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1. Abstract

Blade damages such as contamination, erosion and icing are emerging as the
major problem in these days. These phenomenons occur mainly at the blades
tips which are exposed to wind with high angular velocity and it is evitable for
wind turbine to prevent power loss without efficient planning of O&M
(Operating and Maintenance). Therefore, systematic planning of O&M must be
established by collecting the pertinent quantitative data for blade damages.

This study analyzed the effect of damages at the leading edge of blade tip
airfoil(NACA64618) on the aerodynamic performance through transient CFD
simulation and AEP calculation was performed for NREL 5MW reference wind
turbine to obtain the corresponding AEP loss. The CFD simulation result present
ed different aerodynamic deterioration depending on the severity of damage
conditions. The more severer the blade surface damages, the more aerodynamic
performance was deteriorated. For the blade with various damage conditions at
the leading edge of the airfoil, The range of lift coefficient reduction is from 1%
to 53%, and the range of drag coefficient increase is from 34% to 31496, compar
ed with those of a clean airfoil.

The maximum rate of AEP loss under contamination conditions is 7.0% and
that under erosion conditions is 6.8% and that under icing condition is 2%.
The trend of AEP loss corresponded with reduction of lift-drag ratio at the
lower—-than-rated wind speed conditions. However, such a trend was not seen at
the higher-than-rated wind speed conditions due to the pitch control system of
the wind turbine. Overall, the calculated AEP loss ranged from 2% to 7.0%

depending on the extent of damage at the leading edge.
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Table 3-2 Definition of erosion conditions

Case State Depth[mm] Width[mm]
10 Light 3.4 10
11 Moderate 3.6 17.4
12 Heavy 4.8 37
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Fig. 3-3 Erosion conditions at the leading edge of a Vestas V 47 blade
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Fig. 3-4 Ice form at the leading edge of airfoil (left : rime ice, Right : glaze ice) [21]
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1 e} Ice growth rateo] AR 7] uf o

TR WA E RAAdxzAS BeeA AdFe Zlo] Fasth
231004 A3 vle} o] AW e= =4 Rime ice®} Glaze ice® T-F % &=,

TEEN Y e FdsE EAo = Rime ice’l T2 SAHET weba B oA

o /1= Rime ice7t 3449 & A== 7L EE -8, LWCE 0.22¢/m® o=

3T

AAZ M, AlEH ol Al NREL 5MW reference 3 HE W] HZAF S 11.4m/s
A3 BA3AEE 121 RPMEAA B = FFES 485tk

Homola &< ZAWAIEH IS o]&3Fe] Droplet size(12pm, 17um, 30pum) %38}
of W& NACA64618 dlojxzd o] s EAls &3ll, Droplet sizeZ} 17um ©]7%

o 7oA FHAT] Pagol FAF FTow pruEvi ARE AN

N
B> F

[22] o]&o] AAG AFAHNE Faste] & AFolA = Droplet sizeg 25um=
AAedet. AW AlEHolMdol AHE&¥ Ice conditiono] ¥ A ARE
Table 3-3¢ “ge]sto] Wet it

Muhammad S. Virks NRELo|A] AAE dojxde] Fidely 2 o3
S Fx3le], Edol= Rootd-El Tip YYo=z 455 F7lshe AulESEy oddx
A FAZE GkolAl= Geometry©] SA4 S whdg AWYA EHolAES Fastgh [23]
= Zhzhe] g fJAg ool xd A Fof AWEHLY mass SUHES &
wHatgow, Tipd oAl BAE mass T7FgFe] AA AWl °F 70% o4& A

stth= A3 s AlAEES

g9

_—

Table 3-3 Definition of CFD simulation condition for icing

Parameter Value Unit
Wind speed 11.4 m/s
Rotor rotation speed 12.1 RPM
Temperature -8 °C
Droplet Size 25 um
Liquid Water Content 0.22 g/m?
Simulation time 60 min
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Table 3-4 Chord length and Relative velocity for Simulation Case

) r/R Chord length Relative Velocity
Section

[%] [m] [m/s]
A 70 3.01 57.6
B 77 2.764 62.7
C 83 2.518 67.82
D 89 2.313 72.1
E 97 1.419 80.6

_19_



L0

;e

~X

e

N

&
[~
file)

—

41 =

vz

X

~

—

ut

g
ar

3 RANS

Q)
=

-
X

REl g = eddy-viscosity @3 Reynolds-stress REE =A FEEH ofo]

