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WIND-INDUCED RESPONSES AND FATIGUE
ANALYSIS OF THE VERTICAL AXIS WIND TURBINE

ABSTRACT

With the development of urbanization and the utilization of reproducible energy, vertical axis
wind turbine (VAWT) is becoming an important approach for wind energy reservation and
utilization, however, the lack of structural safety and relatively low work efficiency have limited
its further development. In this study, the straight-bladed VAWT is taken as the research object.
The computational fluid dynamics (CFD) method, finite element analysis (FEA) technique and
structural fatigue analysis method are adopted to carry out the wind-induced responses, fatigue
analysis and unsteady aerodynamic characteristic of the VAWT. The surface pressure distribution
and flow characteristics of the VAWT are studied in the parked condition, the wind-induced
responses of its structural components are calculated and its fatigue life is evaluated. Meanwhile,
the variations of various aerodynamic parameters during the operation of the VAWT are explored,
and the velocity distribution and vortex structures of the wind wheel are revealed to clarify the
working mechanism of the VAWT. The results show that the contours of the pressure distribution
on the windward surface of the VAWT are similar subjected to different wind actions, and the
deformation of the VAWT can lead to changes in surface pressure; the turbulent flow
characteristics and the wake effect become more obvious as the wind velocity increases; the
blades and support arms of the VAWT need to be reinforced and the effect of the parked condition
on the wind-induced responses of the VAWT can be neglected; the fatigue life of the VAWT meets
the design requirement; with the increase of the tip speed ratio, the power coefficient of the VAWT
increases first and then decreases, and the variation range of the attack angle of the blade
decreases; the aerodynamic thrust, generative torque and surface force coefficients of the blade
have obvious variation rules; the velocity distribution and vortex structures of the wind wheel
have certain regularity. The research methods as well as the numerical simulation results are
expected to provide references for the scientific design and operation of VAWTS.

Key words: vertical axis wind turbine, wind-induced responses, fatigue analysis, unsteady
aerodynamic characteristics
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215|585

A SCLE A IE P B R 1507V A R TC AT AR RISS M 35 40 HT 7150 B 2 T P
IR RE 7, 5 55 H 00 DA S 52 3 S S P 47 S BT 9 o A3 S 7ERE F3d Tk
SRR AT ERGAR, LTI : (1) Fbk /2y A A, (2) Kk
MR T (3) SURBR G S (8) SSHIRE I M. LR A S S

2.2 BRI HZFITHIFIZ

T 24 3 A R WL AR D 3 T R R A T 0.3, BRIZE AR, 28
SRR IR IS, AR Li PO g, AR AT R T 40 N-S AR AT ik

V-u=0 (2-1)
au+ Vu=-Vp+V ! Vu+vuh)|+S 2-2
T u-Vu=-Vp Reo,; u+Vu (2-2)

£ EPIH, u, t, p, Regrp A1 S HIGRIESEE, WHE, TENIET), AHEELK
AR fEACH, PRI S BN 0, AAE AL Rerr M EMNILT) p $5E M-

VL

Re,rr = 2-3
eff M +.ut ( )
Pabs 2
=—— 4+ -k -
P=y +3 (2-4)

£ EWF, Vo Ly ws per Dapse p Ak P ADORGEEE, R, TR
P, IR, NS, R AR AR . B AR I SRR, A A IR
PO HREAT UL AN, P A5 SR BUE AR5 V2 B R3S B O R AU AR, AT Se I =
UEFIA IR, BARKE RN 2-1 P
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B 2-1 Z#RGRETIHE

2.3 iRy

I8 R (2-1). (2-2) H N-S FTHERMIIE M S WA, AR ig ) 5 7 i,
HF CFD Wi EEBR T vERE A . B ErE P A 320 R 5UE 7 5B S B EUE L
(DNS). KIRBHHY, (LES) . 4r B iRAsdtl (DES) Rl 37k (RANS) £ R4 O i 5T,
FE T H AP INE R BUEBIORG BE S Brh r tr  22, H S HAWPMOTEM L, THERR R
PRTF. o B4k 3R B A X LR L AR E R SR R B A HT, Menter™ MR HY
RANS SST k- ¥t Yk 5 7T 38 I BEAR A B R SR Y, PRI AR SR T ST 022 8040 5% SST
k-oo A, HAB TR A

a(k)+a(k)—al"ak +G Y, +S 2-5
atp ale)ui _axj kaxj k Kk Kk (2-5)
O (pw) + = (pwuy) === (1, 22) 4 G, - v, + Doy +5 2-6
ot pw ax]- pwuj _ax]- waxj w w w w (')

fE LM, o ks 00w () At BRIZFTEE, WSIEE, mAERCR, HE
M) o I Gies Ve Sy 23 R TIRBNAE k HOXRARIT, A2 B, A R BTSN I, G,y »
Yor Dy A1 S, 73 HIEIGHRAERCE o WIRHRI, AR, A28 O, 28 O UAT IR o
FEARSCH, YT S, A1 S, BIBA 0.
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B B 3R LR SRS R0 R 58 5 4

2.4 XMt EGE
2 3 X AL R R A, 4 BN S, F03 1207 R AT (R A
[M](E(D)} + [C1D)} + [K1x(D)} = {F ()} 2-7)

fEERF, Z@©)) &@®)) A {x(6)} AalREERE, #EREMMERE. [M],
[C] #1 [K] 3 AR A SIHLEE M ) ot A6 R, B REFERNIBEHERE . (F(0)} —AEH T4
RIMRATER . A CEHERTATEA, KALE Newmark J7ikl ke Rzh /)28 50k
(Implicit dynamic algorithm) 3 Bl X I HLE)Bh 7725207 FE AT 3K A«

FETH S PR BEL & R B 1 B 3 R BELJE - B o R B R 58 R B 4 LA ek B I 2B e, T
FikN:

[C] = a[M] + B[K] (2-8)
ERAF, a R 4RI E LB ORI B ARYE Ma SR, W T
PR J5 RESK A -

_a Bw;
& = Za)i + 2 (2 9)

o, g Rl w; 2095 S SR LR B AR
2.5 WEFBREE X

23K X E) #E A Bk R TR CFD P& STAR-CCM+AIIE BR 7t 23 #r B4
ABAQUS, it — RANEA IS FE 78 O AAR- 45 K T (1) 45 55 B A0 e, S A SCR R [ #8 &
] 58 AR AR SRR SRR . B 2-2 44 iR STAR-CCM+A1 ABAQUS 2 [a] XU [ # - i 2
[P BFHELE .

Start

l

STAR-CCM+ ( SST k- )
Surface Pressure, Surrounding Flow

l

2 Apply Traction Load
l No

Update Mesh Morphing 6

ABAQUS ( Newmark )
Displacement

I

4 Store Results Information

Reach The
Maximum Physical
Time

End

& 2-2 STAR-CCM+5 ABAQUS N A SRR
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B 56, f£ STAR-CCM+H15| N\ SST k-oo Tt A, i B AU AR AT 36 ELA X PR
TS AN AL (PR 1). SRR R T XU Fe b o XA BRIt T ABAQUS HH XU/ #L
AR, 2R Newmark J7i%k LS A7 At FE R B RSN, (V3 2 #13). BE)A,
Refrremin A5 2R Bl %2 STAR-CCM+LARUFr it iR i Sk ks L% 6). £ STAR-CCM+A1
ABAQUS [8] LMEE RS &I (8] DA s BB, BERILBIR AV E DI 5). X THHK
PRI, S5 RA5 BHEAE D IR 4 shAil ABEAT SR 80 Hr .

2.6 AR F 5T E

AR SCHET LR 57 REBR G HEI, 25 A ISR A T N B IE, R E X IR
SERIIETT AT B 2-3 45 I 57 A T A FEHESE

%, M STAR-CCM-+ S Hi i 52 I 8] P 38 B 4l AT HILI 3R 1T XU ISR, A A N S
TN ABAQUS FHHE Ak A KA IR, 2 B 8h J1 2 S A KWL 1Y) Mises B
MR (BB 1). BfiJG R B %W EUERE P 48 5 N R SE PR G SR 8L, IR A
Goodman FEiE XN ST IEIE (GBI 2). (e 3, R ANIA R S-N #hZkit
SR IS T T P98 55 BRI PR IR B8, 2 S 2 ki o R AP A% 1 D 45 380 XU T L S B s o
TEIE 5 B 1B N e o7 il G IR 4), et MTHLIKE 95 5 an it AT VA, (CPIR 5).

