30 at Rain Erosion Tests. It was
observed that the primer slightly reduced the resistance (from 15 to 14 hours). However, the

degradation of the coating was progressive f rom the erosion initiation spot. This is unlike what
happened wh en the primer was not used, when fast delamination was observed from the

moment when the first damage occurred.

WITHOUT
PRIMER

17 hours 15 hours

< 2
WITH
PRIMER

14 hours 8 hours 14 hours

Figure 49 - Evaluation of the influence of the primer on the overall resistance.
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2.7.3 Definition of Plant Application ( Siemens Gamesa Plant)

The definition of the

plant application
AEROX AHP LEP System (AEROX AHP LEP 910 and AEROX AHP LEP 920)
in Table 4.

different application as described

in Siemens Gamesabs premi ses was
.There were made 5

APPLICATION PRODUCT METHOD OF APPLICATION

#1 AHP LEP 910 1 layer by roller.

#2 AHP LEP 920 1 layer by filling knife

#3 AHP LEP 920 2 layers wet on wet by filling knife

#4 AHP LEP 920 1 layer by filling knife, sanding + 1 layer by filling knife.

Table 4 - Test applications (Siemens Gamesa plant)

The application was carried out by

Siemens Gamesa Plant operators, as shown in

Figure 50.

Figure 50 - AHP LEP Service System application (  Siemens Gamesa plant)

The conclusions extracted from the tests were:

- Aprimer is required to ensure the good adhesion of the coating when applied both ways.

- The finish surface of the roller

application was not good enough and had to be improved.

- The application by filling knife was faster and offered the best finishing surface. Therefore,

it was preferred by

47
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GAMESAlant

LEPRby FillingKnife

Comments

C AdhesionPrimer:
C Neededto ensureagoodadhesion in ANY
CONDITION aipplication
C LEPRoyroller:
C FinishSurfaceneededto beimproved
C LEPvyfilling knife
C GreatFinish

C Quickapplication
C Bestapplicationfor Plant

Figure 51 i Siemens Gamesa plant ap plication results.

2.7.4 Definition of Service Application (

The definition of the service application in

Siemens Gamesa Service)

Siemens Gamesads premi ses was carri

AEROX AHP LEP Service System (AEROX AHP PR 108, AEROX AHP LEP 910 and AEROX AHP LE P
920).
There were made 5 different application as described in Table 5.
APPLICATION PRODUCT METHOD OF APPLICATION
AHP PR 108 Service 1 layer by roller
#1
AHP LEP 910 Service 2 layers wet on wet by roller
AHP PR 108 Service 1 layer by roller
#2
AHP LEP 920 Service 1 layer by filling knife
AHP PR 108 Service 1 layer by roller
AHP LEP 920 Service as - .
#3 . 1 layer by filling knife
Filler
AHP LEP 920 Service as LEP 1 layer by filling knife
#4 AHP LEP 920 Service 2 layers wet on wet by roller
45 AHP LEP 920 Service 1 layer on the sides and 1 layer on the
central zone of LEP
Table 5 - Test applications ( Siemens Gamesa service).
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The application was carried out by Siemens Gamesa Service operators, at the service training
site in Pamplona (Spain), as shown in Figure 52.

Figure 52 - AHP LEP Service System application (  Siemens Gamesa service).

Table 6 summarises the results from this testing. F ull detail s of the test methodology is
described in  Annex A .

AHP LEP
ADVANTADGES DISADVANTADGES
VERSION
- Lower probability of wrong mixing ratio
due to cartridge format.
- Reduction in intermediate stocks.
AHP PR 108 - Less disposables - Offer another - Application on
Service method to control thickness blade directly
- Ensure better adhesion of AHP LEP
- Not necessary wait until cure to apply
the next layer
- Lower probability of wrong mixing ratio
due to cartridge format.
- Levelling
AHP LEP 910 - Reduction in intermediate stocks.
Service - Application of 2
- Time of LEP stage. layers.
- Roughness of process
DemoWind This project has received funding from the European
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- Easy to apply for non

operators

-experienced

AHP LEP 920
Service

- Good feedback of

- Lower probability of wrong mixing ratio

due to cartridge format.

