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204 SEERPT $ht F=H PEREB107FIA

- Structured Meshes
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FEE1SEELLA - R4 SR Fe P2l B A B Al
P& PEHI 240 - R EPRAERE /g ot B &
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JEIEE R 1% 1H > BRI HOAERZ fir B 2 e A
REBEREEEE - FREIEIBEIE A R
ez BRI R E R o HHARYE B @ es i B
Z(actuator disk) » _[FUFFE HHIR U LY JEZREL T 7
HH CEVER U4 7 T R % =T R i e JRU B PR £ (axial
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P,

inverter

PﬂEVO = (4)
Drivetrain efficiency
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JE WF[E 2 R A0 H Eha 5205 20 £ (adaptive time
step)’JRNG k-¢ ~ k- ~ LESFISSTZ it
HEPEA30E A2 m/s iR BE R 2 EEh I
TEHUE T - AEBEERED R k-0 Z I
T R BRI 0.1 00.00 1 I A5 £ 22
BUE i = R EM R R EA T 2R E
/N o REAPLES IR B AE A [5] 5 20 R A
CE AR B I At 2507 1 U B R Y HH 22
REAGEEAL - [FIRHE B B R R R A4S
S k-l SSTE A AR HH g HEHY
KiEEZEL » MLESFIRNG k-efHAITEAHEER
BEGR AT RIUEE R syl B ATAE(E - RIS
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G AW 2 BUE T T AR FIRNG k-3
IR -

3150 kWEJHZ BB 8 iR SeR (AT e B EE)

i (RPM) i AT E&W) PR W) HB 2GR (%)

10 0.3 0 0

20 11.2 7.2 64.2
30 36.7 32 87.2
35 58.7 53 90.3
40 87.4 82 93.8
45 125 118 94.4
50 171 162 94.7
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19500 I 1 1 1 I 1 H 1 l 1 I ]
At=0.001sec At—O 1 -0. 001sec ]
19000 Adaptlve f
E 18500 -
= 1
§ 1
& 18000 ]
s
g 17500 7' ' ‘
© B
[= B
3 17000 |- RPM=30, Pitch=30°
g [ Vi,.=12mis
2 | Turbulence model
16500 - RNG k-epsilon
| ——— kw ]
16000 -t LES -
- e 88T 1
B | | P T .
0 5 10 15 20
time(s)
E6 FEELIFRED RBZEMIE 2 R HEEE DTS R 7R a5
[ 7 73 A7 &5 5 R 1 %6 B 255 AR AR = UERGER - M HMERERSEE 2 o iréd R
(MRF) Z #% &5 (Frame motion)4Ei& 485cpk  HIBL600 A Ar& 8 2 45 R 2B IR Z #2242 -

200 £ 800 #4818 Bd Z s L NEURRS
EZI IR FBRPM =30 ~ 30/ 4Z 30/ AT
12 m/s BIFERETIRUAE © BHFEEER i A 600 & A
8O0 {[El Afefes B iy il FEE S o 2 BRAH [R]85

Frat B HYREN JJHHAESY Ry 15700 Nm o 5N
853 AT B A R R (R R IR TN T a B i S
(SMI).Z B &h4E & (Mesh motion) @& E{E
BRE MBS L G » AT SRR EY

average value 17786 83

| | 1
Total number of meshes
——o—— 2 million
—-—— 4 million
——— 6 million
——o—— 8 million

AN INENININE I

average value on 6 million=15705.65

o}
NIRRT INEETETE AR .

AT |
24000 RNG k-epsilon turbulence model
3 Frame motion simulations
L RPM=30, Pitch=30°
22000 Vine=1 2mlsI ¢
E A
=2 20000 |-
@
=
S 18000
]
=] ol
3] [
é 16000 for
© Ho
c
3 14000
g average value=12256.87
<C 12000 e
10000
8000 "

500

1000 1500 2000

Number of iterations

7 $RHframe motiondgt& RN 2 SREN I HIE ST &S R (AR T4 3
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T

— -
Total number of meshes

E RNG k-epsiion tubulence model
20000 | \ Mesh molion simulations v 2 milion -
| RPM=30, PRch=30" & mitlien :
2 | v, =12mis Emillon .
_ FE 8 million |
_,E, 19000 E H‘\.« average value=18236.31 T
g -
s average value=18190.37 average value=18097.94
[ 2]
E 170001 -
e 000 1
3 [ W
Lo}
1 L . . &
] I R 4 ]
< :
LY
15000 = = -
[ average value=14704.00
| \J‘Mww.-.ﬁ,"u_,,w "-"'\“,-v-'_'\-!
14000 o 1 | IR | 1 i
5 10 15 20 25
Time(s)

