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Agenda

*  Welcome & Introduction to Task 46 Erosion of wind turbine blades. Charlotte Hasager (DTU) and Raul Prieto (VTT).

* Key challenge questions to the audience (Interactive poll with Mentimeter).

* Atmospheric properties of relevance to leading edge erosion. Marijn Veraart (@rsted) and Sara Pryor (Cornell University).

* Development of a Standard Erosion Classification System. David C. Maniaci (Sandia National Laboratories).

* Break

* Test methods for properties and performance of LE protection systems. Jakob I. Bech (DTU) and Maral Rahimi (Hempel).

* On the material technology & damage modelling of multilayer leading edge protection systems. Fernando Sdnchez Lépez (UCHCEU)
and Bodil Holst (UiB).

*  Wrap-up of key challenge results. Charlotte Hasager (DTU) and Raul Prieto (VTT).
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IEA Wind Technology Collaboration Programme

The International Energy Agency Wind Technology Collaboration Programme is an
international co-operation that shares information and research to advance wind energy
research, development and deployment in member countries.

The consortium operates under auspices of the International Energy Agency (IEA).
Founded in 1977, It is formed by 24 countries which represent 84% of wind capacity.

Website: https://iea-wind.org/
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Task 46 - Background and goals

* The purpose of this IEA Wind Task is to improve understanding of the erosion driving factors, develop
datasets and model tools to enhance prediction of leading edge erosion likelihood, identify damage at the

earliest possible stage and advance potential solutions.

* 35 participants from 12 countries

Task 46 work packages

Erosion mechanics &
material properties

(wp5)
Fernando Sanchez

Wind turbine Laboratory testing of
operations with erosion (wp4)
erosion (wp3)

Climatic conditions
driving erosion (wp2)

David C. Maniaci Jakob I. Bech (DTU) &
(Sandia National Maral Rahimi (Hempel)
Laboratory)

Sara C. Pryor (Cornell
University) & Marijn
Veraart (Drsted)

Lopez (Univ. Cardenal
Herrera CEU) & Bodil
Holst (Univ. Bergen)

— —

Management (wp1) - Raul Prieto (VTT) & Charlotte Hasager (DTU)
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Towards solving blade erosion

| Business case uncertainty element
—t 2 !
during wind farm planning

(
~—1  Power curve drop \

X

( e }» | Lost availability due to repairs

' .

'“3—{ Cost of LE inspection / condition monitoring

‘ Cost of repairs & protection
"-ﬂ—i maintenance (time, materials,
- equipment)
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Task 46 - WP2 Climatic conditions

Goals
 Provide assessment for wind farms regarding the potential for LEE damage
* Inform wind farm operation to optimize blade lifetime

Objectives

« Understand atmospheric drivers for LEE

» Evaluate datasets and models

« Develop roadmap for LEE atlas
(including erosion classes)

Sara C Pryor Marijn Veraart
sp2279@cornell.edu mariv@orsted.dk
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Task 46 - WP2 Climatic conditions

1. Priority areas for mapping LEE
potential — focus on hydrometeors

2. Identify other crucial parameters

(dust, freezing rain, sea-spray, UV,
temperature variation)

3. Lit rev: Hail, rain & 4. Lit. rev: Hydrometeor

dust in priority areas size dist. As f(climate)

'_‘:__ 7. Recommended Practice for 6 Roadmap 8. MethOdS to perform mOdeI V&V ‘
| measurement of LEE drivers for LEE atlas on LEE drivers
o e p) . e e
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Task 46 - WP2 Climatic conditions

Belgium

Canada
Denmark
Finland
Germany

the Netherlands
Norway

Spain

United Kingdom
United States
Japan

Active participants

Engie

WEICan

DTU, @rsted A/S

VTT

Fraunhofer IWES

TU Delft, TNO, ENECO
University of Bergen
Cardenal Herrera University
ORE Catapult

Cornell University
AIST, Osaka University
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Task 46 - WP2 Climatic conditions: Work in year #1

Task 1

» Collated meta-data and analyzed
hydrometeor measurements in wind
resource rich areas

« Deliverables:

2. Identify (other) crucial parameters * Report & spreadsheet to TCP
» Journal paper under development

1. Priority areas for mapping LEE

potential — focus on hydrometeors

(e.g. dust, freezing rain, sea-spray, UV,
temperature variation)

3. Lit rev: Hail, rain & 4. Lit. rev: Hydrometeor
dust in priority areas size dist. As f(climate)

5. Data quality/availability

update

7. Recommended Practice forfj == 6. Roadmap 8. Methods to perform model V&V &
measurement of LEE drivers [£& for LEE atlas on LEE drivers e

e i R e e~ : e S S iea wind




Task 46 - WP2 Climatic conditions: Work in year #1

First deliverable ready (technical report & spreadsheet)

Atmospheric drivers of wind turbine blade leading edge erosion:
Hydrometeors

* Describe crucial meteorological parameters for wind turbine blade
leading edge erosion

IEA Wind Task 46
Erosion of wind turbine blades

* Describe technologies appropriate to measurement of hydroclimates Atmospheric drivers of wind

turbine blade leading edge

and specifically hydrometeor size distributions erosion: Hydrometeors

Technical report

* |dentify available data sets to describe hydrometeor size distributions,
and phase and compile their meta-data. These data sets are available for
use in mapping wind turbine blade leading edge erosion potential
* Summary analyses based on these key datasets

* Spreadsheet summarizing meta-data. Doi: 10.5281/zenodo.5648211

* |dentify priority geographic areas for geospatial mapping of wind turbine

blade leading edge erosion potential *
5
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Task 46 - WP2 Climatic conditions: Work in year #1

Crucial meteorological parameters

1.

