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Numerical Study of the Flapping Airfoil

using a Unsteady Panel Method
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Nomenclature
Ay aerodynatmic nfluence coefficient
n; unit normal wector at control point
t; urit tangential vector at control point
Vi) lanematic velocity
Vi, . welocity nduced by the wake vortices at control point
Al . panel length
N nutnber of panel nodes
NT number of time step
7, : wortex core length
L pressure difference
<, thrust coefficient
o2 ift coefficient
i pressure coefficient



Lis o freestream velocity

At o time step

c . chord length

L, : crifical length

A o ampltude of plunging amplitude
k reduced frequency, (ae/f/ L,

Greek Symbals

s velocity potential

a constant-strength source distnbution

¥ constant-strength vortes distribution

r circulation

& amplitude of pitching oscillation, pitch angle
fai density

il frequency

@ phasze angle between plunging oscillation and pitching ozcillation
b7 propulstve efficiency

Sthscript

i, J  panel number

4 . panel

k . present time step

k-1 . previous time step

W o wake
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II . Numerical Method
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Unsteady Panel Method
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Fig. 1 Schematic of the flapping motion
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III. Results and Discussion

Quantitative Verification
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Fig. 3 Lift coefficients for the impulsively accelerated airfoil

=
I _ Theu::u.'lu::nrserl[2 ! ? -
1.2k ---3--- CFD Resultl? 3 _— Thendnrsmm
I —--+<t-—- Present Fesult o1z b ---%--- CFD Result
1slL — trajectory, h = hycos(nt) I —--4}-—- Present Result
a) plunging atrfoil ttching airfoil
planging P 2

Fig. 4 Comparison of lift coefficient

g=1"0l0 FaH F 4 F5F{reduced frequency, k=wcoll, )T 0974010 o] & ¥ of
Uzt CFD €348 BEd A dA2 = & F Yo

Fig. 5+ plunging + 3= 5t ol 2 (NACAN012) S AN st
Bold ZoAMe £ FEF Uebd otk A HgdE Bag X
oS oA AE EefFt He de E = o 285 a3 dol (4
0] &{moment theory)®] =T diolgE A4E =T ok A dHoA o]
Mg Ed s =R7F Aol AuE Fi(diffusion)t A $#7] oEW ¥4 dEE R
Al ¢y BE=R I3 283 dlud & o) FelFr ok Jzy A Fg s8] HE
o izt A(nE dE5tH "o BEHE dE Y & 9dch

UE
o
|

r|r = rlr Hu
>

S

12y =
H

ur

I"

M re

T= o U (U - Us)dy (12)



Experiment[m]
FPresent Result
1.0 F
= 00t = =
-1.0 F .
= k=15
== h,=0.04
2.0 = '
1 1.5 2

------- h,= 0.1, Garrck! ----- -~ &=1° Carrick! ]

a5 |l—-—-—- h,= 0.2, Garrick! i _— 6,=2°, Garrickl) P

| —--—--—- h,=10.4,Carrickl’ Lo 020 - g =4° Garrickl! I
agl—&— h=01 r —&—— &,=1°, Present Result .-
| ——F=— h=10 vl 015 F E! =2° Present Result”,

f s LT =04 e 6,=4° Present Re

i 0.10
1.0
0.5 g 005 -y
0.04 = oo iy
3 4 o 10

k k
{a) plunging airfol (b} pitching airfol

Fig. 6 Comparison of the thrust coefficient

Garrick— ZF2F b2t Z0] plunge(® (1302 pitch(® (140d Y 2H A F=F AL
shgd ot

G, = 4xkhy? (P24 &2 (13)

- (m o (o) Jo (- #)(3-o)- B-(3)2] 0

|74, F3t &~ Theodorsen § 52 3t #5= FEolD, e A9 S04 {32
(pivot point)PHA] 2] A 2joltk Fg 6lAH = SHEH==2 A4st Z3ksb Grmcks] ol & &t
Hl mebgdch A4 =82 AT At=005/U,, L, =304tU,, 21 r =003} F A
s #E ok 32 g9 tEl A “”1] Ak, 2 A0 o Gamck® A4 g
Hoh 22 plnged] 25+ © 2 A&, pichd] Z o< T

i N
1
rlo
4
e
i
A
rr
inl



{a) fow wsualization] 10] (b} present result
Fig. 7 Comparison of wake pattern behind an plunging airfoil for t=3 =102

{a) fow msua]lzatmn[ 10] (b} present result
Fig. 8 Comparison of wake pattern behind an plunging airfoil for t=10 2 =102
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Fig. 9 Wake patterns behind an airfoil undergoing plunging oscillation
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Fig. 10 Velocity profile comparison of the plunging airfoil



Plunging Oscillation
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Fig. 11 Time history of drag coefficient for an plunging airfoil

Table 1 Thrust of an plunging airfoil

E=810
% ,
0.0125 0.001s
0.025 0.006
0.05 0.0457
0.075 0.0943
0.1 0.0152




() Jy=0.0125 W

(h) K =0.025

(c) hy=0.05

(d) fy=0.075

(€) hy=0.1

Fig. 12 Wake patterns for a NACA 0012 airfoil oscillated in plunge



Combined Plunging and Pitching Oscillation
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