ABAQUS (Implicit dynamic algorithm) b sk A

! 5 4 5 6 $042 2 BT ARG AR

! I :

AT Ok LEM KA S ARG &
2 +
FHEAGE
T~ KL 77 % L 64 48 3R oK L & B 7) hE X R 84 SR B SRR SRR L
3 + — + 4
S-N AF#Hid 14 iy 4% BoMe R o7 R ARARAS AW

Bl 2-3 SRS ATz

2.6.1 2R M9 57 AR A v D)

H BT e T G M B 55805 2 R 07 3 M 5% BRI G AE U2 B Palmgren 321,
FEH Miner SEEERHES, 1ZMENERR S TEAS RN D IRIEIAE T B9% 55 545 A0 7,
AT DI I 2 1 B I 3 4 W ) i BT, L g ik Y,

'

_ Ny Ny MNg Nn
D—D1+D2+D3+---+Dn——N +—N +—N +---+—N = N (2-10)
1 2 3 n 4 [V
l

fE LS, DL Dy ong RN, SSBINEERIPES SRR IR A 4 M
S 3, 54U S R 6 19 W 4 R B ER U B AR BRIk ) 2
ERIBLEREREE) PIBE, 4 D KT EAET 1, RUIHLL MR Cs SIS
TR B SR

%11 T 3 60 T
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2.6.2 T EEE

M LTHEGZ H Matsuiski A1 Endo E[RISEH, B 72 N T 25 M 0% 57 104 7 dr, 2k
A% AR I 3 IS AR A g IS 1 M T 9% 3 R A SR 3 T =028 o B0 N O
WitEE, B 2-4 45 R T EOE R P

5, B BENL A7 (1)L 2 A AR R B USRIV A BB FF 2R M Bf 4 R 741,
B S5 HRENZ AR i (K) W& (), DA NFZIWIaE A (RPIETR) SRS 74,
0 2-4 (a) Fim. T AIE TRIT G TE V6 IF I &S 1R SN, 16 S8 (K fE
FHRUE 2-4 (b), () FrRHIIIESS, (0 SRIX P2 ST AOAE R VBORIT IS £ 18 3 »
882 SIS R | 7 I HES g o 1

1 Stress Stress Stress

3é 544\

L i~
s >8

N T
1n—"
Time Time Time
(@) (b) (©)

Bl 2-4 METHEEERRER: () EAFF; (b) SBUER 1; () SRS 2

2.6.3 PN B IE

FEX T B AL T 9% 57 B4 23 B i, 8 3 SR AT o] CAGe T H 15 21 S8 A PR IR
e, BT PR AR, R RLEE MIE 52 2R R B2 IR G R T 722 26 % 57 B A 74
— M2 PN IMEIE B L B T35 B 745 S5 M 55 o s R iR 22 5, Horr DA
Goodman F i IR HIIE IE 7= RS, Hakik ek,

Ao’ = —5— (2-11)

LR, Ac', Ao, oy F1 ooy SPHIAZRIIIEIER N IIEE, REBIERNJEE,
S 7 ST I PSP 25 877 ) FHARAA A R BT 3 FBE o 8 0ok~ 25 7 A8 T i P I e i T DA B i
TR O S5 I E R

2.7 REINE

R FE XA TS FH BT SRR 15 05, A PR IGA HrB ARRN 45 95 55 7 W 7 253047 T A
A, NGRS A2 E 7 SR . T ERAR 1T vE, AR B4k B X
FINUVERIR A TAERREE, #5500 NWF 7 RO ERE I, 8 AR 1T AR W] IR 4RI R A 244541 07
FEAE FH T 24 A0 7o S R E AL AR S . R PRT TR b, DA 2R3 E Al X
GINOEIWAR R SR DN = W TR < N a8 vy 55 3 ) S QL A o = A [ S R o = R 1 N
FFINFEREBRIC AR, %454 STAR-CCM+F1 ABAQUS F ML [ #5453k i FE AR 7 4
FISATHEZE AT TRt AL, VEAIAN AR T G595 57 A B TR AE, X &R 55 RS
TEN, R T30 DA ST 3 N 48 TR TV R A AR T A .
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S/ SHANGHAI JIAO TONG UNIVERSITY EEHMX AN IELERNXBIRN 55 2

=8 BELEFHHWXNAONNBRESKS S

3155

LA 38 5 LA X IHLAE ST DX A5 5 T Rl 2 P S5 AR K R A 70 5 AL ) 22 4
BRA 7 H B PR . A, MIHLEHIAERT B K SR Z AR RTR 805 1 s iRt e
Ry, HERRNRTT. N, AEDELRE RN R, R E& TR
ST BRTC T B B A & 5%, 70 R KU 38 R AN R H LIRS T~ AL
10 BTN R Bea R 8 77K & P AW T 1WA S ey ] 1 2 A il I -
57 SABRUTHEN s A%t AT WL LT R 57 70 M I AL HL8 55 A5 i, Dy B2 B3R ELAh X
TN % A it HIsAT SR EOR S 4 .

3.2 YERA

FEHAT AR S 2 B, 75 593 HIE STAR-CCM+A1 ABAQUS 2 S 3 fE Bl . 4y
AL FEACE STAR-CCM+H15E 3L, MBHRFIENIZE ABAQUS HRikE . AR AL E
RIFE R SCH IR

3.2.1 K IHLEEAY

AR = F H R E T EH R AIHUAE RO R, E45HIBETH8E Unigraphics NX /1
BT =R, 2 J5 5\ STAR-CCM+F1 ABAQUS HidH AT HufEfiil. & 3-1 (a) WX /il
B AT R R B, A 3 BEEE M RE I By SO RIS IE A . RUTHLI B RS 4
FR LA 3-1 (b). M RHEZKA ¢ = 925.6 mm ¥ NACA0021 LAY, i F & h = 6300
mm, AN B =8 S L T BN R BRI AR, R0 EA% dy =650 mm,
B H, =5400 mm, EAEEIEAE dy, =700 mm, B H, = 4200 mm. B RS HIAS AL
e SUNBRmAL, BARGE WK 3-1 (). XEEHAEN d; =200 mm, KNG E
&i&#] D =7000 mm.

AR HLE T T B INIE =PRI A T REHUIRES, B 3-1 (D), (c), (d) 2 TiX
SREHUIRES BRI o AR I A SRR S BRI AR I AL B, 45 A = RO H U R e it 7%
PIREAYE, Kt 1 5y B AR 6 = OBHE N —FHEHLRAS, 2074 6 = 90°F 135°
I DL BN RS = B LIRSS

Upper
support arm

P

Blade

(@)

13 7 #E 60 BT



FEEBRNANRIEEARRE NN S5 S 754

(b) (©) (d)
B 3-1 ERREERNAIRE: (2) =Z44E; (b) WIE FE—MEILRE, 6 =0°); (¢
TR CEZFIFHLRA, 0 =90°); (d) (FERE CR=MEHLRAE, 6 =135

3.2.2 TFRERAR 7 e A

7t STAR-CCM+H ST | A1 I = 4Efidm it ik, Wi 3-2 Ao . 1B X IHLI S —
PR A T 0 B BRSO T A SO S 2 ROTHLIHE ARG, Tz v B3N e ]
TEIRALE, [RISLE AT B v BN Ak LA S e BB AL P R 1 B . 25 B8 B R R R AR
BELFE AR (BRI, it i K L T AN R 4> ) B Y 70000 mm, 30000 mm Al
20000 mm, ik 3-2 (b), (c) Fr~. A THESH N DA O 50 B SN (v, =5
m/s, V, =10m/sand V3 =20m/s) FIJE/H E (P =0.0 Pa), A AR AR E & E N
1% T B2l XU 0L PR 2R T AR ] e 3l ) S 8 T B R e M R B T, ] e 3l ) LAt =N T i
IR FRI -

Velocity inlet
Symmetry walls
(@)
50000
|= 20000 mm _;J:' mm .__|
| | |
—ir
Symmetry wall

B 7

= ‘g E

> . o

Z '\r' Stationary zone L S

=] @ [=}

- u o

S o ®

o
Block 10000x10000 mm
Symmetry wall
v
(b)

% 14 T 3 60 T
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B sunscrni o Ton vy EEHR BT MBI SR

Symmetry wall

12000 mm
20000 mm

Wall

(©)
B 3-2 =4 FIEAILT & (2) Z4E40E; (b) LA, () ENLE

=Y TR R SR FN L AE STAR-CCM+T R B 3 & Rl 0 SR 58 1, 3844 %
AR IENARRI RS, &l 3-3 (@) Ain. AT SEAF S S0 B AR U HLI iR, Kk
L5l R AL TR A 1A B A s, BB L an B 3-3 (b) Frs. B 3-3(c), (d) 79l S 4
FE SRR {3 52 RS R A O, BIVPE SCPE RS QLRI B3R I VAR LR T 1) i B A 2 A
W EA 30 2, BRGKER 1.1, SJEERN 0.00294 m. T 5N CRFT#EE (5
m/s, 10 m/s and 20 m/s) FIH A BAaZK: (0.9256 m), 24 RIHF5¢ S 455 Re 7E 3.0965 — 1.23¢6
TGN, AL SST k- T Y P ER, W2 — B ZEE R EHN 1.7%-5 m, f}
UE T 3B — AT 2 WS 5T 0 B SR BRI R C BNyt < 1,

