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NUMERICAL STUDY OF 3D FLOWS AND
AERODYNAMIC PERFORMANCE OF WIND TURBINE

ABSTRACT

Simulations of the National Renewable Energy Laboratory (NREL) phase VI wind turbine
based on the open source CFD platform OpenFOAM are presented. The simulations are
performed using unsteady Reynolds-Averaged Navier-Stokes (RANS) code pimpleDyMFoam,
and Arbitrary Mesh Interface (AMI) is adopted to handle mesh movements. Computation cases
include different wind speed (5, 10, 15, and 25m/s) at a fixed blade pitch angle of 3°with constant
rotational speed, including a rotor only model and a whole wind turbine. Extensive comparison
against experimental results, including total power and thrust, local pressure coefficient and
sectional performance of normal and tangential force coefficient, shows good predictions. Besides,
visualized 3D effects of flows are obtained, including streamlines around the wind turbine,
velocity field and vorticity field. More detailed 3D effects of flows are observed on the whole
wind turbine model, including blade-tower interaction. The work shows a great potential of
pimpleDyMFoam in dealing with complex 3D flows of wind turbine which lays a solid
foundation for more complex computations, such as floating offshore wind turbines. The work
also offers valuable guides for wind turbine design.

Key words: wind turbine flows, wind turbine aerodynamic, NREL phase VI, OpenFOAM, AMI,

RANS, blade-tower interaction
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1.1 MeegRid

BN 2L G, RIKMIGE “PHANTRIREN” , —DMRAABRIER H ik, F—
AR A BRSARARRR AR R 828 Ak . N T R IR N Edl, A2 E RS TR
A FAE REUR (M FGE . REEAE A — Rl =T, TS AR BRI vl P AR RR YR, B2 B A
S E B A, ABRAT LU RS AT A XGRS BBk 72TW, 22 N SR T #E
REM AL,

1.1.1 A REREAL

BAEPTAERT, NKHIFEFIH XA EXZJEH—T ZER R E, K&, RESHH
JUORRR, AHE B R T A AR TR B . B 3 1887 4, JL[E A James Blyth &% 15—
BRIEEXEHTRAMAN, HTSECHTREMRR, it 900 F4, FHER}
5% Poul la Cour 25— H T 45 dUBRER, 1 Fr Hs bl 1 LK RE I FH 2% 38 s ) 3
X RNUR R F= A R . 20 tHHZafi e, A REVR I K S8 F BE A 77 AT T JXGBE 1 I
KRG . 1956 4F, Poul la Cour 244 Johannes Juull®!, 78 P} T 44 1) 200kW =i}
KL Gedser mill, X /&R XA & P~ T 8 KR . 1973 SEREIR a2 5, 3 EEUFTE
RALIER BRI, Jefaidit 7 13 Gilie WL, SRR 4T B s,
MIBZ 5, RHLIFLGETE IRk, R AR T AR TE 4 th L3 Y ke

HEN 21 tad, KRR BRI T 54k, 15 X BN = 4E 2000 £ 2010 4
[AAE 3G KA ] 28%. RIFETE 2011 £E 54T Vil 52 1 th 5 4 loRn BRI 153 55 S L3 25 520 (1 15
BT, ABRE R AN A EAKIHIA ] T 40.5GW, RN RIAF] 238GW, Lt 2010 4
BT 20%00,
250,000 [MW]

200,000

150,000 . . . . . . . .
100,000 . . L . . - e e . .

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 20M
6,100 7600 10,200 13,600 17400 23900 31100 39431 47620 59,091 74052 93,820 120,291 158,864 197637 237669

B 1-1 £FRFTREREYEFER 1996-20115

TTEH] 2013 4, R Bk DT FE LUK B 3.35%, 17 3 2018 AR IX A L A7) 5 B
8%I°1, JX FETE WK — SE[E K (1 4 [l A FE L O 3 TS R E . BL 2011 F5801 5
WHEFA, 51 =20 0NFHE (28%). #& A (19%). FEIEF (16%). XLLEHEFRIH K
HFE AR R K & Bt G HJEH BRI 7). #5423k X HE 2 3 23 (Global Wind Energy Council,
GWEC)PIiil i1, 423k 2016 - X A R RS 4 HH 1012 1) 238GW i 2| 500GW, 3%
1R 16%.

1.1.2 [E N R B

TE AR A I 300 SR G (1) I, XGRS IR H . R T Z2 R

1 4k 75 T
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uymmee’</ SHANGHAI JIAO TONG UNIVERSITY ZHRVRA S SRR
Rl AN AR K I R O PRI T E & X YR . AR 25 — 4 [ XU B YR A 1, o [ mp
R R A X BE 207 2580GW . FRIE X EAT ML B DR e, (HR R R Tk
MkE%E 2006 % 2009 JA\ HL e R AL 25 5 4L DU AE RS 3G, 28 2010 48 Hp (B XU HL S e LA &
AR 42.2GW, {7 F1ITH 528 — o T 2011 S8 25 ML 5 20GW 2 2EH 125 =14 B 62GW,
AR R RS — RO, KR & A D RELL A B 1.5%81,

80,000
70,000
£0,000
50,000
40,000
30,000
20,000
10,000
0
year 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 201
MW 404 470 568 765 1,272 2,559 5871 12020 25805 44733 62,364

A 12 FEXEBENAERED
Ak 2011 4, FEEALH 13 NMEBRERENEERT 1IGW. BT FERTFIM I+
BOrsh, A ILTE (1881L.1IMW) . T A& (1302.4MW) FigE#zE (1025.7MW) B,

2010 Cumulative (MW) 2011 Annual (MW) 2011 Cumulative (MW)

1 Inner Mongelia 13,858.0 37364 17,5544
2 He Bei 4794.0 21755 £,959.5
3 Gansu 49440 4685.2 5,409.2
4 Liao Ming 4,086.9 TIB2.5 52493
5 Shan Dong 2,637.8 15245 45623
6 i Lin 2,340.9 6225 3563.4
7 Hei Longjiang 23701 1,075.8 34458
8 Ming Xia 11827 17035 2,B86.2
g Xin Jiang 1363.6 9525 23161
10 Jiang Su 1,585.3 3723 19676

B 1-3 P EREENAEHS LA 60D

2011 42 “+ A7 FFRZAE, WRIEEREREE 12 H 15 HA%KW “+ 25" arfAk
REVERLRI B AR, F 2015 G0, A [E R KSR B IA ] 1006W, HA 70GW K H K
BT, 30GW KH/MNYXHBITH, HAaE 7 5GW i E X FETH .

EAR A (1 XFBAT AR IBAFFE 2 SR R R S Bk R, (B T DATRUNL, oA ok b [ (1 X LA
IHf%E -+ EXNET.

1.1.3 KREFF A n) Bk A%

JARETF R T EEE PR IR 2, W AR 240 Lhdn KUSE IR I AERR VT Al , M
AR JRCEEL I D) 1] R0, il AR IR Rl AR - 4 v IR L P 4 P A 45 o ATAA] — ) ) 0 06 B X R i 31
BRI G A R IR, AR R T — & XML 3R R EE 1 2R
A% . T KL XUBESR SRR P 1 B RHL TR R R R I P A B 1) 3, — 3 R
SR, R XML 2 KBl e . AR R B SEfE

AKF B XL B AT Tl 3R R e Bt i) A S I — R 0. —ORWLER 2 1 T K
SHAFHZ N, BT CLRGH I B 2 B T b = O T s T, X AR AR T B BT .
KRB sh T 8T KGE AR 2 A 0] 0 A5 LAY S) . BAR BRI — & KL A B —A
FITHI SR U, SR B AR AR 1, BRI AL 32 g 2 e W . ok, X
3% R UL, R AT T — & XS e F r= 2 0m, RORIIn TEH 2 R — &R
PL R AR M. Rk, HERR TR RL 2= < 30 g 4 RE AN 1R R e 34 1 ol 5o TR AR R
MUK E 546, Mimiie s X 3a it XEERI R B A EE EEOEH . RER AT TIERNE

L3



- A ¥z
@) X AXLLS
e/ SHANGHAI JIAO TONG UNIVERSITY ZHRNRIA S St RETE

1.2 KA SahtsEEZMRTFIE

JRATLI S 33— i f v ] LIS 31| 70~100ms, 1 7 3 A 340m/s, T LUK T RUHTLJE BBl i 47 »
H k% (Mach number) /T 0.3, #— M HAE AT RRACRKAE . W4 E RIS K
J& T TR BRI 5 10 R TR XML 25 <3 Ty M e

1.2.1 WR-hEHER

257 & P i (Blade Element Moment methods, BEM)EI 1 T35 518, 78 SZfr L2 B
Iz ZNERBTERN “UIrEw” , gl om— ">, ot x. 4
JE A REEE BB SR EAE R Rk . e KX e A SN 1E 2E
FATEREA BT 25 8 B SEBR I RALI & — A =4k, ATTRBRZ 7 &I Rk
BRI S5 N T M2 4515 (tip loss). BhZAJ<i# (dynamic stall) 2R 79, 101, 2 J5% 0742
R T RN I RETHE A, H AT KRR T Ao & (1) SR AR 2535 2 B T 07 v
FE R o

BT %07 VEAE THEL IS D6 2P e A TE AN [ 28 IR T REORE ) 240, B E AR Fn A T
TN AL S AR B R RX S, WS A B A 2 SR v vt B B T
RABIRILA R weah, i bpTiR, MER-EERTEIANLR RECRRIE 4RI T) =
YER5IE, A 2k (tip loss). A e sl (rotational flow) 1z 2555 (dynamic stall)&%, 11:4%
AW P LAZ 7 iER TP & B RN 2 [sh Aok Re, BEFL e v B s A
A HEHAL.

1.2.2 =4l

NT IR EVEAR AN S e, JF BRFRT RN SR, ATIBINT =438
KB SZAEARL, Tt F 2R F e (lifting line)M™, T 77T PR (panel) 2, & i HE i (vortex) 3,
B FF 5y J7FE(Boundary Integral Equation)(™1%5 . B ARIX L 7 yETH S AGHE S = 2%, AT L
bt - B S I 2 [ i =4 ni. (HA2, Tk R T RARERIT R,
DATGIEAR G b BHRE 14 A0 73 0 45 o) L o 17 AL BB 3 A A A AE AR B PR VEAE AN 73 A,
PR 1) T X e 5 VAR KL S 8h 0 1 R AR — B R

1.2.3 =4ERG AR Y

B HE— 20 (0 5 5 2 25 FE RGP H B S A4 /) % (computational Fluid Dynamics, CFD)
Jiid CRSCHBLE) CFD e lER M EE R i 877 o« FE MR EH P iE
(Reynolds-Averaged Navier-Stokes, RANS), B in— & i AR L ok 1F 5 AL 2= S 30 1 P e FI
KMLE Bl . Ha2is CFD W5 iERT, AT TG A /NP .

S H CFD iHERHLIAIA N, 75 BRI 29 R ITHE SR, DAL L7 W B i sh 2>
SZAAFEHIREE, [ F AR AR B 2T 1 A% 2 5% DUORE B oK A BE R iR 3, BTLL CFD
PR BERCRRI MM S thah, KL A2 H AR T AR . WO XL Fr A%
PRIt SR T ANk . LUk, s P EROH R A R i YRS B SR B A ADURAL I
G Gy BRI R IR A AR — KB . B, e A BRI A 8 0 T A X I 1)
W — AR B A By DL P 5 AT MR B N A, AR R AN
B 1) 528 328 sk i o g

ERPEE T ENEARKPGERRE, AMTELa%E S IF7TH 555715 oAb 2 2k
WA, CFD J5 A 5 Hft 7 vk A Dt v B AR Bt SR T o B AN 75 B 190 5 401 A A 3L 7Y
733 18, [RamAT Ay BEM &5 7V it 2R 30t « ek w] LL B 3% i =4k e AN,
R T BRI AT 256 A RO 18 5P = 4B R AR IR 2, -2, shakl s,
B AT DLSE RS B A SR IR, J RIS TR, BT R IR KL S8 1
AR
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1.3 XS zhEEE CFD M ITIK

1.3.1 NREL HF5E % 238 ) 5: 5

THELRAR 7 207 18 B AL KB D PERE T B SR AR AR, T BB IX —
T3 VR AEAZ AU N, FH ) SR A2 3 [ [ 55 AT 1 AR B JR S 56 = (National Renewable Energy
Laboratory, NREL) T 1999 4FJF & i) KIUAR A & i <3l /1 % 5256 (Unsteady  Aerodynamic
Experiment, UAE)I' 181, s 6 78 3¢ [F] [F 5¢ fiit 25 fii K J& (National Aeronautics and Space
Administration, NASA) Ames JF 72 110> 24.4mx36.6m XUt 34T, SZERR 52— S P T,
B2 10m (1) 20MW XL, S5 T2k 1700 2. SEIGlE T KALIE S Tl R 2 S3)
JIPEREFIZE A B, Ay H S A 78 N S FE B v LB I T 5k R 22 B I B Rk

= =

&l 1-4 NREL k& ¥ 25 3) J7% LK XL
SEIRTERUE AN, LI E NAE A FEE WA T — X E e (blind comparison)t, 2
LRI SR AR 2% T LT FE 5 1 240 78 UL Tk S AR LA T 185 Rl as Ssh v se v 53 0
SIS AR EIR, KR AR U DR AL AT AN R 2 AL, 5 SIR A P A 22 Y R
25%-~175%, 7£ R JRH I {2 B AL TEH] T 30%~275%. 1M i 3EF Navier-Stokes 77 F£ () CFD
RIS EE RS LW A Il o X KR T CFD 7ETHR RWL 2 S 3h 12 Mg L
H

1.3.2 KM B 1R CFD W 7R R
HAT, REE T KL EUE T 45 R 2 5 NREL WEEE & A8 /7% 50 50 B 0t
oo AR NS ISR 2 Phase VI KULSLE .
(1) EAMIF TR
Sarensenli8145 A g Fl] 3L T3 X A PRAA I (multiblock finite volume) f) A AT J& RANS 3K fif
#5 EllipSys3D Xf Phase VI KMLEEAN FEAS [ RUE T IS PEREIEAT T b8 THERA T
k-o SST it A A . 1545 FR P RGE T 13m/s J5, HH 5 SEI0E A 20% 7 A7 (1 i 22 5
M &1 A AR S5 R . XWAIBUEM T CFD JIiAAETHE XL < 3h it fe BRIk

4 00 4L 75 T
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Duquel*1%%& A X% NREL Phase VI AL R EE K FH % T A BR 2 7 1% (Finite Differences
Approach) F1 8 Z k% (overset grid) ) 0] JE RANS K fi# #% Overflow-D #E4T SRR . Al 145 &5
53R mR S CAMRADIIN 455 DL R SEBG AT T PE4REIRTEL, 08 7 KLY & I3 1t s 45
bR, WIEHIIER ., B SRR S 2B, 15 H RANS SRARSSANE T B FR AR A 5 = I HER
.

Potsdam il Mavriplis25 Fl JE 45 #4k 73 X RANS 3R fi# % NSU3D xf—ANISE I A 1< 8)
PEREHEAT THE, T 55236 A0 Overflow BB HEAT T X4 L.

LilH&E SR 3 T4 IR 22 0 M E S M A RANS FIK i 4Ll (Detached Eddy Simulation,
DES) K fi##% CFDIowa-ship v4.5 %} NREL Phase VI ¥4 RUFLHEAT T @R MR . 5K k-o
SST JmimsEy, 433 7 AE RGE KRB <8 vEae, FEEEF 1 XBLAS [F] 280 4 (pitch
angle) X =SB J BRI, 5 SR 45 AR & .

Digraskarl?2{i Fj 3£ T A FRAFZ K] CFD “F& OpenFOAM X% RALEEAT T 4UE T4,
KHAFEILT £ 2% R (multi reference frames) fa 4 RANS K fi# 25 MRFSimpleFoam F13& T
FHM#% 51 (General Grid Interface, GGI) ()B4 RANS K fi## TurbDyMFoam [ K fig. &
W FH RS NREL FSE3e it 47 17X b, (H24i R BRIz .

(2) EpNEFFRIR

=R R ER N D DR IR I AR Gt W oo 0 ) | MW A R o VISR I R S =
XF TR T T I FEA AR 2, R0 23 (1) AR #1225 T 7 4 14 Fluent

ik X AEIBUE ] Fluent A e A8 45 22 7725 NREL Phase VI XS BN F #EAS [|] KU R
RSB ITE REREAT TR, BRI SREE 30% A 2 . fHE IR T AR 2R
FAXT KRMLA BT RERISE N, 5 & A 5528 0 T .

AT, AFERE A Fluent Xf NREL SN #EAT T H5L, R k-0 SST it 4,
THE SRS B k.

FRBME ] Fluent e 2 A4 b5 2R AN RS UM Pl 7 VA% NREL Phase VI XUBL#EAT T3t
B, RH k-o SST iR, A2 S LA MA 30%A AWz, MEMEEA
Pkt . HoAth g A5 SRie A B R I .

(3) [E Ak FE BRI &

I B AuR, AT LA

@© EAKF MBI 2 S 5h Fk et Foe b Ee i 5, MmO S M TR E T/E, R T
RZ & AR ORI REV6 o 10 B NS L TAEIR LA &, BARBA W LI
REVEATG, Kby TAERS &2 T/ %A &, @ Fluent.

@ KB 5 TERT GAR A A WS 45 48 B T A0 S5 ML, 3 3 A A 48 K 22 HOR A FH A
0 A PR FORARTR AN KN, T HERR T30 %, LA RIS R0 T-45 R sgm . X FEny
DR KA BT RS RS 1M EE, (HR M REasts — L HEE NN R .

