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PIRT analyses for LEE

R.J. Barthelmie and S.C. Pryor Cornell University (rb737@cornell.edu)
Blade leading edge erosion

US NSF 2329911

*Data from: Lopez et

al. Applied Energy 358
(2024) 122612, Maniaci
et al. 2022 IEA Task 46

Drfiade Action/Ti Cost* Coating |Laminate| Turbine
severi%y Description (t:olorg alinr1e sstimate $ mass loss | mass AEP
P (%) loss (%) |loss (%)
0 i 6200 0 0 0
(Inspection)
1 Light piting of 1 7000 <10 0 0
coating
2 Small patches of | - Repairif || 7099 10-50 | <10 0
missing coating | scheduled
3 La_rge_ patche_s of |Repair with 6 10000 50-100 10-50 1
missing coating months
4 = Erosion of laminate| \ePIr Withinl 45500 100 | 50-100 3
3 months
5 Gompletalloss el | Regait || azeon00 100 100 5
laminate immediately
6 5250000 100 100 ?
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To advance fundamental understanding of the processes that cause LEE

To advance effective solutions

Objectives

PIRT analyses for LEE
R.J. Barthelmie and S.C. Pryor Cornell University (rb737@cornell.edu)

Theme 1:
Atmospheric Drivers of LEE

Theme 2:
Damage detection & quantification

” T

Theme 3:
Materialsresponse & redesign

Theme 4:
Aerodynamicimplicationsof LEE
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PIRT analyses for LEE
R.J. Barthelmie and S.C. Pryor Cornell University (rb737@cornell.edu)

Damage detection & quantification

Major damage: [ r Start

delamination & (a) Ground Truth v. Automated

Damage Quantification

gouges 0 (b) True Positive - Accuracy
i — Ground Truth 2 00 of Identification of Damage Pixels
Module 1: Blade image = : 5 J/ >
detection (unsupervised) i 8
damage: pits B 50 % 50
E? @©
and marring Blade pixels o E
identified % 2 0
. £ 40 .
] Module 3: (a) Original Image (c) True Negative - Accuracy
Module 2: Pixel Convisliiticaal g 2 100 of Rejection of Non-Damage Pixels
thresholding & L = £ W
shadowing {supervised) 8, 30 54 /
(unsupervised) © P /
£ ©
© 2 j
e F oo
@ o
Damage estimate E 20p EN
PERe om (d) Total MSE Between Automated
g Damage ID and Ground Truth ID
(] "
E 10k 0.05
z " \
. = \/\/
1.Unsupervised (PTS— i ; { BN W
305x430 2919x4746 0 5 15 20 25 30
Image Quality (Pixels) Image #, Sorted as in (a)

pixel intensity

thresholding &

shadow ratio)
2.Supervised (CNN)

(b) Ground Truth (c) PTS (d) CNN

* ~65% of total damage area
* better quantifying deep damage
* CNN better for shallow damage
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Pryor S.C., Barthelmie R.B., Coburn J.J., Zhou X., Rodgers M., Norton M., Campobasso
M.S., Lopez B.M., Hasager C.B., and Mishnaevsky Jr L. (2024): Prioritizing Research for
Enhancing the Technology Readiness Level of Wind Turbine Blade Leading Edge Erosion
Solutions. Energies 17, 6285 doi: 10.3390/en17246285
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Thorough coating material characterization
o

High and low rate uniaxial tests

Dynamic mechanical analysis

Volumetric data

Cyelic loading data

=

S W

Input from RET data

Fatigue properties of coatings

Tip speed ..-\'..
F— — ",
h

L

ﬁnite element simulations nfdroplex

impacts

o

# of impacts

i

ﬂmospherﬂc measurements/model outph

Wind speed distributions/time series
Rain intensity distributions/time series
Droplet size distributions/time series

H i
atmm

v

L &

Material stress-based fatigue damage
model for multiple impacts

*  Damage growth model

*  Stress from “surrogate” model

*  Manufacturing defect analysis

*  Multiple random impacts and droplet
sizes
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Materials response

Material stress database for various
impact speeds and droplet sizes

e

Prediction of material
impact speeds and droplet sizes according
to turbine and atmospheric conditions

Training of machine learning (or
similar) "surrogate” model

stress for new

~

w

-
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Damage

output

Erosion | Erosion : Erosion
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PIRT analyses for LEE
R.J. Barthelmie and S.C. Pryor Cornell University (rb737@cornell.edu)

