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RESEARCH MEMORANDUM

A SUGGESTED METHOD OF ANALYZING FOR TRANSONIC FLUTTER
OF CONTROL SURFACES BASED ON AVAILABLE
EXPERTMENTAL EVIDENCE

By Albert L. Erickson and Jack D. Stephenson

SUMMARY

This report presents the results of a study of the movement of
shocks on a three—dimensional wing with and without aileron flutter
occurring. The studies include a number cof changes and variations
to the wing and control. From these data and some basic considerations
of the cause and mechanism of what may be termed "transonic flutter,"
a tentative method of analysis is developed. The results of the tests
are presented, followed by a general discussion and specific design
recommendations. It is shown that the transonic flutter 1s caused by
a lag In build—up of the resultant hinge moment due to the velocity
over the wing becoming high enough to retard the change in circula-
tion following control displacement. Under these conditions, the
hinge moment acts in the direction of the motion for more than one—
half a complete cycle so that a steady oscillation may exist. From
the analysis 1t 1s concluded that controls must be designed with a
large mass moment of inertia or with a high degree of irreversibility
if damping is not used. When a mechanical restraining effect is in
the control system, care must be taken in design of the control system
to Insure that the natural frequency of the system is not in the range
of frequencies between one-half the aerodynamic frequency and the
aerodynamic frequency.

INTRODUCTION

Tests of a full-scale partial—span airplane wing were undertaken
in the 16—foot high—speed wind tunnel after an alrplane employing this
wing exhibited control-—surface vibrations which were associlated with
high—speed flight (reference 1). The vibration was satisfactorily
duplicated in the wind tunnel and was demonstrated to be a new type
of flutter which is the result of the flow velocities in flight at
high subsonic speeds. Because the flutter could not be prevented by
restraining the motion of the wing in bending and torsion, it was
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concluded that the surface could maintain steady or divergent oscilla—
tions about its hinge line with only one degree of mechanical freedom,
which proved the existence of a new type of flutter, F¥lutter was
prevented by restraining the control cables, producing a condition
which simulates irreversible controls. Damping in the system was also
effective in eliminating all but transient oscillation,

Several useful testing techniques were used. These consisted
of (a) measuring the aerodynamic forces directly by the use of
instantaneous recording pressure cells, (b) measuring the viscous
damping required to prevent the flutter, and (c) photographing the
shock wave motion and aileron motion by the use of shadowgraphs and
measuring the phase difference between these motions. With the last
arrangement a number of changes to the aerodynamic characteristics
were investigated. This report is concerned primarily with the results
of this investigation. Control-surface flutter is discussed and
certain inferences as to other types of possible transonic flutter
are indicated.

SYMBOLS

The symbols used in this report are defined as follows:

a velocity of sound, feet per second

bg alleron span, feet

( wing chord, feet

E;E mean—square chord of alleron, square foot

d distance between shock wave and trailing edge, feet
fa aerodynamic frequency, cycles per second

i flutter frequency, cycles per second

g acceleration due to gravity, feet per second squared
m masgs, pound second squared per foot

q dynamic pressure, pounds per square foot

8 distance from hinge line to center of gravity, feet
t time, seconds
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distance from leading edge, feet

variation of hinge moment with aileron angle (BH/Bﬁao),
foot—pounds per radian

damping coefficient, foot—pounds per second

alleron hinge-moment coefficient <}-—£L==
q

bgca?
increment in hinge-moment coefficient due to buffeting
hinge moment, foot—pounds
amplitude of hinge—-moment function, foot—pounds

alleron mass moment of inertia about the hinge line,
foot—pounds seconds squared

equivalent spring constant, foot—pounds per unit angular
displacement

free—gtream Mach number

critical Mach number

period of oscillation, seconds

angle of attack, degrees

alleron angle, degrees on radians

alleron angular amplitude, degrees or radians

phase angle between alleron displacement and shock
displacement, degrees (Positive values indicate a
lagging shock.)

phage angle between ailleron displacement and hinge
moment, degrees (Positive values indicate a leading
hinge moment.)

flutter circular frequency (2rnf), radians per second

aerodynamic circular frequency (2nfg), radians per
gecond
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TEST APPARATUS AND PROCEDURE

The test wing was a full-scale partial-span production wing of
a fighter airplane and was mounted in the Ames 16—foot high—speed
wind tunnel as shown in figure 1. The control surface, an aileron,
had no aerodynamic balance and was hinged along the upper surface of
the wing by a continuous piano—type hinge. For most of the tests
the tip of the wing was supported in order to eliminate wing bending
and torsion as nearly as possible (fig. 1).

The test wing had the following geometric characteristics:
WINEEBEBELON . . . . s e o s s o.c s o » .o NACA 651213, & = 0.5
B R R s o s 5 e 7 sl b eie o b il e o e e e e HESD BN PH
SR ETROREATORILIN |, 1ol o folue. s ek 5 i lel & s @l s s e e el ielie 8.75 ag £t
A R st s 6 o o ¢« 5 5 5 v 4 s s s s el e v e e 9.8 P8
Msan BeRadynanlo ohord . . . s« c o« s sw ocu w v e s s 583 £L
Bl e ORISR RNEECCIIC TR SRSl o ol Lol aiter ) el s ol ob et ot s {[(eDIEL
BT CHOPA! . o o o v s o s « 3-8 9 o s 0 o o o o LO5BTE
RO ONOTA L o « s o 5 4.5 % s 5 5 8 5 2 o & oe o 0875 £L
Aileron root-mean—square chord . . . « « o ¢ ¢ o o o o o 1,18 ft

