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EXPERIMENTAL AERODYNAMIC DERIVATIVES OF A SINUSOIDALLY

OSCILLATING AIRFOIL IN TWO-DIMENSIONAL FLOW!

By RoserT L. HaLruan

SUMMARY

Ezxperimental measurements of the acrodynamic reactions on
a symmetrical airfoil oscillating harmonically in a two-dimen-
sional flow are presented and analyzed. Harmonic motions
inelude pure pitch and pure transiation, for sereral amplitudes
and superimposed on an inttial angle of affack, as well as com-
bined pitch and translation. .

The apparatus and testing program are described briefly and

the necessary theoretical background is presented.

In general, the erperimental resulis agree remarkably well
with the theory, especially in the case of the pure motions.
The net work per cyele for a motion corresponding to fluiter 8
experimentally determined to be zero.

(Considerable consistent data for pure pitch were oblained
from a search of arailable reference material, and sereral
definite Reynolds number effects are evident.

INTRODUCTION

The purpose of the work deseribed in this report was to
determine experimentally the lift and moment on an oscil-
lating airfoil and compare the results with the predictions
of the vortex-sheet theory as described in reference 1. The
use of the theory on aero-elastic problems such as flutter
could .then be verified or modified. The general plan of the
program was to break down the flutter motion into its
simplest components so as to examine each one individually
before superimposing them to check the flutter condition
itself.

The entire project was undertaken in & succession of
phases by the Aero-Elastic Research Laboratory of the
Massachusetts Institute of Technology over a considerable
period of time and should be considered as the combined
efforts of the groups which worked on each phase. The
phases were:

(1) The design and construction of the oscillating actuator
mechanism

(2) The development of the support of the model on the
sctuator and the subsequent installation of the gpparatus
in the wind tunnel

(3) The development of the force-recording equipment

(4) Systematic tests with the equipment developed in
phases (1) to (3) and design study of equipment for higher
frequencies

{5) The thorough analysis of the test results of phase (4)

Since a substantial amount of data for similar tests has
been compiled independently by various other research
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groups and no known résumé or comparison has been made,
a portion of this report is given over to the reproduction and
comparison of typical data reduced to a common form of
presentation. (See appéndix.) .

This work was conducted at the \Iassachusetts Institute
of Technology under the sponsorship and with the financial
assistance of the National Advisory Committee for
Aeronautics.

SYMBOLS
n frequency of forced motion
@ angular frequency of forced motion (27n)
b semichord
15 gir-stream veloeity
k reduced-frequency parameter (
p density of air

dynamic pressure (—;— P V‘-’)

a . pitching angle of wing; positive in direction of
stall
& amplitude of pitch
a; initial angle of attack
h vertical translation of wing at 37 percent chord;
positive downward
ke amplitude of translation
] angle by which pitching motion Ieads transla.tmn
motion
B phase angle between front and rear actuator )
wheels _
a ratio of distance of elastic axis behind midchord
point to semichord
distance of center of gravity behind midchord
mass of wing per unit span
real part of Theodorsen’s function
imaginary part of Theodorsen’s function
Theodorsen’s function (F4i6G)
S. static moment of wing about elastic axis
((z—ab)m)
I moment of inertia of wing per unit span about
, elastic axis
oy natural frequency in bending
Ca ~ effective linear spring constant (mw,
wa natural frequency in torsion
Ca effective torsional spring constant (Juew.?)
Wi work per cyele due to moment

1 Supersedes NACA TN 2485, * Experimental Aerodynamic Derivatives of & Sinusoidally Oscillating Afrfofl in Two-Dimensionsl Flow' by Robert L. Halfman, 1051 )

{101



1102

194 work per eycle due to lift
Wy net work per cyele (—TW,—1)
: . ol WL
1 a1l —_——
. coefficient of work due to lift (4qb%h0)
- ’ W )
f . ATl —_— T
Cr o coeflicient of work due to moment ( qbad,
. o Wx
Cyy coeflicient of net work (W)
ACD 4y average drag-amplitude coefficient
s steady-state or static lift coefficient
Cwsg, steady-state moment coefficient about elastic
axis
Re Reynolds number based on airfoil chord
The following symbols are usually combined with subscripts:
L Iift, per unit span; positive downward
M moment per unit span; positive in direction of
stall
R real part of complex quantity
R! dimensionless real part of complex quantity
I imaginary part of complex quantity
r dimensionless imaginary part of complex
) quantity
JRI+IF  magnitude
A, B, D, E components of lift or moment
] phase angle (t.an‘1 é)
Subseripts:
P due to pitching motion
T " due to translational motion
R due to combination of translational and pitching
motion
L lift
M moment.

DESCRIPTION OF APPARATUS

The mechanical apparatus is designed to oscillate an
airfoil in pure pitch, pure translation, and combinations
of the two at various frequencies and amplitudes. The
installation in the test section of the tunnel is shown in
figure 1 and the entire oscillator mechanism is illustrated
schematically in figure 2. The range of motions obtainable
is shown in figure 3.

The airfoil which was constructed for these tests is
rectangular in plan form with a 1-foot chord, 2-foot span, -
and NACA 0012 profile. An extremely rigid end light
magnesium two-spar stressed-skin construction was neces- .
sary to minimize inertia loads and prevent appreciable de-
flection during oscillation. The tests were performed in the
M. I. T. 5- by 7%-foot flutter tunnel which was modified by
the installation of two vertical fairings as shown in figure 1.
The presence of these fairings insured essentially two-
dimensional flow over the airfoil while any deviations from
the usual flow could be detected by the pitot-tube rake’
installation also shown in figure 1.
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F16URE 1.—Teat-sectlon arrangement viewed from npatream,

The oscillator mechanism consists primarily of un actuator
unit located just below the test section and two identical
linkages extending up through the vertical fairings on cach
side of the airfoil. As may be seen in figure 2, the actuntor
N has two pairs of circular crank wheels on cach side. The
rotational motion of each pair is transformed into sinu-
soidal vertical motion by meanns of a connecting rod sliding
on a member constrained to move vertically. This vertical
motion is transmitted up into the test sectidn by thin stcel
bands D which terminate at the “dumbbell” cams 1. Ad-
ditional bands continue from the cams to the adjustable
overhead springs C which maintain tension in the bands at
all times. The resultant motion of the cams is transmitted
to the wing through the linkage H. Each pair of erank
wheels can be set to produce either 1-, 2-, or 3-inch-amplitude
vertical motion and the front pairs can be set and phased
independently of the rear pairs. Thus with the rear pairs
exactly 180° out of phase with respect to the front, the
cam I is rocked about its center in pure pitch.
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Fiivre 2.—Dtn¢;'smmntic layout of oscillator.