13
=

hyA
I

22 eddy-viscosity & @ ol

NEEIS

T2

9 k-oA LD, k-eAl

k-eAlE < realizable k-e2 22 55 9] engineering Simulation®| 7Hg %ol

o

AF&5 31 9l o™ Free stream

F71 wzell ol

S

i #lot% Standard k-o

9]

Uk Wilcoxol] 9]

2 dyA Qo

Ao

o A71E Al

o5

l
=

byl
=

}, Free stream G <ol tjs] =

--\/Vind tunnel data

= SST K-w transion model

-+-88T K-w

-+ Realizable k- ¢

180

I
o
o
—

8 10 12 14 16 18 20 22
AOA[]
Fig. 4-1 Lift — Drag ratios in various turbulence models

6

_20_



Realizable k-¢ 223} Standard k-0 222 F53S 443 dRFE =2 7143}
7] wj&o| Laminar - Transition — Turbulent %< o] FAlo EA3}= ofo]Ed
A B 2o AAZE 52 AEs 2A & 5 flu o= wdstr] 98] CFD
o = A& B ¥ (automatic wall treatment)> 2 o] 753 SST k-
Transition 22-& APt ot o] L ke 9 k-o EH] FHTHS F3HA
7] Transitional turbulence =@ =2, oo] X Aol HAAZHF5S Wt J&atA A
F 9tk wEgA] B Ao A= Turbulence model dependency testE 33},
7HE AlEAY v dREES AASA. o W dREde] B wep A=

[o

y+oll w8k 4= 9l T = Realizable k-¢ 222 30 < y+, k-0 AIL y+ < 12

Figure 4-1] W#Fx29 ®ste] @2 Simulation 2% IRA H. ABBOTT ol
ofa] 8 FEAIFR24] 275 vlalete] YEbl AT B52F 4° bl A Rk
o] Zpol7b EAfstt iRt WwrEZ oA SST k-o Transition WiE = o]
ZFEAd Ayl M FAEE AES Belth WbH Fully Turbulence modelE &
FHe Ha o Feto] & eAso] vl =A YEya vk weks B A

Av zHdo #3 F5304 3 Al SST k-w Transition =2

2} e s AdE FRs7] A= AE7 mesh
nodes, ¢-3 Fd9o| A, Az DHELES] HAGA ol WrEA] aEoof
utehA
W, STAR-CCM+ollA  @a7-38h= AAEE SA4FEQ Face Validity 050174,

9] mesh nodesE A3

re
r
-
2,
>
rir
)
D)
lo,
i
oX,
.
@}

128
i

of
%
BN
a2

5
Volume change metric 1.0e-5°]%}, skewness angle 90°°¢]3&}o] T3l & AAE

A sk A T[25]

D odgntn
ICEM-CFDE olg3te] o= A5 4 A %2 Agsn] o +34 o

A A&7} 43 Hexa(structured mesh)® ZA A5 AASIATE oojxd A

m

_2‘|_



sition) #F y+ <
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Table 4-1 Result of mesh dependency test for contamination and erosion simulation

Case AOA() Mesh.No CL, Cp
1 200000 96.014
2 8 250000 108.217
3 300000 107.69
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Fi. 4-3 Boundary condition used in the CFD simulation for icing
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Table 4-2 Result of mesh dependency test for icing simulation

Case AOA(") Mesh.No CL, Cp
1 190000 121.09831
2 220000 121.06837
6
3 250000 120.67307
4 300000 121.2152

ool AAA HFHow WAEE EAH(AdEZZ v, AH)o =z <3
EdHo A EFFsE o Fr dAE Ao R AFET AZF Wl g {53
WAool A yelg Aoz Adde] wet v A (Transition) g el A& G333}

Ath HEXA meshZ o] 83 ¢ 2 wprx7A9 Total Simulation time 0.8s,
Time step< 0.0005s2 A A3k 2 Hybrid(trimmer mesh & prism layer) 4 A&
Abget AR ZA 9 Total simulation timee 10s, time step< 0.001sZ A4 a2t}
8 BA o= 7} iteration M RMS residual kel 10! o]stE w=E&tn
RUHH | FFEAT ol kBIE HHE FHEATL Bl

2=

= i 2de A&l en, dRdEs 001%=2 dAs)
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oJ¥d ¥ No-slip A& F43ch

&7 Reynolds number’} #=S25% doj¥x Ay HAAZAIY o|AAYE
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Reversed flow7} &2 7lsAdol o1 ole 39 FHAS A7l Hlol
ot webA 2 AN doEdERE JFABAUNAY] F5 S Chord
lengtholl 4 208 o], &FAAA7MA] = 408] ooz x5t

ga7] 47 &8 FHEW Eyol= EHoa T AEE AW dAS o337
&), oz AF7)|BoAE ice simulation ZEIHE o] L3 FHATLE kg