@ KEIFF AR T k-0 SST ity , FHhE 25 R ARIAIE 1 18 BE K
WL Bh A PERe TE 5 IR iE A

@ CFD MitH 4R LARG VIS, HEBEHFERZ ARMARIH T, HE
R Rk — PR

® HHBMITE CFD 574 OpenFOAM 7E XML 4SS 8h I PEfE 5 _E B8 b £5
pei s 20| RS L ATl
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1.4 FFREE % OpenFOAM &4y

A JVER, RN R R RE R &y, OB R AT E S )\ HEARREL T
LA Fluent AR ML CFD BAFTT34 )5, CFD 3R A4 Tk A3 S 1E B & o SR 7E
Pk CFD #E S ¥E) 2 i K R, JFJ5 CFD B e i ke, 31X 35 B JE T/l CFD
() v P B S A AT F P Je ik b O N AR, S AR P P AR AR g oa SR Rk T T e AT T A
FURME T — B I £ A, H 2 P D6 0E N SE4E S 35 )17 THiAE B D 2 A, HIFAS
REAETH A A A, R Al SEME B SRAGORIG . M E R BER XA, THIE AR AT 1) T TBOR KA
B HEARSZRA AR GE, WAk 7T B SRR I, SR AT A A R JE
Ik JEias, Hrh OpenFOAM Hi 2 fEIX AL 5t R KSR 1Y, HBRRBR 52 2 B 78 Be i A
Tl F ) bR26L

OpenFOAM 2147/ Open Field Operation and Manipulation, E37 [1a S A A (1 - J-F
BIEE. B —NEE T RARRE, v T RBESS 5T 7 5 1) AT HUE v ST )
T IC++E . OpenFOAMIHT & WFOAM(Field Operation and Manipulation)[?81, J&5 KA N
FRFEACID M AR R L, FFE4 OpenFOAM. 55— T 20044F 4R K A, 41 74E I [a)
R,  H i EoR i 20 11454 JiK K i 1 OpenFOAM-2.1.0,

OpenFOAM HIALEEAEAT 4 T LA 129301
(1) EREFMAH CHEFRHEMBRME SR —, BT KA TN RMEEAR, ¥
BRI NS 520 B A0, 38 7 T MV R A 5 PR ) ) R, AR R M 7 88 5 FH P 6 R
M
(2) "ERIH C++[1)is AT EH 2k D e AE15 102 ACAS 7E X sl 73 77 F2 ik b 123 17 B . m sk
g, X453 OpenFOAM L)Y | —Flit+ 73 id FH T4k Wy 38 1) @t ) R 15 5
(3) "Bt K FH 2 THI AR R G I A% 1 38 CFD AL, TATIX A e A5 DA S B R T 0S40l 0T
G T IR I H AR R
(4) EJUTHA MELE (BRI SRS . AU a0 #5mT DL B s AT 15, VA
JATE K [A]
(5) &A=& H B A AT TITEVE AT T s sE K@ CFD B

SRR UL, OpenFOAM A THEAR 71 5 U BHIF N SR (it 7 — ADoK & . BT
OpenFOAM B S AT & AR IEAERK 38 B 5K (MR B R RHE A w40 K W5 iR I, AHOK
H AT TG A X % Bt A8 AEBR SR L X K A T R B, DX AR A S BE Tl i, ARA
A, FHRCFDE AT DL S R A AHIESE 1o (R 5 S At R e 2RI AR AR B,
8 TFIECFD A F AT H 155 7 s TR, IR TR B AT AT R o B IR R SCRF
FHORHR T TS P48 i B = DL S I R M ) #0008 g A AR o DRI, A A TR R A - |
CHE 2 R FIRR OA MG, AR 2250 A . 1K IR 2 TR Sk &
RO 12—

15 AXEETE

ARLE TR CFD 5T & OpenFOAM i 3 [H [E ¢ n] Fi-AE BEYE S48 = NREL
Phase VI RHLEEAT B 5 . A SCHRGHR A OpenFOAM F1 K ) snappyHexMesh T EL %t XL
ST S TR RS R 73 o TR0 B B AS AN AT i RANS SR ff 2% pimpleDyMFoam, 3K H
OpenFOAM-2.1.0 fi A H 4T 2 A% ST sk (Arbitrary Mesh Interface, AMI)KALEE
R HIAEXTIE A . I Xk TAE, At snappyHexMesh B A8 fof g 15 41 1l A 52 2% J L]
PRIIPIRS R4 B8 S B R 2R %) pimpleDyMFoam sRAZZSLL N2 AMI J7 278 Ab 3 450085 Py 35
A X IZ 3 R R SRR .

b
o
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AR 2 BB A RS R BEAN UL oSS 7 ] e T[] 5 2 A A [] XU )
KB ERE

HF 78 32 £ % NREL Phase VI 5256 711 Sequence S R %1, BF 5T N 5 AL 45

(1) AH [ % AR [F) 2 B0 A A TR AE N RBLI) 25 S8 J1 2 Ve RE o AL FE AN [R)JRUE R XL
AR 2R, W AN EA B AL ST 1 25 VI ) 2ERE R )1 2800 A, DLk
N R 2R oA T8 BES7 S B o3 AT S, IR KAL) = 4EI R .

(2) RNLEMFMERL, AFARFRE . HLAE. RS T XML KL =R 30 1%

PERE IR o
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EE BFERSHERE

2.1 wHFIE
2.1.1 FEEA IR TR

X T IESA BT AT R B G 2 R I AR AR AR o6 R, RIS i
5 ¥ (Reynolds Transport Theorem):

d 0
& mw GdV = p j j Lv GdV + j jCSGu MdA (1-1)

Hrf: MV——material volume, %373 T ¥ 5 AR
CV——control volume, iyﬁn/\ﬁﬁﬂéi*in%ﬂﬁﬁﬁt,ﬁﬁf
CS——control surface, %5 T Hl AT F 7
Ul RE;

N—3HI AR R 32 ) R & s

A—— P il AR 2 1 [ A

I G A F R, FRATAT LSRR A R
(1) ESMTRE JRESFETRE, G=p)

%p +VI(pU)=0 (1-2)
(2) R GRTEER, GpU)
0+ VI(pUU) = pg + Vi 3

H: o
TR T R AR AR A, R TR BN TORENECN B, RIIE TE SR A
2.1.2 Navier-Stokes 77 £
N TAETT RS, FATBAGINGS R R T AHRERAT S, B0 E 8T
A} 7 72 (constitutive equation):

oc=—(P +§,uVEU)I +4[VU +(VU)] (1-4)

Hrp: P— ko,

RESTIPAR R

I—— B AR P

AN (2-3)(2-4) 1 RI AT 15 213 P w7 77 #2441,  BINavier-Stokes /5 #%:
(1) EBAETTHE

%0 +VI{(pU)=0 (1-5)
(2) h=EJifE
opU 2
—+VLpUU) = pg— V(P+3yV[U)+V[[y(VU +(VU)'] (1-6)

XA, FATA

b
o
=
H
>
=



ﬁﬁiﬁ
Al JIAO TONG

NIVH{. Ty ZHRHRIAS ST E
Dp
Dt (-7
Bt LAAS B 44 () Navier-Stokes /7 #2,  mI fiifb oy T 2
VIU =0 (1-8)
ouU
E+VE(UU) g-Vp+VIi(WU) (1-9)

H: p—3hk, p=P/p;
2w AR
2.2.1 H WA AR, T7 2
ISEH SR, FARA RIS, AR R 2 A i B 1 i ] UG O AR R s i
HELEANTE B HIPAN o Wi A AR T B RS AR A R R, AN B TN i 45 ) 31 S5 488 R
FEFEI B IR ER A ] REAFAE o

X AR ASADA WL A LA 72

(1) EH{E AL (Direct Numerical Simulation, DNS)

DNS JEAEBIAEAT H e T Y, B R ) 7 R AE T 5380 P AN T RUEE AR
KAR . 1%TTET B AR AH PR AR /NI R P DORSHER 45 R, BRI R &
AR R W TR o) B — AR %07

(2) KRl (Large Eddy Simulation, LES)

LES AR REE Bt i AT 11X 50, SRR BRI A5, Bk HoR g 1 AR
FERT IR o A B K A, T A %?Eﬁkﬁ}#/ﬁﬁﬂmﬁ’]ﬁ‘ﬂﬁ R IEET BN, FREE
FERAAE )T AL 30 23 R U N 1, SRR BRI URIY DNS U732, MOz 7k
EIREL DNS /), (HARESRGBONKE ISR, tHEEK IH 2 BRI .

(3) FHifi"FI )5 #£(Reynolds-Averaged Navier-Stokes, RANS)

FHS T ITEE K it TR R, RERH & a5, X2 H il Tk tis
R 2 1 — B BRI 074, W AR SR - I 7 1k o 207 0 i it 20 BRCSA) ABL 3 73 FAE
P b NSk BN 5, BOAAE 7 VA HRAS [F] B SRR 14 1

it T ¥ 57 (Reynolds averaging technique operates) & X 1 T :

P(X,1) = g(X,1) + (X, 1) (1-10)
A ¢(X,t) — Y,
@'(X, t) — i Ik Eh 8 43

B(X, 1) — P I 4y, R R

B30 = fim 3 (1) a1

A N—EHEEFHIRE.
B U A B VRS B Y R 25840 JE ARAA 7T & N-S 58, BUA1§ 240 &
RANS 24

ViU =0 (1-12)



Y FEAAAY

i %7 SHaNGHAL JIAO TONG UNIVERSITY ZHRNRIA S St RETE
aL—J 1111 I U
E+V[(UU):g—Vp+V[(vVU)+V[(UU) (1-13)

WgE F2C, WATT AR, &2 T RAUU" AP, 125008 814 N 7150 (Reynolds stress

tensor). 1% A 15 J5 ok O & 3 PR G FR L SCE T 8 AR B, Wi B2 51 NS (1 A5 2 Sk A 45 5 2
Sz

2.2.2 RANS J7 F2 it i 2

TERE TSR, I SN AR AL ) B R B s I R i N L
BokFRIE, UBEMTREA. Hrd w2,

(1) N R RY

ZI R EEMERORE N I RE, SRS RANS J5RRIOL KRR . (2% 7 VA7E
P PF 56 U N ) 5 FER AR AR S B NGB AR &, MO B 75 A B8 22 (1) 5 Rl AT 7 A

(2) kiR

55 RIS R DL A B VR SR FH RS, R AR SR A T e X VA BB A
PRER VLI, T A2 N — AT T N R S8 R 2 TR 06 AR e e L ) Ak 3 T 5
R EIX W E Z [R5 &, B Boussinesq fi e B2:

UiV:v(VU+(VUf)—§kI (1-14)
.
1_
k==U'U -
5 (1-15)

iR G & B (Kinematic eddy viscosity) v, 7] LE 1R Z Fh ik 77k, Xt 80T Bl

B PSR IRRG AL (At R AT Ul IR ) . K IR Sy TR H ) 2 /b, 2k
TR QR T R AR AL . — Ty AR R L Oy R AR A

P 5 RS B O AT IR AR TR, G K-e AR RRRT K-oo AR B 2 8 B OR T M AT () A v
TR, ESAEMNS. M k-o SST FERILFRET YN F1Hiis Y (Sheer Stress Transport
model, SST)BB, B 454 T k-e BRI k-0 BB & H LA X1 k-oo SST HE B AR+ J LA
B TAERT ZHRH - R S5 EE] k-o SST FALAE LA RHL A S sh Ak RE R it Hh g
BT IR (S WA SCE WM FEBURE ), WA SOk A AL

k-0 SST B FE I A W T pfros . B4

%010 B 3L 75
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a(pk) L 9(pUK)

. 0 ok
=R -8 pko+_—[(u+ou) 1

ot OX; OX; OX,
d(pw) 0o(pU,w) 1 , O 0w 1 ok dw
+ —=a—P - +—[(u+ —]+2(1-F -
o ox o v « — Bpa ox [(u+o,m) 5Xi] 1-F)po,,  ox, ox
vV, :—aik
max(a,o, SF,)
S= ‘/28..3..
ou. ouU. oU, . .
P = Y > P =min(P,,10 k
Maj(axj 5-) k (R.,1008 pko)
F, = tanh{{min[max( Jk 500V) 4P oK ]}}
L oy CD,,
F, = tanh{fmax( 2k 500V)]]
3 1 8k Jw o
CDh,, =max(2p0o,, — 8 6x ,1077) (1-16)

bk yﬂ?ﬂﬁ/)lhzﬂﬁm o NIHIBER, y BB B EEE, S BN JIEK, p &
B, Ui RiRiEE. FLAF2 Z2IRAHHE, fEmBEEEmAE RN 0, LAy SST 1‘%&%%7‘3 k -€
MR, RN E N AN 1, BERS SST B N4k N k-0 B8, FaUh LRI BT & &, &6

JLHT ke Al keo BRSO R 0 o = o F, + o, (1 F) #077 sRAL & o BT .

M R RN B =009, o=5/9, B=3/40, c,=085, 5, =05,
a,=044, B,=00828, o, =1, o,,=0.856. ZHEIAHI LIV I (Y SST e

A7 —seult, XEAFEER.

OpenFOAM AN ] JER A28 BN k-0 SST BERIN), SR T k&R EL, Hmw—
TR ZHA A RV . NSO R LR OpenFOAM 1 k-0 SST #ER! (R 41495 p)
A SO AL S TR 1 [

% 2-1 E3C k-0 SST HELF OpenFOAM 1 k- SST AR RS i

SARTTREE A R

k HREEEE CF A OpenFOAM H 2 30) o JifEE. CF 3~ OpenFOAM HJE

a(pk)  a(pJik) . dpw) o(pU.w) 1
I = P - k ! = —_— — 2
ot + aXi k B pko P + ox a " R — Bpw
0 ok 0
+a—Xi[(,U+O'k,Ut)a—Xi] +6_Xi[(/u+0w/ut) ]+2(1 F)pO'wz

1 ok ow

K VI(UK) = (VIUYK ~VIDk, , (F)Vk

=min(G, ¢, f,kw) - ko

%0+V[(Ua)) (VIU)o-VID,  (F)Veo

=y(FR)S, —ﬂ(Fl)a)z +(1-F)CD,,

011 5 3L 75

=
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:2&“*”./”[.% ‘ﬁ _LZij] |‘E 'L'|'§-

gk 2-1

K T3 REAT @ T R A T SR IR BE R

b3eiEsl OpenFOAM F1FE T bxeiEsl OpenFOAM TFFE R
a(pk) ok o(pw) ow
ot ot ot ot
o(pU k 0 _
olpUk) VI{UK) — (VU)K * o) Vi{Uo) - (VU)o
OX; OX;
P, .
min(G, ¢, f,kw)
R, = min(R,, 108" pk ) G=vs, avipk o Y(F)S,
t
ou. ou. odU,
P = i Ly ] : =10
kK = M axj (axj ox. ) G,
B pko Biko B’ B(F)w?
VID, o (F)VK (D, (R)Ve

0 ok
a—xi[(ﬂJFUkﬂt)a—xi]

Dk,eff (F1) =y (F1)Vt +v

0 ow
R + -
o et o) 7

D, (R)=a,(FR)v, +v

2(1-F, =
( l)pO-wZ w axi axi

1 ok 0w

(1-FR)CD,,

CD,, = (2a,,VK) 22
(0]

kK TR @ FFE A HSET

R OpenFOAM H7E 2,
vV =—a1k Vi = ak

' max(a,w, SF,) ' max(a,m,4fS,F,)
S=255, : S, =%|VU+(VU)T | s, =%|vu L (VUY P

F, = tanh(arg,*) ##

Jk  500v 4poc
F, = tanh{{min[max( ), T2k ]}}
Bwy' Yo’ CD,, arg, = mln{mln[max(ﬂ;/:_)y,S;OV) ég kz] 10}
F, = tanh(arg,?) ##
2k 5001/
F, = tanh[[max ( )] ] 20k 5001/
arg, = mln[max( ) 100]
0.090y

%12 5 L 75

=
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gk 2-1
kK 7 FEM @ IR A IS HO L
e OpenFOAM F1FE R,
1k ow , . N _
CDm=mwQﬂ%5;i5ZJOW CD;, =max(CD,,,10™)
B =0.09; 8, =0.075; 3, =0.0828 B, =0.09; 8, =0.075; 3, =0.0828
a =031 =5/9;a,=0.44 a, =0.31;y, =0.5532; y, =0.4403
0,,=085;0,,=1 a,, =0.85034;¢,, =1
c,=05;0,,=0.856 a,, =05;a,=0.85616

o XM TAR ERAA VIU =0, OpenFOAM X4 4b BRI B8 T 3K g 7 (8 5
" o JiRE B BUEAT k 7 RE —HE

##, [KJy tanh(10%) = tanh(10%) =1, EIA Fufl R 10 BIR, dtbAb e 4 ik R — 5.

MR E A, FATT R L OpenFOAM H ) K- SST AR BLUAN 23] (A U B AR ],
FEXHEF LS F 25 A BT RERR P T, 7E OpenFOAM Hif Sz 3k
ik,

¥ EiR k- SST A5 2 A5 2 RANS 2B, 5t AT DAAS BIAS SC ) 3t 1 4% il )5 72
AR

2.2.3 JTAE AL

T ARG PRSI A B, AR AL F: SRR A sy — B L AN AT RS i BE T CRPRAA
FERETH b 9% ) RN T) [ FRD 8 55 48 5 B TR AR 5] Do T i WAL AE I AN AT 273 ) B T R B R
SRS H A T & € S HR K ZER . FTLL, 75T BETH AL X i AR 1R 4T Ab 3 A
B EBET .,

— M BE T X 35 (inner layer) AT LA 23 pl = 2 X35, n R . 5 BE N EIR 2
(viscous sublayer), VAN NER, Kitk3 FOER; R Xk (buffer layer), ARl
T VE AR 2 AR o B X 3 (log-law region), i 5477 2 M (.

MEFERATAT LB B, 7Rk I 2 T8 R A IR T P55 U AR G DRI R A 1 B 4 P 8y 3 2

U=y IRR, TR TR, MBSO R KRR R AR T
X BE T AL N P RS AR AL 2T 5

%13 7 3L 75
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w? 107 10?2 107 1P
25 . — ; . —

20 -

15 —

10

0 I 11
10 1P 10 107 100
¥

- -

viscous sublayer | buffer layer | loglaw region
inner layer, | outer layer

B 2-1 B XIB=AF 2 KR4

(1) i V550 2 (low-Re model)

KR TS VG BB, SRR AR BT A 77 PR AE AN TSI A A A3, B F B i B T Ak )97
BSRAR, BRI BE T AL 1 55— JE UG i B 2 8 /N DURIE yHE 1 i XS B8
KeRAEHE R, BB EPPRARR RS N, 5450 S A O

(2) w7 i K A (high-Re model)

BTN LR AR BE T AL (173708, T 368 1o >R FH B T R 80 (wal | function) >k 5] B 2 1 BE
THI AL PRV o B THT B 25008 T 0 B X dk Y i B 6 R AL, WOCEESR S — 2 AR AL T X B X 3, R
30<y*<300. FHIXFI7VER LK KB THE A% &, AR BEoNER DY, 2 ARSI, WA
SOEE

/
I ]
Log-1
Py og-layer 7
7 7
/ Buffer layer 4
- = Viscous Taver T TR TTYYILYLS

Bl2-2 BEESER () SIEEESER () KR
2.3 KE/IH

A FEENEGEN A EGT R K, BE s g AR TR, S R
Navier-Stokes J5 12 o % AN [ P TT i AT 1038 , JFAE B4 1 & P 2975 « &1 RANS
TR, ABEEANN T k-o SST imi i, JH#H %@ \5 OpenFOAM Hiff)
BT TIBTR L o BeAh, AT EE T AL BE AT RS, W e e T RO

14 71 3L 75
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E=F AREFRE

XA AE, BATC S REA AT A3 2 B — RV R 7 R s, B
FER ff X e 7 R 4H DLAS B AE AT Ml A 2 R IR ME (Y, T SR (B U7 248 ] L 7 (i Hh A3 21 By
SRR T RE B ARG RSB BT NG S, X2 H Al TRER T N R AR vk . Bl ik B
P2 30 AR (i 43 77 FE A B BRIy 2L, AT 3o SR AR 07 R 415 31 46 R T
MR . BRI I FE AT DAY BB 20 TF B3k 2 ORH 7 FE A I B HE

TH S B B 2 B P AL B AAR R SRR — 25 R TR A (A
Bk o AR 22 B8 B /N 3, B SRS AR SR f BT . 6 T B ASSUE AL, i R (Al E 4
BRI BUR 2 /N TP . T R B USRI — RN AR, B JFOR I T R Ak
—ERHERIE .

AN KoK £ B2 OpenFOAM K HOEUE 2 87 14 - A BRARFZ: (Finite Volume
Method, FVM)E7,

3.1 ItEEHNER

GOV, Joh ) B3 5 I [ R 2 9 44«

77 T 85 5 RS 3ot 8 07 TR T A6 2 1 R TP I I 2 R W 5 e S 7 0
DA, o T I, ST 0 S B 7 3 O e i e 20 T

KA BRARARIRI 23 TRDRE 48 128 H5USCA BRAN% | 445 (control volume, CV), Rl 2 R #% 5
Too FAEHIR A EEIF HAE e SR E BN AW, HFATARERE.