Two sockets in each end rib of the airfoil receive the ball
ends of short cantilever beams supported by the linkage H
with the forward sockets located on the center-of-gravity
axis of the wing at 37 percent chord. Resistance wire
strain gages mounted on these cantilevers measure the forces
required to oscillate the airfoil in & given motion. Since
these forces include inertia reactions as well as aerodynamic
forces it was necessary to design the “multiple accelerometers”

F to produce signals equal to the inertis reactions of the air-
foil which could be electrically subtracted from the total
force signals. This difference, then, represents aerodynamic
forces only. The inertia cancellation process is necessary
only for the lift and moment signals since there is no inertia
force in the drag direction. The signals are amplified and
recorded with Consolidated Engineering Corporation. 1000-
cycle-per-second carrier equipment. The eorrect attenuator
settings for the accelerometer signals are determined ex-
perimentally by substituting a “duramy wing” for the airfoil.
This wing is of open construction to minimize aerodynamic
reactions but has mass and moment-of-inertia properties
identical with those of the airfoil. Because of the relatively
large range of forces to be covered during the tests it was
necessary to design and use two complete sets of force-
measuring elements, a “soft” set for low frequencies and
amplitudes and a “stiff"” set to handle the higher forces at
higher frequencies and amplitudes.

A reference-position signal was at first obtained from an
undamped accelerometer mounted on the rear crossbar K
and later from & Kollsman rotatable transformer O atfached
to the rear crank wheel. '

SYSTEMATIC TESTS

The four general types of tests included in the testing pro- _
gram are: S

(1) Pure pitching motion

(2) Pure translation

(3) Pure motions superimposed on an initial angle of
attack

(4) Combined pitching and translation with special em-
phasis in the neighborhood of & motion corresponding to
flutter ’

In order to obtain the best results throughout the testing
program, the least difficult tests were performed first and
the experience thus gained was applied to the remaining tests
ss they were encountered. Thus the pure motions were
examined first at the two amplitudes corresponding to the
1- and 2-inch crank-wheel settings on the actuator using the
soft force-measuring elements. Next the turnbuckles, J in
figure 2, were adjusted to produce an initial angle of attack
of 6.1° and the lower-amplitude pure motions were super-
imposed on this initial angle.

Since there are so many possible combined motions it was
necessary to restrict the testing to a survey of the field.
Thus tests were made at & constant reduced frequency k of
0.3 for phasings between the pure motions of 0°, 90°, 180°,
and 270°. Ideally the ratio of translation amplitude to
pitch amplitude should also have been kept constant to
permit simple and accurate comparisons of the four condi-
tions; but this was not possible, unfortunately, because of
the limitations of the oscillator. Another series of tests at
constant reduced frequency was made in the neighborhood
of a case corresponding to flutter. The derivation of the
correct motions for the flutter condition is deseribed in the
next section. '
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Because of strength limitations, tests using the soft elements
could not be run in the high-frequency range for the larger-
amplitude motions. Thus, in order to extend the frequency
ranges already covered in the pure motion tests, the stiff
set of elements was installed and high-frequency tests at
the larger amplitudes were made.. It was also decided to
run gnother series of tests near the flutter condition partly as
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s check on the previous runs corresponding to & condition
nesr futter. This second flutter series was made with a

constant phasing between the pure motions, with a constant

amplitude ratio, and at a constant airspeed. The only
variable was the frequency of the motion which Rroduced 8
corresponding variation in reduced frequency k.
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For all but the combined-motion tests, either two or three
airspeeds were used, averaging about 95 miles per hour,
and the frequency range was covered for each airspeed in
half-eycle per second steps. The combined-motion tests
were run at only one airspeed and for each test the frequency
was varied slowly and smoothly over a range from slightly
above to slightly below the frequency corresponding to the
desired value £=0.3.

The over-all instrument system was calibrated by applying
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known forces directly to the wing and noting the cor- .
responding galvanometer deflections in the recording oscil-
lograph. Typical records are shown in figures 4 and 5 and
include traces of Iift, moment, reference position, and in some
cases drag, as well as zero traces. Despite the relatively
high-frequency “hash’ on most of the records, consistent
values of amplitudes and phase angles were mecasured and
are plotted in figures 6 to 17 and recorded in tables I through
X.
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FicURE 15.—Vectar plots for combined motions. k=(0.3.
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THEORETICAL BACKGROUND

To obtain the theoretical values of the aerodynamic
derivatives for comparison with the experimental results
of this report, the analytical methods used were bused on
Theodorsen’s work (reference 1). In this analysis separate
golutions are given for pure harmonic pitching and pure
translation, and & combination of the two requires only a
vector addition of the derivatives due to the pure motions.

The two-dimensional lift and moment equations, as
rearranged by Hunter, 2 are as follows:

LR —n(~ "2+1k0)" {%(ik+a;:~*)+[1+'ik(é—a)]0}a’
4-3,% g (gre)rcfi—rlo #(G-a)-(3+)]
(ié-l—a)[l—{—ik(%—a):lo}a J

(1)

These results are conveniently expressed in complex nota-
tion. For example, the lift foree resulting from a sinusoi-
dally varying translational motion may be written as

=4Qb(RL1'+’iILT)B‘w‘

Y

Here « represents the angular frequency of the forced
motion and ¢ represents time. The subscript 7 is used to
designate the translational mode, and the restriction that
the real term R and the imaginary term 7 be those that
apply only to the lift force is specified by the subscript L.
This expression of the lift force due to the translational
motion can he written in another form as a nondimensional
derivative:

Ly

e A -y g Y172 277 B )

4q¢b

ILT

f— -1
where ¢.r=tan Tor

The expression for the theoretical aerodynamic moment
derivative in the translational mode may be written:

;iqf};.’:m ei(ut+¢.vr) - (3)

Dyer
Byr

For the pitching motion, the form of the equations is
identical to that for the translation; the lift Ly due to pitch
is expressed in termns of Rpp, Jrp, and ¢rr and the moment
M, due to pitch is expressed in terms of Ryp, Typ, and ¢us.
The combined-motion case is differentiated from the above
by the use of the subscript R (meaning resultant} instead of
the subscripts P and T.

