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NUMERICAL STUDY OF WIND TURBINE
AERODYNAMICS AND WAKE CHARACTERISTICS
UNDER ATMOSPHERIC BOUNDARY LAYER

ABSTRACT

Wind industry has experienced great boost over the past ten years and both wind
turbines and wind farms have shown a large-scale development tendency. Since all the
wind turbines work in the atmospheric boundary layer flow environment, as the
diameter of turbine rotor continues to expand, the influence of wind shear and complex
turbulent flow structures on the wind turbine aerodynamics will significantly increase.
Therefore, the simulation study of atmospheric boundary layer flow and its effect on
the wind turbine performance and wake field have undoubtedly significance.

The wake field of a NREL-5MW wind turbine under uniform, shear and turbulent
inflow conditions are firstly simulated by using RANS or LES combined with actuator
line model. Velocity deficit distribution, evolution of rotor-shed vortex and wind
turbine structural loads are investigated. Results show that the existence of wind speed
gradient force the loads of each blade to oscillate periodically. But the aerodynamic
design of NREL-5MW wind turbine makes the root moment of three blades have a
symmetric distribution along the circumferential direction, which leads to a high
stability of power output and thrust. However, when under turbulent inflow condition,
the wind speed has random and multi-scale fluctuations and thus causes load
oscillations with different frequencies and amplitudes at different part of blades,
remarkably augmenting the fatigue loads and decreasing the power output stability. The
wind shear inflow results in the asymmetric distribution of velocity deficit in the wake
region and the turbulent inflow accelerates the wake evolution and recovery process.

Subsequently, the LES is used to compare the atmospheric boundary layer flows
generated by weighted amplitude wave superposition (WAWS) method and precursor
simulation. The statistical analysis shows that the wind field generated by precursor
simulation keeps nearly the same wind speed and turbulence intensity profiles
throughout the domain and the turbulent structures show anisotropic features similar to
the realistic wind field. By contrast, in the wind field generated by WAWS, the
turbulence integral lengths in lateral and vertical directions are close to each other and
the turbulent energy experiences remarkable dissipation after entering the domain.
Nevertheless, WAWS has strong advantage in saving computation and storage cost and
is more suitable for engineering application, so it is important to improve this method
in the near future research.

I1I



IS PN 2 T e S VAT

Finally, a large-eddy simulation of tandemly arranged two wind turbines under
neutral and convective atmospheric boundary layer conditions is performed using the
method of precursor-successor simulation combined with the actuator line model, in
order to study how different atmospheric stabilities affect the wake characteristics,
especially the large-scale motion of the wake and analyze the wake effect on the
structural loads of the downstream wind turbine. The study finds that the scale and
intensity of turbulence under convective atmospheric condition are larger than those
under neutral condition, which facilitates the velocity recovery of the wake. Spectrum
of wake meandering indicates two causes of this phenomenon, i.e. instable shed vortex
and large-scale inflow turbulent structures, with the influence of the latter becoming
dominant as the atmospheric stability decreases. Meanwhile, the results demonstrate
that the standard deviations of tangential blade root moment and yaw moment of
downstream wind turbine are remarkably augmented by the meandered wake and these
load fluctuations show different energy distributions in the frequency domain. However,
the low speed shaft torque of downstream wind turbine seems to be less sensible to the
wake effect.

KEY WORDS: Atmospheric boundary layer flow, large-eddy simulation, actuator line
model, wake characteristics, aerodynamic loads
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Fig. 1-2 Complex atmospheric boundary layer flows
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U0 A PR SR BN . eAh, Hargreaves A1 Wright@O5 Hi 7 Fr B T 58 0 7E K
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IR ERR BB, TR RY R BT 8 T AN R R 4 4 1 e b T
REL RS P2 175000 A& 1E BE T bR AR 7 v Rl I I ok AE i A A, 4k b
(AW, RANS J5ikAE R0 S AL nl i F kS BEAS 20 A 20 &, (HAN
TR F&, RANS 7750 DAL KMl W HERR SRR CLILAEXT iid 5t
AT, AN IR AR 2 B THT R BRI B AR R E O, ANA 2 g
SR AR ZE . IR R R (Large Eddy Simulation, LES) F /N R i
WHHTEAL, (RE T AT REVE BN & RaE R, 7T AR b 4R RS
TIIE s KIBILIRHME s 7E T3 B WE B i sm B, Reilhor A, B 2SAH G
PERIN IR 2t o BRI KA 52 Hp B R ROBE i 98 225 1) LA B IR 2 3 1 B 2 AR
S RIA T EZ 8, WX MAERE, LES FHEL RANS ik EoR T ik
Ve, T 2 RS A 1 TR TR0 ) R AN B LR A Mk R TR, RIS %
BN AR RS EE R T B R 1%, X T R RENTRAER N, H AT
TP PR RTERGE R R S A R B B AR B RN R A,
ST BB TSRS RN i VR AT RRADL (PR < D TRATASEAIL) 17 S K B AU A B
N AL N F B I AL, 2k AR ATE T, RN CORIE T
XoF B S AL ARSI, AT 3 P S R JR R A 55 TR A DL S AR AR ) S S T 4
F, X F 45 N VRHE, inshfe it TomE S, AN DI 52
HEMRINREM: EE AT AR e — 2L R AN GERE. IR
BREE . MM R A IRAHSCHESE) IR RS, RN T SN T
T ERA RS BRI SR, BN T E IR AT B E, IR AR
R AN TS R REAT, b F S TR () BRI A D, S AMEN AR ) ok )3 B ek
U P R, U R S T DAYE —E A MR EE e, EAMERGR, (Hi Tk
AR NNEBINK, A& FEELHRRM R, WARERIUES 35
PE T FRMIAR S, A A B K SIA R R B AR I8 e\
WA ESEANS, H¥ERR 2R,

1.3 RRAFETERFFEMRIR

KA R BHLIEAT TR FRIRES, Frel st CinxGE, XET),
KAL) 220 AN R 4 1) B s Ao R 2R 8 25 R e 27 el 5t &
FAEN, WX ARIMAE R _EREET, BeR ORI BRI R, X 2N
PRIAHL R Uit -5 M85 8] (R Bl i s e (i st i LR, (H R It 2 gk — 2D ABOR T
KL NGRS E P ERSE KRN, AR AR OV IE, 13 N A
i 7Y A R, RS OLR XL A B e R AR R 2 B



i N U e AT

ARG T B RIS PO FURE A B 52 i W37 S v B TIUDNRG J3E b R e i 1o
TSI RGBT R A 1) R ¢

1.3.1 RUIHLHE

S Hi ) 2 00 TE AR 6 T IR VT Al I A2 K0 4E IR T #3555 R T B AR
fEH . £ R BE B0 40080, A% 4 1 W & & 2% 3 A4 XURE XX i ( Cup
Anemometer) , AKX (Sonic Anemometer) A1XUAE AR (Wind Vane) %,
T IR & e — e m B R R 2 AR S G (Meteorological Mast) |, 4l
Bl 1-3 Fiow, AT LASRAF 48 8 A 50 oK B TRV L P 1 XU A ) 08 o 3
g & 5 R AE B K, s T 5, (HR S GMEA B XS I AR &,
Hrelg b, HENT a5+ AERE F a6, ok, XA 5iE R BESREUA 5K
HAE R, ARERBXZ & RHLRRBEL, HEEHSEERMRSIIR . TF
¥, WOGTEEMER A (Light Detection And Ranging, LIDAR) & 5 T X1
[ R IR B 1 ] DL e E IR T R LI ML BREC B AL, AR 1
SRAE A2 AN ] S SREURI A B = 4R s (5 5, BANE IA AR B 1)l & Ji 2R A
FO SR S B S RGE A TE A — B, ARSI R, AR 2 g
D SR — 8 AN E B, AEIX AR ARATY SR LA T R () S FH T 5

