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Thrust Generation on Flapping-Airfoil by Dynamic Stall
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This paper deals with a thrust generation on flapping-airfoil by dynamic stall. Dynamic
stall refers to a series of complicated aerodynamic phenomena accompanied by a stall delay in
unsteady motion. In most cases, once it occurs, the dynamic stall may lead to an abrupt
fluctuation of aerodynamic forces. An inverse Karméan vortex has been considered as a main
reason for a thrust generation. In this paper, however, we have found out that a thrust is closely
related to reduced frequency and leading edge vortex in addition to inverse Karman vortex. In
order to certify our opinion, piching and plunging motions were calculated with the parameter of
amplitude and frequency by using the unsteady, incompressible Navier-Stokes flow solver with a

two-equation turbulence model.
programming method.

1. 4 & .

c#el Eolet J¥ 9 flapping +F A%
o ul o AP YL EHFHoZ uj§ Fv
e IF FAY ¥yt oy, Ormithopterd %
A8 1] 8 A (MAV Micro-Aerial Vehicle)ol A2 &
4 MeAE 23FE A Hure F3AxdY
o2 717 FEZHQA & A FUE FU9
AN BE IAFAREC o5 L3 JFHI Y
t}. &9 flapping %] g FEEQPY o
ZE oln 1910d ) Zvre] Knoller 9} Betz5 9l
g#N 4 dFHAH D, 252 1920 o] B
o] Katzmayr, Birmbaum% o] 934 2¥AHA
oA FEEAe] FTHEHYoH, 19354
Von Karmén ¥ Burgerso] gafiA Edo=
8L e Fr9sty dAUZo] HdPHut.
o] 3t flapping Yol i3 nAH FHLA
AAUEE Fig. 17 2] =A8] Fdot Fig. 1S
9 @A Y& Jetd Helx, Fig. 28 &
g Ao B WAYEE F57HAE AY
A A8 ¥ AHolth WA, Fig. 1§ 49
B2 o}y EdtolA Inverse Karman vortex7}
3o FAHAME 7IFSRE AAHY THE vhA
AR Gexd AESA & Frld £5FE o

o

For more efficient computation, it

is parallelized by MPI

HF0 A7|Me WHHgoz YL FYL dA
He #4& vehda Atk Fig. 28 94¥9 #

‘@A Karméan vortex?} A o] Fig. 19049

R 28 g4l o] BAstE A& VE
AoH1], 2y B dFolAe o3 Inverse
Karman vortexo|dolE A& @& ol &3t
A flapping AFAA FFHo] LAY £ UEHS
Holm, oo M F AE Fafge A
#AE HEX " ¥ 4EA Navier-Stokes Z=
g o]-£3o Jehiigich 3 delX uiel o] 9
o JelvE FHA&EEGE BHALT o
AME H&EE JAAA F& di A=F FF
of mwa ugPAe FTREAS AAHS glojA
Y FE Y A& Adste 98E 7z I,
EE Sdz2 F 715E 88tE AF7)0 gloA
£ olEg T3 A534E HEI FHI=E
gt} Flapping %< 3l o gel oA o
3 FHRA&Te AuBA Wi dFE K
Isogai ®F Y. Shinmotof2]9] 97 Zd3v} Ismail
H. Tuncer[3]9] d7A#oA AHE + SUesd,
FARAEHEYAA v EF LA (leading-edge
separation)Yt 249 8ol JF9| flapping <+
%Al F2 & &(propulsive efficiency)s RFA &

D AEdistn 7AgE
2), M edetn 71 A

-
=z

e iy ]:!
TF R

st ikl (151-742 A& @ob7 A YT A156-1 Tel @ 02-830-8920)
: (151-742 A& BT AHIT A56-1 Tel : 02-880-1915)



36 H14Y AN TE
=221 e 1 TR
O AdFZEBE AAEH dJqd 28y, o) #
@ % A7l dold FAASAL AAs s
o ZHwgel Ba dAUzIBE ARe vy
U=z ekt B A7 E 989 pitchinge %
o A%g B FA4 BoE F24 A g
oM olzld ¥AA%e Jol nAHY Fo
Aol w)A &< Inverse Karman vortex’} Ht}
£ o2 9% yeEhiA 22 Hastgch ol
o gk “ﬂﬂ‘f]%% Flg 3. ¥ Fig. 4.9 =A8] ¥

