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Fig. 1 Schematic of shear inflow and azimuth angle
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Fig. 3 Variation of axial velocity with azimuth angle at upstream location
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43 EREXHEEES

K5 BT YR ECR 0.5 B, 38 i e i il i =
LT YZ V-1 FIK -1 XZ T8 P A ) 32
S sBE. HE S AR RN, e by
) Bt ) BB KT AR T 9 Bl ) TR 5 AR KR T

P S (WA LR, ) ] /D
FARBATIRIEEIE . (£ PR A
3 £ AEEFEBBIE, BN DU K S
5 R K T 0 5
LR 6 W0 01 P X 0 1
AR 7 R KT 2, PP
WP RS8R LT BLFR D
AT RE A B . 0, B U R
E BB, H TR R R ERERC I AT
KPP A O 2 A .
il 17 o B /m s
B
-8.6

-89
-9.2
72.25; a.YZ>F- I i 171 L
-10.1
-10.4
-10.7
-11.0

b. XZ°F- [ 5
PS e TR T A ) S [

Fig. 5 Contours of axial velocity in vertical and

horizontal plane

- 2 2 7K - il XU T LR U 45 4 e D 8 9
ik, ENTNEEA I IR, I 1) T e A 3l e &
FEHL® o DI 5 ] B WL 381 0 1 A0 IR 3 14 5
Vi o R BV e a0 AR I A AR Y B
B R TR 83 5 AR T8 0 AR R Y 7 Bl



3284 XK [H

R 404

B M N, BRI B 220, HH

SIHT, BTYI TR M08 AN T2 25 I 0 I e 28 4y

fio MWE 5 Wal &, Bl 2 XEe T UiF i 2 nd 4

T, 0 RN MR IR AR A AR R A

44 BHHBEETHTHHE
VIR T B EE(M,) HEHCF,) IR

1 (M, B 5 (M) 78 2= N 6 R .

Ko WA shifnigEl

Fig. 6 Schematic of rotor aerodynamic loads

AR 3 e B, VR FITE RS IRIE X Cry e+ dr )
L BHE T AR 3500 -

dF, =dm(V, - V,)=4mprV(y)’(l - a)adr (2)
dM = mr’ w = 4mpr’V(y)2(1 — a)bdr (3)
TES YIRS ok it KGH B A2 00 & r F1J7
BLff 0 kA=A, 4545 20 () a] OGS 9 i R JXUE T
HLAEIE XN L5 AR TE T 60, T Y HE

I AR U )RR 30 A
dF; =k(r cos 6, + h)*rdr (4)
dM;,, =dTrsin 6, =k(rcos 6, + h)*r’ sinf,dr  (5)
dM, =dTrcos 0, = k(r cos 0, + hy*r* cos 8.dr  (6)

dM}, =m(r cos 0, + hy"r’dr (7)
A k= 2mp(l - Q)G(Vig})j sm=2mp(l - a) b!)(vgl)j

P AVES 3 7 Qi 00 T BT g o A e
T A -

2 R
F.=k f[h+rcosﬁl]2ardr (8)
=10
2 R
M, = kZI[h +rcos Hi]zasin 0.r’dr (9)
=10
2 R
M, =k f[h+rcos Gi]zacos 0.r’dr (10)
;71R0 2
MzszJ[h+rcosﬁi]ar3dr (11)
=10

;T:t':F‘, 62:0]+7To

1 LA BB el i, 80K G R i  F0 RV 9 4
F1 AL T AT S R R R S R X B )
BB A . G, T SO HT XY Y F8 £ 530k
0.1.0.2.0.3.0.4.0.5 B, it 5 R RUES 1) <0 3 48 1 Bt
J7 5 I S AR

Bl 7 FE 8 43 5 AR B U8 50T, i il
DA B 8 S R 7 Bt S £ A8 A R 3, O mT 0
S RN g Bt AR S BLIE AR AR AR R B . KL
SR RCH 0.1 3 KB 0.5 |, i Fr A8 766 S0 Fn 4t
(215 M43 B8/ 0.56% . 1.23% , R 116 54 20 4
JIHY T KR BN 2.28% 1.43% , {H I Fr FLXES
V1R 2 R AR 0 1 18 S0 i B S . IRT 7 AL 8
W] RN 7 BE T3 57 1 0% 3 i 2 A7 ZE A
PiAmEE IS, KBTI F8 B0k, AR 6 R4t 0 Dk
Sl AR R R A B R . B TR IR, TR X
05 T 1R FH A8 A5 0l 90 XU 1) o (L O 25 B 8 Xk
() e (7 B o 5 R I R i) AN [) A T A7 1 A 1) T3
£ KA AR AS | T S0 RN 7 %) 0% 2 il £ AH X

