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This report covers an experimental investigation of the

ship between the vortex shedding frequency and self excited torsicual

oscillation frequency for a thin airfoil, Ths
measurements of wveloci
of a wing model nmounted in a wind tuansl so tha
aboul the wing axis. The wolceity fluctuation meassuremsnts were

oscillating at various
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made with the wing restrained and with the win g
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Two distinct types of oscillations were found. One itype was

sell sustaining and incroased in amplitude with incressing wind

le the cther type stopped for velocities beyond some
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I, Introduction

An investigation of the causes of failure of the Tacoma Narrows
Bridge showed that its destruction was in part a result of largs
torsional oscillations of the bridge flcoor under action of wind,

To detérmine the nature of these oseillationg a research program was
begun at GALCIT under the sponsorship of the National Advisory
Committee for Aeronautics, Two reports on previcus work, References

alrfoils

A9

1 and 2, cover the amplitude response of NACA 0006 and 001
in both torsional and bending oscillations for various angles of
attack and wind velocities,

This report is an exlension of the work reported on in Reference 2.
Similar equipment and techniques were used; the only new work being
done was the measurement of velocity fluctuations in the airstream
in the vicinity of the airfoil by means of hot wire anemometers to

determine the relationship belween the voritsx shedding frequency and

the torsional oscillation,
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pparatus
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Since most of the apparatus used wvas Lhe same as was ussd in the

a shorh oubline of 1% will

previous investigations of

re detalled account may be found io References 1

be given, A

The tests wers carried oul in the open return type wind tunnel

with 36 by 42 which is shown in Figure 1, Three

turbulence scresens snd a large conbracition ratio were used so that the

airfiow in the oth ard uniform throughcut,

101

veloeities of from O to 48 miles ner hour could be attalned,

47 inch span and 9 inch chord. In most of testz 1t was elastically
L ° faed
suspendad so that 1Y covid oseillats 38%

cnord point, With the wind velceity availsble the maximum Reynolds’

Number reached was aboul 330,000,
The model wes sus

axis, The rods were

m JRPRUR S ctes gy IR P 2o TR N R
The suspension system 1s shown in . Two different diameler

.

dilameter and 3 inch

12 cyecles per second while rods

EA e .
off 0,250 inch uLfm,,ef and s freguency of zhoub 2
cyeles per secon The use of torsion rods had several sdvantages;
+ha avat LTS GG R R ame 1" A 1S A b R S 1 PRS- B

Lne sysLem DOossessed smadl mechanical Galnpings it Prod duced a

legree of [freedom,
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To measure the amplitude of the torsional oscillations of the
airfoil a strain gage was wrapped spirally around one of the torsion
rods &t an angle of 45° to its axis, In order to have the strain
gage pick up only torsional deflections of the rod it was necessary
to remove bending loads from the rod between the airfeoil and the part
of the rod on which the strain gage was wrapped. A ball bearing was
installed for this purpose as is shown in figure 2, It also ssrved
to cut down the bending stress in the rod by shortening the cantilever

-

veam length,
Changes in strain guge resistance caused by airfoil oscillations

were amplified and fed into a recording oscillograph, Heiland type A4L00 RéAs

The deflections were recorded on 2 inch wide photographic tape along

with timing marks at 1,/100 second intervals. Frequency of the oscillation
could easily be determined by counting the mumber of cycles in any
convenient time intsrval, The amplitude of the oscillations was slso
determined from the waves on the photograpnic record tape., In order

A Fa R SN

to do this the resistsunce change of the stre

o
4

or various

pete
i3

n gage

¥

+

angular deflections of the airfolil was measured usinz a Wheatstone
bridge circuit. Standard resistance changes of the strain gage
circuit were produced by throwing combinations of precision resistors
in parallel wifh the strain gage., The ftransient response of the
circuily when these resistors were shunted across the strain gage by

D)

8 microswitch, appeared as a stepped trace on the photographic record
tape, The step heighte on the tepe corresponded to known angular
] Kn

by comparing cscillation wave heights on the record to the calibration

mark heights on tae record, Changes in amp
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the accuracy of the calibraticn marks on the tapse,