Aileron hinge—line location . . . « « » . 25 percent of wing chord
from trailing edge

A1l instantaneous records were obtalned on recording oscillo—
graphs, Hinge moments were measured by the use of electric strain
gages. The ailleron angle was recorded on the oscillographs through
the use of potentiometers, and the wing motion was recorded by
displacement pickups,

The principal data were obtalned by using the shadowgraph system
shown 1n figure 2. The point source of light should have been at
the intersection of the projected straight—line wing elements, but
in this particular case it was necessary that the source be closer
to the wing; consequently, a shadow of the wing was cast on part of
the screen. The light source was a Bol, high-pressure, mercury—vapor
lamp which was operated on direct current so that high—speed motion
pictures of the moving shock wave and aileron could be taken. The
screen was the tunnel wall painted white. Black lines were painted
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on the screen at the leading edge, 50 percent chord, and trailing
edge so that the shock—wave positions could be measured. The light
intensity limited, to approximately 100 frames per second, the

camera speed at which data could be obtained. At this speed approxi-—
mately five pictures were taken during each cycle of motion.

In obtaining the shadowgraphs, the alileron was restrained at an
angle near zero, the tunnel speed was Increased to that at which data
were desired (approximately 0.81 Mach number), the camera was started,
and then the ailleron was released. In this manner pictures of the
shock wave with and without aileron motion were obtained.

The Ames 1— by 3%~foot transonic wind tunnel was used for two
short tests. In these tests the schlieren apparatus with a strobo-—
scopic light was used to visualize the flow. The models for this
wind tunnel were made of solid steel and spanned the test section.

RESULTS

Study of high—speed shadowgraphs of the aileron and shock—wave
motions showed that consistent relationships between these motions
could be measured, and indicated that useful information concerning
the time lags in the flow changes about the wing could be obtailned.
The following paragraphs point out the significant results obtailned
for various modifications based, for the most part, upon shadowgraph
data such as those presented in figures 3 through 2k,

Standard Wing and Alleron

The photographs shown in figures 3 and L4 are consecutive pictures
taken from a motion picture. In the first set (fig. 3), the relative
steadiness of the shocks before the control was released is illustrated.
In figure 4 are eight pictures illustrating the motion of the shock
and aileron during flutter. By analyzing a series of these consecutive
pictures (of which the eight shown were typical), the shock motion
and corresponding aileron motion were determined.

In figure 5 the aileron and shock motion are plotted with the
gecond and all subsequent cycles shifted to make them coincide with
the first cycle. The data are approximated by sinusoidal curves
which are also shown. The oscillograph records of the alleron position,
taken at the same time as the motion pictures, were used to determine
the amplitude and mean angle of the control in addition to the exact
flutter frequency. The aileron angles are plotted with reference to
the mean control angle. Figure 5 shows the time lag between the aileron
position and the shock position and, therefore, the phase relation
between the flow changes and the aileron motion.
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It 1s to be noted that for the standard wing and aileron a
phase difference of 67° existed between the shock motion and the
aileron motion. The aileron motion was from 6.2° to —12.2°, a
total motion of 18.4° » with a corresponding shock motion from 59.7
to 76.8 percent of the chord, a total motion of 17.1 percent. The
noteworthy results for the other configurations are called to atten—
tion In the following paragraphs.

Spoilers at 50 Percent Chord,
Upper and Lower Surface

The spoilers were installed in an attempt to fix the shock
position by a local low—pressure area., The spoliler heights were
0.0030 and 0,0024 of the mean aerodynamic chord on the upper and
lower surfaces, respectively. As shown by the pictures (figs. 6 and
7), there were relatively steady shocks at the spoilers by additional
shocks formed farther back and oscillated with the alleron motion.
The alleron motion was from 2 3 to —4.3° or a total of 6.6° , corre—
sponding to a total shock motion of 11 percent of the chord (74 to
63 percent). The phase difference (fig. 8) was 17°, substantially
less than that with the standard wing.

Faired Bumps at the 50-Percent—Chord Position

Because the spoilers limited the flutter somewhat, it was decided
that additional investigation of low—pressure areas was desirable.
The first step was to falr over the spoilers with bumps of 6—inch chord.
The relatively steady shocks at the midchord point were much less
intense, and the double amplitude of the control flutter was the same
as for the standard configuration (18.6°), although the motion of the
shocks back of those on the bumps increased to a total of 27.5 percent
of the chord (82.5 to 55.0 percent). (Seefigs, 9, 10, and 11.)

Feired Bumps at the T0-Percent—Chord Position

As 1t was not possible to fix the shocks at the 50-percent—chord
position without another shock forming farther aft, faired bumps were
added at the position where the shock motion for the standard wing
centered, at 70 percent of the chord. Bumps on each surface were
designed to have lower critical Mach numbers than the 50-percent—chord
point of the standard wing at an angle of attack of 1°. They had a
chord of 6 inches and the heights were 0.0055 and 0.0032 of the mean
aerodynamic chord for the upper and lower surfaces, respectively.

The shock formation was not as clear—cut as for the standard case
and a double shock appeared in some of the pictures. (See fig. 13.)

