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NUMERICAL RESEARCH ON WAKE INTERACTION
AMONG MULTIPLE WIND TURBINES

ABSTRACT

Due to climate change, increasing energy demand and shortage of fossil energy,
clean and renewable wind energy has attracted more attention than ever before. In the
large wind farms, most wind turbines operate tightly clustered in arrays, as the economic
constraints make it impossible locate the turbines adequately apart to prevent them from
interacting with each other. The wake generated by the upstream wind turbines will affect
the operation conditions of the downstream wind turbines in the array, which is called
the wake effect. The most obvious influence of wake interaction in arrays are the velocity
deficit and the increased turbulence causing higher loads on turbines downstream in an
array, which will naturally causes a reduction in the power output for downstream
turbines. Therefore, it is beneficial for the whole wind farm to reduce the wake
interaction among wind turbines by reasonable restraining strategies. Offset arrangement
of wind turbines, yaw and pitch angle control can effectively restrain the wake
interference. Therefore, the detailed study of multiple wind turbines wake interference
restraining strategies is helpful to control the wake of upstream wind turbines, and
provide reliable help for the research of wind farm wake interference and the
optimization of the overall power output of wind farm.

In this thesis, the wake development of wind farm is simulated by using the fixed
wind farm solver FXWF-SJTU developed independently by the laboratory. The effects
of yaw and pitch angle on aecrodynamic power output and wake interference among wind
turbines are studied in detail.

First of all, FXWF-SJTU solver is used to simulate the wake interaction between
two offset wind turbines. By changing the rotational speed of the downstream wind
turbine to change the tip speed ratio, the numerical simulations of the downstream wind
turbine under 3 different tip speed ratios are conducted. The results obtained from the
present simulations are compared to the data from the experiment “Blind Test 3” and
other simulation models.

Secondly, the wind farm which contains two tandem wind turbines when the
upstream wind turbine is operated in different yaw or pitch conditions are simulated in
detail. According to the analysis of power outputs, wake characteristics, and vortex
structures, when the upstream wind turbine is operating in the different yaw or pitch
conditions, the behavior of the wake and the inlet condition of the downstream wind
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turbine will be affected to a great extent. And the changing wake will also have a
significant influence on the aerodynamic power output of the downstream wind turbine
and the whole flow field around the wind farm.

Finally, based on the numerical simulation analysis of upstream wind turbine in
different yaw or pitch condition, the numerical simulation of the Lillgrund wind farm
with 48 wind turbines is carried out. By changing the yaw angle or pitch angle of the first
row of wind turbines in Lillgrund wind farm, the aerodynamic loads of each wind turbine
in the wind farm are analyzed in detail, and the serious wind velocity reduction and
turbulence intensity increase caused by the wake interaction among large wind farms are

discussed.

KEY WORDS: Actuator line model, CFD, wind farm, aerodynamic loads, restraining
strategies, wake interaction
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B 3-1 Blind Test 3 KB 1 & &
Fig. 3- 1 Layout of Blind test 3 wind tunnel
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Fig. 3-2 Dimensional layout of two offset model wind turbine

% 3-1Blind Test 3 £ T #RALAH %K
Table3-1 The parameters of upstream and downstream wind turbines in Blind Test 3

e 3 AL TR

k- Sii S826 $826

A B A% (m) 0.944 0.894

BB EAZ(m) 0.13 0.08

&SR 51 (m) 0.817 0.817

238 L 6 3.5/4.75/8

ML 3 (rpm) 1213.9 747.7/1014.7/1709.0
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a) Longitudinal section b) cross section
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Fig. 3-3 Mesh system

k 32 ARFHERE
Table3-2 Boundary condition setting

AR RS SN

N EBuE S H R &AM, 85I RIE 10m/s
R FHXT RS S14 0 Pa
KA BETHI 2% A

ISt ISvE S BETHI 2% A

T BETHIA 2% A

ARSCR BB Z A R A S KL, A7 T SR 1 5 A A P s B i 2 T B
Ry BN T RGBT BRI PR, IF B Ll 32 AL R SR ,
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NP RS WHUESIAGE, 2 Bl RIS 0 A ey, i KWL e e 1 i 0 0 Ak
T L KL, XA T SR Jir KL S sh sl b, R i
J i ABILI B Bh 5= A2 B R AV SR IR A D = B UM L e % o 34
MI=7r2—. 534k, BEE TR XML R, XL B DDA AR i (At FE
I, i E XL 3 P PR 388t S B D R AR SR 1 T

R 33 PAIH T BUEAL LRI XN DR R B EUE S RS E I =S
BRI R o WX XL REBOEATBUE XS b, 23T S sh A AR
fig H 1) B AL S T RO 0.4402, SEER 2455 0.4304, AHXT IR ZEH 2.30%.
HIFASCH, AGAFARE N SIE R, JREd RSO E, RN
P L o TSI 8 445 SR B o A XU 50 BT PR, 3 B T S A R A H
{1, XA BB A RS SR 2 R A 2

% 33 LT RAAFH 2 FE R K AR “Blind Test 3”7 695 Iasd R E 45X
Table 3-3 Summary of numerical results for aerodynamic power coefficient for Blind Test 3