B 3-1 =il R A
PI3-1E0 Dy — AN R g A o Sy — R BT B A, AN R BER AT
A . THR S PR TR A o, B

jv (Xx=X,)dV =0 (2-1)

DR BTG E R T 20 R PR R 7 T PR AN A 2 TR) 7R 22 BT (internal faces) Fl1-5 12 5 B A1)
14151 (boundary faces). 1 FEIFr7R, e A2 ST ) T ARV n) 5% f2 SeJ7 1) M\ 3 44 B 7T (ownerr)

%015 7T 3L 75 0



& . y /f
: %/ SHANGHAI JIAO TONG UNIVI:RSIIV Ezﬁm*ﬂfﬁiﬁ‘_ﬁ’—:\,z—;ﬂ'&‘ﬁ‘gﬁ-ﬁ

%bmiﬁq[ﬁiju(nelghbor) PR IZ I AR K /N o T S AR T ARV 1) 2R B FR 7 1 DU AT
FISFRIAANA S . AR B ITTRIAR R S IT 7 3 I PAINGR s, 28 5 I PO T AR 925 1R R RS
1 A L ITPHR A AR B EL TN BT AT A AR A0 T P R0, ABARER XA i A e

A7 BRARARIZS B HUE Az H R AR R A 2 2 W R E AT, IXAEA 12 s e B R 2% L
ik B4R RIS

3.2 MIEHIERER
(B AR B bRHE R TR I F s

0
g +VI{(pU @) - VI(pl',V§) =S,(#) (2-2)
at R %r—’

gy R RO -

RKRATEITRE, BEOYHRSUH 7Y o E S8 oA e B TR
B BOR T J7 FEAS B BB B DL ORAE AR RS B E o DB J5 A ST/ G0 27 A 22 T R TA) L)
—BrEsEor .

S HURIRS BEHUR T B 2 @ = (X, t) £E s PP 25 [ A [8]_EAREHIEE . 9 17152 —Fr

FEIE, 3K R EAE P R B = TR AT [ | /0 5 RSP A R R, W R s
P(X) = ¢P +(X - XP)[(V¢)P (2-3)
o(t+At) = ¢t + At (%)t (2-4)

EVCER ¢P =¢(XP)’ ¢t :¢(t)°

FATHIC R EL @ = P(X, 1) 7E RIPAL AT ZE ) TT -

P(X) =g + (X = %p)(V,)p +%(x— X:)?:(VV,)p +%(x— X:)* 1 (VVV,),

1 ' (2-5)

ot —(X=X)"(VV.V ) +
n! I

ER R RER (X - Xp)" FRKE (X—-X) HES5AHM n i RER, H2FE—1n

roki . BEATCRRMAD n kBRI, B8 MrE.

n

tim

H 252 (3-3) 5 (3-5) Hl 1 A B o e Mk AR 5 AR 22 R | (X — X ) | M4 DRt 2 i
BREL @ = (X, 0) FE A A BT RERE o SR, FRATTAERT 8] bt m] BAIGAIE 2 BT 2 R E Y

FIERHIRZZN N A K2, BVER S @ = p(X, t) 7EI 1i]_F 0 —BRs BE
7 R AR R 7 P I 142 ) A Ak A/ w30 L P 0305 2 7 (3 2) (AR A0 2
IHN 5 jvp pgdV + jvp Vi{(pUg)dV — jvp Vi{pl,V4)dV]= L ( jvp S,(#)dV)dt

t

(2-6)

016 U 3L 75
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&) X ARALT
e/ SHANGHAI JIAO TONG UNIVERSITY e L S S R

BN ORAICOR L1775 F2(3-6) (R BE— T 88 IO AR HEAT PR 15 I
RZH, A TR B R AR 75 ) B R PR AR SRR A U

jv ViadV = [ﬁav dSra (2-7)
jv VadV = []jav dS¢ (2-8)
jv VadV = Ulv dSa (2-9)

bR oV BRI AR B LR, 17 dS K —ANEREREE OV MM T,
TR, MTERRNEEEE S, EATH:

'[Vp POV = va [4 + (X = X%:){(V¢), 1dV
4o, V[ (X-X)VTVg), @10

=¢Vp
A, Ve ZIXANESI R ITHIRE, T FERI R WA N 0, BN P AL T HAR ) A
BTN RBAIEER WA BUEHE TR, 2 &2 — AN 02 BAR 2 10 B, 75 #£(3-7)
PRI 43 AT EE A RSk 24 T R SR A -
j viadV = Ul dSia
Ve Ve

2-11
=] dsta 1
f
H 2 AR B o LR PR E , JRATHT LA b RS Ak
[ dsta=([ ds)a, +[[ dS(xx,)]:(Va),
f f f (2_12)

= Sla,
ST fRER G, B O WmET 0. 454 LI 7 #£(3-10)(3-11)(3-12),
PATHE AT LS B e N — A B S RO
(Via)V, =Y Sla, (2-13)
f

KA s fHRARAS & a fE M A fME, S2&—MamAMIHE R . ErE Bk
MR EE R S FrE i diAE N, FRFAMHIT, SHRmIMI: HRMMHETT, SIRAN
Mo B LA b 2k T LA 23 B A4 B0 0 R 408 500 19 38 2 AR I i, B

Y Sha, =Y S,/a,— > S,la, (2-14)
f

owner neighbour
AT A TR A A&, 72 SO i R BRI i Uo7 .
3.2.1 XA A AL
AR (3-13) HY AT 15 2 W 10T 14 B #l A 2

017 w375
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[, VApU#)IV =3 S1pUg),

=" Si(pU) 4, (2-15)
f
= Z F¢f
f
B SR S AVESS (I BUREATTE: )i e/t
F = S[(pU), (2-16)

W _ERrR, B R RDE S p MU EAR R (AR RR, BT g 22 ¢ £

T O 7 B E, T ERATT O SRR A O AR, 5 B O 2 1) 22 40 s X R A
O PR R 45 B T A O RO

XPRIAZE T AR 2, X BAAGERU LN EAR I Z 9046 T A4

(1) a5 #% X (Central Differencing, CD)

E3-2 FhEMRATEE
XA B E R @ HVEAEPHINZ [ER 2RI, SRS ST 0 s ) @ LA

¢f = fx¢P +(1_ fx)¢N (2'17)

A, 5 SORFRIN S BE B AP RN s (1 BE B 2 L
W
“ PN

IS AL BT 2R B e E R a1 RN T VAR RS BE o AR A I 9T R I AR AR BRI
F R L) ) B 2 HIRATF S VB IR B IR BN, a2k T 52 e R S
(2) X% 3 (Upwind Differencing, UD)

EXFIE R, AR @ ME EEARAERR AR, B
¢ =¢ TFor F=0
$ = ¢, =¢, for F<0
i bR R IRATAT FiZ TV E N — R B, B RIS AE T AT MR AT B ORAEARE HO A 250,

f (2-18)

(2-19)

018 ;T 3t 75 0T
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TEl 1K DU fife RO RS B 1 AR B

(3) TR A Z 57 #% 7 (Blended Differencing, BD)

TPt Al A I ORAUE AR A S AORS A e, B0 b i it m s 22 0 AN JXUAS: 2
A A

$r =1=7)P: oo +7 (1) (2-20)

R, BEHTyRBUETERE [0, 1], ORI Fik e &% 2020 M1k sl ) 2R s
otk

LIREA IR 2 HAR ) 22 734 20, Fodb EUSCA /i S 2 s f i 30 XUt =G, Linear Upwind
Differencing. QUICKZ%,

3.2.2 RhTERE O A B H

FERO ) B O S R WAL . 4555 (3-3)(3-13) AT 453

J,, VU,V #)dv =3 ST, V),

(2-21)
= (T, ), STVH),
f
MR M EIEARH, LB, IRAREAMNSE A BT, A R mor:
SH(V4), |S|¢’N| df”P (2-22)

e

F3-3 R ER~ERE
B R, BRATHT UL AR B @ 72 PAINGH 55 PRI K T 508 1 FAL FRRE 1

ER s BB AR AR IESC Y, AT bR (3-22) (R B ks 2, AT SV @) ¢ 43 A
PRI :

SVY); = ALV ) +KLUV ), (2-23)

%r‘_/ %,‘_/
1B HEIERE

RSN EE A A A RTK 52 R L R
S=A+k (2-24)
Ex, A5dAT, XAERATEURT LU X IE A Tiia FH T #2(3-22) . il 77 R RS A 14 A
WO THFIEAE T XTSI J3 i 75 120 WA G0 R =Rl
(1) H/MEIEE(Minimum Correction Approach)
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F3-4 B/MEERTRE
BRI R R B, BURE T KR BB $OT 78,

A=95 (2-25)
dd
KA 7R (3-24) 19 2 #EE A AR IR MRG0, ASZEE/, RISk E ¢, Al g, 15T

Rk 2B )N o
(2) IEZZf&I1F2:(Othogonal Correction Approach)

s \L

P f A

oF

2 1

B35 EXBIEEREE
KRIPERIIE T ARISHIRANSE, RIGRIEKR B @y A1 @y BTk IR A IR PEE R . 48
FORFXAHOR, REE X

A=—S (2-26)

(3) id#asthik(Over-Relaxed Approach)

L ]

F3-6 s E

20 ;T 3 75 0T
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KR IPVEREE —Fp 7 A B, B2 RS AR IEAS VERG NI, SR B @, A1 @, I DTRR S 1T 18
fne s
d 2
A=——|S 2-27
dDSII (2-27)
FH T = o A v B e A5 RE BRI i B BOE AU —FERY . BT ART A 2T
B, WO FE(3-23)HH IEAZ 43 AT LS R :

AV ), =|A|% (2-28)

X7 RE(3-23) Wil A et Rk

SV ), =|A|%+kﬂ(v¢)f (2-29)

o, BB KA (V@) ¢ AT LASe TS50 i SR THIAH 41 FR 75 A48 i oo i AR RO B 22
SNA BV E R EAE], R

(V9 = X (9), (2-30)
(Ve), = 1,V +A- 1,)(V)y 2-3)

3.2.3 JEIR M L
JRTTRE b B TEVE S ORI PRI B IR 15 5 B0 ) A AR DR IR I RIS (@) T
DAf] B R A B b B — R B FE X B HEAT B2 T, JRAVT 7 26 75 X AT e A A B
S,(¢#) = Su + Spg (2-32)
A SuMISpth AT AR & o AHOC,  HHTHE(3-10), FATTAI15:
jvp S,(#)dV =SuV, +SpVed, (2-33)
3.2.4 ]S HC ) B R
2 AT 2, T D ST iz Ay FRAE A A b B R TR IRAT T I B

IR, BTRE(3-6).
LA RAUABER [0 254k, HH 77 #2(3-15)(3-31)(3-33) 1] 15

IMR%?hW+§}%f1;@thwmm:fw6m¢+$WQMt(%m

t

bR S TR B O A
(1) —rCrank-Nicholson/ji%
G5B TTH(3-4), FATATLIAEF T

%21 5 3L 75
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(agtqﬁ)P _ pS¢SA—tpS¢§ (2.35)
[ oyt = % (¢° +4")At (2-36)

X,
Z Zﬁﬁf K -

B A P B R AR I (R A8, JUARYE (3-35)(3-36), (3-34) Al iE— 20 B BN :

DelePebe, DS R -2 (), S V),
f f

%Z Foe —%Z(pr¢)f SV, (239
:Smg+%sm¢ﬁ+%sm¢¢
(3-38) H ftyix b} 1) 2 73 3 i 4 Crank-NicholsoniZ: . ‘& mJ LAk £ i} fa]_E ) — B kG FE
525 T B IS 20 T A v 1 ORI A2 ST 0 U @ AV b AL . 22 5 IHD ) B A

ZHTAEEESRABL, RHARIIUR Y A3 ) 22 20 1 S AR AR PR AR AR rhol U EZE A T AT, T RS HOUE
77 RE(3-29) M 45 « FATTA H A2 1 2 B 20 B @ FRMEL T A %A T 1) @ AT (V @) MH

A F AR A S BT RS B b S5 10 (80, STl AL i R AR BT 7
2y + D aud =Re (2-39)
N

TR — AR R EREIE LR RE . B R B TT @y MBI T L FTA AR AR BT
(ME . DRI FRAT RS T B3 AT 42 R AR (5 R I kE ok, B AT 43 21— MU R 4L
[Allg]=[R] (2-40)

Hep, [ADV—MgHAERE, R¥a, i FizsERE o gk b, ay MIAEXN ML L [4]

HAET T AT I HIAR L ALK @ AE s [RIMERE T A7 ORI R (A s i P B e T P2 A 1
G, R ANEEX A 2R I TSRO N A AN
RIFIXAABOTREL, AU AF 2T 2 T IS HIR O AL @ (B THE(3-39)H A%

a, BT 5 @p A R M T ——IN 8] S 20000, XHIRT, FEBOH LA R IR I (2 E3R 4 . R AL

Ay U A R 42 H) A AL AR S 0 T T S ST R A T A e T 2] A e A

22 7375 0
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S FTA BULH FL -
(2) B JE)—Bi B ok =
Crank-Nicholsom 7723} i} [A] B B2 £20€ 1, (R AR A RECRIEM A AP 5 0Hm I
PIACFR—FE, RET7 R —WoRS R B Hl, At nT DLORIE MR A 54t

FEAC PRI [R]T2,  AATT— R IR YRR E @ ATV @ (RS S EAEASBE N (R 224k . 1X
A1 77 2 (3-38) R AL :
M%tpp%vp +Z Fo, — Z(pr¢)f SHV ),
f f

=SuV, +SpVed,

(2-41)

AT R B SR, AR @ AV @ A A _EAE AN AR PETT 50, AT TR

T 79 -
o i X B HIU X (explicit discretissation)

RXATTIET ¢ MV G AEAZ T AT B T IR Z1, B

b = T2+ 1) (2-42)
SIV4), <Al ¢3| ;f'g KV (243)

PRI PR MR o R A IH B Z g . F52, FTREGB-41) e~
g =45+ A\t/ #[X Py~ D (0T,), SUVA), +SUV, +SVe] (2o

RFEALFLSS, A AN SRR BT RR M ARBOT FRAL T o BT ZI1 @ (K{E 56 47T LA

IH B 2 B Bzl b S o X PR 7 Bk TR 2 57 3 5 B £ (Courant number) BR i,
WHABOL R, e T EE RARE
o [ B 2 B ks 2 (Euler implicit discretissation)

XFOITIET ¢ AV @ AEAE ST FAE S8 MR T4 %), R
¢f = fx¢l2 + (1_ fx)¢£ (2'45)

I — 0o
|d]
XAKIAZ i R B o 3, (R BRI B, e — DR URETT
FEZH(3-39) (11 R G- XA RS B & 2 L S i 5 3SR AR 2, i L RIS e B PR A o SR 8
BANRGRIBRERIFAE « RXFPAL BT IR S 2RI T E BRI, 2 E Reig fRIE RN
AT IR IR A SRR AT R 8] 2 ks 5

SI(Ve); = Al +KI(V 9)] (2-46)

23 7 3L 75

=



- A ¥z
@) X AXLLS
e/ SHANGHAI JIAO TONG UNIVERSITY ZHRNRIA S St RETE

3.3 Navier-Stokes 2 28]

ILAETRATT AT LUK 22 17 F i A B A4 AR 1) B8 0T V238 H 31 W] R I 44 1) Navier-Stokes
JIREET, BIJTRE(2-8)(2-9):
ViU =0
ouU

-+ VI(UU) - VIWU) = -V

FATAT LRI, %7 REANZ A iz 7 2 A PSR IR I3y« sh &7 RE R AR A
HEENMEE .
3.3.1 FEITFEMARL AL

(-9 HARLAETTN VIUU) , B E B 5 Priiz”. ik, 00 fUs 1B b

R BRI, B S B RBOT R A AR . XA R, A IR E . —
R E R RN ELHORMARL ML T BRI T R AR AT e e AL B o e 22 BT
XA B O %, JATAT LA 2T 5.

VE(UU)ZZS[(U)f(U)f
=2 F), (2-47)

=a,U, + > aU,
N

Arb, Fooap . ay BOEEU MR EAERRZE, W& F LA s i

(2-8). DAL, (2-8)M1(2-9) W KL AR — K ME, MR T — D RIIELNE R4 W
AU AR AN E T R KSR A a8 AN A, BTSRRI . Rk, AT i T
K FIREE —Fh5, RUR IR IR AL .

PABZEPEAL, BUARBA TS TN — Mo AL BE VA (2-8) R L, AR5 AR AN T i 15

THEHEG-47) T a, « ay » AT (3-47) ALK 1 LAEARBU R4S LISK I . (EARXAE

LEPEAL AR St R AR LR PRI S5 RIS o X Rh i RORE T B A IR AR X, FRATTH
PRRALER AN s — RN R TREAT AT, T2 L2 MG AR LR i I R (A AR Y
R, BRART S K DR, BIMGEAR I e 4 B I R . HAUAAE TS — ]
SR, AR FEALES R e AR AR, FLTh S /N 58 4 R H g T8 I I A P R . e
2, R AEERIE RS TR, A A K T B E N . B Ak, I DK B
RN, BTG USRS 2 T AR AR AR, DR 2R P S 8 B 2508

3.3.2 JE 1R RS A b H

(1) FESTTRER S

NT PHIESRE, AT B 3h B R B EOE

a,U, =H(U)-Vp (2-48)

b xR 7 R AT SR T P VR T VE AT B B B (EAE SR, Rk
J& H AT et -

H(U)YX — I P #B o2HRe: — T “Hania il ” A AR AR E AR AR B SR B LUK
JSL PR LTS s T3 — T2 “CURTR e I 20 AR S 2 AR s 6 FEE RAA i HE AR PRI (3K
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E&ﬁ) M. HU)ATARE N T3

H(U):—ZaNUN+U— (2-49)
N At
ST (2-8) I B BUE X T B :
VIU=>SU, =0 (2-50)
f
AR LRI H (3-48) 13 B UMK R IA

HU) vp

U, = (2-51)
a,  a,
AZ ST B B AR AT DA IR D (3-51) [ T A A 2
H(U 1
u, =AYy Ly wp), (2-52)
ap ap
FRATHZ G FitEEE.
4%(3-52)4&)\(3-50)EPEﬂﬂ?%iﬂﬁﬂ?ﬁéﬁﬁ@)iﬁ?‘ﬁ%-
H(U
VIS Vp) = VI( HU),
% ? (2-53)
H ()
),
aP
(3-53) 22 1 W 7 v 10 mT PAF FH 2 8 i 1) 7 453047 B
WA AT R A4 Navier-Stokes 77 Fe 4H i 2 B EOE 2000 S Frs :
aPUP:H(U)_ZS(p)f (2-54)
f
H(U
Zsm )7 1= 28 ”)f (2-55)
P
T X598 300 FR ) 368 i F e AR A (3-52) a5
HU 1
F=SiU, =T, - (), (vp) ] (2-56)
p P

(2) JE7158 B ARG 5

FR 4 b5 1S B FINS 5 FE 2 10 B HOE 20(3-54)(3-55),  FRAT 2 & I 38 5 2 M AR i - 1 7
T 0 A ] I e P ARG T3 o R A 5 A A B R & H BT P AT AR R I AL 207 . [P 5
fiftv (Simultaneous algorithms) 143 55 = fi# v (segregated approach) .

