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SUMMARY

| The purpose of this study was to make an experimental investiga-
tion of the effect of a sharp velocity gradient on the oscillations of
an airfoil, This information is pertinent to the formulation of theories
for predicting tail buffeting. The test equipment was designed to pro-
vide conditions corresponding as closely as possible té those based on the
assumptions of Io in his theoretical study of an eoseillating airfoil in
parallel streams separated by an inﬁerface.

Because of the viscous nature of air, the assumptions of Lo could
not be simulated sufficiently closly to permit an experimental check on
his findings. Thé simulation, however, was adequate to provide for an
experimental check on his fundamental point of view as an explanation of
buffeting,

The presence of the high speed flutter predicted by theory was
verified, Variations in the flutter speed and flutter frequency were
noted as the position of the sharp velocity gradient relative to the aire
foil was shifted, but these variations were not considered significant,

A low speed oscillation was found which the evidence available
indicated was due to periodic vortices formed in the flow by the experi-
mental set-up used to create the velocity gradient, Limitations on the
minimum operating speed of the wind tumnel precluded a thorough investi-
gation of the lower speeds in the low range,

The évidence found in this investigation, though not conclusive,
indicates that buffeting is simply the respouse of an elastic system to

g turbulent flow, No eonclusive evidence was found 4o indiecate that 2

iii



sharp velocity gradient near an airfoil has any effect on the oseillations

of the airfoil,
Further investigation of the airflow created by the experimental

set-up used 1s recommended in order %o explain precisely the oseillation

phenomena encountered,
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I. IKNTRODUCTION

The eritical speed at which wing flutter occurs in flight with a
given set of physieal constants for the structure can be predicted with
reasonable accuracy by the use of procedures such as those found in
References 1 and 2, These structures can be so designed that the flutter
gpeed is well above the speed range in which the aireraft is to be
operated, Theories, however, for predicting tail buffeting, usuvally
associated with the action of vortices in the wing wake or in the pro-
peller slipstresm, are lacking, although numerous practical methods are
available for limiting its effects,

Lo (Reference 3) points out that this gap in aerodynamic thedry
arises from the fact that the actual nature of the wake behind a wing
has not yet been established, The effect of the wake on the tail has
been approximated by Abdrashitov (Reference 4) in the form of a harmonie
disturbance force. Lo introduces an entirely different approach, In a
theoretical treatment he approximates the wing wake by an interface,
i.e., a plane across which the flow undergoes finite, constant changes in
density and velocity, and considers the possibility of airfoil flutter
in the vicinity of the interface, He finds that in addition to the high
speed wing flutter an airfoil is capable of flutter at low speed when
placed near an interface, He works oul an example in vwhich he first
determines the flexure-torsion flutter speed of a two~dimensional wing by
conventional methods, By introducing an interface in the plane of or
elose to the airfoil, he finds that although the upper flutter speed is

only reduced by about 10 per cent, flutter phenomena also take place at



a speed of less than 3 per cent of the conventional value. He finds
that the predominant mode of oseillation is torsional in the higher speed
case and flexural for the lower speed,

‘In formulating the problem Lo made the following assumptions:

(a) the wake given off by the wing may be approximated by an
interface across which the flow undergoes a constant change in velocity
and density; the interface is flat, of zero thickness and extends to
infinity in all directions;

(b) +the tail surface is of infinite aspect ratio;

(¢) the osecillating motion is two dimensional;

(@) the flow is incompressible and non-viscous;

(e) the thickness of the tail surface and the amplitude are
small in comparison with the chord;

(£f) +the oscillation is periodic;

(g) the tail has a mean position parallel to the surface,

From the point of view that a velocilty gradient is a vortex layer,
and an interface is a vortex layer of zero thickness, it is seen that Lo
theoretically presents the fundamentals of the viscous shear flow approach
to the explanation of buffeting,

This investigation was concernmed with checking experimentally the
results obtained by Lo in order to either obtain evidence which would sub=
stantiate the viscous shear flow approach to the buffeting problem
where COnsideration is given to the posgibility that it is a flutter
phenomenon,or to obtain evidence which would establish buffeting as

simply the response of an elastic system to a turbulent flow.



