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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCHE MEMORANDOM

A SUGGESTED METHOD OF ANALYZING FOR TRANSONIC FLUTTER
OF CONTROL SURFACES BASED ON AVATLABLE
EXPERTMERTAT, EVIDENCE

By Albert L., Frilckson and Jack D, Stephenson

SUMMARY

This report presents the results of a study of the movement of
shocks on a three—dimsnsional wing with and without allercn flutiter
occurring. The studies lnclude & number of chenges and varilations
to the wing and control, From these data end some baslc conslderations
of the cause and mechanism of what may be termed "tramsonic flutter,"
a tentative method of analysls is developed. The results of the tests
are presented, followed by a generel discussion and specific deslgn
recomendations. It 1s shown that the transonilic flutter 1s caused by
a lag in build—up of the resultant hinge moment due to the velocilty
over the wing becoming high enough to retard the change in circula—
tion following control dilsplacement. 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 oscilliation may exist. From
the enalysis 1t is concluded that controls must be designed with a
large mess moment of Ilnertia or with a high degree of lrreversibility
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 frequenocy of the system is not in the range
of frsquencies between ome-half the aerodynamic frequency and the
asrodynemic frequsncy. .

INTRODUCTION

Tests of a full-scale partlal—spsn alrplane wing werse underieken
in the 16—Ffoot high-speed wind tunnel after an airplsme employing this
wing exhibited control-surface vibrations which were assoclated with
high—speed flight (refe._rence 1), The vibration was satisfactorily
duplicated in the wind tunnel and was demonstrated to be & new type
of flutter which 1s the result of the flow velocltles in £light 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 meintain steady.or divergent oscille— "
tions about its hinge line with only one degree of mechanical freedom,

which proved the exigtence of a new type of flutter., Flutter was

prevented by restralning the control cables, producing a condition

which simulates lrreversible controls. Demping in the system was also
effective In eliminating all but transient oscillation.

Beveral useful testing technigues 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 zerodynamic characteristics
were investigated, This report is concermed primarily with the results
of thils investigation. Control-surface flutter 1s discussed and
certain inferences as to other types of possible itransonlc flutter
are Iindicated,

SIMBOLS

The symbols used in this report are defined as follows:

a velocity of sound, feet per second . .
bg alleron spen, feet .

c wing chord, feet *
;;5 mean—aquare chord of aileron, square feet -

d distance between shock-wave and trailing edge, feet

fa aerodynamic freguency, cycles per second

hig flutter frequency, cycles per second

accelerstion due to gravity, feet per second squared

m mess, pound second squared per foot

q dynamic pressure, pounds per aquasre footl

8 distance from hinge line to center of gravity, feet

t time, seconds )
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distance from leadding edge, feet

variation of hinges moment with ailleron angle (BH/B&aO),
foot-pounds per radlan

damping coefficient, foot—pounds .per seconds

alleron hinge-moment coefficilent (—i—_

qbgca?2
Incremsnt in hinge-moment coefficient due to buffeting
hinge moment, foot—pounds
amplitude of hinge-moment function, foot-pounds

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

equivalent spring constant, foot~pounds per unit angular
displacement

free—stream Mach number

critical Mach number

period of osc_i%la.tion, seconds

angle of attack, degrees

alleron angle, degrees:on radlans

alleron angular amplitude, degrees or radians

Phase angle between ailleron displacement end shock
displacement, degrees (Positive values indicate a
lagging shock.)

phase angle betwsen alleron dlsplacement and hings
moment, degrees (Positive values indicate a leading
hinge moment.)

flutter circular frequency (2nf), radians Per second

asrodynamlic circular frequenoy (2xfg), radlans per
second
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TEST APPARATUS ARD PROCEIURE .

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 alleron,
had no asrodynamlic balance and was hinged along the upper surface of
the wing by a continuous plano—type hinge. For most of the tests
the tip of the wing was supported ln order to elimlnate wing bending
and torsion as nearly es possible (fig. 1).

The test wing had the following geoametric characteristics:
Wing Section # & & o o @ ® & e & s & s e o NA,CA 651-'213, a = 0.5
Wing ‘rea L L] - L] * - L] L L] - L] . - E - L L] L d L [ ] L a L M.a Bq ft

Aileron BYOB, « o ¢ o o s o @ o o o o 5 5 ® o & o o @ 8.75 sq ft

wing Bpan e e @ e o # & 3 & € ¢ " ¢ & E 5 & & » & ¢ & « o 9.85 ft

Moan aerodynamic ChOTd .« o« v o o o o » o o o o o o o o + %83 7%
Aileronspm . ® e e & e« ©® & & & © @ % I+ e & © 2 2 o & = 7.5ft
Alleron TOOt CHOYA « o « o « o o o o s o o o o o o = o o L4587 )

Alleron tip CHOPA o« o « « o « o o o ¢ o o o s o ¢ s s o » 0875t
Atleron root-mean—square ChOrd « « « o« o« o« o o o « o o o 118 £t

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

All instentaneous records were obtained on recording oscillo—
graphs., Hinge moments were measured by the use of electric gtrain
gages. The alleron angle was recorded on the oscillographs through
the use of potenticmeters, and the wing motion was recordsd by
displacement pilckups.