-
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It is interesting to note that the shocks seemed to oscillate between
the normal-peak—pressure points and the bump—pesk—-pressure points
(fig. 14), although the significance of the forward motion of the
center—of—shock oscillation is obscured in the fact that the angle

of attack was inadvertently set at 1° for this test. The aileron
motion was from 4° to —50 with a corresponding shock motion from
59.6 percent to 71 percent of the chord.

Variation of Thickness Ratio Along the Span

The percentage thickness of the wing was varied along the span
by increasing the thickness by £ percent of the chord at the inboard
section and tapering to the original section at the tip. (See fig. 15.)
Because only the upper surface was altered, a variation in camber also
occurred. The increased thickness, cambined with the increased camber,
lowered the critical Mach number of the inboard section by about 0.05.
The purpose of testing this configuration was to ascertaln whether
varying the critical Mach number along the span would affect the flutter.
Flutter did result even though the variation in critical Mach number
over the semispan was unusually large (from 0.68 to 0.72 for 51 percent
of the semispan). The motion of the shock was reduced, being only
from 58.8 percent to 67.5 percent of the chord (fig. 18) with a
corresponding aileron motion from —10° to 6°, but the aileron motion
was greater relative to the shock motion in this case as compared to
the other cases. Tapering in thickness actually gave a greater
alleron motion for a smaller indicated shock motion.

Vent Holes Between Upper and Lower Surface

In an attempt to control the flow over the aft part of the wing,
circular holes were cut in the wing surfaces ahead of the hinge line,
gince the piano—type hinge did not permit flow between the upper and
lower surfaces. Two tests were conducted: the first with holes in
the upper surface only (figs. 19, 20, and 21) and the second with
holes in both surfaces (figs. 22, 23, and 24). The results for both
cases were about the same; the phase lag of the shock was greater
than for any other condition. This increased lag can be explained
by the fact that the flow through the holes was normal to the flow
over the wing. The flow would normally tend to be from the unsep—
arated to the separated side and probably increased the Intensity
of separation on one side and delayed the start of separation on the
opposite side.

Y
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Aileron—-Contour Change

The alleron contour was changed to a flat—sided, blunt—trailing—
edge arrangement, changing the alleron trailing-edge angle to 12°,
(See figs. 25 and 26.) This aileron fluttered in the same manner as
the others except that the frequency was decreased to 15.9 oycles
per second as a result of the increased inertia of the ailleron,

Aileron Masgs Overbalance

With the wing tip free, some motion of the wing occurred during
transonic flutter, indicating that mass overbalance of the alleron
might provide damping. The alleron was overbalanced by 29 percent
with welights located as far outboard as possible. This overbalance
had 1little effect on the flutter except to alter 1ts frequency
slightly.

Dampers

Hydraulic— and Ilnertla—type dampers were found capable of prevent—
ing sustained oscillation, even though the damping capaclliy was small.
Although the dampers prevented sustalned oscillation, the aileroms
still ghook irregularly due to play in the systems tested.

Wing Flutter

During one of the first shadowgraph trials the tunnel speed was
increased to 0.825 Mach number and the standard set of data was taken.
Just as the camera ran through its film and the oscillograph was
ghut off, the violence of the motion in the tunnel Increased greatly
and the oscillograph operator took another record. These two records
are shown in figure 27. The records of the alleron motion and
wing motion are indicated. It is to be noted that the first record
shows sinusoidal aileron motion at 20.6 cycles per second with
wing motion at the same frequercy but of small amplitude. The
changed motion is evident in the next record where the wing motion
was sinusoidal at 13 cycles per second and the aileron motion was
erratic, This shows a change fram aileron flutter to wing flutter,
The wing flutter was elther the cause or the result of the wing
failure shown in figure 28. It 1s probable that an initial failure
of the structure due to aileron flutter reduced the restraint enough
to allow the wing to flutter. The primary bending frequency of this
wing in still air, before the fallure, was about 15 cycles per
second, slightly higher than that at which the flutter occurred.

Ya
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Buffeting Forces on Fixed Controls

It was found that with the control held as rigidly as possible
there were still rather large buffeting forces present although the
flutter was eliminated. Figure 29 is from records obtained during
buffeting. The sharp breaks in the records of ailleron position were
caused by dirt particles on the slide wire. The ailleron was being
held very steady until the highest Mach numbers were reached.
Several such records were analyzed to obtain the average amplitudes
and frequencies of buffeting shown in figure 30. The frequency of
buffeting at all Mach numbers was approximately 32 cycles per second.
At 0,825 Mach number, the force variation was so large that holding
the aileron absolutely steady became extremely difficult, and the
motion apparently included higher harmonic content plus a beating
effect all superimposed on a 3—cycle—per—second osclllation,

The buffeting hinge-moment coefficients from figure 30 for this
wing and aileron seem to vary linearly with Mach number so that

e = 0-113 (1)

The figure shows that AM was equal to M-0.73. The Mach number
0.73 is approximately the critical Mach number of this section.

Static Characterlstics

The static hinge—moment data (fig. 31) show no unusual reversals
of hinge moment. The only compressibility effect noted is a slight
increase in Cp,/0By with increasing Mach number.

The drag data (fig. 32) are presented in conJjunction with
figure 33 to show that the lowest speed at which flutter could be
induced was sbove the Mach number of drag divergence. The Increase
in drag between 0.5 and 0.7 Mach number was largely due to increasing
tare drag. It can be seen that for this wing the flutter did not
start until the drag coefficient had iIncreased about 0.0l above its

low—speed value.
DISCUSSICON
Interpretation of Test Results

The results of this test show that the flutter motion was
sinusoidal and that a phase difference existed in the response of

op—,
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the air flow about the wing relative to motions of the comtrol. It
hag also been shown that the amount of thim phase difference, as
indicated by the shock waves, can be measured.

