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HIGHLIGHTS

e We analyzed the flight date of rotary seeds obtained by Azuma and Yasuda (1989).
e We made flight tests of model rotors, which have various aspect ratios, airfoil shapes and total masses.
e We revealed that the lift-drag ratio affects the descent factor more strongly than the vertical force coefficient.
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A leading edge vortex exists on the upper surface of an autorotating plant seed. The vortex enhances the
vertical aerodynamic force acting on the seed and decreases the rate of descent. We analyzed the flight
data of rotary seeds and revealed that the lift—-drag ratio affects the descent factor more strongly than the
vertical force coefficient. This has also been confirmed by falling tests of model rotors, which have
various aspect ratios, airfoil shapes and total masses.
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1. Introduction

A leading edge vortex exists on the upper surface of rotary
seeds (Lentink et al., 2009). The vertical aerodynamic force is
enhanced by the leading edge, which decreases the pressure of the
surface on the leading edge vortex. Thus, just the vertical force
coefficient is focused on for decreasing the rate of descent of the
rotary seeds. However, the lift-drag ratio possibly affects the rate
of descent. This is because a large drag decreases the rotational
speed of the rotary seeds. In this paper, the effect of the lift-drag
ratio on the rate of descent of rotary seeds and model rotors is
investigated.

2. Theory

Referring to Fig. 1, an angle of attack at r=kR(0<k<1) is

a:9+91,91:tan‘l{(Vd—v,-)/r.Q}. (1)
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Here, v; is induced velocity, which is constant at any r. It is
given by Azuma and Yasuda (1989):
W=mg= Zpﬂ'RZ(Vd —Vj)V;. 2)
This equation has following two solutions.

Va/Vh +\/(Va/vyp)* —4

! 3)

Here, v, is an induced velocity at hover. As stated later, the
induced velocity in the present analysis is a smaller solution of this
equation. This equation indicates

Va=2v, > 2v;, 4

Vi/Vyp =

which will be shown in Fig. 4. Equations about a vertical force and
a moment around a rotational axis acting on rotary wings are
given by

R
mg= gp /R cy/ (rQ)2 +(Vg—vp)? {(r2)CL+(Vg—vyCp}dr, (5)

R
O=p/ c{(r.Q)er(Vd—vi)z}r(CL sin 0; —Cp cos 0;)dr. (6)
IRy
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Nomenclature Re Reynolds number
R radius of rotation [m]
AR aspect ratio Sw w@ng area [.mz] .
AnA2Az coefficients in Eq. (7) U wind velocity shown in Fig. A-1 [m/s]
c chord length [m] Un induced velocity at hover [m/s]
Cp drag coefficient Vi induced velocity [m/s]
C. lift coefficient Ve rate of climb [m/s]
Cn normal force coefficient Va rate of descent [m/s]
Cy vertical force coefficient w weight [kg m/s?]
Cvave  averaged vertical force coefficient a angle of attack [deg]
DF descent factor p =(Va—vi)[RE2
g acceleration of gravity [m/s?] 0 pitch angle [d_eg].
H length of carbon bar [m] 6o angle shown in Fig. 6[deg]
ke — (Vo v)| 2R, 0, —tan~{(Vy—v,)/r€2) [deg]
m mass [g] v kinematic viscosity [m?[s]
n number of blades p atmospheric density [kg/m?]
r radial position [m] o solidity, =nc/azR
R radius [m] Q rotational velocity [rad/s]
Ro offset [m] * values when induced velocity is ignored
When c, C; and Cp are their values averaged along the r axis, the force. Then, a vertical force -coefficient Cygqe is given
following equations are obtained from these equations, by
CL = A22 ms CD = ﬂ me . (7) CV ave = me
PANAL +ANAR npcQ® R PA12+A2 npc’R nfy 1/2p{(Vd —v)? +62°r2 }c(r)dr
Here, _ mg
1 3/2 3/2 1 3/2 12pd(V;—v)2+%R,2\s
An=§{(1+ﬂ2> —{(RO/R)2+/32} }%§{<1+ﬁ2) 7’33}’ //){( a—Vi)" +£2°Rg } w
w
p 2 \/722 2 = . )]
Arz =5V 1+p°—(Ro/R)/ (Ro/R)"+p° - 1/2[)(1 +1/kg2)(Vd—Vi)25w
log (Ro/R)+1/ (Ro/R)* +/ P Here,

P/ 2_ g2 p 7
1+/1+8° 2\ VIS Og1+\/1+ﬁ2

Ao =g |1+ (2:4°) = (Ro/R) (Ro/R)” +£°{2(Ro/R)” +°}
(Ro/R)+1/ (Ro/R)*+

1+/14+/

~1)/ p
~g 1+/1’2(2+/)’2) +/* log H_\/T?

+ﬂ4 log

Then, lift-drag ratio is

w

CL/CDZ =

. B=V4—v)/RQ.

(248 )V 1+8 = (Ro/R) {2(Ro/R)* +5° }/ (Ro/R)

, n [& r2cdr R
ke=(\V4—vi)/2Rg, Re"=—"——, Sw= n/ cdr.
Sw Ro
Egs. (7) and (8) were obtained when c is its averaged value along
the r axis. However, a common value of ¢ cannot satisfy both equa-
tions of Rg and Sw. Then, some of DF, kg and Cy gy, which will be
obtained under a constant ¢, will have some errors for rotary seeds.
From Egs. (2) and (9),

1 /Sw\ |W/Sw(, 1
= L (Sw) (WiSw (i e, 10
! 2«/§<ﬂR2>\j P <+k2> v (10

g

1+ 1+

24+ log (VLI (""/Rf”’z}

242\ 1+p°+p* log #2
(7 el ~F(p).

3| (147°) |

w

Fig. 2 shows the relation between f and C;/Cp. As f increases,
the C;/Cp decreases.

In a steady vertical descent, the vertical component of an
aerodynamic force acting on a seed is equal to its gravitational

8,6{(1 +ﬂ2)3/27{(R0/R)2+ﬁ2}3/2}

®)

From Egs. (9) and (10),

WS \/7 1/ Sw \/ﬁ
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