The closing velocity between the hydrometeor and the blade
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Task 46 - WP2 Climatic conditions: Work in year #1

Crucial meteorological parameters

1. The closing velocity between the hydrometeor and the blade

2. The number of hydrometeor impacts

7 <4
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Task 46 - WP2 Climatic conditions: Work in year #1
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Task 46 - WP2 Climatic conditions: Work in year #1

Crucial meteorological parameters
The closing velocity between the hydrometeor and the blade

The number of hydrometeor impacts

The nature of the hydrometeors (size and phase)

= B

The impact efficiency

iea wind



Task 46 - WP2 Climatic conditions: Work in year #1

Measurement techniques
* Direct in situ measurement:
* Tipping bucket rain gauges

* Disdrometers

* Hail sensors

* Remote sensing:
 Single polarization radar
* Dual polarization radar
e Micro-rain radar
» Satellite-derived products
* Gridded datasets
* Numerical weather prediction models
o =
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Task 46 - WP2 Climatic conditions: Work in year #1

Measurement techniques
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Task 46 - WP2 Climatic conditions: Work in year #1

Priority geographic areas

Lamont Southern Great Plains, USA — high hail freq. high WT IC
WEICAN, eastern Canada — high frequency of freezing rain
Weybourne, UK — close to abundant UK offshore

Horns Rev 2, Denmark — offshore

Risp, Denmark — heavily instrumented, comparison with HR2

Bergen, Norway — freq. precipitation ]g 3
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Task 46 - WP2 Climatic conditions: Work in year #1

Priority geographic areas (key takeaways)

Profound variations in rainfall rate, mean droplet size distributions and hail frequency

The differences in the hydroclimates; probability of precipitation and hail, intensity of
precipitation and the size distributions of hydrometeors have profound implications for the
number of hydrometeor impacts on the blades

Pronounced regional differences in terms of the relative importance to total accumulated
kinetic energy transfer to the blades of;
1. hail versus rain

2. low intensity but sustained precipitation periods versus high intensity but relatively short duration precipitation periods
There are important gradients in hail frequency at the regional and sub-regional scale
Hail frequency in the USA greatly exceed those in Europe

The specific instrument (i.e. type of disdrometer) from which droplet size distribution are
drawn has a profound influence on the resulting droplet size distribution

%
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Task 46 - WP2 Climatic conditions: Work in year #1

Joint Probability Distributions Lamont Southern Great Plains, USA

Journal paper

Rainfall rate (mmhr'1)

50-100
20-50
10-20

5-10
2-5

1-2
0.5-1
0.2-0.5
<0.2

Hail

0.01 0.02 0.07 0.07 0.06 0.12
0.06 0.19 0.40 0.26 0.24 0.39
0.09 0.20 0.56 0.43 0.32 0.39
0.19 0.59 1.09 0.94 0.54 0.81
0.46 1.94 3.17 2.78 1.37 1.86
0.66 2.32 3.19 3.50 1.86 1.46
0.66 2.46 3.53 3.50 2.19 1.38
0.92 3.00 3.05 1.92

0-2.5

4.78
0-2.5

2.5-5

5-7.5

Wind speed @ 90 m (ms'1)

2.5-5

23.64

5-7.5

7.5-10 10-12.5 12.5-25
22.69 14.69 14.39
7.5-10 10125 12.5-25
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Task 46 - WP2 Climatic conditions: Work in year #2

Task 1 1. Priority areas for mapping LEE -I!-?J:I’(fgcus sites’ identified in #1
potential — focus on hydrometeors
Journal paper . Include data co-stressors

2. Identify (other) crucial parameters Tasks 384

(dust, freezing rain, sea-spray, UV, Review literature
temperature variation)

3. Lit rev: Hail, rain & 4. Lit. rev. Hydrometeor 5. Data quality/availability
dust in priority areas size dist. As f(climate)

ﬁ

= 7. Recommended Practice for 6. Roadmap . Methods to perform model V&V
| measurement of LEE drivers for LEE atlas on LEE drivers
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Task 46 Erosion of Wind Turbine Blades
Work Package #3: Wind turbine operation with erosion\ﬂ(e

Development of a Standard Erosion Classification System

David Maniaci (Sandia National Laboratories)

dcmania@sandia.gov

Public Webinar - 31 May 2022

Technology Collaboration Programme
byled




WP 3 : Wind turbine operation with erosion

This work package has three key overarching objectives:

1. Promote collaborative research to mitigate erosion by means of wind

turbine control, assessing the viability of erosion safe mode.

2. Improve the understanding of droplet impingement in the context of

erosion.

3. Improve the understanding of wind turbine performance in the context of
erosion, specifically the effect of LEE surface roughness on aerodynamics.