The phase difference referred to is the phase difference between
the relative motions of the shocks and the ailerom. (See figs. 5, 8,
11, 14, 15, 21, and 24.) Thie phase angle is called a lagging angle
on the basls that an upward motion of the control caused a forward
movement of the shock. The hinge moment during flutter is associated
with control movement in the same marmmer as with fixed control posi—
tions, except for the phasedifference in the response of the hinge
moments to control movements, as indicated by the lagging shock motiom,
The effect of this lag in causing flutter can be explained by consider—
ing an example In which there 18 a lag in the shock motion of one—
eighth of a cycle or 45°. The hinge moment would then be maximum
when the aileron is moving in the down (positive) direction and is
halfway between the mean and the maximum negative angle. This hinge
moment would then be in the direction of the motion for 270° or
three—quarters of the total cycle. Therefore, positive work would
be done and, unless sufficient damping were present, a divergent
vibration would occur. Preliminary computations can now be made
uging the phase angles measured from the shadowgraphs.

The familiar mathematical repregentation of the one—degree—of—
freedom system which will be used in this report follows. The

differential equation of motion with a sinusoldal forcing fumotion,
inertia, damping, and spring restraint is

18, + CBy + Kyby = Ho sin at (2)

In the tests reported herein the aileron was free from elastic
restraint, and the gravity forces were estimated to be less than 1
percent and are considered negligible. Under these conditioms -
equation (2) becomes

I8 + Cda = Ho sin wt (3)

Letting the displacement

8a = dap sin (wt + @')

then .
8y = Bg, w cos (wt + @')

‘v
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substituting this solution in (3)
~I8g, ®® sin (ot + 0') + C8y, @ cos (wt + ®') = Hy sin wp (%)

For steady conditions

I8a0 @® = — Hy cos ¢ (5)

and

Cdgy w = — Hp gin & (6)

where @' 1s the phase difference between the hinge moment and
the alleron position as measured from the shadowgraphs. From the
above equations, 1t follows that

1
Ho = 8g, o (C% + I%®)2 (7)

where Ho 1s the magnitude of the resultant aerodynamic vector
moment.,

Analysis of Results

In table I a summary of the data obtalned from the shadowgraphs
is presented, and the aerodynamic vector magnitudes and phase positions
are listed. The shock phase difference (column 5) was reduced by 33
percent to conform with pressure measurements made with the standard
configuration which accounts to some extent for the differences noted
in table II. The corrected phase was used in computing the values
in columm 8. Column 8 indicates a linear variation of the amerodynamic
hinge moment with alleron displacement during flutter and is referred
to as the dynamic slope I1n this report.

The static results (fig. 31) for the standard wing and alleron
Indicate that the average static variation of the hinge moment with
alleron angle agrees closely with the dynamic variation indicated
in table I. It 1s recommended, for the present, that the dynamic
hinge moments be assumed equal to the static hinge moments in the
analysis of transonic flutter. It must be noted that low-gpeed hinge—
moment slopes will generally not be satlsfactory because of the large
changes possible with transonic flow.
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If the static hinge moments are always an indication of the - ‘
dynamic effect, then aerodynamic balance will reduce the dynamic
| hinge moments during transonic flutter. Table I shows also that |
when separation was forced to occur at the 50-percent—chord point ‘
the flutter was less severe due probably to the decreased hinge—
moment slope. i

‘e

Method for Treating the Transonic Flutter Prohlem

In order to solve the transonic flutter problem in the same
manner as the low—speed flutter problem is solved, it is necessary
to be able to compute the frequency at which flutter will occur,
the phase angle of the driving hinge moment, and the magnitude of
this hinge moment.

The method presented uses the real or in-phase component of
the aerodynamic hinge moment under static conditions as a means of
estimating the magnitude of the resultant dynamic hinge moment. The
method assumes a linear variation of hinge moment and, although this
assumption may be improved later, it is believed that the recommended
method of design should be satisfactory. The mechanical oscillation
theory indicates that flutter with one degree of freedom can result &
from a time lag in the changes of the flow about the wing. The time
lag can be accentuated when the velocity over the wing approaches
the speed of sound. Impulses from the trailing edge travel forward
at a speed equal to the speed of sound minus the local airspeed. A
gtudy of the various methods by which the impulses might propagate
indicates that the controlling time lag is probably that time required
for a pressure impulse from the trailing edge to reach the shock
position. It then is necessary to determine this time lag in terms
of the local velocity over the wing.

