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Abstract

With the Renewable Energy 3020 policy and the 2050 Carbon Neutral(Net-Zero)
promotion strategy, installed capacity of wind turbines, which is currently only 1.7GW,
will be expanded to 17.7GW by 2034. Accordingly, the construction of a large-scale
wind farm is expected, and it is economical to use a wind turbine with higher rated
power as the facility capacity of the wind farm increases on a large scale. The rated
power of the wind turbine is increased, rotor diameter and tip speed are increased, and
it is predicted that damage to the blade leading edge due to rain droplets will occur
more frequently due to the increase in tip speed. The blade tip region is composed of
an airfoil with high aerodynamic performance, and leading edge erosion occurs in the
tip region airfoil, the aerodynamic performance decrease, than AEP(Annual Energy
Production) of the wind turbine may be significantly reduced. Many researchers have
conducted studies on the reduction of wind turbine AEP due to leading edge erosion.
Wind tunnel tests are most appropriate to analyze the reduction in airfoil aerodynamic
performance and the AEP of wind turbine due to leading edge erosion, but numerical
simulation using CFD(Computational Fluid Dynamics) are mainly used because
large-scale test equipment and considerable cost are required. Existing studies have
analyzed by applying leading edge erosion, contamination, icing to 2D airfoil, but
airfoil generate 3D recirculation regions that develop very complexly in the trailing
edge, 3D airfoil can simulate physical phenomenon more accurately. In this study,
CFD simulation was conducted using 3D airfoil to propose changes in tip airfoil’s
aerodynamic performance and flow characteristics due to leading edge erosion growth
of blade and the reduction rate of AEP. The erosion class was defined by the erosion
shape obtained from actual wind farm, and this was applied to the NACA64-618
airfoil to obtain aerodynamic performance. The AEP of wind turbine was predicted by
applying the aerodynamic performance of the eroded airfoil to the BEMT(Blade

Element Momentum Theory) based software. In order to verify the reliability of the



CFD simulation, the results of Timmer’s wind tunnel test were compared at 6 million
Reynolds number. In order to select a turbulence model suitable for the airfoil,
RANS(Reynolds Averaged Navier-Stokes)-based turbulence models and DES(Detached
Eddy Simulation) model were compared, and SST(Shear Stress Transport) K-w Y -Reg
model used in terms of prediction accuracy and computational efficiency of the
turbulence model. When the erosion class defined in this study was applied, the lift
coefficient decreased by up to 40%, and the drag coefficient increased by up to 115%
compared to the clean airfoil. As the depth and range of erosion area increased, the
rate of reduction in aerodynamic performance was increased. When the AEP of wind
turbine was predicted using BEMT under the condition of average annual wind speed

6m/s, it decreased by at least 0.35% and up to 2.3% compared to the clean blade.
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Fig. 1-1 Changes in the ratio of power generation sources according to the 9" basic plan[1]
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Fig. 1-6 Component failure rate and the effect on component failure on downtime in
offshore wind turbine[4]

Table. 1-1 Types and rates of damage to wind turbine blades[5]

Blade damage type[-] Affected blade rates[%]
Leading edge erosion 63
Severe leading edge erosion 15
Contamination 9
Lightning 7
Protection tape damage 4
Vortex generator damage 3
Trailing edge crack 2
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Fig. 2-1 Annual mean rainfall in korea and waves generated when droplets collide with
blade[3]
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Fig. 2-2 Ti-6Al-4V alloy blade’s leading edge erosion experimented by Heymann[11]
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Fig. 2-4 Blade leading edge erosion patterns used in various studies and reports[13, 14, 15]
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airfoil that predicted by machine learning[16]
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Table. 2-1 Lay-up information of NREL 5MW Offshore wind turbine[17]

Node[-] R nodes[m] Aero Twst[°] Chord[m] Airfoil[-]
1 2.87 13.308 3.542 Cylinder
2 5.6 13.308 3.854 Cylinder
3 8.33 13.308 4.167 Cylinder
4 11.75 13.308 4.557 DU40
5 15.85 11.48 4.652 DU35
6 19.95 10.162 4.458 DU35
7 24.05 9.011 4.249 DU30
8 28.15 7.795 4.007 DU25
9 32.25 6.544 3.748 DU25
10 36.35 5.361 3.502 DU21
11 40.45 4.188 3.256 DU21
12 44.55 3.125 3.010 NACA64-618
13 48.65 2.319 2.764 NACA64-618
14 52.75 1.526 2518 NACA64-618
15 56.17 0.863 2313 NACA64-618
16 58.9 0.37 2.086 NACA64-618
17 61.63 0.106 1.419 NACA64-618