Year Model to predict annual energy production loss on blade erosion class

1 Report on standardization of damage reports based on erosion observations
Year | o . . .

5> Droplet impingement model for use in fatigue analysis

Potential for erosion safe-mode operation

Accuracy of LEE performance loss model based on field observations (validation)

2

WP3.1
WP3.2
WP3.3
WP3.4
WP3.5

Please reach out if
interested in
collaborating!

David C. Maniaci
dcmania@sandia.gov

Sandia National
Laboratories (U.S.)
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WP 3: Activity Description

WP3.1: Model to predict annual energy production loss on blade erosion class
* Develop a common model of aerodynamic performance loss due to leading edge roughness and erosion
standardized classes.

WP3.2: Report on standardization of damage reports based on erosion observations
* Standardization of damage reports for validation of any erosion potential assessment and to allow
effective integration of data from operators with laboratory derived estimates.

WP3.3: Droplet impingement model for use in fatigue analysis
* Develop a standard model for droplet impingement, validated with wind tunnel experimental data.

WP3.4: Potential for erosion safe-mode operation
* Report describing potential for leading edge erosion safe mode operation. This report will be used for
seeking participation from industry and research funders towards a coordinated project designed to
assess viability and cost-benefit of leading edge erosion safe mode operation.

WP3.5: Accuracy of LEE performance loss model based on field observations (validation)
* Carry out iterative aerodynamic loss benchmarks with model development and new wind tunnel testing
for calibration and validation. Validation of complete performance loss model using probabilistic analysis

of field observations.
; =
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Specific Technical Activities in Work Package 3

Erosion
* Collaboration through monthly meetings focused on specific topics Classification
* Fundamental aerodynamic knowledge and testing for LEE. System Example

* Needs for AEP performance model.

* Auvailable sites and partners for field validation.

* Coordination with IEA Task 43 Digitalization on topic of Risk-Based Maintenance for Blades.
* Focus group to benchmark aerodynamic models for AEP loss. (CENER facilitating)

 WP3.1 Model to predict annual energy production loss based on

blade erosion class.

* Shared background information on existing erosion models and papers (online repository).
* Defined turbine information needs for validation of LEE performance models.

* WP3.2 Report on standardization of damage reports based on T Erosion
erosion observations. (ORE CATAPULT facilitating) Observation Category _ Class
Visual data definition 3
* Reviewed existing erosion classification systems and methods. Mass-loss or Depth 3
* Discussed what existing partners do now for field identification and repair decisions. Aerodynamics/Perf 3
* Held a workshop to develop a common erosion classification system for the task. Structural 3
* Tested the classification on sample images and working on AEP estimates now.
4 =
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Workshop: IEA Wind Task 46 Proposed Solution — Considerations
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Stakeholder Scenarios for Blade Damage Classification

* There are different techniques for categorizing wind turbine blade damage.
* There can also be specific motivations for individual organizations and stakeholders depending on the
situation that the assessment is being carried out. Examples of Existing Methods - Research gr

* Primary concerned with research insights
« Categories of erosion aligned with testing
matrices
* Erosion considered in isolation

Light pitting of coating

* EPRI

Research Novel insights and understanding - I——

Categorization: Current State of the Industry.”
EPRI, Palo Alto, CA: 2020. 3002019669

‘Small patches of

missing coating SRR Cud

Lt S0%-100% | <10% %

Testing Replicating in-situ conditions to predict I I I l e
s & 2 3

expected performance , 3 ’|

Examples of Existing Methods — Research

ieawind Sandia Erosion Performance Loss Model

Manufacturing Quality control - ‘
Operational Performance and structural integrity of wind
turbine assets
Examples of Existing Methods - Research Examples of Existing Methods - Operational 4‘*‘0“" T - : S

Open LE 5

LE erosion through laminate

5
LE erosion, down to laminate and first | 4.

S i
- ‘Small pin-holes of missing paint 0102
1o 1) | i \ EE :
2008 G eoor/dcs ) =4 1 LE erosion, down to laminate 3 el ecredlno ey [ oo !
in-holes have coalesced in to larger 0.
Stage 3 | 400P (3) | 4009/200G (5) v & T { Damaged leading edge tape 3] | eroded patches G SRR
Stage 4 e 800P/400G (6) 800P/400G/DL+ (8) - Damaged leading edge protection 3 9 RS
a4 * o ™ ™ s Affected area has increased, with isolated | 0.3-0.5 | 20/40 5%
S Z © S W IR R I ] Coat/paint damage, surface, Missing | 3 larger patches with a greater depth
05 Lt A Length (mm) more than 10 cm?
Patches have coalesced further and depth | 0.5-08 |40 5%

Coat/paint damage, surface. Missing | 2

less than 10 cm? has increased

0812

Large areas of LE laminate exposed >500

LE discoloration, paint or bugs 1 |

iea wind 2,

ieawind



Initial Draft Erosion Classification System

Erosion Class based on Observations

Visual’

Observations 0 1 2 3 4 5

Large exposed
surfaces
of fiberglass.  |[Complete loss . 2 3 4
Signs of of laminate,

Light pitting of Small patches of  |Large patches of [damage to the |holes in surface

coating missing coating missing coating underlying material.

Visual data definition fiberglass. Mass-loss?