YoM v ZEH F=wrez
g—gi QA A - 43 vortex 7t
WA HI oo Y gEgde] YAHgoR
A, Ao widgiHel XA He AUHA F
< g dggoz FEGE LA A &
Ul ol Fig. 3.& 4] upwardZ &
e B¢ ¥ 9 lowerPEoiA 2e FY o
Fog FHol B AL Rolm A2, Fig.
4.5 Wdie] BASE dAstd FUT ol & Ay
Bdd 9go) ypward %<& 85 downwardE

g BE, ¥ Jgoz F¥e P LA
A 2& el F3 et

Fig. 2. Drag-indicative vortex street[1]

2. AMERY R 7Y

2.1 Amw 2

High Pressure

Fig. 4. Downward
A A 2xk9l v A v g=4 Navier-
Stokes WA o2 HAe LFELHEE T s
2E¥Hoz YehyE e 2o

4714, oE

g¢ Ui, v,
9 &$E4RE ey, 743— 3
Aok B A7eld #EHd 3=
INS2D[4]¢] 7| E 3 Menterd k~@ SST 3§
295}e H4% IFANS2DIE] =
o

22 A 39y

A opANE F2 ALY
I NgEY WYL 75
Hol ddsel UA gouz,

of @rAste] olAbs)
o ££43 49
ged 2e B



d AT H 1 EEY 37
{ SxI71e 7|
Ao ZA38 pseudo-compressibility 7] & &
3o, FXHo2 YA HE T & F AEHE
st
—gfz— =—Av - P 2
o714 £ pseudo AIZEE YENUD =

pseudo-compressibility A4 g olth. & AE
7 o2 Osher’'s Upwind Schemeg &3 go
o, MUSCL& o3l 339 IHEBEE
BUEE sl Al HEdd AN 22
o] HSm  AHAHA  YoonH} Kwake]
LU-SGS 71¥e] Abg5don, ujgd4 ALe 9
Bte] o] A kMWW (dual time stepping)g A}
f3le] 242 A7 FEEE HEE A

o & L

23 53 A=A 719

o
offt
1o
fo
ol

& EAEly] 93ty
QALY EBE A
X9l &%
oevz gy
ing £%2 ot
53} plunging
4(3)e
Lt =

T3 Az 7
Zholl W& o
e &
Zo] el
2 4(3) =} 4 ing
59 APz RA ¥ F
plunging %%, (4) pitching
Rl

o
fal

fot]
Mo g 32 ok

32 o
o

o
olfi
o

(O =h- sin(k) 3
a(H=a,- sin(kt+¢) (4)
A7 M, 1= FIEEE EAHA AW, &
reduced frequency® Ak=2afc/Us. ©°l1, &k
plunging£ %9 X%, gy pitchingZ&%9
olth, 183 f= EEFgFoH v 4y
=Zo] ojr} FHHEFE& 1/4 chord?l A FHe]
Aol H 3, Fig. 5 o =Al& Fskoh

o oodr

o H

J= 7—]2&

Mz HEL dE &F I T AT
Koochesfahani[7]2] water channel 2¥Zd3 ¢
g7 Ramamurti®t Sandberg[8]¢] AAbf-a] &4
A9 HlugezH ol L} HolsR FE
12,0000] =, NACAQ012 2 &oll dialiA 3 5o

3. 8=

Fig. 5. Definition of geometric parameters.
M2, 4% pitching +F IFL a,=2(deg.)
oy, B AT Fafe 0~8Hz)Z X9 A
G2 Alabslo] Hrh Alite ALEE Azl
245x125 3719 0¥ ZFHxleld, ¥ A ¥
A AR dole m=dold] i Ix 10 7°
g s gk v AY AdAA FE dol
HEo FET F714E HolxE 37 94 8F
7] 59t AArst gt Fig. 62 o8 § sz

Zo| ¥ reduced frequency(k)® T+2A F
a‘ﬂl-r(Ct)——] I Lol A7|A FHASFE Fo
gHAF 2, v 137] B¢y HIE A
ol disir HEE 3§ gteloh. A3 K
W Ramamurt 9 Sandberg® A Zdxxwc 43y
dlojeje] ¥4 o 2 ZAAE B 5 UAh
o] Ao HHERUL AL AL dRELS
A9sd EHFFoZ /1A AL 2% 5U3
238 2Yh