—— ==

Vertical section | ———

Stationary zone
Horizontal section

o S
— 1‘ S
i 3%3_ N iﬂ<\\
| CheE ]
A N
D B X
P ﬁ[fi ﬁh““wﬁg

©) (d)

B 3-3 =4 it EIREI a1 (2) BARRIRRIEOL; (b) RITHLRTEA AL R4
il (o) SHRERMUFEMAE; (d) A KL FERE

3.2.3 AR T

7E ABAQUS H - XU Al iR A B I T B XL A TR e, K] 3-4 FoR. S48
U S o BT R IIHLIN R 5 S e 5 S P B R A e b I I RS 5 HE R 3 AR SR FH DU T
1A Tet B IR RIHUBL S BEAT A KI 20, AR EE S5 CFD BB A SRR —5, SO
S35 S FANAE , 55 P A B Pk S 40 591 9 7850 kg/m® A1 2.06e11 N/m?. i Hi 5 & 4 A
TR, 25 BEFISR R B4 Wl 2700 kg/m® F1 7e10 N/m?. WiFikABHIIARA HL IS5 B M 0.3,

15 7 3£ 60 BT
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s/ SHANGHAI JIAO TONG UNIVERSITY BN WAL WS SR el o s IV ESE oy

B 3-4 FEHHRAIHA RTRE =4 B

3.2.4 RS ST AR 4k

[ ) 2B A B BB A 0L P K 0 R S e e . Rk, 72 IE R
BRI, B AR R ) WA T PEREAT IR . AEARAT AR, AR AT LA T = R R AR A
S TSR RELRE I A« o S0 0 OO R T A O A% o T B2 X L7 3 P R\ 50 7 3
52 TR TH D ] 32 A% 5 R R 2 i, — P I s 4 4 2 TR0 DX 7 T I i R S R S5 A R 1T
K& BB FEANE] o AE =SSR, R THLI RO SR S5 R4 ) XA RT3 01l 164 0.1 m, 0.04
m 1 0.02 m. EHx%F e B R IHLI S — s HUIRES, K XUIHLAE 10 m/s Fa25 RAE T S8
PRI TR (2= 9.6 m) FIASEIAL (2 =5.4m) MIARTEME B0 RS E L %, £
AR IR MU R . PN (0 AR B AR 3-1 () el HiTokse
SR, SRS T BT RS R TR E RS HE A

31 MK 32450 TiHEEER, IR AT LR IR IR T T 5 25 A B R AR XS
W2, LN 20%, [HURILEE AT . A SR A0 AR R ek A0 A B s SR BN B
RIS 22 ) P A% R I AN B R RS B 25 5. 76 Lei 250V Su 25PN RiT 9t g iy
1 2 R XS T RE 2 RS T B, AT RS E SaE SR RS  E . TRIE, 2R 65 BT B RA
FURERARE, A SR HCHh 2508 200 ) 0 B 4 413047 TE 3B AL

R 3-1 FT XIS B TSR AR T XBE SLAE X 5% 22 PR P S 4k

X - R SLA - . -
X % Tt S AN PR I xR K xR
N =EN N B4 N N
*) % (mm) = %= JE£ (mm/s) %=
(mm)
HH K 6236743  0.9012 -6.90% 0.2803 11.81% 8.926 -20.37%
Paragic
EPZH;*H 7871364  0.9627 -0.55% 0.2348 -6.34% 11.600 3.48%
EkE4 10712312 0.9680 - 0.2507 - 11.210

R 3-2 F T RIIHL AR LR b XS0 AR R 22 K R AR SRR

R K AR ﬁfm HRt iR er;@ Fixt 2
e - #%(mm) 7= ” %= = *=

(mm) (mm/s)
HH K 6236743  0.4054 -5.06% 0.1227 13.40% 4.031 -18.93%

% 16 71 3t 60 W
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h j SHANGHAI JIAO TONG UNIVERSITY §E$mmﬁ$)l&i$§2§$@ E'\]mﬁﬂrﬂ}ﬁ.‘_ﬁﬁ%ﬁ*ﬁ

i

Z: 3-2
X - FIAE - e K -
R T TP ¥ VAN KSR s . iERYRTS . FX R
e DX B X % . i .
R #(mm) #= %= 7=
(mm) (mml/s)
A gk
EPZH;*H 7871364  0.4267 -0.07% 0.1017 -6.01% 4.875 -1.95%
B4 10712312 0.4270 - 0.1082 -- 4.972

3.2.5 WAl KMk

B ] A5 I R AR A PR UE BB AU 5 SR Pl S P 1 B BT 4 o DRI, ARSI = A
7] R I TR EAT LA, DAV T B RIS A FE, 737072 0.05's, 0.01 s #10.005 s. 5
FEISEPENR —FE, K BRI 10 mis FaZS KUVE FH R S Hg s 248 R0 38 ) Ab AR 36 1
A e S8 HS A A DA LT B o

33 MR 34 LM TIHHHESER, IWERFAHMEE H AP 0.05 s BT 45 R A &
KX IR, WAHILR] T 30%, iy E549 0.01 s A1 0.005 s B (1) 115 45 R L isczin
R, A5 R AR SR, 0.01 s #ik kG aemt 7 fIi K.

F 3-3 FT RIIHL X HEIEZE TSR TE XSO SLAE XHR 2 [ B 18] 25K A

WS BRI AR CPRMR M Wﬁﬁ’ AR
K (mm) *= (mm) = - 3
(mml/s)

0.05s 0.8998 -12.98% 0.2992 16.51% 8.401 -23.83%
0.01s 0.9627 -6.90% 0.2348 -8.57% 11.600 5.17%
0.005s 1.0340 - 0.2568 - 11.030

% 3-4 FT R ITHL S B S T A T RO A Ko 522 O () S5 R
WS RO AR CPRMR MR Wﬁﬁ AR
" N % N
K (mm) = (mm) %= (mm/s) x5
0.05s 0.3832 -14.02% 0.1269 14.12% 3.609 -28.59%
0.01s 0.4267 -4.26% 0.1017 -8.54% 4.875 -3.54%

0.005s 0.4457 -- 0.1112 - 5.054

3.2.6 R IA)AH A BB E

TR E AR D1 RV PR CEAY,  oi FE B E — RAIA ARSI S 5. 1R
STAR-CCM+H, L 4l XML BN IE RS & A F20m,  [E4R 877 i ) FnEE [ 85 U] 87 ) LE
SE HIRE A A5 KA% 3 2 ABAQUS. 7 ABAQUS 1, K5 s A #15 HR [0 & STAR-CCM+,
PRUEXL ) F A AU IR 2R 47, B aXzh 77 3R A ()36 20 K 5 18 e # G it [R5 K AR — 2

3.2.7 K &

%f T STAR-CCM+HIRE, B it UK A0 — B bt 2 204 4 BT SST k- TR
TR RS IR B ) B . R BR X aE e 8 4 B5 32 (Implicit unsteady segregated flow
method) KA#EESHCT 2, H R 456 & i-F8 8 /R A7 (Gauss-Seidel iterative method) [f]
AMG (Algebraic multi-grid) AR, [FK, 12T SIMPLE &% 1) K J)-18 1E 77 1% SE g 45
P FERAN SR FE R G, B kAR IRAG I 1 7 FE A 7 FE BB A - 72 ABAQUS
FITHE A, 2T Newmark 575 BIRR R Al 5002 F T 3R i e B R R DML Bl 1122 5

%17 T3 60 W



@) Y FAL%
NI AN o TonG Usvessry FEER IR RIS SH 55

AP KN 0.01 s, fE—DIEEK PR E 10 AN, PURIEEBIR T 5 A
197t b e T YR e QB R o w2 /v sV R S e S R R S S 3
B, WAAGHE 75 STAR-CCM+ERA G E RFF—3, BN 0.8. Frf MEUERIMIE — &
IR S5 %% (Intel (R) Xeon (R) CPUs (E5-2630 v3)) L 347 58 i, 58— M) 20 AT+ 5 k4
T 260 s,

