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SUMMARY

This report covers the results of an experimental investigation of
the effects of a velocity gradient on the flexure-torsion flutter speed
of a NACA 0006 airfoil suspended by means of springs.

The presence of the velocity gradient produced no significant
change in the speed at which the airfoil commenced normal self-excited
oscillations, Oscillations of a torsional nature were found to occur at
spceds considerably below the normal flutter speed, The causes of these
torsional oscillations were not fully ascertained, It is reasoned
however that they were due to flow conditions other than the presence of

the velocity gradient,
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I. INTRCDUCTION

In References 1 and 2 procedures are given by mesns of which a
critical speed can be computed at which components of an aircraft struc-
ture will become unstable, This critical speed is known as the flutter
speed, Thus wings, ailerons, vertical and horizontal stabilizers, etec.,
may be designed so that the flutter speed is well above the maximum speed
of the aircraft. Another phenomenon,known as buffeting, is not, however,
8o easily predictable, Buffeting, a type of forced oscillation of an air-
craft structural component, is ordinarily associated with the vorticity
present in the wing wake or propeller slipstream, Design procedures by
means of which buffeting may be eliminated or reduced in intensity are
well known but theories for predicting its occurrence are incomplete,

Lo, in Reference 3, notes that the nature of the wing wake has not
been completely established., Abdrashitov, in Reference 4, approximates
the effect of the wing wake on the tail by a harmonic disturbance force
but this has not satisfactorily explained buffeting phenomena, Lo, loc,
cit., approximates the wing wake by a surface of discontinuity which he
calls an interface, Across this interface finite velocity and density
changes occur and he determines the effects of this interface on an air-
foil, His assumptions are as follows:

1. The interface is flat, of zero thickness, and tends to infinity
in all directions.

2. The airfoil surface is of infinite aspect ratio, is of small
thickness relative to the chord, and has a mean position parallel to the

interface,



3. The oscillatory motion of the wing is two-dimensional, peri-
odie, and is of small amplitude relative to the chord,

4e The flow is incompressible and non-~visecous.

He finds that the effect of this interface is to reduce the con-
ventional flutter speed and to cause & new flutter phenomerm to occur at
a greatly reduced speed. In a specific example, with the interface
located in the plane of the airfoil, he finds that instabilities occur
at speeds of approximately 90% and 3% of the conventional flutter speed,

An attempt was made in this investigation to obtain experimental
corroboration of Lo's results and for this purpose a wind tunnel set wp
was designed to provide conditions which corresponded as closely as pos-
sible to Lo!s assumptions, It was realized that an interface such as Lo
postulated was unobtainable because of the viscous nature of gases and
therefore this investigation can not be regarded as demonstrating that
Lo's theoretical approach was incorrect. It should rather be regarded
as an attempt to discover if the presence of the velocity gradient in
the neighborhood of the airfoil would lower the flutter speed sufficiently
so that buffeting should be regarded as a flutter phenomenon, If the
latter hypothesis is shown to be incorrect then a more plausible approach
is to consider buffeting as the response of an elastic system to a tur-
bulent flow with statistical methods providing the most suitable mathe~
matical procedures for handling the problem, Then the shear flow nature
of the flow field will only be reflected in the caleculation of the
mechanical admittance,

The velocity discontinuity obtained in this investigation was of

the nature of a boundary layer and congsisted of a region acrogss which



the magnitude of the flow velocity varied from that of the free stream
to a greatly reduced value, The surface of the discontinuity adjacent
to the airfoil, i,e., the free-gstream edge of the so-called boundary
layer, was quite distinet, however, and was very nearly parallel to the
plane of the airfoil, Within this region the sharpness of the velocity
gradient varied, becoming less steep with down-stream distance, On the
average, the flow velocity was reduced by 30% at stations % inch from
the surface of the discontinuity. It should be pointed out that this
velocity gradient,while not approaching Lo's interface in sharpness,was
considerably steeper than any which would be found in the wake of a wing

or fuselage,



II. DESCRIPTION OF APPARATUS

An open-return wind tunnel, as desecribed in Reference 5, and shown
schematically in Figure 1, was used for this investigation, Power was
supplied by a conventional automobile engine with a maximum output of
125 h.p. which drove an eight bladed propeller through a transmission
system with three gear ratios, The throttle was actuated by a rever-
sible d.c, motor which in turn was controlled remotely by a two wey
switeh thus permitting tunnel velocity variations to be achieved from a
position adjacent to the test section,

