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RESFARCH MEMORAWDUM

EFFECTS OF RIGID SPOILERS ON THE TWO-DIMENSIONAL FLUTTER
DERIVATIVES OF ATRFOILS OSCILIATING IN PITCH
AT HIGH SUBSONIC SPEEDS

By James C. Monfort and John A. Wyss
SUMMARY

A study was made of the effects of spollers having fixed heights
equal to 2-1/2 and 4 percent of the airfoil chord, on the aerodynamic
lift and moment flutter derlvatives of two-dimensional sirfoils oscillated
in pitch sebout ‘the quarter-chord exis with a mean angle of attack of 20
and an amplitude of £1° The reduced frequency varied from 0.045 to
0.45 &t 0.5 Mach number and from 0.025 to 0.25 at 0.9 Mach number. The
gpoilers were affixed at the TO-percent-chord statlion on the upper sur-
face of airfoils with NACA 65A012, 65A008, 2-008, and 877A008 profiles.
The spoilers incressed the megnitude of the 1ift and for some cases the
moment derivatives at the higher Mach numbers, particularly at the
lower reduced fregquencies. The effects on the phase angle of the 1lift
derivative were smell, but large changes in the phase angle of the
moment derivative occurred. The sirfoils with spoilers had negative
aerodynsmlic damping at supercritical speeds, except for the NACA 877A008
airfoil, and the addition of spoilers decreased the Mach number at which
a single-degree~of~-freedom type of flutter in the torsional mode became
a possibility. A compasrison of the data for the three models of equal
thickness shows, for & given spoiler height, a decrease in the Mach number
for torsionel instabllity as the location of the maximum ordinate of the
airfoil was moved toward the leading edge. Changing the thickness of the
NACA 65A-series airfoil from 8 to 12 percent of the chord asignificantly
reduced the Mach number at which instability occurred for each spoiler

height.
INTRODUCTION

The importance of continulng research to determine the dynamic .
effects of spollers has been emphasized by the instances of spoiler-
induced destructive flutter at sonic speeds reported in reference 1. -

SREESDE . -
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The effectlveness of spollers as lateral-control devices has been the
subject of numerous research invesgtigations. A nuwmber of these have
been reported in the papers listed in a bibliography in reference 2.

The authors, however, have knowledge of only two investigations other
than that reported in reference 1 which were concerned with the dynamic
aspects of spoiler-type controls. The first of these investigations was
reported in references 3 and 4, and was concerned with the determination
of flutter speeds and frequencies of a cowbination of a cusp-type
spoiler, mounted on a three-dimensional wing. The spoller wag free to
oscillate into and out of the air stream. The wing was mounted to pro- -
vide for either pliching or rolling motion or flutter. The seccnd
investigation, reported in reference 5, was concerned with the determi-
nation of the oscillatory forces and moments due to the effects of an
oscillating spoiler, actling on a two-dimensional wing fixed at zero
angle of attack. 1In contrast and complementary to these investigations,
the assumption was made for the purpose of this report that a mechanical
solution to spoiler oscillation was possible in order to simplify and
limit the serodynamic problem to the effects of fixed spoilers on the
fiutter derivatives of oscillating airfoils. This report is therefore
concerned with a gtudy of the effects of spoilers of fixed deflection
on the serodynemic 1lift and moment flutter derivatives of two-dimensional
alrfoils oscillated in pitch.

SYMBOILS
a velocity of sound in undisturbed air, ft/sec
b wing semichord, ft
cy dynamic gection 1ift coefflicient
cm dynamic section moment ccefficlent about quarter point of -
chord . . : el . ..z
£ . frequency of oscillation, cps
i /=T
k reduced frequency, %?
M Mach number,.% . e e el -
Mo oscillatory serodynamic sectlon moment on wing about axis

of rotation, positive with leading edge up

Py . oscillatory aerodynamic section 1ift on wing, positive upwards
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q free-gtream dynamic pressure, lb/sq ft
v free-stream velocity, ft/sec
o oscillatory angulsr displacement (pitch) about axis of
rotation, positive with leading edge up, radians
m mean angle of attack about which ogcillation takes place, deg
8 phese angle between oscillatory moment and position «,
positive for moment leading a, deg
] phase angle between oscillatory 1ift and position a,
positive for 1ift lesding «, deg
w circular frequency, 2nf, radians/sec
-i
dey P e ®
— magnitude of dynemic lift-curve slope, |———], per radian
da 2bga
-ig
dey . ' Mye
T magnitude of dynamic moment-curve slope, EEEE;— » per radian

APPARATUS AND METHOD

Tunnel and Model Drive System

A downstream view of the two-dimensional channel in the Ames
16~foot high-speed wind tunnel in which the models were cscillsted
and a diagremmatlic sketch of the model drive system are shown in
figure 1. The channel was 20 feet long and 16 feet high. The drive
rods, cables, and sector arm attached to the model were contained
within one of the wells.