A wind tunnel set-up was designed which provided conditions which
corresponded as closely as possible to Lo's assumptions, Although an
interface such as Io postulated can not be produced experimentally with
air because of its viscous nature, the correspondence obtained in this
experiment is considered much better than that which would ever exist
under actual flight conditions of an aircraft,

Thus, although Lo's theoretical findings cannot be checked
experimentally, the simulation of his assumptions is adequate to provide
for an experimental check on his fundamental point of view as an ex-
planation of the cause of buffeting. It is pertinent to see if a sharp
velocity gradient near an oseillating airfoil lowers the flutter speed
to the extent that flubtter phencmena must be considered in formulating
theories for prediecting buffeting.

In this investigation the flexure-torsion flutter characteristics
of a two-dimensional NACA 0006 airfoil were determined in an undisturbed
flow, A sharp velocity discontinuity was created near the airfoil and
its effects on flutter speed were observed, Limitation of the minimum
operating speed of the wind tunnel precluded a thorough investigation of
the lower speeds in the low range,

The scope of this investigation is confined to the speed regime
where air may be assumed incompressible, Buffeting due to unstable

shock waves has not been considered,



II, DESCRIPTION OF APPARATUS

The wind tunnel was an open-return type (Figure 1) powered by a
125 h.p, aubomobile engine with a three speed transmission, A detailed
description is given in Reference 5. Throttle control from the locality
of the test-section was provided with a remotely controlled reversible
de.c, motor,

The wind tunnel was designed to provide flow with a minimum of
turbulence, This was accomplished by using a large contraction ratio
combined with three screens, two of cheese eloth and one of 20 mesh
copper screening, placed at one foot intervals at the inlet of the tumnsl
as shown in Figure 1,

Vibrations of the engine-propellor section were isolated by means
of a 1 inch gap between this section and the rest of the wind tumnel,

The maximum and minimum speeds obtainable in the test section
were approximately 65 feet per second and 10 feet per second, respectively.

An NACA 0006 airfbil was mounted vertically in the test section as
shown in the photograph.ef Figure 2(a), It was clamped to steel springs
at each end (Figure 2(b) ) and the springs passed through slots in the
upper and lower tumnel walls and were themselves clamped to heavy steel
brackets. The cross=gsection of the springs was 1/2 inch by 1/16 inch
and the clamps were adjusted so that a spring length of 7% inches was
obtained, The clamping action was sufficient to withstand a tension
load on the springs of over 75 lbs,

The tension on the springs was maintained at a practically con-
stant value by means of a horizontal spring flexure incorporated into

‘the design of the lower mounting clamp (Figure 3).



The airfoil was of laminsted wood construction with a 9 inch
chord and 35 inch span, The lift coefficient versus angle of attack for
the airfoll is given in Figure 4, The various physical constants of the
spring=-airfoil system are given in the Appendix,

The axis of the airfoil was carefully aligned with the tunnel
axis and thus the angle of attack of the airfoil was maintained at zero
degrees, With this alignment the airfoil exhibited no tendency to move
sidewise under the actlon of the airflow,

The maximum amplitude of oseillation of the airfoil was restricted
by means of rubber stops (Figure 2(a) ) and in addition restraining bars
provided a means bf completely stopping all motion of the airfoil at any
time by foreing the springs against the edges of the tunnel wall slots,
The lower restraining bar can be seen in Figure 2(b),

Two sets of strain gages were attached to the upper spring, one
set mounted parallel to the spring asxis and the other sel mounted at 45
degrees to the axis, These two sets of strain gages measured bending
and torsional strains, respectively, although it was not possible to
separate completely the two types of strain, partieularly in the set for
bending measurements, Resulis were considered satisfactory however, as
the primary purpose of the strain gages was that of frequency determin-
ation,