3.3 WEFBE B AR IUE

A SCHIF Gliick M 20N S r 4R 35 B R TR 56 1E X R £ B3 R A 2k . 7E Glick M
aBOlRE s R, {E#IZM CFD-CSD JiEMHT 1 S BT MAE RS TR T Ish 4. &
3-5 Y TSR R ST R 2R PE S, PR SRS S AR 1) 2 B RN Bl IR T 4y 3 1
kg/m® #10.2 Pa-s. & 3-5 I T 7E STAR-CCM+H1 ABAQUS Hr A 7 (i3t . -3 frg
KL B FEAITE 43 )4 6000 mm, 6000 mm 12000 mm. A T 553 Bl XL H i R
LR B ORFF— B, AR L RIS UE A [FRER A 7 A FURSF R AR5 M DI B AR A, il 3-5 (b), (c)
Fiim, BEANTRARIE A% E 28 60 J5. fE ABAQUS 1, C3D8R ol T P4 A IR oA
AP 7, BRIy 3.2 75, LI 3-5 (d)o R 111 A RO SRIATIEE B2 AT 7 H 1AL R e
J15r B BEE A 10 mis F1 0.0 Pa. BRI (R 2.5's, fEER ARS8 0.01s. #FA A
H U E X 77 1] BRI RS AR N et G, ARG RS i Ar B AE B 3-5 (a) AL bR H o

U F SRAE REB6 R A 45 AT ] 3-6 A2 H, AR A R LR BIX ) A5 SRy A i A
PLGE 5 SCRREE W& BT - TEPRITHS TOL R, ~PAR IR IR RO 4R S AR A PR — B
b, RS A B BE R B TR AR (0 sl AR, RT DU T 3 B A A P JS B2 5K

& 3-5 MBI LASH

ZH Value
Kz 400 mm
i B 10 mm
i 1000 mm
L A 3.5e9 N/m?
THFA L 0.32
W 1200 kg/m?

Pressure outlet

Velocity inlet

Symmetry walls Stationary zone

(@) (b)

© (d)
B35 HEE: (2) S () HEEARE LI ©) TR ERL: )
A T = A

218 U £ 60 1



) 3 . }_’/f v
B suavcrn wo Tons unversr B EIRAIHL R ARSI SE S AT

0.07

—a— Literature
—&— Two-way coupling

0.06

0.05

0.04

0.03

Displacement (m)

0.02

0.01

0.00 . 1 . 1 . 1 . 1 .
0.0 0.5 1.0 1.5 20 25

Physical Time (s)

[ 3-6 MR & B BUERIE R 5 ST BEE ™ i

3.4 EE X I XELE R 43 47

H T 5T STAR-CCM+H1 ABAQUS HIXUal i & BT H L A =y, 7E REE T 2 i) B
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2 THT U X PR ATLES A4) 1A RS 82 o B LRI, A5 78 i 18 3 Ll XA T LT XU 23
SNV, =5mls, V, =10 m/s fl V3 =20 mis I =FAaSXAER FRETRE, HFohA
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2 JE B A TR R BB AT 2R 0% A 0.000 Pa BGE . XFF A 3, fEM A 5 S T AR
BRI IEE A7, 1R E AN SR 1, FE =R LN B R B B 738 B
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Blade 3 Blade 2 Blade 1 Blade 3 Bla: d 2 Blade 1 Blade 1
L) i
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I
Trailing edge Trailing edge
Pressure (Pa) ure (Pa)
-38.888 -27.732 -15,577- -54208 5.7349 -33.482 13.820 61121 -7 -529.48 -3. 9.74. 9.732 269.47
(@) (b) (©

& 3-7 H—MEHRS TEEMRATEXERIRESTG: (@) V4 =5mis; (b) V, =10
m/s; (c) V3 =20m/s

Blade 1 Blade 2 Blade 1 | ! Blade 3 Blade 1
Trailing edge / | l Trailing edge

Pressure (Pa) ure Pressure (Pa)
-175.39 -128.08 -80. ]83 -33.482 13.820 5 121 170 42 -124.08 77 751 il 418 14.915 61 247 -15126 _ -108.68 -66.096  -23.516 19.064 61.644
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&, 0 =0° (b) EMEHURE, 0 =90° (c) E=MEHIRSE, 0 =135°
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P, I M A FEHEHURES T RONUE L Z 5. K 3-9 45 1 128 — MysHLIRAS T 55 EL
RIIHUKF#RT (z = 7.5 m) AL ELALIIE 20 s I AR a1 o S AT ) LA L AL I
3-3 (a). WK 3-9 (a), (c), () o, BEESCHEREZ SR, R B K, i)
=HEIEE R AR . BRI T DU Y, B KGR IS0, 3 B X ORI sh e
FlIRFEy K, ARRIEILR ] LLAIE 3-9 (b), (e), (9) T AHL. [FIR, SCH3 35S B i i ibs &
SRR GO, AR T AT A DX ) R 5 B AR AN I, 9370 A S P JE 54 LAAS X AR (14
FEAAMT A B

ME3-9 (b), (e), (@) ATLAE i, WA 1A HBCA HBLBCR KT IE, i by & 72 e 1R T
I HEA BRI BRI R . BT LS RIE B, 24 XSG, HR 2 1R 3 5 Y
AT SE R A 3 AL, R HESEARTI 2%, A I P SRR 14 BT 25N s S0 1M 25 AR T
WL o IR PR i T G0, - e B B e A A — UK g aE , RRid Az
ik 3-9 (e), (f) . Ziitds R e A A I, R 3 AL 4R J) BBl T OB 21— R BUAN[A]
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(f) (@)

Vorticity: Magnitude (/s)
0.00000 20.000 40.000 £0.000 80.000 100.00

& 3-9 $ﬁﬂ%ﬁ$ﬁ$ﬁﬂﬁﬂﬂﬁﬁi&%l§: (a), (b) V1 =5m/s; (), (d), (e) V, =10 m/s;
M, (@ V3 =20m/s
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Vorticity: Magnitude (/s)
0.00000 20.000 40.000 N 60.000 80.000 100.00

& 3-10 10 m/s RUER = EHLRES TEEMX VB RER: (2), (d) F—FEILRE, 0
=0°% (b), () BZFMENIRZ, 0 =90°; (c), () B=FEHRE, 6 =135°

3.4.3 = F A4 X AL R E A

JRCECE W T B VA A TATL S A8 22 A 1 R D R L Bt 2 A4 1 140 2 Ll X T WL = o
FEAS KAEFH T I REA R, 570 b7 A R ATLRAS X 45 44 A B2 (1 52 o bk, X IR SE
PEES B W R S P R SR AR T 1) RSO AT T B ST B EE SR TR T (2 = 9.6 m) A
AFTEAL (z=5.4m), HATITEET (z=10.65m) FUKIHEI (z=4.35m) LU
M 5> (2 =5.925m, 9.075 m) HGE AT 75 B o 1% L g 7R A i (1) B AR B an ) 3-1 (@)
JIR AEARF TR T, THE =S MRS N LIRS IR AR x 5 1) b (s R A5 R A g i 7,
Hrp XGES B vV, =5mls, V, =10m/s AV, =20 mis.

Bl 3-11 A 3-12 43l T 3 FL Al R T AL S 13 B8 B AE 5 — P LIRS TR I 8 A 5
M EA AR I S N B R R 3-6 b . MEIH AT DURBLE =R R 8 ER T,
SCHEES BRI R i N R B — 5 B R AT, AEAS IR RSP 38 R R g, 0 i S i 2%
7E 0.000 m/s B A Hudsh . £E Wang BT RT S b 35453 T 2R AUSE HE . I WAL U
WAEHTN, SIS A RS AR SIE BIHT 0 28 R TADIR S . 753 3-6 TR,
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B 3-11 F—MEVURE T BRI X IHISCEE R AR AE x 77 _ R BRL: (a), (d)
Vi =5mis; (b), (e) V, =10m/s; (c), (f) V3 =20 mi/s
0.006 0.015 0.050
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B 3-12 FE—FENUIRE T RE R X VLS HE B MBEHE x 7516 BB ERL: (a), (d)
Vi =5mis; (b), (e) V, =10m/s; (c), (f) V3 =20 ml/s

R 3-6 FFEHUIRE T 2 BRI RSB RRACR M R B

RS 5m/s 10 m/s 20 m/s
(AR T AAEmae TRl ARdimma A ARETm AL
BopLEs 0.3009 0.1304 0.9627 0.4267 2.8610 1.2290
(mm)
PR
:F(n;jnil)jy 0.07558 0.03270 0.23480 0.10170 0.86640 0.37620
=, ‘EE B
BV 4,976 2.203 11.600 4.875 39.770 18.890
(mm/s)

