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Abstract

Two-dimensional flapping flights are investigated by the immersed boundary-lattice Boltz-
mann method. In the method, we can treat the moving boundary problem efficiently on the
Cartesian grid. First, we investigate the effect of the Reynolds number in the range of
40-200 on flows around symmetric flapping wings under no gravity field and find that for
high Reynolds numbers (Re > 55), asymmetric vortices with respect to the horizontal line
appear and the time-averaged lift force is induced on the wings, whereas for low Reynolds
numbers (Re < 50), only symmetric vortices appear around the wings and no lift force is
induced. Next, we consider asymmetric flapping wing to look for what kinds of flapping
ways are appropriate for upward flight. We find that two flapping ways, such as bottomside
flapping model and downstroke fast flapping model, are appropriate for upward flight. Then,
we investigate the motion of the model with an initial rotational disturbance and find that
the motion is rotationally unstable. That is, once the model starts rotating, the rotational
motion rapidly increases. Finally, we study how to control the rotational and translational
motions. By bending or flapping a wing tip, we find stable rotational and translational flight
by the flapping wing.
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Figure 1. Two-dimensional symmetric flapping wing.

17



18

: (3.3)

TIT, VIR OBMERETHD.

2B, BETOEREGIITHESRGEZAWS.

—%, BORELEDOWVWTL, 2 FABLIVy FRICEHBICEEEETHIEL, BLEDYOD
Bl EBNTER TS, LR -T, EOBELESHOXEFERIRDOL IS,

Mﬁf:F, (3.4)
dzﬂ=m, (3.5)
- (3.6)
% = w, (3.7)

2T, X, U, F,M,w, N, I, @iZghTh, BELOME, BEE, RiBIRED B
OERE, BELRBAYOREAEE, BIE<ELAYDO My, BELEYOEMET—A L FBIXOE
BATHE. 22T, BELEBLERTIERTNTIA—F MBIV Z2ROLITEERTS.

~

M= (3.8)
papL?

=1 (3.9)
p2p LA

T IZT, pop RERTOFWEDEETHS.

PEEY, 2RTHHINT - & RITEXET D ERT/VT A — %X Reynolds & Re, ERTHE
M, BERTEHE—ALVFIDOSBETHIZEHb)S. BRIEE M LERTEEE—A b
I OfEIIX lima HDHX [4-6] BB, M =9.06 8LV =0.70 A=, EBRTEEDE
OEHIZOWTIE, & B #8R Iz,

4 HERES & UHEES

41 FEFE

K (3.1) BL UK (3.2) OEEHREIIT, FEEMIEREER T OBEIE R HREL £/ D Poisson 75
BREEITICT I MET ETHEL D 2 L BTES, BFRAY <L (0] L EDAR
BRI [10-12) 2HEAADEZFE (13, 14] AV, FHEORSEIZOWTIX Ota b [7] 23
Bahv. #oiE, EBOEEbY OHE, 2HETI AT LY ORILOFHE, BLUBE
EHREDLY OBRNOHFEZITY, tMOBENEORER LB —KTEHILEENIDODTVD. £,
EgHER (3.4), (3.5) BLUEEDEEFER (3.6), (3.7) ORHMBROFEICIL 2 REED
Adams-Bashforth (5% -, 723, FEEE L ELESOERKMEICIE, REICHKEREROG
HEEDLH/ERTERA L.



Immersed
boundary

=24/,
\%
EH

H
b,'

Bounce Back

1
i
\
| | v.
H

5
>

A

W=121.

Figure 2. Computational domain for a two-dimensional flapping wing.
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Figure 3. Trajectory of the y-position of the center of mass at Re = 40 and 200 with
60 =0° ¢=0° M =9.05 I =0.70 and Af = 46.8° under no-gravity.
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Figure 4. Volticity fleld around flapping wings under no-gravity at Re = 40 with 6, =
0° ¢ =0°, M = 9.05, I = 0.70 and Af = 46.8°, (a) t/T = 6.0, (b) t/T = 6.25, (c)
t/T =6.5, (d) t/T = 6.75.
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Figure 5. Vorticity field around flapping wings under no-gravity at Re = 200 with
6 =0° ¢=0° M =9.051=0.70 and A9 = 46.8°, (a) t/T = 6.0, (b) t/T = 6.25, (c)
t/T =6.5, (d) t/T = 6.75.
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Figure 6. Asymmetric models. (a)asymmetric flapping angle, (b)asymmetric flapping period.
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Figure 7. Trajectory of the y-position of the center of mass at Re = 40 with M = 9.05
and Af = 46.8° for asymmetric flapping angle under no-gravity.
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Figure 8. Trajectory of the y-position of the center of mass at Re = 40 with M = 9.05
and A = 46.8° for asymmetric flapping period under no-gravity.
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Figure 9. Trajectory of © around the center of mass at Re = 40, 100 and 200 with & = 1°.
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Figure 10. Vorticity field around symmetric flapping wing at t/T=10 for Re=200 with
© = 1°. Red and blue indicate positive and negative vorticity, respectively.
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Figure 11. Vertically bended wing: (a) down-stroke, and (b) up-stroke.
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Figure 12. Rotational control at Re = 200 with ©p = 1°. (a) Trajectory of © around the
center of mass, (b) trajectory of the z—position of the center of mass, and (c) trajectory
of the y—position of the center of mass.
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Figure 13. Vorticity field around flapping wing by rotational control at t/7T=10 for
Re=200 with 6y = 1°. Red and blue indicate positive and negative vorticity, respectively.
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Figure 14. Tip flapping wing: (a) down-stroke, and (b) up-stroke.
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Figure 15. Rotational and translational control at Re = 200 with &y = 1°. (a) Trajec-
tory of @ around the center of mass, (b) trajectory of the z—position of the center of
mass, and (c) trajectory of the y—position of the center of mass.
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Figure 16. Vorticity field around flapping wing by rotational and translational control
at Re = 200 with @y = 1°. (a) ¢t/T =5, (b) t/T = 10, (c) t/T = 15, (d) t/T = 20. Red
and blue indicate positive and negative vorticity, respectively.
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Figure B1. Two-dimensional flapping wing for mass and inertia moment calculation.
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Figure C1. Motion of left wing bended model at Re = 200 with &y = 0°. (a) Trajectory
of © around the center of mass, (b) trajectory of the z—position of the center of mass.
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Figure D1. Vorticity field around flapping wing by rotation and side translation control
at Re = 200 with &y = 1°. (a) t/T = 10, (b) t/T = 20, (c) t/T = 30, (d) t/T = 40. Red
and blue indicate positive and negative vorticity, respectively.
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