Models and Instrumentation

Profiles of the NACA 65A012, 2-008, 65A008, and 187T7A008 airfoils
are illustrated in figure 2. A tabulation is alsc included which
indicates the 15 chord stations at which electricsl pressure cells

IAn NACA 847A110 airfoil was modified to a symmetrical section by
using the lower surface coordinates for both upper and lower surfaces
and then reducing the thickness ratio to 8 percent.
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were mounted flush with the upper and lower surfaces along the midspan
of each model. A pressure orifice adjacent to each pressure cell was
used to provide an internal reference pressure for each cell through
about 50 feet of l/l6-inch tubing. The pressure orifices were also
uged in comjunction with a multiple-tube mercury manometer to determine
steady~state chordwise distributions of pressure. Each model had a
chord of 24 inches and a span of 18-1/4 inches, with the gaps at the
tunnel walls sealed with felt pads or brass strips which moved with the
model. :

The same models and associated mechanical and electronic equipuent
were used in investigations reported in references 6 and 7, where more
detailed descriptions may be found. Reference T contains the results
for the same group of models without spoilers, which will be referred
to herein as results for gpoilers of zero height. The two spollers used
were mounted with the spoiler leading edge at the TO-percent-chord
station. They were made from right-angle aluminum extrusions with one
side machined down to either 2-1/2 or % percent of the wing chord. A
h.percent spoiler mounted on the NACA.65A012 model is illustrated in

figure 3. '
Method

Data were obtained at from 4 to 40 cps for an amplitude of oscilla-
tion of #1°. The airfoils were oscillated in pitch about the quarter-
chord axis with a mean angle of attack of 2° and at Mach numbers from
0.5 to 0.9. The reduced frequency varied from 0.045 to 0.45 at 0.5
Meach number, and from 0.025 to 0.25 at 0.9 Mach number. The Reynolds
nuumber varied from 5 million to 8 million. The principal data consisted
of oscillograms recorded on lh-chamnnel oscillographs. Sample osclllograms
for one of the airfoils are shown in figure 4. Traces were recorded
repregenting the differences in pressure between the upper and lower
surface at each chord station, the 1lift on the airfoil from a summation
of the electrical output of all cells, and the wmodel angle of attack by
means of an NACA slide-wire transducer. The 1lift derivatives and phase
angles were evalusted from the fundamental components of 12-point har-
monic analyses of each of three consecutive cycles of the sum traces.
The pitching moments were evaluated by 12-point harmonic anslyses of
the individual traces for one cycle. :

Becauge of the effects of wind-tunnel resonance, data taken within
10 percent of the tunnel resonant frequencies have been omitted. (See
refs. 8, 9, and 10.) Although the use of such a procedure does not
mean tunnel-wall effects have been completely eliminated over the entire
frequency range, it is felt that any remaining tumnel-wall effects are
but & small factor in the trends of the data (see ref. T).
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RESULTS

Before presenting the results, it is desired to emphasgize the fact
that the flutter derivatives contained herein are representative of the
glope of the 1ift and moment curves, rather than of the absolute values
of 1ift and moment. This is illustrated in figure 5, which shows the
1lift characteristics at zero and low frequencies for the NACA 65A008
airfoil with and without spoilers at 0.59 Mach number. In this figure,
the symboled points represent data derived from steady-state pressure
distributions measured by means of the pressure orifices and multiple-~
tube mercury manometer. The dashed lines represent the variation in
1ift for a frequency of oscillation of sbout 2 cps. It is obvious from
thig figure that even though the slopes of all the curves are nearly
the same, spoiler deflection resulted in large reductions in the abso-
lute magnitude of the 1ift forces acting on the wing. Such a reduction
occurred on all models over the entire speed range of the investigation.

The measured 1lift and moment flutter derivetives and their phase
angles for fixed spoiler heights of 2-1/2 and L percent of the wing
chord are presented in tables I, II, III, and IV, for the NACA 2-008,
650008, 87TA008, and 65A012 airfoils, respectively. As previously
indicated, corresponding values are tebuleted in reference T for the
girfolls without spoilers.

