551,508, 53
Wind Vane with Extremely Small Moment of Inertia

and Its Possible Application

by
M. Sanuki, S. Kimura and H. Hayashi

University of Tokyo
(Received May 14, 1966)

Abstract

Wind vanes with reduced moment of inertia (one order lower than
conventional) are tested in the wind tunnel. The results show a marked
reduction in the overshoot amount, or a remarkable increase in the damp-
ing ratio. The nature of its effectiveness in suppressing the overshoot is
different from that of an oil-damper. The shortcomings of the reduced
rigidity can be remedied by utilizing 2 wind vane of ordinary design, but
equipped with a rudder that acts upon the acceleration feedback of the
vane oscillation.

1. Objective of the test

To prevent the overshoot of the wind vane or, what comes to the same thing, to
increase the damping ratio, an oil-damper is an effective way as reported before
[Sanukr, Kimura and Havashi, 1965]. Another departure is the reduction of vane
moment of inertia even if this means an increase in undamped natural frequency
together with the damping ratio. However, if oscillation is well damped and over-

shoot is practically none, we shall suffer very little from the increased undamped
natural frequency.

Therefore we started the manufacture of a vane model with extremely small
moment of inertia, possibly one order smaller than conventional, to see its effect upon

the vane oscillation. The objective of the test was thus first purely of theorectical
nature.

2. Experimental set-up

To ensure ease of comparison, the shape and major dimensions of the model vane
are the same as those of the former conventional one tested before (loc. cit.), and
illustrated in Fig. 1. The only difference between the two is the thickness of the
vane, which is 1. 5mm for the present model, while it was 1lmm for the former.

The reduction of moment of inertia is realized by employing very light balsa
wood for the vane and its shaft instead of aluminium and brass. The result is a
remarkable reduction in the moment of inertia (I) just as aimed at.
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Fig. 1. Experimental set-up. The reduction in moment of
inertia inevitably caused the reduc-
tion in rigidity, and the balsa
vanes are not suitable to the wind tunnel test above the wind speed of 10 m/s due to
vane warping. Concerning this shortcoming, discussion will be made later.

Other details in experimenting are quite the same as described before (loc. cit).

3. Experimental result and discussion

In Fig. 2 the measured amplitude for wind speed V=5m/s is plotted against
time for both balsa vanes, while that for the aluminium vane is plotted in broken

line. The tests are carried out also for V=2.5m/s and 10 m/s and similar results are
obtained.
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Fig. 2. Amplitude versus time of wind vanes with various moments of
inertia (wind tunnel test).

In each case the amplitude curve is tightly compressed to the left, and prac-
tically no overshoot is observed. The tight compression is characteristic of the
reduced moment of inertia, while a damper caused the curve to be rather loose
and dull, overshoot being prevented equally in both cases.



48 M. Sanuki, S. Kimura and H. Hayashi Vol. XVII No. 1

Quantitatively expressed, for reduced moment of inertia, the damping ratio {
increases according to the law (loc. cit.)

1
1 ) VA

if other things* are equal.
The undamped natural frequency w, increases also according to the same law

2) ®,°c Vl}_

if other things** are equal.

The characteristic time, or the time required to reduce the initial envelope curve
ordinate of amplitudes to l/e, z=1/{w,, decreases in straight proportion to moment
of inertia

3 tcl.

In case of an oil-damper o, remained unchanged and the damping ratio { increased
linearly as the damper oil level increased, if other things were equal. Accordingly
the characteristic time r=1/{w, decreased as the damping ratio increased, but not so
rapidly as in the case of reduced moment of inertia.

These rules were based upon a simplified

theory already referred to. In Fig. 3 the 15 1. 55¢¢

theory is compareq with the experiment / In "5‘2 - i;r e-root law

for the case of wind speed V=5.0m/s. /o for ¢ (o) /o

The actual damping ratio { is smaller than ’ Fo Linear law ’

that due to the inverse-root law, Equa- ¢ o for 7 (9) 7

tion (1), while the characteristic time = 0.5 o5

1/lw, is larger than that given by the linear

law, Equation (3). The discrepancies are o2 | ) ) 0

due to the simplifications involved in the 00 10 20x107°

theory, which, however, certainly shows ! kg m s*

the general trends. Fig. 3.  Moment of inertia versus

damping ratio { and characteristic

Also, according to the theory, ( is time r=1/Cw,(V=5.0 m/s).

independent of wind speed V, while r changes

inversely proportional to V, as , increases proportionally to V. These postulations
are well established in the experimental results though not illustrated here.

4. Acceleration-sensitive automatic rudder control of a wind vane

As pointed out before, the wind vane with reduced moment of inertia is not com-

* The vane cross-sectional form, air density, vane area, and vane arm length are included herein.
** In this case the wind speed is included besides those mentioned in the foregoing foonote. .
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petent enough to withstand winds over V=10m/s. The low rigidity of balsa caused

a marked warp in the vane, which might yield altogether under much stronger
winds.

A vpractical realization can be effected, however, by the use of a conventional,
say, alumir}ium vane, but with a movable rudder which responds to the angular ac-
celeration ¢. This requirement necessitates somewhat sophisticated devices such as

the accelerometer and servomotor, even when they are utilized in aircraft automatic
pilots.

Write the equation of motion without control as
(4 : Jo+ch-+c'6=0

where ¢ and ¢’ are constants. If a movable rudder is incorporated the equation will
become

%) I6-+c6+c'0=Mys

where M; stands for the aerodynamic moment due to a rudder angle 5. And as 8 is
acceleration-sensitive, it can be written

(6) 8=Go

where G is a proportionality coefficient, or, in the term of automatic control, a gain.
Writing M;G=K we have

@ I8+cO+c'0=Kd.

The sign of K needs consideration. The effect of the rudder should prevent the
growth of amplitude ¢ and thus the aerodynamic moment K# should be negative for
" positive @ and positive for negative . However, as ¢ must always be of another
sign than 6 for a stable configuration, a positive K with a positive M; is required.
Thus we get

® (I—K)6+cf+c6=0.

In Equation (8), the value of (/—K) can be made quite small by a suitable
design, and an equivalent state of reduced moment of inertia can be realized.

5. Conclusions

1) The reduced moment of inertia of a wind vane causes an increase in damp-
ing ratio and, at the same time, an increase in undamped natural frequency.

2) As a result the overshoot is effectively suppressed and the vane movement or
oscillation, if any, is completed in a shorter time than in the case of a vane with
damper.

3) The reduced vane rigidity makes the actual use unpractical in strong winds,
and a proposal is made to utilize a conventional vane with acceleration-sensitive rudder
control. This needs some automatic devices such as the accelerometer and servomo-
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tor, but, once realized, it will be extremely effective in preventing overshoot and
terminating vane movement in a short time.
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