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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.

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

Model to predict annual energy production loss on blade erosion class WP3.1

Ye1ar_ Report on standardization of damage reports based on erosion observations WP3.2
Year [

> 1 Droplet impingement model for use in fatigue analysis WP3.3

- Potential for erosion safe-mode operation WP3 .4

Accuracy of LEE performance loss model based on field observations (validation) WP3.5
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Stakeholder Scenarios for Blade Damage Classification

* There are different motivations and techniques for categorizing wind turbine blade damage.

Research

Testing

Manufacturing

Operational

Examples of Existing Methods - Research

Stage 1
Stage 2

100P (1)
200P (2)

200P/100G (4)

Primary motivation

Novel insights and understanding

Replicating in-situ conditions to predict
expected performance
Quality control

Performance and structural integrity of wind
turbine assets

stage 3
stage 4

400P (3)

400P/200G (5)

Stage 5

800P/400G (6)

Gouges
~—pn
@ E
800P/400G/DL+ (8) o
) a [ % S S —
TR % w W w9 W B % % W w

25 Lt Arc Lengin (om)
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Examples of Existing Methods - Research

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

Light pitting of coating

= EPRI

* “AWhite Paper on Blade Defect and Damage
Categorization: Current State of the Industry.” ‘Small patches of

missing coating Hachbnd Cud

EPRI, Palo Alto, CA: 2020. 3002019669

Examples of Existing Methods — Research

Sandia Erosion Performance Loss Model

Q.00

ieawind

Blade Erosion Category
——catz —e—Car3

pl Y

Airfoll Erosion Category.

Fwamples of Existing Methods - Research

Examples of Existing Methods — Operational

Large patches of
3 missing coating 50% - 100% <10% 1%
% k rosion of laminate e e =
e wos | wox | e

Category 4 Erosion
eld Wind Tunnel

les of missing paint 0.1-0.2 2 ‘ 3%
e e T o

LE erosion through laminate s se coalesced in to larger 0102 |15 3%
LE erosion, down to laminate and first | 4 ‘ E
layer laminate 3 has increased, with isolated | 0.3-0.5 ‘ 20/40 ’ %
LE erosion, down to laminate 3 s with a greater depth
Damaged leading edge tape 3 | +coslesced further and depth | 0508 |40 %
Damaged leading edge protection 3 d
Coat/paint damage, surface. Missing | 3 ‘ f LE laminate exposed 0812 |>500 |8%
more than 10 cm?
Coat/paint damage, surface. Missing | 2
less than 10 cm?
LE discoloration, paint or bugs i |
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Leading Edge Erosion Categorization Considerations

Assessment Method

Blade Geometry Subsequent Action Damage Mechanism

*Methodology eBlade Area eDamage Progression eMaterial Type

*Drone, Rope Access, Ground Based Cameras *Blade Location (Span and eIntervention Decision eLeading Edge Protection - Tape,
eInterpretation/Subjectivity Chordwise) eInfluence of Other Forms of Softshell, Coating, Other...
eInspection Quality eBlade Cross Section Damage eUnprotected Blades
eTechnology eDistinguishing Different ePredicted Lifetime of LEP *Root Cause

eVisual Locations of Erosion *Repair Categorisation Type of Failure/Damage

eNDT, Other Exhibited

eErosion/Degradation
¢ EP Adhesion Failure

f\ v

Vv —_—
Performance Structural Integrity Assessment Type v —
*Mass Loss eBlade Feature eResearch — CFD, Wind Additional Context
*Roughness eDamage Cohesion Tunnel/Rain Erosion Testing *Number of Blades Affected
*AEP eDamage Form/Type (RET) eAge of Blades
*LEP Failure eDamage Extent eOperational Turbine elifetime Extension
eAdhesion eDamage Depth *Other ePreviously Known Damages
*Degradation eExpected Erosion Conditions
eEnd Of Incubation Period 5
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Erosion Classification System Example
« Participants were asked to test the draft classification system on a sample of images.

Parameter (Specified by
Service Provider)

Erosion
Information to Categorize| Class Note
Large exposed surfaces
) o of fiberglass. Signs of
Visual data definition 4 damage to the underlying fiberglass.
Mass-loss or Depth 4
Aerodynamics/Performance 4

Structural

Material Laminate
Blade Length 37m
Distance from Root 373 m
Length of damage 41m
Width of damage 0.15m
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Erosion Classification System Test

& &
e}& S ef‘é S Median Variance
S S S wS S S
o /LS L0 S0 S
Organisation Type &KL SES S LSS
Visual data definition 2 1 2 0 25 2 2 3] 2 0.85
Image 1 Mass-loss or Depth 1 1 2 1 1 4 - 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 R
Aerodynamics/Performance 4 4 5 45 3 3.5 4 3 5| 0.56
Structural 4 3 0 4 3 4 5
Visual data definition 1 2 2 1 2 2 1 p
Mass-loss or Depth 1 1 0 1 1 1
Image 3 .
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 5
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 R
Aerodynamics/Performance 1 1 1 1 1 1 0
Structural 2 1 0 2 2 1 1
Visual data definition 2 1 1.5 0 1 1 1 3]
Mass-loss or Depth 1 1 1 0 1 p
Image 7 .
Aerodynamics/Performance 2 1 3 2 1 2 2 4 2 0.98
Structural 1 1 0 1 2 1 1 - 0.33