A2 AEAE BN T 2 N RIS SR AR BN TT R o 207t T A K, it B
X?m, WO AT R TR S B RIE B, AR .

o3 B SRV T — 52 W SR AR )7 72« PISO, SIMPLE LA BATTHIAT A SRV #R A2 A+

538 FH R SR A s D0 FERB 5 (77105 o PISOSVE T2 T B A K T SIMPLE SV 2 M T €
WK T RASCH A HPISORIL iR -

e i Tifi(momentum predictor)

BRI E TR BT FRATANRIE 24N I 20 10 I 7096 A #ese P22 1 I 456
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YELALE

'; SHANGHAI JIAO TONG UNIVERSITY :Zﬁﬂ*ﬂ,uwiﬁ ‘ﬁ _\,Zij] HE 'L'l'%r-

Fﬂﬁﬁﬁ SRJE SRR TTRE(3-54), FATH AT LAAS 2587 i %1 38 B2 37 I — N I AU
o & 773K fi# (pressure solution)

MM LB RAGHE L, BATHAT AR HU) , #E—2B3RE L 177 12(3-65), FkAiT

A A 2T 206 1 5 i il A

o i ZUH 15 1F (explicit velocity correction)

SKAETTRE(3-56), FATTA] LR F]— R4 538 e a3 xd SR . bk ay LA 5 R0 8 e
19 R B AT B IR

A EE(3-51), FATRIANT E BB IE AR5y — R TR RG]

e (YPniy . A R R s A mm (OO | prE g

a, cH
B BB IEFR (25 1 200 F T B 3 1) 58 = AN 4 BB AN JRE 17 1) i 22 00JR H
J1Tie 8K, X BARRAX . BIRATT 25 H(U) BUEAT S R SRR g s ) 78, &

B L. #a)iEul, PISOEIE 3 m 518 BIWIMGE 2y, HirEARE 1, 4
JEXEEIATIEIE, B A WiiE P B 2 W 1 i 2 25 A .

3 B AG TE ven] 3 5 45 S fvSolution: FTPISO - #5431 %€ nCorrectors (48 K
E o

A —AMEREE R A H(U) B8 R80T R 8RR IR, K

TR AT S 2] — RPUB i &, ten JA R ZEER R HU) - BRFHL EREIFEA XA
i R AR A BUE AR IR & IR T 0 Sk B AR & B2, XM Z JixT sl B R 2
PEACI R L2 — B ke —MESF, HU) RERFFAZEE N ME .

3.3.3 Navier-Stokes J5 F& 3K fift i f2
ANA] i Navier-Stokes 75 F2 B S SR AR VL FE 40 R BT :
(1) NATA S A B E IG5 AT
(2) i R —AERE K5
(3) MA@ R, @ IREshEITE, RIZhEAM;
(4) AT PISO 3N, H BRI RIAE| L - EERE RENIREE R M, AT LS
BB ZIE S35, HE UL — R 8 A .
(5) FHAR B SRR TR RS I HAR AT TR o W0 ST IR, U0 R AE R A R A
A o
(6) U SHIAT Bk & Al A (2)~(6).

3.4 KB

KT F BN T OpenFOAM H R BUE B HO %,  BFETHE IS0 5 HOF 5 FE4H.
BB HO AR o AT B S s R R Oy AT T A, AR R B O S
A% 3 RV FE R 2 Ak A IR TR A TG E 7 20 YR 8 5 ORI [ 5 5000 )
BN, ZEARTAA T X Navier-Stokes 77 FEHT B BUIAT T, BIEshE T FERHEL
PEAGACEE, J R 1SRRG RE . RCEENA T PISO ik, 45t 1 Navier-Stokes
JiFER AR

026 U 3L 75
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ZFME OpenFOAM HHXFENLE

4.1 OpenFOAM R4 HIERIFRIA

SEELEA TR T 2ETT S AR T R B 1 SRR R 2 o 01 SR R 7E T ML T I (e 4
FARF T ERIE S Rk, BB S R R R R, X R
OpenFOAM B2 ¥ it 15 Ja % D B .

i, A R

8(,gtU) +VI{#U) - VIuVU = —Vp (3-1)

1EOpenFOAM B8, 1] RIR K
solve
(
fvm: :ddt (rho, U)
+ fvm::div (phi, U)

- fvm::laplacian (mu, U)

- fvc::grad(p)
)7
RIMEE— M CHIBE T —H BN, BFRXFHMERIE, o RIMEAEREKRIERSE
M. L1 OpenFOAMIE A H1 ) solve () BREH TR #8h & 712 B BUG 15 21 A BT 1241
AN, FRATTET CLARE ELW B 5 () & Bl OpenFOAMIE fi) F1ddt (rho, U). div(phi, U).
, . o(pU
laplacian (mu, U)%ngad(p)Eﬁ%%ﬂiﬁﬁﬁ?hﬁﬁ?ﬁ%ﬁﬁﬂlﬂﬁ@%\ VI{(gU)
VIuVU RV o 177 A2 18]S E00 6 LU A HO0THT Y fvmE Finit Volume Method i &

FR, RIS IZI00H A PRAR R AT B 8. 1 fvcBFinite Volume Calculus&i#x, 71X Bt &
JIBEE AT R A5 B /137 . OpenFOAM A BT AT (1) a3 B AR AE fvm s (Al gk 47, BTt
R EEE fEfve s [m AT . B “+, -, ==" BERFC L@ C++h s HFE
BRI TR S, BT LUK B AT A R B ARER A

PUAE AR _ETH OpenFOAM H Ik 43 T #2817 BEIR NN 7 F2 70 10K & T B LS
BN BREPE AT AR I, 5 REA AR B K 13— i iAS B T 5 ZE Ik M fE
i solverslh i LUK 15 58 e B — 3R 2 PR SR A2 0 5 R L iR AT R il o

4.2 snappyHexMesh B EIMI&XI 5145

RF| CFD A AEEBIPIRS K 73, AT LA e 7 B PR b A= Bl e Joft =2 A 2 K XA R0
B —ANTER . T F 5L e KR NHE A CFD tF 5 — AN BN, 218 9 K E I (8] 75 % Il 43
o dbAR, HETAEE P EREARAT IS K 4 B 40 Gambit. Ansys ICEM CFD &5 #B22 3R Aiff 51
FA MU E MR S50 GRS R TR I A . N T 3RS R R A, BIF R AR
BLRE 2R I [A] R 2 SJUR AN RS BRI AR, X Bl 7 25 1 At AT 52 (R SHIR] « 177 OpenFOAM
W E 1 snappyHexMesh T.E & ik B ax A i) @i e ik, & nl BLE sk ikl 4 7T

27 375 i



% SHANGHAI JIAO TONG UNIVI:I{SI Y :2&“*)1/”[.% ‘ﬁ _LZ"J] HE -L-I-%:

Wﬂi‘% M HX AR AT PLIFAT, KRR & 1 A& RI 7 B B2 o 1 AR SO 8] S8 ik —
snappyHexMesh (1] P& &Il 73 i -

|

<L_I
mee

_.l. I
7.«L T
T
= s
H Lt
Hi T
iamece

HEEEH

,F__
X
4& |
h
A

47
= ;e it = &

B
B

ﬁwmiiwlw - AT - AR

& 4-1 snappyHexMesh 43 R R 2 38!
BAIZE AT, a EEATR. snappyHexMesh il 7y IR K AR 73 9 DU AN 5 B8
(1) M T
TS ENE R IR B LT ARR STL SO, B & ikl ASCI SCfF. ik i
SRETHE IR AT W1 AR 43, REEETRJeF i — B0 He ik o SR TS 5 A% A f 2 /S T A
gitt), FORIET S MR oo STL RIMA MRS . HeAM RS 570 78 P 44 2 1 PR 1 14K L
(Aspect ratio) fe i #21l 1, B KA 2. W K 4-1 58 1. 2 1@
(2) k%524 (castellatedMesh)
W BEEEEFENERNE T S MEME LKA LFRMRT, 4G KR
snappyHexMeshDict H 15 & 6% A7 B B kS 3k 4T 0 24, thd,
refinementSurfaces {car {level (3 4);}}

TR car BRI A FR, 18 & 75 AR car (R THMHE RAR NS 3 20, BRINTS SRk
N0 G, InE—HRI— AN IT R 4 A G F = 4ERRT— AN PRS2 240 8 4N, LAk
HHE. MM 4 JRABEEYHARWRIZIF T (BRIAE N AEARLEE 30° ) % 4
Po [RIFERFRATI AT CARH 4 () s s . o B 4-1 28 =R Fos .

B4k snappyHexMesh 37 £ X 48 @ tH IR IN2, WK 4-1 158 4 g rpR 6 X3 TR
TXAE AT DA (8 SEIAN [F) 2 FE AR IR RS, e/ S I A =

e LS R 5, FERiE T snappyHexMeshDict H #5851 5 AL bR, M 2548 75 B A )
M CInZEPR AR ). B 4-1 R 3 4 RPN .

(3) HHiFE(snap)

WA RN 53 D2 A TE A, 3 A T 2 0 WA 2 T PR 30 7 T AR XU A JE AR T 4R A, 491
& BEMS R BV R R T o X AN FE i 2 IR FIIE AR EI T B 5 B, e A8 A5 40 THI PR 30 1 P A%
B RS B R R, ] 4-1 F 5 S RN

OpenFOAM-2.0 Z Ja fRATss 10 T iu F i L ae /1, R BEAERR FPig 47 arid it
surfaceExtract @y 22 HU AT 75 (LSRRI AT o XFEAL T, FEFLEHEAT snap BUEAUE HE R 207
R S A ) WX A% s B 4B e 1A 5 .

(4) ¥hnMHE 2 (add layer)

snappyHexMesh S RFAS I WS4 T 0 A% )=, LT BUE v BN 04 72 0 3h 14
.

ZIt, snappyHexMesh P&l 5> s i LFFGR 1o (EAS— 4202, B pTiR i) 28 38 58 4]

%28 ;U 3L 75 0
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Ll oy Itiaty, ] KGR RIZTT, HERAIHTIHE.

AL, SRR AR 535 2R DA i AR R 3 IR R, BATIRGF R AT St BRIk
R BT R, A AN SRR, X7 25 2 R R AN o AR 2l 2 7 50 T s
RIBEAT A%, LIR30 H R A% R 23 IO BE T

4.3 topoSet MR IEIEN B

T BN BTV R LS BARSCRT 75 R, (HX ) IR SE A B T 115, BRI AR
TR LS — AN AR A DX, HAR T2 LR /NI A2 o R I ) A i
—LEERAE Ay 2RI T T X 38, XA Ak A 21 topoSet T.H . topoSet /& OpenFOAM-2.0.0 iR
AHEHM—3K TH, BEF T 2 BN ZHON k- E a2 (40 cellSet. faceSet. pointSet %5),
FEr] UK IR — 8 T RIS AT 24 B4, KOR$ER T OpenFOAM A% 35 I 200K

topoSet [ B ARKEAE , o550 HCE 78 51 H S 1 system A3 #7217 topoSetDict 2 Hi »
HS Az il SO vl AT R Ay 4, (HIEE DL “*** topoSetDict” iy % LI/RIX Ao 75 AT %
A, ESHH S N HT “topoSet  —dict  system/*** topoSetDict” BRI LA T o N KA
ELA-4H— T topoSetDict iy 4 2H B f2 8 H 77 =

— MM S, — topoSetDict 12 AHAE H T B U FiR:

actions«
(v
{¢
name innerCylinderSmall;~
type cellSet:
action new;~
source cylinderToCell;»

sourcelnfo.

{
pl (-0.8 0 0);0
p2 (0.6 0 0);:0

radius 7.5;
Yo
Yo
e
& 4-2 topoSetDict B BT H]

topoSet #EAEXF G & %251 Set A ZoneSet, T LLFAR NEEFIIRAE . 4055 4 (pointSet)
[H4E (faceSet) . H.oC4E (cellSet) . [H 8 4E (faceZoneSet) . H. G384k (cellZoneSet) . H i
actions F&5 T A& BT A K ZEPAT I WS ERAE a2 o AT TR AT 8 SCERAERT RIM 44 PR K4,
W b AR % 487N innerCylinderSmall, ‘B&—4> cellSet. P T Rl 2 1 i 75 BIAT
FIEER ZE . HLAARHY action 42 BFI 2K :

(1) ANF5EYFR (source) FIERME  CHI ELEERTAH LA E XN RECHRAE) . 2K A

B (clear), RIFRE#RAEXT R (Set/ZoneSet) N T N 7

Sk (invert), B A #AEXT G2 A B HA BT E Rk TR

MHER(remove),  RIMHIBRIZE H (13 AE X 5

(2) 7EEL (source) HEAE . ZE L

B (new), BPIE IS VKT — N5 (Set) B 1H4E (ZoneSet) ;

s hn(add), BRIV A N SIS IR ER R b

2 (delete), R H (13 VR X0 G bl 25 5 b AL 5 1 P9 25

T4 (subSet), HUIE IS EAE X GAIRAT A 15

b 3C IR (source) BT LAFRARAT =03&E FH I AR (S B, TN %28 Set A1 ZoneSet., K IEANTA

29 ;T3 75 0
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AR R BIEARF MR . WREAMELER S, AXAFER, AEiES L
OpenFOAM H 5 3CHY

WKl 4-2 s, BAIH B2 @I E— N 4N innerCylinderSmall 17 cellSet. Y&
274 cylinderToCell, RIIE I — > B X 45k Y 0 4% 5 o0 B2 T 75 1) cellSet. 1[5
FEE X 38 sourcelnfo BARHIA o X T A SO — AN 0 22 46 0 2504 (-0.8, 0, 0), 2% 1h3i s Ry
(0.6,0,0), 412N 7.5 MEFE. LA EEF7E OpenFOAM ERIALL m g HLfr,

4.4 Arbitary Mesh Interface Zh&LIE/Y 45

7£ OpenFOAM H AL X 4% 38 B A 22 Fh 77 ¥4, 36 A A BRASZ RN LIX P e 432 30 10 P b
— AR S R TTE, XM R NS A BN 5% Rigs) . X FTiEA ™
ANEREG, —2E R T A s Al X Fe 51, RN E IS A I AR A, B e 1%
Jii%s HHETTE OpenFOAM HiZ 7 v RIT R 1 5E W SR ifas, 4 ZEm AU RHLIR 3% 1 e S e,
W 75 BER H FAR 72 T AMI BRI PR, MONAR SR

T 7 W9 k& ST G )7 V5 (Arbitary Mesh Interface, AMI) /& i i #1fii4< OpenFOAM-2.1.0 #7K
FH AL 2R IR A% A2 Bl [ —Ff 51 o B 0] BASEIR 58 4 HAT T B IX PP 5 11 )5 5 72 OpenFOAM
HIFTF R 2 R A v f 38 FH X% 53 10 76 (Generalized Grid Interface, GGl A —%, (H I AEE Lk
IR IX T o X TVERMNT “FRA 7 FIERE A, (H2 E A 5 B CHS A A, BT LA
FINFEE. FiiEELES GGl R H—F AMI B A BT AR .

rotor side IR a

stator side

_ =

B 4-3 +H B8 H5 P A% AT 5 TH i b 22 10

(1) 6% AMI 28 A

HARRATTE AN AMI AZFHE, XS] DU S P R Fh 2 558 B U OpenFOAM e
A U topoSet T H KGR (T . 2 5 f7 Etix L A E wl—m, 15— hET
IZEER 4y (rotor side), —ANJE T # 1L (stator side), W 4-2 Frox. XABERAVER LUEH
OpenFOAM H11f] createBaffles Al splitOrMergeBaffles P4 T 2L 58 o T (R A4 B FH 53k K
FAR N R RE W] L2 WL OpenFOAM-2.1.0 fit A& 1$FOAM_TUTORIALS/incompressible/
pimpleDyMFoam/propeller 5.4 1% & .

(2) FHRAHALTH

2 AMI R ARG, AT DA T . RS SRR . — AIRAT
HEIBENER 2 FR 9 E T (master face), # 15 &5 70 F5 A M (slave face) . -4k AH A0 T A 3ot 42 7 B350
K AR L E— A, W faT 4R 20 A0 AE 4B AT

W 4-2 R, 2305 T O S5k AT a, b, ¢ ZANHIAHLS, HAIf5ixX
=AM O MIAARTH . OpenFOAM Hh A R it B3 Sk 4 3 AH 415 T

(3) HHEAE

BCE TR AR EL, RPRETH S T 2 R, 11 B AT 21 3 BB E . AL

030 ;T 3 75 W
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EEE*HE&*EWELZEE’JE* DRE IR, WF:
EREPNEEA e
|Sm, w05 |
M, to_s :&1 ;H\:EFIWMJ_to_S €[0,1] (3-2)
S, |
NITES BT &
| S, to_m |
Ws _to_M _%’ /\EPWS _to_M €[0,] (3-3)
S

A, AT | AHAT A
JT R AR ER § SRR

1S, 0.5 |~ S5 o | =5 j AERANEERKILEBAAD, 5§ AMIEHE
[EREINEAPNIN
| S, || S | ——He— M55 j AT (T BRI — 0058 | T T
et T E 8 4-2, RAVEE S b B 1T o MIRE, APt Ll ik 5 EIHR
AL, bRk B TR AT b TR E . e BT AT LA S5 K 1 o AR T
7 WA ) TR
(4) %1
A TRUE, IR LS AR 2 07 A . JE I E AMI RS ST
SEBLHR A T
b 32 07 A B (48 Hh WA o
= ZWM j _to_S¢Mj (3-4)
e 32 7 AR B (48 Hh AT o
= Z\Nsi _to_M ¢si (3-5)

Ay Bl Py ——F— ISR j AFAH @ ERIEE—EME | A @1

IR I ZE AR, BRATHUSEIL T WS A XS Bl I 3 1 A A T 2 8] 508 PR 52 o

SRR GGl J7%, AMIFEFFATIHE B TR KSRGS, 20T B8 2 i HOR
M. ERNE, AMI A7 1 —NMBORH BRI, BIJCIRAC B A R R R i B W . KN
X IXFERE, B BARLE R, T SRR R BCE AL 2 0, MM ACIE TR . AN
1, EX AMI A2 FHIAL BP0 T R W PR, S ST R AN T, 2 AR A LS 5l
I 2 TN T 78 5 7 AR ORI, 7 Sy HE BT 3k 4 e R 08 T 1S BB O 0 1R 0 H B

4.5 pimpleDyMFoam K fiZ 2%

pimpleDyMFoam R fif #5 A& — 3K AT 7512 3l A% = Al b SR A AN AT He 24 00 70 44 11 B 245 SR i
28, WE 5K #A KA PIMPLE 535 (PISO #1 SIMPLE HIVR A L.
KRARAREERI IR B TR

031 5 3L 75
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¥ [yl PimpleDyMFoam
v [l Make

options

Files
pimpleDyMFoam.C
UEqn.H
readControls.H
pEqn.H

createFields.H

correctPhi.H

& 4-4 pimpleDymFoam Rf##$ 4514

OpenFOAM H— A sRfige — M ERF “.C7 0fF, Mkt “ H” SCfF Make
AR, AT LB AT wmake iy 23 TR, Make SCPFJEH L E options AT files P AN
S, Horr options SCHAL B BT 75 LSk SO RN EE SCIF H settdik, T files SCAF W ELE BT
LIS . P AT L EAT R BT SR S . 4T pimpleDyMFoam 3K fig 5 -
readControl.H 3L 3= B N FH P 80€ RIAHSRHEH| 28 UEgn.H H TSR igsh & 7 1, RIEAT
ZEWif: pEgn.H RIRA] PIMPLE SiyksRgd fE S5 i, bt 7 Mgz shi
AbFE

4.6 KB/

KEFENY T ARSI F K OpenFOAM HAH K k. AEE LN T
OpenFOAM  H i 1 4> 77 FE IR IETE 300 Hk, AT xF A Sz H 21 W% & o T A
snappyHexMesh [ A& X 7 I REHEAT TVEIN . 2 )5, ASCH OpenFOAM H I A% 41 b
AbFE T H. topoSet HHAT T VLI A SRS, AN SCES 4538 I A% L1 TG (GGI) R EE A4 T AT R M
F& ST TC(AMI) AR BRI RE A2 30 1) 77 o B fia s AR B A SR F SRS pimpleDyMFoam
AT T A

032 5 L T5
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HHE NREL Phase VI AR HEITE

AREIFUR T NREL phase VI XBLIZ 2 BT FTiR JiE#EAT BB TSR, ANRTBITAG, AER
XA RS SR BEAT AT . AR RS T MR S 3T A% 20 B i S SR A TSI B
AR R RIS R, AR E M G ORE I AT T ARSI B AR IR AN I AR s B 1
A B FLAR R T 3

5.1 ZEizJLA=EE

5.1.1 MR AHR
ASCHEEURE NREL phase VI REE KWL, iZ XL N EXIAIR) 20kW XBL, XA B4R
10.058m. KMLE A F, R E4RE S 9 NREL S809 1, S809 37U AH X i 3 7Y
BRI H AR — o o W AR B A AN R R FE AL R4 i, X A A3 BN
FARAET . AHN R 2 W2 AT 5 RIS B8, S809 AL F ESH U T RN
% 5-1 5809 E AIHE

Upper Surface Lower Surface

x/c ylc x/c ylc x/c ylc x/c ylc

0.00037  0.00275 | 0.52005  0.09237 0.0014 -0.00498 | 0.52837  -0.08697
0.00575  0.01166 | 0.56801  0.08356 | 0.00933  -0.01272 | 0.57663  -0.07442
0.01626  0.02133 | 0.61747 0.07379 | 0.02321  -0.02162 | 0.62649  -0.06112
0.03158  0.03136 | 0.66718  0.06403 | 0.04223  -0.03144 0.6771 -0.04792
0.05147  0.04143 | 0.71606  0.05462 | 0.06579  -0.04199 | 0.72752  -0.03558
0.07568  0.05132 | 0.76314 0.04578 | 0.09325  -0.05301 | 0.77668  -0.02466
0.1039 0.06082 | 0.80756  0.03761 | 0.12397 -0.06408 | 0.82348  -0.01559
0.1358 0.06972 | 0.84854  0.03017 | 0.15752 -0.07467 | 0.86677  -0.00859
0.17103  0.07786 | 0.88537  0.02335 | 0.19362 -0.08447 | 0.90545 -0.0037
0.2092 0.08505 | 0.91763  0.01694 | 0.23175  -0.09326 | 0.93852  -0.00075
0.24987  0.09113 | 0.94523 0.01101 | 0.27129 -0.1006 0.96509 0.00054
0.29259  0.09594 | 0.96799 0.006 0.31188  -0.10589 | 0.98446 0.00065
0.33689  0.09933 | 0.98528  0.00245 | 0.35328  -0.10866 | 0.99612 0.00024

0.38223  0.10109 | 0.99623  0.00054 | 0.39541  -0.10842 1 0
0.42809  0.10101 1 0 0.43832  -0.10484 0 0
0.47384  0.09843 0.48234  -0.09756

W IR EE 40T 22 ok, BIRTAS R T ) S809 AL .