4. 3 AH d3

41 EHAS0 e 3

Fig. 7.& NACAO0012¢] ti3}s pitching % 2l
Z& g,=20(deg.)ol5, plunging &% AZ
h=0.2 °]1, reduced frequency, 2=8%4 =
2} ¥ 9 flapping2 5ol =& "Ja*éﬂwﬂ o &
S A, FHASF, ZAE AFLE YEld Aol
131- 1%4]*1 e HF ‘%‘:‘%Z?"l O(deg.)9l ©ff
FEF AMeolr] dEo] Hd dHAFY HA
S Ao Hdighe e 2o ey #EHA
9 ge JHATd Hdiagte Hoxd o §
(-)9 HJAXNE %%\_ AE & 7 Az, ol
=) HdXs 39 Fugez E £ Utk
atetA FEAF w3 @ HdFe FHASE
= el #fFe] EA3}, o]= Fig 3. & Fig. 4.
A et FHAHE “’-PZ Heg 9 3o

upward B2 Y3 E, T downwardFEHZ

o} A

2

12 o



38 1 828% PR
F"‘Plﬂ At j ﬁd\l’v‘“oqq
APRE FYPS A5 24 F UF g AEe 248 R¥e ¢ & U4 Fig

HRolx, ot FHAFIE *¥(+)F ()9
F7142 A% Ughdn oH FHASL
%3 wae] Ay AF}E Fig. 89,1011 o A
o] gttt Fig. 8¢ 1@ suold Ued B
2 Algghel wstel o] Azts) B Z7ld o
ol ofywoA 22 Lol wAFHA He
g oldje], FHAF e ()9 #&FE YEA
H3 Az PR BAsA €& EH E
o}, Alzte] o€ st Fig. 9ol el =
ol HAydde #EJ W& ZEA sHo Z
2 Hod ()9 ¥HASF 3 Hd FEHAF %
g JelUE A & F+ U Fig. 1094 = ol
B3 Agddo] At n gt FfH o of
L% FEA4HE YEl Fed, W ofAHY
oredzbzt Aol 7] W&o AL g F¥
A4 o] Aol 0 AR ZAEA €dh vHA
gto 2 Fig. 110X e 2% g ge] ddiH
Ueld g o £ AUrk ol d gL &I F
Mo Uetuts ot (vortex)o] FFoE vENY
= A9, flappingeF2 #F Wyel wt F
g3l 959 gz veides RY F= UL, 2
gz 2e + 5 YU E, F 5ol GEAM BE
e Helre FH A& ALsde o
2 gR7 dge E2x duskA Xdn
ZolA AlERE ASE B 4 ded RS
flapping & F< T4 8= pitchingF 3 plunging
S Abolo| el 9labatel od GFgolstm et
dr 2 d7old Y4 aate 90(deg)2A
re ATAEo olste Hujel FANIEE Eol

A%z wHo '

ehd
o2
oe

lo

i¢]

rr &

42 Inverse Karman vortexol 2§ F2
A

Fig. 122 Inverse Karman vortex® ¥¥o2
z2o] wagste A ez $sA pitching
229 VEL g,=2(deg.)o|T, plunging &F 9
Z2 j;=(.1 °lx, reduced frequency, k=10
o we] NACA00I2 289 flappingEFo @&
b B 28 FHAFEL U Holt £
AR WAz SREe e A3 AR E
wAste F2 A% A FHe] pitchingEF
o] MEo] Fe TBAZ YY) FHo IA 7Y
&= 2374 "ol @} Fig. 7004 2& & F

131415 932l A2 AN Inverse Karmin
vortex?] A7 FF LAl BAF Jehd Aol
o Fig. 1314 $AR2e4 k{71 4457
AHe f4e Uyehd Relm, ojuel FPASE
Agl 0ol 7t A& & F A% 2 Fig.
1415614 SARSAN Y4E Ze F7 4
4gg Boln eonl ojdel FYAF: AR
z74se RS Boln A

