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I. SUMMARY

This report covers the results of the experimental
investigation of the self-excited torsional oscillation of a
NACA 0006 airfoil suspended elastically., The relationship between
tha torsional oscillation and the shedding of vortices was
investigated for thig airfoil,

Two types of oscillation vhenomena were found in the
investigation. One type, exhibited by cases with angles of atback
just above stall, persisted with increasing velocity without
reaching any apparent 1limit within the range of velocity attainable
in the present windtunnel, The other type, exhibited by cases
with higher angles of attack, only showed self-excited ogeillations
in a certain range of velocity, the range decreasing with

increasing angle of attack,



P
II. INTRODUCTION

The investigation of the failure of the Tacoma Narrows Bridge
in 1941 indicated that a flat'plate exposed at moderate gngle of
attack to a windstream exhibited self-excited torsional oscillations
of considerable amplitude, The Wational Advisory Committee for
Leronautics subsequently sponsored a program at the Guggenheim
Aeronautical Laboratory, California Institute of Technology to
further study this phenomenon,

Reference 1 covered test results of bending oscillations and
preliminary work on torsional oscillations. Reference 2 dealt
with torsional oscillations only and indicated that additional
reseagrch was necessary to investigate the mechanism for the starting
of the self-excited torsional oscillations as related to the shedding
of vortices, Reference 2 indicated that there was no upper limit
to the range of velocities in which the oscillations occurred. The
present investigation showed that for angles of attack beyond a
certain limit there were upper limits to the velocities at which
self-excited oscillations occurred. The results of Reference 2
indicated that the amplitude of the oseillations depended on past
history. Therefore, in the present research program the airfoil
was allowed to start from rest every time the velocity was varied.
The study of the vortex shedding in an attempt to relate it to the

oscillation was accomplished by the use of hot-wire anemomesters,
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SYMBOLS

geometric angle of attack of airfoil when stationary, in degrees

wind velocity, in feet per second

lower critical velocity at which oscillation staris

upper critical velocity at which oscillation no longer starts
velocity at which maximum amplitude occurs

amplitude of oscillation in degrees

méximum amplitude of oscillation at a given angle of attack
frequency of oscillation

freguency of vortex shedding with stationary airfoil

N corresponding to Vl

N corresponding to V 5

Yot

7 corresponding to V 3
airfoil chord
dimensionless Karman number

difference in total head between free stream and in the wake



IV. DESCRIPTION OF APPARATUS

g

An open-return windtunnel, as shown schematically in -igure 1,
and described in Reference 1, was used for this research progranm,

To insure that oscilla®ions were not caused by any fluctuation in the
flow through the test section, three screens were placed at the entry
of the contraction section, Two of these were made of chesge~cloth,
and the third was made of 20-mesh copner screen. They were spaced

at one foot intervals., A 1% inch gap was left between the diffuser

ecticn and the fan section to prevent any oscillation of the engine-

0

propeller section from being transmitted to the working sectlon,

The power was supplied by a conventional automobile engine with
a maximum output of 125 h,p. and driving an eight-blade propeller
through a transmission system permitting three gear ratios. The
engine was mounted outside the building, so a remote control systeu
was necessary to vary the speed. This was acconplished by actuating
the engine throttle wvalve by a lead-screw driven by a reversibie C.C.
moter, Velocity variaticn as low as w f.p.s, could be achieved by
this method,

n
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The guspengicn system consisted of a 24 ST dural
each end of the girfoil as shown in figure 2, This allowed maximum
freedom for torsional oscillation while affording little freedom for
any other mode of motion., The linear relation of stress and strain
of these torsion rods furnished = couveﬁient means of measuring both

the frequency and amplitude of the cscillations by the use of e strain-

sge., Two sets of rods were used in this experiment, With the

(@]
ﬂj

uspended mass constant, the frequency of oscillation of the airfoil
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depends on the diameter of the rods. One set of dural rods (designated
Suspension #1) of 0,188 inch diameter was used to obtain a torsional
frequency of approximately 12 cycles per second and another set
(designated Suspension #2) of 0.25 inch diameter had a frequency of
approximately 20 CePeSe

The NACA 0006 airfoil was of laminated wood construction with
a 9-inch chord and 4l-inch span. Lach end of the airfoil was fitted
with two dural blocks into which fitted the pins that connected the
airfoil to the suspension system, The details of the suspension
system are shown in Figure 2,