& 5-1 S809 B A&

033 ;U 3L 75 0
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ZHRNURIAS SRR

I AN [ 67 BB AR 9 T 2 R 3R T «

% 5-2 NREL phase VI KbLAH A S5k

Radial Span Station Chord Legth Twist . Twist Axis (%
. Thickness (m)
Distancer (m) (r/5.029 m) (m) (degrees) chord)
0.218 (root hub 0.0 (root hub 50 (root hub
0.508 0.101 0.218
adapter) adapter) adapter)

0.66 0.131 0.218 0 0.218 50
0.883 0.176 0.183 0 0.183 50
1.008 0.2 0.349 6.7 0.163 35.9
1.067 0.212 0.441 9.9 0.154 33.5
1.133 0.225 0.544 13.4 0.154 319
1.257 0.25 0.737 20.04 0.154 30
1.343 0.267 0.728 18.074 20.95% chord 30
151 0.3 0.711 14.292 20.95% chord 30
1.648 0.328 0.697 11.909 20.95% chord 30
1.952 0.388 0.666 7.979 20.95% chord 30
2.257 0.449 0.636 5.308 20.95% chord 30
2.343 0.466 0.627 4715 20.95% chord 30
2.562 0.509 0.605 3.425 20.95% chord 30
2.867 0.57 0.574 2.083 20.95% chord 30
3.172 0.631 0.543 1.15 20.95% chord 30
3.185 0.633 0.542 1.115 20.95% chord 30
3.476 0.691 0.512 0.494 20.95% chord 30
3.772 0.75 0.483 0 20.95% chord 30
3.781 0.752 0.482 -0.015 20.95% chord 30
4.023 0.8 0.457 -0.381 20.95% chord 30
4.086 0.812 0.451 -0.475 20.95% chord 30
4391 0.873 0.42 -0.92 20.95% chord 30
4.696 0.934 0.389 -1.352 20.95% chord 30
4.78 0.95 0.381 -1.469 20.95% chord 30
4938 0.982 0.358 -1.689 20.95% chord 30
5.029 1 0.356 -1.689 20.95% chord 30

A X3 B FF B B Al 0.508m [ M 7 R 4f . 0.508m~0.66m 2 (1] Ay R
0.66m~1.257m Jyid X3, 1.257m K2 54 S809 H| . FHH 4.938m~5.029m Ayt v &
ey, X B XA, R ERSEPATIEEE KR RS E A R B AR
AN T o7 B AR AN TR T 22 3% 5 22 AN 73 3k (pressure tap), iy SE56 I &35 7 25 <30 )1 &
HHTH

AL EESRM Sequence S RV, 1ZLIR KM E SHCN 0° Wi, 3° REE
o BTl B 225 £ (blade pitch angle) 5 B i b AR s T R 92 26 5 Fe 30~F TR A e e
AR E i B s et @B i, 7R R e T e s N -1.689° TiedE A 3 .

N HALE THE AR5 TR F] o ARSCTHE AR BRI RUE LE T B i i, x 7 1A R
Jill, y iKY,z Al E R b EE R T A XL, TSN, AR IR
BU R BTN o0 A o 3 T 32 0E A ) T 5 ) A ol R g o AR SGR BB R BT o

034 7T 3L 75 0
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Blade 3

Looking
Downwind

Nacelle

B Blade 1 \ Tower
e (hidden by Blade 1)

IWind Blade Pitch Angle

& 5-2 NREL phase VI RHLAAR IEH -~ & B

5.1.2 XA A g T ok A

A7 BT, FRATTEE T DU TR RS RS T f RS 2 blade3 541 bladel
2. VERIE RE G0 R Fin :

(1) Hdibn

BTN A S809 HTH (B AT AN FE .l B2 Y S809 BAYTS I, ERUVRA
N S809 KN 1, BRINAKARIE ASON RIS, X Bl I 1 i 5B R g s T A,y ST )
AT 75 221 S809 H A LK AR R AL B AR, AR i 5T 7E 5 e Aoty,  x 7 1a) MR
Jrwl, y J NIRRT M & 1A Ae o Bt DAFRATT RS ZE0F IR SR (1) S809 3 Y AL KR flih AT ALAR AR 46t

AL FRAE 1)  n F FTR

X =[y, cos(Twist) + (x, —30%) sin(Twist)]x Chord (4-1)
y =Ly, sin(Twist) — (x, —30%) cos(Twist)] x Chord (4-2)
z = Radial (4-3)

ﬁqj ’ XO ’ yO __J?\ S809 Eﬁ;ﬁ%*ﬁ:
Twist —— AR AL B FITH A A, SR 5-2, FE:

Chord ——#H Rz & # 52K, m;

Radial ——#H M Az & 5 TH #E B 8 s PO AA R R, m.

(2) 2l & & i

AL WAL Z4ERT R H CATIA EACH AT 8 BB e i B AT N CATIA 3
17T 221« Excel £ 5 N\ CATIA AT LR CATIA H i) VBA W FE 7 s28, %5
FF H %4 “Catialintel_a\code\command\GSD_PointSplineLoftFromExcel.xls”. 5 £ #i& % fH 5k
BTG, {797 CATIA B, SRJGTE Excel AT HHN I 7 i 2 B AT DASEIEHE N A
SCENBS T R 0, XA (8 2 fa ot i o D DX IR D R RS X3 AR 4 R R
il ARSI TH AR B0 Fros:

35 U1 4k 75 7L
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& 5-3 N T B AL 4 A B
B2 g 1.257m Abf S809 HTH, i B /& AR R IR . E AT LA BIR
() A3 5 A ()5 T P 3% AN O/ INAR A A 12 B SR 1)
o FH S T 456 ) CAT LA 223881 i 1 4>, BRI 45 BAR B A 3R 10T, 30 R B BT s s

B 5-4 M AREE

(3) Ll IX 45k

1 SEAR 45 %8 B P U8, FRATICIA R P X U T LRAR, A 5-4 ATt
AT UL B, I U X 3 TR M [ 5/ 72 A S809 Il T, 2 DX sl — T LU 5 [ 181 2 v ) = A
TR R el I AN A IR 201 AR R 1 AV B

PEASCAE B 228, 40 Ak B B4 P 2 AT T ) 5 922 12 X8k, U2 HE e I X 3
55 S809 I T I He AL BT BE 7 M K. VR HENIZX AN S809 3 Y Ak S 4 /INA K

HOn SRAE B R 2 ) % I XA, 2 AT et = AN R T TR . AR 2 AT
PEH%, RIBEBAT BN A SR B REZXAN AT T o AH R KR BE m T AE (AL B T A A
HORSCSETHEE N 1.257m Ak S809 i e K JF AL )AL ELARDR, IR R 5 P I BUAR T

036 T L 75 T
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F1 30 FE2 50 T ) i REAT R VAR AR, XA T SR04 R 8 DXk = A 1 T oz B ) e K5 B A
PR TXIHEAT R A s 5 X3 T 1) i PR SR a4, AR SRR R I 225 S809 il T BLE A & H
P71 DA R R R, R4S B AR B T R B PR -

Bl 5-6 i X ke Ak A

(4) 2zl Fr R

JR R R TR A g i R BN S, S PR AR 5, 2R S809
I, SR RSO RS, BATS R R R AT . A SO TS BN
Heilt, PSS Rt .

ECT A )
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B 5-7 PARH B HIA BT A
(5) SEREEA M AL
FE A 13 B AR SE m AT LUK FL 2l X . AEIX 2 B SE R &t 2
Hhies 4.689° LUEAGM A AOREEMIAE] 30 MIELR. KSR S x Bt 180° , 133
bladel. Jifit L, AT EALREALH, K& LT WA EEMARHEER. R&8CR I
NEPR:

& 5-8 RARBRAMRE
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5.2 Mgl

WIRTRT R, PRSI 2 diln, ASCFEERH OpenFOAM  H 4 (1) B 2 W % &Il 4 T. A
snappyHexMesh. {H & T NREL phase VI XML Fr ™5, i H S ab i desl, oA
snappyHexMesh X1l RS ESG ANk ik BEA, AMI 5 vdaxt IR i A8 S TH O i = e s i
BER, IR AR A3t SRS R AR

5.2.1 T+ E

FEHEAT WIAR R 73 B, 25t e v R, 7 (R L, A b SO R E . % 3] NREL
fRSEge S 7E NASA Ames 24.4 X 36.6m KGR HBEAT IR, SCORUE AT T RRURE 3] 000 183 A T v B3

(b AT 4 T AR«
R=/gifi§3§=1686m (4-4)
T

HEFHDS@E L TR R, XA KN EAR L T A R OE B A A3
NIZEARE A — & W R, it SE R W, A e TR 156m (4 3 £ty
K. KETW, AXLGESH T HAVEEMRE, maaaSiEhaes, e Ad
ZHRMLEEE N 5m (LA FKEE), KAHLEH OEEE A 20m (4 5 KB,

5.2.2 4 snappyHexMesh %173 X 1%

snappyHexMesh & il 73 A2 o] 2 DLAT T — % 26 snappyHexMesh W& 23 1Y v 11 8
27 OpenFOAM-2.1.0 (] propeller 5471, 5447 T-“ $FOAM_TUTORIALS/incompressible
IpimpleDyMFoam” H 3% .

Wk BT RE propeller 5451, =2 EEMMR . B ERZMK X, HALE 7
1E. MRS BRIAKR A IE SR BT, Sl 2 ksl e i E MR e RS R

# 5-3 snappyHexMesh W #2025k B

X 35k JsF(m) K% level W% . T5 (m)
5% [-5, 20], r=15 level 0 0.8
hng X [-2, 5], r=7 level 2 0.2
/NI X [-0.8, 0.8], r=5.8 level 2 0.2

WA r=5.029 level 5(6) 0.025(0.0125)

Forhnas DXRIeRS DX 38, Fo A A 5 A VRS o s DX R 3 255 18 XU e sl AT A
(I B P RS, X L B R AN R BV L 0 X 5 /NI X R 2503 e B D9 A I+
TERIY Tk AMIZE SRS SEANEI. TR A% level 5(6) 45 72 IXAE 2 T W 4% 25 3l
5%, fERFCHILF LRI 6 2, IXAEICE REWs S 4 sl Sy iiL At .

PURSEDLAN T Bl CRD TSR #k, - BT AR 224 17—

3039 5 3L 75
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LT A R FRATTAT LLR B, snappyHexMesh  7E £ il UL 32 (0 IR A% - B8 F7 38 R A4t
o B A S ANES . (ER 0 tH I T PR AN LA™ 28 10 )

(1) maxSkewness ik

KH snappyHexMesh £l 58 M #% f5, fH OpenFOAM FJ checkMesh T.H 1] LA15 %
maxSkewness i K&, 41 FETR:

***Max skewness = 12.8685, 24 highly skew faces detected which may impair the quality of
the results.

Xfit, ASCAEHAE snappyHexMesh ZEi & _E#EAT 7 & Fhil, RAHMTIEMRIZ I
. ] OpenFOAM H (1] foamToVTK 4, #AJ5 75 paraView H e 7 i B4 i K iy h i
HIEEC AR

5-12 W Fy BEIG AL P A%
T X R A AR SOR I, TLFFTA (LS K SRR Tk A R (R Ay
). 1M1 H snappyHexMesh 2 il (- Fr X 75 il 10 Ab 6 2 O o AT LI 2 T~ Bl a2t
THRELFE 0

& 5-13 skewness 7~ = &
% L, d AP PO L R E S AT fi, m oM fiFR R A A
O f (&, OpenFOAM H Skewness )5 X B A

41 T 375 T
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T2 21 1) maxSkewness i K28R A& B A Bl 0t TR BE5] R
1t snappyHexMeshDict H' meshQualityControl i 1 BRI 7] LAHEZ 52 [ maxSkewness # &
N

13

Skewness =

(4-5)

[=X

maxBoundarySkewness 20;
maxInternalSkewness 4;
1M 1 checkMesh 75 2f#) maxSkewness 2924y 13, i b1 734t 0] U 203 #l i oK)
WA A% 32 B AR ZE M F fBEIL, /N T BT maxBoundarySkewness Jy 20 FIA A . #ASCIA
DR B EE E LE B A BT, AR SCAS FEAE B I 1) 25 X P /s AR L T
(2) AMI 52 G144 Jo 5 22
BIRASAE VT RS I ©2 78 70 5 B ARUE AMI 58 FHIRIK POA% 5T &, (H2 T Re i T
snappyHexMesh A £ 37 & T 75 [HAR PR (1) 21, d50 545 20 AMI B TR RS 5T & AN 2 AR 4F
BETT B 5 BTSN B MRS BUAH LIS 3, R — I %) AMI S H BlE R E B . Xk
WAL T 9 0, SRS 1. AN FI3ROR A0 R TR :
AMI: Creating addressing and weights between 7144 source faces and 7144 target faces
AMI: Patch source weights min/max/average = 1.345e-08, 1.05287, 1.00044
AMI: Patch target weights min/max/average = 0, 1.04703, 1.00034
N, BATEE T AMI BRE AR SO, 40 Frs:

& 5-14 AMI 22 S TE PG 1B L

H EEIPL, EAR snappyHexMesh X N [ A Il HE s ANES ,  H2 R A0 I8 2 A 1R
ZYIYUEERH T o XSy fE R R T A 2 IS KRB, REOTEE . RSO
W T B PP INE, B G EA R A, £ 2 ORI R TR I R R e i 2 SRR I
EMIEOL . XFERARAR MR RINE . Wi, AKXZ% [ 1E CFD-Online 183z F#00 WA E
W, KA ANSYS ICEM-CFD 8R4 il 5t Mk, TR AMI ZZ S )G

5.2.3 ICEM-CFD #1 snappyHexMesh B & £ i /X k%

(1) ICEM-CFD Z:#1|15 5t M %

T ARE AMI A2 FTH S &, % T S5t RR I AN R E O BU A% . I O B MA%
S EIAMA S A B OCEE, O BURIAK 5 A TIUE B A X deoi FLOCIE iz [l X 4 e
REE T — BRI /E A AMI A FEIXIF) o RS (AR S B A R A7 BB vl W R TR«
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A, AN X IREL RS 78 o5 EC N T, WL 5-17, TR, ST RUFS X I + 0.8 KT
XFPIRE AT 1IN . FoJE 5 ORVEREI N T IR R IR AT 1INEE o RS A ) A B L b
P 5-15 7o A RCR AN R 5-16 7%, XUFE FhL XS A% K/ 0.1m*0.2m™0.2m, 3 B ELfR
R A KT 2, 06 snappyHexMesh Az B WA i S 22« AES S I 7 n 22 [X s £R
WERIRS x J7 1A BEAE 0.2m Air o FoAt XIARAE DL kAT A A AL 2, DAY/ D S AR A%
I K 5-17 AR LA B AMI A2 ST DX A8 R P A o B B S )4 v o X0 3] 7 FRATT
HH

Mgl e RS, ¥ H - fluent_V6 #30, SR X H A A% S fluent.msh iz H
OpenFOAM K] fluent3DtoFoam T. EiZ 315 A 2] OpenFOAM (154l ,  {r47 F| constant
H polymesh 3L T .

(2) snappyHexMesh £ il B4 k3] 1%

TELHIBEAR MRS AT, B Y5 KA surfaceExtract X i F (I HEAT L, DU LE ) T 2B 5™
RIS AP A PR S o BT S IR AR A S X AT T s AL B, MFE snappyHexMesh
I AN e B PR SR AR AT D 2 b B . T R SRS FLOTid KO 0.2m Aot
B Z R4 A snappyHexMesh Z: il (1) 0.8m T4 A I HIFE T, HOxX B S 1) i B R
TR H BB B BRI AT o RO 3Ry 3 9, v IA A b 4 2.

BEAh, dnRTRTIR, AT 5EAE A wall function SRAEEILIA FZ RSN, #s BARIEM
AP y* 1 [30,30017 il A o £ 15 25 R AN 5] U y+F S, U BE T ]9 4% 2% (surface Layer)
MAGREULARENIHEE, KAXWEEHFROBN=ZEMEZE, BEKZE
(expansionRation)1.5, #x4hJE P ZAHXS JE E (final LayerThickness)0.6.

I35 A9 3 B A B 0 R R

R 5-4 W RETBR

HRME ) Mg R)E i) Mk EE T RAMKE (1)

25.5 35.6 40.6 40.6

PR DL R 81 B TR -

il
|

& 5-18 THE MR AL E

44 U L 75 T
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o

rana
i

e

B 5-19 HE S EME (x=0 A8

e

S N e e
5 e Sss=s=s=
B =ra=tasE <]
i i
.
1
] \
\“-‘_\ \

A 5-20 M- f Bt Mg A 1S

=

7

(3) AMI =2 S 1 A it 7%

s A2 RS R, EE OpenFOAM [H— 160 44 4R 4ME B T Hsk A B AMI 22 SLTH -

#—, H topoSet T.H remove 74 2:Bx ] ICEM-CFD il A% B 57 1) “37 (RIS
BEA BT U, B2 5 ia Fa 2 HEl—A s 8 T M 84 .