3-13 EE 318 A H T Vv, =5mis, V, =10m/s M V; =20 m/s =Fh Xk T H
Bl R IHLI RSP AE 58— PS HLARAS T B SR B, 5 B A e DS e 97 B340 n =%
3-7 fiome MBI AR LUE H, BEAE KGR PIG I, KOIHL 5 S8 i XS0 B 2 55
B, 53R AR S S AE AL, BL 10 mis A1 20 m/s KA, R 1 TS E
10 m/s KGR ~F34 067 #1249 0.29350 mm, T 7E 20 m/s XUE FIAE] 1.11300 mm, P [A]Z)
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P RES B AL IRAL; (5), (K), (1) P e PR A8 T 5

swor | [ IIW'H
ML AT

Upper arm3
Average

i
i

5 10
Physical Time (s)

15

0.0060 0.0035 0.0030
Upper arm1 Upper arm2
0.0040 —feoe 0.0025 —femte 0.0021
B 3 3
= I = =
g 0.0020 | t I | g 0.0015 g
£ I AN & £
8 IV | { | l 3 f 8
« @ (]
s 0.0000 a 0.0005 =
o o =]
-0.0020 -0.0005 -0.0006
-0.0040 -0.0015 -0.0015
o 5 10 15 20 0 5 10 15 20 0
Physical Time (s) Physical Time (s)
0.050 0.040
Upper arm2
— =~ Average
0.025 0.020
0 z 0
E € AL ‘ E
F-l 2 0000 i ' I 2 0.000
3 ] | 3
o £ -]
2 s ‘ B
r -0.025 -0.020
-0.050 -0.040

Physical Time (s)

(d)

0.0020

0.0014

0.0008

0.0002

Displacement (m)

-0.0004

-0.0010
0

L

Average

5 10
Physical Time (s)

15

ower arm1

Displacement {m)

5 10
Physical Time (s)

(9)

15

0.0020

0.0014

0.0008

0.0002

Displacement (m)

-0.0004

Lower arm1

0.030

5 10
Physical Time (s)

(h)

15

Lower arm3
i Average

-0.0010
0

0.015

Velocity (m/s)
- o
=
8

5 10
Physical Time (s)

@

—— Lower arm2
Average

0.030

20

Physical Time (s)

0]

0.015

0.000

Velocity (mis)

5 10
Physical Time (s)

K

Lower arm3
— - Average

5 10
Physical Time (s)

15

V)

& 3-18 20 m/s KRR B —FEFUIRES T EE #RIHSHEE H 3 A7E x 5 H_ERA s f
R (a), (b), (¢) L3CBBAIBMM; (d), (), () ECHBEBWI; (), (h), () T3
BABmNL; (), (K), () T8 ®EEm R
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v/ SHANGHAI JIAO TONG UNIVERSITY §E$Emﬁ$ﬂ.&i$§2§$@ E’\]Niﬂ[ﬂﬁﬂﬁ_‘?'—ﬁﬁ%ﬁﬁ

R 37 FMEVRETERER IV FIS B AR XS0 MR
HE 5mils 10 m/s 20 m/s
2 i X i e iz
R AT
! SE7 R H 7 SR T H 27 D g H
TR I SR 4y HR AT I
B ALE 0.5131 0.4476 1.5130 1.3080 5.7930 5.1480
(mm)
SZ A \L A
ifrg@ 0.09147 0.07708 0.29350 0.24880 1.11300 0.94850
ORI 7.131 6.203 18.990 16.800 80.500 69.170
(mm/s)

FERUIRAS B SR AT e 36 3 B I HLES A e VRIS AN A2 . 3% 3-8 45 17 10 mi's
JRIE e 3 Al X LA =R MRS T SCHE RS SE BE F ELe e MR P AT LA H, 28— b
FEHUIRES S RIHLSZ S BRI T A2 AN IR FEAR X fie /s 5 = RS HUIRAS T SC LM
IR B KT R RS HUIRES . SR, RSB = MRS RIHLSCHE RS 2R AL
FERIAR T I3 3 P T AR R AR, AT LA S AN [ 452 LR 285 0 8 .l IR AL PR i 7 PR 5 o
2 3-8 10 m/s R it =S HLRES T 2 LA XU L3335 ZRARTR Atk R Bme B30 ) L

RH 10 m/s
EHVIRES FH—Fh o B =Fh

(VA DU ARglkmmah TSI AR TESEGE AR AL
T FNIR S

0.9627 0.4267 0.9290 0.4028 0.9759 0.4225
(mm)
SEArFS
* (g:}ffy 0.23480 0.10170 0.26100 0.11170 0.28160 0.12190
=] ‘% o
BARE 11.600 4.875 11.910 6.328 11.870 5.393
(mm/s)

3.5 EEMN AWK FHA D

TIF 98 57 vl R v A AL 65 460 1 2 A PE AR AV B 3, ARTIREN 10 miis Fads
WA Dy LA R T HLIRE 57 453 05 0 A R er B 00, AE PRUERIE TS5 R AT Wl VRS AE b, B1xt
S AMENLIRES T IR IIHLEE T R 57 45 73t . A STAR-CCM+H1 2 i KU HLEE 10 m/s
RS AR T iR USRI A2, R8I 8t in T ABAQUS R R HLA BT, iz
it Newmark JiiARIBS a0 /1 2 S X IHLAS A L TN FR RN . P 3-19 45 Y 28—l
FEHUIRAS T 3 B AR XML X E 20 s TN I AEIRAT L, 3 BRI SC3E
5 SCEIE ROE R AR IR A iR K, IR R R IH AR S I S AR I, 2088
FAE IR ST AR iR R, & R I LS R 57 75 i ) R B P A6

% 29 T 3 60 W
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= H RN R IEERR R S S 5

S, Mises

(Avg: 75%)
+4.316e+06
+3.956e+06
+3.597e+06
+3.237e+06
+2.877e+06
+2.518e+06
+2.158e+06
+1.798e+06
+1.439e+06
+1.079e+06
+7.194e+05
+3.597e+05
+8.100e-25

&l 3-19 10 m/s KR 55 —FEHURES T EE M X THLQR I B = B

Pl 3-20 45 H i Bl AL BB A 1) 2 77 IR i 4 o R 0 20 B R AT MATLAB il
B =R TR M R T BeE AR, WK 3-21. i MR THEE A S R IR Ak
B, SRR IHUICHE S NI IESEPRE A B ge it 4551, Al 3-22 A1 3-9 . A
R, RATHLR BB AL ) B Ay i (B & T E 3 MPa-4 MPa 2 [8], 7T # 4.

Mises Stress (MPa)

5

Joint
4 H
3 H
2 K|
1
0 1 i 1 i
0 10 15 20

Physical Time (s)

Bl 3-20 2 ELAH X SIS S BT LI 77 B 72 i £

25030 U 3£ 60 BT
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cle:
clear;

C=xlsread( stress’ ); Wi&EE HAE
B=C;

A=C;

q=length(A);

w2 B EEETANEE, RREESE

for i=2:1:q-1
if A1) <AL &RA (1) CA(L+D)
B (i) =Nal;

elseif A(i-1)>A(1)&RA(1)>A(i+]1)

Bli)=Nal;
end
end

Bl ENaN

B(isnan(B)}=[1:

wit B AR, EMRAEET. H

[a,bl=max(B);
n=length(B);
Bl=B{b:n);
B2=B{1:b) ;
B=[B1;82];

& 3-21

for j=1:1:n-2
sl=abs (B(j)-B(j+1)):
s2=abs(B(j*1)-B(§+2));
e=(B(j)+B(j+1))/2;
if s1¢=s2
F=[F:sll;
I=[J:el:
B{§)=[I;
B(3)=(1:
n=length(B);
break;
else

& T bl B
18 R S continue;

B, EAR
end
end
end
continue

W% MATLAB B

Cycle number

3.2

3.4 3.6

Stress range (MPa)

3.8 4 4.2 4.4

&l 3-22 FER RPN R SEFE RS AR B

39

N [ BE TR SR PR E R IR 3

ISz 3 e fEL R

IS 3 e fEL

IvwaLEtiEs

{(EEENV S {EEEARV &

(MPa) (MPa) (MPa)

2.968 4 3.049 10 3.164 7
3.228 6 3.332 8 3.418 1
3.727 5 3.834 5 3.922 3
4.057 6 4.122 2 4.272 1
4.309 1 - - - -

3 ELR TR SRR 5 SO B B i AN i, ARFE IR At 152 1 (il I HLE,
MG PUER, BRI B R, RHLCEEERAL S-N BRI Hh 22

log;oN = 11.687 — 3log,,(1.581A0)

(3-1)