Static pressure—distribution data for airfoil sections at trans-—
onic speeds show that the local velocity aft of the shock drops to a
value near sonic velocity and leaves the trailing edge at approxi-—
mately the free—stream velocity. Assuming that impulses from the
trailing edge propagate forward at the speed of sound minus the local
velocity outside the boundary layer, the time for the impulses to
reach the shock position, assuming linear variations of local
velocity, is

K24

Time = ————
a(1-M) -

o1fIEN
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where

d the distance from the trailling edge to the shock

M the free—stream Mach number

a the velocity of sound

The factor K 1is Inserted in the equation to account for the addi—
tional time required for the complete change to take place in the
flow about the wing. This constant was estimated as being approxi-
mately equal to two, This value of the constant is inserted and
the equation is inverted and used in terms of a frequency as
follows:

_a(l-M
BT (8)

The parameter fg will be called the aerodynamic frequency.
This formula indicates the frequency at which steady aerodynamic
oscillations, if any, would occur. In an effort to check the formula,
the buffeting frequencies that occurred with no detectable aileron
motion were investigated. From figure 34 it can be found that at
0.75, 0.78, and 0.82 Mach number the steady shocks for an angle of
attack of —1° and an aileron angle of 0° are, respectively, at 53,
63, and 67 percent of the chord; the corresponding aerodynamic
frequencies calculated from equation (8) are 31.3, 31.8, and 31.2
cycles per second, respectively. A chord equal to the average wing
chord at the aileron (L4.67 ft) was used in the calculations. These
values provide satisfactory agreement with the measured frequency of
buffeting, which was approximately 32 cycles per second., The follow—
ing phase angle equation is based on an upper flutter limit equal to
the aerodynamic frequency and a lower flutter 1limit based on experi-—
mental data which indicate that damping begins to be negative at
one—half the aerodynamic frequency. It should be recognized that
incipient vibrations could appear near this assumed lower limit,

o'=<1—%>360 (9)

where f 1is the flutter frequency, and fg 1s the aerodynamic
frequency as determined from equation (8). In order to check this
equation against the results obtained by the shadoworaphs, table II
was prepared., The aerodynamic frequency was computed using the
average position of the shock during flutter.

'§
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Table II shows considerable variation in some individual
results but the average values are only 11° apart, which is
congsidered to be quite good. The individual values cannot be
used independently because the fairing of the harmonic approxima—
tions could be altered in some cases; therefore, the average of
all the cases is considered a better check point.

Additional Data Substantiating the Aerodynamic—
Frequency and Phase—Angle Formulas

Transonic tests of two small two—dimensional airfoils (6— and
8—inch chords) have been conducted in the Ames 1— by 3%—foot trans—
onic wind tunnel. The data obtained to date are meager but tend to
substantiate the aerodynamic frequency and phase—angle formulas.
For the 8—inch—chord airfoil:

(a) The shock formed approximately 3 inches from the trailing
edge at 0.875 Mach number.

(b) Flutter was divergent at approximately 100 cycles per
second.

The phase angle is determined by using the fact that the natural
frequency was nearly the same as the flutter frequency, approximately
100 cycles per second. In any system with only one degree of freedom
operating at or near its natural frequency, the forcing vector will
be at or near 90°, It was found that, by using 90° as the phase
relation, the aerodynamic frequency would be 134 cycles per second
(equation (9)). From equation (8) the predicted aerodynamic frequency
would be 137 cycles per second, which checks the experimental value
very well.

The second small—scale experiment involved a rigid wing without
a hinged control surface. This condition can be assumed to be
equivalent to a wing or tail with a rigidly fixed control surface.
The rigidity was such that no detectable motion of the model was
noted although the shock waves oscillated over about 20 percent of
the chord, The following results were obtained:

(a) The shock wave appeared approximately 4.5 inches from the
trailing edge at 0.675 Mach number.

(b) The shock oscillated at approximately 250 cycles per second.
This is a condition similar to the buffeting with fixed controls

and the aerodynamic frequency (from equation (9)) must equal the flow—
oscillation frequency of 250 cycles per second. Computing the
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aerodynamic frequency for conditions (a) by equation (8) gives 240
cycles per second, again a satisfactory check with the experimental
data.

It is believed that the excellent correlation between the test
results and the suggested empirical equation for predicting the aero—
dynamic frequency justifies its use until a more rational solution
igs developed.

Applying the Suggested Solution to the General Case

It has been shown that the method presented for determining the
phase angle gives results which agree with the data available; there—
fore, the computed frequency can probably be used to establish
design criteria for other airfoils and controls. In computing the
aerodynamic frequency up to this point the position of the shock has
been determined from shadowgraphs. A method of estimating the shock
position is required because shadowgraph data will not, in most cases,
be available., It is recommended that the distance to the point of
minimum pressure and the critical Mach number of the section be used
in computing the aerodynamic frequency f,. For example, the minimum
Pressure on the standard wing tested was at 50 percent of the chord,
and the theoretical critical Mach number is 0.72. With these values
and the average chord, the aerodynamic frequency is 33 cycles per
second. = This frequency is in close agreement with the 32 cycles per
second calculated from the actual static shock position and Mach
number, and with the 35 cycles per second calculated frequency from
the mean position of the shock during flutter. It is to be noted
that the phase angle for the wing with tapered thickmess {114~)
calculated from the mean shock position and the Mach number during
flutter does not check the angle measured by the shadowgraph method
(155°) . Computing this phase angle by using the critical Mach
number and the minimum pressure point as suggested involves using
an average critical Mach number, due to the “taper in thickmess, which
was about 0.695. The minimum pressure was still at the 50-percent—
chord point and, as a result, the computed phase angle is 152°, which
is close to the 155° determined from the shadowgraphs.

