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Fig. 7 Boundaries for linear behavior based on the shock-
displacement criteria.

Conclusions

Simulations of unsteady transonic flow over the F-5 wing model
were performed in order to study the linearity of unsteady loads and
shock displacement with dynamic angle-of-attack amplitude and
frequency. The aerodynamicresponseand shock displacementwere
foundto include higherharmonics, which are usually not considered
in correction procedures applied to linear aeroelastic methods.

In flutter analysis there are situations in which a second mode
is close to a multiple of a first mode. In such case the presence of
a second harmonic in the lower-mode aerodynamic response can
facilitate the exchange of energy between the modes and be a con-
tributing factor to coalescence. For this reason the present results
seem to indicate the need for considering such harmonics in future
correction methods.

Linear boundaries were computed for a few reduced frequencies
and spanwise stations along the wing, using two criteria, based on
moment coefficient and shock displacement. These boundaries were
found to be more conservativefor the shock-displacementcriterion.
The linear limits calculated using the moment coefficient criterion
were found to depend significantly on the spanwise station. This
indicates that simply using two-dimensionallinear limits would not
be appropriate when dealing with correction methods.

Notwithstanding the dependence of the linear limits on reduced
frequency and spanwise station, it is clear that some degree of linear
behavior can be assumed for aeroelastic methods that employ cor-
rected coefficients. However, this assumption of linearity should be
used with caution and would not apply to problems such as aeroe-
lasticresponse or limit cycle, unless the amplitude of deformationis
kept below previously identified linear limits that take into account
reduced frequency and spanwise station.
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Advantages of a Bristled Wing
as a Rotary Wing
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Introduction

ECENTLY, the Defense Advanced Research Projects Agency

in the United States proposed developing a centimeter-sized
insect-like flying machine.! =3 In the future millimeter-sized flying
machineswill be indispensablefor obtaininginformationin environ-
ments notreadily accessibleto people,such as hazardousor confined
areas. Sunada et al.* recently studied the flight of the thrips, which
is a millimeter-sized insect. They investigated the fluid-dynamic
characteristics of a model bristled wing whose planform is propor-
tional to that of a real thrips’ fore wing and where cylinders are used
to simulate actual bristles. The characteristics were then compared
with those of a solid wing whose planformincluded the addition of
membranes between the cylinders of the wing. Their results reveal
that the fluid-dynamic forces acting on the bristled wing are smaller
than those on the solid wing during constant-velocity translation,
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accelerated translation, constant-velocity rotation, and accelerated
rotation, and that the ratio of the fluid-dynamic forces between the
bristled wing and the solid wing is between 0.8 and 1, independent
of the type of wing motion. However, the fluid-dynamic force coef-
ficients for the bristled wing are larger than those for the solid wing,
because of the difference between the wing surface areas.

In this study we show thatthe higherforce coefficients of a bristled
wing are advantageousbecause they induce a smaller inertial force.
Here, first we obtainan analyticalexpressionfor aratio of centrifugal
forces between any two bristled wings generating the same lift.
The model bristled wings have cylinders to simulate actual bristles.
Then, we measure the lift coefficients on bristled wings for various
distances between neighboring cylinders to determine the ratio of
centrifugal forces. Next, by using the analytical and experimental
results we clarify how centrifugal force acting on a bristled wing
depends the distance between neighboring cylinders. Finally, we
show the advantage of a bristled wing by comparing the centrifugal
force acting on a bristled wing and that on a solid wing, which is a
bristled wing where neighboring cylinders touch each other.

Analytical

Here, an analyticalexpressionis obtained for the ratio of centrifu-
gal forces acting on any two bristled wings (designated wing 1 and
wing 2 for clarity) generating the same lift. A solid wing is included
in this analysis because a solid wing is considered a bristled wing
when the neighboring cylinders touch each other.

Figure 1 shows the configuration for the bristled wings. Both
wings 1 and 2 have the same wing length x,,, chord length ¢, wing
thickness?,,, and cylinderdiameterd. The value of 1,, is equal to that
of d. The difference between the wings is the number of cylinders
n, and thus the wings differ in the distance between neighboring
cylinders D (because x,, is fixed). In this study we use the ratio
D/d as a parameter indicating the “bristleness” of a wing; for the
solid wing D /d is 1, namely, the cylinders are touching each other.

The two wings are assumed to generate the same lift force during
steady rotational motion with a constant angle of attack (constant
collective pitch). The angular velocity of rotational motion for wing
1 and wing 2 is w, and w,, respectively.If the two wings are assumed
to generate the same lift, then

0.5,0/ (xw;)?Cy(x)Cy, dx =0.5,0/ (xw,)?C,o(x)Cp, dx
0 0
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Fig. 1 Model bristled wing where cylinders are used to simulate the
bristles.
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where C, is the lift coefficientand p is the density of the fluid. C, (x)
and C,(x) are C where a cylinder is located, and they are C,, where
no cylinder is located. Then,

CLlslwf ~ CL2S2G)§ (2)

where S is the wing surface area. From this equation

®1/@y ~ [(Cpa/C11)(S2/ )1 3)

The centrifugal force acting on a wing is proportional to wing
mass and the second power of w. Therefore, the ratio of the
centrifugal force acting on wing 1 to that on wing 2, K, is

K = (my/my) (@ /@) = ($,/5)) (@1 /@) “

where m is wing mass. The ratio of the wing mass between these
wings is approximately equal to the ratio of their wing surface area
because both wings have the same membrane thickness f,, and the
same cylinder diameter d. Substituting Eq. (3) into Eq. (4),

K=CL2/CL1 (5)