46 m

Macelle
456 m

[ 23m -Blade

' Tower —T

o

B 1-3 KA KRB T RAAT Ao R AR L&
Fig. 1-3 Meteorological mast equipped with anemometers and nacelle-mounted LIDAR
B K 4%84£: https://images.app.goo.gl/RLUsPgwerJgfAM9e6 ;
https://images.app.qoo.gl/wjHMUPi9P6wgCDDz7
Barthelmiel?81F1] FH 75 75 A M & 1 ¥ b/ N B RUHL 3% I N IR0 R0 Rt 338 5 4 2k 5 %
JUFR LAY R B EAT T PFAf . lungo 55 A\ IPIBOMg: B = & 4914 % 1 8l Kok
TIEX—6 2 JEEL Enercon E-70 K\ Jy & BAHLEEAS R SFAT R 7 AR B R IR T

e * |
L<i§7—‘ Lo | Laser Boam
| . *
\
<J
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UM, B FUR WK E M VR AL R SE M AN T 240 . Alitken SBHIE T
100 /NI ) 7l TR PRI B AR s UG, it JAT 55 B e R R PR XL R IR v S5 T
FEBURAFHRFIEBEAT 1 PRARAIBT TT . BEAh, T T Ak B 0 ML HEAT S 42 ] LA
P A Re 2 H THE T 3R e . Guillemin %5 NP2 7 3 (1 8 S 254
TEP TR AN TR BN Z AR B AN A EOR, IR s FH 2 A 2 B A
PSR . HeldPIB R GEH e 1 A A B S Bl A BT ik kR, WP TR
155 RALIAF A REE A RORGE I — Bk, JF3R 1 —Fh Rl 7 ik LRI
PP RRAIT HEAS I . RTLATIUL, AR EFIEBAR AN IEPEAL, M7 H
1y, K Iz R AL Ty 1 A ERAE A

1.3.2 BRI

FAE EAMEEZE 80 AFARHLA 2535 F FH XUR R B8 A7 78 XA I3 ) T BRI L K
JREAR ELAE FH X IR HE T 2R [ 5 mi BOIE8T - Ishihara 26711 17100 LL A () RATLASE
RUHEAT R S A0 B2 H T AT LS5 R It 2 B0 R AV S 52 e R R A 2 . Grant
S5 N BB & KU S U0 I BB A 7 3550 B T A0 T A TR TAEIRAS R AL R it
VR RO R AG VR FH o SRACL I IR R 5 S 56 048 FH 1 XL R T it D PR R AAF
AT

RIS B, BT XGRS 8 B R URII & 5 2% S5 R ], Mk AR
BT AR T B — B, i XU S AT DR 75 B4R B THRFAE RS BRI
I RIGHUEE XAIZITSE, BT L& & A A AN TR T 25 AR IR R 1
ML AL I 52 maH LA . Medici A1 AlfredssontOLZe XU H il & 1 158 XN LZE A
) f A A B R R R A0 A, RIS B H 2R B e v i, JXUBL R 3 T B
(SR Bl 2 P2 AR G IR, FEMER BAR G AR 5 ki 2 B & F s
K. Chamorro 5 PortéAget* IH2E i K 2 KGR i 9 1 i S5
it 18 2 6 R B2 000 i VL 70 A D SE M, A3 ER XU o5 32 77 A 1) R U i A o 52 B T
i PR B FEPE AR R k. Aubrun 25 AR5 IR F = i B AR LA 22 £L 4 X 4
E RS TE IR S Tl 475286, 45 RE R T =S FER L i E
TR AT B, 7 i B AL 2R JHE SR AT AR 5 B % () IR 45 4 D L, PP
AN [F AR R0 78 R X IR Bl R 1 AT P AR T I 2 S, S M S g R I
T RAARARG AR . [F— W 7T HI AR Espana SFHE4T 1 — HR A1 R S5
el B e SR XYUR R M R R BN R, HREH, HfF
KAFWRRERRE A G FBURMBARTIIRG, FONTES S NGTANRE
M T EHEA RN BHZI R . Foti 5 in 7R 45 & KR 5256 5 K iR
PNERE— B FL,  FER IR FIA R 6 Brim i A 2 R i il i B 5 4R
SAE— LT LR R IR R R
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WG SERAE ML T R B AT B AIIE R, (HIE 1.2.2 N5ETA,
IR B i 350 A A A 5 R B2 i AR AL AR Bh 0 55 0 H = AR A A 2 K
WA R, MR TAERZ RIRT A R EAR R, R R FT
PR T KRR E M R AR A 1R, R TG A RO T KR S R 51 R )
KRB (CBL) BsR BT Y1 T MBS R (SBL) Xt KWL FAT A5 L

R o
1.3.3 BRIRE SHERI

KA IR ECE LG T b R 2. (Analytical Wake Model) , HFKE
XEAER (Explicit Wake Model) , %77 V53T R RUHEE 43 A B AR 146
Ve, AR 5T B RN Bl B~ 8 ST AL B AR A R R A Ak 2 TR R R Ok
R EIVEEHME, TPEE, T RORK A R R R AT Do
P MR L T, STz B T AL AN B T AR S . A,
A% (Vortex-Lattice Method) FlH 6% (Panel Method) %53 T~ K5 M i 3h
BT LR RETE — B FE I IR BIRARE, Vermeer 25215 Hansen 01125
AR _EITIEAE T ECAVEAIE AR . 52 AHE, CFD 7 iERT g ge-Bidt e by
FEREATBUE R A, v U B sh M HEfa SRt KRR P 2 RIEmRiEs), X
PR FLR S IAFE A T RIRNL R RS R B OCE BN . JhM, SEREXMLER
M ERIRE (10°~10° B2 , X RHLH i LAY 9 BRI A2
TR R X i Bl ot XA o R AR vy B SEARIM R K. Bk, Eshst (ADMD
OB, g zhek (ALM) BALL R Si#hT (ASM) BB s ah Al i, X3k
W ML %6 2 B0 B 5 AR 3 RHLB I BN TR O, SR A M 3= -3h 2 2 it
(Blade Element Momentum, BEM) 15 =4 (1S3 11, FFLMEFR 71077 Xz
TERT . BHAeRm, Bahd ik aeus il I X B 2R3 A AR i (B
AT 7 i 0] DA AERfR b S R 50D, BN Tz R I X SR B I T A
AT LTS 25 AR U 25 SRS, 5 B Bl B my DL 3B G 3R A v 75 15 2L
BRI R A B, HOZE RO AL RS AU, ) F A .

T RAE KL A3 1 s 2R EEN M A, TR s
PEBEIE A2 I (1) A% FR AN A T 22 52 Bt T2 20 I B3 521 o b 7E A2 S FH MY
FNE, THEEIE PP RANS J7iE A R B B iE s . Sumner 2580
PRI SEBSAAE VPAY T B S RANS 454 17 VETE R IR AR IE T & D2 T
vERE, HAE 1 XUR N 35500 S KRR EZE R, ZTEEE KRR %
PR AERVE R — P IRAE . lungo S5 ABTL@E Bl ). 4% ) 3 B2 11 55 7 B 264
HERIEHT RANS BEFE G KRB IA R T 5 RKIEA LT 45
Tian ZP¥ET RANS-ADM J5ii R 7E SRR B X3 R HH 3RS T 5 S 44
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RIFM—2 . REWIL, LES 7EAIEAERRAS & 1) F 1 18R A4 i 3 7 TH AR 3
HARIABO, - Fir DL 2 Mgl T KU T R R Rt st . Wu R Porté
AQelCOLE I AU, HH 38 ok A8 b T REL RS P55 A2 R T LA A [ B 1) 2 R i 0 o P
R KRNI, /R TN R R R B R ER, JEERE S
R S S8 NG W2 B ) = o s e SO =31/ b= 1 9 NN S s (21 B o
T R R I R P B R R IR L U ARFAE . Churchfield 25 ASTHBAE LES 58
SR RS 2 K 5 AL R B AT i B AR G % - Vollmer Z504%IH] LES 48
T T =R RS T R AN LRI RIS, 18 T B i ) U L&
JRE R AV 5 Y SR IR AN 8 P R NI R A A 2 e 5 4 1 R R R . B
FE AR RE PR i, KR AR AR Sk ik 22 1 T R 37 1) 47 B 2