To insure steady flow through the test section, a set of screens
wes mounted at the entrance to the contraction section, Two of the
screens were made of cheese cloth, while the third was made of 20 mesh
copper screening, To prevent oscillations of the engine-propeller
section from being trensmitted to the test section a 1% inch gap was left
between the diffuser section and the fan section,

A maximm speed of about 65 feet per second and a minimm speed of
about 10 feet per second were obtainable in the test section,

The speed controlling mechanism was not entirely adequate par-
ticularly for test-section velocities between O and 20 and between 45
and 60 feet per second, the speed ranges within which this investigation
was largely conducted, The attaimment of a desired velocity to within
0.5 feet per second was frequently a time-consuming process due to the
time lag between throttle actuation and response of the engine, Speed
variation for a given throttle setting was also frequently encountered,

The airfoil, mounted vertically in the test section,was attached

at elther end to steel springs by means of clamps, The mounting system



is shown in Figures 2 and 3. The springs, of 1/2" x 1/16" cross~section,
passed through slots in the upper and lower tunnel walls, and were
élamped to heavy steel clamp supports., The airfoil was thereby given
two degrees of freedom, It could move in a direction perpendicular to
its own plane and rotate about one axis through the centerline of the
springs, HNo tendency was observed, even when the airfoil was agitated
by hand, for its motion to be other than two-dimensional, In order to
maintain a constant tension on the springs, the lower clamp consisted of
a horizontal spring flexure which permitted a eonsiderable variation in
vertical dimensions of the test section to occur with little change in
spring characteristics,

The NACA 0006 airfoil wes of laminated wood construction with a
9 inch chord and 35 inch span, The curve of 1lift coefficient versus the
angle of attack is given in Figure 4. The clamps at either end were
faired smoothly into the contour and provided sufficient clamping action
to withstand a vertical end load of more than 75 lbs, The pertinent
physical constants of the spring-airfoil system are given in the Appendix,

In order to stop the violent oscillations of the airfoil when
they occurred restraining bars were prcvided which could be used to
force the springs against the tunnel wall slot, thereby providing a
positive restraint against airfoil motion,

Two sets of strain gages were attached to the upper spring, one
set mounted parallel to the spring axis and the other set mounted at 45
degrees to the axis, The parallel set measured bending strain primarily
vwhile the skewed set, by means of the proper electrical connection,

measured torsional strain, It wes not possible to separate completely



the two types of strain, particularly in the parallel set, However,
satisfactory results were obtained since the primery purpose of the
strain gages was that of frequency determination, The output of the
gages was fed through an amplifier to a Heiland Type A400 R=6 recording
oscillograph. The oseillations thus appeared as sine waves on a record-
ing tape on which timing lines spaced ,0l seconds apart also appeared.
Thus the determination of the frequeney of vibration was a simple matter,
Sample recordings for several types of oscillation are shown in Figure 5,

The formation of the velocity gradient was accomplished by means
of the installation of a sheet aluminum covered shape in the test-
section, This shape, which will hereafter be called the "barrier", was
designed so that it could be easily removed from the test section, and
could be moved both fore-and-aft and sidewise within the test-section,

A plan view of the test-section with barrier and airfoil installed is
given in Figure 6,

Throughout the investigation the angle of attack of the airfoil
was maintained at zero degrees with respect to the tunnel axis, This
was set originally by mounting the airfoil in its clamps and then
sighting along bench marks on the test-section floor and ceiling, The
clamp supports were adjusted until perfect alignment was obtained,
Sidewise and fore-and-eft aligmment was accomplished in the same manner,

Clamps were adjusted so that a spring length of 7.5 inches was obtained,



ITI. TEST PROCEDURE

A velocity survey of the working section of the tunnel with the
barrier and airfoll removed is presented in Figure 7, A velocity survey
of the tunnel with barrier installed is given in Figures 8 and 9 for two
test-section velocities, Tuft surveys of the region outside the barrier
boundary layer were also conducted, No deviation from flow parallel to
the airfoil chordline was detectable in the higher speed case, Measure-
ments were, however, insufficiently precise to detect variations of less
than five degrees, For the lower speed the tuft method was completely
inadequate because of the insufficient velocity of flow,