The principal dats were cbitalned by using the shadowgraph system
shown in 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 1t 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 wes a Bol, high—pressure, meroury—vapor
lamp which waa operated on direct current so that high—speed motion -
pletures of the moving shock wave and alleron could be teken. 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 tralling
edge so that the shock-wave positions could be meagured. The light
Intensity limited, to approximstely 100 frames per second, the

camers speed at which data could be obtained. At this speed aspproxi-—
mately five pictures were tsken during each cycle of motion.

In obtaining the shadowgraphs, the alleron was restrained at an
angle near zero, the tunnel speed was increased to that at which data
were desired (approximstely 0.81 Mach number), the camera was started,
and then the aileron was released., In this manmer 'pictures of the
shock wave wilth and without alleron 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 tunmel were made of solld steel and spenned the test sectiom.

RESULTS

Study of hlgh—speed shadowgraphs of the alleron and shock-wave
motions showed that consistent relationships hetween these motions
could be measured, and indicated that useful informastlon concerning
the time lags In the flow changes about the wing could be obtained,
The following paragraphs point out the significant results obtalned
for various modificatlons based, for the most part, upon shadowgraph
date. such as those presented in flgures 3 through 2k,

Standard Wing and Aileron

The photographs shown in figuree 3 and L4 are comsecutive pictures
taken from & motion picture. In the first set (fig. 3), the relative
steadiness of the shocks before the control was released is lllustrated.
In figure 4t are eight pictures 1llustrating the motion of the shock
and alleron during flutter. By analyzing a series of these comsecutive
plctures (of which the eight shown were typical), the shock motion
and corresponding alleron motion were determined.

In figure 5 the alleron and shock motion are plotted with the
gsecond 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 motlon plctures, were used to determine
the amplitude and mean angle of the control in addition to the exact
flutter frequency. The alileron angles are plotted with reference to
the mean contrel angle. Figure 5 shows the time lag between the aileron
posltion and the shock position and, therefore, the phase relation
between the flow chenges and the alleron motion.
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It 1s to be noted that for the standard wing and allerocn a
phase difference of 67° existed between the shock motion and the
alleron motion. The aileron motion was from 6.2° to —12,2°, a
total motion of 18.1!»0, wlth a corresponding shock motion from 59.7
to 76.8 percent of the chord, a total motion of 17.l percent. The
noteworthy results for the other configurations are called to atten—
tlon In the following paragraphs.

Spoilers at 50 Percent Chord,
Upper and Lower Surface

The spoilers were installed in an attempt to fix the shock
posltion by a local low—pressure aree. The spoiler heights were
0.0030 and 0.0024 of the mean amerodynamic chord on the upper and
lower surfaces, respectively. As shown by the pictures (figs. 6 and
7), there were relatively steady shocks at the spollers by additional
shocks formed farther back and oscillated with the alleron motion.
The aileron motion was from 2.3° to —4.3° or a total of 6.6°, corre—
gponding to a total shock motion of 11 percent of ‘the chord (T7h 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 Poslition

Because the spollers limlted the flutter somewhat, 1t was declded
that additional Investigation of low—pressure areas was desirable.
The first step was to fair 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 sams
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.)

Faired Bumps at the TO—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
desligned to have lower coritical 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 helghts were 0.0055 and 0.0032 of the mean
aerodynamioc chord for the upper and lower surfaces, respectively.