The solution of the equation for the system with one degree of
freedom has been presented for the system having zero spring effect.
In applying the analyses to control surfaces, there will usually be
a spring restraint resulting from the control cables and structural
deformation, The steady—state solution for this case when the spring
force opposes the displacement is

6a,o = HO 3L ( lo)

[(Cw)® + (Kp — T0®)2]"
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Assuming a constant variation of dynamic hinge moment with aileron
angle,

foa A (11)
[(cw)? + (Ky — 1o?)2]2

If the absolute magnitude of this ratio is greater than one, divergence
will tend to occur, if less than one, convergence. Therefore, the .
condition for preventing steady flutter is

((cw)® + (K — m2)2]%>A . (12)

and

Cw

tan @' = m (13)

The phase angle, equation (9), is

o' = -—f-> 60
(1-%)3

and, therefore, the frequency of oscillation will be

@ . e ._f.i Ps -1 Cw
o1 ¥y 360 [ s Km—Ia)2> K 360] Gt

When Ky 1is smaller than Iw®, the oscillation frequency is between
0.5 fa and 0.75 fa, and when Ky 1is greater than Iw®, the frequency
is between 0.75 fg and fg. If the two quantities are equal or

(0.75 £4 2n)2 I'=iB,
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a resonant condition exists and the large amplitudes associated
wlth resonance can be expected. In the appendix, specific design
considerations are discussed.

CONCLUS IONS

The data that have been presented in this report show that
control—surface flutter can result from transonic flows due to the
time lag in the flow changes about the wing. The following general
conclusions can be made:

1. The results and analysis of the tests discussed have
indicated that transonic flutter can be prevented by any of the
following methods:

(a) An irreversible control system. If this system is
ugsed it should be rigid enough so that the natural
frequency of the system is greater than the aero—
dynamic frequency.

(b) A high inertia control system. With this system
the elastic restraint must be a minimum (natural
frequency less than one-half the aerodynamic
frequency), and the inertia will generally be much
greater than that resulting from conventional design.

(c) Addition of mechanical damping. Mechanical damping
will generally be required if the natural frequency
of the system is between one—half the aerodynamic
frequency and the aerodynamic frequency. In some
cases, mechanical damping may be used in combina—
tion with either (a) or (b).

(d) Aerodynamic balance. The only balance that can be
congidered as being effective would be the over—
hanging type, either internal or extermal.

2. A method of analysis has been suggested which appears to
have some merit and it is recommended for general use until more
exacting solutions are developed.

3. Even when flutter is prevented, there are indications that
buffeting at the aerodynamic frequency may be experienced.

4, It appears, on the basis of the suggested solution, that
wing section will affect flutter primarily by its control of the
location of the shock, except that, regardless of section contour,

CRURIRAN
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increasing the critical Mach number of the section will decrease
the range of Mach numbers in which transonic flutter will occur.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.

APPENDIX
DESIGN CONSIDERATIONS
Mechanical Considerations

The aileron used for the tests described in this report had a mass
moment of inertia of 0.4083 foot—pounds seconds squared. Assuming zero
damping and no spring restraint, it is found from equation (14) that

f = 0.5 fg
therefore
I(2rnf)® = 4390

The dynamic hinge-moment slope was —163 foot—pounds per degree or
approximately —9300 foot—pounds per radian (table I). Therefore,

the inertia would have to be more than doubled or damping would

have to be added to prevent sustained flutter because the ratio
(equation (11)) would be 2.1 instead of less than one as required.

If it is not feasible to increase the inertia of the system or to

add damping, the only other alternative would be to restrain the
aileron and make its natural frequency very high. The spring constant
required can be computed assuming Iw® less than K; and Cw?

equal to zero in equation (14);

then using equation (12),
[ I(2nfa)® — En)2> — 93002

I(2nfg)? = 17,600

so Ky must equal 26,900 foot—pounds per radian at least, and the
natural frequency of the system must be 41 cycles per second or
more. In both cases that have been considered, zero damping has
been agsumed. Actually there will always be some damping in the

CONFIDENEEAT
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gystem from working of the structure, friction, and aerodynamic
gources. Unlegs it is found or estimated that this inherent damping
is large, it should be used as a margin of safety.

Variation of the Aerodynamic Frequency

The preceding discussion has considered the problem:of preventing
flutter by proper mechanical design of the control surface. It is
interesting to consider the possibility of changing the shape of the
wing so that the aerodynamic frequency is high enough or low enough
g0 that flutter will not occur with the existing mechanical conditions.
For example, if it were desired to use the inertia of the system
(0.4083 ft—1b sec2) to prevent flutter, assuming zero damping and
no spring restraint, equation (12) requires that

Iw2 > 9300
therefore
f > 24 cycles per second

and from equation (1k)

fg > 48 cycles per second

The aerodynamic frequency for the test wing can be increased
to the required 48 by any one of three methods or by combinations of
these methods. These are (a) reducing the average chord to 3.20 feet
without altering the airfoil section, (b) altering the section so
as to move the peak pressure aft to 65.6 percent of the chord, or (c)
reducing the critical Mach number to about 0.60 by making the section
thicker. The only solution of any practical significance is probably
the one wherein the peak pressure is moved aft; however, even this
gsolution has some obJjections.