4

To measure the variations in the airstream velocity and the

”n

turbulence of the 1

o
kR

wire anemeometers wsre uged, ourvey of the

[
o)
o

E
oy

[

flow downstream of the alyfoll was accomplished by mountipg the hot
wires on traversing wmechanisms which could be moved vertically and
xizlly in the tunnel, To investigate the flow in the vicipity of
the oscillating airfoll, the hot wires were atltached to light
frameworks and secured to the airfoll with "Scoteh tape". The
position of the hot wires then could be easily changed by bending
the framework or moving the tape, This mebhod was found to be quite
convenient and did not damage the model, Since only the {reguency
of the velcelly changes was of particular imterest, no atiempt was
made Lo calibrate ithe wires for velccity magnitude measurenents, A
typical hot wire as used in the tests was a 1/4 mil platinum wire

N

suspended rather tightly between supports 1/4 inch apart and carrying
about 100 milliamperes of current,

The frequency of velocity variations caused by vortex shedding
was found by counting waves on the photographic record tape and rough
checks wvere made by matchlng the frequency with that from an audio
oscillator, A cathode ray oscillograph was found tc be very convenient
for checking wave forms, amplitudes, and [requencies before recording
them on the photographic tape., While the hot wires were being moved
about with the traversing mechanism the oscilloscope was referred to

4

to choose points with regula

]

in order velocity fluctuations,



5

1T, Tests

A 30 point velocity survey of the test section was made at a

tunnel velocity of 30 feet psr second, The flow was {ound to be

kY D) . e

uniform within 2%; results of the survey are shown in Figure 4.

My s
£

he model was mounted in the tunnel and a series of runs were

)

N

made with tufts on the model in order to determine the genersl character

4,

of the "low about the model, These tests clearly indicated that the
flow was not two dimensional., There wes considerable lateral flow
in from the btips on the upper surface of the model in splte of the
small end plates and the closeness of the tips to the tunnel walls,

No attempt was made to correct the angle of attack for induection effects,
Survey of the wake downstream of the airfoill was carried out in
order to determine the height of the wake at different angles of atlack,

A qualitative survey of the airflow in the vieinity of the airfoil
was mede using hot wire anenometers, The flow behind the stalled
alrfeil was found to be turbulent without any apparent regularity,

The flow for a short distance outside the turbulent wake was found to
have well defined waves of veloeity change which could easily be ssen

on the oscilloscope and easily recorded, Outside the region of well

defined waves tre {low was very spocth, Apparently there was no

v

¢ b]
i

transmission of pressure impulses upstream from the propeller, If the

girfeil was allowed to oscillate, the veloecity fluctuations over a large
region of the test section wers found Lo have the natursl freguency of

the airfoil., The measureable influence of the oscillating airfoil

extended to a considerable distance, possibly 1 chord length upstream
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and 2 chords above and below the airfoil. Again the wake immediately
behind the airfoil contained only random turbulence, Attempts
were made to determine whether the vortex shedding occurred at a
different frequency than that at which the airfoil was oscillating,

i

The waves picked up by a hot wire downstresm from the oscillating

airfoil were fed into a sound analyzer and the analyzer showed response
at the natural frecuency and multiples of the natursl frequency. The
response at the natural frequency multiples was atiributed to the
characteristics of the sound analyzer rather than the existence of
these multiples of the natural frequency in the wake,

In another attempt to find other frequencies in the wake behind
the oscillating airfoil the hot wires wers mounted on the oscillating
airfoll, It was hoped that hot wires mounted in this manner misht
pick up other fregusncies than the natural frequency but again only
the natural frequency could be detected,

The principal testa were a seriss of runs to determine frequency
of vortex shedding as a function of angle of attack and velocity.

The model was suspended on an axis at its 38% chord point and tested
at angles of attack of from 7° to 29° and wind velocities of from 15

a4

to 50 feet per second. In a run the ancle of attack was set and the

<

elocity increased in increments of about 1 foot per second, At each
veloelty the vortex shedding was picked up by a hot wire mounted

2 m

downstream from the airfoil and near the lower edge of the wake,
A record of the vortex shedding was made on the photographic record

tape. This procedure was continued until the airfoil began to oscillate.
I g
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After the beginning of oscillation the airfoil was temporarily

restrained so that a record could be made of the vortex shedding of

1

the stationary wing, Then a calibration mark was inserted in the

photographic record tape and the airfoil released. When the oscillations

had built up to their highest amplitude a rscord of the oscillations

.