X, N A Ag 533N T I 57 BRI CECSE A . F53R 3-9 v %% 1 i B
NS, TSR BUAN R S A S 2 57 A AL, I3k 3-10 from. MERHAT AL,
e B X IH LA R AE B S MBI A TR e AR08 57 B I 3 « AR AR 2R 1 95 57 B AR
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%wf‘wwwmmwwwmw FEBR AN T EERN KBNS S S
bwﬁwGﬁQ&yﬁﬁﬁﬁ%ﬁﬁ%fmsHMWﬁHﬁM%%%umerﬁb%ﬁ
&, W3R 3-11 Prow. @ik FIRTHE, XUODHLOGEEERALAE 20 s B[R] P 7 52 098 57 45247 A
2.086e-8, ﬁ%ﬁﬁ@ﬁ%ﬁﬁE%RﬁMfmmk%&ﬂﬁ%?%ﬁ%ﬁﬁﬁmmwi,
T RN ot R I HL 57 75 i ) B ALK

2R 3-10 AN N7 WEI8 55 B R FA IR B

%ﬁﬁf TRV %ﬁﬁfi R /%ﬁﬁfi TRV
2.968 4.708e9 3.049 4.342e9 3.164 3.886e9
3.228 3.659e9 3.332 3.327e9 3.418 3.082e9
3.727 2.377e9 3.834 2.184e9 3.922 2.040e9
4.057 1.843e9 4.122 1.757e9 4.272 1.579¢e9
4.309 1.538e9

R 3-11 ARNAIERES Rt &

%ﬁﬁf P %ﬁﬁf B %@Eﬁ P70
2.968 8.496e-10 3.049 2.303e-9 3.164 1.801e-9
3.228 1.640e-9 3.332 2.405e-9 3.418 3.245e-10
3.727 2.103e-9 3.834 2.289%e-9 3.922 1.471e-9
4,057 3.256e-9 4,122 1.138e-9 4272 6.333e-10
4,309 6.502e-10

3.6 NE /2

KRELRGIE AV ERAE %077, B RICA T E ARG M98 57 73 732, T i B 4R 3 A
EER WAL IS QL NP7 o T Gt a1 = R Sy R S E 3 i e 1 5 W N P = R
FA R 3 B X LR T RE 23 A0, AR, TSR I THL R L S8 45 4 1 X B B,
[F B 3 BT AS AT LARFS XS IR AL A RE P52 o SR JE AR ZEERT 10 m/s B KU 2k T,
ST 25 57 BB N, 32 F AR PR B IR, X EL2k AR LR TP
I 57 I AT IR NIR VA % 57 . FELRWT:

(1) #£T STAR-CCM+H1 ABAQUS 3 [n) & FLiE 7] LU RSN S5 f (1 Bhas ke o, £E
T ALt e DA 7 (1 [ B e A% e 42 465 40 R A R A R 40

(2) .2 3 2 .l R\ g A LAl IR T P 2 T XU 23 A 638 2 T S ARALL, B IRk Fp 38 o,
FM R RZZ G K . KT 2R TH R 77 5040 0 — 8 R, ) Sk A B4R
S FU Jig F 25 46 1) R T XU 43 AT o T B AT LI AR T 22 RN B K IE IR AE SCHE S 48 I A
B EAFUENIRES T, RIIHLR R IR AE Z 7

(3) [l WG 3N, 2k 3 1 B Ak XU AU 10 i = 4R AN R I R &8 8k
AR o [RIEE, iy 38 BT Pt O IR e 45 WA e A SR 25 AR Ak, iT A 2 ok 2 L e XU T LT XU )
NI S o 5 SRR AL B ) AR A 2 5 B B R WL A I BRSO

() FERAATEAE T, B 2R 32 B Rl X LR e A B R AR, RS B aRa.
BT BRI BRI LM S, 53 BRI XML BT AR, BB SOV I i IS DR
UE R IIHLI a2 A o A RS HLIRZS 5 2 L 4 X 7 AT XSO 192 F s e v DA 20088

(5) 1ZH 2 H 5 H il XN 57 Z5ar A 30.397 4F, i 2 & TH I EK .
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SHANGHAL JLAO TONG UNIVERSITY B 3R LR SRS R0 R 58 5 4
Wi AE FEHFANEUE —MEE S HHFAERE SCI BT (Energy Science &
Engineering), I FH .
Limin Kuang, Jie Su, Yaoran Chen, Zhaolong Han, Dai Zhou, Yongsheng Zhao, Zhiyu Jiang,
Yan Bao. Flow characteristics and dynamic responses of a parked straight-bladed vertical axis
wind turbine[J]. Energy Science & Engineering, accepted. SCI Cited, 1F=3.553.
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- > A 7
VY FEXAAY
J stascin 100 Tons e FEHRNIRE SRR RS SRS S

FNE BEXEFEHMXNNNEEESIHFEMR

4135|5

I B R IHAE B TR T LR RSB UANE, T ARERS. KINAEZXAEE
SR BNN, 2 FEO SR, D RTHUE A, A IR AR R RE I A
Flgzm, PR 2RISR AR T 2 SR8 1 F R AT IR AN 9T o AR FEET XS
IR B TR E XML, 18 SR ) S B STAR-CCM+3£5] A SST k- it it i Y,
TR RAWLAE 2 SR 7T, BT EUE RO R AT SV, A ROIHLIE AT I Fe Hp 5 10
SIS EUAE B, LRSI 20 A7 A e 45 M A VDN 5 487 RO HL T AERLEE, DI E
25 R H A IR = B Rs TR I S

4.2 YEHE

4.2.1 N JJHUAAY

JETF AR STIR M HT, AR Li S5V XU S e X B A LB o R 5 W ik
£ Unigraphics NX 5@ 37 2 LR, 27 5 5 N\ STAR-CCM+H HEAT = 4 e i B sl . 1
4-1 A RIIHU LRI B R R = B, R RABE KN ¢ =265 mm ) NACA0021 328, I F
fE h=1200 mm, %MK B =8 RN IEELALEE d; =60mm, =¥ H =1650
mm, XHEEEREN d, =30mm, KEFEHEAN D =2000 mm. 7RI, o B KL
£ 8 m/s Fads X LHL NigAT, ARERIINURA TAERLRE, FFORUESE RIS, £68
el BB S L 0.84-2.20, AHSIER: s R 6.72-17.6 radfs. Ib4h, CAEWFERL
P ) T B XL T A RLRE AN TS S S B R 5N RTINS AR A i i h 5
R, FERE A 20 T B A XL S, niE 4-1 (b) FonRPY. FEAIRIHL=A
MR BL 120° 7 D M EIRR A &, DA L BN 6 = O°RHE N RUIHLISAT IPIIa A &, K
6 =0°-180°1K) X 3 kil /3 A EiF X B, 6 = 180°-360°1F) X kil 43 A FiF X B, 4n&d 4-1 (c) A
7No

(@) (b) (©
B 4-1 EEBRANIUTER: () =40E; (b) =40E (AEEE); (o MLE

4.2.2 THEAR 1A
FIH STAR-CCM+# IR #G) it = 4B v SIS A, tnlE] 4-2 Fros. T3 B AR
WAL TIZATARES, T v S35 /MBS ] 5 38R0 P S0 i e 3o [ e 3 B Al 2 ol 1
9 40000 mm (20D), 20000 mm (10D) #1 5000 mm (2.5D), Jig# s i) B A7 A e 5 2 Wil B A
4000 mm (2D) A1 2500 mm (1.25D), BL_ERSFIIBE T Lei 20, Ma %™, Elkhoury %
1591, Bedon Z:°°Mf1 Rezaeiha 251°% A fiF 5t o 6 T [ 5B 38, A CURITHS 140 040 B o g k11 (v
2034 T 3k 60 T



;EE.Xﬁfiﬁ}@?
B s 10 Tons vaners EERRSE R EIOE SHFH S

=8m/s) MESHE (P =0.0Pa), Al F ¥ B R RERT, N AR AN AT 50 L 3¢
BN 1%, W heke, R R T B E o A BT o ]2 8 e e TR 1
B E NI, TS B EAR T AR A R S R EEEE . XTI
(IIZ4T 18 HYE 5 T A % RIS ROR SE B

=R IR RS P At AE STAR-CCM+H R HT E Sl RS Rl 73 HoR TE B, R AR
RAEMAC VIR, 0B 4-2 (b) Flras. (R @RISR I 5 ] g Sk R it X i BN P, £
2% T A RS RE A B ()[R 345 O LI R AR, S S e i 2049 540 7
4-2 (c), (d) 2o T RITHUH A R IR ATIL 5 R R o35 00, Py RS S AR
BRI 30 2, EME KA 1.1, BN 0.006 m, LRAE J 55— Z A Z MRS B B
ORISR BRI TC MR y* < 1.