The shock formetion was mnot 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 oscllilate between
the normal-~pesk—pressure points snd the bump—pesk-pressure points
(fig. 14), elthough the significance of the forward motion of the
center—of—sghock osclllatlion 1s cbascured In the fact that the angle

of attack was inadvertently set at 1° for this test. The aileron
motion was from 4° to —5° with a corresponding shock motion from
59.6 percent to 71 percent of the chord. ’

Variation of Thickness Ratlo 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 varistion iIn camber also
occurred. The Increased thickness, combined 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 dld result even though the varlatlion in critical Mach number
over the semispan wes 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 fram ~10° to 6°, but the alleron motion
was greater relative to the shock motion in thie case as comparsd to
the other cases. Tapering in thickness actuaslly gave a greater
alleron motion for a smaller indlicated 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,
since the pilano-type hinge did not permit flow betweemn the upper and
lower surfaces. Two tests were comducted: +the first wlth holes in
the upper surface only (figs. 19, 20, and 21) and the second with
holes in both surfaces (figs. 22, 23, and 2k). The resulis for both
cases were sbout the same; the phase lag of the shock was greater
than for any other condition. This Increased lag can be explalned
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 probebly increased the Intensity
of separation on one side and delayed the stert of separation on the
opposite side. '

b
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Alleron-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 allerom fluttered in the same manner as
the others except that the frequency was deoreased to 15.9 oYyolesg
per second as & result of the increased inertla of the allerom,

Alleron Masg Overbalance

With the wing tip free, scme motion of the wing occurred during
transonlc flutter, Indicating that mass overbalance of the aileron
might provide damping. The alleron was overbalanced by 29 percent
wlth welghts located as far outboard as possible, This overbalance
had little effect on the flutter except to alter its frequency
slightly. . .

Dampoers

Hydraulic— and Inertia—type dampers were found capable of prevent—
Ing sustained oscillation, even though the damping capacliliy was small.
Although the dsmpers prevented sustained osclllation, the alleroms )
still shook irregularly due to play in the systems tested.

Wing Flutter

During one of the first shadowgraph trlals 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 f1lm snd the oscillograph was
ghut off, the vioclence of the motion in the tunnel inocreased greatly
and the oscillograph operator tock another record. These two records
are shown In figure 27. The records of the alleron motlon and
wing motlon are indicated. It is to be noted that the first record
shows sinusoidal aileron motlon at 20.6 oycles 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 motiom
was sinuasoidsl at 13 cycles per second and the alleron motion was
erratic., Thils shows a change fram alleron flutter to wing flutter,
The wing flutter was elther the cause or the result of the wing
failure shown in figure 28. It i1s probable that an initial failure
of the structure dune to alleron flutter reduced the restraint enough
to allow the wing to flutter. The primary bending frequency of thias
wing in still air, before the fallure, was about 15 oycles pex
gecond, slightly higher than that at which the flutter occurred.
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Buffeting Forces on Fixed Controls

It was found that with the ocontrol held as rigldly as possible
there were atill rather large buffeting forces present although the
flutter was eliminated. ¥Figure 29 1s from records cbtained during
buffeting. The sharp breaks in the records of alleron position were
caused by dirt particles on the glide wire. The alleron was being
held very steady until the highest Mach numbers were reached.
Several such records were analyzed to obtaln the average amplitudes
and frequencles of buffeting shown in figure 30. The frequency of
buffeting at all Masch mmbers was approximately 32 cycles per second.
At 0,825 Mach number, the force varlation was so large that holding
" the alleron ebsolutely steady became extremely difficult, and the
motion apparently included higher harmonic content plus = beating
effect all superimposed on a 3—cycle—per—second oscillation.

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

LChg
=i = 0.113 (1)

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

(S

_Btatlo Characteristics

The static hinge-moment data (fig. 31) show no unusual reversals
of hinge moment. The only compressibility effect noted is a slight
increase in OCh,/08s with Increasing Mach number.

The drag data (fig. 32) are presented in conjunction with
figure 33 to show that the lowest speed at which flutter could be
induced was above the Mach number of drag divergence. The lincrease
in drag between 0.5 and 0.7 Mach number wes largely due to Increasing
tare drag. It can be meen that for this wing the flutter 4id not
start until the drag coefficlent had increased about 0.0l sbove lts
low-speed valus.

DISCUSSION

Interpretation of Test Results

The results of this test show that the flutter motion was _
sinuscldal and that a phase difference existed in the response of
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the air flow about the wing relative to motions of the comirol. It
has also been shown that the amount of this phase difference, as
indicated by the shock waves, can be measured,

The phase difference referred to 1s the phase difference detween
the relative motions of the shocks and the allerom., (Bee figa, 5, 8,
11, 14, 15, 21, and 24.} This phase angle 1s called a lagging
on the bagis that an upward motion of the control caused = forward
movement of the shock. The hinge moment during flutter is associated
with control movement In the same marmer as with fixed comtrol posi—
tions, except for the phassdifference in the responss 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 comsider—
ing an example in which there ig a lag in the shock moition of ome—
elghth of a oycle or ¥5°, The hinge moment would then be maximm
when the aileron is moving in the down (positive) direction and is
halfwey between the moan and the msximmm negative angle, This hinge
moment would then be in the directiom of the motiom for 270° or
three-—quarters of the total ocycle. Therefore, positive work would
be donme and, unleas sufficient damping were present, a divergent
vibration would ccour. Preliminary camputetions can now be made
using the phase angles measured from the shadowgraphs.,