Phenomena Identification and Ranking Tables (PIRT) Workflow

e Systematic way of gathering information
* Ranking importance to meet objective

StarSIdentIy * Prioritization of research to enhance TRL
issue * Identifying key phenomena in each of LEE
Step 2: Articulate PIRT . .
themes (cross thematic boundaries)
Step 3: Define themes to cluster
processes

Step 4: Ildentify key

processes/phenomena

Step 5: Rank

processes/phenomena

Step 6: Rank knowledge level (measurement/model)

Step 7: Summarize scores: Mean &
dispersion (SD)

Step 8: Document PIRT & generate proposed actions
to address key research needs
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PIRT analyses for LEE
R.J. Barthelmie and S.C. Pryor Cornell University (rb737@cornell.edu)

PIRT1: Atmospheric drivers

Objective: Identify phenomena/processes that have high importance and where
critical knowledge gaps preclude full treatment of those phenomena/processes in
models, measurements or data analysis tools. Advancing knowledge for these
topics is most likely to enhance TRL for LEE solutions.

Process/Phenomena
Importance Level
Theme 1: Atmospheric Drivers Mean SD
Hub-height wind speeds: existing wind farms
Hub-height wind speeds: prospective wind farms
Hydrometeor size distribution
Hydrometeor phase (rain/hail/other)
Hydrometeor fall velocities
Impinged water (blade capture efficiency as a function of droplet
diameter)

Real-time data for 'erosion safe mode'

Space/time variability in hydroclimate conditions
Non-hydrometeor weathering stressors (e.g. UV radiation, icing,
thermal expansion, aerosols (incl. dust & pollution))
Reanalysis/gridded product data quality
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PIRT analyses for LEE
R.J. Barthelmie and S.C. Pryor Cornell University (rb737@cornell.edu)

PIRT1: Atmospheric drivers
Is the following variable/process important to blade leading edge erosion?
Strongly agree/Agree/Neither agree nor disagree/Disagree/Strongly Disagree
Do not rank everything as ‘Strongly agree’

https://www.surveymonkey.com/r/Y26NNXY

5 mins to compiete]

Theme 1: Atmospheric Drivers
Hub-height wind speeds: existing wind farms
Hub-height wind speeds: prospective wind farms
Hydrometeor size distribution
Hydrometeor phase (rain/hail/other)
Hydrometeor fall velocities
Impinged water (blade capture efficiency as a function of droplet
diameter)
Real-time data for 'erosion safe mode'

Space/time variability in hydroclimate conditions
Non-hydrometeor weathering stressors (e.g. UV radiation, icing,
thermal expansion, aerosols (incl. dust & pollution))
Reanalysis/gridded product data quality
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PIRT analyses for LEE
R.J. Barthelmie and S.C. Pryor Cornell University (rb737@cornell.edu)

PIRT1: Atmospheric drivers

Process/Phenomena .
Measurement Modeling
Importance Level
Theme 1: Atmospheric Drivers Mean SD Mean | SD Mean | SD
Hub-height wind speeds: existing wind farms 0.92 0.19 1 0 0.73 | 0.26
Hub-height wind speeds: prospective wind farms 0.91 0.2 0.82 | 0.25 | 0.68 | 0.25
Hydrometeor size distribution 0.86 0.32 0.27 | 0.41 0.2 0.26
Hydrometeor phase (rain/hail/other) 0.91 0.3 0.36 | 0.39 | 0.14 | 0.23
Hydrometeor fall velocities 0.58 0.36 0.41 | 0.38 | 0.32 | 0.34
Impinged water (blade captu.re efficiency as a function of droplet 0.55 0.44 0.15 | 0.34 0.1 0.21
diameter)
Real-time data for 'erosion safe mode' 0.68 0.25 0.18 | 0.34 | 0.46 | 0.33
Space/time variability in hydroclimate conditions 0.64 0.23 0.59 0.2 0.59 0.2
Non-hydrometeorWegtherlng stres§ors (e.g. UV rad|ajt|on, icing, 0.55 0.27 018 | 025 | 027 | 034
thermal expansion, aerosols (incl. dust & pollution))
Reanalysis/gridded product data quality 0.44 0.17 0.67 | 0.25 | 0.81 | 0.26

Mean | Importance | Process understanding
Black >0.8 >0.5

Red >0.8 <0.5

Blue 0.5-0.8 <0.6
Green <0.5
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PIRT analyses for LEE