T A EAR RS TS .
2800 e a=0.1 o
- ——0a=0.2 -
2600 f v\v\ e 0=03 /;”i
"\ e 0=0.4 o
£ 2400 A e 0=05 7
Z
&= 2200
w .
252000 N Yo
4:_{ \'\, ‘/v
1800 '\ g,
1600 | \\" /
0 50 100 150 200 250 300 350
FILFICT)
2300
~2400
~2500
=
R -2600
T_K —
= 2700 o
_ r ——a=0.2
2800 s
——0=04
~2900¢ ——a=05
7300053507700 150 200 250 300 350
RN 1)
b. MR #fE 7]

P R BRI ) BE 57 22 Ak
Fig. 7 Variation of blade torque and axial force with

azimuth angle



114 SRR . KBTI T KA e 5 RGeS sha i 5 3285

——0=0.1 ——0=0.2 ——a=0.3

4440 =04 ——0=0.5
4420+
4400 +
3 4380
Z
4360
jrd
L 4340 ¢
= 4300F
4300
4280 [ .
0 50 100 150 200 250 300 350
Jitrfa/)
a. WARFEE
~5360 ——0a=0.1
r‘\ ’/0"\ —— a—g % /
_ L Q —— 0= #
5380 "\ 3
5
~5400 7
g "
S
~5420}
HH
5
= -5440 ¢
~5460
~5480
0 50 100 150 200 250 300 350
TifEfa/(C7)
b. KA HE S

I8 U I S E AR T3 B 5 (37 F 922 1
Fig. 8 Variation of rotor torque and axial force with

azimuth angle

TEBSYIRGL T AR R AR 8 44 %2 1R
P o S BONEE 7 A A A AR s B 2
ARE 53 T BOXEL = A A S R T 9 RTIAL 10 4y
B R AR RBTUIHE T, i A0 XU i A0 2R A
10 3 RELRE T 37 AR S AR 3, 5T T A i 500 R A
UL ) REL R 5 o2 A 2 BLIE AR SR A2 e #h .
Fr 5 ) e e 2 K V-5 B R T I T ) i
T AL 7 B A BT D) 5 K 728 Ak s B A 1D
925 5 AR AR TS LA T, I B4 i A0 0 RE R i 2
TIFEILF AN B RS D) 45 iy 22 Ak i A A= 284k . A
FCEAAS I R, XU B Dt AT 0 R A TS ) 6 B XA EE
BN R XU 4 D A0 3 R RBRE ) R R X B9 L
R AW R AL, XTI Boh 0.1 3K 0.5
S, DX i A 3 A MMBTAT g 1 3 J7 AR 2353 3 R
4.07 5 4.04 4% , I HLH e 5y e J32 o il X 5 17) 415 £k
U DNTTE: < NN (V% I = IR ) g D
s T KPS B AT B RN O A
b T7 57 A D 900 R A DR/ IN 28 D A SRS Y AR A

Ul Wi 7 R B9 T i) A A A2 AR A 5 2 I Ak A K
A7 IR B T R B DR /I S A A T A A
TBURE 7 B /N R 2 g SR AL, BIVHC TS 1) oR e A2 7R
o FEBTUIRG T, XU - i A 5 98 20 A7 i KU 43¢
SR/ T N L A o N VA i AR
BEATSZ IV AT R RN o % s
T KGR B A R T8 88 T 7, NI, (6082 ) AR A R
ANBR L AL, 25 I Rk A N R (UL )
U K AH

150 —e0=0.1
10t
g
Z 5r
£
Z o
E |
=S
=
710-
15t . . . . . . .
0 50 100 150 200 250 300 350
JIEfa/(C%)
a. MO f
ISr . g0
——a=0.2 ?§§§§§=
10 ——0=03 /; I\
g ——oa=04 ¥
z st ——a=0.5
g
3 o
=
i -S5f
=
,lok
1507750 100 150 200 250 300 350

TILA/(°)
b. I Ffisid s
B9 IR BT R AR g R RE 5037 A A£G
Fig. 9 Variation of blade yaw moment and tilt moment with

azimuth angle

1600
1500
1000

500

AL HE/N - m

|
—_
(=3
(=3
(=]
T

-1500F %/
-1600

100 150 200 250 300 350
JIEfa/(C7)
a. KESmfs f1

0 30



3286 XK [H

o>
[Ny

R 404

=500

1000 -

——0=0.1 | %
——0=0.2 AN
——0=0.3
—~—0=04
——0a=0.5

AL /N m

| |
[\e] %] —_
W (=] D
[l (=3 (=l
(=] (=) (=]
“
— T
T
“‘1&: >
./o//w“’
_
&
«
RN
e e
T T