was made, Thus for sach point where oscillation occurred three
records were made; vortex frequency of the stationary airfcil, an

amplitude calibration for checking oscillation amplitude and a record

Fad

of airfoil oscillation,

It is important to note that in this part of the investigation

1

the airfoil wag held stopped while the velocity was being increased.
In this way the conditions undsr which the oscillations would stari
from rest were obtained,

Next, the suspension location on tre airfoil chord was changed to

1f

the 65% chord point. In this manner the natural frequency of the
q

airfoil was lowered, It was hoped that & series of runs could

a2

made using this differsent natural frsquency, hut the angular dsllections

4

of the a2irfoil were so large tnat the tests had to be stopped %
prevent damsge to the torsion rods,

this

the steady aerodynamic pitching moment for an airfoil suspended in
manner also proved to be quite largs,
To get some data on the effect of an increased natural frequency
a new set of torsion rods was instalied and tests were run at angles
of attack of 8°, 12° and 25° with wind velocities of from 35 to 55 feet

i 2

ver second., Higher wind velocities were raguired to start oscillation

because of the increased stiffness of the torsion rods., The originsl
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The resulls of the tests using suspension sysbtem 4 1 with

natural frequency of 12 cycles per second at angles of attack of
from 79 to 29° are given in Figures G to 20, The curves show vortex

Eal

frequency, ratic ol vortex frequeccy bo natural fraguency, and
anplitude of oscilletion all plotted against wind velocity
course, for a stationary airfloil
Considering tne vortex frequency, the curvss are not smooth,

but all show vortex frequency incresasing aporoxin:tely linesrly

2
with veloecity,

717,

The ratic of vortex

£
L

reqgusncy Lo oscillation frequency Tollows

1 ° 3 “ .

the sape trend as the vortex frequency itself since the oscillation
frequency is sssentially constant with one suspension svstem,

" L)

Vortex {requencies are ususlly computed from the following equatlon:

K is usually 0,15 to 0,21 for airfoils, The vortex {requencies

ferent velocities were plotbted as functions of angle of attack

5

in Figures 34 and 35, The experimentsl values were substituted
the above equation and values of K determined. These wsre found to
range betwsen 0,112 and 0,178, TFor the higher angles of attack,
Figure 35 shows that the vortex frequency does vary approsimately in
the manner wiich was stated by the above equation, However, in the
angle of attack range velow 15° the vortex frequency seems to decrease
.

somewhat with an sngle of abttack decreass,

The awmplitude of oscillation increased with velocity, apparently
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linearly for angles of attack of from 7° to 12°. At these angles of
sttack the oscillation was capsble of starting itself for all veloco
from a minimum depending on angle of attack up to the maximum tunpel
velocity, For the angles of attack of from 14° to 29° the velocity

excited had an upper limit,
Increasing the angle of attack narrowed the velocity range over
which the oscillation wasg gself starting, The range of velocities for
which the osclllation was sell excited is plotled sgainst angle of
attack in Figure 21,

It should be noted that for low angles of attack the oscillations,
once gtarted, would persist and grow with increasing wind vslocity.
Figure 25 shows the oscillation ampliitude as s function of angle of
or various wind velocities, That increasing velocity would
iner=zase vibration amplitude’to dangsrous magnitude is indicated

1 'y

by Figure 24, showing the maximum coscillation amplitude obtained at

.
o

various angles of atltack, Also shown in the same Tigure are the voritex

g
frequency of the stationary airfoil and the wind velocity at which the
maxiumum amplitude occurred, Below 14° the maximum amplitude s=ems to
go up rapidly. It would not bhe guite correct to say the amplitude

grows without 1limilt since the suspension system would be destroy=d by

large oscillations.

To attempt explanation of the starting of oscillation, the range

-~

of vortex frequencies at which oscillation began was plotted in Flgure 22

1

and the ratiog of vortex freguercy to natural frequency were plohbted

£

txi

in Figure 23,

The 1ift curve for the model used is shown in Figure 3. Wake

bndo
(8¢ ]
jard
3
®
U
o
5
o
O
o
g
g
[60Y

surveys taken cdownstream of the model are shown in Fi
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Curves showing the data obtained using

26 to 28,

e
nri

ot

suspension, the results could not be su

* e A /:
using Suspension 5 1.