H 00, T topoSet T EAHR Ay A QI AT 7 1 AMI 22 S X 35

(1) H new & #ii—A> cellSet, &7 AN A, P ANFLLE G x J) N[-0.8m,0.8m]
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A2 7.5m PYEIARE X3, R 2 B8 PR B T 2 A 1 X s

(2) FEHrE—1 cellSet, 5N B, PN cellSet A; FIH invert a4 % cellSet B %k

(3) H new w4 #r 2 cellZoneSet 1 faceSet, %% M cellSet A il cellSet A AT f T ;

(4) H subSet [m] b 1iIHT 2 (1) faceSet M IN1-4&, 5N cellSet B Fir A 1T (L% ik);

(5) Fradt— faceZoneSet, Y5 A cellSet A Fl_LThi (1) faceSet.

2k, AR 7 —MEH AMI N oA A GERAN T WD 1) faceZoneSeto

%=, 1847 changeDictionary 4% B [I1% & 1) AMIFaces i T — & B & £
BTN AMI A2 BT 15 B (nFaces, startFace, neighbourPatch), uﬁﬂ‘ﬁfhﬁ‘hﬂﬁ%’éﬁé
(cylicAMI). X FH A FEL H AMIFaces RAGTH 75, VIRKIBIT A RAE . frH8tn Heh
JE A RAE S, SRS ST a2 B AT,

EUU, RIEAT T B2 W7 B IZAT snappyHexMesh I AR BT GA SO (— 2 O
S MR

$H, 1817 createBaffles 4, ¥4 N HS A I (internal faces) #% 1k 121 5t Ifil (boundary
faces), N T HHER.

H 75, 1247 mergeOrSplit —split /74, ¥ b— DAL A TH 433, 193] AMI A8 S :
T V25 [F1) [F) P AT T G LT PR B0 A2 T e P 5 17 T 25 I ) &7 BT T B JEG A/ T PR 6 TG 2 7 L 1)

AR AMI 225 TS WK 5-17.

5.3 ¥R, BAFHEE

N ARG AR BN T 0 SCHFe T . IR E S TR RN A S
7 wall function i k-o SST IR, AT DAE F5 B AN B K, o, AT B . BR T RATH#
FEMRHIB SIS, Ky o FIBELEL S HEA R4, HAh—EERIA N 0,

mlet —_— walls outlet
p zeroGradient p zeroGradient p fixedValue
U fixedValue U fixedValue U inletOutlet
k fixedValue k kqRWallFunction k inletOutlet
fixedValue o omegaWallFunction ¢ inletOutlet

gfliuul,nul /' \ v, nutkWallFuncion v. calculated

AMI1&AMI2 rotor

p cylicAMI p zeroGradient

U cylicAMI U movingWallVelocity

k cylicAMI k kqRWallFuncion

o cylicAMI ® omega WallFunction

v, cylicAMI v, nutkWallFunction

K 5-22 JARFHRE
S0 TR WG S50 R AR :
R 55 LR THSH

SIS KAGE(m/s) 2R (kg/m3) IBEKS B (m2/s) B3 (rpm)
S0500000 5 1.243 1.424E-5 72
$1000000 10 1.246 1.423E-5 72
S$1500000 15 1.224 1.450E-5 72
S$2500001 25 1.220 1.454E-5 72
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5.4 BHlEHSKBEEIEE

5.4.1 BHlEMERESHRE
SRR E A S5 00 R BT 7R -

¥ ||l 0-0rg
k
nut
omega
P ¥ [l System
= U = | changeDictionaryDict
¥ [ conskant =.| controlDict
™ | polyMesh = | createAMIFaces.topoSetDict
» | trisurface = | decomposeParDict
dynamicMeshDict =.| fFuschemes
RASProperties = | fvSolution
transportProperties =. removeRedundantZones.topoSetDict

turbulenceProperties = | snappyHexMeshDict

& 5-23 ASCHMERBI 451

AR A5 =AM 0.0rg, constant £ system SO . fRIEAEINTR

(1) O.org

2SI B T & BN KA %A, AW AE) U py ke o wWITE IO
JETF RN E . IXEH 0.org ZER 7B LT AT AL BERAER 0 ST S, o
FH snappyHexMesh Az 55 XA I 5t 23 A2 B O SCAH 2 o 24 HoAh 1T Ab 38 TAE 45 58 B , ZiCKs: 0.org
Hag s 0 I, VRG] A6 I 20 S A%

IEAMEEEANTH R R b, RGP S 00 IR 7] T8 B H 132 BO5 B 2 ORAFAE FURH S R ) T
SO, 0 0.5 SCHEIERIGRAE T 0.5s I ZI B PR i (s B .

(2) constant

constant SCAH I 44 B S E BEAT I SN i . A polyMesh SCEE I H AR
T AT E I AR (S B . 1 triSurface SCH-IEH T A7 7K snappyHexMesh i) 73 (X k% B 75 22
B JLAT “.stl” SRS

dynamicMeshDict SR EIZENE B, AT AR E AMI X 80z 3 T8 08 e,
ik Ay x 1, FIEEE )y 72RPM. turbulenceProperties Bl SR FH A Fhiiim i, *FT4 Ky
RANS Jif#, #i%E N RASModel. RASProperties F T ¥ & RANS J7 FEHIRERERL, ST
AL E kOmegaSST, FHIFETmEIAT . & /&, transportProperties 221 B i i HIRH%E,
T ARSI, 12 SR AR IR 5056 v e B .

(3) system

system SCAF RN 3 BEAE AR RISCA:, BT A ) 2 2R nT DA IX B E A

Z R A E|H snappyHexMeshDict F T % & snappyHexMesh 4% il 7 #H K S 40
removeRedundantZones.topoSetDict. createAMIFaces.topoSetDict 1 changeDictionary =~ 3¢
PR T4 RS P ANRIER S 4, AR ERAE R TR AT 20 .

LF T YA, IR IR N4

e decomposeParDict

Z 2], OpenFOAM H 4 K43 D e A K g #5 #8 v] LUd i MPI SEBLIFAT U5 .
decomposeParDict il & F T2 fill 4 v 553840 1 e 2 AN AE FE LTI« A SCR A hierarchical 173
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EitE

ﬂﬁﬁ Revh SRR x 7o DA, FEHE z D517 73 B A

e controlDict

A Z R R A, A LR AT RE

BT [6 g ) B S e e ),

WA, 2kt Zl,

’ /\ + 8/\&@%75

SO R R S . ARSI

Bl S EECOK, Oy TR I ORUE WS Kimmﬁﬁﬁmﬁﬁﬁﬁﬁ@%%ﬁ

adjustableRunTime KAz H 2K, ORIE oK oo BAECAS B 2.,
WDKK — A 3e-Bs~1e-4s i 4y . MM N 72RPM Rl 1.2 5 8b.
X E N 2.6, HVRMLEER: 3 [l X 43.2°

R BE T B H MR iR B8R, i

THEESEREENE, AR LR Z17

FEIXA SO rRIE m] DL B E AT e e

WA T SRR E
GEHEITHES

VB RL, S AT B E AT AR H S R AR — A forces U, IS T AR

I 2 =5 18 i) A A

e fvScheme
XA A B B Navier-Stokes 77 BRI B AL ZE 7 kg o X TASL, WEWIR:
# 5-6 fvScheme 2K E
ddt Euler div(phi,U) Gauss linearUpwind grad(U)
grad(p) Gauss linear div(phi,k) Gauss upwind
grad(V) cellLimited Gauss linear 1 div(phi,omega) Gauss upwind
laplacian Gauss linear corrected div((nuEff*dev(T(grad(U))))) Gauss linea
interpolation linear snGrad corrected
e fvSolution
PO BT R AR WE, ORI DL RV ES . W T AR E I T
% 5-7 fvSolution Z2#& &
pcorr pFinal “(Ulklomega)” “(Ulkjomega)Final”
solver GAMG GAMG GAMG smoothSolver PbiCG
tolerance le-3 le-7 le-6 le-6 le-6
relTol le-7 0.01 0 0.1 0
smoother DICGaussSeidel DICGaussSeidel DICGaussSeidel — GaussSeidel -
preconditioner - - - DILU
maxIter 50 50 50 - -

S T X PIMPLE ByARBEE, MTFACBREWT:
% 5-8 PIMPLE BESHEE

correctPhi

nOuterCorrectors

nCorrectors

nNonOrthogonalCorrectors

yes 3

2

3

5.4.2 HHEITHRE

XHE PR, AT SRR S BIEAT R . 8T A% AR BN 30 $h s R

A FRRE H 73 N2

g5

ARFLBI B AT AL LN s

(1) 1817 cp-r0.0rg 0; #5 VU/ERLHIAG O I 2 )% XA

(2) 1217 decomposePar;

(3) K BB B4R E AR

(4) 1217 openfoam.job -8 xxx pimpleDyMFoam JF 4 3K i ;
I&47 reconstructPar fiy %

(5) RAFERE
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55 ZR5e

NREL € #2530 /12250 M S RANVE S 75 3° 22EE ) 5m 2| 25m/s Xk T (JH]
W Am/s) B— RA L. A EExF H A ) 5Smis, 10m/s, 15m/s £l 25m/s XE T ) ML K
Fm AT HUE TR . Fodh 15m/s AT 25m/s B REO T REE 43 KL SR F 2 & 18 3 s 4%
i, WO A R T A T 52 2 B BRARYE I

AR WSS B T 2 DL 5-24. s H T 15m/s Al 25m/s KU T (5 & v KU R
THEE A MR thge. BT LLERITE 0.5s 25, WA AR,
WA SCIR BT U (0] 2.6, 3T & AL e 3 18 2 2 LA B )

5.5.1 . W I A S BN 2 Oy AT

DY RTE R R AL R R DL rT A2 L] 5-25. % BT H s bR FE K B 5 — AR &
Q(the second invariant of the velocity gradient tensor) N5 R 1A, FEHEEH G0, BT Q
EAEEAEMIE, AT HEIER SRS, S TAREERAAFRN Q H. WA AT
PAEH|, fE 5m/s F1 10m/s [XGE T, I Fr BT koK 2k &Mt sl A 5m/s E 10m/s i
v BB PR IR N . XA KGR R, FRATTAT DO SR B FR0E A, R 7E Sm/s 1
I Y o SR Ah BT R O AR Sk TR AA S809 3 ARG FLAb B B, AL JRIZL,  MOXH
Iy XA ER 2 T 20 B B o SR AP ERATTAR T DAVE B 21 R i KA TE G 5 20— AN K
PE S JE s T, X2 AR SO AL T — > P K B8 DXl P 1) AR 36 5% i
B B T KR B 1 FR iR AR Ak, 75 B XUBIL i THI 1 P9 At S RV BBl R I, 3K 99ROk
KI5 TAE 15m/s I JL-FAA e B #H L T e & mah 70 5, 1XAE 25m/s
BRI BN 5 3 o BbAh, FERXPIANKGE S, iAoy HoAd X380 A () i 8 3 B 2
A R A EARR, X AE 15m/s (B RS B . IXFIAR BLAE H 2 5 80 IR BT,
M AT R DABH 7 BIAE iy RO T Sim K BE A B R 4i 4. th4h, 7E 25mis I,
AT T LA 5% 2] — Lo ZF R SRR A3 A (I BEIR [0i  BE— 20 MR I, IXLEBEAR 1R T
AMI ZZ 5 b, wCHE R T AMI A2 ST e 7 BT 1 L0 DA TR) 4 /s () TR B 88, 3X — mia
DA T B3 3 1 P L W 52 3

DU JRGEE T (T B 3 5 L a0 1 5-26 Ptz . iZ B NI O A B A, S A
. MWEIFFRTLAES], 5mis A1 10m/s IIIEHL T, M R A RaE, AT LLRL S 3|t
A U et e AN BB R T 1% P 37 i SR 1) SR 1A U B o AN FE I A — A DX
HHRIIFIC, 2008 60%~80%. HCr X e FE B2 T3 A R A s I B, 11 B R
A DX PN TR ) AR N2 | T e, AR KL i 8. ikt 15m/s AT 25m/s
FITE I, FRATE ST LA B A X R D I A R A5 E AR T o H Ju I P R
BT B RS, T HRAR R AR T B R A B . X Ul BAE s KGR, KULE T s
EE RN EAER, WalCSdEw A, Bt nr DI 5 F 2 AT 2 2 1 AMI 225t
T ZS B, (E& AT DUR B FUIH ZE 4G IR 3 B A A 1) 5 SR e, 0 THI 12238 ST IR A7 e X T8
MNRIGREIR/N, 33X W ERAIE T AMI J5 378 Ab 328 AR BOE 22 B F 2R i g

SN S B Ly AN ] XA IR A R AR E L, A SO 4 2.5s BFZI] CEP XA IE
UFHe 3 B DU RGE FASFE AL BB T blade3) FIRLR 7 A 9F B R S REUR G W
5-27 F15-28 HAf LUF BIBE & K 350, HLE BRI R, msha BIR g dnag.
Kl 5-27 7w, 5mis (i, BN a KR sl LR R B R, A LB AR AR
JE 7753t B IR (LI R ) 23 ARFE . T2 10m/s R, &N A7 B AL i 3 R 46
S, AR AR . BT 15m/s A1 25m/s B, Wil 5-28, HLRKHE DL AR E,
A PER 1) 50 AR ) AR B IR LR RE 0% [R] I W 5% 21 22 AN iR 1 2B RN BE 75 o 3K B (1) e 7040 A
A L2 i ) A BT 4T L

49 U1 3L 75

=



%{; «tﬁ){@)t%

SHANGHAI JIAO TONG UNIVERSITY Egﬁm*ﬂiﬁiﬁﬁe\,iﬂ'lﬁﬁgﬁ'ﬁ
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o0l T 15m/s ||

—_— L 25m/s
Z. 5000 - 1
g I _AA“u o —
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[ f‘,
3000 [-% 1
r \--t__.—‘.-_—‘n-lh— ————— N — T —— A ———— " ———
2000 r r r r r
0 0.5 1 1.5 2 2.5

Time [s]
& 5-24 15m/s F1 25m/s RKIE T XESHHE A7 75 ih 2%

Time 2.6s; Q =12 Time 2.6s; Q = 30

&l 5-25 &R T XFE BRI it
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4500 | —=— oF
s000-_ & Exp 5

3500 -

N

a1

o

o
T

Thrust [N]

2000

T

1500

7

T

1000

500 r r r r
5 10 15 20 25
Wind Speed [m/s]
Bl 5-29 £ BE KRB AL 1 2%

1800

—B— OF
O  Exp

1600 -

1400

7

1200

T

1000

T

800 [
600 -
400 -~

Low Speed Shaft Torque [Nm]

200 -

5 10 15 20 25
Wind Speed [m/s]

B 5-30 % FE RUE AR AL I 28

5.5.2 #E )L 5E

SEZH v (R DB R N R A REAN I SR AR A3 B0, W RSB R T I
R T LN IR B o WA SCAE SRAFHE T I e o R 25 R J1 78 o SR 36 1) A d ik
LR AE S WAL R 2 A b A% BEE A N B — 22 1E15- 3

S AR AV R LA R IR AR, B 1 TRARER TSR gR B A AN A
WAL, BIACER £ — /MRt 22 o A ST HE ) AN A R A Hh XV 38 N3 = Jie e o) U 1 5080
P

B F ¥ 5-29 ATLLE H, CFD AT RALHE ) BTl A o e, i AR SLIGE — MRk
ZEVa I . A AE 25m/s (IS5 P45 LG SC BB A B0 T TR, XA KGE T KAL)
R BN 2 R A 7y SIS, X MeRALAE Ll e A #2381, (22 CFD il /)
FERIG OLRR T B OR RGE AN, AH BRI A LR R A . A SCAERT I C 2423, Aot
BAETHE AN HAG T 30% WAL . (HR AL 10m/s KE T H AR R A Se i i i 13,
ASOR BUAR 1 AR 22 55 1A W R ) S, LR SR DRI ARE I D BE IR N MR B

5.5.3 Cn #1 Ct

FH - HE AN AR 2 g R e A SR T AR 70 A9 21, # A REZR I HH XL
YERE . B — D OF T i AR A B AR TR K S Bh ) R AT DR FRATTEE IR A MRS AL
TARBNIINERE, W ATEE P IR UE SR A AR T XL B A R EIEEYT . Cn B Ct
FLSEAR IR e /IR 43 200, AHR A BT AN F] R A2, 33X LA s 2R € I T B EAT A
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Where,
B + & = Blade pitch angle + local twist angle,
o = Angle of attack,

C. = Normal force coefficient, : i
strzr:ri C, = Tangent force coefficient, } (Ref. Chord-fine)
wind C, = Lift force coefficient, (Ref: Relative
C.. = Pressure drag force vel m':ity}
coefficient,
grm i %;:sztec::eﬁ;é?ennti } (Ref: Plane of rotation)
Tomue i

C, =Pitch moment }{Ref: Quarter-chord)
coefficient, and

V = Resultant Velocity Viector.
&l 5-32 #2531 R REUR B E

gy RTHLRFIE A8 St Re R8BS WA 5-32.
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AN TR I E R 0 5 B PR TR 7 RT3 B4R Cn 5 SEIR W) 4 BedT
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FrE . (HRASCHH AT CtE /R=0.47 Ja IR FFEARALIT A B T m, X ATREEH T It
B RSN B E AR E R, A R=0.47 2 J5HIALE 7 B A bR SE AT T EL.
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qrf, Py——M ) RMMHER S /ME, Pa; P, ——JE55 @Ak M, #EASCH Jy OPa;

U——X%, mis; o——RKAEEMERE, radls; r——aRIHEFEEE LI, m.

T 5-33 A 5-34 AT LLEEI, 5m/s Al 25m/s K T, ANk K 1 2R 00 A 5525
AR WA, X — B IAE T Z BT IiE . 1AE 10m/s [RGEE T, §i #5800 5 S2 5615
WA ARG, AH R SR R 59 2 = AN He T ZR 550000 i 28 1) W #0308 ¥ A TR B S8
B AFAMEEX L T LRI, 22 BRI X 38 T R T (suction side) $E1i 512
FIAEE . T FIRE S S AL () JE /9Ti (pressure side) K 7 2 5018wl 58 45 BE i 5] Sz 06
B XMBMRE T A4 Z TR Ct B LA B A5 2 HUE S SEIRE A B 2 1R/ .
RATFE 15m/s i, AT LUK B 1/R=0.95 i JE 77 28 550 28 75 1 W 71T 530 Akt V5 A S 42 2
WAl , XWESE T 2B Ct I LE /R=0.95 I I AIAGAL . X Eehr B I ) 2 B WA 1)
Gl it B8 S 80T —TFUR S AE T T HBLIAE 10mis A1 15mis B fRAG I 1E oo Lhabxt T
15m/s ) r/R=0.3 #[f F, S2645 2 EUE % Lk CFD 821 InF22, XFhIl %A Lill
(S & A 1R E .
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2 FTRTHRRAT O & R, AU EAF RN 10m/s A1 15m/s Ak AR 5 S0 AH E
BRI HE—BHHE KB, 78 10m/s I r/R=0.63, 0.8 1 0.95 iX =AM 4k DL K 15m/s
i r/R=0.95 & AL [ Ct %A H I AN SLBAEASKE T, T — BELARFREAL . TRt — 20 0 iix
SEAy B (1) 740 AR AT LRI, T BTl A B Ak 1) 0 R ETE e W THI ST S 3 B AR L
LIMIRIRZ .