Rotational zone

Stationary zone

(b)

y

R .-j—-::ll | |
© | |
B 4-2 =4 it EIRA: (a) FFHTHHEIAER; (b) RSB RIERIELR; () R

T3V Fr B A Sl -1 0L (d) T34 R A 5

4.2.3 B [AD AR

B[R] DK 15 B B AU A P (0 DGR 43, e R U B AR i P A B () R
1 O = Ve = e 29/ = 1 N 29 i e i 1117 7 <0 7 WZ Ny v/ e .7 N S
(A HEAT UL, 20 il %) B A 2 B A X AU 1°, 201 4° ke 9 i), R T/360, T/180
AITI0, T &R IIHUNER:— i Bt 75 22 (I [A]

Wt Lei mEST, 5 B2k R B A X WL 2% b g -

wD
A= W (4'1)
1t Posa 5P B LR |-, 58 SCE LR B AR ABLI IR AR5 ¢, M-
__ Qo
Cp = pV3hD/2 (4-2)

EWRF, w, D, V, Q. p MR BRINRIINUER: MAIEE, REEEE, ANSRRE
[E, RAWLERSE, SRS mE.
41 RIER IS A = 1.82 TR ARSI L dl, BP2ET SST k- it
TR MR ARE IS B 5 A S iR R ¢, BRI, WRFEH, AraEK
%35 B Sk 60 7



\2rs/ SuaNGHAL A0 TONG UNIversITY T EMR AL SRR R BN 5SS 4T
8 TI360 F1 T/180 B, BN L R KR SCIEAR AR 3G, AR ZE I fE AT 22 Ju [ i
I3 WIN-T.371%F1-7.89%, TAE T/90 5L T, B AAILEE A5 XUl S B A0 B w22 50K,
AR R ZEIR S [-22.63%. Kl, ZREFEIFERANREHAEL, A0 T/180 FS 2K
F4-1 RAPHAREE A = 1.82 FHIREIZB KR

B )25 K HUE AR X Sz RSN S=
T/360 0.176 0.190 -7.37%
T/180 0.175 0.190 -7.89%

T/90 0.147 0.190 -22.63%
4.2.4 RIGH I E

£ STAR-CCM+H, il Rk R0 — [ vt Z2 204 5 20 Tl 1 SST K-co Jit AR 284 mp 5%
WIURY BN A B k. RABRAIEE & 0 SR g S HOTRE, IR 456 m - 284l R %
RITER AMG AR . [FIEE, SZHHET SIMPLE 80351 K 118 1E 51 S B 4 1tk 7 FE A Z)
BRI E, JREIE R IR )7 R FE 5 R A B A

DNRAIE = 4EE 2 H R I 70 0 R F 3 BRI HLER: 8 J& B w5 AT (] B B A,
SAF], B RP KA T/180, fE—/MRFHERPK IR E 20 RIEMR, DUEEBAR T B AT
it ok BIEERA ST BT AE BRI PRI R AP R SIGR I, WA SR T 5
STAR-CCM+IBRIA B B R EF— 20, BUN 0.8, Fr e FIBUE RIS E — G/ RS 2% (Intel (R)
Xeon (R) CPUs (E5-2630 v3)) L3 4T5€ %, SER— AN RS M TH 5 R4 75 2L 180 s,

4.3 FERMESERIH

4.3.1 3 ELR X HLIR R 50t

IR ZHC, RE B3 RWTE BRI KON TAERRE . B T AR BUE BT VA SST
k- TR, THEAR B INAEAF I RIE L T RIZIER R C,. B 4-3 45 BB BT
RS RO S HAR It . WEIHRAT I, BB TR R ¢, 5 RIASAT
RSN G RAF, B “Cwg” Kot BEHRE IR &, KPR R85k
THE RS, FEXIPIRFRIEEE 2 = 1.82 I, XEEFIH AR, X3 0.175. FL, #ER
TIWUSAT FE B R R Fead, WA R e AR RE .

0.24

—=— Experimental data
—8— SST k-

0.20

012 |

0.08

Power coefficient (C )

0.04

0.00 . ! . ! . ! . ! . ! .
0.6 0.9 1.2 1.5 18 21 2.4

Tip speed ratio (4)

) 4-3 FrAErAsn g SR RO Se B o e !

% 36 U1 3t 60 7T



UIME/ SHANGHAL JIAO TONG UNIVERSITY T E R IR R AN R SE S 9
® 42 M TEEMX NI R €, BUARINEE R 5 KR S 1125047 . A
G0, fE—MaE L (4 = 1.32-2.20) F, RNy HARFEVEE N, KON 2 803UE
RO G AN X S B R Z2 350/ T 10%, BV A RS R A, T ILE A SST k- i i
TR =0 Fr B2 3R T B AR ML) R4 €, BORIEAE. HIERIHLJELL 2 = 0.84
115 FITHT, DhEREURZRK, % HIAZE] 80.65%7F1 23.94%. —J71Hi2& F 4Kl
AT LL AR, Iy B AR sy B, i 3R TH R AR R AR R 8 8 4y s im sl )2k A4
FIFREIME, 1M SST k-o I B0 7 B SIS RE A 2, AT T 80 h 5 R A E B
PG AR AR 55—y T R DR A 2 AU P AR, TR I R R EUIL
PR IRFEARTEBUA AL RIS AR, FRAR T T8 R . b abh, (R LT 3 B 4
KAWL RIS ARG E, WAE—ERE Efm iR as RS
 4-2 BEBR VIR RBBER S R 5 RIE LB RZ 5
A1=084 21=115 1=132 1=152 1=182 1=202 A=220

iﬁﬁﬁ% 0.056 0.088 0.112 0.146 0.175 0.172 0.168
XA S
R;HIEUJ* 0.031 0.071 0.110 0.140 0.190 0.176 0.157
LIERORTS

- 80.65% 23.94% 1.82% 4.28% -7.89% -2.27T% 7.01%

4.3.2 3 B A XTI HLH 5 SR o dr

R a KGR AL R (e Ay, WK 4-4 Flos, B AR EE EL A
KRB TAFRRERI IR o KB A BRI R 5 51 sl 25k 58, T FEARRIHLX
REMAIR . B 4-4h, W JURIEEE, V, A Eod L. 20 B AR KL A 50
EARFIREE A PR, SRS 0K R, B Lei EH 5 LKA IIHL
B TR SRR 0 BUTRR, IR 2 B, B a TR
IVSE

_ ) sinf

“Tarem (\/(A + cos 0)? + sin? 9) (43)

K 4-5 45 3 ELA X AL e BOR BT AL AR 2 e AN ORI, FE— AN e HRIE AT

AR, o SR EXRIA R S A, HARI JSH LG i T AR S 1 FE SR K T e AR T

EETRHIEOL, 20 MBI ARG AR . Rltl, fE3E B4 X Pls T i, wf
AL 7 1) 0k B IR/ IN I P B AR B, B KUBE R T 26
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@) Y FAL%
NI AN o TonG Usvessry FEER IR RIS SH 55

B 4-4 EEHRAHH A B ASEE

80

Angle of attack (°)

-80 L 1 L 1 L 1 . 1 . L .
0 60 120 180 240 300 360

Azimuthal angle (°)

B 4-5 e EH R ITHLH A BUR BT R A ARk i 26

4.3.3 H FL AR 7 #E ) SRS

I HE DR R VA 2 B XU L AR RLRE B R S 4, R SR R LR L e
RN 310, A SOR P T B 1 LR, R T 1) U A 5 X WL T
17, X (4-2) REEMASNLEFEHE S IR REZ AKX RN RIS KTIR R
Herst R ATHLI F BT AR 2 (4T 1 550

M 431 A A, SHgeEEL A = 1.82 I, T EARIHLIIER R Bk FIE(Y 0.175,
RIIHUI F MBS Fr 52 SN 7RI 4-6 Rt e WAL, SFFrb i 1, fE—ANE47 A
AR E (0 =0°), Ml BASLL SR RIAIEATAT, Bz s /1R 0. BEE R
JINUIFARIZAT, WA 1 AL GZ L 5 R XU 8] (1) e ffg i K, BT sz Sl St A s
1 90° A Ak, SRR AT B 1 RIENVEZ T & R IHURES, SRR 175 R Bk
TSRS TIABIEAE, N 7471 N, I 2 U IX B, K52 1B RSB ) B 2 TR,

25 38 U £ 60 1
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% fswmwmwmwmwv T E R IR R AN R SE S 9
1%hﬂ%N RAET 246°T7 i kb . AHFEIBIILRAER 2 B, HAE B X BORZ S
BHESVEAE S 76.59 N, 1E T Ui X B2 S HEJEAEAU N 28.47 N, il kAT 60 =94°
i 244°fr B AL . P T 3, AR R IX AR )RS/ JUE(E N 74.12 N, 72 R IX A Z S
FIHESIEAEACA 30.00 N, 230 K4AET 0 = 92°H1 244°fi B Ab. wJLAEH, FEEHXAIHL=
AN By i S S BN HE T FR AR A A KB, AR Z BA 12000 2, XEEA
SHM RN BAIZE 120°. RIJHUIBE I IE(E S S BhHE I 104.19 N, 405K A AE FiEIX
B 92°, NUFIX Bt 2120401 336°f7 B AL, 4 BT R R THL =AM 2 S WEAE S B3 I Bl
AL E

160

| Total
140 b - -- Blade |

| - -- Blade 2
120 L - - - Blade 3

100
80

60

Thrust (N)

Ay
40

20F"

0 60 120 180 240 300 360
Azimuthal angle (°)

B 4-6 EMRANH AT AL (4 =1.82)

Bl 4-7 45 A = 1.82 B AL L RS2 656 . NI E L, XA 1, fE—A4
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WIND-INDUCED RESPONSES AND FATIGUE
ANALYSIS OF THE VERTICAL AXIS WIND TURBINE

With the depletion of fossil fuel resources, the energy issue has become a key factor affecting
the sustainable development of a country. Therefore, countries around the world have made the
development of renewable energy as an important strategic target. Among the renewable energy
sources that researchers mainly concerned, wind energy has the advantages of clean and
pollution-free, wide distribution range and large reserves, hence has gradually becoming one of
the most important choices for countries to develop and utilize renewable energy. As a wind
energy conversion equipment, wind turbines have been continuously improved and widely used.

