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Influence of Leading Edge Shape on Dynamic Stall Characteristics of Airfoil

Wang Qing » Zhao Qijun, Wang Bo
(National Key Laboratory of Science and Technology on Rotorcraft Aeromechanics, Nanjing University of

Aeronautics & Astronautics, Nanjing, 210016, China)

Abstract: To simulate the dynamic stall characteristics of rotor airfoil, the CFD method is established
based on the unsteady RANS equations with dual time-stepping approach. In order to investigate the in-
fluence of the rotor leading edge shape on dynamic stall characteristics, three kinds of rotor airfoils
(Moidified airfois-1—6) are designed based on the NACAO0012 airfoil by changing the leading edge
shape. By analysis and comparison of the numerical results, it is indicated that minor change of the air-
foil upper surface shape can effectively influence the dynamic stall characteristics, and the dynamic stall
can be suppressed by the salient deformation of the upper surface, while the effect of the airfoil lower
surface shape on the dynamic stall characteristics is relatively little. The camber nearby the leading edge
of airfoil can also influence the dynamic stall characteristics, and these characteristics are generally
weakened with the increasing of the camber of airfoil.

Key words: rotor; airfoil; leading edge shape; dynamic stall; RANS equations
HIHHLEY CAT P BB A R TEAR KRR B B T P TAETE ™ A AR W S IR R R TR

Jie 300 TR T B3R B RS R P S R B RN AL R DR - A TE AR ERE . S
ORI OC . HXE T ER CATAR ML BETHLRE ERRES T R A EA R S SRR T

W #s B2 :2015-10-01; #&1T H # :2016-01-01

BEMEE HEE. P . 4% . 1 4E S0, E-mail: zhaogijun@nuaa. edu. cn,

SIARENK: FW B4, E 1. AT ST A 3L A ) 45 5 SR M s e 43 07 L) . B 50 &5 iR K 2% 24k, 2016, 48(2) : 205~
211. Wang Qing, Zhao Qijun, Wang Bo. Influence of leading edge shape on dynamic stall characteristics of airfoil[ J].
Journal of Nanjing University of Aeronautics & Astronautics,2016,48(2):205-211.



206 Mo oM =

LIPS S

48

fi%y 35D Ay R 2 B — > B S A AR [l £ ey Y
PQIE SUER DI (RSN AN ik R
R AR Z2 AN F 52w o 491 G0 2 S B AR iR B0 2 per B
WP R AR L TR O B 3R ) B 2SR R —
H& I ILAERE # 25 S 3h 1 2 W5 IR X R A
L IR E 3 B 1Y B 25 % R AR M AT SR X T
TR PR 35 e 32 < 30 A 1k A o 8 A S B 3 SR R
VINIER

] Ah ok T 38 AU Bl 245 2% TR M B AF 98 T SR AR AR
VR Z AU TE 20 40 b 3l A1) T B R R i
3 7% S5 T BOO 3 8 2l 285 2% R M A T AN B il
M AF5E . Hoh . McCroskey™ i 32 51 14 ) 75 2% #
A8 D0 0 3 BIE A A3 6 B TS [ 4 D
SIESSUNIRET 36 A (NN OE- 2B Iy ¢ | DIF
FREC IR T BN A K BT ARl 20 09 R R 80U
i, McAlister M % VR-7 } NACA0012 %: 38
R ) 25 R R AT TR TS i TR AR
BTFMERS s B8, Carr fE 1988 4E i — 4
IS AR T3 S 2 R kR AL AR
Io3 xS b T 3RS 2 5 TR I R 4
IR A X Bl AR e SR RS A JF A A B T =4k
ROV 3R By 285 Ok B RE M Y 52 . VanDyken
SEIWRGE TR A M A G e R 8,
B F 0. 45, FF W EC A 2 400 J7 . Martin 4517 18
WA B 5 0 ) % 9250 % 25 om X 35 om
A 4 2l AR S I B b gEAT T VR-12 ALK
B, SRR 0. 2~0. 45, 45 AR 0~0. 1, i
473k, Rbee™ X 3 B [ij 2% 43 55 18 19 5 AE 152 mi
TRARGIVETE B T RTS8 R A ) &R
B sz DL R sl 35 2k 3R SR B ) SRR AE .
e ] ] P 3R ) 285 2R A I 5 AR T B AP R 2D A
M, 32 B RS IR I 5T T 3 A T SR A A
FEP B R PE L b, —2E 58 A R A CED
T 0] B U TE AR N 2l 2 28 HOR A HEAT T R A 0L B

zx[10]