Coating mass loss

Coating mass loss

Coating mass loss

Coating mass
loss 100%,

Coating mass
loss 100%,
Laminate mass

Normal operating

Power loss 1%,
Moderate loss to

Power Loss 2%,
Noticeable loss to

Significant loss
to L/D (> -40%)

Power loss >4%,
Severe loss to

E |imcubation | Sieody Wesght Firal Ercason Region
<10%, Laminate 10-50%, Laminate |50-100%, Laminate|Laminate mass |loss 100% < e L ¥
Mass-loss or Depth*Length mass loss 0% mass loss 0% mass loss <10% |loss 10-100% g foo®
E
Power loss g
>3%, : Llemegln-nl
8
3

Aerodynamics/Performance

Idealized as-built
blade

surface roughness,
no or little damage

L/D and CL_max,
(-20% and -5%)

L/D and CL_max
(-30% and -5-10%)

and CL_max (>
-10%)

L/D and CL_max

Structural

Light dirt, oil,
grease, or insects
on the blade
surface.

Early stages of
leading edge
erosion or other
increased surface

roughness.

Coating damage,

crack in structure
at the
leading edge.

Leading edge
erosion
through shells,
exposing blade
internal
structure.

Significant
chordwise or
spanwise cracks
or large
delaminations
in shells.

"

NUMBER OF IMPACTS PER UNIT AREA, a

Aerodynamics3

Blade erosion class vs. local class: When 5% of blade span is in a given class the blade is
considered that class or if a higher class changes the response, the blade class is increased.

<l (iift)

[1] “Leading Edge Protection Lifetime Prediction Model Creation and Validation.” Drew Eisenberg, Steffen Laustsen, Jason Stege. Wind Europe 2016 01
[2] Springer, G. S. Erosion by Liquid Impact. Scripta Publishing Co. Washington D.C., 1976.
[3] “Uncertainty Quantification of Leading Edge Erosion Impacts on Wind Turbine Performance.” Maniaci, D.C., Westergaard, C., Hsieh, A, and Paquette, J.A., in Torque 2020.
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Erosion Classification System Example
» Participants were asked to test the draft classification system on a sample of images.

Erosion Parameter (Specified by
Information to Categorize| Class Note Service Provider)
Large exposed surfaces Material Laminate
. L of fiberglass. Signs of

Visual data definition 4 damage to the underlying fiberglass. Blade Length 37m
Mass-loss or Depth 4 Distance from Root 373 m
Aerodynamics/Performance 4 Length of damage 41m
Structural 3 Width of damage 0.15m




Erosion Classification System Test

‘&0 @ ‘&O‘ é . .
AOQQ ‘é{c\ QOQ, é{c\ ;’@ \0& eoc‘, Median Variance
WV EIENE YT
Organisation Type &/ S ESSK LSS S
Visual data definition 2 1 2 0 25 2 2 3| 2 0.85
mage 1 |Mass-loss or Depth 11 2 1 14 [ ] 1.47
Aerodynamics/Performance 2 1 5 25 2 2 2 1 3] 2 1.44
Structural 1 1 0 25 2 2 3] 2 1.06
Visual data definition 4 4 4 3 4 5 4 4 5| 0.36
Mass-loss or Depth 4 4 3 3 3 5] 0.67
Image 2 .
Aerodynamics/Performance 4 4 5 45 3 35 4 3 5
Structural 4 3 0 4 3 4 5|
Visual data definition 1 2 2 1 2 2 1 2|
Mass-loss or Depth 1 1 0 1 1 1
Image 3 N
Aerodynamics/Performance 1 1 2 1 2 2 1 3
Structural 2 1 0 2 3 1 2|
Visual data definition 3 1 2 1 2 1 2 1 2|
Image 4- |Mass-loss or Depth 2 1 1 1 1 4
Part 1 Aerodynamics/Performance 3 1 3 2 1 15 2 1 2|
Structural 2 1 0 2 3 2 3]
Visual data definition 2 2 1 1 25 1 2 1 1
Image 4- |Mass-loss or Depth 1 2 1 15 1 1]
Part 2 Aerodynamics/Performance 2 1 2 1 1 15 2 1 2|
Structural 2 1 0 2 3 2 1
Visual data definition 1 1 1 0 05 2 1 0]
Mass-loss or Depth 1 1 0 0 1 1
Image 5 R
Aerodynamics/Performance 2 1 2 25 2 1 1 2 2
Structural 1 1 0 1 1 0]
Visual data definition 1 1 1 1 15 1 1 1 1
Mass-loss or Depth 1 1 1 1 1 1
Image 6 X
Aerodynamics/Performance 1 1 1 1 1 1 1 0
Structural 2 1 0 2 2 1 1 0.57
Visual data definition 2 1 1.5 0 1 1 1 1 3] 0.69
Image 7 Mass-loss or Depth 1 1 1 0 1 2| 0.40
Aerodynamics/Performance 2 1 3 2 1 2 2 4 2 0.98
Structural 11 o1 2 11 | 0.33

» Classification is in draft form and could be refined based on discussions and feedback.