The familiar mathematical representation of the ome—degreeo—of—
freedum system which will be used in this report follows, The
differential equation of motion with a sinusoldal forcing functiom,
inertis, damping, and spring restraint is

I8, + CBy + KnBa = Ho sln ot (2)

In the tests reported herein the aileron was free from elastio
restraint, and the gravity forces were estimated to be lesa than 1
percent and are considered negligible. Under these conditions
equation (2) becames

I8 + CBa = Ho sin ot (3)

Letting the displacement

8g = Bap sin (@t + @')

then .
By = Bg, @ cos (wt + &')

2

Wog *f__}

BN : .
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substituting this solution in (3)
—I8p, ©? sin (ot +01) + C8y, ® cos (ot +07) = H, sin tob - (&)

For steady conditioms

I8ao v = — Hy cos o (5)

C8a, @ = —Ho sin &' (6)

where &' 1s the phase difference between the hinge moment end
the aileron position as measured from the shadowgraphs. From the
above equations, it followa that

Ho = Ba, o (C% + Iama}% - (1)

where Ho 1s the magnitude of the resultant aervdynamic veotor
moment.,

Anslysis of Results

Tn téble I a summary of the data obtained from the shadowgraphs
is presented, and the asrodynamic vector magnitudes and phase positions
are listed. The shoock phase difference (columm 5) was reduced by 33 <&——
percent to conform with pressure measurements made with the standard
configuration which accounts to same extent for the differences noted
in table TI. The corrected phase was used In computing the values
in columm 8., Colum 8 indicates a linear variation of the aerodynamic
hinge moment with alleron displacement during flutter and 1s referred
to ag the dynemic slope 1n this reporit.

The static results (fig. 31) for the standard wing and aileron
Indicate that the average statlec variation of the hinge moment with
alleron angle agrees closely with the dynamic varlation indicated
in teble I. It is recommended, for the present, that the dynamic
hinge moments be assumed equal to the static hinge moments in the
anelysis of tramsonic flutter. It must be noted that low—speed hinge—
moment slopes will generally not be satisfactory because of the large
changes possible with transonic flow.
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If the static hinge momente are always an indication of the
dynamic effect, then asrodynamic balance willl reduce the dynamic
hinge momentg during transonic flutter. Table I shows also that
when separation was forced to occur at the 50-percent—chord point
the flutter was less gevere dus probably to the decreased hinge-
monment slope. = -

Method for Treating the Transonic Flutter Problem

In order to solve the transonic flutter problem in the same
manner as the low—epeed flutter problem is solved, 1t is necessary
to be able to compute the freguency at which flutter will occur,
the phase angle of the driving hinge moment, end the magnitude of
this hinge moment.

The method presented uses the real or in-phase component of
the aerodypamic hinge moment under static conditlioms as a means of
estimating the magnitude of the resultant dynamic hings moment. The
method asgumes a linear varistion of hinge moment and, although this
assumptlon mey be improved later, 1t is bellieved that the recommended
method of design should be matisfactory. The mechanicael 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 soumd. Impulses from the trailing edge travel forward
at a speed equal to the spesed of asound minus the local airspeed., A
study of the varilous methods by which the impulses might propegate
indicates that the contralling time lag is probably that time regquired
for a pressure impulse from the tralling edge to reach the shock P
pogition. It then 1s necessary to determine this time lag in terms
of the local wvelocity over the wing.

Static pressure—distribution data for airfoll sections at trane—
onlc speeds show that the local velocity aft of the shock drops to a
value near sonic velocity and leaves the tralling edge at approxi—
mately the fres—stresm velocity.. Assuning that impulses from the
trailing edge propagate forward at the speed of sound minus the local
veloclty outside the boundary layer, the time for the Impulses to

reach the shock positipn, assuning linea., variations of local
veloclty, is - - -
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where

a the distance from the tralling 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 cumplete change to take place in the
flow gbout the wing. This constant was estimated as being spproxi—
mately equel to two. This value of the constant is inserted and
the equation is inverted end used In terms of e frequency as
follows:

£q = 2L (8)

The paramster fg wlll be called the aerodynamic frequency.
This formula Indicates the frequency at which steady aerodynaemic
oscillations, if any, would occur. In an effort to check the formmla,
the buffeting frequencles that occurred with no detecitable alleron
motion were investigated. From figure 34 1t 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
frequenciles 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 £t) was used in the calculations. These
values provids satlsfactory agreement wilith the measured frequency of
buffeting, which was approximately 32 cycles per second. The follow—
ing phase angle squation ls baged on an upper flutter l1imit equal to
the aerodynamic frequency and =z lower flutter 1limit based on experi-—
mental date which indicate that demping begins to be negative at
one—half the aerodynemic frequency. It should be recognized that
incipient vibrations could appear near thils assumed lower limit.