Figures 29 to 33 show the

stationary airfolils at various

angles of attack the frequency is quite erratic while

of attack the frequency varies

taken by a

3

imately 1 inch back from the leading edge

upper surfasce of the airfoil while it was

of attack with amplitude of 6,6°,

1

the angular position of the airfoll are

direction of high velocity on the record

B >
;

low velocity is, of course, upward, The

of the velecity past the holt wire while

angular position of the airfoil,

1)

the flat portion of the veloclity trace

off attack ing

decraas

a reglon of

occurring ,the angle of attack has reache

a .

then dropped again to

g 2.0% gt which tims
again becomes smocth,
Figure 37b shows a record taken by &

=

an

ita

vortex shedding

The direction of incr
i nd i.Cc
ig downward and

1

the sine

from 2,0° to its lowest value 1.
Trom 2 the velocity drors

turbulence

inch behind and 1/2 inch below the trailing

are shown

Since very little data was taken using this

bly coordinated with those
frequencies {rom
Notethat at low

at high angle

foe]

almost linearly with the wind velocity,

hot wire fsastened approx—

and 3/8 inch above the

oscillating about 2° angle
easing time and
record

ed on the The

that of the

ee 1s &8 record

shaped wave is the

valocity during a cycle,

between 1 and 2, corresponds %o

5% and

to & lower

Anile this

8

hot wire approximately 1/2 of

edge of the airfoil

<
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i

for the rscord given in Figure 37a.

0

under the same conditions a
Figure 37¢ shows the trace tasken by s hot wire located as in

of attack of 10°, The hot wire s=ems to

[¢:]

igure 37a but with angl
be in the smooth part of the flow for less time durinrg sach cycle
than does the one shown in Figure 37a.

Figure 374 shows a record taken by a hol wire located as in
Figure 37a but with the airfoil oscillating about 18° angle of
attack with amplitude of 7°, The irregularity of the trace indicates

that the hot wire was in & region of rardom turbulence during the
o

entire oscillation cyvele,
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V. Discussion
The discussion of the starting and growing of osclllations
shall repard three distinet bshavior regions of angle of attack,
first, consider a region of angles of attack of from 23% to 29°
Reference to Figure 23 shows that self excited vibrations occur for

§....‘

a narrow range of Ii/n about H/n = 1.0, Here the airfoil begins

vibration when the vortex s edding frequency approximates the

natural frequency of the airfoil, Vibrations started in this

» &)

manner would not grow to amplitudes larger than about 22, and if the

velocity ware increassd aboul 5 feet per second, they would dle out,
Tn the investigation by Levy, Reference 2, the tests were stopped

i

before the velocity at which tnese oscillat.ons die out was reached,

joete

However, in this angle of atback range, another, larger amplitude
agustalned vibration could be started by giving the sirfoll an initial

torsional oscillation of sufficient amplitude, Oscillalions of this

type are mentioned by Levy, Referencs: 2, and have been studied as

o

to the conditions for their initiation by Bratt, Wight, and Chinnec

Reference 3. One or two tests at angle of attack of 29° with these

-

larger amplitude oscillations showed that they would grow with

increasing wind velocity to an amplituds of about 20°, after which

they held constant amplitude while the velocity was increased Turther
o X m/ b

and finally, they halted quite abruptly.

o

o 5 a ~ o)

Next, consider the angle of attack resion of from 6° to 139,

In this region the airfoil woul

4
¥

d not experience sell esxcited oscil
M g b 3 e A O < e m B B N

for ratics of vortex frequency to natural frequency of less than one,
in fact, at 7° the vibration would not start until N/n had reached 3.3

However, once these oscillations 4id start they would sustain themsslves
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Vi, Notation

Geometric angle of attack of airfoil when statiorary, in degrees.

Wind velocity in feet ver secon?.

Lower critical velocity at which oscillatlion start

Unper critical velocity at which oscillation no longer starts.

Velocity a2t which maximum amplitude occurs.

Amplitude of oscillation in degrees.

Frequency of oscillation in cycles per second.

Frequency of vortex chedding from the stationary airfoil.

—

1t

corresponding to Vy.

N corresponding to Vo.
N corresponding to V5.
Airfoil chord in feet.
Cimensionless Karman number.

Dif:erence in totzl head between free stresm and

A
Lo

; Maximum amplitude of oscillation =t 2 given =zngle of attack.

wake.
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