Initial Feedback — Key Themes

Large variance in some assessments
from Erosion Classification Task
submissions

Different perspectives from different
types of organisations

* RTO, O/0, Academia, Turbine OEM

Difficult to assess all evaluation
criteria based on visual imagery

Variables associated with assessment
(materials, turbine, location)

Consideration of LEP/No LEP
separately for Visual Condition

& N
o"b‘o é’s@ S Median Variance
S S S S
o [ E/E /&0 S o S ESS
Organisation Type &S S S S SE S S
Visual data definition 2 1 2 0 25 2 2 3 2 0.85
Mass-loss or Depth 1 1 2 1 1 4 1 1.47
Image 1
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] 4 0.36
Image 2 Mass-loss or Depth 4 4 3 3 3 5] 3.5 0.67
Aerodynamics/Performance 4 4 5 45 3 35 4 3 5] 4 0.56
Structural 4 3 0 4 3 4 S| 4 2.57
Visual data definition 1 2 2 1 2 2 1 2| 2 0.27
Mass-loss or Depth 1 1 0 1 1 1 1 0.17
Image 3 R
Aerodynamics/Performance 1 1 2 1 2 2 1 3 15 0.55
Structural 2 1 0 2 3 1 2 2 0.95
Visual data definition 3 1 2 1 2 1 2 1 2) 2 0.50
Image 4- |Mass-loss or Depth 2 1 1 1 1 4 1 1.47
Part1 Aerodynamics/Performance 3 1 3 2 1 15 2 1 2| 2 0.63
Structural 2 1 0 2 3 2 3] 2 114
Visual data definition 2 2 1 1 25 1 2 1 1] 1 0.38
Image 4- |Mass-loss or Depth 1 2 1 15 1 1 1 0.18
Part 2 Aerodynamics/Performance 2 1 2 1 1 15 2 1 2] 1.5 0.25
Structural 2 1 0 2 3 2 1] 2 0.95
Visual data definition 1 1 1 0 05 2 1 0l 1 0.42
Image 5 Mass-loss or Depth 1 1 0 0 1 1 1 0.27
Aerodynamics/Performance 2 1 2 25 2 1 1 2 2| 2 0.32
Structural 1 1 0 1 1 0l 1 0.27
Visual data definition 1 1 1 1 15 1 1 1 1 1 -
Mass-loss or Depth 1 1 1 1 1 1 1
Image 6 B
Aerodynamics/Performance 1 1 1 1 1 1 1 0} 1 0.13
Structural 2 1 0 2 2 1 1] 1 0.57
Visual data definition 2 1 15 0 1 1 1 1 3] 1 0.69
Mass-loss or Depth 1 1 1 0 1 2] 1 0.40
Image 7 "
Aerodynamics/Performance 2 1 3 2 1 2 2 4 2 0.98
Structural 1 1 0 1 2 1 1] 1 0.33
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Severity Level definitions and thresholds

Structural Integrity Visual Condition

IEA Wind TCP Task 40 Technizal Report

Level 4 — “Erosion of topcoat with immediate layer undemesth wizsible snd
exposad”

Damage threshold: erosion of topcoat =10cm?; erosion of lsminate = 1em®

» [Erosion has worn sway to the laminste such that the filler layer or
immediate laminate is chservable over an ares greater than 10cm?
« Demsege fo the substrate is either not entirely obviows or sufficiently
=smalliminor.
Topcoat
Filler

Biaxial Layers

UD Layers
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Mass Loss Model

Leading Edge Erosion Prediction
T T T T T

. = ' ‘Calegory 5
200 H Coating - Initial Estimate —
= = = -Laminate - Initial Estimate : ° 1
160:11 . Coating - Updated Function based on inspection e " : Category 4 Mass IOSS mOdeI has the pOtentIaI
£ : :;a;;::;t:n- Updated Function based on inspection 9 & it to |mprove |ts predlctlon of futu re
160 |- 7 : 1 erosion level progression through
’ ' . . . .
3 . incorporation of inspection data.
140 | , - ]
s // " « When correlated with the other
£ 120 . . .
e P erosion categories, allows for
2 100 4 ' e prediction of expected future
=l | performance loss.