@ ~30.mm




Work Package 3 Plans for the Next Year

Next steps:
* Collect images to create archive of how to use the erosion classification system

e Technical summary of erosion classification system, background and proposed system,
results from testing it

* Apply system and test images to AEP estimate
* Model to predict annual energy production loss based on blade erosion class
» Select common turbine model(s) for initial performance loss exercise

Year 2 focus areas:
e Aerodynamic benchmarks, detailed aerodynamic studies on common datasets
e Compare AEP predictions to pre aero-benchmarks. Have the AEP models changed significantly?

* Droplet impingement model for use in fatigue analysis: Develop a standard model for
droplet impingement, validated with wind tunnel experimental data.

e Characterization of aerodynamics for droplet impingement probability.

10 &
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IEA Wind task 46 WP4
Laboratory testing for LEE

Public webinar 31/5-2022

Jakob listed Bech — DTU Wind & Energy Systems
Maral Rahimi — Hempel A/S



DTU Wind Energy
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WP4. Laboratory testing of erosion

i

WP4.1: Available technologies (report) M1-M10 - extended

WPA4.2: Erosion failure modes (literature review) M11-M16

WP4.3: Normalization of test substrates (Recommended practice - input) M17-M22
WP4.4: Pre-evaluation of test specimens M23-M28

WPA4.5: Test data analysis, damage accumulation and VN curves (RP) M29-M34
WP4.6: “Simple” mechanical test for screening of key parameters (report) M35-M40

WP4.7: Correlation between RET data and expected field service life (report + model)
M41-M46

WP4.8: Aging — unloaded and during testing (literature review + RP)

&

Tuesday, 07 June 2022 DTU Wind Energy [Division / Section] ea Wil'ld



DTU Wind Energy

=)
=
—

WP4.1 Available technologies
Review on lab testing related to wind blade erosion

Edit: Jakob+William Finnegan — NUI Galway et al.

W

1. Introduction

IEA Wind Task 46
Erosion of wind turbine blades

2. Rain erosion test . .
Review on available

technologies for

laboratory erosion testing

3. Impact test and fatigue

Technical report

4. Viscoelastic properties
3. Fracture - delamination
6. Micro structure

7. Ageing

* https://share.dtu.dk/sites/IEA_WIND T46 493900/SitePages/Home.aspx

Tuesday, 07 June 2022 DTU Wind Energy



DTU Wind Energy
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Review of each test method

—State of the art/available technologies

—test results/observations (and failure modes where
relevant)

—Relevance and current use for LEE

—Opportunities & strengths/Limitations & weaknesses
—Availability & access

—Future work & challenges

—Potential project ideas




DTU Wind Energy
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Jakob (DTU)
Anton Paar - Dynamic Mechanical Analysis
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DTU Wind Energy

=
—]
—

W

WP 4.2 Erosion failure modes in LE systems -
Review

Tuesday, 07 June 2022 DTU Wind Energy [Division / Section]




DTU Wind Energy

=
—]
—

WP4.3: Normalization of test substrates
Recommended practice M17-M22

i

» Specification of test substrate
* Role of composite lay-up; putty; prim
» Stress waves, reflections, interface

Filler

Tuesday, 07 June 2022 DTU Wind Energy [Division / Section] 8



DTU Wind Energy
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WP4.4: Pre-evaluation of test specimens M23-
M28

W

« QA
thickness (variation); curing; adhesion, air inclusions, surface defects etc.
characterization methods, NDA
Acceptance criteria

B L.
V@

Layer 1

/ Metal

Hidden feature, e.g.
corrosion under paint

Courtesy of DTU Photonics

Tuesday, 07 June 2022 DTU Wind Energy



DTU DTU Wind Energy
= WP4.5: Test data analysis, damage
accumulation and VN curves (RP) M29-M34
« initiate from DNV GL RP 0171 and 0573
« Take into account defect dominated damage
« Stochastic failure — probabilistic approach?
180 - . G20
—— G20 Fitt N=3,30 E+09 *S *-4.35
- = = 95% conf of Fit
,-\160 :
£
§ 140
E 120
. 100
80 — r T T —
0,6 1 2 4 6 10

Total impingment (m)

Tuesday, 07 June 2022 DTU Wind Energy



DTU Wind Energy

WP4.6: “Simple” mechanical test for screening
of key parameters (report) M35-M40
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DMTA Tensile test And others...

Clam
P Sample

Driveshaft
Suspension
LvoT i .
T Drive
m Motor
Stepper
Carriage Motor o

www.shutterstock.com 093435

Tuesday, 07 June 2022 DTU Wind Energy
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DTU Wind Energy

WPA4.7: Correlation between RET data and expected
field service life (report + model) M41-M46
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WP4.8: Aging — unloaded and during testing (literature
review + RP)

— UV Photo oxidation
— H20 Hydrolysis

— Thermal degradation
— Time

— Change of properties
— etc
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Task 46 Erosion of Wind Turbine Blades ‘
Work Package #5 Erosion Mechanics and material properties

E—

Fernando Sanchez (CEU)

fernando.sanchez@uchceu.es

Publlc Weblnar- 31 May 2022
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WP5 Aim & Scope: Appropriate modelling techniques and material properties characterization

methods will be defined and used to understand erosion mechanics for LEP system technologies and

to quantify the influence on the performance.