Ju o
LA 6 T I SR80 S 5 3 25 2 ok B 5 0
HOBRIE AR 2 TR AT A 5 0 — S 5 B3 — 1
1556 F L LR T 5 4 B M 4807 00 BT WL
TR, R B AW B 2 AN
S 3R ) 2 5 Sk TR 0 B0 45 T ST 1
42 SN R 5 5525 M oA B8 7 3 7 2k i R o g
FE 3 4305 3 T 5 W 5903820 0 8 2 48 0%
R TR AT SR T R AT A
R B B A S A PERO B . T NACA0012 B
BT 3 K% 2 Pl MR 1~ 6) R

AL oo B A PO A& TS AN ] A2 B Y R 2
HMIE  FF 38 X LA B TR R AR T LR NA-
CA0012 FLAY A Bl A5 5% S AR E
1 WRERIRIGKBEFE
1.1 WIEENR A E
[l 4% e 38 35 0 119 9 A A= B R I %% T Poisson
D5 AR A IR R A AR B 9 S R R I B R
A
(6 8, =Py
1o 490 =Q D
S P(Eay I Qv Sy il BB i i A
P&y AT LA A% 19 1 28 P 202 Q&) AT L
P A% B B R B . RSB R TR R
FHHR S A6 1) J7 125 28 Tt SR B IR A 25K . iR E
RORE A 1 BT 8 SRS O R 2R ROAS RN
119X 119, 8RR Jg C TR, K/ N 379 X 60
(B X JEm) .

@)

o Pitching direction

£ 1EEE

s Hole boundary celLJ

IAnEn

V. i o 1
I Airfoil grid boundary - Background grid

1 FISER T 3R 12 Bl ik B W 30 588 5T S BTk B
JeR
Fig. 1  Schematic diagram of moving-embedded grids

and donor elements

1.2 wBERBIRGRBESE

Dy A A e 3 3 T v i B R R Sl R S R e R
BRI BETT HRT JEE AR ST 80K il 0k v R
P BEVET- 2 N-S 7 R AR O Jie 32 0 5 5K ik
il 77

11

i
p5a)
j:};:\“

%”de +H(FC —F.)dS=0 2

0 10

A WOSFAEAS & Q N AR R Fo L F, 2353k

X R L R IR
0
w— |™ (3)
ov
E



%24 TSR ANE R BT B 25 0% RV R 0 43 BT 207
oV 2.4
22 © Testdat
F. = ouV. +n.p ) 20t I\ﬁ?me?igal data
oV, +n,p 18}
HV,+V.p Ley
U 14r
0 12}
NT e T NyT oy 1.0 [
F, = (3 08|
N.Ty T 1NyTy
: ve 06
n0,+n06, o4l * . . .
. . . 0 2 4 6 8 10 12 14 16 18 20 22 24
K Ve = (uso) ' N B AE X 3 B 5 eE.p.n= Angle of attack / (°)

ERMENRE: 7.0 IEETEM I, 16 3 5K i
Hh e T A A T A AL AR AR R AT R 0
gy R IE R P SRR OCHI R B L V.
AT X 3L 0 A AR AR A N V. =V — V.,V
PRI e X L

it Bl A Ok T A R 3R R B v AR RE R
P AR SR AU [ 35 A 247 I6F ) 25 .y B (]
KA Bk B = B ) 1 22 4 R s ) Al
LB BN

3Wn+l . 4Wn + anl
2At

Bav SPANA/SE 7/ B2 111 13 S v i =) | R i L]
ffEt

+RW"™) =0 (6)

nt1 nt1
de” W) | R wrty =0 )
dr
bl n 1
Re ety W AW W
AN
(8

R T T B RR AR SR AU I [ A SR B
2 LU-SGS Jy ik 47 i (A B 1, [WlE, oy 78
B b A B 3 AR 7 5] A 1) RS B AU B R4 DA
S BLARVET 2% 47 25 W 13 8l i AR A 30 N-S 5 # i
TRE R BT R A S A T AT AL,