(6211651

1.4 BXEERRAR

RRE R BRI B BN AR R ER L REIR I 7% o T R R AR RS AR
HLI (AR BOR R, IX AR R R B AN TRr I BE 9 SO, 2 (X
Ty N AL B0 A L Ta] BEARGS /s - CTa) B o AU BLAR OB D) R XL It
AR BT RN N . SRS, R X RS KR 2 2 2k B KRR
8 2 R T dftia 2 A SE IR S 25 I REN, 32t — 2B iR i AL N RAS I 20 1
XA O RN E R KRR, R HE ORI RS AR R T2
MIAEETER R . PTL, ANFESERUR SIS Z G T KL LR PRI 75 T
B e 37y P B N DA R A e B Sl 0 ) S AT A 125 i SR B A BB . AR
HARTAR I T

B—HR T RRAAZEFM TR RN T R LR ThENH
TRAGF RS, RGN A, BRSPS RIS R S)
) 3L ) DT SE 36 AN AIE A ST FUEAT 1 VRAH 0 SCRREZRE , LA AE XU o 2 J s
£ B i U S TR U B0 ) 3 45l T 3 RS AN [ BB AR AU 5 92 B e 35 A0 fRy PR A
i Ja VA7 e, AR S A RS =Rt 5o 7 W28, 34 T
WA T KA T R AR 2% B85 N XL R LR PE ORI FEBLIR o B Ja XA S
TEN AT TR

5 8 BN AR SO A BB 5 9 SR A AT U AN R . A4
CFD AU (8 F A VI 2 0, R AU 5 ¥ A S BEAR S A il R R
A FRREN AT, S A %, TR R SCSR AR s PR XL
A ZHAL TS, B BEhEEMEEh 225
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KA FEZ I B A0 RIS VE 52 M B B 22 1 1 1 R 302 BT DRI T 3
RIt, 2= PUE RN E TANERETUIRERE, i v 2 B2 BNV 2% A % UL
(BN PERE K I EA AT = AR B, 5 35 NG T BB 3EAT 1R A T
AR T A E R RMLAL S A SR, RN T ARG R
B, BFFEERST, MR, WA KRG E DB &R S
BRI AP R E . PG5 T RANS A1 LES RUBGEYE, @il R imE sk,
TBNRE S AT, AR RIS M E XL R RS B RITEAS, TE4E 8 1 XA
AR FAAN () 558 P )3 YR N AR ML R A K e RV S RE () sl , - e, It i AR
By, VIR HEE . AT IR DL DA S HE A5, R RSB PR KUL
BNt # S AT T 50 A

55 T EO0 R B AR AN, T R R N AR TV, R A G A
R BLAEREAT TR 7E . RN A T M ITENSERE, W RS, K
TEERE, HUTHR RS B R e . T ORI R, b T FiR 7 ZRTAE K
R SAFZRA G TR, A RGEE L, iR Rk, ThE, i
U REESE . G T IXPRM RSB & T XL RIS 2 5, FRads
TR T RRITEREIR 5

57N I P2 R GRS [R) RS R o 1 R R T AL R T XL sh M g
VR RETT . E R TEA I IR T TR XU L B AR L, AR
BORBE, WASKRIGr, Sk KBTI S5 B, TS R )P I B4
RPN R, FERHTHS T A PR R S S %4 T XL Zh 2, 4544
B, JRIMFRSRE CEESUESAMN, RAREE, WNmES) , RIS
W RWMIRGZE, W@E) , LR AR ] LS sh M GE R 52 m .

FhE, 2Eg. BT AR OTEM F B, o8 T TAER R
BT A B BB T U R R AR, HEX AR SR HE 5T 7 M AT T

28
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B o5 a0 -y N2 T = X A 7
—E JEFE
2.1 ITHIATE

2.1.1 NATESEN-S 572

LUK T 0.3 (£ 100m/s) LIRS sl il M IR Zath, B KR
JRATL AT I Ja) IR0k P T e et Wi A, (E R I S8 Rz e IR iz, Bk
T AL 23 3N g 25 1) 7 AT AR BEIAE B0 2 AN PT HE 45 25 0L R B AR R AN AT e
% N-S J5 R eI g1 7 A% 32 R A

v-u=0 (2-1)

@HU -V)U =—£Vp+uV2U (2-2)
ot p
Hrp, U——HEmE, P—Kh, p— KK, v ——FREahkHE
RE . EUPE RS Z R A, B E R ek 5 5% 5 i R B BEFR
PL S BEAN ) S BT J1808%, BT AAES (2-2) W BT RIR, A 4015 4
TE22/NTE— 0 A . WAMEREH BRI, RWLA S S5k, HoAERS
S FTUMETR I XER T, XK AR sh & 77 F8 AR AR 25 2040 M in 1)
PWIE, 2.3 X BT T g
2.1.2 FiERZE
KADFZENEmmie s o N REJGERT, X EERMAEs) &R
IR XTI o BRR b, 45 8 1 AR S 0IUG 25 A I gl 4 - B e e B 7 FE 4
HIfEE ] CLPR AL S s BE ) = 4E a2, (HR ECR M = 7 v 20m 3 Hh I B i
TR RAISLHT, B LA EX R iie s T 154k
RANS ARt T —Fh iR e it 3imiia sh i 5 20, 18IS 5 v 23 ks
FE 15 s TR 43 A I SAEL AR ik S 4R 2 A0«
U; (1) =T, (%) + u; (x,t) (2-3)
p(x,t) = p(x) + p'(x,t) (2-4)
#l (2-3) 53U (2-4) 45 A N-S J7RE2H A H0) RIS [R]~-1, ] DAAS 2]

L=0 (2-5)
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S N B
— U —=-——+v - (2-6)
ot X pox  OX0X O

J

2 U BONER R kR, R T RIS B EER, SIS S0F
FEANE P, WCRR ST i i A A TR 1A N ) I B S TR RSk . Boussinesq
PR, VN R R] PR B B I 2R AR O R URERIE, |/

== ou, ouj. 1 ——
—U; :Ut(&-l'@_x:)_gé‘ijuiuj (2-7

J
X, 6 AP NTCREL, o ORI R %L (Eddy Viscosity) . Boussinesq

ARG S K-, K—oB(SST k—o SRR 7 iEE TR N &N 2,
AR SST k — o WAL X i %34T RANS #i4

2. 1.3 KRERE

ANETF RANS VEAER I EXHiis shidk T 8ot T Ab 3, KRB 2
)i i AR, VAR T R E M sh @ S AR, T KR B R AN AT B
Bk, POz i ke R B 2 s E S, JLHZRINW &R FEERAAER
AR . RIRBRRNEAE Y B 23 (o) vpd i AR 4 7 5 m i BEA T ol e Ab ¥, K E
P RPE R Bid g€ ek Bic o G (X) , ] i )RR R T B R s

G(x.t) =[G, (x=n)u(r)dn (2-8)
TR “~7 F55 8o A uE, G s e A0 2
jQG,(n)dnzl (2-9)
Q @ JEs AR, IXAEIR S A P AR 9 98 5 s B 5 A i3 B 2
Gl
u(x,t) =0(x,t) + g (x,t) (2-10)

Hy M RT 75 3125 fa) i 8 = R N-S TR,

ou, _oa  1ep o, O(uu;-Go,)
—+0 = + -

—t = v
a lox,  pox Oxox X,

J

(2-1D)

A7 s A A Ty = — (U = G0) BROMEARS R ) SRR I, A% R
TIFR WS § RE W 2h -5 AT R A < (B I ah & dmis, & 257 SGS i
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RUGEAT SR e W HL N P 8¢S 2 1) Smagorinsky FEEU ] LUK SGS By iA T

-1 . 1,60 O
T = 2USGSSij _éfkké}j’ Sij :E(aT-I_?) (2-12)

j i
IR Oges A TEAEG TR R EL,
Usgs = (CsA)2 (2§ij §ij )2 (2-13)

C,——Smagorinsky %, A——dPEREE. AW LES THHE R A ZEA,
Smagorinsky £ HUE A 0.14.