The real and unagmary factors given by the theory for
a two-dimensional wing are as follows:

where ¢yr=tan—'—=—

1 Unpublished M. I, T. Master’s thesls by Mazxwell W. Hunter, * Calculation of the Aero-
dynamie 8pan Effect in Flutter Analysis,” June 1944,
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RLB=RLT+RLP CcOos B—ILP sin @

ILR=ILT+RLZ‘ sin 3+Iz,p cos 8
Ryg= RI’T-I"RMP Ccos B—‘I_yp sin [/
IMR=IMT+II’MP sin 6+Iyp cos ¢

and the corresponding phase angles are:

ILT
=tan~! ==~
¢LT RLT‘

LP:tan"l QP_
- . . P

Iir
=tan~!
drr= Bin

Illi"

-1 )
dur=tan Tour

Jaep
=ta 1—1 AL
dyp=tal Rur

$rur=tan~! }r‘,’;
with the additional condition derived from the following
table: .
R + - - +
I + + - -
Quadrant 1 2 3 4

The angle ¢ is the amount by which the pitching displace-
ment vector a leads the reference displacement vector A;
the ratio wb/V is the reduced frequency parameter k; F and @
are respectively the real and the imaginary parts of the
Theodorsen function C (k); the symbol ¢ denotes the ratio of
the distance of the elastic axis behind the midehord point to
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the half chord &; &, represents the amplitude in inches of the
translational oscillations and «, represents the amplitude in
radians of the pitching oscillations; A and L are positive
downward and « and 3 are positive for a rotation toward the
stall.

One of the outstanding advantages of the apparatus that
was designed for this research is that not only can pure pitch-
ing and pure translating motions be imparted to the airfoil at
a choice of amplitudes in either pure motion, but a wide
renge of combinations of pitching and translating motions can
also be used with an equally wide choice of phase intervals
between the motions. Thus if a combined motion corre-
sponding to a typical flutter is imparted to the airfoil a
study can be made of the aerodynamic reactions for this
eritical condition.

Since the airfoil is inherently extremely rigid, it follows
the forcing motion of the linkage without perceptible devi-
ation. This motion can be adjusted to simulate that of a
spanwise segment of a wing under a wide range of dynamic
conditions. Although the chord and profile are fixed, values
of elastic-axis location, center-of-gravity location, mass and
inertia per unit span, and effective spring constants may be
chosen to represent a typical wing with a flutter mode which
corresponds to a possible setting of the oscillator. The
actual determination of a flutter condition, as outlined in the
following paragraphs, follows the method of finding sll the
possible flutter motions which can easily be duplicated by
the oscillator and then choosing one which corresponds to a
reasonable wing.

The conditions for the flutter of & two-dimensional wing
in bending-torsion flutter are expressed by the following set
of differentiel equations if the effects of structural damping
are neglected:

mﬁ-l—S.&—}—C’;.h _‘L3=0
Ia+8.h+Coa—IMz=0

If the assumption that the motions are simple harmonic is
introduced, one mey write the equations in the complex
forms:

—mmzh,—S,w’a,,e“—i-mw.’h.—écqb(RLg-[—qu;)=
— Lota,— Seth,e *-F Lota,—4qb%e " (Ryp+ 1t Iyg)=0
or
_mh)'-'h,—sﬂwzaie“{-mw,‘zh-,-i—‘ﬂ:qua( —g-{-il‘(f‘)-i-
4qa,e"wb§% (ik+al:’)+|:1 ik (é—a)]o}=o

— Loto,— Sawthe 4+ Lola,+4qbhe x [c_zgf_
1 . i7. 1
(§+G) ll('0]+4qbsa¢‘ﬂ'{§ [’LIC E—G)—

(e [ e -

where A="he** and a=qg, et@ 0,

L IN TWO-DIMENSIONAL FLOW

In order to satisfy the equations of motion, the sums of

the real and the imaginary components ef each of these

equations must be independently equal to zero. By this fact
and the identity e*?=cos 61t sin 6,

—moth,— Sewla, cos 6+ mwth,—1qbRz=0
- .,w’a, SiIl 3—4qu[,x=0

— Loto,— Sawth, cos 8+ Lw.2a,— 4
4a b¥( Ry cos 0+ Ixe sin 6)=0 S

—_ Sngh. sin 6+4gb2(f_ug cos E—Ryg sin e)=0

These four equations must be satisfied to determine the
flutter condition for a wing.

The second and the fourth equations may be written in
the forms:

4quLRhg='—‘S¢(dzd¢h. sin 6 } ( )
5
—4¢b%a(Ryp sin 8— Iyp cos 6)=Saw*hea, sin 8

These two expressions have lefi-hand sides which are pro-
portional to the work done by the lift and the moment as
will be shown below. In the absence of structural damping
in bending-torsion flutter, the total work done on the wing
during & cycle must be zero. Any work done in one degree
of freedom must therefore be offset by equal and opposite
work done in the other degree of freedom. The means of an
energy transfer from one degree of freedom to another lies
in the inertia coupling between the pure motions,

That energy transfer exists only if an inertia coupling
term S, is present may be easily seen if one studies the work
equations closely. The air forces may be written as:

B VR T L et B T et

Me B T et oun g Tagh b0

Then the work per cycle done by the lift force is:
2
SELgdh=—4qbwh.{ [T [VRAF T costat+ounr+
Y RLpz—{"ILpz [i0}] (ﬁ)t"i‘ ¢LP1+ 9)] sin wtdt}
But

2r . .
f" cos (ot +¢) sin wf df=— o ¢f2rsin’ wtd(wt)=—rs“;¢
[+] [+

w
Therefore,

W,,=9SLxdh=4qbrh.[\/R" T T sin dprt

v Rup+ L‘.P’ sin (¢u’+ 6)]
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Similarly the work done by the moment per cycle is:

Wu=PpMrda=4gb*r | VRur+Iner® sin ($2r—0)+

VRup*+ Iup® sin ¢up:|

The same results may be expressed in the simpler forms:

I"yb=4qb‘rhg(ILr+Rz,p sin e+ILp cos 6)
=4Qbﬂ'thz,g '

(6
H'YM=4qbz‘n'a‘a(IMp—Ryr sin 0+Iyr cos G) 5 )
=—4sza¢'ﬂ'(RMg sin G—IMR co8 3)

These values of work per cycle are proportional to the left-
hand sides of equations (5), the constant of proportionality
being w. Thus it is seen that the coupling term S. makes
possible the exchange of energy between the motions in
such a way that the net work done by the airfoil at flutter
is zero:

Wy=—W 4+ Wiy)=0

To proceed now to the actual solution of equations (5),
it is convenient to introduce the dimensionless auxiliary
quantities: '