With tunnel velocity zero the natural frequencies of oscillation
of the flexural and torsional modes were determined, The effect on the
frequencies of the added tension in the springs was determined by hang-
ing weights on the lower spring., DBecause of the dynamic coupling between
the torsional and flexural modes of oscillation, it was found to be
impossible to excite one mode without exciting the other and hence to
obtain direct oscillograph recordings of the two frequencies, Figure
5(d) shows the effect of coupling on strain gage response. It was
noted that the node, i.e., the point about which the airfoil oscillated
as if it had only a torsional degree of freedom, could be easily located
and that the airfoil could be caused to oscillate about the node, The
node location was found and the frequency of oscillation recorded on the
oscillograph, By means of a procedure given in the Appendix the
fundamental frequencies were deduced from these data, The results are

plotted in Figures 10, 11, and 12,



The flutter speed with and without the barrier installed was
determined using similar procedures, Two definitions of flubtter speed
were used, The first was the lowest tunnel speed at which the airfolil
broke into such violent oscillations that the springs struck the sides
of the slots through’which they passed, The second definition gave the
flutter speed as the lowest speed at which the airfoil cormenced small
regular oscillations, As would be expected the two criteria gave some-
what different results and are discussed in the following section.

Flutter speeds were determined for the zero tension condition
with the barrier in several different fore-and-aft positions, A control
flutter speed was established prior to the installation of the barrier
and checked when the barrier was removed., Results of a number of runs
are plotted in Figure 13, During two runs of this type the flutter
frequency was determined, Results are also plotted in Figure 13,

It was early seen that the athwartships location of the airfoil
and barrier as shown in Figure 6 was the optimum one in-so-far as this
position places the airfoil as close to the velocity gradient as is
practical without undue interference from the boundary layer., Tests
also showed that moving the barrier inboard had no noticeable effect on
flutter speed,

Flutter speeds were also determined with weights hung on the lower
spring, For two sets of runs the barrier was removed and for another set
the barrier was located one~half chord length ahead of the airfoil lead-

ing edge, Results are plotted in Figure 14,



IV, DISCUSSION OF RESULTS

Figures 8 and 9 show the velocity profiles which occurred at
several statlons within the test section and also the boundaries of the
velocity discontinulty which are described by lines of constant velocity,

Inspection of these figures reveals that the attempt to create a
sharp velocity discontinuity in the airflow was fairly successful,
particularly at the higher tunnel speed, Figure 8 shows that within a
range of % inch the velocity has changed 30% or more, A comparison of
Figure 8 with Figure 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
of the airfoil was unavailable, tests with the type of hotwire being
used by MacCready and Madden of GAICIT in their study of atmospheriec
turbulence failed to show any turbulence except in the wakes of the air-
foil and barrier and in the neighborhood of the airfoil when the airfoil
was oscillating violently, The apparatus had a time constant of 0,01
seconds, however, and thus would only indicate turbulence of relatively
large scale, The previously mentioned tuft surveys showed that the air-
flow 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,

The curves of Figure 12 demonstrate the close agreement between
theoretical and experimental frequency determination especially when the
springs vwere under zero tension, and also the mamner in which the

frequencies changed under tension, It should be noted that the torsional
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frequency was constant under the load while the flexural frequency
increased, The effect of the resulting increase of the ratio of the two
frequencies on flutter speed may be seen in Figure 14, This figure
shows that the flutter speed reached a minimm when the frequency ratio
was approximately one, The theoretiecal curves of Figure 12 were obtained
from equations as derived in the Appendix, The diserepancy which exists
between the experimental and theoretical curves under load conditions
can be explained by changes in the relative degree of clamping, As was
stated previously, it was found to be impossible to determine the tor-
sional and flexural frequencies by direct measurement due to the dynamic
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 as plotted can be regarded as the mean between two curves
(dotted), The data should have fallen on a smooth curve since the
accuracy of frequency determination was of a high order, The faet that
almost all the experimental points lie within a definite area and form a
pattern within the area seems to indicate that the degree of clamping
was not fixed but varied between two limits., The mean frequency curve
was used to caleculate the two natural frequencies, (See Appendix.) The
clamping problem was early recognized as being of great importance and
several methods were used in attempts to gain greater wniformity in
clamping action, Toward the end of the experimental work the clamps
were even redesigned as shown in Figure 3, but difficulties persisted and
no satisfactory solution was found.