2.2 KRB ARBERIEMSE

2.2.1 KRR BGHFH

ERF RO RENREZERAN S, RETIE IR, HESRIKESEED
FER B8 P2 R RHR S, =& R E M T 2 R s 455 E ANE
(FIELEE, phah, DRIE R 2 3 P2 A I3 I 2 B 2 U I s e N T

BAU LA EAN IR E I RCR, A (2-2) BFEALZ ENHH B I8 T 4 F i T
Eav

a—U+(U-V)U +£Vp+Ff+Fco+Fb=O (2-14)
ot p

Fil P, RREEERES, REIFNRIT.

(1) P45 R B 28

FEFP PRI R R R o, sl 3% iy DUEE S 77 o 24077,
B AT ) ST AT AN PR I, A T KGR, R R T A A X A
/NTT LR, AESEREAL EARBGRAINIE x 7 AR A, REXGE KPS [
BABRRE, 3 (2-14) NIATfEi4k 407

0 ou
F.=— (K, —)=0 -
’ az( M az) (2-15)

Ky NI AR sl B R/ 8L 2 AAT DA Ry Ror sl (2-15) REDVIZH
R T 5 £ A i BB 7T, ST 45

ou )
K,, — =const = u; -
M 5 (2-16)
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A U BRI, 2 S B T [ A S R U BE R A, m) R 2R
U = @UW v ) (2-17)

RIS KRR, PR FE T Ky =cuz08, w5
HHH 0.4, £55 30 (2-16) fH R H X Jy 738 BE Y2 17 ) 7 A B 3,

U.. z
u(z)=—In(—) (2-18)
K Z,

Forp zg e TORHDRE R B o AR R B, KR A E RIS — I G- R E7E 10
BRI AMR A . ARG IX AR, AT LA IX AN TR R RS B
S35 R ik 2 R, B
U (x,t) =U(x,t) +U'(x,t) (2-19)
S 387 R 14 23 A e KA T E sl 0 i B B M 2 —, 2 T S AL
TR UL SR oy S5 AR I OB R 31, 7R R RN, B AT AR 3 KA 1P
BRI AT A0 (2-18) B HZ A« Fa oA 55 B o e L 52
i LA AR KGR BR 2R, {HL pR T2 0 X A3 78 X AR N 1 T4 A o
Z N,

Z (24
U(Z)=l%(5—) (2-20)
h

TR ATLLFE X UIRE S, % 7 0.1~0.3 Z A HUH.
(2) it

Tt 5 B e RAL T Ik SR FURE L I 28, & AT BLI T 5 i A T A
P R b e T o P E ONS T R AR EZE oy 5 ERA CATAD T2
U U, B EeAE, B

, 1=U,v,wW (2-21)

(3) AR R

KA EAT AN FRREE B i i s A e, i AR 20 RUZESRALE 1 1 443
WRERIRAN, 2 RER iRz e = A i, B, 5 ksl
AR =TI BT 9 MR R, Hod L R 5 R kSl A 5K
I A LE A [ L B~ 23 RS
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x_ 1=
L, :a_jjo Ry, (x)dx (2-22)

B, Ry(X) & WA R 2 ) Az B b 2 1 ik Bl o B u'(x, Yy, 2,t)
U0+ XYy, 20, 1) B EAH SR RR S, e iR

R (X) = (U'(x, Y1, Z)U' (X, + X, ¥,,2,)) (2-23)

“( V7 HERFERETY, WE—NZ A LTS B NEE TRME, *
T PRaBENE R, ZRL T35 A pl A F I I T S48 i 5
(4) Jkah Rk %

KA TE S R T AR S R B F T2, KRENSRRESH S
HLMRE R, 26t ML R E LB, R /N R (0 I8 B R AT
2R, EAERNUR TR S BRI 2 R A Ay BOL R R S AR .
Bk K 3638 T IR BN REE A RAREE (REE) (4Rt i 76X A7 il B
FIF 0t 2 5 1 e R 0 R % o 28 S Py IR 4 0 S, Kaimal 8% L&
Karman 09, 55535 2% 58 7 R RE P VS 3 R F AR Ak, RS 55 R/ S 5
EF I, AR SCES TR R A Rk T T Karman 8%, 36 R KU RS I
RuWF,

S,(n) _ AL, /u,
o’ [1+708(nL, /T )°T"

(2-24)

nousiiER, L 2imi K ERESH, RERE RO AIANE” ik
JEER LR v L AR AL AT | R a5

~ 0.7z, z<60m
~1 42, 2>60m (2-25)
F R R IR HE 2% o, IR TR IE R IA T,
O-u = Iref (075U00 +b) (2'26)

B WTIRIE | ATHYE BRI %, b=5.6. K& 2-1 d1h Karman 1545 Hi i)
m LSRN 27Tm, 90m, 153m Ak KN RAESUS FREE AT, X =ANE R
S5 87 F A S TR A B NREL-5MW XL R IR o8 R Tt g, LR
FIFYE Karman XU, BEEEIEH 27m FHEZE 90m, AR iR IK S0 6E 53 1
TN, ARSI IR TS, Ak ST S U A R AT AR N
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1073 1072 1071 10° 101

n (Hz)

B 2-1 ~F & A4 8 Karman %
Fig. 2-1 Karman wind spectrum for different heights

(5) KAFEE (Atmospheric Stability)

RAFGE M0 KA B L R E H s ) — M, fal R,
U3t P VR (R A AE BROBR BEINE, G 5 FE B A i R 22 52 B 7 T n) 38 3
WA KA ZRR e, k2, JEEHENIE, FART, [ARKHHEI% 3
O, KRR E RS 98 . 8 T 5 - A ] R K 2R FE (Monin—Obukhov
Length) ER SRR A 754 (Bulk Richardson Number) #|Wi kS faE M. 57 -
B ] AR RUBE 5 ST 6 it e ik B U i 1M o 32 ML (%) v B o R 2k
HE SN

u.’,
Kkg(W o),

O REHE, O RAERSHEM. SMHEEERICOY RN, 2 hFEI5T
Ulipa: 4

L=- (2-27)

_9 o0/ or
"9 (ou/oz)?
KEREESLLE FMEAROH T F#E,

k 2-1 KAAE R A
Table 2-1 Atmospheric stability criterion

XAAARE ET-BAETRKEREL (n) BAREF & AHRI

(2-28)

TAS R -300<L<0 Ri, <-0.15
P L <-300 or L > 200 -0.15<Ri, <0.15
A3 0<L<200 Ri, >0.15
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I T8 PP S0 VE B AT AN IR, 0 DL BB UAR AL (0 fRl I S B i 4 AL, X
fE I G BRI B A AR, B Rk i N ARl

N - — - —
u(xt)= Z[A1 cos(k, - X+ o,t) + B, sin(k, - X + &, t)] (2-29)

n=1

“ IR, UK FRFR G AT KSR R A . kB X 7
AR A N B, 8 0 MBS RS, SR FIRIE S MK, @, A
1B, . ZAEE S BRI S0 30T, MRE TR, AR T HIEMR
U R 5 o v B AR ) Karman 3%, B B )& X i N T R8RS RS B AR X B
Ry A bR T AR HACHS o SR B 1) & X = (1,0,0) o HE B N BOR, & s XU N AR
(YA RE 43 A BT H AR G, (HTH R R e A AT n, torhaEEE N =100 . i
W AR BT FAC B RUBE, R v R Al /N i i RUBE D L= A =1000 m A
M= 2in =1m, N

k=2, ky=== (2-30)
T 28 N AN BT L% T U g
L (n-1)/(N-1)
k, = kl(;) (2-31)

S RE R 5 (1 A B BN S e ), X BT Bl 21 50 40 A o S 1)
BT K B RE LA &, B A =(cos@cosgd, sindcosg, sing), Hr 0 541K
[0, 2] 1A BB AL AL . B o, =vyKIE(K,) . %5 v EL 05. JR0E 1 i 0 4L
AZ =B =2E(K)AK, , Jy T B4 R ik 3l R 47 8 65 M s 2 e e Pk 7 2 V-0 = 0
DI S, FOT R W 4 A -k, =B, K, =0, AT R

1
~1l
!