The amplitude of the oscillation was measured by means of a
strain~gage mounted on one of the suspension rods at 45° to the axis
of the rod, Thus, the deflection of the strain-gage was directly
proportional to the angle of twist. The output of the strain-gage
was Fed through a 6-channel amplifier designed for both strain-gage
and hot-wire measurements. The current through a strain-gage, supplied
by a 12-volt d.c. source, was approximately 10 milllamperes. The
method of calibration used here was such that the fluctuation in
the voltage across the strain-gage or in the gain of the amplifier
could not affect the measurement of the angular deflections, This was
accomplished by shunting the strain-gage with any one of several
precision resistors. With a resistor shunted across the undeflected
strain-gage, the reduced net resistance was measured with a Wheatstone
Bridgé. Thén, the shunt was removed and the airfoil was deflected to
such a position as to give the same amount of reduction in the resistance,
The angular deflection at this point was recorded. This was done with

four different shunting resistors. By means of a selector switch and
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a micro switch any one of these four shunts could he placed across the
strain-gage, each shunt corresponding to a known angular deflection,
The output of the amplifier was fed into a 6-channel recording
oscillograph, Heiland Type A~/O0R6., The calibration appeared as a
stepped trace on the recording paper. By comparing the height of the
step and the subsequent oscillation record, the exact angular deflection
could be obtained independent of any variation in the voltage across
the stralin-gage or in the amplifier gain, The oscillograph had a
timer which marked 0,01 second timing lines on the recording tape,

Two sets of hot-wire anemometers were used to measure the vortex
shedding frequency. One set was mounted fixed with respect to the
- tunnel, while the other was mounted on the airfoil itself and moved
with it. The fixed hot~wires were mounted on streamlined dural struts,
one protruding into the windstream from the bottom of the test section
and the other from the top. Both struts were mounted on traversing
mechanisms permitting motions both vertically and along the windstream
direction, The moving hot-wires were mounted by means of rigid frames
mede of 1/8 inch copper tubing secured to the top surface of the
airfoil, One such hot-wire was mounted near the leading edge and the
other one néar the trailing edge, as shown in Figure R2a. The anemometers
were made of 4 mil, platinum wire with length of approximately 3/16 inch,
as shown in Figure 2a. Aporoximately 100 to 150 m.a. of current was
used, The output of the hot-wires was amplified and recorded in the
same manner as for the strain-gage. Since the frequency of shedding

was all that was needed, no calibration was necessary.
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A cathode-ray oscilloscope was used in parallel with the recording
oscillograph so that visual observation of both the ogcillation of
the airfoil and the shedding ofbvortices could be made while records
were being taken.‘ By means of the traversing mechanism and observing
the outputvof the hot-wire on the scope, the hot-wire could be moved
to the best position for any velocity and angle of attack setting for
picking up the vortex frequency. This was necessary because inside
the wake it was difficult to obtain any defined pattern of flow due to
high turbulence, On the border of the wake the influence of the vortex
formation could be felt by the hot-wire without any appreciable effect
of the wake turbulence,

The accuracy of velocity megsurement by means of pitot-static
tube mounted in the test section ahead of the agirfoil was 0.2 f.p.se

The accuracy of setting the angle of attack with respect to the
windstream direction was 1/3 degree,

The accuracy of oscillation amplitude measurement with the shunt
calibrations was 0.1 degree,

At the lower angles of attack, from stall to about 15 degrees,
the accuracy of vortex frequency reading was aporoximately 15%, while

at higher angles it was approximately 3%,
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V. TEST PROCEDURE

The velocity survey of the working section was accomplished by
placing a pitot-static tube at 30 positions with the airfoil removed,
and the results are presented in Figure 4.

The wake surveys were for angles of attack of 8%, 12° and 15°,
both with the airfoil held stationary and with it oscillating. The
results are presented in Figures 5 to.8,

Tuft surveys were made at angles of attack of 6°, 89, 12°, 15°
and 19°, with the airfoil stationary, and the results are presented
in Figure 8a,