- Reduction in intermediate stocks.
- Same disposables than filler.

- More than 500 mm in one hand.
- Time of LEP stage.

- Fast curing

- Great Finish

operators.

- Levelling

- Application on blade directly

- Confirm the
application #5 as
roughness method
of application.

Regarding the application methods, the conclusions

Table 6 - Feedback from Siemens Games ad s

technicians.

extracted from the tests were:

- The primer was not suitable to be applied directly on the blade and had to be previously

put in a container.

- It would be interesting if the rheology of the primer could be modified in order to use it

as porefiller.

- Theroller application offered deficient finish surface and should be improved. At the same

time, roller application was the easiest way and was suitable for non

operators.

- The application by filling knife offered the best finish surface as well as the f

method. However it required practice by the operators.

50

-experienced

astest
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GAMES/Aervice

LERby Roller LERby FillingKnife Comments

! C AdhesionPrimer:
C Not Suitableto be applieddirectlyon the

! b bladeA Use ofcontainer
C Modify the rheologyto use agorefiller.

1 4 0

& C LEPbyroller:
r; C Applicationmethodsuitablefor non-
§ experiencedperators

PRIMER

C FinishSurfaceneededto beimproved

 —
RObdLLO

f C LEPyfilling knife
4 C GreatFinish
C Quickapplication
C Recommendedapplication

LEe
§

Figure 53 i Siemens Gamesa service application results.

2.7.5 Definition of Service Application (TotalWind)

The definition of the service application was carried out applyi

ng Aerox AHP LEP Service System
at Total Wi nd@BEROKAHPMERR 308, AEROX AHP LEP 910 and AEROX AHP LEP 920).

There were made 5 different applications as described in Table 7.
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AHP LEP 910
#1 . 2 layers wet on wet by roller.
Service
AHP LEP 920
#2 . 1 layer by filling knife
Service yer oy g
43 AHP LEP 920 1 layer on the sides and 1 layer on the central
Service zone of LEP
44 AHP LEP 910 2 layers wet on wet by roller and spread the
Service final layer with a brush
45 AHP LEP 920 1 layer by filling knife trying to improve the
Service transition zone.
AHP LEP 920 1 layer on the s@es and. 1 layer on the cer?t'ral
#6 . zone of LEP trying to improve the transition
Service
zone.
Table 7. Test applications (TotalWind).
The application was carried out by Total Wind operators, at Total Wind facilities in Brande
(Denmark).

Figure 54 - AHP LEP Service System application (Total Wind).

Table 8 summarises the results of this testing . Full details on the application methods are
described in Annex A.
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AHP LEP
ADVANTADGE DISADVANTADGE
VERSION GES S GES
- Lower probability of wrong mixing ratio
due to cartridge format.
- Reduction in intermediate stocks.
- Less disposables
: - Surface
AHP PR 108 - Offer another method to control thickness
. appearance could
Service
- Ensure better adhesion of AHP LEP be better.
- Not necessary wait until cure to apply the
next layer
- Could be used as porefiller using a filling
knife.
- Lower probability of wrong mixing ratio
due to cartridge format.
- Reduction in intermediate stocks.
- Time of LEP stage.
- Necessity of use a
- Roughness of process brush to get a
AHP LEP .
. - Same disposables than AHP PR 108 smooth surface.
910 Service
- Fast curing - Application of 2
layers.
- Easy to apply for non -experienced
operators
- Suitable for application by rope
- Application on blade directly
- Lower probability of wrong mixing ratio
due to cartridge format.
- Reduction in intermediate stocks. - Application by
AHP LEP spatula might be
920 Service - Same disposables than filler. incompatible with
rope application
- More than 500 mm in one hand.
- Time of LEP stage.
DemoWind This project has received funding from the European
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- Great Finish
- Good feedback of operators.
- Levelling

- Applica tion on blade directly

Table 8-Feedback from Total Windds technicians.

Regarding the application methods, the conclusions extracted from the tests were:
- Total Wind preferred the primer in the same colour as LEP.