In figures 6 and T are presented the magnitudes and phese angles
of the 1ift and moment derivatives, respectively, for the NACA 654008
airfoil for two Mach numbers. The derivatives are plotted as functions
of reduced frequency to show typical effects of this parameter.

Figures 8, 9, 10, and 11 contain cross plots of the 1lift derivative
and phase angle for fixed spoiler deflections as & function of Mach
number for three representative reduced frequencies for the NACA 2-008,
654008, 8774008, and 65A012 airfoils, respectively.

Figures 12, 13, 1lb, and 15 contain cross plotes of the moment deriva-
tive snd phase angle presented in the same order as the 1ift derivatives.
This order of presentation wes chosen to correspond to the rearward change
in the locstion of meximum thickness for the NACA 2-008, 654008, and
877008 airfoils which have maximum ordinates at about 16, 42, and 63
percent of the chord, respectively. Since the NACA 65A008 airfoil is
intermediate, 1t is considered the reference airfoil. The investigation
included only two models of different thickness-to-chord ratios, the
NACA 65A012 and 65A008 airfoils. The derivatives for the NACA 65A012
airfoil provide some indication of the effects of increasing the thick-
negg of the reference airfoil.

Figures 16 and 17 contain serodynamic torsional instability
boundaries for various spoiler deflections for the three models which
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differed in thickness distribution and for the two models which differed .
in thickness, respectively. '

DISCUSSION -

Typical Effects of Spoiler Deflection

In figures 6 and 7, the lift and woment flutter derivatives and
phase angles are presented as functions of reduced frequency for
the reference airfoil, the NACA 65A008. Included in each figure are
results for supercritical Mach numbers of 0.68 and 0.84. The critical
Mach number for the plain airfoll at an angle of attack of 2° was 0.59,
which was calculated from the pressgure distributions measured by means
of the pressure orifices and multiple~tube mercury wmanometer.

Included in figures 6 and 7 and in subsequent figures are curves
derived from thin-airfoil theory. Theoretical values at Mach numbers
of 0.5, 0.6, and 0.7 were cbtained from the work of Dietze (refs. 11
and 12), at Mach number of 0.8 from Minhinnick {ref. 13), and at Mach
number of 1.0 from Nelson and Bermen (ref. 1h4). .

In figure 6 it is perhaps not surprising, in view of the data already
presented in figure 5, to see the relatively small effects at 0.68 Mach
number of spoilers of fixed heights on the 1lift derivative snd phase angle.
At 0.8k Mach number, the largest effects appear to occur at the lower and
higher extremes of reduced frequency, although the trendes with reduced
frequency are gimilar.

In figure 7 the large variation from theory of the moment derivative
phase angle at 0.68 Mach number can be attributed to a center-of-pressure -
location nearer the leading edge than theory predicts. (See ref. 15.)

An increase in Mach nuwber to 0.84 resulted in a greater effect of spoiler
deflection on the moment derivative and phase angle than was the case for
the 1ift derivative and phase angle in figure 6. The large shift in the -
phase angle of the moment derivative ig of partlicular luportance in that
at reduced frequencies of 0.016 and 0.053, the phase angle shifted from

e lagging to & leading phase angle; that is, the phase angle shifted so
that 0°<6 < 180°. For these instances, the sign of the moment damping
component became positive, which means that the aerodynemic desmping forces
acting on the wing were negative with the possibility of a single-degree- L
of -freedom type of flutter. It thus appears that the spoiler resulted in )
& shift from a stable to an unstable condition.
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Effects of Mach Number

Figures 6 and 7 indicate that reduced frequency and Mach number
each have important effects on the flutter derivetives. Figures T
through 1% have been prepared to show the salient effecte of these
parameters. The 1lift and moment flutter derivatives are presented as
functions of Mach mumber for three reduced frequencles.

Lift derivative and phase angle.- Examination of figures 8 through
11 indicates that the spollers had = grester effect on the magnitude of
the 1ift derivative than on the phase angle. Although there were excep-
tions, the effect at the higher Mach numbers was to increase the magni-
tude of the lift derivative, particularly at the lower values of reduced
frequency. A comparison of figure 9 for the NACA 65A008 airfoil with
figure 11 for the NACA 654012 airfoil indicastes that the increase in the
magnitude of the lift derivative with spoliler deflection was larger for
the thicker airfoil. It is interesting to note that at 0.6 Mech number,
reasonable agreement was obtalned for all spoliler heights with the theory
for a wing without spoiler.