In the case of an irreversible control, the natural freguency
must be high and the aerodynamic frequency should be lowered rather
than increased.
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Effect of Spanwise Variation of
Aerodynamic Frequency

The final design condition to be considered is the variation
of the aerodynamic frequency along the span. Due to the changes in
the distance from the shock wave to the trailing edge and/or varia— -
tion of the critical Mach number along the span, a variation in the
phase relation of the forces along the span can be produced. In all
the calculations the average chord over the aileron has been used
in calculating the phase relation of the resultant force. The
agreement with available experimental data has confirmed the validity K
of this assumption. It is advisable to investigate the effect of
the variation of phase angle along the span of the control surface
if there 1s a possiblity of a large variation. When the change in
phase angle approaches 360°, torsional loading and torsional vibra—
tions may become important., If fg, and fa, are the aerodynamic
frequencies at the inboard and outboard ends of the aileron,
respectively, the frequency at which the 360° variation occurs is

fasfas

fas — fa,

From the above equation 1t can be shown that the variation in the
distance from the shock to the trailing edge over the span of the
alleron at a given flutter frequency must be

dn oo e Q_ii;:;iil

For example, with a flutter frequency of 20 cycles per second

d; — dz must equal 3.8% feet to obtain 360° phase variation across
the aileron span. This variation has not been checked experimentally;
however, it i1s definitely possible that combinations of high taper
ratio and considerable aerodynamic balance would prevent flutter

due to the variation along the span mentioned and the reduced hinge
moments. Of course, the inertia of the control and the type of
restraint, if any, also enter into the picture. Although the
congiderations Just discussed may help to explain why certain con-—
figurations do not flutter it is obvious that these considerations
cannot be utilized in a design at the present time due to many other
factors involved. it
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TABLE I.— SUMMARY OF SHADOWGRAPH RESULTS

‘! 2 3 4 5 6 T 8
Shock Shock Aileron Aileron | Phase Fre— | Maxi— | Unit
position displace— angle motion | differ- quency| mum hinge
Configuration (percent c) ment (deg) total ence £ hinge | moment
\p & - s
Mini-|Maxi— | (POToemt ©) [ yins oy | (d08) .1 (cigm )L EE S (L—’g—lb>
mum | mum mum mum e O e8
(ft—1pb)
nega—| posi—
tive | tive
Standard 5.7 | 76.8 17l 12.2 | 6.2 | 18.4 67 21.2 | 1500 -163
Spoilers at
0.50c 63 h TE0 il s 6.6 il 1955 360 —109
Bumps at 0.50c | 55 82.5 25 1331 7.31 2B.6 5] 21.2 | 1362 —1k47
Bumps at 0.70c |59.6 |71 114 5.0 4.0 9 5k 19.4 570 127
Tapered bump 58.8 167.5 8:8 10 6 16.0 25 20.8 | 1030 —128
Vent holes,
upper surface |60 70 10.0 b STl 102 4 20.7 750 -182
Vent holes,
upper and
lower surfaces [ 61.8 | 70.4 8.6 5.1 5.4 10.5 73 21.2 | 1040 -198
M = 0.81 except for conditions 6 and 7 whsre M = 0.80.
0 . o) ~ NACA
@ = — 1 except for condition 4% where a = 1°. TN
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OCdLV °ON WM VOVN



¥
Ui
NACA RM No. ATF30 E

TABLE II.— COMPARISON OF COMPUTED PHASE
ANGLES WITH THE VALUES DETERMINED
FROM SHOCK POSITION

It 2
Phase Phase
angle angle
Configuration from from
equation (9) table I
(deg) (deg)
Standard 142 11315
Spoilers at 0.50c 153 163
Bumps at 0.50¢ 147 129
Bumps at 0.70c 14k 126
Tapered bump 11k4 155
Vent holes,
upper surface 139 106
Vent holes, upper
and lower surfaces 141 107
Average 140 129
Average error, ke
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(a) General view of tip support.

= )
(b) Detail of ‘t¥p support.

Figure 1l.— Partial-Span Wing.
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NACA RM No. A7F30 Fig.

Figure 3. - Consecutive shadowgraphs of the wing with
alleron fixed. Mach number 0,8l; angle of attack
-19; standard configuration.
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Figure 4. - Shadowgraphs of the wing with the alleron free.
Mach number, 0,&1; angle of attack, -1°; standard
configuration,
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—— Harmonic approximation =
© Jest dafta, first cycle
A Jest data, second cycle
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Figure 5. —\Variation of aileron angle and normal shock
position with time. Mach number, O8Z; angle
of attack, —/°; standard configuration.
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Pigure 6. - Consecutive shadowgraphs of the wing with

the aileron fixed. Mach number 0.8l; angle of
attack, -19; spoilers at 50 percent chord on the
upper and lower surfaces,
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Figure 7. - Shadowgraphs of the wing with the alleron
free. Mach number, 0.8l; angle of attack, -19;
spoilers at 50 percent chord on the upper and
lower surfaces,
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Harmonic  approximation

O Jest data, first cycle
A Jest data, second cycle
Vv lest data, third cycle oy
O Jest dafg fourth cycle Q
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4 TR g
= ' 0 &
oy | 3
N i ;
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e E
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Figure 8.—\Variation of aileron angle and normal shock
position with time. Mach number, O8I angle of

attack, —/°; configuration, spoiters at 50 percent chord
on the upper and lower surfaces.
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Figure 9.- Consecutive shadowgraphs of the wing with the
alleron fixed. Mach number 0.81; angle of attack,
-19; faired bumps at 50 percent chord on the upper
and lower surfaces.
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Figure 10.- Shadowgraphs of the wing with the alleron
free. Mach number, 0.81; angle of attack, -1°;
faired bumpes at 50 percent chord on the upper and

lower surfaces.
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—— Harmonic approximation
Vo 4 o Test datag, gﬁs/ cycle 8 &
b \ A Test data, second cycle 3
O Jest dafa, third cycle