¢'=<1—-ff;>360 (9)

where f 1is the flutter frequency, and fg 1s the aerodynemic
frequency as determined from equation (8). In order to check this
equation against the results obtalned by the shadowgraphs, table IT
was prepared. The aserodynamic frequency was computed using the
everage position of the shock during flutter.
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Teble IT shows consliderable varlaetion in some individual
results but the averagd values are only 11° apart, which is -
consldered to be qulte good. The Individual values camnot be
used Independently because the falring of the harmonic approxima-—
tions could be altered In soms cases; therefors, 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 32~Ffoot trans—
onic wind tunnel. The data obtalned to date are msager 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 1s determined by using the fact that the natural
freguency was nearly the same as the flutter frequency, approximately
100 cycles per second. In any system wlth only one degree of freedom
operating at or near 1ts natural frequency, the forcing vector will
be at or near 90°., It was found that, by using 90° as the phase
relation, the aserodynamic frequency would be 134k cycles per sscond
(equation (9)). From equation (8) the predicted serodynamic frequency
would be 137 cycles per secomd, which checks the experimental value
very well,

The second small~scale experiment involved a rigld wing without
a hinged control surface. This condltion can be assumed to be
equivalent to a wing or tail with & rigidly fixed control surface.
The rigidity was such that no detectable motion of the modsl was
noted although the shock waves oscillated over about 20 percent of
the chord. The following results were obtalned:

(a) The shock wave appeared approximately 4.5 inches fram the
trailing edge at 0,675 Mach number.

(v) The shock oscillated at approximately 250 cycles per second.

This is a condition similar to the buffeting with fixed comntrols
and the merodynamic frequency (from equation (9)) must equal the flow—
oscillation frequency of 250 cycles per second. Computing the

L\l
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aerodynemic frequency for conditlions (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 Jjustifies 1ts use until a more rational solution
1s 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 date avallable; there—
fore, the computed frequency can probably be used to eatablish
deslign criterla for other airfoils and controls. In compubing 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 availeble. 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 fg. For example, the minimum
pressure on the standard Wwing 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 1s 33 cycles per
gsecond. This frequency is in close agreemesnt wlth the 32 cycles per
gsecond 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 -thickness (11%°)
calculated from the mean shock posltion and the Mach number during
flutter does not check the angle messured by the shadowgraph method
(155°). Computing this phase angle by using the critical Mach
number and the minimm pressure point as suggested lnvolves uaing
an average critical Mach number, due to the taper in thickness, which
was gbout 0.695. The minimum pressure was atill at the 50—percent—
chord point and, as a result, the computed phase angle 1s 152°, which
is close to the 155° determined from the shadowgraphs.

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

[(Cw)Z + (By — Ia?)2]"
oSO,



http://www.abbottaerospace.com/technical-library

16 S ONEESRR R FNACA BM No, ATF30

Assuming a constant variation of dynamic hinge moment wlth alleron
angle,

1= A (11)
[(co)2 + (B ~ TwR)2]2 '

If the absolute magnitude of this ratio ie greater than one, divergence
will tend to occur, 1f less then one, convergence., Therefore, the
condltion for preventing steady flutter 1is

[(Cw)2 + (BKpm — 121)2)2]%>A (12)
and
tan O = TKTC:“’T@—)- (13)

The phase angle, equation (9), is

o' = _i>
<1 - 360

and, therefore, the frequency of oscillation will be

2o [ g5) -]
2% £ 360 tan Km—Tw f__360 (14)

When Km is smaller than Im2, the oscillation frequency is between
0.5 fa, and 0.75 fa, and when Kp 1s greater than Iw2, the freguency
is between 0.75 fg and fg. If the two quantities are equal or .

(0.75 £ 210)2 I = Ky
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a resonant condition exists and the large amplitudes associated

wilth resonance can be expected. In the appendix, specific design
conslderations are discussed. -

CONCLUSIONS

The date that have been presented in this report show that
control—surface Flutter can result from transonic flows due S0 the

time lag in the flow changes sbout the wing. The followlng general
conclusions can be made:

1. The results and analysis of the tests discussed have
Indicated that transonilc flut'ber can be prevented by any of the
following methods:

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

(b) A high inertia control system. With this system
the elagtic restralint must be a minimum (natural
frequency less than one-half the aesrodynamic
frequency), and the Inertis will generally be much
greater than that resulting from conventional deslgn.