F3dsta Ark. EAS A TR WMo ZE= [agrangian 71¥He] LEWICES};
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o] A&l 7<% MR <ld] DMP(Dispersed Multiphase droplet) =4 22 LMP
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Table 4-3 Icing condition used in the wind tunnel test

Condition Value
Total Temperature("C) -5.9
Static Temperature('C) -10
Velocity(m/s) 90
AOA(") 6.2
LWC(g/m?) 0.6
MVD(um) 15
Chord length(cm) 90

Spary Time(min) 2.0, 6.0
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4.1.5 ESGR(Equivalent Sand Grain Roughness)

e 48 CFD =52 39 AA7]7F £A418F= Rough wall®] Modeling <
A3l ESGR #t= #&%th Nikuradee & Wik WF-fso e AH2 A=
el ESGR 4 A& Hx= Agtsislov, ol £W A7 d439 X 79
S ayekA ke EAlFe] Ao, o] F Sigal soll o A (4-1)3 2 (4-2)9F

22 A% ESGR +4 Aol AlQkH A vt.[28]

A, = (g)(ff)_m 21(4-1)
f S

K 1925

= = [0.0032141" 1400 < A, < 4.89 2(4-2)
8 4.890 K /18 < 13.25

151.714; "7 13.25 < A, < 100

A7A K9 K+ 7H7F ESGR# Roughness heightE ¢ 73t A = Roughness
Parameter ©]t}. o] 7]A S+ reference area of the smooth surfaec before adding
on the roughnessE, Sf% Rough surface®] Total frontal area, Afvt— single
roughness element®] Frontal areas YWERWW, A &= wido] == W3k
A 3sl= Single roughness element®] ZFHZAS o)n| g}, S/ng} Af/AS*E Zd Ay
et FAaTr goje

Sigal So] A|¢te 28 o]g3le] ESGRS A4ty sl s dEwa, d4W
4 3 Roughness heightoll 3+ ghso] &3] Ao ojofstn] HAl FHEWI
E#o] =9 WAE= Roughnesst tEs 43 EolE& zton Eqfzlst #3&
22 T Wil olEo] AAE A(4-DIH} A(4-2)5 AE&st=dH v oy
ol vt wEkA # AFeAE B AFEA e ESGRE AFESH] 98 W
Timmer %S 938 S3¥ roughness 5o W& NACA64-618 ol
Z2AFY 93 FdoAe CFD simulationg F8stgon, 232
simulation 2¥& ¥vlulste] #AWT kS AA AT WA Timmer 59 <150l

Me odlolxd HdAomFE  s=Zole 8% dFste WAl 0.28mm
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carborundum grains(grit number 60)AvHAlE FZsto] TH AZHI|E HEALSAT
Wb B Aol e carborundum  grains®  EHolE K& AAsGowH
Figure 4-5° e v}l 7o) roughness element shaped AAMZtE o2 7145
of FAWTE 12 AAS AT F5AE 209 TYsA S G ooxd HAA9
8% = stlom, S; o wWslo] wel AbE ESGR #hel uigh JHE Table 4-49
L ER AT

odAWHR%) F S AAsE W] 268%9 EAM CFD AWt RE
wezt WsldA FEAY A9 Mg 2 AAdT 2ee B mep 2

ATl A= table 1o UEbdl e dx1e] feEd Add d=WFE ol &3to] o4
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=
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T Ty
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Fig. 4-5 Shape and density parameters used for calculating the ESGR

_28_



Table 4-4 ESGR for various Sy

ii;i}tl[ﬁ; Al A, S/1%] ESGR
3.36 0.067
3.04 0.1
e 1 2.88 0.143
2.64 0.2
2.48 0.27

Table 4-5 Results of the wind tunnel test and CFD simulations for Various S

CFD Simulation Wind tunnel
Rough
AOA(° Cl Cl R h
() S, S, S S S, ean ean | Roug

(=3.36) | (=3.04) | (=2.88) | (=2.64) | (=2.48)