Q.

X X

n’ §n:Bn n

n

(2-32)

l
{
1

A=A -

n

QL
=

>~

I']>< n

ehig @, f1 B, 50—k, YABEHLEAR R . Xk, 4RSS (2-29) (BT
FETHBIBN T AR R BE— A WIS R A A AT & 45 0 KBS B KBl R I R, PR
BN AT S TR R 0 A 1 44 3 P JE 2 b R AT 4D K 5 R AN B

18



MR i 3
2.2. 3 HAMRHIE

TR B2 AT P ELRRAE TH SN 11 AT 25 A I AR OR R8 FY 2 i
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SRR, AR R R R, I 5 R SRR B W] REAE YL IR R i A AR
RAEBAR, WA RAGFZ 0 B TRk . ST GEIR B 1 51— 8 Rk
TR, BIAE BT S AN 55— A TSR A (P e 0 S SR R AR
REIRRAF R R, ARENERREREIT, 7S B A i
AfE BAF N BT I LI 5564 BOvii RBUE R TR, AR
FEE AR RS, O] DR S TH S 18] A DR BF— B B SETHRFALE -

EEi4E#l (precursor) F4EH (successor)

B 2-2 BRATHE - AR DLk
Fig. 2-2 Precursor-successor simulation

ASAEE VIR AR T IR SRS R A KL R sh, IR
Fi i1 26 [ 52 AT F A YR 52865 (NREL) [F1BAE T OpenFOAM JF & I TFiE 3K
fift %% Simulator fOr Wind Farm Applications (SOWFA) 5 Xtk 47 KimiEdl,
[ 147 29724 SOWFA Hh sl Bi A FOU5R 48] s 1) 07 R R ddn SR 2 A S A R i

FEIRAT LA, Pl T PR AR AR T — NN HIA T R4 N-S 712
H, HozshaE TR TN (2-2) , HEXGMIMA T & T80 LU R
JPE IRV s, RIS

od, . ou
4 —=
ot ! 6‘Xj
108 op ot . ) (2-33)
——— Py ( 1y)__p__l_28i3kQ3uk+g( 0)6}3
0X, 0X; j v 0
I 11 111 v

SR A E TR NN Y RIS IR EENRE ), R
p=1.225KgIm*, ZJE JI¥s E R L A ATV IR I 5040, DR HIEA R TR
FRENA R T8 I EE S R 7 R T 8 A T T B0 T 2 s 45 — U T R R BE A I g
B BE LASME L35 R K B i =4y 2 —, B p=(p—py(X,Y)+p92) | p+7, /3 ;
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B = TUATARIOR A58, Hr BEALIE 45 TR IR AR A - T 3 T = 2
IR, 7 =75 =7y 13, O R NI, ZTRAR (2-12) fiR
fri47 8k Smagorinsky P s TR L SELUE T FEE b, TRV, AENs AT
51 SGS 4 C, 1B A T M TR AT g 2k — B4 i A im el s e 02031, ]
[ — SR T, E R R [ 40 WEBR B BT SGS AR X 45 S 1) B T
ANTAITL - Bk Smagorinsky MV A% R [ P E AT DU IE 24 3% BUR Y S 5 5 2
M3, AZ% Bossuytl! M C, ¥ 0.14; DU SR BRI Jy, BISL (2-14)
P Fy . 6 NACHETKE, HABR 1 i Qu=0l0,cosp,sing] , it o N,

W 0 ="7.27x10° radls ; 55 FIUBLL T 2% A0 IRLFE 22 57 51 KRN 18080, 6 fR%
AR SR, O RBBS M, — I 300K, BLAh, BT — AR
S bR BE

90,590 % (2-34)
ot ox o, 34
A0 R VR 0 AR N AT AL
__Uses 00
%=-7 . o (2-35)

Pr oyl B MR, A BE R 1A RS R E Y G AR, 5 R
A EPERIEAN DG, WA R R PESR eI, PR LI N DU UL A% i
PHCSNSZ 2], A SCR AT HORRE Pr R HUE,

1/3, %SO

0z

Pr, = ~ (2-36)
1 % >0
0z

SEbr b, R R 58 4 R A T i 57 J2 T sl i T A 7 BEAR A [ 3 1 R Sk
B, KBTS SR A EORE 2 TEIR S, R SR MR R R T S
(DY A~ B S N R I 5 A 1, XA SR AT AR 0 TH SR
Bt e B R B R PR . TP A AT A L A AR, RIAE i
o i B HLE ] IR R A E . eA, THEIH IR ] Moeng B T A R I
FOLIL X 50 ) P R A
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X AN U TR B RHIL I AT TUART R A T I A o B4 HAR = 2ok, A
T BRI R T I B RO SR R B, ATRUCR B R k.
B AR T B s T B ALE AU NE, ARIEBE R B A
RS ARATH R & BT, TR Rt e AR B R REh )
LA, A B UARR 1 A E R TR

H AT BN 12 ) Ssh i M sh &Ry, Ssh @ a ket fr 7 Bt 4
BB S A Fxf MR A B B IR, MiEsh 2 2B a4 0 B 14 8 T
BRI EZ B Bk, Bah 2 ae g I A IR e R BRI R
Yy, A SRR AT -2 J 7 (04 993 45 7 - A UL JR2 I DX 3 3 (1 40 15 DA B B
MR 5T RS AC LR, (HAM R A IER DN, A AL RAE— A
I [A] 20 N T I )RR S AN R I /NS RS, BIQ RAL <A IXFEA Re i it
HOREL M, S AR R AR i R L v X s, 3
T L R BB U A< A, WO TR 5 K A A AT DB A s 48 18 T
K 5% 10 f%.

BishEEE Bish A8

K 2-3&FAEHEAEK
Fig. 2-3 Actuator disk Model and Actuator line Model

ARSCHIWE U f R RIRAE BT VI, it S KL T E N A T s AL S
ZNREE, T BEBONRE RSO R X A R B 454, MOR FH Ssh S A AT
5. W 2-4 fos, XEFRENHER, M EhE ] IRIA T

Uy =U2 +(QR-U,) (2-37)
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Fig. 2-4 Velocity vectors at airfoil cross section

U~ s, Uy —— D0, 2t 37 7 B A e F i 52

1
L= EC' o edr (2-38)

1
D= EC" pU  edr (2-39)

ot e % B R R K, dr LSRR, T RBC, AN A% C, R o 1
BRKE, T ph e 3R [ 5 S B g A 2 B R A AR R A E ST DA
TR R AR T =L+ D skder. B 1E R T/ 2 81 5 2
T R O LM — A EE S BRI ol S B B AR, B T
N 1 di
F(x,y,z,t)= —Z fi (%, Vi, 2, ,t)wexp[—(;) ] (2-40)

KENASS R 8H, 2B AT, d=0Y,2)-(%,Y;,2) AR
MEETABE R R, W8 e ] T EGE TR, R BUE L A AR R
PR

22



RO
FB=F HYIARTRISEREREFERR
3.1 5|15

BT HU I AFE, KRAIAFZIRE RS EERGL S, R & 0 xS
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3.2 HHhgE