Table. 2-2 Specification of NREL 5SMW Offshore wind turbine[17]

Rated power SMW
Rotor orientation Upwind
Number of Blades 3
Rotor diameter[m] 126
Hub height[m] 90
Cut-in, Rated, Cut-out wind speed[m/s] 3, 114, 25
Rated rotor speed[rpm] 12.1
Rated tip speed[m/s] 80
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Table. 2-3 Depth of eroded area according to airfoil erosion class

Case Depth[mm]
Light erosion condition 1.35
Moderate erosion condition 1.35
Severe erosion condition 2.18
Catastrophic erosion condition 5.03

2E gejol7] wiiol wmire] Zlolzp FUSHAIRE mpreo] WMo Ao]lE HKQI
U} Severe9} Catastrophice @H|Ujo|E &£AF 3o we} B9 o] npre] Z)
o] & WHelo| A F olE HITh
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Table. 3-1 Mesh independence test for RANS turbulence models at AoA 13°
No. Cells Cp Cob C/Cp relative error
1.57x10° 1.568 0.045 34.4 9.61%
2.42x10° 1.531 0.046 33.1 5.55%
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Table. 3-2 Mesh independence test for DES model at AoA 13°
No. Cells CL Cp C./Cp relative error
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Table. 3-3 Number of cells for clean condition and erosion condition airfoil

Case No. Cells Case No. Cells
Clean 3.22x10° Severe case.1 6.69x10°
Light case.l 5.41x10° Severe case.2 9.74x10°
Light case.2 8.84x10° Catastrophic case.l1 7.41x10°
Moderate case.l 5.55%10° Catastrophic case.2 1.02x10’
Moderate case.2 9.21x10° - -

Lift coefficient(-)
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1.2 ;i
7 :
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Fig. 3-3 Evaluate turbulence models and validation of numerical simulation using lift

coefficient and drag coefficient
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Fig. 3-4 Evaluate turbulence models and validation of numerical simulation using lift to

drag ratio and polar plot
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Table. 3-4 The relative error of lift coefficients and drag coefficients of SST k-

¥ -Reg and DES model compared with wind tunnel test result
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Fig. 3-5 AoA vs lift coefficients and drag coefficients at AEC case.l erosion conditions

Table. 3-5 Comparison of lift to drag ratio with clean and case.l erosion conditions

AoA . Moderate Catastrophic
) Clean Light case.l case ] Severe case.l casel
0 61.4 60.6 59.4 53.9 43.1
2 74.2 74.8 73.9 66.9 40.7
4 80.1 80.5 77.5 70.1 43.9
6 79.4 80.2 74.5 67.6 422
8 72.4 73.2 66.9 61.6 39.5
10 59.7 59.6 533 47.1 355
12 36.7 35.1 29.1 30.9 15.2
13 30.2 29.4 223 22.3 14.9
14 24.1 22.5 17.8 16.8 13.4
16 18.5 17.7 13.1 12.9 10.8
18 14.7 13.7 10.3 7.9 53
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Fig. 3-6 AoA vs lift coefficients and drag coefficients at AEC case.2 erosion condition

Table. 3-6 Comparison of lift to drag ratio with clean and case.2 erosion conditions

AoA . Moderate Catastrophic

) Clean Light case.2 case Severe case.2 case
0 61.4 57.3 51.2 42.1 31.9
2 74.2 77.5 68.9 53.7 41.9
4 80.1 90.1 77.3 57.4 45.5
6 79.4 923 77.9 56.3 44.5
8 72.4 86.8 72.7 51.8 39.8
10 59.7 73.1 58.8 44.1 254
12 36.7 438 32.6 25.7 16.7
13 30.2 32.6 23.8 20.0 12.9
14 24.1 24.8 19.7 15.9 12.4
16 18.5 16.9 14.8 11.8 83
18 14.7 16.9 11.5 5.8 4.5
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Table. 4-1 Annual energy production under various blade leading edge conditions

- Annual Energy Production(GWh)
Annual wind speed(m/s) 6 7 8

Clean 10.496 14.552 18.328
BECI1 case.1 10.459 14.511 18.286
BECI1 case.2 10.456 14.507 18.283
BEC2 case.1 10.404 14.449 18.228
BEC2 case.2 10.386 14.432 18.206
BEC3 case.l 10.345 14.382 18.153
BEC3 case.2 10.314 14.351 18.124
BEC4 case.l 10.292 14.322 18.092
BEC4 case.2 10.253 14.284 18.055
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