R.J. Barthelmie and S.C. Pryor Cornell University (rb737@cornell.edu)
PIRT2: Damage detection and quantification

Process/Phenomena .
Measurement | Modeling
Importance Level
Theme 2: Dama!ge d(?tectlon and Mean D Mean D Mean | SD
quantification
Availability of blad.e images & methods to 0.83 0.25 0.54 0.33 0.5 0.33
quantify damage
Damage characterization from varying image
types & methods to translate to damage 0.88 0.23 0.58 0.29 | 0.44 0.3
classification
Methods for 3-D characterization of'damage 0.71 0.26 0.25 026 | 018 | 025
morphology & rate of progression
Translating water impingement to materials
loss/stress (e.g. metrics: Kinetic Energy, 0.86 0.23 0.27 0.26 | 0.36 | 0.23
Springer-ADF, VN curves)
Quantification of materials loss 0.71 0.26 0.5 0.39 | 0.27 | 0.26
Quantification of equwalent.surface roughness 0.75 0.26 0.41 0.3 0.45 | 0.97
for aerodynamic loss
Microplastic loss for environmental impacts 0.5 0.21 0.21 0.26 | 0.27 | 0.26
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PIRT analyses for LEE
R.J. Barthelmie and S.C. Pryor Cornell University (rb737@cornell.edu)

PIRT3: Materials response

Process/Phenomena .
Measurement | Modeling
Importance Level
Theme 3: Materials response Mean SD Mean SD Mean | SD
Rain erosion tester reliability & reproducibility 0.92 0.19 0.59 0.3 0.4 0.21
Rain erosion tester representation of
atmospherlc co.ndltl.ons:.heronjeteors: prlla.se 0.83 0.25 0.5 033 | 028 | 0.6
(e.g. rain and hail), size distributions & collision
velocities
Rain erosion tester representation of

atmospheric conditions: flow field (e.g. impact 0.71 0.33 0.45 0.28 | 0.28 | 0.36

velocities)

Methodologies to translate lab experimental data
(incl. rain erosion tester) to field conditions & 0.88 0.23 0.35 0.24 0.3 0.26
failure modes
Damping and engrgy d|§3|pat|on propertles of 0.67 0.25 0.32 025 | 045 | 016
LEPs/coatings (single/multilayer)
Linking mech.amcaland V|§c0elast|c properties to 0.73 0.26 0.32 0.95 0.4 0.32
failure mechanisms/modes

Coating adhesion & meghanlcs of multi-layer 0.75 0.26 0.45 044 | 055 | 028

materials

Material response to non-hydrometeor

weathering stressors (e.g. UV radiation, icing, 0.64 0.23 0.36 0.32 | 0.35 | 0.24

thermal expansion, aerosols (incl. dust))
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PIRT analyses for LEE

R.J. Barthelmie and S.C. Pryor Cornell University (rb737@cornell.edu)
PIRT4: Aerodynamic implications of LEE

Process/Phenomena

Measurement | Modeling
Importance Level

Theme 4: Aerodynamic implications of LEE Mean SD Mean SD Mean | SD
Quantification of damage and surface 0.95 0.16 0.4 032 | 045 | 028

roughness progression through time
Attribution of AEP loss to LEE (via effective 0.88 0.23 0.35 0.34 0.5 0.24

surface roughness)
Attribution of AEP loss to application of LEP 0.75 0.26 0.4 039 | 055 | 028
measures
Quantn‘ymg e\{olutlon of power curve through 0.75 0.26 0.3 0.42 0.3 0.42
time (incl. post deployment)

Optimization of damage repair 0.9 0.21 0.35 0.34 0.5 0.33

solution/timing
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R.J. Barthelmie and S.C. Pryor Cornell University (rb737@cornell.edu)

Conclusions

Multidisciplinary topic/specific model/measurement needs

PIRT analysis to help frame the research needed to address LEE

Some phenomena are important and well-understood, modeled and
measured e.g. hub-height wind-speed, damage characterization, rain erosion
testers

A large number of phenomena are important but not well-measured or
modeled e.g. hydrometeor size distributions, water impingement or impacts to
damage, translating RET results to field conditions, understanding damage
progression over time

Second phase expand PIRT phenomena

Propose open call for experts to participate (through IEA Task 46)

Acknowledgement: Funding from US NSF 2329911
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