AUTEC AR T S 42 VS {4 SR AR XS IR 22
WTI A=6.0 0.4402 0.4303 +2.30%
Cr WT2 A=3.5 0.1970 0.2053 -4.04%
WT2 A=4.75 0.2915 0.2985 -2.35%

WT2 A=8.0 0.2135 0.1817 +17.50%

XF TR RAL, 7R ML THAR RS LU, 5 SR 25 FAR X i 22 A i
5% S NUERMLII IR LLIA B 8 B, XML Ak T s e, T Sl 4 bt
TR 45 R 5 S U0 AE LU AP TE BRI AR IR 22, X IRZE N 17.50%. T8I X} SR
DGR DA B B ARADM 5 B A5 T TR 40T 0 e s T UL ER) =3l 28 A F00 DG 2
H- 23 LU A e 5 S B AR G R 2 ORI R R R . 1%, MWLE S s e xd i i
AR U, R XRWLEY R RAE H BA S R EAAS [ 2 s i, 1
W FEANEA R T VEEORAE T TAE, 1008 O T XL B A, Rl 2
T+ JTFIBH 77 R0 B o RSS2 S0 BN FE A 10m/s, B RALIY %
KIFHBTEEEL N 105, FIFH XFOIL T HIEE T Frdh @ & a 30 S e LR
MU RIS, 522 B KL R REEI, T I XL A NI 2% A A7 78 B 2 F T
FET B, LRI ML 22 JR 0 1 o 1 508 B A T Bl KL S T 2. (ALt
RN R A R R (22, R B RER RARRUR,
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Fig. 3-5 Wake prediction for mean wake velocity and mean turbulent stress while downstream wind
turbines are running at tip speed ratio A= 3.5
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Fig. 3-6 Wake prediction for mean wake velocity and mean turbulent stress while downstream wind
turbines are running at tip speed ratio A =4.75
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Fig. 3-7 Wake prediction for mean wake velocity and mean turbulent stress while downstream wind
turbines are running at tip speed ratio A = 8.0
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Table 4-1 The parameters of model wind turbines

i H HHLZ%L
HAM S826

A ER S 0.944 m
BB 0.817 m

P AL A 0° . 20° . 40°
HARIE L 6

412 ERITEE

KREFET BN RAL, 4 B B XNLAL T-Tomfn . WAt A R Yaw= 20° Fl4
FLAFE Yaw=40° = TARRSHATHUARAU, 1920 BUH 245 R 5 52503k T Xy b,
B UE FXWF-SITU SRAf a8 CEAA XA LA (1) T SE AR P . 3R 4-2 45 HSiie
ANECAE LA 3] 1) KL B D3 22 2 DL S B AL S50 (5 A LE B AE R R 22

% 42 Rty Ashoh & R H5trk

Table 4-2 Comparison of aerodynamic power coefficient of wind turbine

T H WAL Yaw Hla R SLIG 45 R HAX R

Yaw=0° 0.46 0.45 +2.2%
Cr Yaw=20° 0.40 0.38 +5.2%
Yaw=40° 0.24 0.22 +9.1%
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Fig. 4-2 Wake prediction for wind turbine in yaw 40°
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Table 4-3 Parameters of NREL-5MW turbine

ER AL ZH

WUE D% MW 5

JAEESZ KT ] - ESZRit]

m A cH A 3
RiCER, REA m 126, 3
wEmE m 90
PINKGE, BE K, D7 H XS m-s’! 3, 114, 5
DI, WA HE i Rpm 6.9, 12.1

PIRNLA R FUAGE, KNLIRIFE AR AR RN 7 5 KL EL AR (D=126m). THE AT
B 4-4 FioR. AR T B B 12D, YRR AR N 4D, T I
N 3D, fRFELEREEXALAIEIEE A 7D, N AR L XA 1D, R RLEE 5
H 4K 4D, FTLAFR sy AR R, DL RS 5 A B S B R AL
(LR

Sidewall 1

J;
l_.pstream Downstream
wind turbine wind turbine
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1D 7D 4D

’ >/
y Sidewall 2
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Fig. 4-4 The wind farm arrangement
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Fig. 4-6 The whole time history curves of aerodynamic power output of wind turbines
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Fig. 4-7 Time history curves of power output of downstream wind turbines after enlarging
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Table 4-4 Time average aerodynamic power output of wind turbines for different yaw condition

e LR ST MW) BRI

WTI1 5.37

Yaw=0° 0%
WT2 2.31
WTI1 5.26

Yaw =10° +6.12%
WT2 2.89
WTI1 4.87

Yaw =20° +11.98%
WT2 3.73
WTI1 4.23

Yaw =30° +10.81%
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WTI1 3.40
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WT2 4.80
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Fig. 4-8 Wind farm aerodynamic power based on yaw angles
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Fig. 4-9 Profiles of the streamwise velocity in horizontal plane through the center of wind turbine
rotor for different yaw condition
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Fig. 4-10 Axial velocity contour for different yaw condition
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Fig. 5-8 Vorticity contour for different pitch condition
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