3000

100 150 200 250 300 350
TIfLF/(C°)

b. S 15

10 XU A4 0 6 ADBT 78 3 R Bt a7 F A8 4k

Fig. 10 Variation of rotor yaw moment and tilt moment with

0 50

azimuth angle

PIXBT I8 ECH 0.5 A BT 8T U1k i T X5
SN EAT  D F SRR, AR HE 0N 85 v/min, #UH:
BRI £, 1.4167 Hz, ¥ T WM 7 K58, Ay
AR (=2£,=2.8334 Hz, & 11 g% F e fdf
B AR A5 B B UFS B A KR T R D A
FERUE ) 50 B DR i e i e o el B AT, KU
Bl 2 A Ty i 4 1) WA X 7 A AR 5 e il
TR BT AR O

10" .
1 — RS
10°F —— WIS
; —— Tl 7%
+ 107F —— W14
S 100k
%%D\I 103
i:i 10'F
10k
10 2L
10*2 1 1 1
100 10! 102
B /Hz

BITL S shdkdr i DR s

Fig. 11 Power spectra of rotor aerodynamic loads

5 & g

AR SCAEBR N UE T35 05 B At 052 87 D)
KA KL 5 1k A [R] 5T V1A KU <
ST BETT AR AL AL 75 1 DU 224518

D) BTYIRIE T, e WA 595 SV A KUA
0 R U IR R X TS ) D5 s 2 O e PELOE
THE T A 2 A XGBB8 5 - 1) A [ 48 T )
T R TT A 2 BRAE AR SR S AL R B, TR, A

Bl 55 FR B AR AR AEALE AR 5 IR

2) B YIS T R It R I w5 B T ) ) T A
JEE DA T A B G R0, 5 XU T B A 4 4 S B
FEXRFFRAT A, R X AR 8 [ 2 iR A AR T 1)
SR T A0S T 7 AU AR i (14 Sl B

3) B PR T K HLI R A XS 1 S sl 28 for
SR = A SR (S R e Wi i)
R i % UG (L X N7 P A1 3 5 I R 3 e AR (1) 3
BORRH G . 2 XESUIFE £k 0.1 35 K] 0.5 B, R
O A RV T I 2 D7 AR A3 N 2.28% . 1.43% , (A
L By W R R A R, I L B R R g B A A
(148 20 1 8 A7 e AR IR RS B4, IXUBT T4 B0k
RUHE B i 0 HE 7 30k 5t vk 8 0% R A7 i % R K
BREFER IO AT, i B A A 0 6 R ) AN B
RS )48 H i A8 A AR Ak, 15 RS 1 i O g 6 R
B I R BY V) B0k A B R AR AL, 2 KBS U] dE
B 0.1 85K H) 0.5 B, KU T 1 66 Fi s ) 4
(R34 7 KR 3 BB K 4.07 4% . 4.04 %, I HH 3 8h i
JEEAh it XU B V1 5 1 RS K

(5% 30k ]

(1] X &, anlE, & B, 5 KO K HLAEh
AT ], TR BRI, 2010, 31(10) :
1667—1670.

[1] Liu Lei, Shi Kezhong, Yang Ke, et al. Effect of wind
shear on the aerodynamic load of wind turbine [J].
Journal of Engineering Thermophysics, 2010, 31(10) :
1667—1670.

[2]  Sezer- Uzol N, Uzol O. Effect of steady and transient
wind shear on the wake structure and performance of a
horizontal axis wind turbine rotor[J]. Wind Energy,
2013, 16(1): 1—17.

[3] Jeong Min-Soo, Kim Sang- Woo, Lee In, et al. Wake
impacts on aerodynamic and aeroelastic behaviors of a
horizontal axis wind turbine blade for sheared and
turbulent flow conditions [J]. Journal of Fluids &
Structures, 2014, 50: 66—78.

(4] fLigNI, £ A, B 3, 5 T XTI
LA R HLRGE B A dRE[T ]. R FHARE 41, 2011, 32
(8): 1237—1244.

[4] Kong Yigang, Wang Jie, Gu Hao, et al. Dynamics
modeling of wind speed based on wind shear and tower
shadow for wind turbine [J]. Acta Energiae Solaris

Sinica, 2011, 32(8): 1237—1244.



113y

SRS . B YDA T ML S R S sh A 5

3287

(5]

(6]

[10]

[11]

Whale ],

experimental and numerical study of the vortex structure

Anderson C G, Bareiss R, et al. An
in the wake of a wind turbine[J]. Journal of Wind
Engineering and Industrial Aerodynamics, 2000, 84
(1): 1—21.

MRBkAE, # 0. BT SPIV KU LM 5 R T
Gt ST LT ] KB RE“EH, 2016, 37(2): 297—
302.

Chen Qiuhua, Lai Xu. SPIV analysis of correlation of tip
vortex and wake flow of horizontal axis wind turbine [J].
Acta Energiae Solaris Sinica, 2016, 37(2): 297—302.
Moshfeghi M, Song Ya Jun, Xie Yong Hui. Effects of
near-wall grid spacing on SST-k-w model using NREL
turbine [J]. Journal

phase VI horizontal axis wind

of Wind Engineering & Industrial Aerodynamics,
2012, 107-108: 94—105.