The output of the gages was fed through an amplifier to a Heiland
Type A 400 3-6 recording oscillograph, where the oscillations were
recorded in sine wave form on sensitized photographic recording tape.
Timing lines spaced 0,01 seconds apart were also recorded oﬁ this tape

‘and thus oscillation frequencies were readily available, Sample
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recordings for several types of 'oscillation are shown in Figure 5,

The velocity gradient was created by installing a two-dimensional
body into the flow as shown in the plan view of the test section (Figure
6) and also in the photograph of the experimental set-up (Figure 2(a) ).
This body, a framework covered with sheet aluminum, was referred to
throughout the investigation as the "barrier", It was designed to per-
mit quick installation in or removal from the test-section and could be

easily moved to various positions when in the test-section,



JII. TEST PROCEDURE

A cross~sectional survey of velocity distribution in the wn-
restricied wind-tunnel test section is plotted in Figure 7.

Velocity surveys were conducted at test-section velocities of
50 feet per second and 17 feet per second with the barrier installed and
the results are shown graphically in Figures 8 and 9, respectively,

Tuft surveys of the flow with the barrier installed were also
conducted. In the high speed case the tuft swrvey indicated that the
flow was relatively non=turbulent and parallel to the airfoil chordline
on the high side of the velocity gradient, However, the tuft measure-
ments could not be depended upon to detect horizontal direction variations
of less than 5 degrees., In the low speed case there was insufficient flow
to make a significant tuft survey., Results obtained with the tuft were
used only for a qualitative appraisal of flow conditions,

With no flow through the wind tunnel the frequency of oscillation
of the two modes was determined, The geometry of the system was such
that various weights hung from the lower spring would give various fre-
queney ratios, The explanation of this lies in the fact that added
weight had considerable effect on the natural flexural freguency but
little effect on the natural torsional frequency, thus resulting in a
change of the frequency ratio., In order to use the information that
would be available from an investigation of the flutter characberistics
of the airfoil with different frequency ratios, and thus provide curves
rather than points to study, it was desired to determine experimentally
the relationship existing between weight added to the spring versus

‘frequency ratio,



It was found to be impossible to obtain dirset oseillograph
recordings of the two natural frequencies because of the dynamie
coupling between the torsional and flexural modes of osecillation, An
oscillograph recording showing the effect of coupling on strain gage
response is presented in Figure 5(d).

It was noted, however, that the nodes, i.e,, the point about
which the airfoil osecillated as if it had only a torsional degree of
freedom, could be easily located and that the airfoil could be caused to
oscillate aboubt the node, The node location was found and the frequency
of oscillation recorded on the oseillograph, By means of a procedure
given in the Appendix tha fundanental frequencies were deduced from these
data, The results are presented graphically in Figures 10, 11, and 12,

The flutter speed was determined with and without the barrier
installed, Shorteomings of the speed control mechanism were evident in
that the attaimment of a desired velocity to within 0,5 feet per second
was frequently a time-consuming process, The mechanism was not capable
of making very small changes in the speed setting and in addition speed
variation for a given throttle setting freguently appeared,

Flutter speeds were determined for the zero tension condition
with the barrier in several different fore-and-aft positions, The
results are plotted in Figure 13, It was early seen that the lateral
location of the airfoil centerline, 2 inches inboard of the barrier as
shown in F:Lgure 6, was the optimum one insofar as this position places
the airfoil as close to the velocity gradient as is practical without
undue direct interference between the two. |

On a number of runs the flutter frequency was determined as well



as the flutter speed, The mean frequency for each barrier position is
presented graphically in Figure 13. The mean frequency is plotted
inasmuch as the average spread of frequency was only 0.3 radian per
second which resulted in points very close together,

Flutter speeds were also determined with weights hung on the lower
spring to change the frequency ratio of the system, For two sets of
runs the barrier was removed and for another set the barrier was located
% chord length ahead of the airfoil leading edge., The results are
plotted in Figure 14,