J T IREA SCHE ST B CFD J7 ¥ Y o 1 %
245 T — LRI NACA0012 3281 2 25 2k AL
PSR . B RS 4Rl 52 & Ry 0. 1,300 ff A8
R a =12.0°+ 8. 5%sinCwt) 3 3 BE I b 4% K
0.3, MWEIHH LLE A SCry B 45 ) 5l R E
B WG ARG A T R AE SR HARE T
)P B e

Hp T B E A S5 VAR e RS TR AR
WIAERRTE . 3 45 T NACA0012 32 M 75 ¥ 5
BRHRE T CFD UL R 5 E X . 45
WA % kR 0. 151, M A AL h o« = 14.91° +
9. 88°sinCewr) » R Y 4 BE Bk %y 0. 283, AT

L
Fig. 2 Comparison of normal force coefficient C, under
dynamic stall calculated by CFD method and ex-

perimental data

3.0
o Test data

25F — Numerical data

201

1.5 ¢

&)

1.0 +

0.5

0.0 1
-0.5 . . . A .

0 5 10 15 20 25 30
Angle of attack / (*)
3 REHEKHET CFD BB F N R C 5%

fE Xt

Fig. 3 Comparison of lift coefficient C; under deep dy-
namic stall simulated by CFD method and exper-

imental data

& - CFD BB ZE R S R () AH LW £ AR AF . 150
A AR SR 194 3l 265 % 3 SO MELASE 400 07 % B 8 AR By 3t
R ALUAN [ 32 70 (1) — 4k B 25 % SRR 1

2 HBISH

T W58 R0 43 B BB G 2% A B % 3L A B 2 2R
HA B REE 1 5 A L 43 5] B T NACA0012 32 8%
T 3 BRI A& AME I H E A, R — 245 2 A
AR AZ T A i 3 7, AR ] NACA0012 327
X E g T 4 s . IWEHR T RLE L5 — 28
16 e B AU T 3R I 2 B I (0~ 0. deye FRIRBX
Ko BRI M TG I T 3 BTG4
HE M 2 B HRBIE &, B EREABKR
MIATZ B4R . 3 2R MR B Ae 18 38 B A A
R T R ANE L [/l NACA0012 B ARIAALL . &



208 Mo oM o= M

48

0.24 008
= =Modified airfoil-2
0.20 | = = Modified airfoil-1 0.06 | .z 2=
0.16 |~ NAcaooi2 airfoil ooak ”h
7
0.12 0.02
Q
0087 0000 0d0 030 030 040
0.04
0.00
-0.04 +
-0.08 . . . .
0.0 0.2 0.4 0.6 0.8 1.0
X/c
(a) Modified airfoils-1, 2
0.24 0.00
— = Modified airfoil-4
0.20 [ = = Modified airfoil-3 -0.02
—— NACA0012 airfoil »
0.16 -004f
TN
0.12 -0.06 S
° -0.08
= 008f 7000 000 020 030 040
0.04 |
0.00 ¢
-0.04 |
-0.08 7 . . .
0.0 0.2 0.4 0.6 0.8 1.0
X/e
(b) Modified airfoils-3, 4
0.24 0.08
= = Modified airfoil-6
0.20 [ = = Modified airfoil-5 0.04 |
—— NACA0012 airfoil
0.16 1 0.00
0.12 -0.04
by - -0.08
= 008 7000 0.0 020 030 040
0.04
0.00
-0.04
-0.08 . . . L
0.0 0.2 0.4 0.6 0.8 1.0

X/c
(c) Modified airfoils-5, 6

4 ABEBE B ANE X L E
Fig. 4 Comparisons of shapes of different modified air-

foils

Gie SIENBITTE & S G IV NI Ny 3 S
% 18 T F AU TG I AT S R AL b 18 O BULE QR £
BRRJZFEAS PR T 4 T 3B 25 % i HL
LR 6 /)2 B2 S 3 5 A HL R — 2t
2.1 F-KEHRBHERESHT

