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Abstract

With the accelerating development of the wind power technology and the growth of
the offshore wind power market, the rotor size and the tower height are continuously
increasing. Even though the increase of the swept area has increased the power gen-
eration of the wind turbine, the relative speed of the blade tip has also increased, re-
sulting in more frequent blade damages due to the external environment. Since the sur-
face of airfoils at the blade tip with a high aerodynamic efficiency has a particularly
high susceptibility, it can cause large losses in annual energy production when the
wind turbine is operated for a long time. With respect to this issue, many researchers
have recently studied the relationship between damage to the blade leading edge and
the annual energy production. The ideal method to determine the cause of decreasing
blade efficiency and performance is through experiments using actual physical phenom-
ena, but it is not easy because it requires considerable cost and time. Hence, many
studies have attempted numerical analysis using CFD (Computational Fluid Dynamic)
codes. The reliability of the numerical analysis modeling technique has improved to the
level of experimental data when a turbulence model based on the Reynolds-Averaged
Navier-Stokes (RANS) equation was applied. However, most of the existing studies
mostly use two-dimensional analysis for the airfoil section, and as a result, over-
estimate the flow separation point because they do not consider three-dimensional flow
phenomenon. In order to evaluate the aerodynamic performance at the highly suscep-
tible tip of the leading edge, the physical phenomenon should be more accurately si-
mulated using three-dimensional analysis. This study proposes a numerical modeling
method using CFD for the flow and performance change characteristics according to
the wear condition of the blade leading edge. The leading edge wear condition was
defined and the aerodynamic data of the NACA64 618 airfoil were obtained through
CFD simulation. The airfoil aerodynamic analysis results were compared with the re-

sults of a wind tunnel test conducted by I H. Abbott at the Reynolds number



6.0E+06. Based on these results, a numerical analysis method and a turbulence model
suitable for 3D wind turbine analysis were established. For the comparison with the
3D wind turbine analysis results, the power generation of a wind turbine was calcu-
lated by applying the data obtained through the airfoil simulation to the BEMT (Blade
Element Momentum Theory). The calculated power generation was compared with the
result of a 3D wind turbine analysis conducted under the final unsteady state analysis
condition. The calculation of wind turbine performance using the BEMT has the prob-
lem of incompleteness, such as the assumption of independence between blade
elements. This problem occurs largely when the effect of the three-dimensional flow is
not considered, which results in a higher performance than expected. When the results
of the BEMT were compared with those of the unsteady state 3D wind turbine analy-
sis in this study, the power generation in the results of the unsteady state 3D wind
turbine analysis was lower by 6.5%. However, the performance reduction rate due to
wear was approximately 3% in the results of both the BEMT and the unsteady state
3D wind turbine analysis. In conclusion, even though the BEMT has a tendency to
overestimate the performance because it depends on the aerodynamic data of the

two-dimensional airfoil, the two results show relatively good agreement.
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Fig. 2-3 Defined blade leading edge erosion patterns from Vestas V47.
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Fig. 2-4 Defined erosion pattern of moderate and severe cases using frottage.
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3. e
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Fotal v AgArEed 98 CFD i3 F543ds
P A7 wFol FAMNE T
of A3tstch webA wiRe o dojxde] FHAT EAS A7 Sl
NACA #AlEd & NACA 64 618 dlof2d 2 sf4ndz AdAsdar Edol= &
dol Fgynle mA= g de FAdA £4S 98l NREL 5MW
Offshore Wind Turbine< AF&-3} %t
NREL®] Technical report[33]oll = SHE RIS A A A7 A &
glol= Layupdl #3F AR = AAIHAUA vk whebA SNA(Sandia National
Laboratories)o| 4] 7]&3F SNL100-00[34]¢] Layup® ®E #Hiiste] thd=9o A+
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e

Erosion range : 8%{erosion / chord) Erosion range : 10%(erosion / chord)

Depth 1.06 mm Depth 3.20 mm iepth 1.35 mm Depth 4.05 mm

Fig. 2-5 3D model shape of the NACA64 618 airfoil by a deformed leading edge used in

the three-dimensional CFD simulations.