After the presence of the predicted high speed flutter had been
verified and the éharac'beristics of the experimental set-up had been
checked, as outlined above, the test proecedure consisted of thoroughly
investigating velocities below the flutter speed in a search for the
presence of oscillations at some lower speed as predicted by Lo,

The wind tunnel imposed limitations on this part of the investi-
gation in that the minimm vélocity at which the tunnel could be

operated was at approximately 10 feet per second,
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IV. DISCUSSION OF RESULTS

The velocity profiles which existed within the test-section with
the barrier installed, and the boundaries of the velocity gradient cre-
ated by the barrier are indicated graphically in Figures 8 and 9, Lines
of constant velocity outline the position of the velocity gradient which
consists of a region across which the magnitude of flow velocity varies
from that of the free stream to a greatly reduced value, The edge of the
velocity gradient adjacent to the airfoil is quite distinct and is nearly
parallel to the plane of the airfoil, The "edge" is here defined in a
mammer analagous to that used in speaking of the edge of a boundary
layer, Within this region the sharpness of the velocity gradient
varies, becoming less steep with downstream distance., On the average,
the flow velocity is reduced by 50 per cent at stations 4 inch from the
edge of the velocity gradient, A comparison of Figures 8 and 9 shows the
decrease in sharpness of the velocity 'gradient which accompanied the
decrease in tunnel speed,

Although the proper equipment for studying the degree of turbulence
within the region near the airfoil was unavailable, tests with the hot-
wire equipment being used by MacCready and Madden of GALCIT in their
study of atmospheric turbulence failed to show any long peried turbulence
except in the wakes of the airfoil and barrier and in the neighborhood
of the airfoil when it was oscillating violently. The apparatus had a
time constant of 0,01 seconds, The previously mentioned tuft surveys
showed that the airflow past the airfoil was fairly straight although it
is possible that the airfoil was at some slight angle of attack when the

‘barrier was in place,
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The eurves of Figure 12 demonstrate the close agreement between
the theoretical and experimental frequency determinations, especially
when the springs were under zero tension, The equations on which the
theoretical curves are based are derived in detail under caleulations in
the Appendix, The discrepancy vhich exists under loading can be explained
by changes in the relative degree of clamping, As was stated previously,
it was found to be impossible to determine the tersional and flexural
frequencies by direct measurement due to the dynamie coupling between
the two degrees of freedom, Instead, the location of the node point
and the frequency of vibration about the node was recorded, These data
are plotted in Figure 10, The frequency curve (solid) in Figure 10 can
be regarded as the mean between the two dotted curves, The data should
have fallen on a smooth curve since the accuracy of frequency determine-
ation was of a high order. The fact that almost all the experimental
points lie within a &finite area and form a pattern within the areca secems
to indieate that the degree of elamping was not fixed but varied bebween
two limits, The mean frequency curve was used to calculate the two
natural frequencies (see Appendix),

Evidence of a lack of uniform spring clamping appeared early in
the experiment and the necessity for greater uniformity in clamping
action was appreciated., Several unsuccessful atbempts to obtain the
desired uniformity were made, and toward the end of the experiment the
clamps were ‘redesigned as shown in Figure 3. This design provided for
definite clamping edges at known locations, Difficulties attributable
to variable clamping action persisted however, and no complétely satis-
faectory solution was found,

Flutter speed is generally defined as the lowest speed at which
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an airfoil with a specified number of degrees of freedom will become
unstable, In this investigation, a fairly wide range of speeds was found,
on the order of 7 feet per second, within which oseillations would start
of themselves, build up to a stable amplitude, and die out upon reduction
of speed, The maximum flexural amplitude was limited by the width of

the slots in the tunnel walls and when this amplitude was reached a
different, more violent type of oscillation was found to oceur which was
characterized by large torsional amplitudes and by the springs striking
the walls of the slits with considerable force,