(c¢) Addition of mecha.nica.l damping. Mechanical damping
wlll generally be required if the natural fregquency
of the. system is between one—half the aerodynamilc
frequency and the aerodynamic frequency. In some
cages, mechanical damping may be used :Ln comb Ina—
tion with either (a) or (b).

(4) Aerodynemic balance. The only balance that can be
consldered as being effectlive would be the over—
hanging type, either lntermal or extermal.

2. A method of analysls has been suggested which appears to
have scome merit end it 1s recommended for general use until more
exacting solutions are developed.

3. Even when flutter 1s prevented, there are indications that
buffeting at the asrodynamic frequency may be experienced.

4, It eppears, on the basis of the suggested solution, that

wing section will affect flutter primarily by 1ts control of the
locatlon of the shock, except that, regardless of section contour,
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Increasing the critical Mach number of the section will decrease
the rangé of Mach numbers in which transonic flutter will occur.

Ames Aeronautical Laboratory,
National Advisory Committee for Asronautics,
Moffett Field, Calif,

APPENDIX
DESIGN CONSIDERATIONS
Mechanical Conalderations

The allerom uwsed for the ! ~s',b_sigdescri'bed. in this report had a mass
moment of inertia of 0,4083 foo ap'o'ﬂnc.'ha seconds squared., Assuming zero
damping and no spring restraint, 1t is found fram equation (14%) that

f = 0.5 fa

therefore
I(2rf)2 = 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 sustalned flutter because the ratioc
(equation (11)) would be 2.1 instead of less than one as required.

If 1t ia not feasible to increase the inertia of the system or to

add damping, the only other altermative would be to restrain the
alleron and make its natural frequency very high, The spring constant
required can be computed assuming Iw® less than K, and Ca®

equal to zero in equation (1k&);

f=f&

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

I{2nfa)? = 17,600

so Km 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 assumed. Actually there will always be some damping in the
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system from working of the structure, friction, and aesrodynamic
gources. Unless it is found or estimated that this Inherent damping
is large, 1t should be used as a margin of safety.

Varlation of the Asrodynamic Frequency

The preceding discusslon has considered the problem of préevénting
flutter by proper mechanical deaign of the control surface. It is
interssting to consider the possibllity of changlng the shape of the
wing so that the aerodynsmic frequency is high enough or low enough
g0 that flutter will not occur with the exlsting mechanlcal conditioms.
For example, if it were desired to use the Inertia of the systen
(0.4083 f£t—1b sec®) to prevent flutter, assuming zero damping and
no spring restraint, equation (12) requires that

In2 > 9300

-

therefore
£ > 24 cycles per second

and from equation (14)

fga > 48 cycles per second

The aerodynamic frequency for the test wilng 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 Msch number to sbout 0.60 by meklng the section
thicker, The only solmtion of any practical slgnificence is probably
the one wherein the peak pressure is moved aft; however, even this
solution hes some.obJectlons.

In the case of an irreversible conbrol, the natural frequency
must be high and the asrodynamic frequency should be lowered rather
than increased.
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Effect of Spanwise Variation of
Aerodynamlic Frequency

The final deslgn condlition to be considered is the variation

of the aerodynamic frequency along the span. Due to the changes in
the distence from the shock wave to the trailing edge sand/or varia—
tion of the critical Mach number along the span, a varilation in the
phase relation of the forces along the span can be produced. In all
_the calculstions the average chord over the alleron has been used

in calculating the phase relation of the resultant force. The
agreement with avallable experimental data has confirmed the validity
of thls assumption. It is advisable to investigate the effect of
the varlation of phase angle along the span of the control surface
if there ls a possiblity of a large variation. When the changs in
prhase angle spproaches 360°, torsiomal loading and torsional vibra—
tions may becoms important. If fo, &nd fg_, are the aerodynamic
frequencles at the inboard and outboard ende of the alleron,
respectively, the frequency at which the 360° variation occurs is