- Asthe product istobe applied using rope access, the operator has only one free hand to
work. Therefore, TotalWind selected the application method that utilised the roller.

- In order to improve the fin ishing surface, a brush was used to level the finish

- Application by filling knife was the fastest way. However, it was not suitable for operators
undertaking rope access

TOTAIWIND

PRIMER LEPy Roller LERby FillingKnife Comments

- s C AdhesiorPrimer:
i C The primer is spread in a container instea
of be applied on the blade.
C Change the colour to Grey as LEP

C LEP by roller:

C Suitable application by rope access.

C Needed to levelling the Surface with a
brush.

C Recommended application.

C LEP by filling knife

C Notsuitable to be applied by rope Access
due to the operator needs to have a free
hand.

C Quick application

Figure 55 - Total Wind service application results.
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2.7.6 Definition of repairing procedure

Repairing of an eroded zone must ensure a transition zone without edges (<0.4mm ). The repair
procedure developed by Aerox, which offers a good transition between non -repaired and
repaired z one, is summarised below . Further details can be seen in section 4.7 with full details

provided in Annex A.

1. Sanding of the zone to be repaired until the putty/porefiller.

2. Sanding of a transition zone of at least 5 cm between the eroded and non -eroded surface.
The sanding must reach the primer in the edge in contact with the zone to be repaired.

3. Application of one layer of primer covering both eroded and tr ansition zones and a layer

of LEP covering the eroded zone.

Application of a second layer of LEP covering both eroded and transition zones.

SurfacePreparation Primer + 1°Layerof LEP 2° Layerof LEP
- =
] . | Transitof

Figure 56 - AEROX AHP LEP repairing procedure

2.7.7 Numerical Simulation Approach: Service Application and
Manufacturing concerns that influence leading edge protection
erosion performance in wind turbine blades
Under impingement , the blade composite structure is affected by the shock wave caused by
the collapsing water droplet on impact , and the elastic and viscoelastic responses of the
materials , surface preparation , coating application and the interactions between them . The
capability of the LEP c oating to transfer wave energy  can influence the erosion damage. Stress
reflections oscill ate repeatedly through the coating and structure until damped by the material

properties to reduce the energy of the initial shockwave. By matching delamination resistance
between the coating and the blade structure, coating life time under repeated impact s can be
extended.
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2.7.7.1 Effect of thickness v  ariation through the multilayer system

In a first study, the LEP thickness variation due to the application method was analysed in order
to define its influence on erosion and its capability to attenuate the stress through the thickness,

see Figure 8 and 9.

Mass loss Delamination
between layers

@ (b)
Figure 57 - (a) Rain erosion testing specimens. Erosion failure due to mass loss on surface and interface
delamination. (b) Multilayer system microscopy. Two coating layers with different thickness depending
on the application method, define an interface that tend to delaminate upon impingement.
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Figure 58 - AEROX AHP LEP single impact simulations with LEP layer thickness variation for the blade
multilayer configuration system.

2.7.7.2 Process design for erosion coating. Modelling manufacturing factors that affect

Interface coating -laminate relation with mass loss in erosion.
Destructive mechanical testing was also undertaken. Pull - off strength testing of the samples
showed the failure in the composite laminate and hence the capability of the coating to assure
the required target strength. A specially -developed peelin g test for interface coating -laminate

adhesion response quantification showed that these testing results correlated with the rain
erosion tests, as shown in Figure 59 and Figure 60.
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Figure 59 - (a) Rain erosion testing specimens. Erosion failure due to mass loss on surface and interface
delamination for coupons depending on Primer application, Sanding and no sanding processing (b).

