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Rotational motion

Translational or
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Lift=C, % ru. (r,t)?c(r)dr

Drag =C, % PG (1, 1) c(r)dr

Steady state for ce equations

Quasi-steady-state analysis

F =

steady(f )+ unsteady(f ’y 1f ’y )

C. P. Ellington ——
Michad H. Dickinson —»

Unsteady Effects

——

Lift

mg

LEV/Delayed Stall
Rotational circulation

Virtual mass effect

Wake capture

Fsteady (f )

Clap fling

American Controls Conference (ACC), 2005

Portland, Oregon, June 8-10




Mechanical Systems Laboratory

Using BEM L eading edge vortex effect

g ; |u, (r,t)|=r7

Revolving wing experiments (Ellington et al.)

= 2 Steadly stat
dF, .. —Clz\uT(r,t)\ c(r)dr — equaytione
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\ \ \ T Jeffrey A. Walker

-

The Journal of Experimental Biology 207, 1137-1150,
“ Unsteady Aerodynamic Forces of a Flapping wing” (Sun)

u(r,t) =0 (r,t) +ug(r,t)

_ r R_ 2
I:tran+rot - Clz 0 ‘U(r,t)‘ C(r)dr
|:tran+rot - ClFl + |:2 (Cl’ CZ)
\ J H_J
LEV or Rotational effect
Trandational
effect

C,=C\(a) C,(r)=d - dy(r)
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_rp
drF,, =dm u_(r,t) dva—Tun(r,t)c(r)zdr
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F _T ; u,(r,t)c(r)°dr

c(r) -~

dr wing
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F :C:a% oRun(r’t)C(r)zdr =C;F;
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2
F, @clg “Ja(r )] e(ryar +C3% " (r,te(r)ar

A

|:T @C1F1+ FZ(Cl’C2)+C3F3 ‘ g

Assumptions

sSuperposition of effects hold.
L EV force can be modeled by steady-state aerO'd%ami C equation.
*Chord-wise force due to skin friction isignored.

*Thetotal force F; acts normal to the chord throughout the flapping cycle.

*Thetotal force F; acts at the mid-chord location at every section of the wing.
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Robotic flapper

" Main drive shaft

Veins made of Carbon rods

Multi axis force torque sensor

Membrane made of cellophane

Dynamically scaled wing
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#

Total aerodynamic force
at it wing element

d FT root

dr, (twist)

it wing element F
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dF @C,dF, +dF,(C,,C,)+C.dF,

dF, Cy -S, 0 O
dF, =S, C, 0 dF
o dFZ sensor 0 0 1 0 i"element
dM, =- r,dF, dM, =-r,dF,

¢

dM! =[a- d (r)]c(r)dF, a=05

= JF |
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FT @K:lFl + Fz (C1’C2) + C3F3 ‘ FT = \ sz + Fy2

_ I 2 R
1—57‘ T c(r)dr

F, = 2CCyfeoy [re(r)'dr+CC,y * e(r)’r

ignore

rp R ) : R \2 R (3
F3:T - f cosy . re(r)“dr +yfsiny . c(r)°dr- 08y o c(r) dr

C(a)

C,(r)=d; - d,(r)

C

F()=Fsinmt)| F=y =0
y®)=Ycosmt)] 10

C.(a) =%

1

Determined by trial and error

d =0.75 givesthe best results

ft)=Fsinmut)| f=y =0
y(t)=0 f10
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—» C,(0)=0
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f(t) =F sin(ut)
y (t) =-Y cos(ut)
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The Journal of Experimental Biology 206, 4191-4208,
“The Aerodynamics of insect flight (2003)” S.P. Sane

—
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Comparison of F, component of aerodynamic force

American Controls Conference (ACC), 2005
Portland, Oregon, June 8-10



Mechanical Systems Laboratory

Comparison of F, component of aerodynamic force

10 £ dF, =dF
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We found a good match of F,, F,, M, and M, components and an approximate
match of F, and M, components of resultant force and moment for all 24
Kinematic patterns.

TheF,, F, and F; are robust and capture the physics of the unsteady effects.

The good match of model and experimental results indicates that the total
force remains roughly normal to the chord for the entire cycle as assumed in
our model.

Twist cannot be ignored in the aerodynamic modle for FWMAYV.

The magnitude of virtual mass force C;F; is small compared to trandl ational
and rotational force.

The aerodynamic model can be used to study flight dynamics and control of
FWMAYV near hover and slow forward flight.

American Controls Conference (ACC), 2005
Portland, Oregon, June 8-10