\ Alferon ﬂuf{er centered about —2°

N

o
C'
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Q

[ et
: O equency
T e \A / f-fq-Z[ 2 cps

|
N

Relative aileron motion,

2
s IENRNNLCHE ke
. o | |G rerercs,
/ T
. 6 O \ i i =le
S
¥ 72 / \\
S |
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S \\ ]] \
O g4 /
60 b4
R ’

5 A ve
CONFIDENTTAT. Heeh

| |

]
o o/ o2 a5 04 o5 06 on
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Figure |l—Variation of aileron angle and normal shock position
with time. Mach number, O8: angle of attack,—/°; configuration,
faired bumps at 50 percent chord on upper and lower surface.
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Figure 12.- Consecutive shadowgraphs of the wing with
the aileron fixed. Mach number, 0.81; angle of
attack, 1°; falred bumps 4t 70 percent chord on

the upper and lower surfaces.
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Figure 13.- Shadowgraphs of the wing with the alleron.
Mach number, 0.81; angle of attack, 1°; falred
bumps at 70 percent chord on the upper and lower
surfaces. :
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NACA RM No. A7F30 Fig. 14
——  Harmonic approximation RO — —
O  Jest aata, first cycle
A TJest data, second C/c/e
O Jest dadta, third cycle il
Aieron_flutter centered about —05°) 3
}> ’\O\‘\A i ‘-§
- S
N S
9 0%
X o 3
\\1 o] & 5 I S
requency -4
E ff=194 cps 2
; S
—dl 1 &.)
Phgs 7d}'fferen e i
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Q A 9/ m\ﬂ
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- / L\D |
R 7 %
 pg W = /é
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< N g
D g0 N /// ~_NACA — |
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Sk 2 03 04 5 D8 o7
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Figure /[4—Variation of aileron angle and normal shock
position with time. Mach number, O8I, angle of
attack, 1° configuration, faired bumps at 70 percent
chord on upper and lower surface.
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Figure 15.- Thickness taper used to vary the critical
Mach number along the span.
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Figure 16.- Coneecutive shadowgraphs of the wing with
alleron fixed. Mach number, 0.81; angle of attack,
thickness ratio of wing varying along the span.
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Figure 17.- Shadowgraphs of the wing with the aileron free.
Mach number, 0.81; angle of attack, -1°; thickness ratio
of wing varying along the span.
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Figure 18.—Variation of aileron angle and normal shock

position with time.

Mach number, O8I; angle of

attack, —I°; configuration, wing thickness ratio vary-

ing along span.
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Figure 19.- Consecutive shadowgraphe of the wing with the
alleron fixed. Mach number, 0.80; angle of attack,-19;
39 holes of 15/16-1nch diameter in the upper surface
near the alleron.
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g Figure 20.- Shadowgraphs of the wing with the aileron
free. Mach number, 0.80; angle of attack, -19;
29 holes of 15/16-inch diameter in the upper
gsurfasce near the alleron.
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Figure 2/—Variation of aileron angle and normal shock
position with time. Mach number, 080; angle of
attack, —!° configuration, 39 holes of 15/ inch diamnefer
in upper surface 3 inches forward of the hinge line.
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Figure 22.- Consecutive shadowgraphs of the wing
with the aileron fixed. Msch number, 0.80;
angle of attack, -1°; 39 holes in upper surface
and 15 holes in lower surface near the alleron;
diameter, 15/16 inches.
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Figure 23.- Shadowgraphs of the wing with the aileron
free. Mach number, 0.80; angle of attack, - o
39 holes in upper surface and 15 holes in lower
gurface near the alleron; diameter, 15/16 inches.
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Figure 24.—Variation of aileron angle and normal shock
position with time. Mach number, O80; angle of
attack, —1°; configuration, 39 holes 15/16 inches in dia-
meter in the upper surface and /5 holes 15/16 inches
in diamefter in the lower surface near the aileron.
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Figure 25.- Inboard end of aileron with built-up
flat-slded section and blunt trailing edge.
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(b) Flutter at 13 cyclees per second.

Figure 27.- Oscillograms for the standard wing and aileron
showlng change from basic alleron motion to wing motion.
Mach number, 0.825; angle of attack, -1°.



8

ot
ol ogsiidin

..,
Yol =

L, e i By

—r

4

R S P

R e

P

- R, R
N l“—_\? s "
=y

i g

'P-J;r Ao B SES s ‘-’u ;s.... e e i
1
o
r vy 9 =
¥
-3

At ey

—
R T
/
&
!

b
i
-
-

= TSP

4 IRt
s St
AN
Lbﬁa‘ J s
& Nt

T
‘
I
i
i
i 3 i
y
.-l ..
¢
|
d i
3 2HT , I .
L 1 ] '
- SR i .
o Tl ) g, :
o 2 o
] ' !
{
}
i
1
{
:
1
4
e 1 &
%
B l
|
ll
i
3 G
3 ' - i
- 1
| :

™e

N

P —




Figure 28.- Damage to the wing which resulted from or
wag the cause of the flutter at 13 cycles per second.
The pilcture showe the wing with ailleron removed.
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: Figure 29.- Records of buffeting hinge moments. Angle of
" attack, -1°; aileron angle approximately, -29,
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A Figure 29.- Concluded.
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Figure 32—Variation of the drag coefficient with Mach
number for the standard configuration.
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Figure 34—Location of upper surface shock wave under
static conditions.