GCBCCECC
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Figure 60 - (a) Rain erosion testing failure evolution due with sanding processing.

|
|
T
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The objective of the work was to assess the coating -laminat e interface through numerical
modelling, correlating the manufacturing coating application factors (curing, sanding, spray,

roll er, trowel , et c. ) istance to rainleresiomdamage i athréugh nmass doss
measurements inthe ~ Whirling Arm Rain  Erosion Rig ( WARER) at the University of Limerick

The coating -laminate adhesion and erosion is affected by the repetitive shock wave caused by

the collapsing water droplet on impact. In order to assess the mechanical response of the
multilayer interfaces, it was defined the Cohesive Zone Modelling (CZM) b etween layers to be
incorporated in the numerical modelling of the rain droplet impact. The proposed methodology

states the CZM input parameters with both physical Pull-offand Peeling testing of manufactured
specimens and their numerical modelling. The ap proach allows one to account for the effect of
the surface preparation and coating application and the interactions between them with the

multilayer system.  This methodology has been studied with the coating curing conditions, but

can be extended to any ot  her coating surface application process like sanding, spray, roller,

trowel , primer, etc. (further work on its development).
f;i\ D em OWi nd Thi; p,roject ‘has received funding frqm the Eyropean
(»// Delivering cost reduction Union’s Horizon 2020 research and innovation
58 n offéhore winc programme under grant agreement No 691732




©DB

The Offshore Demonstration Blade Project

Pull off and Peeling
testing. Lab scale
specimens

o

Parametric

Cohesive Zone Modelling
P Input Parameters: G,, O,

Manufacturing factors affecting erosion

Numerical Modelling
7 Peeling testing.

study

a0

0

s f"aw‘%ﬂmwwt‘r»' ‘

i
§
{
¥
4
3

/
o 1= _ |

0 20 +0 (0]
Dwtormacon en me

Numerical Modelling Rain Droplet impact

Lifetime prediction

----- Tmax = 20MPa; Ga = 8504im*2
== = Tmax = 20MPa; Ga = 10004im*2
—Tmax = 20MPa; Ga = 11500im*2

10

and

Figure 61 - Proposed methodology for the modelling of manufacturing factors that affect erosion. Input
parameters for Cohesive Zone Modelling are determined with Peeling testing and its simulation.
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2.8 Process design for erosion coating
Leader: Siemens Gamesa

Regarding the Aerox solution, Siemens Gamesa carried out a preliminary study of the possible
application process in factory and in field.

Siemens Gamesa and Aerox carried out a preliminary validation of the possible application

process ( Fejl! Henvisningskilde ikke fundet. ). Although the applicability is good, some
improvements are needed in order to facilitate the correct finish and optimal time duration of
the application in field.

Figure 63 - Real Blade tip applied with Aerox solution

Recommendations were identified in order to reduce the complexity of the process and increase

its robustness. Moreover, it was needed to review the need to sand the LEP as well as the need
to define and optimize the process for the transition area. In addition , some optimization should
be carried out related to the viscosity, colour or brightness.

Optimizations were done by Aerox of their LEP and new proces s tests were carried out on a real
leading -edge airfoil piece of ca. 7m. Different application methods and thicknesses were tried

on the same airfoil . One layer of Aerox LEP was coated by spatula on the airfoil  with a thickness
in the range 300-700um of wet film thickness. Sagging was observed when the wet film
thickness was above ca. 450 -500um , but the levelling and smoothness of the surface was
adequate when the thickness was below this range.

)

Figure: process tests on 7m leading -edge airfoil with Aerox LEP solution
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2.9 Retrofitable add -ons: modelling
Leader: Siemens Gamesa

2.9.1 Aim
The aim of this section is to show the preliminary results obtained from aerodynamic and
acoustic measurements conducted in the Virginia Tech Stability Wind Tunnel in June 2017.
Background Aerodynamic noise produced by current wind turbines is critical due to
environmental aspect and local regulations.

There are several procedures to get a better performance relating to noise produced by wind
turbines. At the same time, it i s important not to get any penalization on energy production
to keep the wind farm in optimal production conditions and not to affect to the economic

benefit of the wind farm.

Serrations are proposed as the geometrical solutions to reduce noise emissions. The
advantages of this system are that it can be used on current wind farms without bigger
modifications, are relatively cheap to install and can achieve important noise reductions.

2.9.2 Design and Definition

Prior to defin ing the test matrix for the wind tu nnel test, a design process was completed and
design parameters have been fixed.