Bl 5.6 45 T 50— 8 B0 3E B A R U 5
BFECH 0. 3. 4RI AR Ny 0. 075, 30 FfAZ 4L 107+
ST Bl N EVES EOB B L b = < I AN I T
LA th B SRR AT 2% b 3w SME AT LR 2 R F
R B AR . 18 O B Y Bl 25 Ok
[/l NACA0012 32 B 1) 2l 25 2 S F PR A He . LA
U 9 PR R RV AE 3TN RF o R L T R

2.0
1.8}  --- Modified airfoil-2
16F == Modified airfoil-1
L4k — NACA0012 airfoil
12}
1.0f
08}
agls -Gescooaousont
04t
02}
0.0

0 2 4 6 8 10 12 14 16 18 20
Angle of attack / (°)
(a) Lift coefficient C,

0.8

0.7 - --Modified airfoil-2
0.6 F = =Modified airfoil-1
st — NACAO0012 airfoil

03
02
0.1
0.0 r
=0.1

0 2 4 6 8 10 12 14 16 18 20
Angle of attack / (°)
(b) Drag coefficient C,

0.2

0.1

0.0 -
-0.1
=02

=03+ .- Modified airfoil-2
04 = = Modified airfoil-1
[ == NACAO0012 airfoil

-0.5

0 2 4 6 8 10 12 14 16 18 20
Angle of attack / (°)
(c) Pitch moment coefficient C,,

K5 5B SR BB R PR
Fig. 5 Comparisons of aerodynamic characteristics of

modified airfoils-1,2

PR AT SR ) i L g 28 B % T AR R e i B
/N TRl AT LA H A8 o 38R Y A8 T R L R 8l 2
REFFPE R M BB 2. K 6 45 T NA-
CA0012 3 A K 46 vlg 32 7Y 4 3 £ 1] B i i = A1
L S I PINU1E B NP S 1B 2 AN &
AT LUE L [ NACA0012 SEAUAR G L i3 etk 3 A 1
A B R 2 1) T % 20 B 0 B 559 o [ I I 5% i i
Vi IR ) 3L R0y s O T EL R T R L I S e

e IR 3 il s (TR = R 2 ||
FL TR % | 2 10 RS 30 P A 55 AT A7 280 A AT T 3R



%2

O ETERIMEX R

16.2° 4

17.2° 4

17.7° 4

18.0° 4

16.2° ¥

143§

NACAO0012 airforil Modified airfoil-1 Modified airfoil-2

Vorticity IR .
-50-40-30-20-10 0 10 20 30 40 50

Bl6 R AUHBRBRS T RE S KRR A

Fig. 6 Comparison of stream lines and vortex contour

lines of modified airfoils-1,2

TR T % W 30 P9 305 T 2 1) 355 1 gl 25 il A v
A IR 0 T 109 Y R R T A A0 i SR Y A
FEH SRR BRI R 1 R B 3R 2 X
e AT DA B 3 T R AR T O X Bl A Ok
R A K
2.2 BFTREYWBENSKESN

B 7.8 g5 i T 5 T2 M8 W 3R R A R A B
BHECH 0. 3. 4RIy 0. 075, 30 M AZ 4L 107+
8BRS MY S AR A PEXT HL I . AT 7 19X
By Iy L T LA 88 B IR R 1 B A K R
Fith[R] NACA0012 3L 3l 25 RS PEAH L B
WY 8 F) A2 o T 156 T 3 TR 2 1T 1 78 A X 3 Y 8l 2
RHAFVE R R AU IR 8 R T LA
H A [ 3R P BT 2% 0 B 0 1 R L AR AR B e
UE AT LAAT 3T R TSNP Y A I A R T E)
SO 1 2 THT AT % B 30 10 30 T A 1 1 22 A DR e 9 g
PONHTIE SV I A A TR
2.3 FZREYRBHEREST