From the above equation it can be shown that the veriation in the
distance from the shock to the tralling edge over the span of the
alleron at a glven flutter frequency must be

dl_dz:%;m

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

d; — 4> muet equal 3.84 feet to obtain 360° phase variation across
the ailsron span. This variation has not been checked experxrimentally;
however, it is definltely possible that combinations of high taper
ratlo and considerable asrodynemic balance would prevent flutter

due to the varlation along the span mentioned and the reduced hinge
moments., OFf course, the inertia of the control and the type of
regtraint, 1f any, also enter into the plcture. Although the
conslderations Just discussed mesy help to explain why certain con—
figurations do not flutter 1t is obvious that these considerations
cannot be utilized in a deaign at the present time due to many other

factors involved,
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L 2 3 4 5 6 7 8
Shock Bhook Allsron Aileron | Paase Fro- | Mexi—~ | Unit
position displace— angle motion | differ-| quency| mum hinge
Configuration (pervent o) ment (deg) total | ence £ hinge |moment
Mini- maxi— | (POTOOm® C) [ ey by | (dog) (g | B (L=
muam mum mam nmm e8 ( on-;l'b) &8
nega— posi— Ny
tive | tive ‘_Li"',,‘{",
Standard 59.7 | 76.8 17.1 12,2 | 6.2 | 18.4 67 21.2 | 1500 | -163
S8pollers at .
0.50c¢ 63 |Th 11.0 4,31 2.3 6.6 17 19.5| 30 | -1
Bumps at 0.50¢ |55 |82.5 27.5 11.3| 7.3 18.6 51 21.2 ] 1362 | ~147
Bumps at 0.70c |59.6 [T1 1.k 5.0| 40| ¢ 5h 19,4 | 570 | 127
Tapered bump 58.8 |67.5 8.8 10 6 16.0 25 20.8 | 1030 | -128
Vent holes,
upper surface |60 70 10.0 Lhi{ 5.7 10.1 i 20.7] 750 | —8e
Vent holes,
upper and .
lower surfaces | 61.8 | 70.L4 8.6 51| 5.4 10.5 T3 21.2 | 10ko | -198

M = 0.81 except for conditions 6 and 7 whsre M = 0,80,
@ = — 1% except for condition & where a = 1°,

c2

OEMLY "ON W VOVH


http://www.abbottaerospace.com/technical-library

NACA RM No, ATF30

TABLE IT.— COMPARISON OF COMPUTED PHASE

ANGLES WITH THE VALUES DETERMINED

FROM SHOCK POSITION

e3

1 2
Phase Fhase
angle angle
Conflguration from from
equation (9) table I
(deg) (deg)
Standard 12 113
Spoilers at 0.50c 153 163
Bumps at 0.50¢ 17 129
Bumps at 0.70c bk 126
Tapered .bump 11k 155
Vent holes,
upper surface 139 106
Vent holes, upper
and lower surfaces 1kl 107
Average 140 129
Average error, 11°
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() General view of tip support.

(b) Detail of tip support.
Figure 1l.— Partlal-Spen Wing.
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Figure 3. - Consecutive ghadowgraphs of the wing with
alleron fixed. Mach number 0.81l; angle of attack
=19; standard configuration.
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Figure 4, - Sha.d.owgraphe of the wing with the alleron free.
Mach number, 0,81; angle of attack, -1°; standard
configuration,
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Figure 5. —Variation of aileron angle and normal shock

position with time. Mach number, O82; angle
of attack, —/°; standard configuration.
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Fig.

Figure 6. - Consecutive shadowgrephs of the wing with

the aileron fixed. Mach number O0.%l; angle of
attack, -19; spoilere at 50 percent ohord on the
upper and lower surfaces,
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Figure 7. - Shadowgraphs of the wing with the alleron
free., Mach number, 0.81; angle of attack, =1°;
spoilers at 50 percent chord on the upper and
lower surfaces.
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Figure 8.—\Variation of aileron angle and normal shock
position with fime. Mach number, 0.8/ angle of
attack, —/°; configuration, spoilers at 50 percent chord
on the upper and lower surfaces.
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Figure 9.- Consecutlive shadowgraphs of the wing with the
aileron fixed. Mach number 0.81l; angle of attack,
-10; 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, O.&l; angle of attack, ~1°;
faired bumps at 50 percent chord on the upper andé

lower surfaces.
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Figure /[—Variation of aileron angle and normal shock position
with time. Mach number, O8!: angle of aftack,—!° configuration,
faired burnps 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°; faired bumps at 70 percen{'. chord on
the upper and lower surfaces.
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Jmmw;mumm_

Figure 13.- Shadowgraphs of the wing with the alleron.
Mach number, O.8l; angle of attack, 1°; faired
bumps at 70 percent chord on the upper and lower
surfaces.
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Figure 15.- Thickness taper used to vary the critlcal
Mach number along the span.