The most important parameters in its design are:

- Ratio: Relationship between length and extension.
- Angle: Angle between the aerodynamic profile and the device (see Fejl!
Henvisningskilde ikke fundet. )

Downwind side

trailing edge

Upwind side —

Attachment

Figure 64 - Definition of Angle

- Location: Pressure or suction side.

- Length. In relation to the rope of the aerodynamic profile.
All these parameters are taken into account when making a first aerodynamic design . This is
later analysed ina  wind tunnel testing campaign. It is therefore important t hat the design of

the testing campaign considers all these p arameters .

The definition of these parameters depend s on the aerodynamic  airfoil geometry  on which they
will later be located. Additionally, the positioning on the blade d oes not cover the entire length
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but only its last part, towards the tip. Therefore, it is not necess ary to analyse all sections of
the blade, but only those where these devices will be placed.

Along the entire length of wh ere the devices will be placed different sections are considered,
taking into account the design factors that have been previously ide ntified.
This makes the design process iterative, and different alternatives are considered until finding

the optimal solution. This s olution must be  then be validated

The firstiterati ons worked on the definition of how many different sections of the bla de needed
to be defined, so that they covered the entire length where the devices were placed. Fejl!
Henvisningskilde ikke fundet. shows the chord vs the radius of the blade and identifies thr ee
separate sections (identified by the horizontal lines) of the blade which will have different

designs of VG installed. This ensures the design of the retrofi ~ ttable add 7 ons is appropriate for
its position on the blade

paimm|

moth eap

0

cadius [

Figure 65 i Graph showing the chord vs distance from the hub

Once the main sections or blocks of devices have been identified, the next step is to adapt
these sections to obtain the number of panels and their geometry.

The geometric defin  ition of these panels is very important to their subsequent manufacture
and future assembly in the wind turbine

2.9.3 Test Configurations
Once the design of the aerodynamic  airfoil geometry oft  he validation wind turbine is confirmed
the next phase of the proje ct consists o f evaluating these designs in a wind tunnel test
campaign . The target of this test is verify ing those design parameters already mentioned, and
then selecting the optimal design s that can be taken onina validation field test .
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This project phase is very important, since it will allow us, with a relatively low cost, to ev aluate
different designs.

The test matrix includes the following parameters:

- Configuration; If it is clean or dirty
- Device: If it is placed or not to measure the ef fect it introduces
- Location: If it is in the suction or pressure area
- Angle: Different angles are tested to analy se their effect
As a result of all the combinations, we have a matrix that involves 20 different tests, divided
into 6 main areas  that will be carried out in the wind tunnel (Fejl! Henvisningskilde ikke
fundet. ).
No. of Tests| Configuration| Device| Location Angle Target
2 Clean/Dirty No ¢ CC CCC Airfoil with no device
3 Clean Yes Suction 3 angles | Suction Area
5 Clean Yes Pressure 5 angles | Pressure Area
2 Clean Yes Pressure 1 angles | Material
3 Clean Yes Pressure 3 angles | Ratio
5 Clean/Dirty YegNo | Pressure/Suction Best design

Table 9 - Wind Tunnel Test Matrix

To perform these tests, the wind tunnel of the Technological University of Virginia was selected.
Among the reasons for this choice are the technical characteristics of the tunnel and availability
to perform the tests.

"'35,,"‘,"" OM ve and Fan
.\] //»
\ Xz
N\ 7 |
! f | =
< N —a — =
= eI
VA o
Control room y
Figure 66 - Technological University of Virginia Wind Tunnel
To perform the tes ts, in addition to manufacturing the devices , an aerodynamic airfoil had to
be manufactured that replicated the same aerodynamic  airfoil of the wind tur bine blade that
will lat er be used for field validation . This is shown below in  Fejl! Henvisningskilde ikke
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fundet. . The design of the vortex generator serrations is shown in Fejl! Henvisningskilde
ikke fundet.

i3 [ § Al ROOF=

Figure 68 i Design of the airfoil serrations
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3 Wor k Packagwal3 dati on tests

3.1 Coating & metallic insert small scale tests: Material &

subcomponent tests
Leader: Siemens Gamesa

Siemens Gamesa has collaborated with
for each solution based on requirements defined

blades for wind turbines.