According to the position of the rotating shaft, wind turbines can be classified into horizontal
axis wind turbine (HAWT) and vertical axis wind turbine (VAWT). Due to the higher wind energy
conversion efficiency of HAWTS, they have been the focus of researchers for the past few decades.
However, with the rapid development of urbanization and relying on unique advantages, VAWTs
have obtained increasing attention recently. Compared with HAWTSs, VAWTSs with lower cost are
able to receive wind from any direction without yaw mechanisms and produce less noise, and have
better performance in turbulent wind conditions. These characteristics are found to be more
suitable for urban areas where winds are unsteady and gusty.

VAWTSs can mainly be divided into Savonius-type and Darrieus-type. The Darrieus-type wind
turbines can convert the highest amount of energy due to a higher tip-speed ratio. The
straight-bladed VAWT which is developed from traditional Darrieus-type wind turbines have
simple blade shapes and wind wheel structures which are convenient to design and install. Besides,
for numerical modelling, the regular blade shapes can reduce the workload and computational cost
during the simulation process.

Although VAWTSs have broad application prospects in urban areas, structural safety and work
efficiency still restricts their further development. The structural components of VAWTSs are
usually slender and are susceptible to wind loads. Such a characteristic poses great challenges to
the normal operation of wind turbine systems, resulting in deformation and fatigue problems. In
addition, the internal flows of the VAWT wind wheel are complicated, the aerodynamic
characteristics are difficult to analyze, and a series of key technologies need to be solved,
especially the unsteady effect which will cause damage to the VAWT. Thus, the structural safety
and unsteady aerodynamic characteristics of the VAWT are investigated in this paper.

In this paper, several research methods are adopted to carry out the wind-induced responses,
fatigue analysis and unsteady aerodynamic characteristic of the straight-bladed VAWT. For the
research of structural safety, the surface pressure distribution and flow characteristics of the
VAWT are studied, the wind-induced responses of its structural components are calculated and its
fatigue life is evaluated. Since the wind direction and operating state have relatively small
influence on the vibration of straight-bladed VAWTS, and in order to reduce the workload of the
numerical simulation, only the parked conditions of the VAWT are considered in this part. To
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increase the impact of this study, the different steady wind conditions with 1, =5 m/s, IV, =10
m/s and V; = 20 m/s, and different parked conditions are compared to illustrate their effects on
the dynamic behaviors of the VAWT. Taking into account the limitations of previous research
methods, a two-way coupling algorithm combining the computational fluid dynamics (CFD)
method and finite element analysis (FEA) technique are proposed in this paper to simulate the
flow around the wind turbine and better reflect the wind conditions. The oscillating plate model
from the research of Gliick M et al. is used to verify the feasibility and accuracy of the two-way
coupling algorithm and the results shows that it can be used in subsequent computations of the
VAWT. The three-dimensional geometry model of the VAWT is built in the structural design
software Unigraphics NX, and then import into the commercial CFD platform STAR-CCM+ and
finite element software ABAQUS to construct appropriate numerical models, respectively. The
SST k-w turbulence model with the implicit unsteady segregated flow method is used to obtain the
surface pressure and surrounding flow of the VAWT in STAR-CCM+. The time-domain
wind-induced displacement and velocity responses of the whole structural system of the VAWT
including the blades, support arms and support tower are calculated by ABAQUS with the implicit
dynamic algorithm of Newmark method, using the traction loads extracted from STAR-CCM+.
Before the formal calculation, the mesh independence test and time step test are performed to
specify initial parameters of the two-way coupling simulation. After the wind-induced responses
calculation, the fatigue damage of the VAWT subjected to coming wind action of 10 m/s is
analyzed. The surface pressure distribution of the VAWT under the steady wind condition is
derived from STAR-CCM+ and applied as the wind load to the finite element model in ABAQUS,
and the implicit dynamic algorithm is utilized to obtain the time-domain stress responses of the
VAWT. Based on the linear fatigue damage accumulation proposed by Miner, combined with the
rain-flow counting method and mean stress correction method, the fatigue damage of the VAWT is
calculated and its fatigue life is estimated. The main conclusions of this part are as follows:

(1) The contours of the pressure distribution on the windward surface of the VAWT are
similar under a few different conditions and the pressure increases significantly as the wind
velocity increases. The distribution of the surface pressure on blades shows a certain regularity.
The interaction between the blade and flows affects the pressure distribution of the subsequent
structure. The deformation of the VAWT leads to changes in the maximum positive pressure
distribution on the support tower. The maximum and minimum values of the surface wind
pressure are not much different in different parked conditions.

(2) The three-dimensional motion characteristics of the turbulent flow and the turbulent effect
of the wake flow become more obvious as the wind velocity increases. Meanwhile, the vortex
structures of the airfoils change significantly which may have an impact on the wind-induced
responses of the VAWT. The slight difference in the position of the blade relative to the incoming
flow will result in a large change in the flow field.

(3) The VAWT works normally at a certain position under wind action, accompanied by the
vibration. Due to the large displacement and velocity, the blades and support arms deserve more
attention during the design to ensure the structural safety of the VAWT. The effect of the parked
condition on the wind-induced responses of the VAWT can be neglected.

(4) The fatigue life of the VAWT is 30.397 years, which meets the design requirements.

For the research of unsteady aerodynamic characteristics, the straight-bladed VAWT from the
wind tunnel experiment constructed by Li et al. is taken as the research object, and the CFD
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method with SST k-w turbulence model is utilized. By comparing with the experimental data, it
can be found that the numerical model based on the slip mesh technique adopted in this paper can
accurately predict the power coefficient of the VAWT. Then the variations of the VAWT power
coefficient, surface normal force and tangential force coefficients of the blades under different tip
speed ratios during the operation are studied, and the aerodynamic thrust and generative torque of
the blades are analyzed at the highest power coefficient. Meanwhile, the velocity distribution and
vortex structures of the VAWT wind wheel at different heights are illustrated. All simulations are
performed in a three-dimensional computational fluid domain established in STAR-CCM+. The
results are shown as follows: (1) The SST k- model can be effectively used to calculate the
aerodynamic characteristics of the VAWT. With the increase of the tip speed ratio, the power
coefficient of the VAWT increases first and then decreases. By adjusting the rotor speed and
controlling the tip speed ratio around 1.82, the VAWT can maximize the conversion of wind
energy. (2) The angle of attack of the blade changes approximately sinusoidally with time. The
variation range of the angle of attack is significantly increased when the tip speed ratio is reduced,
which adversely affects the work efficiency of the VAWT. (3) The aerodynamic thrust and
generative torque of the blades change periodically with the azimuth angle, and the time-domain
aerodynamic forces of the three blades have a phase difference of 120°. As the tip speed ratio
increases, the surface force coefficients of the blades fluctuate more frequently. (4) The velocity
distribution and vortex structures of the VAWT wind wheel have certain regularity, and there are
obvious divergence between the different tip speed ratios and different heights. The tip vortices
and dynamic stall phenomenon should be controlled during the design and operation of the VAWT.

In general, this paper combines the CFD method, FEA technique and structural fatigue
analysis to numerically simulate the wind-induced responses, fatigue damage and unsteady
aerodynamic characteristics of the straight-bladed VAWT. By analyzing the dynamic behaviors
and various aerodynamic parameters, the structural safety and work efficiency of the VAWT are
deeply explored, and its operation mechanism is clarified. The research methods as well as the
numerical simulation results are expected to provide references for the scientific design and
operation of VAWTSs.
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