Im"=]i ILT
to
, b

Iur =71—o IMT
b

R.ur'='h— RMT

I LP’ ='1— I P
o,
, 1
RLP = RLP
=2
I MP'=—1‘ v MP
Cg
Then,
‘
Wip=4¢bh}? I:% I LT’—{—(%—?) (Rps' sin 84 Ipp' cos 6)]

=— Sewla.h,sin ¢
> (7)

Wy=4gbtal [I.wp"l‘ (%) (%-) (Lnex' 08 6— Rygysin e)]
= Seoceh,8in 8 J

These sects of transcendental equations can be solved “graph-
ically”” with the use of the nondimensional coefficients:

T he (Iir’ ,
0W5=4q12;h0=[;,< );T )+R1;p sin 6"" ILP’ cos GJ

4;;:}%_"',: ég)(b Lorp’ + Ingr’ cOs §— Ry’ sin 6]
o

Cw [V
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If these cocflicients are plotted against the ratio k./a, for
several values of ¢ at a given value of k, wherever Oy I8
equel to Cfr, at the same value of 6, there exists a point of
zero work. Plotting ¢ against k,/e, for these points of zero
work produces the curves shown in figure 18. Superimposed
on the same plot are curves showing possible oscillator set-
tings and the particular condition chosen for testing is
marked with & large dot on the curve for £=0.3 at k/a,=15
and §==225°. The properties of the corresponding wing,
as determined from the solution of all four equations of
motion, are: %—52’14, a~=—0.26, S:~0.013, and T—ab=1.2

inches, where b=5.75 inches.
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Fraurx 18.—Graphieal solution for ffuttar condltiona.

ANALYSIS OF RESULTS
GENERAL DISCUSSION

A prime consideration throughout the entire program has
been the desire to obtain really quantitative results, and a
great deal of energy has been expended to this end. An
arbitrary error limit of 45 percent which was set early in
the development program required that each component of
the entire system have a predictable behavior within a few
percent.

An exemination of figures 6 to 17 reveals some clues as to
how accurate the results actually are. IL.ooking first at the
pure motions in figures 6 to 10, it may be seen that especially
for the smaller amplitudes the experimental points lie in
narrow even bands. The width of these bands is an indica-
tion of the uncertainty of the measurements and can be
attributed to items such as unevenness of air flow, small
variations in airspeed, and difficulty in finding amplitudes
and phase angles from the galvanometer traces. Kor the
larger-amplitude pure motions the series of tailed points
do not necessarily fall in the same bands as the other points,
undoubtedly because of the fact that they are derived from
tests using the stiff set of force-measuring elements rather
than the soft. Since these tests with the stiff elements were
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macde some months after the other tests, s comparison of the
results gives an indication of the consistency of the over-all
apparatus. The moment phase-angle data in large-ampli-
tude pitch, for example, show that while the inaccuracy or
spread is consistent the averages of the two series differ by
as much as 8°. Similar trends are evident in 2-inch-transla-
tion lift magnitude and moment phase angle. These dif-
ferences probably arise from such sources as variations in
accelerometer-sipnal amplitudes, carrier-voltage variations,
and even improvements in technique and equipment.

A veariation more difficult to account for is the apparent
shift in the Iift magnitude and phase angle in 1-inch transla-
tion at a reduced frequency of 0.2. This shift does not
indicate some failure or sudden change in the mechanism or
instruments because it is in the same place for each airspeed
and the entire frequency range was covered for first one air-
speed and then another. The static calibrations gave no
elue and some preliminery tests for the 2-inch amplitude
showed the same shift. A minor breakdown in the oscillator
linkage at this point prevented further investigation and the
trend was completely absent from subsequent tests.

A fact pertinent to this discussion is that, although phase
angles are inherently difficult to measure on the records, they
are not changed by veriations in carrier voltage, element
sensitivities, or calibrations and are thus in a sense surer to
be right than magnitude measurements. The sbsolute
magnitudes of the phase angles, however, are dependent on
the accuracy of the reference-position indicator. For the
earlier tests the output of the position accelerometer was
badly obscured by natural-frequency hash as shown in figure
4, since it was necessarily an undamped accelerometer. The
use of & Kollsman rotatable transformer eliminated the hash
but introduced the problem of setting the transformer in
phase with the oscillator. An uncessing effort was made to
reduce the general hash level on the records, but little
improvement could actually be achieved.

PURE MOTIONS

Viewing the data with the reservations dictated by the
previous discussion, several general trends are noticeable.
The agreement between theory and experiment is remarkably
good for phase engles with the possible exception of lift in
2-inch translation. The magnitudes of lift and moment are
in close agreement for translation but show definite devia-
tions from the theory in the case of pitch. For the smaller
pitch amplitude the moment checks better than the lift
while for the larger amplitude the reverse is true. In
general, however, the deviations become more pronounced
at the small values of reduced frequency. This trend is
discussed further in the section “Component Analysis.”

Although the drag forces are very small compared with
the lift, and the drag trace is sometimes almost totally
obscured by hash, it was possible to obtain “average”
values of the magnitude of the oscillating portion of the
drag in the case of purs pitch. Since drag is positive for
both positive and negative angles of attack and since there
is a very slight tilt to the air stream in the test section, the

AT2483—B54——72

1121

drag trace appears as a displaced nonsinusoidal double-
frequency curve with elternate peaks of slightly different
amplitude. It is the average emplitude of these peaks that
leads to the coefficients plotted in figure 8. The most
noticeable characteristic of these curves is the definite posi-
five slope, especially for the larger-amplitude motion. A
probable cause is an increased turbulence or bresking awsay
of the flow at the higher reduced frequencies, which is not
unregsonable when it is remembered that the airfoil is
oscillating through a total amplitude of 27° at frequencies
as high as 17 cycles per second.

When the pure motions are superimposed on an initial
angle of attack, the magnitudes of the oscillatory components
of lift and moment drop off noticeably although the phase
angles still show good agreement with the theory. In the
case of superimposed pitch, for instance, the moment
magnitude is somewhat less than for the larger-amplitude
pure-pitch case. It is interesting to note that, although the
records for these tests were not so clean and consistent as
for previous tests, the uncertainty or spread of points is
not noticeably worse.