Flutter speed is defined as the lowest speed at which an airfoil
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with a specified number of degrees of freedom will become unstable, In
this investigation, a fairly wide range of speeds were found, on the
order of 10 feet per second within which oscillations 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 occur which was
characterized by large torsional amplitudes and by the springs striking
the tunnel walls with considerable force, This type of oscillation,
unlike the more normal type, would not die out of itself until the tunnel
speed was reduced to a value 10 feet per second less than the minimum
speed at which even the slightest oscillations were noticeable,

An explanation of this phenomenon is suggested by Chuan in
Reference 6, This author points out that when an airfoil, initially at
low angles of attack, is stalled and unstalled periodically, the shedding
of vortices must be periodic and have the same period as the oseillations,
and that this type of oscillation, once started, is no longer controlled
by the stationary angle of attack and flow velocity but by the shedding
frequency, This would seem to apply to the case under discussion since
the torsional amplitude was on the order of 15-20 degrees, well above
the stalling angle of attack of the NACA 0006 section. It also explains
why the oscillations continued even when the tumnel speed was reduced to
a point a good deal below which self-excited oscillations would begin,

At first the lowest speed at which these violent oscillations
took place was used as the criterion for flutter because it was relatively

definite and because the striking of the tunnel walls by the spring could
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be both seen and heard, However, the experimental determination of the
natural frequencies permitted an accurate theoretical calculation of the
flutter speed to be made, (see Appendix) and it was found that the speed
of violent oscillations was 15-20 feet per second higher than the pre-
dicted value, Also, due to the high angles of attack, a portion of the
airfoil surface penetrated into the region of rapidly changing velocity
during part of each cycle., It was therefore decided to use as the flutter
speed the lowest speed at which the smallest, regular oscillations would
occur, This was also a good deal higher than the predicted value, as
can be seen in Figure 13, but approached it more closely and had the
advantage that it corresponded better with the usual definition of
flutter speed,

The main disadvantage to this criterion lay in its indefiniteness,
It was frequently difficult to determine whether or not the small
motions of the airfoil were regular or vwhether they were intermittent
and caused by turbulence in the airflow, This was particularly true when
the barrier was in place. Although it was not felt that the turbulence
was excessive the effect of small flow perturbations at speeds close to
the flutter speed was sufficient to send the airfoil into oscillations
vhich died out relatively slowly, An attempt was made to analyze signals
from the strain gages in an oscilloscope but it was found that the sig-
nals which corresponded to small oscillations of the system required
amplification in order to become of any value, Equipment which would do
this and which would also filter out extraneous signals from such
sources as the engine ignition system was unaveilable,

In the light of the foregoing arguments it is believed that the
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rather wide range of speeds at which flutter would occur is explained,
In spite of a good deal of care it was not possible to fix the degree of
clamping or to determine the speed at which small oscillations occurred
with any degree of precision, The effect of these variables is evident
in Figure 13, The large number of points which were plotted are the
result of several runs during all of which the configuration of the
system was kept constant, This indeterminacy was unfortunate since lo's
results indicated that if the velocity gradient did have an effect on
the conventional flutter speed, it would be relatively small,

It is to be noted that other investigators appear to have had
similar diffieulties, Figure 15, reproduced From Figure 15 of Reference
3, shows a range of experimental flutter speeds for a given value of the
natural frequency ratio rather than any definite speed, An examination
of Figure 15 also shows that the experimental flutter speeds were always
greater than the theoretical value by amounts averaging 15% of the the-
oretical value, This may be compared with an average flubter speed 27%
higher than the theoretical value as determined in this investigation,
The explanation given in the reference is that the influence of intermal
friction,not taken into account in the theoretical calculations, is much
greater, relatively speaking, in systems designed to flutter at low
speeds, than it is in actual practice where structures flutter at much
higher speeds. Internal friction will always tend to raise the flutter
speed,