Por osecillations of large amplitude, the linearized theory of
flutter as presented in References 1 and 2 no longer holds, Strietly
speaking, the linearized aerodynamic theory holds only for oseillations
of infinitesimal amplitude, For finite amplitudes, the flutter derivatives
are no longer constants, but depend on the amplitudes, Furthermore, the
internsl damping of the system, neglected in the theory of Reference 1,
and also neglected in the caleulations of this paper, may not be neg-
ligible for finite amplitude oscillations, especially in view of the
possibility of its becomming non-linear, Hence the classical theory
cannot be applied,

Flutter speed was thus defined as the lowest speed at which the
smallest, regular oscillations would occur, This gave a {luiter speed a
good deal higher than the predicted value, as can be seen in Figure 13,
Although this corresponded with the usual definition of flutier speed, a
serious disadvantage of this eriterion lay in its indefiniteness, It
was frequently difficult to determine whether or not the small motions of
 the airfoil were regular or whether they were intermittent and caused by

turbulence in the airflow. This was particularly true when the barrier
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was in place, Although it was fellt that the turbulence was not excessive,
the effect of small flow perturbations at speeds close to the flubtter
speed was sufficient to send the airfoil into oscillations which died

out relatively slowly, An atiempt was made to analyze signals from the
strain gages in an oscillosceope, but it was found that the signals which
corresponded to small oscillations of the system required amplification

in order to be of any value, Equipment which would do this and which would
also filter out extraneous signals from such sources as the engine was
unavailable,

Other investigators appear to have had similar difficulties in
that they also encountered a rather wide range of speeds at which flutter
would occur, For example, Figure 15, reproduced from Figure 15 of
Reference 3, shows a range of experimental flutter speeds for. a given
value of the natural frequeiacy ratio rather than any definite speed, An
exanination of Figure 15 also shows that the experimental flutter speeds
were alvways greater than the theoretical value by amounts averaging over
15 per cent of the theoretical value, This may be compared with an
average flutter speed 27 per cent higher than the theoretical walue as
determined in this investigation without eonsidering the effects of
finite aspect ratio and the boundary layer of the tumnel walls, The
reference accounts for the difference by the influence of internal frietion
not taken into account in the theoretical caleulations, Internal friction
is relativeiy much greater in systems designed to flutter at low speeds
than it is in actual structures where the flutter speed is much higher,
and internal friction will always tend to raise the i‘lu'bter'speed. These

_considerations will account for the seemingly larger difference between
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theoretical and experimental results obtained in this study,

Low speed oscillations were found at approximately one third the
flutter velocity for the phenomenon described above, These oseillations
oceurred with the barrier in the 3/Z and 1 chord positions, When the
position of the barrier relative to the airfoil was closer than 3/4
chord no oscillations were detected, It should be noted however, that
the speed range of these low speed oscillations was close to the minimum
operating speed of the tunnel, and thus the low speed operating limitations
of the wind tumel prevented a thorough investigation for the presence
of oscillations when the relative barrier to airfoil distance was less
than 3/ chord,

When the barrier was moved closer laterally to the airfoil then
the standard relative distance of 2 inches indieated in Figure 6, the
speed at which oscillations occurred was unchanged as long as the edge
of the velocity gradient did not touch the airfoil,

These low speed oscillations were of large amplitude and pre-
dominantly torsionel in mode, (See oscillograph record in Figure 5(b),)
The osecillations occurred only in a very narrow speed range, from l4.1
t0 17,0 feet per second at the 3/4 chord position and 15,0 to 18,0 feet
per second at the 1 chord position,

The frequeney of oscillation was practically constant regardless
of the speed and barrier position, Six of eleven oscillograph recordings
taken at vaiicus speeds and with the barrier at both the 3/4 and 1 chord
positions gave a frequency of 53,6 radians per second, while the other
five were very close to this, The natural torsional freqnehcy of the

_ system (Figure 12) was determined experimentally to be approximately
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54,0 radians per second,

