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Aerodynamic Analysis of a Rectangular Wing in Flapping with
Lead-Lag Motion using Unsteady VLM

Woo-Jin Kim* and Hark-Bong Kim**

ABSTRACT

The unsteady vortex lattice method is used to model lead-lag in flapping motions of a
rectangular flat plate wing. The results for plunging and pitching motions were compared
with the limited experimental results available and other numerical methods. They show
that the method is capable of simulating many of the features of complex flapping flight.

The lift,

thrust and propulsive efficiency of a rectangular flat plate wing have been

calculated for various lead-lag motion and reduced frequency with an amplitude of flapping
angle(200). To describe a motion profile of wing tip such as elliptic, line and circle, the
phase difference of flapping and lead-lag motion was changed. And the effects of the
motion profile on the aerodynamic characteristics of the flapping wing are discussed by

examination of their trends.

Key Words : Unsteady VLM(H]
Flapping(& 71 4),
Lead-Lag(¥] =] 1)

44 9

Ao v,
< ‘é’"ﬁ’}l(ﬂappmg)a i@«‘%’%
By, AW ok At S

s #4dE zA He Fd Ol%%: F
- s

L
" @}%W»arém 'J-"S $3 % AAFYR
: hbkim@mail.hau.ac.kr
i3 31%“] ““‘:—? g 200-1

FAAH), Reduced Frequency(F-3H2l #E ),
Wake(¥), Wake Vortex(F <}7),

Vortex Ring($+%})

ubd, sl dele A8 gFvle A Holez
F fFEA TS FHA FHo AT F YL
22 @ Al giatel Ha o]

GAA gl FHe 52 3Ad, WA &
Folal, @] zietehy #adol Aol wel A
&t7] wj¥ol  Navier-Stokes 4o g i3t
B AL Bsbd AAHolA Bt oo #A
of digk vl g RES AAEy] A EE W
He L8 o|Rd 72T sid W oltH23]
o] WHE& NAA #F5 A st s 2
B2 Holxm ga A AA 7Y L ol &A H
W, g@/ial Gohet 2o FeErt #Eke EAF
o §5% 9 HolA wiEHo IHH= F o
Fo Az YAE 7 £ e FHl vk

B oEEdas BgE 74 249l 2z
WS wel oS AAANA sadNE SEeR
AL oh o4ghe] FA A el FHUE &



40

294

’

o,

51448 29 20065 64 30H

= Aol 0 olgte BAZUS AHAREA 9%
AEE Axste WHA VLM 93 (Vortex
Ring Method)& AH&-3te] E7He] 7 718
TFEAZAZE 2 AAAE HE @b E o83ty
93 9 A3l2F(plunging = heaving)S 3
Hatol 22O HBAS HASHAH.

@A st AEA @9 EEAHE BAME
71 fgteq A H=ga 59 f4AE
gEste] Bhel, A, 93 e d 2o &%
AFE FEAch oled AL e ¥
T TS BATE sdeiM Ele) e 4,
, T JFE FoI A W o

Fad AFe] st
Eig=d
AR g=gart 4
N vevus 43, 89, ¥
AIZE B goer @Al
ALY drhe 8 BA4E A4WE QT

=
=
u}
<
L U
1}
’

5
Z

S @ 2

A o 2 L ok o o
N N e

g

H., &=XH H

4>

Fig. 17 Zo] ZAIZE @is e 229y
2 s & 474 asdirigd 9¥(vortex
ring)e] %% AL aadA A9 1/440,
#4 G3e 2 Y FHeF Fd 28n H
% e wkg Holl YA aids) A9

1/4% 0 AXNAA shte] 94gh-g FASRC AA
Z70] Agd" AojFe giadr FAAHY
3/4 A, & 93le] FAHog HA=rl AojHAA
=) A g EHEe 7 84 99 T ug4A

o 4 5

WEe o4 WM Yoz Pk

Fig. 1 Nomenclature for vortex ring
model

Fig. 1904 ¢, 0, & zy.:% BFY Z&E0]

(Vo4 V)en =0
G714 Ve gHe $EER0m, p
o] 2:2ubar whoju e o]},
gr) Ewold $EEEE YA S5 9%
Aosss 7 eads) 2 Fokee 98 o

= El= =

®4

T st H7HA
Ve A FAE T oiE
[4]91 A= 3

2HE #20l

£

Lo

-

o ded ¥EpF, US4 &

=3

[ Vv, .JF 4

Po=[ Vy-dF @

Vy & AR 2 gsgae] g dAwe

SEEE, dF £ ) vawd %ede o)
o o]2 ¥ A%z g 2o Aegnt

P
= AL 5
Cr. 1/20V§S ©)