WP5.1 Damage models based on
& fundamental material properties

WP5 Erosion Mechanics :>

WP5.3 Microstructure and
macroscopic material properties

* Report literature reviews and alternative/complementary studies including partner’s experiences
* Focused on better understanding of 3 key factors:

v" damage mechanismes,

v influence of material behavior,

v and performance analysis.
* Based on Modelling techniques and related input material parameters

2

: ) WP5.2 Multilayer systems Input parameters
& material properties for the modelling

4
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Work wp I
Package Activity code I
|
WP 1: I I
manageme I
& |
The working package activity started I |
with the monthly presentation of I |
ongoing research developed by I |
WP5 participants. Knowing the_aim, I |
WP 2: . -
e motivations and expected scope of I |
conditions
B each contributor helped us to focus !
S on the WPS5 activity development. I 1
|
; |
I |
|
WP 3: Wind I
turbirfe I
erosion I
I |
; |
|
wPa: I
Laboratory I
testing of I
erosion I
|
! |
WS | S propener pamo " | wes. . : :° I o . E =
mechanics | Multilayer systems (report) WPs.2 * * x x 1 x . . =
&material |5 octructure and macroscopic T I. . 083
properties | material properties (Report) WPs.3 I

Table 3 Project™eline & work breakdown structure
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Specific Technical Acti

vities WP5. Year 1

Mechanisms of leading edge erosion

———
\———y

Computational modelling of LE erosion

Image of severely eroded RET s

Estimation of loading:
Rain scenario, droplet size
distribution, flow velocity

Material characterization:
damping, viscoelastic,
strength, structure & "

K |

l | |

Normal impact=highest von
Mises stress

Incident angle

Impact contact droplet
Iparticle and surface: pressure
on the surface, time, wave
distribution, Rayleigh waves

= =

Deformation and damage
initiation: coating cracking,
debonding, fatigue, material
loss, estil ion of lifetime

o0 Soren Faster (DTU) X
L Mishnaevsky J. et al Wind

Surface roughness

S0, Rad, L Mishnaevsky J, J. Boch, Leading acgo eosi]
Mishaevsky Jr. Rain rosion of wnd urbine bades, Mecd

Computational modelling of LE erosion:
Parameter studies

Roughness=stress field localization

Marie Skiodowska-Curie RISE Grant by 2D/
Multifunctional polymer composites with
novel 2D nanoparticles (Mxenes)

2018-2022,

Mxene: new 2D materials, few-atoms- ¢ )

thick layers of transition metal carbides, Alma:
Py Py ims:

nitrides, or carbonitrides.

Q develop novel multifunctional

Application: Sensors, EMI shielding, composites with MXene

O Map of the Induced properties
affocting performance

Incubation peiod forcoating wear erosion

Average stressat

coatings nanosheets
synthesis of pure Mxenes,
dlslgn of MXene-polymer
composites, and up-scaling of
novel technologies for industrial
°c ‘o - s
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Case Study - Offshore Weathering
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Material & process
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parametric analysis

1» Modelling &
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LIMITS ON LIFET]|
Modelling from

ET ASTM G73-10
Mass loss & I

'RET V-N. BICEPS
DNVGL-RP-0171

COBRA.

timation based on

ET tedting and modelling {PAVGLRE SOT3:

Manufacturing and Service
application processes

Performance estimation
Rain Erosion Testing vs Field

ORE Catapult
& PolyTech

Onshore & NOAH Offshore

— UVA, UVB, Temp, Humidity,

WP5.1 Damage models based on fundamental material properties

Representative Rain Erosion Testing

ORE Catapult possess the
capability to ensure that rain
erosion tests are conducted:
* Representatively —
ensuring material
performance is
correctly evaluated
* Inthe most
accelerated manner —
reducing test time and
cost
This is completed by testing
close to the acceleration limit
Our next step is to amend the
test to be more realistic for
testing viscoelasticity

Flow rate (1/h)

Rotational velocity (rpm)

WP5.1 Damage models based on
fundamental material properties

'WP5.2 Multilayer systems

WP5.3 Microstructure and
macroscopic material properties

Input parameters
for the modelling




Specific Technical Activities WP5. Year 1 WP5.2 Multilayer systems

A 3 . Study Cases. Tools for material characterization & Erosion Performance Evaluation CEU
Modelling of structured coatings: Keviar 3" Case o single droplt impact analysi o O Sensor integration T
or CNT reinforcement Interface characterisation 0 RET samples with TNO sensor for Limerick WARER
 Woer et 9 v Adding _thin libers_/pulp in coatings feduces the System Configuration. Sensor Location Effect & Distance to droplet impact. 3D analysis required
Repair of wind turbine blades: Study Cases. Tools for material characterization & Erosion Performance Evaluation & cru

compa ri son of techn0|ogies Paitire i thie TED/deel intertace ‘X Q Case 3: Interface Delamination. Contact Modelling & Characterization

Direction of load

Q Effect of primer on the performance of Leading Edge Protection (LEP) coatings

"| We compare 5 technologies:

Q Hand layup lamination (HL)

O Vacuum repair with hand layup (V1)
Q Vacuum repair with infusion (V2):
19 uttraviolet repair (UV1) Adhesive
Q Uttraviolet repair (UV2) LEP