PSR A AT BRI AT B 1B O T R ) R0 At 28, oA 10T LR DLAE I 7 W ) T 523 5
WA E, ARCHTHEAEA T 2%, A A 8 2 BT A i . (T
B 5-27 F15-28 1 iy G L X35, FRATTASME R ILAE T S AL 1 R D1 BN KI5
AL, HARSCRHE— M, (Ha2ikHEET 2 2% R/ (MRF)K#%H MRFSimpleFoam X 4% &
R HAT U, T RS R A R B A I A RS e AT
AR BT R

& 5-35 Rt AN IEIEMR
R S A B R ] 5-35 BT o ANEIHRIRATTAHER 2, 1AL A T AS 2 AR T4,
A LB AR o I RIZE AL 1) IR AR T B A AR I DR R o AR T I AL (1 I A A L it R0 X
WA W RN, (H2RAMIE RO RSHERE R, SR A SO, AT EE T
S809 HEA, fEFANAH —BiZ pAEE K RS AR i i BTk, XS fE
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R IT 200N « m 7o 4G g Ry, PR 5 0 A P O o R A S 0 45 SR L A EE B RE
RN FAS, RAXF NG, FHEEH BRI, RN RS2, )
[[ipE e = v
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UbAb, 2 RS IR AT AT LA E) 10m/s F 15m/s XUHZ I sh MR e AN Fe o ik
PETIA, RBNARAS AN B N R, IX MRS I BUE A A B MEFE UK o AEIXMUE DL 6 i 10
PIVER &K, R TR 22 0 K FE AT RE xS TH 5 45 & Frd% . {H OpenFOAM
RPN iR o 22 04 3K, OSSO A Al — 20 243K

5.6 ARE /&

A B FENT NREL phase VI WA HEAT T @B S8BUE TS . A=L4H 7 % NREL phase VI
JR GG K A A R R DL KGE ] CATIA B E 3 AN RS R R, VESRHEIR 1 i i 9 [X ek
DL A (R 2 773 o TG AR 2556 KRFLIE H - snappyHexMesh 347 & 8114, 383 1 k&
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ZJE A AE T OpenFOAM AT [T RANS K fif#% pimpleDyMFoam 45 & AMI #4312 5))
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ARFEAH T EAKGE T RECH R IE oL, HES R AREN, )i KA i,
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A — 2 22/ 20 1 4T NREL phase VI 54N AR 1) 25 <8l 20 Ve BE AL (0 5 fiE v 52
MAASCRILATREH T snappyHexMesh 7EMIA% il 76 75 L RIBR #1380 F W i 5 &
AAETE T AR BURAR, BET 3 2T S ARG . BT AR AR S b F AT SR R A% &)
Gy RAEEE TS, WO e e b R IR e R, X BATROR . AT B EOER R ML
PO AN 12 45 LRI 4 ok IRGTLIE By 6 2 <08 g M RE A0 XU ] LT 3 77 A O B, ) B AT TR
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6.1 I JL{AEE

RSB A 1) U T S i — B B W], AR 2BV ER B, MU S (3 p i A e vy A
SR~ 5%5 0, NREL 525 451051,
6.1.1 L FEBANHL ALY

B 6-1 Sk XML B EHLARL ML A
i KALEE B X HLRE &5k in BB, "I =3 2 (e AR Z 2 E, T H SR
BOA 2 IRy BRI U A o oA SO e oL (R e A, W R B

B 6-2 REBENMEHRTE

el k75 ;W



- ¥z
)-’ }é A j.ii )t F
e/ SHANGHAL JIAO TONG UNIVERSITY ZHRNRIA S St RETE

RIS L » AR SR ML R R BRI LA 222 1 Jl— >~ Bk b — N B AL T s 4, —
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AMLEES TR DL R A DS R~ S 80n 1 6-3 Fra. B EIA] AL, UL S 30 0o i 3th T vy
oy 12.192m. EREH =B FEHOVBARIKH B, &E 3.04m, 4% 0.3048m; [
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NI E R AT . BT O 2R S B BIARARE S CRIH R #E S 0 ) x 5 I B A 1.401m.

%tk NREL phase VI BB 58/, 1 6-4 Fras.
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K 6-8 AMI X R M BRIEMRE (L) - RE () (t=2.6s)

6.3 HthsHgE

AR AN S T B S AT 5 P RN RS AT 1 1 B AR [ JL LS A 2
R UG 5 1 G5 IR A6 1 1 oA 5 A EC AR [R], R BE T (wall) B BRI AT . ME—F
ZE I AMI AZ ST 11X 380 A1 Y6 A BT 208 - 2 BT XS AMI 22 ST &5 36 B D -0.8m,
0.8m]. FEHUAE AL BB 2 4 FRZ R HEA T, S K 6-2 Bl 1950, (H2 75 A% KI5 45
WG R, TRV E HAE G A 324 FLED 0.8m AL MAR 32 5] T 35 14 MRS SEma . 9 7 ARAE 5L
FooE, ASCK AMI 22 S |7 G Yo % 22 [-0.8m, 0.6m], 41 F & 6-8 fiw.

6.4 ZER 5178

6.4.1 A

P 6-9 5 Hi T PUAN G R ML B iR I O . N2 BT — B, Z R B R T Tk 2 5 AR
B Q HAMRE, HHEEEEE. NEHRATLIER, M2l RA KGR —F, 5m/s it
Jr BT B AR BB B 1 10mds B, i BEI BT MRE A BTOK, R AT DA S E R
SE AR AN AR T o F1) 15m/s I HEAN I B B I AL ER I Ga it , it S5 0 B 13 8l 20 25 4
FAERNGE, SFHOTRIABRE . A BTASE R, 5568 A7 75 A AR I S R AR TR 7E £ 0 5
fRT T DT o e AT b2 B B S A i, 1T L3 81 7 A R i A A A% A T B YR I AH
HFHE, 3XAE 10m/s A1 15m/s I S5 ANEA & . 15m/s IS5 14 5 1 A i ANZE iE B P2 AR IR T T
AR AR, 25m/s B E5 G i B k3 RN AR I AR S R R B 4 8 AR A LA
Fo sk, BERERTLBE R IR, SIE 6-7 iTA1, X2 Tz Mk C et
WIS Roh, BT RBAPEAL T KA G, 1 H =& w3 G a7
PR, KT 1R AR SRR T [A), w2 AR AT B R B AR . X LRI 6-9 R /T U
A LER IR SR, AT AT LR IUAC B LAR 17775 BR 1] 1 IR i [ B 4 O BRI B

N T SRR B R A RIR S IR IR AR, AR SCBL 10m/s KGE AT, BUXNL T
J5 M Fr rIR=0.95 £ B 1K L =AM %) (2.275s. 2.35s A1 2.425s) #ATHIFT, W& 6-10
e B st DU A, i Q S ATk It Q Jufy (ML Q=0~20 43 50 %), H
LR A N ZARTH I X RSB L . 1 eSS, WTLUE SIS A RIS M A R T, M
B 5 R FE I A B R IR AR Ak, X2 SR () B SRR R S . FRATT TR 2.275s B
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Frmes kg, "TUERERE AR EN — L — TR UMERMR, Rt g R
(Kérman vortex street). %M ZIn] LLE 2 Rl 24 i B R 1 B R AN AR ki, b
TR O MBS E R — A Rl 207 2.35s i, ERHAIR 55 & 1R IR A
B, ZEMETH, FRBEERTERE. BT 24258 B, FFHEAHRROSE
BAE—i, MRS ERRCESHREEAE RN T o« HILFRATIGUE T 2 513 2 2R
58413 R 2 (AR ELAE F ARV T, 50 5 A7 R XL 1) SRR T 2 i I 2 PRI 52 T T AT =
ik Pt T AR WA b 1) 22 i 7 R e B 15 J5 — A b B T 122 A TN A 7 i 7 FE o

6.4.2 s

M BN CEFE R, BREMAES TR RRA W E 0T E, A RATE
B SRS A AE T T XMLHE T B . B 6-11 JEoR T — AN el & A P - 1 i 524k 7711
Ak, FZRTERAREEAE, X B B A B R e Ll 2 138, X Rk
G T FHRPIAN I A BRSSP 3 FE 55 A0 P ZE LR ) IR o o TR LI B4, A 3RATT T
DA B 5 0 82 31 1 4 15 B AH HAE F (blade-tower interaction), HE J77E I e 51 180 B CHI M
I FOTIREE R R T I, EEA RN, R B A M 4k SiEiE
HEDIAE SRR B JRA o 17 ER A UK 110 S48 DI 7 2 A T 8 ) 1 PN 9 2 AR — A LR AR I 7
B UbAh, BEEXGEMIGIN, TR B AR o S D I e B R R R, Smis B
Y14 9%, F| 10m/s NFEH 6%/ 47, TMF] 15m/s 1 25m/s i3 — B3] T 4%F1 2% 72 45
T T I i o XTI P98 s 0 DR AN AL ) 458 e /N HE 0 (3 0 B o B R AT T A
BE, HEFTIUR A T I B 75 B4 1T PR AR e 45 6 DX o R R BRATT AT DA S, 3 1R
] KL, P F B4 fRRE ELE S B HE 0 Bk 38 5 RHLAG3E 7 SEmaAs Ko EE, AT
R B R 4 2 90 B R S5 0 B M, s A ok — AN E e AR CEP R
HURREEAIR) (RSN, BETHAT N 2% Ak R UAE 5350 2 [ G A4 5 8 I X — 18

6.4.3Cp

&R AFAERT T AL 23 S 3 JI P BRI e S AR A (1340 72 | T s ma 7 ik v (9 1K 0 0 A1
WA TR 5Sm/s A1 10m/s 17 5 RS RS AN TR 1) AN 35 TS B 19 70 20 A il 2R i L
B, FA A MU (0 R A7 o0 A e B A F 35 R 7 20, B 6-12 W LLE B, #EAN R
MU P AN XTHE T 580 T 1) 7 R B50R 2 i A RS 491 fr) il 2R Ak 0, B2 Bmls
I LT3 2500 o IR B 502 BT R ) R BUE A A AR BT 5540 73X Fh 22 i, R AE B N R
BT FPHE 7 kD 5 1 233 g A5 L SR K 1 2. T E 10m/s B BATT AT DAAH S S Bl 1 S 3t
5 S HEAU LA P W THI (19 s A 2B b /S RS SR PR AR /), Tt 3 350 T B ML R0 i et
Z0 P 4 1D

6.4.4 Y&TE K 1504

AT R R T S AL T XML 2SS B PR RE RIS I, X RS2 e 2 & AH L
X BEBATRARTT Rk B o6 T35 08 K A R . AR SCIEEL 5Smis Al 10m/s KU F, =AMt
I %) (2.35s. 2.425s Fl 2.58) IERATZ LS A4, & 6-13 fs. Jouigg smis
TEOL, BATEIS T AFEE %, w5 T3 10 A s A R Sk i KT R A,
TG MBS R 1 AR 2R A R AR . IR RAT AT LUE B, BPfEAE 2.35s, Af
RS R 60° BF, AT R iR EE LA I R ) e BN, XS
WA AR 5T F AR B8, Yy 7 B SIS E A E R, R ZIX I ) B RN,
TER T4 R B, HEBE T HE. mxtT 10m/s 9551, 78I Ah A 2
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Wi, 20 R 5 B A S A AL EE 1 SR N R . 5 e SEBRIE UL, X R )
(1N BT B SR F RS R PR AR T IR R AR, SO BT TR AN R

%67 ;U 3L 75 0



VY FLAAY

7 SHANGHAI

JIAO TONG UNIVERSITY

Thrust [N]

Thrust [N]

Thrust [N]

Thrust [N]

T

U=5m/s

rotor only
whole turbine

600 -

550

500 r r r r
0 60 120 180 240 300 360
Azimuthal angle [°]
1650 : : C C :
1600 u=10m/s | m==—- rotor only
whole turbine
1550
1500
1450
1400 r r r r r
0 60 120 180 240 300 360
Azimuthal angle [°]
o500+ U=15m/s | === rotor only a
whole turbine
2450
2400
2350
0 60 120 180 240 300 360
Azimuthal angle [°]
4600 - U=25m/s | ===—=— rotor only
4550 |- whole turbine
4500,
4450
4400
4350

360

300

120 180 240
Azimuthal angle [°]

Bl 6-11 B RGE T RALIEHE— R #1222

=

% 68 Tk

ZHRNURIAS SRR



) X FXAAY

/" SHANGHAL JIAO TONG UNIVERSITY ZHRNRIA S St RETE
r/R=0.30 r/R=0.30
47TF g © g © o
Y rotor ||
turbine turbine
o 2 [ ) o
O (@)
1 l L i 1
0 7\
1= r c c c il Al e r r r |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
r/R=0.47 r'R = 0.47
4F : : = = - 4F : j : = -
3. roto_r | 3 roto!’ |
turbine turbine
o 2 [ ) o 2 7
O (@)
1 l L i 1 1 - i
0 N' 0 -
1k . . . . A 1k . . . . ;
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
r'/R =0.63 r'R =0.63
4 o T T T o 4 e T T T T
""" rotor =====rot
3. I | 3 0 O!’
turbine turbine
o 2 I i o 2 [ N
O O
' 1r y ' 1
0 N 0
'1 [ r r r r Ll
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
r/R =0.80 r/R=0.80
4F : : = = - 4F : j : = -
3. roto_r | 3 roto!’ |
turbine turbine
o 2 [ ) o 2 [ 7
O (@)
' 1r y : 1
0 V\Qp 0
1= r c c c il Al e r r r |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
r/R=0.95 r/R=0.95
4F : : = = - 4F : j : = -
3. roto_r | 3 roto!’ |
turbine turbine
o 2 [ ) o 2 [ 7
O (@)
1 l L i 1 1 . i
0 ‘V B — ey 0 7—%'
1k A Ak . . ;

0 02 04 06 08 1 0 02 04 06 08 1
B 6-12 5m/s () M 10m/s () RGE TR REAEA RIS Fr 28 Cp 24

%69 Ul 3L 75

=



VY FELAAY

7 SHANGHAI JIAO TONG UNIVERSITY

ZHRNURIAS SRR

U=5m/s
T=2.35s

P

25
| 3

~-20
 §
=10
[ §
5

U=5m/s
T=2.425s

U=5m/s
T=2.58

r r r r r r

-5 0 510152025 30

Pressure [Pa]

r r r r I3 L

-5 0 5 10152025 30
Pressure [Pa]

r r r r r C

-5 0 5 10152025 30

Pressure [Pa]

U=10m/s
T=2.35s

60
B0 |
30

U=10m/s
T=2.425s

100
E
-80
=60
40 |
30

U=10m/s
T=2.5s

100
E
-80
=60
40 |
30

20 40 60 80 100
Pressure [Pa]

20 40 60 80 100

Pressure [Pa]

20 40 60 80 100
Pressure [Pa]

& 6-135m/s () M 10m/s (F) NE FEREANFR 2 E 2 HER

270 11 4L 75 L



- g ‘ﬁ
@) X EXALY
e/ SHANGHAI JIAO TONG UNIVERSITY Eéﬁﬂ*ﬂ;ﬁiﬁlﬁﬁiﬂnlﬁﬁgﬁ_ﬁ

6.5 ARE /&

A 7 EENT NREL phase VI 54N XAHLBEAT 18 S EUE TH R IFFE T 78 MRS
SR T RIS 5 S B JTERE R . AR ESEEE NREL 25 tH I AH G B Hm g r 1 4%
AN ANUIBERY o SR 5 AE b — 35 Wk 1 A E A TR B 2 045 21 1 B LT B A% . 2
J& ASCA#E FH T OpenFOAM AN H] JE RANS R fi# 2% pimpleDyMFoam &5 & AMI (% iz s Ak
P55 AN RALAE DU RS T AT T HUA T8, IS5 15 2 i s A XA 14T L.

ARFAFH TS RGE T XA 1) RO, — A ek A N HE ARt 2, A (R A7
) Cp 7 A tEHt A S Smis Fl 10m/s JRGH T 55 & FEAN R 20 () He g 0 A #h 2. i B A mT BA
13 BHC BN LAE 2516 555 T KL A2 S Bl J3 PR BRI R K2R o T 55 A AR X T XL 2
W A LRI R . AN B EE 6 10mYs KGR AH SR e 1 BUEAT T AT, WLER R
TR SR ER A EAE R . ABEWHA 7 5SS EESE K Cp o fi, KIS
ZHTHIEE RAHZEAK, B AT AR T b XU XUBLES f A7 AE X T L (R 4 77 s e mf DL
W&, (EEAT TR B R e T ge < 5l & B HAVE IR S « AR B2 Ja X 1 76 A [RI I 200 ) i 70 93 A idEAT
AT, ERNLH Y SR E SR, BRI FKEEE N E 2SR N FE
BSLFREDL, XAR AT REFE MBS REAR T, G RR ERE,  BOR I R AR T R .

710 3L 75

=



- A ¥z
@) X AXLLS
e/ SHANGHAI JIAO TONG UNIVERSITY ZHRNRIA S St RETE

ELtE HiE

7.1 B

K CAE LT OpenFOAM F & (R 1] JE RANS SR %52 pimpleDyMFoam 454 AMI 323
WA B AL T 535 8 S6 %) NREL phase VI KUWMLEE 3° %8, TUANXGE R (5m/s. 10m/s. 15m/s
A 25m/s) [ =4I IS B TERE AT T HUETHE . i FA R S S E A R IFvIA,
{HZXFT 10m/s F1 15m/s (G HLH I T HEBOR I 22, AR SR EEAT TIRAN T e Z G AL
X #E G ML T B, IR T BT, IRNIRIT 0T 1 8. HLAR AN IS 5 45 A 5 F KL
A3 I RE R RS o

AT, AR
(1) snappyHexMesh [ 5% X1l 4 T B8 8547 25 b E1 XML B S 9% 5, % T R EA AR
SR RGNV, T LA RO T RS R 40 3008, (R B TR0 5 DA K th 2t KA i A B
VAESESR =D
(2) pimpleDyMFoam R f# #5456 AMI 12 3l A% b 21 75 CRE B AT 380K il = 4k XL I3 =
SANIIPERE . AHAZJTVERT AMI A8 FETH A% o A e e oK, FH I 75 AR E
(3) k- SST it A 214 & & B T ok 2 1) 7 ST LA OB BE T A Rt X, BRI 4
SRR ). M HAE S RERI RS, % O7VE A LA KA T R R
(4) ASOHESRE S0 RIFW) &, (25 ELE 10m/s A1 15m/s B H I T ™ & 1R,
SN A E T I 530 Ak XA R P A 0 5 SR A2 R 122 A R 3 THT D I g 06 A 4T 7™ 2 ff
IRFTE . 1AM b 75 B35 FE 3150 P S XA T 3 MR B AS AR (13 U DX 3k, 6F SR A 20K B
LI
(5) KT LR RN, FeBSHME T RIS 52 [l itk ge it B R/ . 5
SEMIRENS R KLY B, FHE2 S B A I BATEAR S, (SRS K (E2
it 5 £ I 2 A5 B R AR 1 0 2 R R B o BT SE BRI R T 5 R I R Y 4 52 D0 AR Ak
SKHIREN AL, W 1k P 483 B I ER T A2 R AR T 1 AN £ R ARl 4

72 RBE

AR SR FH IR 7592 R A 280 B RL I = 4R it 3 A0 5 S s PR T, DL g R A,
RRFT LR FLA IR JE, ol
(1) R 7 A BRI B RA%, 5 E TS 10m/s AT 15m/s B RGE T DL, BETT
I S T AR RS Jo ket RUBIL 22 sl A PR RE RS
() BE—DWFRHEAFATA, AFEREA, AFEEE, ASREAKE, TP, R
KGR RUAERRAS N AT g
(3) WHIFTPI & WAL AE AL B A [FX T Hofi s Je s sl P BE RIS
(4) S5EPITLR I as FIE BT, X 2R Qe [ 5 SRWLIK 52 /1 HEAT AR S5
(5) St MAHURL KRS, AINABERE, b 2 Mg i UL 32 /) AE st AT My & 11 5
i BRI, LI A VYRS 1 A SEBLE R IR AL 1, Rl A2 1T, H AT
OpenFOAM [ HTC I ELEMR o, 7T HERR 251\ Overset (/A A2 )7 30, AN, ASCHIME
BB W TC IR AR SN AR, seBL 3k B st 48 H Al 4 1

72 7375 0



SHANGHAI JIAO TONG UNIVERSITY Ezﬁm*}l;ﬁiﬁ—%’fbiﬂ,&ﬁgi-l-%:

B 3 HR

[1]. Archer, C. L.,Jacobson, M. Z. Evaluation of global wind power[J]. Journal of Geophysical
Research, 2005, 110 (D12110): 1-20.