AREFTA LIRSy 420 72, HERRRMRNLE G HERZEIHE
Wi R L 3 e (BRI AR IR I B R B FE AR N XGE Y 0.75 %)
WA 180 #0420 FRIAJH B 45 B H R AEAT I 35 20 i o BUERILF R A T 3%
5] ] 5% BB 0 AT A R R S50 = A A BT 2 1 NREL-5SMW  FrifE JRUATLEO, 3% X
ML A E cylinder &%, DU R4 NACA64 RYIA KL, HIEASHT
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% 3-1 NREL-5MW KAt # A& £ 4
Table 3-1 Gross properties of NREL-5MW wind turbine

WiE Th% 5.3MW
15 m] XA
K 3
M IFC B CE AT 126m, 3m
LNl S 90m
e KT 11.4m/s
HIUE ik 12.1rpm
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Fig. 3-1 Dimensions of computational domain
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Fig. 3-2 Mesh generation
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Table 3-2 Case setup
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Fig. 3-3 Wind speed profiles in the inlet plane of the domain
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Fig. 3-4 Wake velocity deficit distribution in the central longitudinal plane
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Fig. 3-5 Vorticity magnitude field in the central longitudinal plane
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Fig. 3-6 Aerodynamic environment of blades changes with azimuthal positions under shear inflow
condition
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Fig. 3-7 Attack angle distribution at different azimuthal and wingspan positions
E 25 P 2R U ATRFL G N0 32 250 o ) 1) o PR AR AL B IR 0L 5 I AR
P BN R L I TR 7 AR 30 R e e B AR (R e sl AR I R RS

29



AR N2 T e A 'S

HR A A B, AR DI TA B DL AT AR BT VDN 2 10 T AR A, =
B E XUnh

N —
Mtrq ZZ(T_';X 1:i)'é)lss (3-2)

i=1
N = N\ =

Moop:Z(ixfi)' t(H) (3-3)
i=1
B N N

MyaW:ZZ(i,jX A (3-4)

A N NS e, TNEBEET S, §AGRRREEIS R A2

B, f ORI R AR, B, 18 (6) 4 FE AR U KL S 1 84
) £ A K A A R 6 P s, 50 (3-4) i j A BARER M RS
BIFREL € RSEEM AT AL R E, RHUREMHE M BT =4
Wy A0S 2l 1) 25 R AR A, T XU B WA D) 6 IR L AR S el 2 #R, B
P=OM. & 3-8 J&r T NIMBIVIHEE o 4 0.15 F1 0.30 P55 T XML Fr
(1 PR 2l 1) 255 M AT 1) 2550 M o BE 5 57 A7 BRI 0, BRAR I A RN A AH
XTI REA AN FT AR A, HIUA 5T ) R BN R FEL R R,
SERBIRANF B UIREFE T My B0 Moo, B 18 1] 3 A0 B AR B & RSZ R B R, W
Rl LA R B i 2R D e R DL B s e MR 2R 2 . (A8 IR, BT
= AN BEFE AR AL 2258 120° , RN A 10 32 B 07 Bl 7 AL A DL R AR IR
R = A R BT AR, =i I S AR OR AR . 1] 3-9 FE] 3-10
JER T ANENREAMET 180 s & 185 s (L— AN R ML= Fr A - AR il
] 5 U] 1) 25 A0 R g 2R, SR ESELR RIS E M TG R, Shasesg2ny
PINGRARAE T =0 b #8ar P 3ME, 7T LA 2% I 8 fr B FR 9 AT e PR A 1
Hahm AY)m e 1 B R E M, X EWE £ = XL 3B B,
T SR i A I e B RN L A A4S AR B s T A XUE Y B R AT R AR S
[ A2 = AR R A, T R O S )2 PR DT A P R R A8 A A R T 2
KRB AMLZE AT A Atk 1] 8 T 20 A0 A8 X6 RT3 7= A2 BBl S8 5 22 5 1) ) AR 9 7
fa, B 3-11 2 T RFEIANFSAT T 180 s & 195 s (=ANigss AW KL
P B B TR AR A R O 35 200 v 0 R LAE T 2 A T V5 ORAIE 55 22 N 52 7 AH
5], FLb Rl A B g, BT UG ] DU BRI R SN & T
i A0 R0 A7 AE A e e e TR = 2 — Wi 3, T 224 v B 7 1) F XU AR
FERIREE, XMk sh e Bk, (HHE R,

30



x 106 x 10°
12
———— ¥, =0.23cosf+ 131 ---- ¥y1=082cos0 +9.86
—— ¥, =045c0s8 + 131 11 —— ¥;=157cosf +9.82
,é E 10
z z
T 2 R s
= o
= =
8
7
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
Azimuth(®) Azimuth(®)
a) *HAR#he B 4 b) rHAkInm % 4E
a) Blade root axial moment b) Blade root tangential moment

B 3-8 "HAR B 4E5 B ) 4 A
Fig. 3-8 Blade root moment distribution at different azimuthal positions
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Fig. 3-9 Time history curves of axial root moment of three blades within one rotation period
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Fig. 3-10 Time history curves of tangential root moment of three blades within one rotation period
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Fig. 3-11 Time history curve of yaw moment within three rotation periods

HA 1~4 T KAL) 3 ES BN HAT R D)2 157716 (Root Mean Square,
RMS) FlFr#E#% (Standard Deviation, STD) 43-5%) 1% 3-3 fi% 3-4, RMS 5

STD s& X~
N
RMS = /inz IN (3-5)

N
ﬁD=JZUr%my/N (3-6)

Myaw(N - m)

-0.3 1

RMS [t 17848 A A8, EARSTARE KBS R KA, WS RKRE,
B T1XF B Al AT 77 5 2 A0 ) 32 BB EmT sE ML), A RS T ARG 117 XU
Zit 5 m/s BIEGLT,  HrH AR Ak m AT R DI H T RMS A G35 SN SR T 1
K 1.2%AM1 1.3%, SIhMES LA, ARMBIINRPIEL T, XAk
Fi MR BT, fEBTYIHe ¥ e v 0.15 AT 0.30 HITE UL R 2 BB SO NI K T
1.2 580 2.7 £ A BhEA FIARAEZ R 18 H L BE R (R BRI ZUFE B, STD A
TR R I S A R, IR 3-4 AT AL, BRI AR A ) S R M R ) A
M oo FIS BB T L AN 32 BT DI 5200, H BT B 1 22 2076 PR FR X BT ) 2644 T
BRI SN 1) 4.4 550 8.4 %, Ja& oy liAE] 5.2 %A1 10 £, JLHZELEX
ORI, 1285 10 XL AR 75 B A 2 D) ) 1000 KN - m fl 2k fur v 30,
I8 57 AT L S S 7 [ B A 1

k 3-3 B HAIRIA B BATI2h 3 75 ARAE
Table 3-3 Root mean square of aerodynamic loads/power in 4 cases

ﬁﬁ 'J M trg M 0op M yaw P T
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iz (KN-m)  (kN-m)  (kN-m) (MW) (kN)
1 1330.0 9959.9 52.0 5.07 708.1
2 1314.2 9865.6 114.7 5.04 701.5
3 13455 9864.3 192.1 5.06 699.5
4 1347.1 9870.4 191.8 5.07 699.8

& 3-4 B H BRI A BAT/ S Bk EAE
Table 3-4 Standard deviation of aerodynamic loads/power in 4 cases

ﬁ@” Ivltrq I\/Ioop M yaw P T

G (KN-m)  (kN-m)  (kN-m)  C(KWD (kN)
1 36.6 108.5 52.0 95.3 6.1
2 160.6 561.8 114.7 31.8 2.1
3 308.9 1087.6 192.1 31.6 2.3
4 308.4 1085.3 191.8 31.6 2.3