Q High temperature thermal ~curing Microscopy observations GFRP

1. Most of the

Lo

Unit cells

7 Steel fixture

observed cracks are
in the original
material

2. Many air bubbles in — Improvements:

" T . Failure in the LEP/GFRP interface v/
the adhesive - Damage introduction
oesrtpoo mpicbrivlormioe o bogan much more than in Add a small imperfection/crack at the LEP/GFRP interface
using various repair technologies. :
Tosts: strongth and fatigue, and microscoplc :“:!::;g:"a' Use of primer at the LEP/steel interface @ . '
analysis of structures of repaired samples - LIMERICK od . .
IMITS ON INTERFACE LIFETIME ESTIMATION IN FATIGUE ANALYSIS 10

Specific Technical Activities WP5. Year 1 WP5.3 Microstructure and macroscopic material properties

High Strain Rate Viscoelasticity

. . . 4
* Predicted droplet I Molecular Dynamlcs s [. . .]
« DMA unable to dire MD Predictable Properties

* MD exceeds targel Storage & Loss Modulus

* Modelling chemistry using

» Model large r ing str
odel la ge epeat g stry Glass Transition Temperature (Ty)

. . WP5.1D: dels based
DMA * Enable rapld exploratlon g . Density and Free Volume fundame:rtn:lgr:::ri:l;:;:nioe:
. - ; =+ Degree of Crosslinking
10° 10° Input parameters

. il i - i P
Coefficient of Thermal Expansion (CTE) (ES.Z MU tiavereveten:) for the modelling
+ Young's Modulus
'WP5.3 Microstructure and
e + Shear Modulus macroscopic material properties
University of - e ) , )
B8 BRISTOL « Poisson’s Ratio
St Campones e
BIC Uiyt + Yield Stress
(I BRISTOL
B Corptes v
B University of
BRISTOL

Bt Compostes sttt
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Tlmellne. Year 2 1 2 3 4 5 6 7 8 9 10 | 11 [ 12 |13 |14 |15 I_ﬁ 17 |18 | 19 | 20| 21 |22 |23 |24 | 25| 26 |27 | 28 |29 | 30 | 31 | 32 | 33 |34 [35 |36 |37 (38 |39 |40 |41 ]| 42 |43 (44|45 |46 47| a8
Work | we I
Package Activity code 2
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I e e [ R L =
wPi o TR R F O TE "R /TN NN 4 B MULTILAYER LEADING EDGE PROTECTION SYSTEMS OF WIND TURBINE
s | ECCM% —
nt I 2
I COMPOSITES MEET SUSTAINABIUTY
| I 26-30 JUNE 2022-LAUSANNE-SWITZERLAND
|
|
; |
. 1 B s 5 e e
e I ances, Appication and Challenges’ Wodeting oo focompin s soes nd e e daraioion ¢
com:ii?ions I
e I |
erosion I
: |
|
| B S
| . .
WP 3: wind I IEA Reports based on Literature Review:
turbine .
—— I 1. Identify lacks and drawbacks on state-of-
e I the-art erosion damage modelling
techniques and corresponding material
/ characterization including partner’s
s experiences.
iy 2.  LEP multilayer technology and interface
modelling methodologies
E‘:’o'; :" material properties (report) Wps.1 K E !a, I K ' g 3
mechanics | Multilayer systems (report) WPs.2 I x S e N I e e e
& material | ysic ostructure and macroscopic o T L I i 0 [ I. e T I e T e e s O
properties | material properties (Report) WPS.3

Table 3 Project™eline & work breakdown structure
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Specific Technical Activities WP5. Year 1-2

WP5.1 Damage models based on fundamental material properties. identify appropriate
damage models and define appropriate testing methodologies for the material properties defined as input

parameters in the modelling. Work will be performed in alignment with WP2.8 and 3.3 (modelling including droplet
impingement aerodynamics and key atmospheric issues) and WP4.7 (modelling from RET Data).

* Report 1 based on Literature Review:
v" Identify lacks and drawbacks on state-of-the-art erosion damage modelling techniques

and corresponding material characterization including partner’s experiences.

Next steps:

U To compile available test data relevant to the erosion damage models, state of the art in models for the
accumulation of damage, and its relationship with fundamental material properties. To link with WP4 Lab
Testing.

O To explore further analysis of combined weathering and RET and inclusion in Lifetime Prediction Models.
Analysis of UV effect on material base fundamental properties and hence a key issue on erosion
mechanics. Research to be focused on how to relate weathering cycles with RET and in-field performance
modelling analysis. In Relation with WP2 y
5 &.

iea wind



Specific Technical Activities WP5. Year 1-2

WP5.2 Multilayer systems. Consider the leading edge as a multilayer system, and the different

modelling approaches (in relation with 5.1). Appropriate analysis for Manufacturing issues due to
LEP configuration, application procedure, LEP blade integration technology.

* Report 2 based on Literature Review: LEP multilayer technology and interface modelling methodologies. To
write&present conference paper as a review and to extend to IEA Report

v Develop comprehensive literature reviews on multilayer / interface damage and underline different SoA
modelling approaches with required input parameters.

Next steps:

U Develop a report for performance testing analysis methodology to extract material/interfacial modelling
inputs such as the interfacial fracture toughness quantification and the critical traction/separation of the
interfaces. This work is closely connected to the experimental fracture mechanics approaches discussed in
WP4.