[2]. Wikipedia. Wind power, http://en.wikipedia.org/wiki/Wind_power. accessed 2012.04.

[3]. Meyer, N. I. Danish wind power development[J]. Energy for sustainable development, 1995, 2 (1):
18-25.

[4]. Gipe, P. Wind energy comes of age California and Denmark[J]. Energy Policy, 1991, 19 (8):
756-767.

[5]. GWEC. Global Wind Report Annual market update 2011[R]. 2011.

[6]. Consult, B. International Wind Energy Development World Market Update 2009[R]. 2009.

[7]. Hansen, M. O. L.,Madsen, H. A. Review Paper on Wind Turbine Aerodynamics[J]. Journal of
Fluids Engineering-Transactions of the Asme, 2011, 133 (11).

[8]. Glauert, H. Airplane propellers[M]. New York: Dover Publications, 1963.

[9]. Shen, W. Z.,Mikkelsen, R.,Sgrensen, J. N., etc. Tip loss corrections for wind turbine
computations[J]. Wind Energy, 2005, 8 (4): 457-475.

[10]. Leishman, J.,Beddoes, T. A semi-empirical model for dynamic stall[J]. Journal of the American
Helicopter Society, 1989, 34 (3): 3-17.

[11]. Whale, J.,Fisichella, C.,Selig, M. Correcting inflow measurements from HAWTS using a lifting
surface code[A]. In 1999 ASME wind energy symposium[C], 1999; 175-185.

[12]. Hess, J. L. Review of integral-equation techniques for solving potential-flow problems with
emphasis on the surface-source method[J]. Computer Methods in Applied Mechanics and Engineering,
1975, 5 (2): 145-196.

[13]. Landahl, M. T.,Stark, V. J. E. Numerical lifting-surface theory-Problems and progress[J]. AIAA
Journal, 1968, 6 (11): 2049-2060.

[14]. Preuss, R. D.,Morino, L.,Suciu, E. O. Unsteady potential aerodynamics of rotors with applications
to horizontal-axis windmills[J]. AIAA Journal, 1980, 18 (4): 385-393.

[15]. Hand, M. M.,Simms, D. A.,Fingersh, L. J., etc. Unsteady Aerodynamics Experiment Phase VI :
Wind Tunnel Test Configurations and Available Data Campaigns Unsteady Aerodynamics Experiment
Phase VI : Wind Tunnel Test Configurations and Available Data Campaigns[R]. National Renewable
Energy Laboratory, 2001.

[16]. NREL 10-m Wind Turbine Testing in  NASA Ames 80'x120" Wind Tunnel.
http://wind.nrel.gov/amestest/. accessed 2012.04.

[17]. Simms, D.,Schreck, S.,Hand, M., etc. NREL Unsteady Aerodynamics Experiment in the
NASA-Ames Wind Tunnel : A Comparison of Predictions to Measurements[R]. National Renewable
Energy Laboratory, 2001.

[18]. Sgrensen, N. N.,Michelsen, J.,Schreck, S. Navier—Stokes Predictions of the NREL Phase VI Rotor
in the NASA Ames 80 ft*120 ft Wind Tunnel[J]. Wind Energy, 2002, 5: 151-169.

[19]. Duque, E. P. N.,Burklund, M. D.Johansen, W. Navier-Stokes and Comprehensive Analysis

Performance Predictions of the NREL Phase VI Experiment[J]. Journal of Solar Energy Engineering,
2003, 125: 457-467.

273 3L 75 ;U


http://en.wikipedia.org/wiki/Wind_power
http://wind.nrel.gov/amestest/

SHANGHAI JIAO TONG UNIVERSITY Ezﬁm*}l;ﬁiﬁ—%’fbiﬂ,&ﬁgi-l-%:

[20]. Potsdam, M. A.,Mauvriplis, D. J. Unstructured Mesh CFD Aerodynamic Analysis of the NREL
Phase VI Rotor[A]. In 47th AIAA aerospace sciences meeting including the New Horizons Forum and
aerospace exposition[C], Orlando, Florida, 2009.

[21]. Li, Y. W, Paik, K. J..Xing, T., etc. Dynamic overset CFD simulations of wind turbine
aerodynamics[J]. Renewable Energy, 2012, 37 (1): 285-298.

[22]. Digraskar, D. A. Simulations of Flow Over Wind Turbines[D]. University of Massachusetts
Ambherst, 2010.

[23]. 7k L. KPR AL sl J) A B E AR [D]. 5 POR Y, 2007.

[24]. A 46 FEEIRE. KPR IV SRS R =4 5B 0], ERHL IR SCIELE, 2009, 4 (10):
6.

[25]. E5i. ACFHR P IE REBUE BT 7T [D]. B B e iR K7¥, 2010.

[26]. A AR dn. =T OpenFOAM HIEUME G I 5 TH B Y K HLN FH[D]. B AZiE K, 2011,

[27]. Jasak, H.,Jemcov, A., Tukovic, Z. Openfoam: A c++ library for complex physics simulations[A].
In International Workshop on Coupled Mations in Numerical Dynamics[C], IUC, Dubrovnik, Croatia,
2007.

[28]. Weller, H. G, Tabor, G.,Jasak, H., etc. A tensorial approach to computational continuum mechanics
using object-oriented techniques[J]. Computers in physics, 1998, 12 (6): 620-631.

[29]. Features of OpenFOAM.  http://www.openfoam.com/features/. accessed 2010.04.

[30]. 295, MY K T AT AS AN 28 AR MR 12 % 8k ) R EUE AR [D]. B sgid R, 2011,

[31]. Sasongko, N. Open Source Computational Fluid Dynamic: Challenges and its Future. 2009.

[32]. Schmitt, F. G. About Boussinesq's turbulent viscosity hypothesis: historical remarks and a direct
evaluation of its validity[J]. Comptes Rendus Mécanique, 2007, 335 (9-10): 617-627.

[33]. Menter, F. R. Two-equation eddy-viscosity turbulence models for engineering applications[J].
AIAA Journal, 1994, 32 (8): 1598-1605.

[34]. Menter, F. R. Review of the shear-stress transport turbulence model experience from an industrial
perspective[J]. International Journal of Computational Fluid Dynamics, 2009, 23 (4): 305-316.

[35]. Wikipedia. law of the wall. http://en.wikipedia.org/wiki/Law_of the wall. accessed 2012.05.
[36]. CFD-Wiki.  Near-wall treatments.  http://www.cfd-online.com/Wiki/Two_equation_models.
accessed 2012.05.

[37]. Jasak, H. Error analysis and estimation for the finite volume method with applications to fluid
flows[D]. University of London, 1996.

[38]. OpenFOAM: The OpenSource CFD Toolbox, User Guide, Version 2.1.0. 2011.

[39]. Beaudoin, M., Jasak, H. Development of a Generalized Grid Interface for Turbomachinery
simulations with OpenFOAM[A]. In Open Source CFD International Conference 2008[C], Berlin,
2008.

[40]. Beaudoin, M.,Jasak, H. OpenFOAM Turbo Tools: From General Purpose CFD to Turbomachinery
Simulations[A]. In ASME-JSME-KSME Joint Fluids Engineering Conference[C], 2011.

[41]. Hunt, J.,Wray, A.,Moin, P. Eddies, streams, and convergence zones in turbulent flows[R]. Center
for Turbulence Research Report CTR-S88, 1988.

[42]. JE A, F 5, i e, AL = 4E0 IR BB B [AL WL+ — s 4 [ K3 ) 2 2R 25
RS DU 4 [ K B J) A AT S0 A R IR AR UL R 110 F4ELLE KL[Cl, &%, 2012.

[43]. Gomez-Iradi, S.,Steijl, R. Development and Validation of a CFD Technique for the Aerodynamic
Analysis of HAWTIJ]. Journal of Solar Energy Engineering, 2009, 131.

74 7 3L 75

=


http://www.openfoam.com/features/
http://en.wikipedia.org/wiki/Law_of_the_wall
http://www.cfd-online.com/Wiki/Two_equation_models

Y ez
e/ SHANGHAI JIAO TONG UNIVERSITY Eéﬁﬂ*ﬂ;ﬁiﬁlﬁﬁiﬂnlﬁﬁgﬁ_ﬁ

e

X PR S BRI R B R R B R . FE KDY R, A SEIA
JI2 A IWSH 2B R FH M. 25 7323 A\ T CFD /MH, IR
T CFD ARGt 5. 72 it 53R M —IRIKZ IR T EIREIHE A, I LA %
HER T FAL S . EMEE g K R, RIS T B 48 S5 3T, #38um Emt
7, WATRMTF O B R (BRI BRSO B FE N L, T8I TR
HH, HFER AT RR BRI . B BT 2 X — 0%, 3% R Lk 5 IE 4
W B T ORI B . BEAL, T — IR IR R TR T AN E R, AR TIRZIN
EIG. FURBR 58 B2 T 3R 2t S 4 5

b, Pt B R 5 [ [ 5K T A REVR SR EG EE 1K Scott Schreck JaAd: o Hg flhgh Ik
FHOGI SEBGH AR, FRmh 0T LR § . FRIBRGZATAE RS Yuwei Li T8 F 5757
K35 . R ARH i CFD-Online 1% OpenFOAM i B b 1467 W & B #3285 1+HE
PRATLEFRAE JUT- 46 28 I 3] 1 i ol i i) A 2

8K, WAL AL ST 2T CFD /NSRS T IR B o BRI 45 T 20 & 2R I,
PRI S o4 B i T R R B A TR AR, KRB IER I TE R, WA IR LA Re e
BRI IR EEAT S5, 31X B IR o 1 Ah B0 LRG3z A5 I e 3 B R AR
T fi# OpenFOAM Kz SRR, BRI BT W AE AT FE 5 R VB AT iR

e, REAVMBMER N ARNE% . BEHRE ERED TR ERRERINE, 47
BARZHIFEW I, RO RIS R 550 7 o 3t BEEGETHR 1 5 k1 A e B3 1A 1
BB S50 F . BERIsE, JEREHIRMIEN, IRM17K0ZE & i R 5 E .

FZARAT!

75 L 75

=



y
k“"w

SHANGHAI JIAO TONG UNIVERSITY Ezﬁm*}l;ﬁiﬁ—%%iﬂ,&ﬁgi-l-ﬁ

@) X FAar¥

NUMERICAL STUDY OF 3D FLOWS AND
AERODYNAMIC PERFORMANCE OF WIND TURBINE

Stepped into the 21st century, the world is facing two serious crisis: the depletion of fossil
fuels and the global warming(and other environmental problems). In order to tackle these issue,
more and more countries pay increasing attention and expectations to renewable energy. Wind
energy is a kind of renewable energy that is clean, relatively cheap and enjoys great generation
potential, thus being developed all over the world now.

Horizontal axis wind turbine is the most popular method to capture wind energy. However,
due to the complex interaction between wind with blades, wind turbine always has very complex
and unstable aerodynamic performance. What’s more, the interaction will directly influence the
efficiency of wind turbine, and it also has a great effect on the loads on blade, gearbox and
bearings, thus affecting the reliability and life span of the turbine. Therefore, accurate prediction
of flows and aerodynamic performance of wind turbine is of great significance for the design of a
wind turbine with higher efficiency and longer life span.

Since the max blade tip velocity for current wind turbine is usually less than 100m/s, so for
flows around wind turbine, the Mach number is less than 0.3. Therefore, we can use
incompressible fluid solvers for most turbines. Different kinds of methods for prediction the
aerodynamic performance of wind turbine have been developed.

The most popular method is Blade Element Moment (BEM) method. It first divides the blade
into many number of small part, called the blade element. Then it calculate loads on every blade
elements and integrate them together to obtain the loads on the whole blade. This method is very
efficient, which is the main advantage. However, since the actual blade is three-dimensional, BEM
models need to use empirical corrections to two-dimensional results to account for
three-dimensional effects, such as dynamic stall, tip loss and so on. Besides, in order to calculate
loads on blade elements, BEM method is highly dependent on the given lifting and drag
coefficients of the blade elements.

In order to get more physics of wind turbine aerodynamics while keep -efficient,
three-dimensional inviscide models were introduced, including lifting line, panel, vortex and
Boundary Integral Equation and so on. Although these methods could capture more
three-dimensional effects than the BEM method while retain high efficiency, they are not able to
handle viscous effects since they based on potential flow theory. At the mean time, flows around
wind turbine usually have very strong viscous effects and separation. So application of these
methods is limited.

The next method is Computational Fluid Dynamics (CFD) which solves the Navier-Stokes
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equation. According to different ways of treatment of turbulence, computational fluid dynamics is
divided into Direct Numerical Simulation (DNS), Large Eddy Simulation (LES) and
Reynolds-Averaged Navier-Stokes (RANS). DNS method solves the governing equation all over
the computation domain directly based on very fine mesh and small time step. Due to the huge
computation time, DNS is usually taken as impractical for industrial problems. LES divides
turbulence into large scale part and other relative smaller part. Only the large scale part of
turbulence is solved directly while the rest part of turbulence is treated as corrections to large scale
part. However, this method is still too time consuming to be used in most research libraries. RANS
is the most widely used CFD method in industry. It treat the turbulence into the averaged part and
the fluctuation part around the averaged part. It’s relatively more computationally efficient than
the other two methods, which is adopted in this paper.

Most numerical computations of wind turbines are compared to the National Renewable
Energy Laboratory (NREL) Unsteady Aerodynamics Experiment (UAE) carried out in the NASA
Ames 24.4mx36.6 wind tunnel in 1999. The testing wind turbine is the NREL phase VI, which has
a power of 20kW. It has two blades with NREL S809 profile. The rotor diameter is 10.058m and
the hub height is 12.192m. The experiment provides quantity of high-quality data, thus is regarded
as a benchmark for evaluation of wind turbine aerodynamics computer codes.

This paper presents the simulations of the NREL phase VI wind turbine based on the open
source finite volume CFD platform OpenFOAM. The simulations are performed using unsteady
RANS solver pimpleDyMFoam with k-omega SST turbulence model and wall function approach
for the near-wall simulations. PIMPLE algorithms (coupled SIMPLE and PISO algorithms) are
used to solve the pressure-velocity coupling in the Navier-Stokes equation. Arbitrary Mesh
Interface (AMI) is used to handle sliding mesh interface. Computations for the turbine includes
four wind speed (5, 10, 15, and 25m/s) at a fixed blade pitch angle of 3°with constant rotational
speed 72 rpm, including a rotor only model and a whole wind turbine. Extensive comparison
against experimental results is made for the rotor only case to demonstrate the accuracy of the
solver and methods used in the simulation. Then, comparison of the rotor only case and whole
turbine case is made to invest the effect of hub, nacelle and tower on flows and aerodynamic
performance of wind turbine.

For the rotor only case, the paper first describes in detail about how to built the
three-dimensional rotor model with CATIA. This part focuses on the arrangement of experimental
data for the blade and extensive attention is paid on dealing with transition part and tip of blade.
The paper provides a successful way of building the model. Then the paper makes attempts to test
the mesh capability of snappyHexMesh utility in OpenFOAM. With a great number of trials and
errors, snappyHexMesh utility is demonstrated to be very flexible and efficient in meshing.
However, it is also believed that the utility has drawbacks when meshing with sharp features or
features with very large curvature. In this paper, it results in some highly skewed faces in the
trailing edge of blade and bad quality AMI faces. Instead, the paper uses ICEM-CFD to draw the
background mesh and then imported into snappyHexMesh to finish the mesh. Although a bit
complicated, this method is demonstrated to be very successful. Then numerical simulations of
NREL phase VI rotor is performed using the pimpleDyMFoam solver, and the results are
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compared to experiments. The comparison shows good agreement which demonstrated the ability
of the code pimpleDyMFoam in predicting flows and aerodynamic performance of wind turbine
and the Arbitrary Mesh Interface in dealing with mesh movements. However, big difference is
observed for aerodynamic torque at 10m/s and 15m/s. With deep investigation and discussion of
the distribution of normal force coefficient, tangential force coefficient, pressure coefficient and
finally mesh at the leading edge of blade, the paper concludes that the poor quality at the leading
edge of the blade results in a big under-prediction of pressure coefficient at the suction side of the
leading edge which finally result in the under-prediction of aerodynamic torque. This indicates
limited ability of snappyHexMesh in capture features with large curvature. The paper also gives
extensive discussion of the vorticity filed and velocity field. It is obvious that at 5m/s and 10m/s
most of the flow is attached, these cases also show strong blade tip and root vortices. When wind
speed increase, flows around the whole trailing edge of blade suffer intensive separations. In these
cases, interaction of the tip vortices with unsteady separation form the blade causes breakdown of
the tip vortices.

For the whole turbine case, hub, nacelle and tower are added into the geometry. The mesh
topology is almost the same with the rotor only case with minor changes of the sharp of the
background mesh domain. The rest case setup is identical to the rotor only case. Then numerical
simulations of NREL phase VI turbine is performed using the pimpleDyMFoam solver, and the
results are compared to rotor only case to investigate the influence of hub, nacelle and tower on
flows and aerodynamic performance of the wind turbine. The comparison shows that hub and
nacelle have minor effect on the turbine’s performance, while the tower can induce more obvious
influence. The vorticity field shows extensive interactions between tower vortices and blade tip
vortices. A deep investigation of the interaction process is also showed at a cut plane of the 10m/s
wind speed case. The comparison also shows that the thrust curve gets a drop when the azimuth
angle reaches 180 degree. However, the difference is relatively small of the pressure coefficient
distribution between the two cases, which indicates that for upwind turbines, the blade tower
interaction has little effect on the total thrust output. But it is very possible that the cyclical drop of
loads on blade will introduce vibration which should be considered. Surprisely, the paper shows
that the tower suffers a very intensive drop of surface pressure when the blade approaches the
tower. To consider it in reality, this phenomenon can cause deformation of blade toward the tower,
which may result in dangerous collision.

From this study, following conclusions can be made:

(1) snappyHexMesh is a very flexible and efficient meshing tool, but it’s capability to capture
sharp features and features with large curvature need to be improved.

(2) pimpleDyMFoam solver combined with AMI can solve flows and aerodynamic
performance of wind turbine successfully. But special attention should be paid to the mesh quality
of AMI faces.

(3) k-o SST turbulence model with wall function can capture the unsteady separation of the
flows. Besides, this method can greatly reduce the amount of mesh.

(4) hub, nacelle and tower have little effect on the global performance of wind turbine. But
the pressure of tower can suffer a big drop when the blade approximate which may cause collision
of blade and tower in reality.
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