http://www.abbottaerospace.com/technical-library

NACA RM No. ATF30 Fig. 16

Figure 16.- Consecutive shadowgraphs of the wing with the
alleron fixed. Mach number, 0.81; angle of attack,-1°;
thickness ratio of wing varylng along the span.
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Figure 1l7.- Shadowgraphs of the wing wlth the aileron free.
Mach number, 0.81; angle of attack, -1°; thickness ratic
of wing varying along the span.
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Figure 18.—Variation of aileron angle and normal shock
position with fime. Mach number, O8I, angle of
attack, —1°; configuration, wing thickness . ratio vary—
ing along span.
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Figure 19.- Consecutive shadowgraphs of the wing with the
alleron fixed. Masch number, 0.80; angle of attack,-19;
39 holes of 15/16-inch dlameter in the upper surface
near the alleron.


http://www.abbottaerospace.com/technical-library

NACA RM No. ATF30

PO B

Figure 20.- Shadowgraphs of the wing wlth the aileron
free. Msch number, 0.80; angle of asttack, -1°;
39 holes of 15/16~inch dismeter in the upper
surfsce near the alleron.
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Figure Z/—Variation of aileron angle and normal shock
position with time. Mach number, 080; angle of
aftack, —/°; configurafion, 39 holes of I5/%6 inch diarnefer
in upper surface 3 inches forward of the hinge line.
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Figure 22.- Consecutive shadowgraphs of the wing
with the sileron fixed. Mach number, 0.80;
angle of attack, -1°; 39 holes in upper surface
and 15 holee in lower surface near the alleron;
diameter, 15/16 inches.
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Figure 23.- Shadowgraphs of the wing with the alleron
free. Msch number, 0.80; angle of attack, =-1°;
%9. holes in upper surface and 15 holes 1in lower
surface near the alleron; diameter, 15/16 inches.
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Figure 24—\Variation of aileron angle and normal shock
Mach number, O80; angle of
attack, —/°; configuration, 39 holes /5/16 inches in dia-

position with time.

mefer in the upper surface and 15 holes 15/16 inches

in diamefer in the lower surface near the aileron.
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Figure 26.- Dimensions of built-up flat-pided seotion with blunt
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(b) Flutter at 13 oycles per second.

. Figure 27.~ Oscillograms for the standard wing and aileron
showing change from basic ailleron motion to wing motion.
Mach number, 0.825; angle of attack, =1°.
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Figure 28.- Damage to the wing which resulted from or
wag the cause of the flutter at 13 oycles per second.
The plcture showe the wing with aileron removed.
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NACA RM No. A7TF30 Fig. 29 a, b
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Figure 29%.- Records of buffeting hinge moments. Angle of
attack, -1°; aileron angle approximately, -2
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Fig.29¢c, d
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NACA RM No. A7TF30

Aileron hinge —moment coefficient, by, double amplitude
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Figure 30.—Buffeting hinge moments with aileron

restrained,
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Fig. 3l a, b NACA RM No.

g

", M

05
A7
0.75
o8

Mach
N
Ne

\\

v

4

\
AR

§ & & ¥ o ¥ ¥ §

L t 1

Bn\ P
D WBRNI00  Jusuow—sbury  uosdy

N
o _

pd

Ao

8

Mach number, M,
05
A7
0.75

a4

/

%

8 8§ I ¥ o § ¥ 8§

] I 1

b ¢
Yo  Cwusyayeos  uswou—sbuny U043

%+

0
Aitron ange, &, ,

-2
h o, 0°

o x -

Figure 3(—\Varigtion of aileron finge-moment  cosfficient with aiferon angle af several Meach numbers,

ATF3Q


http://www.abbottaerospace.com/technical-library

NACA

RM No.

A7F30

:
m

05
AT

a.75
&8

K

%

-

N

_" _‘:NACA:"‘ '

7
o
€ ¥ ¥ ¥ 8

n&u Qsionje00  JusiOw—eDUR]

L)

uaisply

Mach purnber, M)

05
e

0.7

AN
NN
KN

™

NR

7
/

/
/

]

& I 3

§u “tueriao  juswOW—80URy

¥ g

t 1

Q

N

voiay

Fig. 31l ec. d

2

o

Aderon anghe, &, , deg

-2
a, 2°

]

2

Alferon  anglé, &,, deg.

0

-2
€ o, I°

Figure 3l— Gonchded,


http://www.abbottaerospace.com/technical-library

Fig. 32 " T"NACA RM No. ATF30
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Figure 32—Variation of the drag coefficient with Mach
number for the sfandard configuration.
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NACA RM No. A7F30 Fig. 33.
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Figure 33 —Variation of Mach number at which flutter occurr-

ed with angle of aftack for the standard configuration with
aileron free.
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Fig. 34 a, b NACA RM No. ATF3U
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Figure 34.—Location of upper surface shock wave under
static conditions.
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