Figure 14 contains the data for the components of lift and
moment due to the initial angle. These values were ob-
tained by measuring the displacement of the center line of
the sinusoidal trace from the galvanometer zero position and
for the range covered there appears to be no definite trend
either up or down. Although the uncertainty of the points
is usually smell, there is definitely a greater possibility of
error than in measurements on the oscillating portion of the
traces because of the greater complexity of the record-
analysis procedure for the component data. In all cases
the poinis at zero reduced frequency are values obtained
from the static coefficient tests. '

COMBINED MOTIONS

The combined-motion tesis were run in two sections at
two different times. The tests illustrated in figures 15 and
16 were run at a constant reduced frequency of 0.3 with the
phasing between the pure motions as the variable, using the
soft elements. The tests illustrated in figure 17 were run
with the stiff elements at a later date, holding the phasing
copstant at about 225° and varying the reduced frequency.
In this way the flutter condition, at #=0.3 and §=225° as
found in the previous section, was approached from two
directions with the hope that the experimental values at the
common point would check. As can be seen by comparing
figures 16 and 17 this is not the case, especially for moment.
A thorough investigation of the possible sources of the error
indicates that incorrect signals must have been coming from
the multiple accelerometer at least for part of the range of
phase variation in the case of lift in figure 16. The fact that
the ratio of translation amplitude to pitch amplitude could
not be kept constant as the phasing between the motions
was varied hindered and complicated the search. The
reason for the considerable difference in the moment data
could be adequately determined only by a repetition of the
tests. T
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The above-mentioned diserepancies are damaging, how-
ever, only In a quantitative sense as the data are still val-
uable in showing that the trends predicted by the theory are,
in general, correct. When the total work per cycle is eal-
culated and plotted against k& and 6 in figure 19 (data in
tables VIII through X) the points follow the theoretical
curves in a remarkably consistent manner. Closer investi-
gation yields the fact that at this flutter condition the work
per eycle due to lift has a far more important contribution
to the total than the work per cycle due to moment. Thus,
since the work per cycle due to lift is the product of the
imeginary component of the lift and translational velocity,
it becomes apparent that the good agreement on the work
done is readily possible in spite of the comparatively
poor data in figures 16 and 17.

The three-dimensional plot in figure 20 (data in table XI)
is an attempt to show graphically the variation in work per
eycle at the amplitude ratio of the flutter condition. For
any value of reduced frequency the variation.is sinusoidal
although the amplitude, phase, and mean value &ll change
for different values of reduced frequency. Thus the theo-
retical curve of work per cycle against reduced {frequency
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in figure 19 corresponds to the element of the surface at 225.5°
in figure 20. The intersection of the surface with the zero
work plane shows all possible flutter conditions at this
amplitude ratio although they are not, of course, all for a
wing of the same characteristics as assumed in this report.

COMPONENT ANALYSIS

With the hope of gaining a better understanding of the
factors which determine the serodynamic reactions on &
simple sirfoil in two-dimensional flow, a study has been
made of the magnitude and effect of each term in the
theoretical equations.

Looking first at the equations given by Theodorsen in
reference 1, .

L= —pb*(Vaétnh— rbad)—2xp VbC‘l:Va+ia +5 (%—-a)é:]
A= — b I:ar (%—a)Vbd-{- bt (é-l—a’) &—arbﬁ]+

2pVhx (a-l—%) O[Va—[-il-[—b (%— a) t'z:l
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Fracex 21.—Component analyals, Liftin pure translation, Brr=i3%2; Ere=1kC.
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it is simple to reduce these equations to the cases of pure
translation and pure pitch; that is,

Lp=— n-pbzii—'Z‘n'pb Vo)

Lp=rpblac—xpb*Va—2xpbVC [Va—{-b (%——G) d]
_ o 2 1 .
My=rpbali+2rpbV (a45)C ()

My=—npb* (%-I—a’) PRI T (—;——a) -t

2mp b2V (a-[——;—)OI:Va—{-b (3-¢) a]

The Iift force Ly, for example, is made up of only two terms,
of which the first is a pure inertia reaction term, and the
second is a lift due to induced angle of attack modified by
the wake according to Theodorsen’s function C=F-+i4.
Similarly, Lp consists of an inertia reaction term proportional
to angular acceleration, another type of acceleration term
involving the product V&, and terms due to angle of attack
and rate of change of angle of attack modified by the

REPORT. 1108—NATIONAL ADVISORY COMMITTEE FOR
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lift terms except for the addition of various funetions of
¢, & measure of elastic-axis position.

If the substitutions
h=h et
a=a,e'*!

are made and the reduced frequency k=wb/V is introduced,
the equations become:

Ly k’
dngh,

Ly ik ak? .
Z;qb_aoﬂ—T—z——O k(——a)C‘ ALP+BH+

DLP+ ELP

2
o7 +i*(g+e)0=Burt Bur

41rqg;a, . 1k(2 )+k2<3 )+(2+a)0+

ik <-- a)<-2-+ a)0=AMP+ Bue-+Dupt Eup

'l]fC' BL1'+ ELT

function ¢. The moment terms are quite similar to the
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FicusE 22.—Component analysls. Moment in pure translation. Bur=—atz Eur=(3+¢) 0= (}+s) Eur.



AERODYNAMIC DERIVATIVES OF A SINUSOIDALLY OSCILLATING AIRFOIL IN TWO-DIMENSIONAL FLOW

Each of these individual terms has been plotted in fgures
21 to 24 (data in tables XTI through XIV) for an airfoil
with elastic axis at 37 percent chord (e=-—0.26). The
total of each group of terms is marked two-dimensional.

Since tables of spanwise load distribution and meodified
C-function for an aspect ratio of 6 were readily available in
reference 2 by Reissner and Stevens, an epproximate correc-
tion has been calculated and applied to each two-dimensional
theoretical curve. These three-dimensional corrections have
been included in this analysis because absolutely perfect
two-dimensional flow conditions did not exist during the
tests. At all times there was a clearance between the edges
of the wing and the vertical end plates of the order of 4: or
!{¢ inch through which air could move from one surface to
the other during the oscillations. The three-dimensional
curves, then, indicate the direction and magnitude of a
correction for an aspect ratio of 6.

The dashed curves indicate the average of the experi-
mental data for the smaller-amplitude pure motions. It is
interesting to note that in the case of pitch the experimental
curves fall between the two-dimensional and the three-
dimensional curves and appear to correspond to an aspect
ratio considerably higher than 6. The inconsistent be-
havior of the experimenteal date for lift in translation msay
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be attributed entirely to the shift in the curves shown in
figure 9(2). Far more consistent results would be obtained
if the data for the 2-inch translation were plotted instead.
For moment in pure translation the data plotted are consist-
ently higher than even the two-dimensional theoretical curve
although the curve for the higher amplitude would be in far
better agreement. The poorer data are plotted primarily
for the purpose of gathering additional clues to the reasons
for their trends.