Itisindicatedin Ref. 5 thatthe C; at Re = 1 is proportionalto 1/Re",
and k is a constant close to 1. The Re is proportional to w in this
study because the wing length and the chord length are constant.
The C; is then,

C, < 1/Re" o 1/ 6)

The Cy, and Cy;, are lift coefficients at different Reynolds numbers
because w, is not equal to w,. Based on Eq. (6), C;; and Cy, can
be roughly estimated as the lift coefficients of wings 1 and 2 at a
common Reynolds number C;; and C;,, respectively. Then,

Cry/Cpi = (éLZ/éLl)(wl/wZ)k @)

Substituting Eqs. (3) and (7) into Eq. (5), the ratio of the centrifugal
force acting on wing 1 to that on wing 2, K, is then

K = (Cpp/C)Y =08, /8K @—b ®)

Experimental Details

Materials and Methods
Figure 1 showsthe configurationof the model wings. The physical

parameters nondimensionalized by chord length ¢(= 100 mm) are

as follows:

d/c=5x1073,

xu/c =3, Cufe=2x 107"

/e =18x10"",  ¢n/c=62x10"",  t,/c=1072

®)

These nondimensionalizedvaluesare similar to those of areal thrips’
fore wing.® The model wings differin n, D/d, and S as follows:

[n, D/d, S(mm?)] = (6, 101, 6.2 x 10%), (26,20, 7 x 10°),

(51, 10, 8 x 10%), (101, 5, 10%), (251, 2, 1.6 x 10%) (10)

Among these wings, the wing with n =51 and D/d = 10 was the
most similar to a real thrips’ wing.® The solid wing, which is a
bristled wing with D/d =1, is not used in the measurements. A
value of K for the solid wing is obtained by extrapolatingthe values
of the bristled wings just stated.

The experimental apparatus and procedure are described in de-
tail in Ref. 4. The wing is moved at a constant forward velocity
Vo=6x 1072 m/s and at a constant angle of attack o in a tank
filled with an aqueous solution of glycerin (o = 1.2 x 10* kg/m?,
v =13 x 10~* m?/s), and the lift and drag acting on the wing are mea-
sured. The measurements are made as a function of angle of attack
«. For each wing the Reynolds number based on ¢, Re(c) = V¢ /v,
is 20, and that based on d, Re(d) = V,d /v, is 0.1. The C; and Cp
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for each wing are calculated by nondimensionalizingthe measured
lift and drag by the force 0.50VS.

Experimental Uncertainty

The total measurementerroris caused by biaserrors and precision
errors. The bias errors are caused mainly by the load cell and strain
amplifier. The maximum bias error is less than 5%. The precision
error is mainly caused by errors in measuring the angle of attack and
measuring the wing velocity and to the disturbance generatedby the
wing motion. This error producesscatterin the C; and Cp data and
results in an error of 5%. Therefore, the total measurement error in
C, and Cy, is less than 8[ = (52 + 52)!/2]%, which is small enough
not to affect our conclusions about the centrifugal forces acting on
the wings.

Results and Discussions

Using the analytical expression for K and the C, obtained from
the measurements, centrifugalforces are compared. The K between
a bristled wing with D/d =10(n =51) and the other wings; the
former is used as wing 1, and the latter are used as wing 2, as
described in the analytical section.

Figures 2a and 2b show C; and C;/Cp as a function of « for
various D/d and indicate the following:

1) For any D/d, C; increases with increasing «.

2) C is maximum when D/d =10. (The lift, which is propor-
tional to C; and the wing surface area S, decreases monotonously
as D/d is increased.)

3)Forany D/d, C;/Cp is maximum when « ~ 30 deg.

4) Cp/Cp decreases with increasing D /d.

The thickness of the membrane 7, is two times larger than the
diameter of the cylinders d, as shown in Eqgs. (9). The effect of this
differencein t,, on the measuredlift and drag is expected to be small,
and thus the measured C; and C), are regarded as those of a bristled
wing whose membrane thickness is equal to d.

Figure 3 shows K, determined by using C; at « =20,45 deg
(Fig. 2) and k=0.8. [Results are not strongly affected by
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Fig. 2 Measured lift coefficient C; and measured lift-to-drag coeffi-
cient Cr/Cp, as a function of angle of attack « for various ratios of
cylinder distance to cylinder diameter D/d for model bristled wings:
a)a —Cp and b) a — C/Cp.
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Fig. 3 Ratio of the centrifugal force acting on wing 1 to that on wing
2, K, as a function of the ratio of cylinder distance to cylinder diameter
D/d for model bristled wings. K was calculated using k = 0.8 and using
Cy. values shown in Fig. 2. The rectangle at D/d = 1 indicates a value by
the extrapolation by the other values.

k(0.5<k <1).] K is relatively independent of «. The value of
K for a solid wing (D/d =1) is estimated to be 1.4 by the ex-
trapolation of the values in this figure. For a bristled wing whose
D/d <20, K < 1.4. Therefore, the centrifugal force acting on a
bristled wing whose D/d <20 is smaller than that acting on a
solid wing (D/d = 1) for the same generated lift. The figure also
shows that D/d for minimizing the centrifugal force is about
seven.

Conclusions

Fluid-dynamic characteristics of model bristled wings are mea-
sured under Re(c) ~ 20, for various D/d, which is the ratio of
the diameter of cylinders d and the distance between neighboring
cylinders D. The measurements show that the lift and the lift-to-
drag ratio increase with decreasing D /d and that the lift coefficient
C; is maximum at D/d =10. This indicates that the centrifugal
force acting on a bristled wing whose D /d <20 is less than that
acting on a solid wing (D /d =1). Thus, a bristled wing shows
promise as a rotary wing caused by its smaller centrifugal force
when Re(c) =~ 20.
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