R R A

Ax2e Bweslel Bedo 250

238 dslel o vAY VIM 39 34 41

714 Ve wdg&moltt, wepr FEFHS
P,=—TV, 2 Astd HFFIage o
o Zo] i),

P, —TV,

- ut 0
= = = — 6
! ‘P‘in in CR,, ( )
A7|A FEAS O ¥ O3 2
T
Cp=—>r——=( 7

02 Presentcal. [Ref.11]
AR4 =
AR8 e .
0.1+ AR12 -
a =5°
0.0 v r

0 1 2 3 4 & & 7 8 ©
TIME(V,t/c)

Fig. 2. Transient lift coefficient variation

for rectangular wings that were

suddenly set into a constant

speed
Fig. 2& 7H7t Q& A7 €47t 94 %=
V., &2 w438 2¢g o SEA5 HEg o
HrbE A2 uo) et RAFT o ALkl
AREE g2 a=57 o)m, olu) g4
B ASgo o, widelwd 24z 23
gkl HA 7270019, AZILA V) At /e= 1/16
2 AAEgTh 2 270 wAN &2 A
22 dgAee] Wt Asit 2wy Ajztol
AR wet Jgese) SEASE sy

= & F Ak o 2FE FuEH (67899
Aot vlng 74§ 2 Aol ddighelA A

o7t A9l glge BAFATL
dudow F/Hon $EHE wAze

A e Ao web F7198el Yol
ohEA vehdt ol g vEY Hxe FUle
T AEEE o ¥ W OeH £ol FoH
£ 21¢ A5 (reduced frequency)l] 93 &
deoh

k= 01~1.09 W42 1
FEo] o7l HFT10] webA B ATolME

7h ¢ *c}%} 2 HZEF dg A

3.2 N 2=l ad =gE 23
G Al (flapping) & 52 &3 Zo] 258 F
Aoz g #7140 sd +F5o Y

Y= %cos( t+z£) (10)
zEzt gge] AFE xe H
A 2 e

225° 90 270° 45
10 180° = it -— 0
Q.‘. oo ‘o8 '\‘)(./04 ».

o/.\o o4 ‘)
135’8 g ¥ o w 315°

5 &.\.!}{\\<./8<, . ;/4\. ?
7 ,/' \, b

od ¢ LNV '\ o 3
@ g& } \ d ‘<‘ /. N .’
./ \f«‘ \.y’ ./
54 ?x\. e ./' \*

H S S

.
.

'S .

;‘o P '\.w.d,,s :\ovo ‘:

Fig. 3. The motion profile of one
flapping cycle
fig. 3& A &FF fl=d1 2F5E& G4
sto] Yl Ee) REAAE e R JdriAl



42

z\i

o

& H14% F2% 20005 68 30H

Zt £10°, HEda 7 srolth IR 5%
H=g 1 59 s 0°~315°A k0 2 45°4
WAL 2EAFHE 44, &, Bdez Uy
AA T 2L =¥ AzolgtxE JAxte] uhe}
THolE We] NE dag

_a (deg)

451
25+

20+

215 .\
Vo, N

2% 02 04 06 08 10 4T
! g
", g
20 ./.,0'./. ‘e / Y =315
I3 LY
o A\
15y f’ \\‘ " P
gl
104 / \ '\ =135 ./
o LR /
CL054 \. ! f x
] t /
VA J
00 T T ~' T s . ;
G0 02 OAI 06 08/
05+
1.0 \‘
Yeqt?
"lul'

Fig. 4. The instantaneous value of relative
AQOA, relative velocity and lift
coefficient for one flapping cycle
with phase difference

HA427E 00, 180°¢ uf BHARFL LEZEC
2 Jlgojd AHAxx 94&’“03 71g&old Aag
WER L 45°, 315°Y W L EZoE g
B AAel Hal 90°, 270°¢ wie €9 #H o)
H 135°, 225°Y wive %o ® Vg ey

Aol gk @A 5} d=da +59 4
AL 0°~135°% HRAIAl e s FF oA
180°~315°% AlAMFEFeR AT fig. 304
HES YFANTER V7 A Axolnm
HE Abolo hAC] 2 AL HE7F U=
Ag ousta He e &=t made A4S
ojmlgich 0°d ZPARAE A REdS St
&, 180°o A AR o wee gad
.

fig. 45 a=5%k=07, ¢, =20°9 =12°¢ 7
T @57 Bk AR 1350, 3150 W 2N

o gt g, A HE, FEAFE Yeha
St fig. 3¢ WE SAAI 1359 A5 2
A @ W PEEel ()N (HE st
dz gag U (1A ()2 Hath zene
G UE 2 ME wlEe A7 $58
gete WE ¥ 259 A Bk @AEel

AR 2T Y S5 59 WP S8 F7

] geTA

A7) wEel A whgzhe ZaAdth ey
gy HEE 9 B 4R FUHE) wed
Z7H.