09,10 gy 150 2848 Bo 3 R A Tk B
0. 3 4 A A g 0. 075, 30 5 A8 4k oy 10° £ 8" R
ST SREREEN LIE . E 9 BT R R
Ci B AT LU . 8 B3 B Y i KT 1 R B
JIr REARR o AELAE DRI AR T B U P A R R AT
o GO R B R R Co B IR AR R C VA
A Bl Wﬁﬂf“ﬂﬁlﬁﬂ‘” 6 B/ LB O T 5
/N B R — 28 M 10 YR 1B o] LUR
G {P‘E&Eiﬂﬁﬁu%‘%é}%{%ﬂﬁﬁrﬁd\— 1 H.
BT 10 JB 7% 10300 A L B R — 28, PRt 3l o 8 3R

30 35 5% RS W 3 AT 209
2.0
1.8 - --Modified airfoil-4
1.6 = - Modified airfoil-3
1.4} — NACAO0012 airfoil
1.2+
U 10t
08r
0.6
04r
02r
0.0 N S
0 2 4 6 8 10 12 14 16 18 20
Angle of attack / (*)
(a) Lift coefficient C,
0.8
07 - - .« Modified airfoil-4
0.6} = - Modified airfoil-3
sk — NACA0012 airfoil
. 04}
© 03}
02+t
0.1
0.0 -
-0.1 S S S
2 4 6 8 10 12 14 16 18 20
Angle of attack / (°)
(b) Drag coefficient C,
0.2
0.1

%

G,
| | | |
S o o o
B O N O

_ . Modified airfoil-4
- - Modified airfoil-3
— NACAO0012 airfoil

0 2 4 6 é101214l61820
Angle of attack / (°)

(c) Pitch moment coefficient C,
B7 8 e R R R A R X
Comparisons of aerodynamic characteristics of
modified airfoils-3,4

Fig. 7

16.2° 4

17.2° 4

17.7° 4

18.0° 4

16.2° ¥

143y

NACAO0012 airforil Modified airfoil-3 Modified airfoil-4

Vorticity NN .
-50-40-30-20-10 0 10 20 30 40 50

B8 25 ZRHEA SR HRET & = E K& &l
Fig. 8 Comparison of stream lines and vortex contour