4.3 Plunging 53 F3Fd e H3F
Isogail3]e] Aol el dHAN L
Bus SHAEe A4 A3 flapping +F
Aol fFawrezte] Frto] 2 HolgtZ AL,
Lee 9 Kim[9]& %<& St(Strouhal)Fol A pitch-
ing& BT plungingeF5ol Ldutele] YAl
o 2 93g uHe #8 Ak weps, & 4
Folde oyg FAAHE FE WA IF
o AHE7] oA flapping +FL FAL U -
= plunging& 59 VEF Fogo] o2 FHA
£9o] W3lel FAFLL HHEUC Fig. 16&
41 AN @FE  a,=20(deg), h=0.2, k=89
Ao £7HHE FE wgzde AVE e
7otk Yol Jeld w2 pitching ¥l
o3 435 wezte] ¥WaEOXE plungingEFel
o8 §E wezel HWsgol f & AL ¢ T
olty. =3 :, Fig. 172 #& pitching® <
plunging FZo|A reduced frequency® % 7H
7 o Jelds 249 W3E ded Aol
. % reduced frequencylA = AFEE S
o} o3 £5o) & £E 2o|Z plunging &
Eo] g S @z AUV HE AFAEER
EHAL Fao] dojrhr] B F& 2] H
T o o 0 28 GF7F G 2
& gemz FAAFY o b AFL EA
g 4 o oA e FRELET UEHE
Hold), 2AE LW oHE Hdizte) EAse A

- Hzdol ALL yehdo Fig. 182 plunging

$EoAe ME9 AF/E 27 8l JERAAR.
2& reduced =H49 A$dMEE plungingE

So Aol AUSLE FI W] ANE X
38 yehys] dEd £ FFASE 2dT

5. 48



FRR AT M 1 EHY 39

L X718 A |
2 AFE Eile 5444 & flappingd frequency, k.
& e Y] LA g A ¥

A} oleld FHHE dE Yo FHAA
& gHAM Uetde gFe Addge] JFd
st 2 gA FHAPE 7dsts A2
2 4% 39 5 Jddz, oF ALY doFe F

2 FHYASFe wste dA {9 A4 HolF
& dl@Eet. matA hAofA Yehte o7
=g ¥dq F9 329 Afrt $MEE B3,
#He 4F Az Frke 489 plungingE ¥
of WE fFF w379 Frle WE FFH A4 Fig. 7. Aerodynamic coefficient variation

Fgoz dojd 5 AU

o

-

of

Fued

[1] Jones, K. D., and Platzer, M. F., AIAA
Paper 97-0826, Reno, NV, Jan. 1997

[2] Isogai, K., and Shinmoto, Y., AIAA Jour-
nal, Vol. 39, No. 10, Oct. 1999, pp.1145—~1151

[3] Ismail H. Tuncer, Ralf Walz, M. F,,
AIAA Paper 98-32420, Reno, NV, Jan. 1998

{4] Rogers, S. E., and Kwak, D., AIAA Jour-
nal, Vol. 28, No. 2, Feb. 1990, pp.253~262

(5] Menter, F. R., ATAA Journal, Vol. 32,

No. 8, Aug. 1994, pp.1598 ~1605

[6] Kim, C. S, Kim, C., and Rho, O. H,
AIAA Journal, Vol. 38, No. 8, Aug. 2000, pp.
1360~ 1368

[71 Koochesfahani, M. M., AIAA Journal, Vol.
27, No. 9, Sep. 1989, pp.1200~1205

[8] Ramamurti, R., and Sandberg, W., AIAA
Journal, Vol. 39, No. 2, Feb. 2001, pp.253~260
9] o)AA, 7AZY, =28, }TFFTLFES3
Z}, 308 4%, 200024, 6, pp.44~52

—_—
az v = Prosent Remat
@ Ramemort and Sandberg
Koochestahan(e )

Drsg -
v 5L e L
0 oo 2 Fig. 10. Instantaneous pressure field

Fig. 6. Thrust as a function of reduced



@ 40 1 2Ry
[

TR Ny |

Fig. 11. Instantaneous pressure field

bme

line

Fig. 14. Instantaneous stream line

Fig.

Fig.

Pitching Amplitude = 20{deg.)
Plunging Ampitude = 0.2

Fig. 17. C; VS reduced frequency

Fea o
s e3er

{
!

Fig. 18. Plunging amplitude effect

e R am? v.oor
o . ° °
(2]
(25 Y )
1 L A I I I )
. o
0 1 2 3 a 5 L L]
Reduced