U To develop an interface performance testing & modelling analysis methodology which will take into account
the effect of:

= the different layers of each configuration

= the strain rate sensitivity of the interfaces
= the gradual property degradation due to rain erosion a

iea wind



Specific Technical Activities WP5. Year 1-2

WP5.3 Microstructure and macroscopic material properties. Connecting the observed
macroscopic mechanical behavior with the polymer composition and microstructure. Investigating the effect of
fillers, additives, polymer chemistry, on erosion mechanics and accumulation damage. To investigate testing
techniques for polymer system analysis linked with the erosion damage progression. To explore how material
properties derived at an atomistic level can feed into mesoscale and macroscale simulations.

v Develop comprehensive literature reviews on polymer composition and microstructure and underline different
LEP technology approaches

Next steps:

U Report 3 on the material microstructure and macroscopic material fundamental properties in relation with
erosion performance. SoA to predict high strain rate viscoelastic properties of LEP systems computationally

with molecular dynamics, and the materials properties to evaluate models. To analyse temperature effects in
terms of viscoelasticity relation with erosion mechanics. In relation with WP2

9 4
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Webinar — Task 46 Erosion of wind turbine blades

I[EA Wind TCP
Poll & mentimeter© results \ ;-

31 May 2022 , 16:00 CEST

Raul Prieto (VTT) and Charlotte Hasager (DTU),

Sara Pryor (Cornell Univ.) and Marijn Veraart (@rsted),

David Maniaci (Sandia), Jakob llsted Bech (DTU), Maral Rahimi (Hempel),
Fernando Sanchez Lépez (UCH-CEU) and Bodil Holst (Univ. of Bergen)

Technology Collaboration Programme
byled




l Mentimeter

Blade erosion: What are key research

challenges?
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Blade erosion: What are key challenges in the wind ~ “*™
industry?

lab results vs real life
offshore maintenance aging of materials
new blades without it apply product - defects
reliable-repairable lep
blade c and m planning
increasing velocity

lep tapes wind data

re

uirements unclear

raindata  fiSk evaluation performance loss financials erodynamic influence
aerodynamic lep durability in field damage categorization
processability  selection of lep long-lasting-materials
lep installability  lep variability aep loss  offshorerepair ¢ inspection and repair

o confidentiality lifetimeprediction _ g

process feasibility costreduction @ i |0
e +— i
- : 7 1 tv of repairs Q )

inspection interval quality of repairs characterize g

% - — ‘6_

reliability maintenance strtateqy
fic site specific prediction human resources

appropriate coating select prod

material ret and cost
offshore field repair
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Poll — Question #1

IEA task 46 webinar 31 May 2022

@) 5:11 | 2 questions | 33 of 39 (84%) participated

1. What challenges do you foresee on blade erosion 10 years from now? (Multiple Choice) *

33/33 (100%) answered

L
(98]
LuN]
(v 8
w

]

Weather conditions in emerging markets poorly known

L
L
(=31

]

Higher tip speeds of novel turbines will increase blade erosion 20/

Cost effective coating solutions will not be available (7/33) 219
—

O&M costs increase for the fleet of existing wind farms (16/33) 48%
]

Blade aerodynamic performance cause loss of energy production due to erosion 6/33) 489
]

Scaling up offshore wind installations rapidly will increase blade erosion (20/33) 619

h ‘
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Poll — Question #2

2. Which concepts have the highest potential to tackle blade erosion?  (Multiple Choice) *

3/33 (100%) answered

5]

Wind farm planning, e.g. site specific erosion assessment maps 0/33) 309
]

Blade design, e. g. new coating materials 32/33) 979
Blade design, e. g. blade design for lower tip speed (5/33) 159
E—

D&M, e. g. cost effective inspection 6/33) 189
S

O&M, e. g. cost effective service and repair 6/33) 489
|

Wind turbine control, e. g. erosion safe operation 33) 339
]

Disruptive innovation tackling blade erosion 100% (14/33) 429

iea wind



EA Wind Contracting o

Belgian Ministry of

Belgium Economy Engie
anada Natural Resources WEICan
Canada
DTU
Danish Energy Agency Hempel
Drsted A/S
Business Finland VTT

Fraunhofer IWES

Federal Ministry for Covestro
Economic Affairs and  Emil Frei

Energy Nordex Energy
DNV
. NUI Galway
/S\:i:]a‘;:;}?lsfﬁ:;;gn}; University of Limerick
IT Carlow
AIST

New Energy and
Industrial Technology ~Osaka University
Development Tokyo Gas Co.

Organization (NEDO) Asahi Ruber Inc.

TU Delft

Suzlon

TNO

Eneco

Equinor

University of Bergen

Aerox

Universidad Cardenal Herrera —
CEU

CENER

Siemens Gamesa Renewable
Energy

Nordex Energy Spain

DNV lberica

ORE Catapult

ORE Catapult University of Bristol
Lancaster University

Cornell University

nited States Sandia National Laboratories
3M

Operating agents:

Netherlands

Charlotte Bay Hasager (cbha@dtu.dk ) and Raul Prieto ( raul.Prieto@vtt.fi )

CIEMAT
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