In this investigation there were, in addition to the internal

friction, two other conditions which would tend to raise the flutter
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speed above the theoretical value as calculated, The theoretical cal-
culations were made considering the aerodynamiec forces to be constant
across the span., In the experiment the effect of the finite span would
be to decrease the forces acting on the tip section and hence the total
aerodynamic forces acting on the airfoil per unit length of span, In
addition the airfoil tips were probably in the tunnel wall boundary layer
thus further decreasing the asrodynamic forces, It is believed that the
foregoing consideration explains in a qualitative manner at least the
reason for the large discrepancy between theoretical and experimental
flutter speed,

It is evident then from Figures 13 and 14 that within limits of
experimental accuracy no evidence vas discovered which would indicate
that the presence of the velocity gradient had any effect on flutter
speed,

Io, in Reference 3, found that a région of instability might
possibly exist at very low speeds, in which oscillations of a predom-
inantly flexural nature would occur. At trmel speeds between O and 10 feet
per second with the trailing edge of the barrier between 3/4 and 1 chord
length ahead of the leading edge of the airfoil, oscillations of large
amplitude did take place, These oscillations were, however, predominantly
torsional in nature, oceurred at the natural torsional frequency of
the system, and ceased completely when the tunnel speed was changed by
% 2 feet per second or when the barrier was moved closer to the airfoil,
There was insufficient time or equipment available to study in detail

the flow conditions which accompanied these oseillations, but it is not
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believed that they were due to the presence of the velocity gradient,

Flow conditions in back of the barrier make it likely that the airfoil

was actually at some fairly large angle of attack and that the oscillations
were due to vortex shedding. The use of Tyler's formula, &%i_n_gg = K,
given in Reference 7, and assuming a value of 20 degrees for « gives a
value of K= ,14 . (See Appendix.) This is in very close agreement

with Tyler's average value of K = ,15 for airfoils and also with Chuan's
results in Reference 6, Further investigation is required to determine

precisely the causes of this phenomenon,
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V. CONCLUSIONS

This investigation faliled to reveal any significant variations
in airfoil flutter speed which could definitely be attributed to the
presence of the velocity discontinuity. Although oseillations were ob-
served which occurred at tunnel velocities much lower than those at
which cdnventional flutter took place, it is believed that these were die
to causes other than the velocity discontinuity. It is therefore believed
that Lo's results reflect the idealization of the flow into an interface
rather than any physical causes of buffeting or flutter, The negligibly
small changes in the flutter speed point further to the fact that the
effect of the velocity gradient, of the order of magnitude likely to
occur in practice, is small, so that it is sufficiently accurate to use
the aerodynamic coefficients measured in a uniform flow in the estimation
of the mechanical admittance, Such coefficients being well known, it is
concluded that the only relevant data one must have in order to analyze
tail buffeting is the turbulence in the flow in the region of the tail,
i.,e., the turbulence power spectrum and the correlation functions,.

This investigation, and all the remarks made above, are concerned
only with low speed phenomena, Buffeting due to unstable shock waves is

of different origin and is not dealt with here,
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II. DETEOUIMATION OF TATURAL FREGUENCIES OF VIDRATION

The following sonfiguration i8 essuned in uhich the eprings cre
il in at both ends and the airfoil is consldered stiff es campered to

/4 — Luy

?.___m__:f / >
e
Considering the equilibrium of a differcntisl lengih of epring,
i ¥

b— & —
S'(‘—(/ l‘P>X

11’ il‘_'l_s
Mo+ 55 dx

Zp= 0 = M+ P = (M + 30~ S (-dy)
'PJ;(-%’%JX*V SAY = 0

Aswme dM = g1 Py
dx dx*

Thon the ﬁﬁﬁi‘f;&iﬁzm‘hi&l eauation 18
&y S dy P -
EI ~dx? dx - 0
This hes the solution

y = G Coskc‘rx + Cssin\\c‘rx - 3’%_9__



20
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gell ecnpored to m. The eondition for a node ot 7 48
- X - X
Y- = B or Yy = 7%
Complote experdmontel results werc obbained for o vange of node points

such thot y = - —’é— . Tho ecostions then roduce %o two simlbancous

acuotlons for W, and wy

L

2
wz w

1 +

~|»

we? = w? ',‘I‘—(—Ys—sz)a- w2

where W' ia the fresuency of eseillations ebout the node.