I[EC £+¢ A7 7l&s 525 /MdS Aelstdv36]. Brian R. Resor?
BuAMel E#ol= Skin layup AFHo ostd EFol= HAA F FEWH
Gel-coat®} #INE F7= 0.06mmeoltt ¥ Aol A g2 st Moderate®} Severe
3] wpRzlol= NREL 5MW Eelej=el Agstsls w, zol7F Imme] o]

2 2 Laminate’} =51 A48 AE=2 7F4S 5 ok

3.1 NACA 64 618 airfoil

A AQl dRor Fojd A F v 2D AlEYoldor 3T A9
Qg3 Holel o] grIF ol Hh webA AA FolA e mE YEe| wE CFDA
sEHolAE 3798 wdg Chord Zol2 NACA64. 618 ojXdS 3DFFL
2 Rdgsdr}, s mde Figure. 2-59] YERABIS} Zo] Clean AEIS E3F
ste] & 5 Aoz FEEFT. Cleane vhE7F WAl A] S 2702 Mod-
erate case. 12 Vestas V47 Edo]|=2] Span WOz 8504 90% oz
g ] g Moderate Z31¢] kR IE& &3}l Severe case. 12> 904 95%

Table. 2-1 Leading edge erosion dimensions.

Case Width [mm] Depth [mm]
Moderate case.l 84 1.06
Moderate case.2 84 32

Severe case.l 105 1.35
Severe case.2 105 4.05
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Aol g8z Severe £ze] vt HHS A Gskqlrh olojxde] A F ot
il

T o7t FEAd T mAE 9SS BAS 8 Ad F & HYe 54
Z Ao A Moderate ¢} Severe case. 2% case. 1Bt ¢ & xAo=w wdgs)
Aow ZAAF XA K E Table. 2-191 A &8t

3.2 NREL 5MW offshore wind turbine

ol Ad F EXo] FEHERN ¥ AT v Gl s =4I
8] NRELoA Algst AAAHEE vlegto 2 NREL 5MW ST HEH Egol=&
Ragstdn. A4 2 AFFS Table. 2-29] Xﬂ/\]é}?iﬁ’-“i AAE Y
Figure. 2-6¥ 2t NREL 5MW Edol= ¥HE 2 F 63m=E 724 %7 &5
DU-series oo d3 FHAd50] ¢35 NACAG4-618 dloJEXd=E 4= AT
PtREGE Sdlol= | FYolA &s] A wel NACAG4 618 ool 2
of Al#tE = Edlol= W 70%0°1% THFH viR S R skl vh(Figure.
= &4 g0 wel Clean, Moderate, Severe 3714 9] 7

o rlo

v
[

2-6). M EDL Sgo

—

A. Leading edge condition

Severe

B C D E

1 0.8 07 06 0.4 0.2 0
63 m R[] om

Fig. 2-6 CAD model of the NREL 5 MW wind turbine blade with different leading edge

conditions.
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o] 27 PR3 Moderate®t Severe 712 wlE Zlo] U WMol Ego] = 9
70%0l 912§ NACA64_6189] Chord 2|l 3.0lmE 7]F o= Ailate] 283}
At Bbeler v 23k NREL 5SMW FHEHe] AAs JE = Table. 2-39F
Figure. 2-7°] Yebdnte}l 2o ¥ ¢ Tilt angled 5 °, Con angle& 25° & %
&3t B9t Edol=o A4S A TH33] APt Bg AAg FA

QE7E s E ] A k7] wiZol WAle] olel weoli= DOWEC 6MW E Wl

I s A8t A8k ATH37].

Table. 2-2 NREL 5MW rotor geometry definition from [33].

Node[] R Nodes AeroTwst Chord Aero Cent | Aecro Orig Airfoil
[m] [deg] [m] [-] [-]

1 2 0 3.54 0.25 0.5 Cylinder
2 2.87 0 3.54 0.25 0.5 Cylinder
3 5.6 0 3.85 0.22 0.44 Cylinder
4 8.33 0 4.17 0.19 0.38 Cylinder
5 11.75 13.31 4.56 0.15 0.3 DU40
6 15.85 11.48 4.65 0.12 0.25 DU35
7 19.95 10.16 4.46 0.12 0.25 DU30
8 24.05 9.01 4.25 0.12 0.25 DU25
9 28.15 7.79 4.01 0.12 0.25 DU25
10 32.25 6.54 3.75 0.12 0.25 DU21
11 36.35 5.36 3.50 0.12 0.25 DU21
12 40.45 4.19 3.26 0.12 0.25 NACA64
13 44.55 3.12 3.01 0.12 0.25 NACA64
14 48.65 231 2.76 0.12 0.25 NACA64
15 52.75 1.53 2.52 0.12 0.25 NACA64
16 56.17 0.86 2.31 0.12 0.25 NACA64
17 58.9 0.37 2.09 0.12 0.25 NACA64
18 61.63 0.11 1.42 0.12 0.25 NACA64
19 62.9 0 0.7 0.12 0.25 NACA64
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Table. 2-3 General specifications NREL 5SMW wind turbine design.