[&8 $kFHmesh motion{F& R SREN ST AR S AT &R SR (AT Fe4a 2)

geEimesh motion” 4788~ HAE4005 28005,
IS B BB &S A EE EL200 5 4948 B A
ERARAER  REWMD A HHIEL L
18200 Nm  (NILAE IR E M BE MR T2 H
S EEREREZU(MRF) L E B4R S (SMI) 2 8

EEEEROR13% - ik > BHHER A4

6005 ML 8 Z B RE AT &5 R EREE A BUE T 74
Z ARSI - R R SRSV ER &%
AR 22 SR < B Y R E E#E > N
BEABFE R I B 4EE S E (SMID 52 R B B

27¢
A °©

Velocity in Stn Frame
Isosurtace 1

H 4.019e+001

[ 3.035e+001
2.050e+001
1.065e+001

8.019e-001
[m s*-1]

=1 SCER ke O

R (E B (AT Fe4a )



MELE ~ SR ~ MEE ~ | - TEERIE KT R DS EHEB DT 209

* ] L] T I
CFD Simulations
Pitch 30°
60 —e— V=12 mis —
—_—— V=10 m/s
s —— V=08 m/s
= —— V=06 mis
= [ =ce=-- MPPT b
=
(=%
=2 7
E
g
E 20 -
-1
0or

0 . 20 — 30
B0 M Fa30REFE S (LIRS T 2 Lo St o (e B (A )

100

L] o
(=] (=]

=
=]

Aerodynamic power (KW)

20

B 11 AEEE A I SFEAE SR T 2 Do Bs R B (4 [ (A 7248 )

6. 5 REAST iR FAE) T TR ERPMIRA (% - B9 5 5 8h48
REAZBEFEERMER B EEEA

SBAEA ZKFIE D SEREREERE  E o hoWER I ELER BRSNS
AP 2 ERAEOFIE LS - BERE Ry EEUEE E W M) FHEEENE
fr BIB9S ACIRER6-12 m/s R BER R A5-30  BRACTR SR H 55 7 e 2 20 5 e g 2 1
FERRSERIT T  EUBRITERE (REUHTEAREERT N Bfr il —EeiERE - LIRS SRR 1R 8



210 SEERPT £hE

s —

E=H PEERI07TFIAR

250 I
| CFDSI
Pitch 05°
200
3
L |
gﬁﬂ
o]
o
L
e
c100
=
o
2

L PRI T 1. I T T [
100 120 140
RPM
12 AERE A SEEE B LU N 2 DR B B (A B (AT 7248 )
06 L) i i T I U I I 1
CFD Simulations - V=12 mvs
— V=10 m/s
. ——e— V=08 mis
o —a V=06 m/s
22
8
50_4_ .___.-;'—'_-!. = -
E # . % 5,
= TN e
o . %
o N
S a
W
En.z a\ .
2
g
S _ Pitch 30°
0

& 13

HYS BB RO B 1L T AR - o PT4s SRta
BB B B B TR g 2R B ES
R R ISR -

[l 10 ~ G 1 URIGE 1253 731048 T -39 22 R
TITER (kW) B R H g o S AR (RPM) {42 2E £
F530 ~ 15FI05 8 AR [EA LR 2 Bl % - 1EER

LT Z Cp-TSREH R[EI (R FE

TSR

L)

P 7B Bh AR A = S B R e 4 SR B AE [ 1E 4%
FEAFACERET - B2 KRBT
REARTEEAET o RILE AT R EE 2 i
FEThE 43/ MPPT 143 (Maximum Power Point
Tracking) /5 55 5k 2% [&] 7 2% PE FH B A [5] 2% S@0ft 2R
FITEE R 2 B KR EN ST DR HR Bt B PR R 1%



MELE ~ SR ~ MEE ~ | - TEERIE KT R DS EHEB DT

100

211

1 1 1 I 1 1 1 I 1 1 1 I 1
I~ Experimental Measurements

Pitch 05°
Pitch 10°
Pitch 15°
Pitch 20°
Pitch 25°
CFD Pitch 05°
CFD Pitch 15°
—— - — CFD Pitch 30°

80

Srp>Om

60 -

Output Power (kW)