Zhang Wei, Markfort C D, Portéagel F. Near-wake flow
structure downwind of a wind turbine in a turbulent
boundary layer[]]. Experiments in Fluids, 2011, 52
(5): 1219—1235.

Hu Hui, Yang Zifeng, Sarkar P. Dynamic wind loads
and wake characteristics of a wind turbine model in an
atmospheric boundary layer wind [Jl. Experiments in
Fluids, 2012, 52: 1277—1294.

Chamorro L P, Porté-Agel F. Effects of thermal stability
and incoming boundary- layer flow characteristics on
wind-turbine wakes: A wind-tunnel study[]]. Boundary-
Layer Meteorology, 2010, 136(3): 515—533.

Shen Xin, Zhu Xiaocheng, Du Zhaohui. Wind turbine
aerodynamics and loads control in wind shear flow [J].

Energy, 2011, 36(3): 1424—1434.

[12]

[12]

[13]

[13]

[14]

[14]

[15]

[16]

[16]

JASCE, R, B 20, BT PR s 254 it K7
XL IE A S ERE RSN [T ] [ H L TR
4, 2012, 32(14): 122—127.

Zhou Wenping, Tang Shengli, Lyu Hong. Effect of
transient wind shear and dynamic inflow on the wake
structure and performance of horizontal axis wind
Turbine [J]. Proceedings of the CSEE, 2012, 32 (14) :
122—127.

T %, BiLk, TG B4 TH0 T R RAK I HL
S PEre AT [T, 75 12, 2016, 33
(3): 343—350.

Wang Xiao, Cao Jiufa, Wang Tongguang. Investigation
of aerodynamic performance and wake of the large scale
wind turbine in complicated conditions [J]. Chinese
Journal of Computational Mechanics, 2016, 33 (3)
343—350.

TS, sk, X&) S5 U AR MG T K
PURWARHENTTE ()], TR H 4, 2014, 35(8):
1521—1525.

Wang Shengjun, Zhang Mingming, Liu Mengting, et al.
Study of wake characteristics of wind turbine operating
inflow [J].
Thermophysics, 2014, 35(8): 1521—1525.

Troldborg N, Sgrensen J N, Mikkelsen R F. Actuator
line modeling of wind turbine wakes [D]. Lyngby:
Technical University of Denmark , 2009.

WRIGERH , B L Al FUXIAE R KBtk Y
WF5ELT]). KPHAE R, 2015, 36(5): 1105—1111.

Chen Xiaoming, Kang Shun. Research of wind turbine

in  shear Journal  of  Engineering

aerodynamic characteristics under yaw and shear [J].

Acta Energiae Solaris Sinica, 2015, 36(5): 1105—1111.



3288 K FH [ S 404

STUDY ON FLOW FIELD CHARACTERISTICS AND AERODYNAMIC
LOADS OF HORIZONTAL AXIS WIND TURBINE IN SHEAR INFLOW

Zhang Xuyao', Yang Congxin'?, Li Shoutu'?, Gao Zhiteng', Luo Song'
(1. School of Energy and Power Engineering , Lanzhou University of Technology, Lanzhou 730050, China;
8y g g Y 8y
2. Key Laboratory of Fluid Machinery and Systems , Lanzhou 730050, China)

Abstract: A rotor of 33 kW two-blade horizontal axis wind turbine is simulated under the shear inflow conditions. The
flow field characteristics and the aerodynamic loads of the horizontal axis wind turbine are studied by CFD method. The
results show that the fluctuation curves of velocity with azimuth angle at the upstream of rotor deviate from the curves
obtained from the theoretical calculation in shear inflow, and the axial velocity of wake region presenting asymmetry
distribution. The moving speed of the tip vortex and root vortex above the hub is faster than that of below the hub.
Meanwhile, the aerodynamic loads of wind turbine blade and rotor vary with azimuth angle in a sine or cosine way and
the frequency corresponding to the peak of the power spectrum of the rotor load are related to the integral multiples of the
blade passing frequency. When the wind shear exponent increases from 0.1 to 0.5, the average torque and axial force of
rotor decrease 2.28% and 1.43% respectively, but the fluctuation amplitude increases gradually. Moreover, a phase
shifting of the torque and axial force as functions of azimuth angle is found, and the larger the wind shear exponent, the
more obvious of the phase shifting. The root mean square of yaw moment and tilt moment of rotor is increased by 4.07
times and 4.04 times respectively, and the fluctuation amplitude of rotor yaw moment and tilt moment increases gradually
with the increase of wind shear exponent.

Keywords: wind shear; wind turbine; flow field characteristics ; aerodynamic loads