3.4 KE/NT

AR RANS 1 LES PR FhEUE AL 71200t 50 A [RIRE FE (0 B U\ IR 2% A%
JE I R AT XL B I R R s2 e, [ B sd i 23 B 32 e v s T LG 1 7R i
TABEAY T IEAE R BT U N I 2 A N KUHL R T A o] A (R g o R 90T T A 1)
I} 35 AR FE AR AR B LR R, 2 T x=2D LA, REBIYIANG A4 N B
FEVR I AT JLFARTE, Mo BRI — PR, SRR, FOIAR&
KABBIAT B EE R, PRI T35 N AR, BT DR T (1) R A 7E 2 )
IR TIEE A IwEG s BRI, ANJRGEE RN (s s
N TSR AR ik 2 A4 e 75 T K P B AR FERR R, BT BABT DN T I XL
L 3 N IOIRAS o R BT KL el i A AL & 28 R sh#kfar b, T 38
[Fi) o8B P (R AE T T A e R v G N TR R AR AT s, WA,
o T 8 i B A 5 XU P NREL-SMW UKL, G AR 42 Fy it 1) R 1) g 6 0
Jal ) B RAAR LA B 7 2, T B ARA 2 IR AR % 22 120° , X AR =
AN S BT B AN RERE, BT AU D 2 AN HE ) T T 535N
WMEAE T —FERFF R EAE, EXTEANFE, 88 M MM, A %0E
KRBTV, AHARAEZE R R0, FIR, SEREE M RSB A
FRPEHE— 2538 K T w15 M o, 330 B UL )% 57 2 AT 2 i o P JRUSH AR
BYUTIRE B2 1R 398 DT 322 25 T v o
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I is 32 KL R E s B o5 — EERE . KU 2 A7 T 1 2
1000 m [N, s BEN T ZORIEA A, Ho— Rt ARG N B V)2 T
WL, TR R IGE B AR KR SR A R I T R R, R A R
A KRR R E G REEER 2. B, WARERERANR XML D)%
SRR, WS R AT, ANRAEERETR, XBLH A
FEANR B AN 1) A AR ) S Ml M DL R 2R O BEALAR AL, 554, R
B2l R A RIS BRSO R R s AR AT A R . A FIE I )
Pt 5EhE R, R R BRSBTS HE T 7 AN R 55 1)
TN AExF KL REAT R IAE A RE M o

4.2 BHhRE

AFEAILL NREL-SMW RXAHLABFFEXN R, HEESH Y| TR 3-1. HikE
T4 AT L AT AN [F) 5 B (i 0 N R WL S BRI . 5 5451
G5 oo DAL B AR 4-1 i, HorRSE) LNERBSINRAISE TG, i
F&E B = AME 53 0 LGt ), A ) A ) PR A R B, R SR P S N R Y
HNAMLEIAE KGE 11.4m/s, XMLF B E NEUEE 12.0pm. thok, =
EAHMFE, KHUEIA -5 S50 0° LU RALR R IR . A= S8
P Kl 43 77 QDA R e N i ST i A 5 B 5 2 = S A RS KR .

* 4-1 HpIBE
Table 4-1 Case setup
B %5 NI o TR
1 (0, 0, O LES
2 (0.10, 0.08, 0.08) LES
3 (0.20, 0.16, 0.16) LES
4 (0.20, 0.16, 0.16) RANS

4.3 HEERS S

4.3.1 NFimmer

AN TR Al N AR BB ALK SN 175 30 AR TR, H R B0 T 3R
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0'=@-a)i"™* +a(d; +CqycRn

ref

u ref

) (4-1)

Cays =112(2a-2%) /a (4-2)

A G-D PU NP RS B g, BRI S, B
TN UL JSE A8 P — I ] 20 13k P25 B ML Ik 3 B8 R BT S R i, @ 4k 7k
BT o Uy ABHNTEE, ST EbRNREE NI, S Rk, ENR
I 18] 7 81 AR I 25 Nt i 9B, v — A&, Rn 2y —0.5~ 0.5 8] 1 BE LA
Crus NARUERE, H30 (4-2) KRG, ZAGREVS T BEN LK Zh IR LA P s 4k 7K
WS, PRI L IS 18] 5 51 (R B[] A Sk DAIE e th SR . AEA R IMR A a
0.1, K417 EoR v Ik I EP K0 0.02 s 1) 10 A0 REALIR 7 32 5 1 (8]
FPol, NS HEL 11.4mis, & 4-2 Nzl A5 S HIThRIE KK, B
SKEY “-BI3 IRTTHE” o WEERKE, R (4-1) J5ikA s BEy LR GE 751,
LYY S (R A U R, T EL Kk sl R R R 70 B AN AT v A T D RE 1 20 A
IES e

20.0

10°
17.5
1071
15.0
102
12.5 -
w 1 -3
= 100 - 10
R g 107*
w
5.0 105
2:5 10—6
0.0 "
2 4 6 8 10 1071 10° 10t 102
t(s) n(Hz)
B 4-1 3R NI R iR BB 1] 7 B 4-2 iR N RIR F iR B o F ik
Fig. 4-1 Time history curve of streamwise Fig. 4-2 Power spectrum of streamwise
inflow velocity inflow velocity

4.3.2 BRiREH%

Kl 4-3 JoR 1 RHL T 12 A1 ELAR IR B P AR IR 359 R IR0 P2 453 2R 23 A 15 V0L o
DRI XICR FERR Uy 0 0, AURIM G, IR I X SaE 17 R i Ky 0.5,
FESY SIS o R] W R v Ba T sl SR R — 2, A
BAWUE AR AR T 58, ITRHA O KA — R K A iiE X .
WX 5 A B A i sh 2 1) BY D)JR T2 REAR /S LR 3h K R AR 21, B HIAE
WHRERAE T, fishnzrae, RS HEREEAT R &g, KR
TR IR FFAEMR S AT EE N 6D A5, BEEBIVEA A B KES, +
ORI, RIRERLRSKE, £ x=10D Ay v kiEZR =n2 —,
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K, FOmEEXAEID M E AR, RBREEK SR B, FRFEE
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2 20%, BRI EF-BRETA AT EARNER. FN, AE 4-3 (c)
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d) isANR GRE#AIRE 20%) RANS
d) Turbulent inflow (streamwise turbulence intensity 20%) RANS
K 4-3 B HAL B R R AR = B
Fig. 4-3 Time-average wake velocity deficit field in the hub height plane
I g8 Bl RE AR ORI R R B (Bt 2 80h D fiiid iy, M
ERTRRPISESRE, WERATMILS (Wake Meandering) , B #E
FEARFHAR I ARAL S o B 4-A MR 1 % 1 R 78 70 A J Jm 2RI 20 F) W i 3k
FEBR AT . BENTLF T RALR IUE E > A 72 X =6D Hi tr¥Fia g, Bi)a
KA, R, BESURRIZIE), XhrEEITRR X R R X
o MARRAR R T, ARSI R A R PRI, x=2D A&
PUE BIV) R BV RAR, XM PRBNAERT I 2 N Vi AR I AR T AN B i Je e 25 Jl B8 Wit i
Wito ANV AL 9 B G I, B 7e o0 B AL VR S AR A8 A R A R I 4 R BEAIR
ERILHIZ BN ERIZY, e T ) 35 R XA R 34T € | A . thAh,
M RANS 1 LES XS HERE, —FHHILRAE 0D < x <4D Ky B XN % A
K, ABFE R RImA 78 70 KR e, ORI ARADL e % 1l 4 B BN R R sh 454, 1
RANS H1F#E4T 77— I 20 B LR 7 KRR AR R, ToiR il
I BN A& RHIE .
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c) iwmANR CR® AR E 20%) LES
¢) Turbulent inflow (streamwise turbulence intensity 20%) LES
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x/D
d) mANR CGAm#RRE 20%) RANS
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B 4-4 s 5 AP bt R R AR A = B
Fig. 4-4 Wake velocity deficit field snapshot in the hub height plane