6 8 10
Average Wind Speed (m/s)

iERaFs

&4 S b/m e

b

12

Sy 2 B R DR L B (A 7E4d )

w : T I T 'I l I T :
I EmMIHmm .
5‘5 - o Piteh 05" i
= . Pitch10° E
WE. o ;
= o Pitzh 25" ]
~ 45| —#— CFD Pichos® =
= - ®- CFDPachis® i
= 40 | — @ CFD Pach3o” . — —— e
iy - 5% & I - = ]
T I %950 o 3 E
& F o % . 5 ]
§ WE & - E
E E O 1
25F f oo & a-“ =
w - = i ‘ﬁ » ‘ N ol ]
§°F % “1":“-"- = G T om e
- 15fF g-.l,;.i%?fi % o % 8" o E
- ‘tj-. o ———y E
1":' '*:: ':".‘n D_ d o _:|
5 e ﬂ" o o o CpsKWD.5" ATV

- | I 1 | ] ) | I. | ) I

0 6 8 10
Average Wind Speed (m/s)
BIIS (LR R B fe B BRI (A IS8

ZHRPEREE - SR E A CUERE N 2% E RPM
it B P9 Y A R HH TR A AR B R A gs (Power
inverter) A S RUHE TR E R R A LH LT
R FIaEEINEE - R EEAEETTA -

PRI RS 5% EE R Y AR AR RO ARG R 22 45 IR Y 4B
&K BENE Ty MPPTHI &R & A5 2 A /275

By M A RAICpIERE GRS -

[ 10 FyEFE A4 30 R BB T 2 DBl
W B AE - DTSSR R E B 12 m/
SH (= RCRLI{E RPM = 3022 %55 kW HAE &
H I I MRS RPM = 45 - [&] 11 B 2EER
15FEFE El 2R Ry 12 m/sE6 m/sfal 2R 88 (b 7 ThHR Bl



212 SEeERPT £ht

PR (lE - &5 R 2B HEER F512 m/sEBIRPM
= 352EF80 kW HAE10 m/sJE 2 [N A 2 FX 745
KW/{HEHZEE] RPM = 30 o [&12 52 LEZE T
ERAERE ST 2 AR B BR (AR - &R BT
FEERE VR £y 12 m/sli 22 FIEHE D38 180 kW H.
AT F]70 RPM > [IAE10 m/s/E R AT ZEF]
100 kWL RPM = 55 o pHEEHG & 5L ol il e
JELZR 47 1 BB B e Y I o T 2 B e v i
FERTH AR e FE 2 BT - 1F B e 2E 5
FESERREN )2 AT E 6 m/sEEA:20 kWL
JAE12 m/sJEREE A 180 kW - [MIAE [ & 42
3OFEHF SREN I DA AT AL JEZR6 m/sE RS kW ELRL
FE12 m/sfEZREEESS kW o HIE ARG S i
AR SR A A R e LD R - AT
AT DAE S b SRR T S P4 RE o DUR S B E /Y
W o JMRIBZE REN 2R o AR A AN
HECH SR DDA R RPM > #5H
yATEE R AT AL - SEEE A 1SI0SR IS B R E)
DALV ECREYIIE NN FHEv R £ B30
WA o EEEGRBUNE B RERES
FRO R T 85 2 7 i AR e P T O VB B
Fi RIS (Feathering)R5 i « {HIZ > Ky T#at
IRRRE » (RERIEAER RN SR E R RN
RPMZESTHIE - [LFHERREEERE N TEE
JEGSLRS - B IHEEE R AP = 2R A N T
DI Edm i Th= o I > AR RSP R 5 s
HEERITEDL T RS L AR LUZ S
MPPTYREE o

fiE 13 o 2 BAE A [E]AY R E A A T ER 5
R Cp (coefficient of power)F121m E R L (tip-
speed ratio, TSR)Z [EAVEA {4 - Cp-TSRARLRLE
HEPEAES ~ ISFI30/EHYCPIE 77 7l Fs42% ~ 18%71
14% > DAR TSRS R E7.2 ~ 3.6512.8 « 38R
BORHYSE A & R (KCpFIAE# Z TSR - HHI?
FEIEE 2 IR B E T - AE B E
AN b A D EERT 2312 SN2 ECp-TSRER
B AR AEGEN - EERE EWER FH
EAYRENE T 5E 23 fE(fully developed flow)
17 275 A P A R PR R RE B AR - AT