Cu/Cp | C/Cp | C/Cp | C/Cp | Ci/Cp | CL/Cp | C/Cp | CL/Cop

0 82.94 | 81.51 | 62.85 | 40.22 | 39.85 | 104.31 | 84.35 | 38.89

2 95.63 | 115.94 62 53.12 | 94.89 | 127.98 | 127.37 | 54.27

4 70.07 | 69.29 | 68.52 | 61.77 | 60.85 | 132.56 | 167.85 | 60.36

6 70.48 | 69.65 | 68.98 | 67.91 | 62.25 | 123.25 | 121.98 | 59.86

8 65.24 | 64.21 | 63.43 | 62.63 | 60.14 | 108.22 | 100.63 | 49.17
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Table 4-6 Error rates of drag coefficient under various contamination and erosion

conditions at the leading edge of airfoil

Erosion Condition
[%]
1 2 3 4 5 6 7 8 9 10 11 12

AOA Contamination Condition [%]

-5 45 | 48 52 48 55 65 87 | 98 | 111 44 61 145
-2 65 67 73 | 124 | 137 | 152 | 125 | 140 | 157 57 67 145
0 57 60 67 | 126 | 140 | 155 | 130 | 142 | 159 48 121 156
2 85 | 92 98 | 111 | 124 | 138 | 112 | 126 | 141 82 106 120
4 74 | 81 86 76 | 104 | 115 | 93 | 106 | 119 65 74 99
6

8

62 69 74 64 | 94 | 82 67 | 77 | 87 53 68 109
55 62 67 57 | 68 76 61 72 82 47 72 140
10 56 64 | 69 60 72 80 65 77 | 88 49 93 188
12 67 75 81 73 | 84 | 96 77 | 91 | 105 63 126 225
14 74 | 79 86 79 88 | 101 | 85 96 | 110 73 151 247
16 80 | 83 88 85 92 | 100 | 91 99 | 107 83 155 314

Table 4-7 Error rates of lift coefficients under various contamination and erosion

conditions at the leading edge of airfoil

Erosion Condition
[%]
1 2 3 4 5 6 7 8 9 10 11 12

AOA Contamination Condition [%]

-5 3 3 3 3 3 6 29 31 34 -1 -1 -18
-2 -5 -5 -5 | -19| -20| -22 | -19 | -21 | -23 -3 -5 -19
0 -4 -4 -5 | -13 | -14 | -16 | -14 | -15 | -16 -3 -13 -15
2 -10 | -12 | -11 | -11 | -12 | -13 | -11 | -13 | -14 -2 -11 -12
4 -9 1-10|-10| -9 | -12 | -13 | -10 | -12 | -13 -8 -9 -12
6 -9 |-10|-10} -9 | -10| -11 | -9 | -11 | -12 -8 -10 -15
8 -10 | -11 | -11 | -10 | -12 | -13 | -11 | -12 | -14 -8 -12 -22

10 | -11 | -13 | -14 | -12 | -14 | -16 | -13 | -15 | -17 | -10 -18 -31
12 | -15 | -16 | -17 | -16 | -18 | -20 | -17 | -19 | -22 | -14 -25 -40
14 | -19 | -20 | -21 | -20 | -22 | -24 | -21 | -23 | -26 | -19 -32 -45
16 | -20 | -21 | -23 | -22 | -23 | -25 | -23 | -25 | -27 | -21 -35 -53
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Fig. 4-8 Mass of ice accumulated at the blade tip area
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Fig. 4-9 Shape of ice at the leading edge of airfoil (Section A)
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Fig. 4-10 Shape of ice at the leading edge of airfoil (Section B)
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Fig. 4-11 Shape of ice at the leading edge of airfoil (Section C)
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Fig. 4-12 Shape of ice at the leading edge of airfoil (Section D)
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Fig. 4-13 Shape of ice at the leading edge of airfoil (Section E)
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Fig. 4-15 Velocity contour around airfoil with icing condition(Section E)
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Fig. 4-16 Variation in lift and drag coefficient with ice condition
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AOA | Section A Section B Section C Section D Section E

) CL CD CL | CD CL CD CL CD CL CD
-5 | 20% | 35% | 18% | 34% | 20% | 35% | 20% | 53% | -17% | 298%
-6% | 46% | -5% | 47% | -6% | 49% | -6% | 55% | -16% | 187%
-4% | 26% | -4% | 29% | -4% | 30% | -6% | 42% | -15% | 142%
-3% | 14% | -3% | 16% | -3% | 18% | -4% | 29% | -23% | 189%
10 | -3% | 15% | -3% | 16% | -4% | 18% | -4% | 24% | -25% | 168%
12 | -4% | 19% | -4% | 21% | -5% | 22% | -5% | 24% | -32% | 205%
15 | -7% | 25% | -7% | 27% | -8% | 30% | -9% | 31% | -37% | 180%
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