Rated Power [MW] 5
Number of Blades 3

Rotor Orientation Upwind
Rotor Diameter [m] 126
Hub Diameter [m] 3
Hub Height [m] 90

Cut-In, Rated, Cut-Out Wind Speed [m/s] 3, 114, 25

Cut-In, Rated Rotor Speed [rpm] 6.9, 12.1
Rated Tip Speed [m/s] 80

Shaft Tilt, Precone and Blade Pitch Angle [°] 5, 25,0

Coneangle 8 = 2.5°

rAZ

Wind direction x‘_CI B it angleg =5 /’

|

s
J x ’
|

|7 ]

Azimuth angle 8 = 0°

- -

o =12.1rpm",

A
\
1

[
] o !

. X ¢ !
1

1

\

— \

Fig. 2-7 The solid modeling of NREL 5SMW wind turbine.
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Symmetry

Polyhedral mesh

Fluid domain

Volume control 1

Volume control 2

Wind direction : X axis

Fig. 3-2 Complete domain and close-up view of the 3D airfoil simulation mesh.
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Fig. 3-3 Section of A-A' wall y+ with different leading edge conditions.
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Fig. 3-4 Results of the mesh dependency test.

rRbo] % A olojxd A F FHlel wE y'#S Figure. 3-3¢
LFER AT

HFAom dojxde] x4 3 el BeAd Ax 5 245 fl
e 250 =S Clean FEHiolA =7 7HE =2 8.0E+06 AAF
g Vo ® M Ay & vlaste] Table. 3-13 Figure. 3-4¢] YERHATH
BIE+06 AAt ol A & - &Hle] @ap7F 2% Rto 2 yEbdel whel B oo
Ao Az xHI FE5Fo AR e 57E069] ARt FAsHA A &5k
T} Moderate case$} Sever casew PFE Ao AAZF v WA Eo{7}7]
ol Clean ZFEfol wlal AxF =7} S7kstd om, 24 Alo]~W &4 Ax +&5
Table. 3-201 A 2]stitt.

Table. 3-1. Number of cells used in the mesh dependency test.

No. cells CL Cp C/Cp Relative Error [%)]
3.40E+06 1.53 0.04 35.6 23%
4.00E+06 1.45 0.05 31.5 8%
5.70E+06 1.43 0.05 29.7 2%
8.00E+06 1.44 0.05 29.0 Base point
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Table. 3-2 Number of cells used in 3D airfoil CFD simulations.

Case No. cells
Clean 5.70E+06
Moderate case.l1 1.00E+07
Moderate case.2 1.20E+07
Severe case.l 1.06E+07
Severe case.2 1.30E+07

= At gheol dold = 3

) AFEA 2

o

Ho =z 2

T ArelM = A

1.6

3=CFD result -©-Wind tunnel & ieee

1.2

0.8

0.4
@

Lift coefficient [-]

-5 0 5 10 15

Angle of attack [°]

Fig. 3-5 Validation of numerical results by CFD against wind tunnel
measurements of a NACA64 618 at Re = 6.0E+06.
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Table. 3-3 The relative error of the lift coefficients by CFD against wind tunnel
measurements of a NACA64 618.

Angle of attack[®] Relative error[%]
-6 11.10 7
2 11.01 1
0 6.65
2 5311
4 259
6 3521
8 594
10 6.96 |
12 4131
13 2.16 |
14 1.751
st7] 13k HE dAR Al HolE g Algdeld A3E Hlustsl. CFD Al&

o, RMS residual < 1.0E-4& w=stal RUEE 3¢ Fo] W& flo] dA 3
s AT W Iteration T1HS Htsho] AFE&FST

HEE 913 vl dolE = Abbott, I. Hell 23] d2l¥ NACA64_618 airfoil 9]
T AddolHE A THI0) Bl dlolEi e} CFD siA Ay =5 fols=
T+ 6.0E+0691 42 Aol Table. 3-39 &7 Wslo] & CFD 29} ¥
T

A8 fo]g 9 Ao xS Vel il Figure. 3-50] ¥&#E A4 vlu =4S e
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£ A&t dRE Do Rough wall 75 A 8317] 984+ Wall function
1)

o 3st7] wjtol AAFE ESGROl W& yaks 4835kt

4.1 Equivalent Sand Grain Roughness A4t
Danberg JE[48]> ESGR A4S 918 o9 2](3-1), 21(3-2)E Al+st it

Asz(?s)(%) 2)(3-1)

0.00321A4%9%  1.400 < A, < 4.89

A ’ Al

= |8 4.890 < A, < 13.25 A1(3-2)
151.714; 157 13.25 < A, < 100

A= K,(Equivalent Sand Grain Roughness) ¢t g(Measured Roughness Heigh
)& AdeJat7] $13 roughness parameterol™, /g, WEHTFSL 4 /4, W
T7F Aste] ANE = A

W. A. Timmer[49]:= dlol¥xd * 2 7] w2 NACA series 3845
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Figure. 3-63 #°] Roughness element shapeE AAlZtd o =2
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A= Windward wetted surface area | I:l Single Roughness Element

—) E
— '
Wind direction : ‘
— '
— E | Ag= Frontal area |
(a)shape Parameter
Mt R S

| 5;= Frontal area over the rough surface |

I—' 5= Smooth surface before adding on the roughness IQ

(b)density Parameter

Fig. 3-6 Definition of shape and density parameters used for calculating
the ESGR form [45].