Solutions of tha cbove squations far W, and Wy 28 & function of
spring tension are plotted in Figure 9.
of spring tension.

Hote that Wi 48 independent
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ITI, FLUT?ER 8PEFD DITCRIIATION

The procedure and synbols used ars in accordonce with those
defined in Referenses ) and 2,

PR -
ﬂrz = 37780 = 117 8800 = 00979 &-28a

4,
Fo? = 6,723
Poupe © 3,113
re‘a‘z = 3e249
o = =209 & = 005  drac.2l leo= 79
: = 082
X = L0261 [T = ,16156
2 B L1605 T, = 4000
wa ® Shed w* = 2959
Wy = 41.5 W = 1722
By % 635 |
Ay, & 79
by, = 3.438



yheore
A, = Q fx
B!' = QK\RQK + nd\,Rc\\
2F
6 = A +B A 4 =5
Ay = 0
Ci = %(D\-&C‘ Z‘;K-%—KBJF)
- 26
Fan ‘Aoa,*'(ﬁ‘“")"r;'“(l*“)
R = - - 2¢
n TR 26
Tay * wlAap-(1+0)F% -(#'QZ)ZF]
s 1
o = 2F
- -'BR t ﬁrz - qAR CP\
X 2 AR
o - ci
I B
} 26 2F
3 F 6 | "% | w=m | *F
2,000 | 597 | J1507 | 6028 | 407832 | 1.1958
2.273 L6136 #1592 J7236 | 6,3326 1.2272
24500 . +1650 5250 73125 1.2500




w =

v,

Ra* = "7.4576
Reh = "3807132
L, = Ld2
I% = 2,3916
1K = 2273
R fad ""7. :
Ry, 315
R% & "‘3&0%
I, = L
2% = 2%
Jg = g.m
Ra.‘* = w144
Ry = -3
I, = Lo
I = 3,125
%

28

Wi F 8

Tl M 1

W F

346259
66,9264,
307,471

3.6259
~68,0133
323,733

Hahodd

g

]

8,8660
«744281

9,9659
«34a296

The Xy and X, are plotted in Pirure 16, The intersection of the
Xy ond X, euwrves give

| Y

We

Kix

TYLERS FORIUIA

Nb sinex

= he.5 cycfsec

Vv

Y

| 23 %b

n
=3

'3

!
K

= 394 fb/sec

x
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Hatural frequency of torsional oseillation in cyecles/sec

]

N
b = Chord of airfoil in feet
= Angle of attack of airfoil

V = Tlow velocity

-257;‘—* . —%— - sin 20° .
16 )

i
Nb' | g

Note that Goldstein, Reference 7, defines the above formulas as vl

where b! is the width of the body perpendicular to the direction of flow, -
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a. Test section showing airfoil and barrier

b. Mounting bracket and flexure

Fig, 2
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b. Weights attached to spring

Fig. 3



|

SRS NS RS SR

Irie f i . .

t

i
B T o S .

R KT S

AN

P

B i S e

w 4 ss g by

by .}L 5

efin ¥ gcindk e
B A
. ¢

3




34

THGH SPEED |FLUTTER | | M449.8 fpls 'I(
q—
T LT
b. LOW SPEED OSCILLATION  v=ITfps -—T
REsERai RRARREERRasA1E RERERRANEREASEARRNARAR
|
- foee) et o I~ |4 . | H
¢. HIGH SPEED FLUTTER (violent) V= 54.3fps. = ],
| SREERNARENREARANREAN
[ ]| [l
4 //rNhHLL-.*HPVW‘L\L\MA/ /PhWHL\{q_‘/’
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s il & L bbb ) P Rl i
T _l T l ERRNNREREREE
i |
T
| AT Bt AN B
AT T TN AT T 4l

Sample Osillograph Recordings
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