FE=H PERBI07EIR

BT TR S RTEE T A
F AT RE R AT A R = BRI R -

fil 14 5L [ 1553 1] Fo SR B ) 5 A0 e 4 B 3
BT 2 LhE - EESCRE R =N A
RF JELAR S T L[] 2 7% 01 T[] o A B e T v 4
IR R EL G HIh% > B TR H IR K
b > B4 m/sDUT &R EEHA 25 (Inverter) T A BY
B EE K o FHIE 14 0] RIE B S R
PRS2 B Maeit A EREN R
HAEFFRTHEES - (EAE BUR(KTA4 m/sBs p A 3528
el R N L AR S E B R o [LMESE
PEFE By SFERY IR - B el M DR BB E T R
RISV & o (E RS SRR A B AR A 3 0
sR7E e B0 o BhERZE ETARRE By BRI X B Al
AR > VRS 2 i B B A AR 5 o AL
7 VR 5 v i BB SR R A VR IE AT 5 (L -
PRI A U A R RSB 2R &R
BRI T i - SR B I E MR (B
IEJEEE o PEANGEE EER i o EERAY A
FE AT R D2 H e b B Bt SRR
1B Y 8 bt 8 5 8 JL S S (B Y ] St B
EOHREREZRTAIAR - T LB KRB 25 5)
s RV X e IR R R MR A B
EHMEBEEERE - A0 > SiEEfgs
HEER E RS 2 M E K 7= 5] DUERE Ry
BB IR 5 R EE TR T AR 2 R
FAFI SO AERE 2 ARV R 2 3 (KRR TE
i 10 2R U R A ] g R e A i L T

[ 15 Ry AR e S A B 2RO m/sEI10 m/s 7 fif]
B HIELLE o HESRTRITES m/s{R/E
VR T BB E R TR CpE LEIZL - &
J~27%-34% 7 Fi i BB A5 4 I A i 155 36% Uik
BR7E AT BT VNI SR E SR e Ry ST
B S REN AR B H 25 5 1 R e K T (o 2
HEshE S Ik o 150 KWE 2 E AR SRR
T B BRI EE A Hh 73 BB R R539%F142% »
BRI R ARRCRE AT T-9 my/sERT T B
SN BB R - s EERESE9 m/sDL I



MEE BRI MEBE ~ J2H : I

IR I » IR AT AN B e i R
T+ 150 KWETBRTEL /I #6252
R 7 s T O 22 (R S 0
BE A LU T -

7. %5 &M

B FH S T LB B R oy A m s
PR > 7K S L ) 3 B > JE R 52 3l DR
BFT150 kW EJJH R Bind P - BT EE R
TERE) IR BT AL o B 6
m/sE[10 m/s 7 [ 2IHAHE RS, - HAFAEREA
FySFERF IRV & BAT - (HFEE ARG Ay sl
JE AT AR A UE 5T R B By & 1 22 S A B
ZHMK o Cp-TSRENGFAEHEFE S ~ 15FI30/EHY
CpfEST A F542% ~ 18%F114% > DL TSRS35l
£53.6 ~ 1.8F11.4 S HT 8RB KAIHEIE /A & [
{RCpFIfHE 2 TSR © B ERFISE 5347 H 53 715
T e MR U Fy39% F142% > F B 7= FE]
fige R 1 B BB 23 YU R 1 SRS 0 e R i ol 1
B IRERT R - RIL AR ERFARNG
k-e Z A RDB B S T 05 2 ST E RS ) &2
T3 ARG T T SRR L R M S
W e

Abdelsalam, A.M. & R.Velraj, 2014. Wake
prediction of horizontal-axis wind turbine
using full-rotor modeling. Journal of Wind
Engineering and Industrial Aerodynamics
2014; 124: 7-19.

Abdelsalam, A.M., K. Boopathi, S. Gomathinayagam,
Krishnan Kumar S.S. Hari & V. Ramalingam,
2014. Experimental and numerical studies on
the wake behavior of a horizontal axis wind
turbine. Journal of Wind Engineering and
Industrial Aerodynamics 2014; 128: 54-65.

Abdulqgadir, S.A., H. lacovides & A. Nasser, 2016.

BEIE Y KA BB 213

The physical modelling and aerodynamics of
turbulent flows around horizontal axis wind
turbines. Energy 2016; online publication:
1-33.

Bai, C.J., F.B. Hsiao, M.H. Li, G.Y. Huang & Y.J.
Chen, 2013. Design of 10 kW Horizontal-
Axis Wind Turbine (HAWT) Blade and
Aerodynamic Investigation Using Numerical
Simulation. Procedia Engineering 2013; 67:
279-287.

Choi, N.J., S.H. Nam, J.H. Jeong & K.C. Kim,
2013. Numerical Study on the Horizontal
Axis Turbines Arrangement in a Wind Farm:
Effect of Separation distance on the Turbine
Aerodynamic Power Output. Journal of Wind
Engineering and Industrial Aerodynamics
2013; 117: 11-17.