HARMONIC ANALYSIS

An assumption which is rather easily checked from the _ _

experimental date is that the aerodynamic reactions on &
wing are perfectly sinusoidal for sinuscidal motions.

During the course of the data analysis, periodic checks
were made to be sure that the galvanometer traces were
very nearly sinusoidal so that the measuring of amplitudes
and phese angles was a valid procedure. Since & more
careful check was desired, two typical larger-amplitude
pure-motion records were carefully enlarged photographically
and examined thoroughly. Pure-motion records were used
because they are relatively free of hash and the traces are
fairly large.

smaller amplitude.
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Also the larger-amplitude records were more
likely to deviate from perfect sinusoids than those for the
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The results of the investigation were negative for both
pitch and translation in that no deviations were found of an
vrder greater than might have been caused by small varia-
tions in the oscillator motion or by slight nonlinearity of the
instrumentation system.

CONCLUSIONS

The lift and moment on a symmetrical airfoil oscillating
harmonically in & two-dimensional flow were experimentally
determined and the results were analyzed and compared with
the predictions of the vortex-sheet theory. The most
general conclusion to be drawn from this analysis is that the
experimental data corroborate the predictions of the theory
over an important range of reduced frequency. In addition,
the following more specific conclusions may be drawn:

1. The component analysis indicates that two-dimensional
conditions were not quite realized for the M. I. T. tests,
although the effective aspect ratio was well above 6. A

reduction of the clearances between airfoil and vertical
end plates would undoubtedly raise the effective aspect
ratio to a very high value.

2. For pure motions the effects of amplitude and initial
angle of attack appear to be small for reasonable amplitudes.

If the stall range is approached, however, or if very small

angles of attack are under consideration, very definite
deviations from the theory must be expected.

3. The combined-motion tests indicate that, for the
typical flutter condition chosen, the experimental and
theoretical work-per-cycle conditions check very well. The
net work per cycle for a motion corresponding to flutter
was experimentally determined as zero. Unfortunately
generalizations in a quantitative sense for the remaining
combined-motion data are not justified because of the incon-
sistencies of some portions of the data. Qualitatively, the
trends predicted by theory are followed quite aceurately
although the combined-motion field is so broad that the
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present test program only touched some of the high spots.
4. In the case of pure pitch there is an encouraging
sgreement between various independent groups of data.
Tests made on wings of different dimensions and profiles in
various types of wind tunnels and with entirely different
measurement systems all seem to check quite well. Although
severa]l minor Reynolds number effects are noticeable the
basic trend indicates that the agreement between theory and
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experiment becomes better as the Reynolds number is
increased. Tests below a Reynolds number of 150,000 may
actually give incorrect trends as well as poor quantitative
dats.

Massacauserrs InstrTuTE OF TECHNOLOGY,
CaMBRIDGE, Mass., dpril I, 1948.

APPENDIX

SURYEY OF REFERENCE MATERIAL

An intensive search of available material yielded & con-
siderable amount of experimental data compiled both in
the United States and Europe dealing with the aerodynamic
reactions resulting from pure pitch. Apparently no previous
work of this type has been done on pure translation or true
combined motions and none of the experimenters in pitch
measured both lift and moment. Curiously, previous work
in this country has been concerned only with lift in pure
pitech while the British have made extensive measurements
on moment in pure pitch. The material dealing with lift
will be examined first, followed by the material concerning
moment. A summary of airfoils used in the experiments
deseribed on the following pages appears in figure 25.

Reference 3 Reference 4
Sy v v wor
18 percent thick 15x36" )
NACA 0OIS
Reference 5
EAT— —5ge 1400 Feferece
ol Ay — e
NACA QOIS JoukowsKi, 155 percent fhick
EAl——-o 1
Br3e | 0¢ Reference 7
B
NACA 0015 EA. 9xa0" "50"
Joukowski, [5 percent thick
EAT— Torse g 49¢ E'AL__—_P“
NAGA 0OI5 Sx40
Joukowski, [S percent thick
AT Gx3E % MAT.
NACA 0OI5 EA s 37e
NACGA 0012

Freiree 25, —Airfoll dimensions. E. A., elastic axis.

The first attempt in this country to corroborate the then
new theory as put forth by Theodorsen was made in 1939 by
Silverstein and Joyner (reference 3} who presented some
experimental data on the lift phase angle in pure pitch.

Their relatively long and narrow airfoil was driven at one

end and supported by a cantilever beam at the other.

Minute vertieal deflections of the beam were amplified
optically and recorded on film. The results demonstrate
qualitative agreement wWwith the theory but, when plotted
against reduced frequeney rather than its reciprocal, they
show & very considerable spread above #=0.3. The points
which could be read from the published graph with a reason-
able degree of accuracy are reproduced in figure 26 (a).
The next known work was done by Vincenti under the
supervision of Reid at Stanford University (reference 4).
Measurements of both the magnitude and phase of the lift
in pure pitch were made on a considerably larger wing (fig.
25) with an apparatus basically quite similar to that used
by Silverstein and Joymer. Fairly good qualitative agree-
ment for both magnitude and phase angle was obtained.
Only the phase-angle results are reproduced in figure 26 (b).
Insufficient information was available in the published re-
port to permit conversion of the magnitudes to the notation
used in this report. As will be seen later, the poor quantita-
tive results cen be attributed largely to the low Reynolds
numbers Re,=200,000 at which the tests were performed.
After Vincenti's rather promising results were obtained
& comprehensive program was undertaken by Reid (reference
5) using the same basic apparatus. As illustrated in figure
25, four different models were used which permitted various
combinations of chord and elastic-axis position. Repre-
sentative results are reproduced in figures 27 and 28 (data in’
tables XV and XVT) for an oscillation amplitude of £+2.5°
and for frequencies of 6.66 and 10 cycles per second for
models A and B and models C and D, respectively. Since
the range of reduced frequency wes covered by verying the
airspeed rather than the frequency, the Reynolds number
decreases in inverse proportion to the reduced frequency.
In order to put these Stanford results on e basis directly
comparable with the M. I. T. results for the purpose of a
Reynolds number survey, the data have been slightly modi-
fied to correct for the differences in elastic-axis position.
Thus for models A and C the correction is: o
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L

r— 1 -
4qba,=_’{§ (—0-26+0-20)k’+zk0(0.26—0.20)]

=0.0492k*—0.1885{kC
and for B and D,

L .
qua——0.2199k+0.43981k0
These corrected results are also plotted in figures 27 and 28
and should be compared with the theoretical curves which
are for a=—0.26.