Table. 3-4 Calculated ESGR with different leading edge conditions.

Type Moderate Severe
Density parameter 3 3
Shape parameter 1 1
Roughness parameter 3 3
MRH[K] 1.06 mm 1.41 mm
Ks/K 0.72 0.72
Equivalent sand grain 0.76 mm 1.01 mm
roughness[Ks]
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4.2 Roughness wall function 2%

Ho e b a ddgHe] 28-S aefdtel STAR CCM+olA = ALt
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lawoll #-8-€ T}

— 2(3-3)

g 2(3-4)

R'¢ y'&= A3-3)3 A (3B-4ex oAtk o714 r& Equivalent sand grain
roughness height, y&= HWoZHEH 3 HA cellzMoAAe AgE <n| o},
RANS 2o dRRde ¥y ZHAMo] HEFuE T&A 02 HAE)
&) Prism layerE AF83ch. Prism layer?] A WA Cell =olo &) y7} A
ArEw g Rdol] wel W A o] vE2A A8H7] witel AHY] ZdE
Ag3t7] Y= 3 HA Cell ol ARY] Eol(r)XRt}h Eolof gt 3% 2
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Fig. 3-7 Comparison of wall y+ with and without applying roughness conditions.
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Moderate case.2 Streamline
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Fig. 3-16 Comparison of lift drag ratio at different erosion conditions.

_39_



Table. 3-5 Error rates of drag and lift coefficient under erosion conditions

AOA Moderate case.l Moderate case.2 Severe case.l Severe case.2
[°] Cp Cr Cp Cr Cp C Cp CL
0 18 7 25 -2 49 -4 37 -4
2 19 3 19 -2 40 -1 37 -4
4 11 3 13 -2 20 -2 28 -3
6 14 2 27 -4 18 -2 73 -8
8 28 -2 117 -16 89 -11 197 -24
10 103 -14 184 -29 148 -24 292 -40
12 90 -20 131 -33 98 -25 198 -43
14 88 -27 120 -42 91 -31 136 -45
16 92 -32 106 -42 93 -34 109 -43
18 88 -34 133 -42 89 -34 130 -43
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Fig. 3-17 Variation of lift coefficients and drag coefficient with and without applying

roughness.
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Table. 3-6 Error rates of drag and lift coefficient with applying rough wall function

Angle of attack[°] Moderate rough wall Severe rough wall
Co Co C./Cp Co C C/Cop
0 20 3 -19 20 2 -19
2 14 2 -14 19 2 -18
4 10 -1 -10 21 2 19
6 11 -1 -11 22 2 20
8 22 3 -20 16 4 17
10 2 -1 3 8 3 7
12 4 -1 3 17 4 18
14 ! -1 3 12 2 12
16 3 -4 -6 5 -1 4
18 6 -2 -7 6 -1 -6
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Fig. 4-3 Velocity distribution on the XZ-axis section and wind profile.
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Table. 4-1 Number of cells used in the mesh dependency test.

No. cells Torque [kN-m] Relative error [%]
6.30E+06 1240.8 1.13
7.20E+06 1244.7 0.82
7.60E+06 1247.3 0.61
8.90E+06 1253.1 0.15
9.90E+06 1254.9 -
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Fig. 4-6 Results of the mesh dependency test.
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Fig. 4-7 Complete domain and close-up view of the full-scale simulation mesh.
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Fig. 4-8 Modified wall y+ value at roughness area.
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Fig. 4-9 Velocity distribution on the XZ-axis section with different leading edge conditions.
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Fig. 4-10 Surface streamlines of suction side with different leading edge erosion.
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Fig. 4-12 Comparison of power outputs at rated wind speed in three cases
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Table. 4-2 Comparison of power coefficient with different wind speed.

Wind speed [m/s] Clean Powerl\;zz:f:jm T Severe
3 0.13 -0.04 -0.04
5 0.38 0.38 0.37
7 0.44 0.43 0.43
9 0.44 0.43 0.43
11.4 0.44 0.43 0.43
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Table. 4-3 Comparison of wind turbines power outputs between full-scale CFD
and BEM theory.

Leading edge condition Full-scale CFD [kW] BEMT [kW]
Clean 5,000 5,297
Moderate 4,843 5,184
Severe 4,839 5,163
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