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properties and load mitigation
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 Leading edge erosion (LEE) — problem and solutions
« Understanding LEE

* Materials, structures and damage

* Erosion performance test

e Life time prediction

* Life extension by erosion safe operation
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Leading edge erosion and its consequences
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OEM solutions
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Protective 39 party products

Coating systems Shields

Superior edge protection
for rotor blades

Danish company behind
long-awaited technology for

wind turbines

DTU Wind Energy
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Solutions are two-fold (at least...)

Erosion safe operation Durable leading edges
» Impact fatigue performance « Damage mechanisms

* Monitoring * Mechanical properties

» Forecasting * Materials

* Turbine control  Structural design

Wave
dissipation in
viscous layers

Wave reflection
on stiff layers

Smooth transition
@ | betweenlayers
thanks to gradient

Microcrack arrest

by particles

Innovation Fund DK - DURALEDGE

www.rain-erosion.dk www.duraledge.dk
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Innovation fund DK DURALEDGE

“Durable leading edges for high tip speed wind turbine
blades”. November 2018 to October 2021
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of LEE
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4. GUIDELINES, VALIDATION

Toolbox for optimizing anti-erosion protective coatings of wind
and EXPLOITATION

turbine blades: Overview of mechanisms and technical solutions

Leon Mishnaevsky Jr. i«

First published: 04 July 2019 | https://doi.org/10.1002/we.2378
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Mapping and characterisation of damage mechanisms

e Field observations
* SPIFT - Single point impact fatigue test
* Rain erosion test

-

Composite

Coating/paint

Filler
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Damage analysis Damage mechanisms

e Visual inspection  Surface cracks

e Light microscopy e Subsurface cracks

e Scanning electron * Interface debonding
MICroscopy e Others......

e X-ray CT

e Infrared scanning
 Others...
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Field observations
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Single point impact fatigue tester

AE capture system

Video camera Optical speed trap

arget Barrel

Programmable firing controller

Funnel feed

. Adjustable
magasin

pressure regulator

| firing engine

:
|
é Electro-pneumatic
§
i

* Repeated impacts with rubber balls
* 90-170 m/s

DTU Wind Energy
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Study of impact fatigued specimen

Stitched optical microscopy
(Leitz Aristomet)
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X-ray CT observation of Sub-surface cracks
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Rain erosion testing

www.rd-as.com
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DNV-GL

RECOMMENDED PRACTICE

DNVGL-RP-0171 Edition February 2018

Testing of rotor blade erosion protection
systems
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Study of rain erosion test specimens

13 August 2019 DTU Wind Energy



Holes and cracks at surface of leading edge protection
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DTU
= Computional modelling of impact stresses, fatigue

and damage initiation

_ Correlating model stresses
S, Mises

(Avg: 75%) to observed cracks
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Development of new binders for coating systems

Tayloring of mechanical

properties
Damping’ - Constant Strain Rate Tests
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?'3) I Figure 14. Family of constant strain-rate dynamic testing, load / unload (100% Strain).
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Modelling for design & new solutions. Optimizing
particulate fillers and layer structure
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[Clol
Extending the life of wind turbine blade leading

edges by reducing the tip speed during
extreme precipitation events

Jakob Ilsted Bech, Charlotte Bay Hasager, and Christian Bak
Department of Wind Energy, Technical University of Denmark, Roskilde, 4000, Denmark
Correspondence: Jakob llsted Bech (jakb@dtu.dk)

Received: 31 December 2017 — Discussion started: 21 February 2018
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Abstract. Impact fatigue caused by collision with rain droplets, hail stones and other airborne particles, also
known as leading-edge erosion, is a severe problem for wind turbine blades. Each impact on the leading edge
adds an increment to the accumulated damage in the material. After a number of impacts the leading-edge mate-
rial will crack. This paper presents and supports the hypothesis that the vast majority of the damage accumulated
in the leading edge is imposed at extreme precipitation condition events, which occur during a very small fraction
of the turhine’s aneration life By reducine the tin eneed of the blades durine these evenis the serviee life of the
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Erosion test for material performance

3.0 HOURS

polyitech

1.5 HOURS Beyond the idea
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Plot of test data to Wohler
curve

i

0 HOURS

.0 HOURS

pelyeth

0.1 1.0 10.0

Time to removed coating [h]

13 August 2019 DTU Wind Energy



=
—]
—

i

13 August 2019

Impact fatigue properties
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Life time prediction

« From time series to
incremental damage -
Operation and loads

Rotor speed & rain intensity

 Leading edge impact
fatigue performance — N = cv
Wohler curve

« Damage accumulation
law —Palmgren — Miner M
summation of damage
increments
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Damage increment
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Rain intensity on 1 min and 60 min resolution
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Erosion control strategy: RPM (tip speed) limit at high
rain intensity

RPM limit

time
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Expected erosion life standard operation: 1.6 year

Rain Droplet Percentof Hourspr  Blade tip Hours to Fraction of life
intensity size time year speed failure spent pr year
[mm/hr] [mm] [%] [hrs/year] [m/s] [hrs] [%0]

20 2.5 0.02 1.8 90 3.5 51
10 2.0 0.1 8.8 90 79 11
1.5 1 88 90 3606 2.4

1.0 3 263 90 745710 0.0

0.5 5 438 90 2830197826 0.0

Sum of fractions [%]: 64

Expected life [years]: 1.6
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Erosion life with erosion control strategy: 54 years

\

Rain Droplet Percentof Hourspr |\ Blade tip Hours to Fraction of life
intensity size time year speed failure spent pr year
[mm/hr] [mm] [%0] [hrs/year] [m/s] [hrs] [%]

20 2.5 0.02 1.8 60 222 0.8
10 2.0 0.1 8.8 70 1036 0.8
5 1.5 1 88 70 47514 0.2
1.0 3 263 90 745710 0.0

1 0.5 5 438 90 2830197826 0.0
Sum of fractions [%]: 1.9

Expected life [years]: 54

13 August 2019 DTU Wind Energy
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Conclusions

e Durable leading edges
—Understand impacts dynamics
—Understand damage mechanisms
—Develop protective materials and structures
« Erosion control

—Site specific rain and wind statistics for life prediction and control
strategy

—Monitoring and now-casting of precipitation
—Erosion safe operation of turbines
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Thank you for your attention
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