lines of modified airfoils-3,4



210 Moo U IR NI NI S S %548 %
%g TR I 2% B 3 25 B LRI LA 550 o 3 R Bl A R
.8 =« Modified airfoil-6
16F = - Modified airfoil-5 HLASTE MO 4 i A TR X
14} = NACA0012 airfoil
12} 3. & it
U 10 B - .
0.8f AICR MBSk EMME Tk . mE 7T —EES
06 S odi a1 — \ He Ly Y N
il TR A e HURF PR BOE T .l
02t NACA0012 AV 2 4 IE . 43 Hr F %k H:T 3 Pl
ooLb—
0 2 4 6 8 10 12 14 16 18 20 RS By 25 5 BURFPE L 7T LA H 0 45
Angle of attack / (*) (1)&&HU%WJ&L%E%%N&&E‘JZJLU%
(a) Lift coefficient C, - .
08 A FLA T 6 36O 5 T
7] -+ Modifisd aifil T TSR 24 . 5 A 20 3 )
01 NacAut2 s A5 01 WA L 4031 25 A
05 — NACA0012 airfoil AR [ UHY 2 25 R B
s 4f (2) BLAUH] 2% W T 2R AN R BB 3 5 2k
g'; I R PR R AR SO G 8 R R T % T g i 3
o1l RYFI 2 2420 0] Bl 285 2% SRR P 1 5 2 A PR
00} (3) 38 2o 16 i 3 AU i) 2% BT T 10 oIk £k il 2, mT
ol ’
0 2 4 6 8 10 12 14 16 18 20 LA Wi 3 38 700 114 2l 25 2k URE M L 1 3 78 i 2% B
Angle of attack / (*) 18 IR 23 B A 40 ) B AL 1Y 2 A5 R R
02 (b) Drag coefficient C,
' o EPe ¢
0.1}
0.0 [1] Conlisk A T. Modern helicopter aerodynamics [J].
. -0.1F Annual Review of Fluid Mechanics, 1997, 29: 515-
© -0.2 567.
03} ... Modified airfoil-6 '_ [2] Leishman J G. Principles of helicopter aerodynamics
04 - = Modified airfoil-5 [M]. 2nd ed. New York: Cambridge University
s — NACAO0012 airfoil . . . Press. 2006.
0 2 4 6 8 10 12 14 16 18 20 .
Angle of attack / (*) [3] McCroskey W J, Carr L. W, McAlister K W, Dy-
(c) Pitch moment coefficient C,, namic stall experiments on oscillating airfoil [J].
& 9 EEQ*{%E& j;“{zjﬂlr-r b St H ATIAA Journal, 1976, 14(1). 57-63.
Fig. 9  Comparisons of aerodynamic characteristics of [4] McAlister K W, Carr L. W, McCroskey W J. Dy-
modified airfoils-5,6 namic stall experiments on the NACA 0012 airfoils
[R]. NASA Technical Paper, Moffett Field, Cali-
16274 fornia: Scientific and Technical Information Office,
1978.
17.2° 4 . . .
[5] Carr L W. Progress in analysis and prediction of dy-
17.7° 4 namic stall [J]. Journal of Aircraft, 1988, 25(1): 6-
17.
18.0° 4 [6] VanDyken R D, Chandrasekhara M S. Leading edge
velocity field of an oscillating airfoil in compressible
16.2° ¥ dynamic stall[R]. ATAA Paper 1992-0193,1992.
[7] Martin P B, McAlisterK W, Chandrasekhara M S,
143%y Geissler W. Dynamic stall measurements and compu-
NACA0012 airforil Modified airfoil-5 Modified airfoil-6 tations for a VR-12 airfoil with a variable droop lead-
Vortici
ty—50—40—30—20—10 0 10 20 30 40 50 ing edge[ C]// American Helicopter Society 59th An-
B 10 45 = 30 h 25 2k BN A5 T IR B 25 T v 4 nual Forum. Phoenix, Arizona:[s.n. ],2003.
Fig. 10 Comparison of stream lines and vortex contour [8] Rhee M J. A study of dynamic stall vortex develop-

lines of modified airfoils-5,6

ment using two-dimensional data from the AFDD os-



el OV RN N R B 3 R PR A 211

(9]

[10]

[11]

cillating wing [R]. NASA TM-11857,2002.

NS EGRk ETAE. SR A B Sy B R Sl 45 1
BRTgEL)]. S12E2 i, 1992, 24(5) . 517-521.

Sun Mao., Wang Jialu, Lian Qixiang. A study of the
flow structure around a constant-rate pitching airfoil
[J]. Chinese Journal of Theoretical and Applied Me-
chanics, 1992, 24(5). 517-521.

A ABYE, R . AR Rtk gl )
etk ORI LT] Mz 43R, 2011, 32(12): 2163-
2173.

Zhang Jiazhong, Li Kailun, Chen Liying. Nonlinear
dynamics of static stall of airfoil and its control [J].
Acta Aeronautica et Astronautica Sinica, 2011, 32
(12). 2163-2173.

Mani K, Lockwood B A, Mavriplis D J. Adjoint-

based unsteady airfoil design optimization with appli-

cation to dynamic stall [C] // American Helicopter
Society 68th Annual Forum Proceedings. Worth,
Texas:[s.n. ],2012.

[12] Thompson J F. Grid generation techniques in compu-
tational fluid dynamics [J]. AIAA Journal, 1984, 22
(11):1505-1523.

[13] Yoon S, Jameson A. A multigrid LU-SSOR scheme
for approximate Newton-Iteration applied to the Eul-
er equations [R]. NASA CR-17954, 1986.

[14] Spalart P R, Allmaras S R. A one equation turbu-
lence model for aerodynamic flows [R]. AIAA pa-
per. 1992-0439,1992.

[15] McAlister K W, Pucci S L., McCroskey W J, et al.
An experimental study of dynamic stall on advanced
airfoil sections volume 2: Pressure and force data

[R]. NASA TM-84245, 1982.

ASCE WG T 2015 4E A H THHLAE 2 N ERSS I IE SCAE



212 (I O GRS N S S ¢ 48




