Ernesto Sanchez-Laulhe
Ramon Fernandez-Feria
Anibal Ollero

SE=ET

Unsteady propulsion of a two-dimensional
flapping thin airfoil in a periodic stream
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Problem definition: introduction

* Animals with flapping wings or fins to
propel have a cruising velocity which
oscillates around a mean value

 Experimental studies: focused on
dynamic stall

 Formulation of thrust of a heaving and
pitching airfoil under an oscillating
alrstream

* Generalization of lift from Greenberg [1]
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Problem definition: motion

* Non—dimensional formulation, scaled with U, c/2

e Oscillation of the airfoil:

h(t) — hom[eikt]’ Cl(t) = ag + aom[ei(kt+¢)]

 Oscillating airstream: U(t) = 1 + O-%[ei(klt-l_qbl) ]

. wcC w1C
* Reduced frequencies: k = — and k; = —
20 20

* Vertical displacement: z,(x,t) = h(t) — (x — a)a(t)

» Vertical velocity: v,(x,t) = —U(t)a(t) + h(t) — (x — a)a(t)



Formulation: vortical impulse theory

 Aerodynamic forces defined by the vortical impulse theory:
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Formulation: vorticity

e Contribution from the vortex—sheet wave separated:

1
ws(x, t) = owy(x, t) + wy(x,t), IL(t) = f wo(x, t)dx
—1

e Wake convected downstream:
t

we(f: t) = we(X)» Ze(f» t) = Ze(X): X=¢— U(t)dt

i

* For any function f(§) satisfying f(1) = 0 (valid for the present case
where U depends on time):
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Formulation: aerodynamic forces

 Lift force: C, = C,y + C,1 + Cpy

. . Cw. (&t
CL0=UF0,CL1=7T(Ua+Ua—h—a0(),CL2=Uf ;Eé )dg
1 —1
¢ Moment: CM — CMO + CMl + CMZ +%CL
T . . T 1
CM0=EU(U0(—h—a0(), CM1=1_6, CMZZ_ZCLZ

¢ ThrUSt: CT = —C(CL + CTl + CTZ

(0.0)

Cry = wat(h + ad — Ua), Cpp = f [h +ad—al + d (\/52 —1- 5)] @, d¢
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Harmonic motion: Circulation

* Circulation

. 1 . . . 1 . .
[, = 2mR [as + <—ikh0 + ape'? — (a — E) ikaoe‘¢> ekt 4 g gel(Prtkit) 4 ana(e‘(d’z”‘zt) + e‘(¢3+"3t))

 Wake vorticity, depends on

t
X=¢— |1 U)dt =¢& — t—isin(k1t+¢1)

t; kl
* Following Greenberg [1] we assume ki = % =k 1«1
1 1

 Wake vorticity
@, (&, 1) = —2ma 8 (& — 00) + gekt=8) 4 getk1(t=8) 4 goika(t=4) 4 gpiks(t=5)



Harmonic motion: forces

e Lift:
C,(t) =n(Ua+Ud —h—ad) + 2rnag + UR[GoC(k)et + Go1C(ky)e™ 1t + Gy, C(ky)e 2t + GoC(k3)etkst]
* Moment
Co(t) = = |av 1U'12"ii 1U
M(t)—E ava + a_f a— §+a a—an|+m a+§ g
1\ U . . . .
+ <a + §>E§R[606(k)e”“ + Go1C(ky)ef1t + Gy, C(ky)e™ 2t + GoC(ks)etkst]
* Thrust

Cr =—alC; + nd(k +aa — Ua) — (fl +aa — Ua)ZnaS
: 21 . 21 . 21 . 21 .
_(h + ad - Ua)% l? GOCl(k)elkt + ;Gm@l(kl)elklt + ;Gozel(kz)elkzt + ;Gogcl(kg)elkst]
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GO <—% (1 + lk)(f'l(k) — EC(k)) elkt + GOl <_T[_k1 (1 + lkl)cl(kl) — k_16(k1)) elklt



Harmonic motion: average coefficients

* Lift:
C, = a, <2n + UZTZ(k1)>
* Moment:
Cy = % (a + %) (27T + 02?2(k1)>
* Thrust

Cr = —2(kho)?Gy (k) + khoao[—2F, (k) cos(¢p) + kG, (k) cos(¢) (3 — 4a) + 2G; (k) sin(¢p) — kF; (k) sin(¢p)]

+a |2kF, ()1 — @) + 2Kk2G1 (k) (1 — @) (a - %)] ~ (0a)?[nF (ky) + 2G, (ky)]

— (0ap)*[nF (ky) + 2G; (ky) + nF (k3) + 2G; (k3)]



Particular cases

* Case k = k;: k3 = 0, new constant term in the circulation I,
* Case k = 2k4: new constant terms for all force coefficients

* Case 2k = kq: new constant terms for the thrust coefficient

e Case k = 0:

C, = 2na, + moa,F(k) + naaS(Z(l + F(kl)) cos(k,t) — (k + 2G(k1)) sin(klt))
+ro?ag(F(ky) cos(2k,t) — G(kq) sin(2k,t))
Cr = —02a2(2G,(ky) + nF (ky))
+oa? ((—451 (ky) — 21F (k) cos(ky t) + (mk + 270G (ky) — 4F; (ky)) sin(klt))
+ o%a? ((—ZGl(kl) — tF (ky)) cos(2kqt) + (G (k1) — 2F; (ky)) Sin(Zklt))



Validation approach

« Comparison with experimental results
from the literature

* Problem: considering friction drag

e Different cases: | [ e
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 Comparison with numerical studies



Summary

* Description of the forces obtained

* Generalization of Greenberg [1]

* Obtention of thrust of an airfoil in a pulsating flow
« Small effects on average values

* Considerable effects on the oscillations

e Validation with experimental and numerical results
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Thank you for your attention

Follow our works and advances:

* Fluid Mechanics Lab, Malaga: www .fluidmal.uma.es

* GRIFFIN Advanced Grant: www.griffin—erc—advanced—grant.eu
* GRVC Robotic Lab, Seville: www.grvc.us.es

For additional questions or comments, please address to:

e ernesto.slaulhe@uma.es



	Número de diapositiva 1
	Número de diapositiva 2
	Número de diapositiva 3
	Número de diapositiva 4
	Número de diapositiva 5
	Número de diapositiva 6
	Número de diapositiva 7
	Número de diapositiva 8
	Número de diapositiva 9
	Número de diapositiva 10
	Número de diapositiva 11
	Número de diapositiva 12
	Número de diapositiva 13
	Número de diapositiva 14
	Número de diapositiva 15