Glauert, H., 1963. Airplane propellers. In: Durand
WE, editor. Aerodynamic theory. New York:
Dover Publications; 1963.

Hand, M., D. Simms, L. Fingersh, D. Jager, J.
Cotrell, S. Schreck, & S. Larwood, 2001.
Unsteady Aerodynamics Experiment Phase
VI: Wind Tunnel Test Configurations
and Available Data Campaigns. National
Renewable Energy Laboratory 2001:
Technical Report NREL/TP-500-29955.

Hsiao, F, C. Bai & W. Chong, 2013. The Performance
Test of Three Different Horizontal Axis
Wind Turbine (HAWT) Blade Shapes Using
Experimental and Numerical Methods,
Energies 2013; 6: 2784-2803.

Jiménez, A., A. Crespo & E. Migoya, 2010.
Application of a LES technique to characterize
the wake deflection of a wind turbine in yaw.
Wind Energy 2010; 13: 6: 559-572.

Kasmi, Amina El & Christian Masson, 2008.
An extended k—& model for turbulent flow

through horizontal-axis wind turbines.



214

SEeERBT £hE

Journal of Wind Engineering and Industrial

Aerodynamics 2008; 96: 103-122.

Lanzafame, R., S. Mauro & M. Messina, 2013.

Wind Turbine CFD Modeling Using a
Correlation-based Transitional Model.

Renewable Energy 2013; 52: 31-39.

Li, Y., K. Paik, T. Xing & P. M. Carrica, 2012.

Dynamic overset CFD simulations of wind
turbine aerodynamics. Renewable Energy
2012; 37: 1: 285-298.

Potsdam, M. A. & D. J. Mavriplis, 2009.

Unstructured Mesh CFD Aerodynamic
Analysis of the NREL Phase VI Rotor.
In Proceedings of 47th ATAA Aerospace
Sciences Meeting 2009; 5-8.

Shih, T. H., W. W. Liou, A. Shabbir, A. Yang &

J. Zhu, 1995. A New k-¢ Eddy-Viscosity
Model for High Reynolds Number Turbulent

Flows - Model Development and Validation.

FE=H PERBI07EIR

Computers and Fluids 1995; 24: 3: 227-238.

Siddiqui, M. S., A. Rasheed, M. Tabib & T.

Kvamsdal, 2016. Numerical Analysis of
NREL 5MW Wind Turbine: A Study Towards
a Better Understanding of Wake Characteristic
and Torque Generation Mechanism. Journal
of Physics: Conference Series 2016; 753:
032059.

Srensen, N. N., J. A. Michelsen & S. Schreck,

2002. Navier-stokes predictions of the NREL
phase VI rotor in the NASA ames 80 ft x 120
ft wind tunnel. Wind Energy 2002; 5: 151-
169.

Tachos, N. S., A. E. Filios, D. P. Margaris &

J. K. Kaldellis, 2009. A computational
aerodynamics simulation of the NREL phase
II rotor. The Open Mechanical Engineering
Journal 2009; 3: 9-16.



Journal of Taiwan Energy Volume 5, No. 3, September 2018 215

Operational Analysis of Horizontal Axis Wind Turbine
with Variable-pitch

Yan-Ting Lin'"~ En-Kai Cheng® Guan-Ting Lin’ Chin-Cheng Huang’

ABSTRACT

A numerical and experimental investigation of a horizontal-axis wind turbine with variable pitch angle
is conducted. The 150 kW wind turbine with IEC-61400-1 Class-IA standard is utilized for verification
platform. The computational fluid dynamics includes Reynolds-Averaged-Navier-Stokes, sliding mesh
method and RNG k-g turbulence model to analyze the operational characteristics of wind turbine. The
comparison and verification between simulations and experiments are performed according to measurement
requirements of international standard IEC-61400. The simulation results show that the aerodynamic output
powers at rated wind speed of 12 m/s are 180 kW, 82 kW and 56 kW as the pitch angles of 5, 15 and 30
degrees, respectively. The highest efficiency at pitch angle of 5 degrees is 39% and 42% in the experimental
and numerical analyses, respectively. The maximum efficiency of the experimental data is distributed under
the wind speed of 7-9 m/s. Further, the maximum output power is 80 kW at pitch angle of 5 degree and
wind speed of 10 m/s, and the measured data are in agreement with the numerical results.

Keywords: Computational fluid dynamics, Variable-pitch, Horizontal Axis Wind Turbine, Experimental

measurements
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