In reference T it was proposed that the Mach nmumber for 11ft diver-
gence could be used as an approximste criterion for the Mach number at
which large veriations in the masgnitude of the 1ift flutiter derivative
occurred as Msch number was increased. The approximate Mach mumbers for
1ift divergence for the plain alrfolls were 0.72, 0.7T, 0.76, and 0.68
for the NACA 2-008, 654008, 87T7A008, and 654012 profiles, respectively.
Although the Mach number for 1ift divergence for an airfoil with a
gpoiler would not be the same, it would appear from figures 8 to 11
that this criterion is still useful, even wlth a deflected spoiler.

The effect of spoiler height on the phase angle of the lift deriva-
tive was small and & definite trend is difficult to detect. It would
appear that with or without the spollers, at the higher Mach numbers
an increasing lag of the phase angle of the 1lift derivative occcurred
relative to the theoretical values. The change in phase angle was suf-
ficlently smsll that the theory for a wing without & spoiler is consid-
ered to provide a reasonable prediction for the lift-derivative phase
angles for the spoiler heights and location investigated.

Moment derlvative and phese angle.~ It is obvious from examinstion
of figures 12 through 15 that the spollers had significant effects on the
phage angle as well as on the magnitude of the moment derivative. With
regard to the magnitude of the moment derivetive, it would appear that,
again, even though there were exceptions, the spoilers Iincressged the
megnitude, particularly at the lower wvalues of reduced frequency, at the
higher Mach numbers.
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It may be of interest to note that the phsse shift In figure 12
could be presented in such a manner as to show an increasing lead of
the moment derivative in golng from the stable to the unstable condi-
tion, rather than an increasing lag. However, it is felt that the Mach
npumber lncrements at which data were taken were not sufficlently smell
to clearly define for a1l cases whether the moment derivative approached
the unstable conditlon by either an Increasing lag or increasing lesd.

The general effect of the spoilers on the phase angle, with an
exception for the NACA 8T7T7A008 airfoil, was to decrease the Mach number
at which occurred the large shift of approximately 180° from a lagging
to a leading phase angle, with a resultant change from a stable to an
unstable condition. In figure 12 another exception appears in that a
reversal occurred such that instability occurred for the 2-1/2-percent
spoller at Mach numbers less then those for the Y-percent spoiler. No
explanation for this exception can be given.

Aerodynamic Torsional Imstability Boundaries for Fixed
Spoiler Helghts as Affected by Airfoll Profile

In order to show the effects of airfoil profile on the Mach numbers
at which instability occurred, the Mach numbers at which the moment-
derivative phase angle became less than 180° 1in figures 12 through 15
are presented in figures 16 and 17 in terus of the flutter-speed parameter,
V/bb, the reciprocal of reduced frequency, k. In this mesnner, what is
termed an aerodynamic torsional instability boundary was established.

This boundary defines the Mach number for whilch any further lncrease in
free-~stream veloclty results in the possibility of torsional single-
degree-of-freedom flutter. ' '

models. It may be noted that without a spoller only the NACA 2-008 air-
foil, with the maximum thickness at an extreme forward position, hed a
boundary within the limits of the investigation. Spoiler deflection for
this model resulted in a reduction in Msch number at which instability
occurred. The effect of spoilers on the NACA 654008 sirfoll was to

cause torsional instability, which otherwise 4id not occur. In contrast,
the NACA 87T7A008 airfoil was stable throughout the speed range of the
investigation. In order to emphasize the effects of thickness distri-
bution, and for this reason only, boundaries based on extrapolation are
also included.

The usefulness of figure 16 is twofold: It indicates the effect
of ppoilers in reducing the Mach number at which instability occurred,
and also indicates that this Mach number decreased as the location of
the maximum ordinete of the airfoil was moved toward the leading edge.
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The boundaries for the NACA 65A012 and NACA 65A008 airfoils are
compared in figure 17. As in figure 16, this figure illustrates the
reduction in Mech number of the boundary due to spoiler deflection.
It glso indicates the reduction in Mach number of the boundaries when
the thicknesgs of the reference airfoil was increased.

This figure should not be construed to indicate that a reduction
of the reference airfoil thickness would necesserily be beneficial in
increasing the Mach number of the boundaries. Results presented in
reference 7 for an NACA 65A00L airfoil without a spoiler indicete that
this airfoil became abruptly unstable at 0.88 Mach number.