3.1.1 Aerox coating

ODSL and Aerox in order to define the test specification
for leading edge solutions and coatings of

Regarding Aerox coating solution, test specification and validation criteria in each case has been
closed taking into account not only functional requirements but also app lication requirements

in factory and field. Thus, a test specification

requirements defined.

table has been agreed in order to validate different

PROPERTY Requirement Method
Density Reported by the supplier 1502811
Vi . N 150 2431,
iscosity Reported by the supplier o
Mixing ratio (by volume) the supplier; including tolerance N/A
Mixing ratio (by weight Reported by the supplier; including tolerance N/A

dE<1 and dE<2 (beaconing colors)

Color according to GPR15001 1507724 and ASTMD2244
VOC content H&S, Environment SGRE 15011890
MCO content hardener Reported by the supplier ASTM D5155
Solid content volume weight 100% by volume 1503251
Gloss Reported by the supplier 1502813
e Y " Visual Inspection , 1502814 or 1S06504-1
| Hiding power/Laver thickness 1  Hiding power 100% (laver thickness um
UV-Visible blocking performance 0% transmittance at all layer thicknesses /A
Glass transition temperature MNA NJA
Hardness(SHORE D) N/A N/A
Rain erosion resistance 5h DNVGL-RP-0171
Adhesion {pull-offs) min_5MPa for individual measurements 150 4624
Adhesion (X-cuts) Level =1 150 2409 &/or IS0 16276-2
Repairs Repair procedure needs to be reported by supplier N/A
Sagging resistance Min 150 pm DIN EN 150 16862 or ASTM D4400
Workable life/Working time 3- 5 min at 15 - 35 °C and 20 - 85% RH N/A
Drying time Reported by supplier - short drying time preferable DIN 53150
Pot life Min_30 min at 15 - 35 9C and 20 - 85% RH N/A
Gel Time: R supplier Gel timer
Application conditions 15-359C and 20 - 85 % RH N/A
Curing charts/Curing time Reported by supplier NfA
Sanding charts NfA NfA
no damage, no cracks using @;
- 23 °C - 25mm mandrel;
Flexibility 240 °C - 48mm mandrel: 1501519
coating thickness repart
. . erosion curve (mass loss vs, Mass load); max. Slope 1.5
Particle erosion I 2 ASTM G76
Thermal conditioning Pull-off test. min.-5 MPa (thermal) 150 6270

Thermal at low temperature

Pull-off test. min, -5 MPa (thermal at low T)

Table 5.3.5 GM517020

UV conditioning

Color change max. 4.5 dE; Gloss change report;
Flexibility:no damage,no cracks using @ 25mm mandrel

150 11507-B or ASTM G151

Resistance to water rt lier ASTM D570
Hazardous Constituents PBE-1-016 PBE-1-016
Shelf Life Not less than 1 r
Defects The product shu._ild be homogenous ar_ld free of foreign N/A
obiects, lumps and the like

Table: requirements from Siemens Gamesa of Aerox LEP
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Pull- off adhesi ontests d one by Aerox previously showed values below Siemens Gamesa (SGRE)
specification of 5Mpa. Therefore, tests have been repeated using the Siemens Gamesa
configuration regarding filler and using 3 different Aerox configurations from Aerox: Primer 202,
LEP 920y Primer 202 + LEP 920 according to this  figure:

LEP Aerox
Primer Aerox LEP Aerox Primer Aerox
SGRE filler SGRE filler SGRE filler
Laminate Laminate Laminate
Configuration 1 Configuration 2 Configuration 3

Figure : pull - off configurations tested

Obtained results indicated that adhesion between filler and primer (configuration 1) and

between LEP and filler/primer (configuration 3) is above specification. However, adhesion
between LEP and filler (configuration 2) is not s 0 good and some values are n ot above
specification (see figure below).