* This model is currently under

60 - hd ] :
v 3 Category 2 development and will need to be

A 7 validated against wind plant
ok | inspection and operational data, a
Category 1 .
v il . . . . | process that is currently underway.
Od 2 . 4 6 8 10 12 14 16 18 20
Turbine Lifetime (Years)
Example plot of leading-edge erosion prediction of a wind blade airfoil section where
initial model estimates are updated to better fit inspection data from the field. *
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Aerodynamic Performance Categorization

Power loss is defined in Region 2 of the power curve.
250

Category 0: Flow not disturbed. Roughness effects are

damped by the viscosity of the flow. Region 2 Region 2.5 Region 3
ariable Rotation onstan Rated Power
. g . . eed otation Spee:
Category 1: Region 2 Power loss <1%. The transition point is 2000 weimaecr oo
moved forward toward the leading edge. s
Category 2: Region 2 Power loss 1%, Moderate loss to L/D g 150 et
and CL_max, (-20% and -5%). The transition point is moved = _g:::gggg
forward to the leading edge. £ 100 —category 4
[
Category 3: Noticeable loss to L/D and CL_max (-30% and - ©
5-10%). The flow is fully turbulent downstream of the %0
roughness elements in eroded regions of the blade span.
. vy o B L
Category 4: Significant loss to L/D (> -40%) and CL_max (> - 4 6 8 10 12 14
. . Wind S d (m/:

10%). The flow separates in downstream locations due to the ind Speed (ms)
boundary layer weaknesses against adverse pressure AEP loss due to erosion.
gradients given by airfoil geometry. Erosion Mean Wind Speed (m/s)
Category 5:.Severe loss to L/D qnd CL_max due to | Category 4 6 75 8.5 10
flow separation and a lack of laminar flow.

0 0.0% 0.0% 0.0% 0.0% 0.0%
Region 2 power loss from the erosion severity categories 2 -1.0% -0.9% -0.7% -0.6% -0.4%
can be mapped to the annual energy production (AEP) loss. 3 1.9% 16% 13% 11% 0.8%

4 -3.0% -2.6% 2.2% -1.9% -1.6% *

It on Wind Torbin Peormanc.Jourmal of Pysics. Confernce Seis, 1615(5 052053, mape dovorg 10 108817426596 1618/5 032082 11
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Updated Classification System

Severity Level

Evaluation

e 0 2 3 4
Criteria

Lightly worn external| Notable areas of LEP is largely Delamination of topcoat | Notable damage to

. coating/LEP localized damage on| compromised over a with immediate layer substrate
Visual external coating/LEP| large area and no |underneath clearly visible
Condition Instances of reduced longer providing and exposed
(LEP) LEP adhesion Individual Instances |protection to underlying

of LEP adhesive layers
failure.

Visual Erosion barely visible| Localized pitting [Widespread or coherent
Condition or pinholes pits, some gouges
(No LEP) Initial
M | L?)Cr:girt)ilon Coating <10% Coating 10-50%, Coating 50-100%, Coating 100% Coating 100%,

ass=l0Ss Laminate 0% Laminate 0% Laminate <10% Laminate 10-100% Laminate 100%

Normal surface
Aerodynamic TELEIMEES Region 2 Power loss| Region 2 Power loss Region 2 Power loss | Region 2 Power loss
Performance Region 2 Power loss e 2 St e
0-1%
Initial erosion of Erosion through Initial exposure of Erosion through Exposure of structural

Blade topcoat topcoat immediate laminate |immediate laminate layers| laminate layers
Integrity layers

12
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. . Laminar flow region: 44 %
Future Considerations/Research " .| T T
* New Assessment Technologies of :
* Non-Destructive Technologies (NDT) i oo %50 : :
* Sensors G {
20 [ ]

* Advancements in Blade Technology

-
S
HH
» >

® Blade Materials and DESign Laminar flow region: 57 % L 1 2 3 4
. I_E P Erosion stage
i Ad Va n Ce m e ntS I n M Od e I I I n g Leishman G, Nash D, Yang L, Dyer K. A Novel Approach for Wind Turbine Blade Erosion Characterization: An Investigation

Using Surface Gloss Measurement. Coatings. 2022; 12(7):928. https://doi.org/10.3390/coatings 12070928

* Leading edge erosion mechanisms
* Aerodynamic effects

e Remedial action

* Structural Integrity similar to typical recommendations
* Potential control changes

Report available: https://iea-wind.org/task46/
Please trial the classification system!
Example images available in the Appendix.

Correspondence: dcmania@sandia.gov
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Thank you!

IEA Task 46 correspondence:

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

IEA TEM on LEE

The IEA Wind TCP agreement, also known as the Implementing Agreement for Co-operation in the
Research, Development, and Deployment of Wind Energy Systems, functions within a framework
created by the International Energy Agency (IEA). Views, findings, and publications of IEA Wind do

not necessarily represent the views or policies of the IEA Secretariat or of all its individual member
countries.

Technology Collaboration Programme

by l2Q
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Work Package 3 Activities

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.

15

o

iea wind




Work Package 3 Near-term Plans

Year 2 focus areas:

* Aerodynamic benchmarks, detailed aerodynamic studies on common datasets
* 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.

* Characterization of aerodynamics for droplet impingement probability.

16 a
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