CORCLUSIONS

Within the limitations of speed range, reduced freguency, and
spoliler height of the investigation, the following conclusions can
be drawn:

1. The spoilers increased the magnitude of the 1ift and for some
cases the moment derivatives at the higher Mach numbers, particularly
at the lower reduced frequencies. The effects on the phase angle of
the 1ift derivative were small, but lasrge changes in the phase angle
of the moment derivative occurred.

2. The airfoils with spoilers had negative serodynamic damping
at supercritical speeds, except for the WACA 87TA008 airfoil, and the
addition of spoilers decreased the Mach number at which a single-
degree-of-freedom type of flutter became a possibility.

3. A comparison of the desta for the three models of egual thick-
ness showed, for a given spoiler heilght, & decrease 1In the Mach number
for torsional Ilnstability as the meximum ordinaste of the airfoil was
moved toward the leadlng edge.

L. VWhen thickness of the airfoil was incressed from 8 percent +o
12 percent of the wing chord, the Mach number for instability for each
spoller height was significantly reduced.

Amesg Aercnzutical ILeboratory
National Advigsory Committee for Aeronsutics
Moffett Field, Calif., Sept. 22, 1954
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TABLE IIT.- MEASURED FLUTTER DERIVATIVES FOR THE NACA 8T77A008 AIRFOIL WgTH
SPOILERS AT THE TO-PERCENT-CHORD STATION ON THE UPPER SURFACE; am = 2
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Figure 1l.- View of test gection with wodel in place, and disgrammatic gketch of drive system.
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NACA 65A012

<JdEEEss———— < <o

NAGCA 2-008 NAGA 65A008 NACA 877AQ08

MODEL PRESSURE.CELL LOCATIONS
[In percent of model chord]

Cell no. { 65A012 2-.008
upper and and and
lower 654008 | 877A008
surface
1 1.25 1.25
2 3.75 3.75
3 7 . 5 T . 5
4 15 15
5 22.5 22.5
6 27.5 27.5
T 35 35
8 ys5 45
9 52.5 52.5
10 57«5 57.5
11 62.5 62,
12 67.5 67.5
13 5 S5
14 85 85
15 95 90

Figure 2.- Section profiles and pressure-cell locations of modele.
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Figure 3.- NACA 65A012 eirfoil with spoiler mounted at the TO-percent-
chord station.
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Figure 4.- Sample Oscillograms for the NAGA 2-008 airfoll.
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Figure 6.~ Lift flutter derivative ond phase angle as a function of reduced frequency for two Mach
numbers for the NACA 65A008 airfoil; am = 2°.
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Figure 7.- Moment flutter derivative and phase angle as a function of reduced frequency for two Mach
numbers for the NACA 65A008 airfoil; am = 2%
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refs. 11,12,13,and i4

12 10 ' I O T I O Y L O O O O e Zuro spoller height
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i
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a £
= 2
da ____,-:%' | | . \
6 =1 £

X “f-;_"
4

2
k =.05 k =.I5 k =.25
0
120
Spoiler height, %c
0
80 —_—— 25
40
¢
:!U —:h‘ -‘,:: -J---.___J B e~ ]
e ; NSl
320
280 I w 1
A4 K. .6 4 .8 9 4 5 8 g 8 9 4 S5 .8 7 8 9
M M M

Figure 8.~ Effact of fixed spoiler deflections on the lift flutter derivative and phase angle for the NACA
2-008 dirfoil; am =2°
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Thin airfoil theary”
refs. 11,12, 13,and 14
12 _ == Zgro spoiler haight
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Figure 9.~ Effact of fixed spoilar deflections on tha Iift flutter derivative and phase angle for the NAGA
65A008 airfoil; am =29
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Figure 10~ Effact of fixed spoiler deflections on the lift flutter derivative and phase
877A008 airfoil; am =2°
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Thin airtoll theory
rats, 11,12, 13,and 14 &
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Figura 1)~ Effect of fixed spoiler deflactions on the lift flutter derivative and phase angle for the NACA
65A0I2 airfail; am = 2%, n
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Figure 12~ Effact of fixed spoiler deflactions on the moment flutter derivative and phase angle for the

NACA 2-008 airfoil;

am * 2%
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Figure 13~ Effact of fixed spoller deflections on the moment flutter derivative and phase angle for the
NACA 65A008 airfoil; am =2°
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Figure 14- Effect of fixed spoiler defiections on the moment flutter derivative and phase angie for the
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Figure 16~ Aerodynamic torsional instability boundaries as
offected by airfoil thickness distribution; am = 2°.
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Figure |7.- Aerodynamic torsional instability boundaries as
affected by airfoil thickness; am = 2°
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