4.3.3 Bim&H

K 4-5 B 7RSSR KRR AT EY . ai Sl 4s
RATBUREL, XL SR AN AR B Vi Jom 2540 AR e P B g 1 R I R IR
E R TR VEHOR BN b LU S R R AR R I 1 T VT 7R 107 ' )
a8 Bl = BB s R R HTOR, iR A sh &Sy E, XHLK R & E
RALIG T3 A5 REEHE S i 7 TR e e 0 S A AR Y, SR BAE R R RN
AN, s ARAMEOR ST, ORI AR i S AE SRS AE I R AR, WA
Hish P RE R, HOREE A s G K, i A R DX o Ak 3 (R R 2R A
BAEREAS RRADEBE AN R AUIRES o W R LB AR P AZAE i, A 2 T AE R
& B R 7 X B v i i N BE LIS, EM A ISR L 26 AF T, iR R ik
AR i Re e, RNy, Jmdii b e b iz R IAL IX A i o 4 1 RUBE 35 49 2
AT T H/AN, XU L Eh RS (e 3k R It i 51 e A K RUEE i [ /)
RERR TR, fakdimii e R EFHNEE. 55, RANS [iHHE 4R E
INZTTFAREARF B R RE iz shiéass, i RBRXimasiMritEs LES M4,

SR Iz B X I AEFR ST sl Tt He vh /N RS R i 45 M AR N 32 12 LES 7
o
vorticity Magnitude
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b ee— :
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b) iHANK CGR®HAIEE 10%) LES
b) Turbulent inflow (streamwise turbulence intensity 10%) LES
oD 1D 2D 3D 4D 5D 6D 7D 8D 9D 10D 11D 12D

C) wHANAR (R®HAZE 20%) LES
¢) Turbulent inflow (streamwise turbulence intensity 20%) LES
2D 3D 4D 5D 6D 7D 8D 9D 10D 11D

d) mANR GRE#HARE 20%) RANS
d) Turbulent inflow (streamwise turbulence intensity 20%) RANS
B 45 v udlmERmeEs =B
Fig. 4-5 Vorticity magnitude field snapshot in the central longitudinal plane

4.3.4 BRimAisiE

IENEE (Turbulent Kinetic Energy, TKE) & ik i sh ik 58 i) B AR &,
ZAE AL S B T T R R AR, AshRR e bR E, He XTI

TKE:%(U_'Z+F+W) (4-3)

Tzl e i R L RS TR AR, A B DO TR =AY
R T5, EAR R T KSR R RER, 1M1 Ja 3 DL T Sl AT 7R
WA, A R X I N T I AR S0 o A O S i 58 P 2 59 14 vtk XA
R X 2 TRV Bk S RE B B 22 57 AR /N1 Ll 3l BE BT FE 3 R A2 A AN RN 2%
ETR XL R JAL AR 8 A i R A R A i i R 2 ) A

Hi &l 4-6 AT L, AN R B AE 7 A1 5 2 SN T G DL 2L
R EZ R BN, R ETTEZ T 4D I H Eititshee )L v E,
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Fig. 4-6 Turbulent Kinetic Energy field in the hub height plane
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Fig. 4-7 Power spectrum of streamwise fluctuation velocity at rotor edge
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JUPA M S A RUE - AT I My, BOSRRR, BN AES AR
R AL B AN AR T O, (AT 0 A RSB B SN I B S 3
P AP SR E T 1) My, 23 B B S NIRRT (1) 3.8 £5F1 6.2 f5. & 4-3 i &dE
SRR T S AT AR AN R N B AR, BB 2 0 3 H) M ARk 2R
FLELG] 1 pEn T 29.9%F1 130%, 1 Moo, FIHE 735104 50.7%741 153%, AHEL
T BT YIRS PR EAT I FE0E , T BRI BB BU,  SR TS 3 T 2
JIRBE W W, BB 3 Fp 3 ROARHEZE W] IA 183.2 kW AT 11.8kN, 735l A RUE
(1) 3.6%A1 1.7%, 3 KT X BI YT il 1 RE00 o

k 4-2 & HAP R A BATI 5 F 34 T ARAE
Table 4-2 Root mean square of aerodynamic loads/power in 4 cases

] Miq M 0 M an P T
i (kN-m>  (kN-m)  (kN-m)  (MW) (kN)
1 1330.0 9959.9 52.0 5.07 708.1
2 1331.4 9960.3 198.2 5.09 708.1
3 1339.6 9974.8 320.6 5.10 709.1
4 1335.9 9963.1 320.2 5.07 708.3

k 4-3 - FIRM A3 B AT/ Rk EAL
Table 4-3 Standard deviation of aerodynamic loads/power in 4 cases

=] Miq M o M e P T
G (kN-m>  (kN-m)  (kN-m) (kW) (kN)
1 36.6 108.5 52.0 953 6.1
2 475 163.5 194.3 108.3 7.0
3 82.7 274.5 318.5 183.2 11.8
4 78.7 267.1 315.5 172.8 11.2
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Fig. 5-1 Case setup sketch
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Table 5-1 Boundary condition setup for two methods of atmospheric boundary layer generation
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Fig. 5-2 vertical distribution of time-average wind speed in ABL flows generated by two methods
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Fig. 5-3 vertical distribution of turbulence intensity at different downstream positions
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Fig. 5-4 Hub height streamwise distribution of turbulence intensity in three directions

49



5.3.3 Fl/Smimis

g LA 2 XL E (x=0D) a0 =77 | 300s % 600
(KB AR I Rz T il 2 T B 5-5 5] 5-6 W o i G o S i ks 78 itk
R B ONREIZL, HAE X T7 1) FARE S R e FE e B 1B 5-7 SR B iz B
SRS KGR I Th R e, K 5-7 (a) B SRl x =-4D by RUE i,
5 H bR R Karman B A ECES, BTG B B 7 AFE T SRDEON O s e s,
A B K Re /N T B AR R, 7EMZE KT 0.01 Hz /T 0.1 Hz HI4EL, Mikahhe
=5 HAR SIS R, (HHT 32 2R HE AR 520, B v 0 X ) i s
BEAR, IRATRSILE & 2 2 FIFE IR ] o R (0 S 2R AR IR RHLAT B Ak ik 33 (19 T
Rk, 7E0.001Hz < f <02 Hz (X 3k, y Az 77 [m) i v A i O 11 B8 72 20
AL 5E M, TR A by O R R R Bk Eh e B2 a1 2 7 n) . A
il v % 77 ) B IR AE 0.1 Hz < f < 0.2 Hz A1 B (19 RE 1% 5 A AR F), 330 B AH B RUE 1Y)
WM MRDE — RS EHERE. tsh, B 57 (@) FIRalFE R X 7 RA7
FERFIR N SRS, 2R AT RS & ik sl 2 3 5 i 3h 45 0 77 A2 AN U il A
5%, BARIRRAT &t — B R 7t .

4

— u(t)

fluctuation velocity(m/s)

—31

_4300 350 400 4{5? 500 550 600
B 5-5 95 A Ak A R A RALPT 36 F 45 E bkl KUk B A2
Fig. 5-5 Time history curve of hub center fluctuation wind speed
generated by weighted amplitude wave superposition method

fluctuation velocity(m/s)

-4 T
300 350 400 450 500 550 600
t(s)

B 5-6 3B ATAE Bk ik A AR 49 AL A S 42 B R ) KR B AZ
Fig. 5-6 Time history curve of hub center fluctuation wind speed
generated by precursor simulation
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Fig. 5-7 Power spectrum of hub height fluctuation velocity in three directions
at wind turbine position
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Fig. 5-8 Vertical distribution of turbulence integral length in three directions at x=0D position
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Fig. 5-9 Time-average wake velocity deficit field in the hub height plane
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Fig. 5-10 Wake velocity deficit field snapshot in the hub height plane
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Fig. 5-11 Wake velocity deficit field snapshot in the cross section at x=8D downstream position
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Fig. 6-5 Time-average velocity deficit field
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Fig. 6-8 Velocity deficit fitting results under two kinds of ABL flows
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Fig. 6-11 Time-average wake cross section area and probability distribution
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Fig. 6-13 Correlation function curve of inflow characteristic velocity and wake deflection at
different downstream positions
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