Lo (Reference 3) predicted that an airfoil osecillating near an
interface could have a very low speed flutter in addition to the regular
high speed flutter and that this flubtter would be predominantly flexursl
in mode, The low speed oscillation found in this study does not appear
to be the low speed flutter predicted by Lo inasmuch as it is torsional
in mode, of large amplitude with a frecuency approximetely the same as
the natural torsional frequency of the system, and it occurs at a speed
‘much higher than that at which Lo indicated his predicted flutter would
occur,

The nature of the low speed oscillation found in this study does
indicate however, the likely possibility that it is due to vortex
sheading. The use of Tyler's formula, Nb sin «/V = K, (Reference 7)
indicates that the angle of attack of the airfoil would have to be over
20 degrees to give a value of K in agreement with Tyler's average‘value
of 0.15 for airfoils, Though no precise measurements of flow direction
could be obtained, in view of the care taken to maintain a zero angle of
attack, it is unlikely that the angle of attack approached this high
value, Therefore, the more plausible explanation is that the oseillations
were due to periodic vortices formed in the flow behind the blunt trail-
ing edge of the barrier, Additional information on both the nature and
the direction of the flow is needed to determine conclusively the cause
of this 1owrspeed oseillation,

The information that would make possible a precise explanation of
the flutter and oscillation phenomena enecountered in this experiment ecould

. probably be obtained with the proper hotwire equipment, The flow angle
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could be determined by use of a symmetric airfoil with symmetrically
placed flush static pressure orifices on each of the surfaces, Further

- jnvestigation of this type is recommended to determine conclusively if a
sharp velocity gradient near an airfoil has any effect on the oseillations
of the airfoil,

If it can be shown experimentally that the presence of s sharp
velocity gradient has no effect on the flutter phenomena of an airfoil,
then shear flow considerations will be reflected only in the caleulation
of mechanical admittance, in which case the more suitable mathemetical
approach to a study of buffeting will be by way of statistical methods,

From the foregoing discussion and statement of facts, this investi-
gation seems to show that a sharp velocity gradient near an oseillating
airfoil has no significant effect on its eritical flutter speed,

This would tend to substantiate the conclusion that Lo's theoretical
caleulations reflect the idealization of a velocity gradient into an
Uinterface® rather than explaining the cause of buffeting,

The small changes associated with the presence of a velocity
gradient as determined in this investigation indicate, further, that the
viscous shear flow connected with a velocity gradient of the order of
magnitude likely to be encountered in practice will have such small effect
on the mechanical admittance that it can be estimated sufficiently
aceurately by using the aerodynemic coefficients as measured in a wniform
flow, |

Mbrebver, as the aerodynamic coefficients are readily determinable,

it can be concluded that theories for predicting buffeting will be
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concerned with an analysis of the turbulence in the flow around the
tail, In other words, the prediction of buffeting will require that the

turbulence power spectrum and the correlation funetions are known or can

be approximated for the wake in which the tail lies,
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V. CONCLUSIONS AND RECOMMENDATIONS

The evidence found in this investigation, though not eonclusive,
indicates that buffeting is simply the response of an elastie system to
a turbulent flow., No conclusive evidence was found to indicate that a
sharp velocity gradient near an airfoil has any effect on the oseillations
of the airfoil,

A low speed oscillation was found which the evidence available
indicated was due to periodic vortices formed in the flow by the
experimental set-up used to create the velocity gradient, ILimitations
on the minimum opsrating speed of the wind tunnel precluded a thorough
investigation of the lower speeds in the low speed range,

Further investigation of the airflow created by the experi-
mental set-up used is recommended in order o explain precisely the

oscillation phenomena encountered,
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N = HNatursl frequency of torsional oseillation in eyeles/sec
b = Chord of airfoil in feet
S = Angle of atback of airfoil
V = TFlow velocity
sS4 3 . 0
- - e = 13¢
6 °
. : ; . Nb'
Hote that Goldstein, Reference 7, defines the above formuls as v = K

vhere bY is the widdh of the body verpendieular to the direction of flow. -
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a. Test section showing airfoil and barrier

b. Mounting bracket and flexure
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