For the oscillation amplitude and the vortex shedding frequency
measurements the following procedure was followed: The airfoil was
mounted on Suspension #1, set at the desired angle of attack, and the
velocity was increased slowly until the oscillation just started., The
velocity was then decreased approximately 5 f.p.se t0 a point wvhere
there was no longer any oscillation, With the airfoil stationzry the
lower hot-wire was moved into position, and by observing the pattern
on the oscilloscope the beét position was found for determining the
vortex frequency, A record was then taken of the vortex shedding
frequency. The velocity was then increased and ancther vortex frequency
record was taken with the airfoil stationary, The airfoil was released
and allowed to begin self-excited oscillation., If there was any
oscillation-at thét particular velocity, it was allowed to reach a
steady value by observing the oscilloscope, When the steady state was
reached, the amplifier gain was adjusted so that the traces filled up
the oscillqscope screen, The vertical gain ‘in the oscilloscope was
alréady adjusted so that full use of the screen corresponded to the

full use of the recording tape in the oscillograph, Again the airfoil
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was stopped and a calibration mark was put in the record. One of
be

four calibration marks could/chosen, corresponding to amplitudes

of approximately 1°, 3%, 7° and 10°, The airfoil was then released

again and sllowed to reach steady state of osciilation before a

record was made of the oscillation,

The airfoil was again stovnped and the velocity was increased by
about 1 f.,n,s., following which the procedure just described was
repeated. This was done up to the point where oscillation no longer
started; or, in cases where the oscillation amplitude kept increasing,
the test was terminsbted when the amplitude was near the elastic limit
of the torsion rods, which was about 15 degrees, These tests were
run for angles of attsck of 70, 8°, 109, 129, 14°, 15°, 13°, 219, 23°,

259, 27° and 29°, The results of hese runs are presented in Figures
Similar measurements were made with Suspension #2, at angles of
attack of 8%, 129, 25°, The results are presented in Figures 26 to 23,
In order to obtain a complete sebt of data to show the relationship
between the vortex shedding frequency of the stationary air
the ansle of attack, with velocity as a parameter, hot-wire frequency

records were taken over a velocity range of 20 to 45 f.n.s,
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90. Results of these runs are presented

7

Fgures 29 to 35,
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By maninulating the hot-wire mounted from the top of the tesi
section, the point of flow separation on the upper surface was found

-

for angles of attack o

By

99, 129, 159, 189 and 21°, A scals was
nounted over the top of the airfoil, with zero at the leading edge
so that point of separation could be measured with respect to the

leeding edge., Results are vpresented in Ti
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that the maximum velocity variation was about 1.6% in the test section,

i

The wae surveys are presented in Figures 5 to 8, Figures 5 and
6 show that the oscillating alrfoil produced a wake of nearly the
same width &s the stationary one, A comparison of Migure 7 with Figure
8 indicates that the wake for 12 degrees of angle of attack was wider
than that for 15 degrees,

The tuft surveys, as presented in Tigure 8z, show that the flow
was not strictly two-dimensional,

=
d.t

Tigures 9 to 20 give the results of the oscillation amplitude and

al

the shedding frequency as a function of velocity for angles of atback
of 7°, 82, 10°, 12°, 14°, 15°, 18°, 21°, 23°, 259, 27° and 29°, using
Suspension #1, which had a freguency of approximately 12 c.rv.s.

m1

, o ;.
These show that for angles of attack below 14~ there was apparently

;3

no upper limit of velocity at which self-excited oscillations
: N ; o .

oceurred, Tor angles of athback higher than 14~ there were upper

limits, and the range of velocity in which osecillations started

becane less of attack was increased, It may also be
o

seen that for the higher angles of attack the vortex shedding frequency

within the oscillation range was near the natural freguency of the

The plots of velocity range in which self-excited oscillation

(=)

"1

occurred as a function of angle of attack are given in Figure 21,

The plots of vortex freguency range in which oscillation occurred as

}_h

n figures 22 and 23,

L)

a function of angle of attack are given



-12=-
The maximum amplitude of oscillation and the corresponding veloéity
and vortex freaquency for the stationary airfoil as a function of
angle of attack are given in Figure 24, Oscillation amplitudes as
a function of angle of attack with the velocity as a parameter are
plotted in Figure 25.

Due to lack of time a thorough study of the oscillation
phenomena using Suspension #2 could not be made, although limited
results were obtained and are presented in Figures 25 to 28, Also,
the limited velocity range of the windtunnel restricted the scope of
investigation using the stiffer suspension.