ARz e 2 w(t/T<0.5) AdA 315°9 A
0 E=7F At 135°9) A SEEG AEl
T 278 ¥y AFe Atk FHe A &
wo] AgH weztd e 248 ¥y
of FAF Fog Vehled B A4 o
g A} wg-zbel Folvt Al & Aot Mk
az] w143 315°¢ A v Aotk
At 315°9) FE AdE A4 13579 4
Agroh 2ok

—m—W= 0° —w—-W=135" —x—¥$=270°
08+ o= 45% e W=180° —¥— ¥ =315° "
074 —A— W= 90° —+—W=225" */X
064 Flapping Angle=20" /* /X/
05 Lead-lag Ang!e-12 / y /“/:/ "
R R
031 .
L g
0.2 .- ; ---------- . . .
0.1 \"\:\.\'
——
0.1 T T T T T T T
06 01 02 03 04 05 06 07
k

Fig. 5. Mean lift coefficient for one

flapping cycle with various
phase difference

fig. 5% /A 2t 20° & W ARl nwhe



gEgd s HAAY goeAe grda ¢80 289 g dd vAY VLM 38 34 43
B ¥ A+E vehdae g A= 00~ A3 g3 guds Aol faxz LAdde
90°, 315° W= €/ Uigd o 9E 52 g9 AFoly o AFez vt 55 o
FA5ke 0 W o) YPolm evkg W W (FHel Basith LA st T obzt
o= vl Wk Zoh YAl 135°~270° W= o] Aole YAT (V5d AF ol AL Hl&
g Zeg vz £AAY. =PI 230 ¥ BT RHAFu glerz Hg FH @Y
GRS YAt 45°~135° A W Ty A o] AP rFolng ko] wel Avkd Zolzt
Tl Zyle] uwiEl Wt Ohﬂzﬂ/‘:l: g A ges AEReE o 5 drth
225°~360°(0%) ¢ #EAE g W By A
7o el mat BE FEATE Srreka 9 001 | e e
o AgA7E 315°9 W " FHASsE MR ] | e 0 s
-0.05+
=3, HMX}J} 135°4d “ﬂ %‘ﬁ OOEE':" 7#}-",‘—7} 7}10} -0.104 Flapping Angle=20"
Aee ¢ F Uk fig 485 HHERY F F7 Cpipats- Leaclag Angle=12"
Bt A 3159 4 ALTE 944 135°9] 020-
e Aevo Ay dE AR 31509 #Hi 025
FF Ase 947 1359 F7 ¥ Asnc ot
=T} 040
0A5 T T T f T
" - - 00 01 02 03 04 65 06 07
0.04 - Wz 00 e W 21387 e 2270
s g5 e WEE)" e W =315 k
0004 AW 900 e 2250
o5 00 rlevora A0 Fig. 7. Mean power coefficient for one
T s flapping cycle with various
© 008+ phase difference
-0.124 \ X
-0.16 4 x 06] ;:WEASi ;wiwsoj —%—W;ms“
0204 . , " i . 0.5 p— g
0.0 a1 02 0.3 04 05 086 07
k N o4
0.34
Fig. 6. Mean drag coefficient for one 02d ¥/
flapping cycle with various Y E‘EZ’?““Q:“Q'ff‘;
phase difference 01 cariag fnger
flg 6*‘ 14/\)-7_]- Bﬂg};«'} 9}1\% IIE gg_,*‘lh 3(}@, 7_1] o0 Q'ﬁ o’z of3 of4 o's o‘s a7
’ K
5 vy vk FE 8 gol HAstE 94
e 135°, 180°2AM e $EHAHE 9%o . . - )
- ’ o Fig. 8. Flight efficiency for one flapping
R o ) Q.5 FHEO, O In R ,
= 7ol gt Haelch T Ciia= S cycle with various phase
AHo] ey B9 wAA kol ARt difference
315°9] dE +F AHE LE8EH0E vgdd
Efdoly % W2 AANEFengE A7 Y fig. 8& 147 t’ﬁi}oﬂ u}a} wAEe F7 &
A4 o @AEL 10 £5L A HEE F9 £ Ve k. Y2 4 FEOE v
& ZAisA "Bu. kol 9)4ak 135°, 180°9] Aol 2 FHo Hoolmz Fgo] LAFA
27E 52 gz i A3 £5S A Ho g 7Y A5F welY 582 A @
FEHE ST itk 2ag AES F7MR Fd A2ge F743
fig. 72 HAZ W gk FHAFE e zrlele Hu) 31 A ABesE 2oy
e 9z daled Adagel (y8E Agrt U o8 48 ve 284 dadke Aol vE
ghulir itk (OFE Age €3 ste AEA Yal glok Hael #3 248 e ANas
o FollA gl Hales TEE ol ¥ 135%0)3 #HAe &2 Z&E e 94FE