M Configuration1 M Configuration2 M Configuration 3

Pull-off adhesion strength (Mpa)

ORNWLRARUON®

Replicates

Figur e. Pull-off adhesion results for di fferent configurations

Taking into account these results, it was decided to coat the SGRE panels including filler for rain erosion tests
and other characterization techniques using Aerox primer and LER Pulloff adhesion tests done by Siemens
Gamesa confirms that most of values are above the specification of 5Mpa, although one individual value is
below specification as can be observed in the picture below.
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Figure: pull -off adhesion tests done by Siemens Gamesa with Aerox LEP

3.1.2 Metallic Insert Solution ( ODSL)
Before closing a test specification, a preliminary study of the metallic insert solution based on
the material technical data and the design selected was carried out by the structural and design
section of Siemens Gamesa in order to ensure that the solutio n could be feasible from the
structural point of view.

Once ensured of the preliminary feasibility, Siemens Gamesa and ORE -Catapult agreed the test
specification in order to evaluate not only the functional characteristics of the solution but also

the poss ible impact in the structure design of the blade and the integrity of other elements such

as the adhesive used, etc. For the DP 490 adhesive selected, a mixture of shear and peel tests,

as defined in Section 2 of Milestone 8, were performed in relevant tem perature and humidity
environments to prove the capability of the selected adhesive and bonding solution to retain

the nickel tiles on the blades during WTG demonstration. Adhesion to the blade composite
averaged 23MPa with failure occurring in the composi te which is the ideal solution. Adhesion to
the nickel was lower at 16MPa when used with a standard aerospace primer and showed some
adhesive failure. To determine if 16Mpa is sufficient for the WTG installation, Flexural Test Rig

tests were performed. Dur  ability of the nickel solution was also assessed using rain erosion,

sand erosion and corrosion tests. The rain erosion results are described in 3.3.2.

3.2 Wind Tunnel Test for Low Drag VGs and Metallic Leading Edge
Protection

Leader: ODSL /CENER

Wind tunne | tests were performed in the WindGuard wind tunnel for a thick airfoil with VGs
mounted on its surface.
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This test campaign is complementary to the wind tunnel tests performed by ODSL with vortex
generators and the leading edge protection system. The aim o f ODSL is to test the VGs working
with the leading edge protection system while the aim of CENER is to test the performance of

vortex generators.

The test campaign was performed on September 2018. The airfoil measured in the campaign is
the S839 airfoil,a  30% thickness airfoil designed by CENER. The Reynolds number was 4e6. The
VGs tested where located at 30% of the airfoil chord and they had a height of 2.25mm. Some
pictures of the VGs manufactured for the campaign are shown next.

DEUTSCHE

WINDGUARD

DemoWind This project has received funding from the European
g7 Deiv Union’s Horizon 2020 research and innovation
69 e w programme under grant agreement No 691732




The Offshore Demonstration Blade Project

Figure 69 i Pictures of CENER’s Low Drag VGs during the tests in the Windguard wind tunnel.

In the following figures the aerodynamic polar curves measured in the wind tunnel are shown:

to measurements were done for the nominal airfoil in clean conditions (marked as Windguard
Re=4e6 and Windguard Re=4e6 B), one measurement with ZZ tape (Windguard Re=4e6
ZZTape) and with the VGs mounted on their surface (Windguard Re=4e6 VG).

CENERS839 Re=4e6 Lift polar

— WindGuard Re=4e6
— WindGuard Re<4e6 B

~ WindGuard Re4e6 ZZTape =
——WindGuard Bes486.VG...........b.oo A T e

1.5

Cl[]

L

0 10 20
AocA [deqg]

Figure 70 i Measurement of aerodynamic curves of the S839 airfoil in the Windguard wind tunnel.

As can be observed in the measurements, the use of Vortex Generators lead to an increase in
lift coefficient, a slight increase in drag and an increase in efficiency. Th e angle of attack of
maximum efficiency increases when installing VGs in the wind tunnel.

The measurements were compared with CFD computations and with XFOIL (panel code)
calculations and both numerical and experimental results matched.
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