Pigures 29 to 33 give vortex frequency of the stationary airfoil
as a function of velocity for angles of attack of 70, 80, 23°, 27°
and 29°, These show that the freguencies are quite irregular just
above stall, but are regular for the higher angles,

Figures 34 and 35 show vortex shedding frequency as a function
< o

of sinaat % Frrent velocities., It is seen that, instead of following

as indicated by Tyler's formule given in Reference 3,

(
&
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P
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o

= K, the shedding frequency decreases at lower angles of
attack., At the higher angles the value of K ranges between 0.112
and 0,178, which is in fair agreement with the values given in
Reference 3. Tyler gives an average value for K of 0,15 for airfoils,
while Blenk, Fuchs and Liebers give an average value of 0,21,

Results of the measurement of point of separation are given in
Figure 36, which shows that the separation point on the upper surface

is fixed for the range of angles of attack from stall to 148 and shifts
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VII. DISCUSSION

The factors affecting the oscillation ofazystem like the

irfoil used in this experiment are the following: the moment of

o

inertia.of the entire system, the torsional rigidity of the suspension
system, the aerodynamic damping moment, and the torsional moment
caused by the vortex shedding. The moment of inertia of the system
is constant if the system is at rest, but is increased by an "additional
apparent moment of inertia" when it is in motion in a fluid.. Assuming
the airfoil itself to be very rigid compared to the torsion rods,
which is true in this case, the torsional rigidity of the system depends
on the rigidity of the torsion rods, and is therelore constant, The
aerodynamic damping on an oscillating airfoil depends on the angle of
attack, the frequency and amplitude of oscillation and the velocity
of the airstream. Glauert shows in Reference 4 that for an oscillating
1ifting wing this damping moment is positive except for suspension
point further forward than the 25% chord point,

If the airfoil is initially at rest, energy must be put into
the system to set it into oscillation., The mechanism which puts
energy into the system is the periodic shedding of vortices,
Experimental results show that no oscillation occurred for angles of
attack less than 6 degrees, Investigation with the hot-wire also
showed that there was no shedding of vortices for angles of attack
less than 6 degrees. The 1ift curve for the NACA 0006 airfoil in

Figure 3 shows that the curve begins to deviate from a straight line

after 6 degrees. The amount of energy put in must balance the
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natural frequency, -And once the oscillation begen it rapidly built
up to very high amplitudes, This leads one to the conjecture that
at these lower angles of attack the shedding frequency, once the
oscillation is started, is controlled by the oscillation frequency
itself, and no longer by*the velocity and the stationary angle of attack,
Purthermore, it is obvious that at the lower angles of attack the
airfoll nust go inte thevunstalled state during pert of the cycle
of oscillation, If an airfoil is stalled and unstalled veriodically,
the change in the circulation and} consecuently, the shedding of
vortices mast alsd be periodic and have the same frequency as the
oacillation, To show that this was the case at the lower angles of
attack, hot-wires were mounted on the oscillating airfoil to study the
flow condition over the airfoil during the oscillation, TFigure 37
shows the results of this study.

Figure 37a shows two traces, the simuscidal one being the oscillation
of the airfoil and the other one the flow condition over the airfoil
just behind the leading edpe, The amvnlitude of oscillation in this
case was 6.5°, so that at the upper end of the travel the airfoil was
at an angle of attack of 14.,5° and at the lower end of the travel it
was al 1.50. In the trace of the hot-wire response it is seen that
from point 1 to voint 2 it is stralght and level, Point 1 corresponds
to an angular position of 1,5° and point 2 corresponds to 13.5°, Thus,
t@e record indicates that between 1.5° and 13.50 the flow over the
airfoil was smooth. But at point 2 the smooth flow broke down sharply,
indicating the shedding of a vortex. This vortex formation began just

before the airfoil started on its downward swing., Figure 37b, which
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ives the traces of the oscilletion and the flow condition behind the

oo

trailing edpge, indlicates that at noint 1 the flow at the trailing
O bJ <

edge took a sudden increase in gpeed due to the shedding of the

vortex, Thug it is seen that one vortex each was shed from the

¢ edges during each cycle of oscillation,

s

leading and traili
Therefore, in the case of lower angle of attack, when during part of
the cycle the airfoil Qas in thé unstalled state, the oscillation
frequency controlled the shedding frequency. The shedding of the
vortices in turn maintained the oscillation, since the moment produced
by the shedding was in phase with the oscillation., These results
substantiate the statement made in Reference 1, v. 25, that the
oscillating airfoil must contrel the vortex freauency over a very
large range of wvelocities.

At the higher angles of attack the airfoil wes apparently
stalled throughout the cycle of oscillation, as indicated results
given in TFigure 37d, which shows the oscillation and flow condition
over the airfoll at an angle of attack of 18°% and oscillation
amplitude of 7.0°, Figure 37c shows an intermediary case, in which
the unstalled region was less extended than in the case represented

by Figure 37a.
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