44 494,

14 B2 2006% 6H 30H

g7l
135°¢ w) GBS
’E,i

zdEe gz 9

&
OE At = agEt 2 &0l Y
Bhube el §74dab7t 315°9 Wi Felo] o
= AR AA B e He F3
€] vehda ok
v.Z& E
B =22 Y 339y AdE FEI L&
T RowWA gAY T|RFFORAM go] ARt
= ZFEAZETE 4 2 AAAE B 2 o
st F= EHJQ} A EEel 28E @
T8 548 984 VLM WS Agste] At

RN
I%Ur -Lﬂ? @A zto] 20°2 SEE ¥ o
g 2+E 12°8 2Fska A FE9 g
aHe e YAAE 0°~315°2 Fo] ENE
+F AHE g9, 4, o] HEE 3o gl

of glmela &%) gAY 2H EA4) mxe
qee zAERY

2o AE A8E BT elE &5 W
e Aol ek dzd Jehvy % 9k
of ma} YE 5ol A3 FEH T Eo
2 g ey 47 83 ¥4 &5
e Ao et wslE Fo Sl Jdge
v RA "ok ket sl giEd w gope
50 37 £FE& e 94 315°9 A% H

T FY AVt 0 Agate] 9d 49 AR

o
iy
o

m\;l,m[o.
P

ke 9AAE 135°, 180°=
e s degd w AR
#e 2713t

NE AHEGoIY &5
B8 gh& e

o
2
o
z

x
£ L)

.y
2
e

Ho 2
ol
i dlo
ot
i)

JE
N
’&f
i

ok
=2
o

ot 29,
4 o
I
L
o

-0

2,

e ™o
23

oft

r ofN

0.3~0.6 Alololr 443}
&8 Z’%E\V} QE ‘%i}% %‘l%?

to T Ui By N 2
2
tye

(o4 =
r_&%jﬁ)‘
b ok

oYy lo R

-Qr?ﬂegjz

oo

ik}

P

Ao

1) Tracy E. Fritzz and Lyle N. Long,
"Object-Oriented ~ Unsteady  Vortex  Lattice
Method for Flapping Flight', Journal of

Aircraft, Vol. 41, No. 6, 2004,
ppl275-1277
2) AET, ZHE, “Vortex W& o] &%

v 3k @l 93 5 By 47,
S Z 3837, A 314 63, 1993, pp.1~7.

3) BF, Foe, 235, 3 HE@dHe
o]-43k FE el A/ /uAA THH”, §=F

F93383)%, 203 335, 19929, pp. 1-12

4) B3, Ak, “AANGE FadAe @
A vEH %%Oﬂ WE v VIM §8 3
A" =T ¢7ES A, A4 3%, 2006, pp.
14~21.

5) Vest, M. 5, "Unsteady
Aerodynamic Model of Flapping Wings", AIAA
Paper, Vol. 37, NO. 7, 1996, pp. 1435-1440

6) Weis-Fogh, T,
Flight in Hummingbirds
Drosophila", Journal of Experimental Biology,
Vol. 56, No. 1, 1972, pp.79-104.

7) Weis-Fogh, T. "Unusual Mechanisms for
the  Generation of Lift in  Flying
Animals", Scientific American, Vol. 233, No. 5,
1975, pp.81-87.

and Katz, 7,

"Energetics of Hovering
and in

8) Walker, G. T., "The Flapping Flight of
Birds", Journal of the Royal
Aerodynamical ~ Society,  Vol. 29, 1925,
pp.590-594.

9) Betteridge, D. S., and Archer, R. D, "A
Study of the Mechanics of  Flpping
Wings", Aerodynamical Quarterly, Vol. 25, No.
2, 1974, pp.129-142.

10) Mueller, T. J, '"Fixed and Flapping
Wing Aerodynamics for Micro Air Vehicle
Applications”", Progress in Astronautics and
Aeronautics, edited by P. Zarchan, Vel 195,
AlAA, Reston, VA, 2001, p. 586

11) Katz, ], and Plotkin, A,
Aerodynamics", 2nd ed, Cambridge
Press, England, UK. 2001

"Low-Speed
Univ.