In first presenting his results, Reid plotted the ratio of the
magnitude of the oscillating lift to the magnitude of the lift
under steady-state conditions at a corresponding amplitude.
After noticing several apparent inconsistencies in the trends
of his data, he discarded his previous assumption that
identical stream-boundary effects occur under both steady
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and oscillating conditions. All of the oscillating lift mag-
nitudes were then divided by the values corresponding to the
infinite-aspect-ratio lift-curve slope for the NACA 0015
profile of 0.100 per degree. These revised calculations are
the basis of the plots reproduced in this report. The con-
version in nomenclature is simply:

Rip—ilip=a,(—x A—ixB)

where A and B are the real and imaginary components of the
lift magnitude as given by Reid. Actually, to provide a
comparison with the theory of the same form as used with
the other data in this report, the Stanford lift magnitudes
should be reduced by the ratio of 5.73 to 2r or almost 10
percent because of Reid’s introduction of the lift-curve slope
of 0,100. ~ With this reduction the magnitudes would fall on
or slightly below the theoretical curve and thus be quite

consistent with the average M. I. T. results.

¢ {fps) _ .
240 - & 240 - n iy
c 0 4.5 (cps) -
o .74 464 : T o 424
Theorefical data for aspect ratio of 12,5 ) o 882
230 -~~===- Theoretical dota for aspect rotic of 230 — —Theorefical dato .
BanaacasITEE ' T
i/ac 1/3¢ / 8
220 220 / = -
/ o
[=4 .
S 2i0 - — .§‘_2|o o N
-~ . . i e
-é / - Y ’ °
200 : 200 }- — . 2
o ]
190}——-2 N 190 - S
Y N 74 2
o°p 4
’I’ -
180 f o 180 \// .
170 170
6oL — : 1601 . : E——— - -
0 A .2 3 4 5. (5] 2 4 6 8 Lo 12
wh . o Jwd
A’l?— K v

(a) Data from reference 8; effective aspect ratlo, 12.5

(b) Data from reference 4.

FIeURE 28,—Lift phase angle In purs pitch,
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250 E T l i
——ao—— Uncorrected data for model A
———o0—— Corrected data for model A
——o—— Uncorrected data for model C
240 ———0——— Corrected dafa for madel C —
—————— Theoretical data
\
\
Y 230
\
\
\
\
\
A 220
N N
\\ /"
_§‘ 210
Y
~J
8-
200
30
180 =
\.\J
RIS
6o
2 4 6 8 1.0 .2 o, 4 6 8 o
. wb A
k V ke v

Fraurg 2v.—L1it In pure pitch for Stanford models A and C. Osclllation amplitade, £2.5°. Model A: g=—02,§=7.5 Inches: model C: gm—0.2,5=5.0{nches,

12
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T o T
. . ——a~—— Uncorrected data for model B
——o——— Corrected dato for model B
32 240 ———o—- — Uncorrected data for model D 7|
\ —— -0~ — Corrected doto for model D
\ N N e Theoretical dofa
\ // /
28 ‘\ 3 230
\
\ /
\\ / Z N ’
o, .
24 AN X < {V £ 220 i s
<3
Ny 20 g 2o
,\:‘ -~
+ 3
NS‘ , 8-
X 16
S 200
7
1.2 180
8 ' 180 /"
\\\//
4 - - 170
0 2 p 5 8 o A R 4 6 ) 0 iz
s | ke

Fiauri 28.—Lift in pure piteh for Stanford models B and D, Oscillation amplitude, £2.5°. Model B: g=—U.4, =75 inches; model D: g=—0.4, b=5inches,
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In general, the results obtained by Reid are in good agree-
ment with the theory, both as to magnitude and phase angle,
as long as the Reynolds number remains above at least
125,000. The effect of either amplitude or mean angle of
oscillation appears to be negligible so long as the former is
not too small and the angles of attack do not exceed the
linear range of the steady-state lift curve. Serious devia-
tions for ean amplitude of +1° indicate that the ratio of
linear displacements of points on the airfoil to the transverse
dimensions of the boundary layer may be important for very
small amplitudes.

To provide a comparison between the Stanford data and
those obtained at M. I T., values of lift magnitude and
phase angle for various reduced frequencies have been
plotted against Reynolds number in figure 29 (data in tables
XV through XVII)}. Trends for each value of reduced
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frequency are indicated by short curves for Stanford and
M. i. T. The corresponding theoretical values are also
plotted. The agreement between trends is remarkably con-

sistent. Quantitatively the check is also quite good for

both magnitude and phase angle if the Stanford lift mag-
nitudes are given the previously discussed 10 percent
reduction, N
The available data on British measurements of moment
in pure pitch are contained principally in references 6 and 7.
The apparatus used to obtain these data rotates the airfoil
in the tunnel with one stee! band and an identical airfoil
outside of the tunnel with another steel bend. The dif-
ference in the tensions of the two bands is a measure of the
serodynamic moment and operates a mechanical balance
with a magnetostriction stress unit. The resultant electrical

signal is photographed as it appears on the face of a cathode-

ray oscilloscope.

36 250 1 P I
a 02
a 3
k o Y-
s2f e 240 o
! 7 1T, 1 T % I 3
; 4 Experimental Stanford data
== r————f————tf————1-10 —— ——Experimental M.LT. data
! / — ———Theoretical data
28 ; 30 i -~y D ——t—————
< \ / 8T
) e i S B —_ -8 R
o] [o] o 2/ 220 ] )/
24 ———— = a— — = ongp—— ——] | S
] e T e S S e P2
o I :F::Z:EE::: NS S 3 4 | 7T A - Y A, R
$ | =
w20 ' .= g 210 G
LN - -8/(
.\\. - -l
+ o
Y] ~I .
g s .
N3 L6— 2T ———— 1 N S _1;_':___
.E L O/
T |
3
1.2 ‘ rae 2]
' t \~ET\_
1 —
; — ____;2___.._jh g
-8 Im_ .\\1
4 170
160 — - -
o] 2 4 .6 .8 10 L2xicf 0 2 4 6 8 10 1.2xI06
Re Re

Fuirre 20,—Reynolds number effect.

Lift Ip pure pltch.
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The British are apparently primarily interested in the
effect of initial angles of attack on the damping or imagi-
nary part of the moment signal so that data at zero initial
angle are not very plentiful. Quite a few tests on wings of
finitc aspect ratio were also made as well as with wings of
different profiles,

Inasmuch as & complete airfoil was used as & moment-of-
inertia balance, not only the structural moment of inertia
was canceled out by the balancing procedure, but the effec-
tive moment of inertia of the air surrounding the airfoil as

2
well, This t.erm,l; —;—-[— a’) according to the theory, becomes

7
Vs
L |
4
2
0 2 4 1.2

6 1.0
=Wl :
k=

¢”Pl d°g
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quite appreciable at higher values of reduced frequency
and makes the comparison of the British and M. I. T.
results rather difficult, especially in view of the almost cer-
tain inaccuracy of the theory at zero airspeed. A correction
for one-half- and one-third-chord elastic-axis posilions
must also be made to permit comparison of the two sets of
data. Thus the plots in figures 30 to 33 show the Dritish
data first simply converted to the method of presentation of
this report and second corrected for ideal air inertia and
elastic-axis position. Theoretical curves arc given for both

conditions.
s [ = 'I t... l
He
a 0.09x 108
o .14
o .21
20 ¢ .28
Uncorrected data
—— —— Corrected dato
————— Theoretical data
10 —-—— Theorefical data from reference © —
- 360
350
340 \ o
e
S
330 TR i
- \\\%
. \\
AN
- 320 Nt
R
~
~N
\\.
3i0 < -~ —
N
300 : !
o] L2 A 8 8 1,0 1.2
) ’ ko2l
3

Fiours 30,—Moment In pore piteh, aem~5.13°
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20 e
a4  0l42xI08
[ 283
Uncorrected data
0 ~————— Corrected data
--————— Thearetical data
—————— Thewelical data from
reference 7 .
— 360 \
$ \
S1.0 ' e &350l
qi * ’I, - “‘
B $ RN
o L~ e "l\\ N
X -~ g3 Y =
X 8 5 340 N S
o \ -
\\ J \\\ \\
ALY . g
. N T .
=== \g\ i N
\‘\ \_
6 330 <
“&CL
N
4 320 \\
i N
\\\
\
2 310 )
3
(o} .2 4 6 8 10 i.2 000 2 4 B B 1.0 2
wh wh
k= v k= " -

Fi:GRE 31.—Moment in pure pitch. «e=26.0°. Elastlc axisat one-balf chord, with center bearing.
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I
a 0.142 x 108
) o 283
- —— Uncorrected data
20 - ——— —— Correcled data ]
. —— ——— Theorefical data
——-—— Theorefical dota from reference 7
10 i
A
v 360
Vg
s
Vg
-] T —e N g
{ ‘\L:‘:—//
NQIOG Y £ 30 \
3 \ Py -
T \ s g
X \ . ~
§ 8 — . 240 -
A_X‘\\ /’/// ~ _ . ; \\ ‘\\‘\,_’_A
\\&\J -g = e
A ::—/ ~.
—t \ \~\
] i e 330 %
%
\N"K
4 320 - N
] - . ~
N
ST —%
2 = — 310——— N
Q .2 4 B .8 10 1.2 (] .2 4 .6 B8 10
:w—b . ‘._ wb
v =

FIaURE 32.—Moment in pure pitch, c,=:8.0°. Elastic axis at one-half chord, withuut center beuring,
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1.8 10 T T I
A b
a 0.142 X106
o 283
¢ ————— Uncorrected dota
1.6 380 —_ — Comrected dafa ]
~————— Theoretical data
————— Theoretical data from reference 7
1.4 350
I.\
\
M \
- 4 340—-
v
i
v
Vs
Vs
V’
G 330
0 y £
e 3
L <
,/
8 e L 320
5 3i0
4 300
i
2 - 290 "%
280 _
o, .2 4 6 8 18] .2 0 2 a 6 8 10 L2
k= -%Q k= _“%

Fracee 33.—Moament In pure piteh. a,=236.0°. Elastic axls at one-third ehord.
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Flaure 34—~Reynolds number effect. Moment In pure piteh.
In figure 30 and tables XV and XVIIT the data | increases markedly at the higher reduced frequencies for all

from reference 6 show good phase-angle agreement
with the theoretical, especially for the higher Reynolds
numbers, but the magnitudes are somewhat too high. Fig-
ures 31 and 32 and tables XV and XIX from reference 7
are also for a half-chord axis and the curves show the same
general trends. Because the flexibility of the airfoil was
resulting in appreciable deflections of the cenfer section
under load, the data of figure 32 were taken with an addi-
tional center support for the airfoil as a check against the
original data of figure 31. The surprisingly high moment
magnitudes at zero reduced frequency in figure 31 were
obtained from static pitching-moment curves by integration
over a complete cycle of incidence variation (reference 7).
The results for a third-chord axis in figure 33 and tables XV
and XIX show similar trends although the agreement for
both magnitude and phase is poorer than with the tests
about the half-chord axis. It is interesting that the higher
Reynolds number gives a somewhat better agreement w1th
the theoretical predictions.

When the corrected British data are plotted with corre-
sponding M. I. T. data against Reynolds number in figure 34,
several definite trends may be noticed. The rate of chenge
of moment megnitude with Reynolds number apparently

three sets of data. For moment phase angle, however, the
data from reference 6 appear to be somewhat out of step

with the remarkably consistent data from reference 7 and
M.IT.
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TABLE I.—THEORETICAL VALUES OF MAGNITUDES AND PHASE ANGLES AGAINST REDUCED FREQUENCY FOR PURE .
MOTIONS -
[Elastie axis, 37 percent chord; semichard, b, 5.80 in.]

1
[ Pure translation, k.=1.00 in. Pure pltch, as=8.74°
Reduced fre-
Lifc Moment . " quency, k Lift ) Moment
! YRUTLE err urFTur? dur YRLATILE éLr RxPtlupt $xr
] 270.00 o 90.00 1} 80T 150. 00 0. 0887 360. 00
. 0054 267,48 .0013 88.87 3638 177.90 .0874 356. .0
L0129 2885, 82 -003E 8397 .25 3542 176.60 . 0854 353,
202 264, 10 . 0048 8L54 040 3448 178.83 0837 350.78
L0243 283.38 <0059 .18 080 .338¢ 178 58 . 0627 349,17
0263 26280 LT 78.90 . .5332 175, 42 . 0818 34766
0877 262, 04 . 0082 6. 41 . 324 1756. 50 0802 e 94
. (435 261. 84 .01a 4,78 100 3128 178,00 .05%0 M2 52
. 0530 26152 .0132 73.08 - 3268 178.76 008 310,30
i . 66T 251.96 01688 70.22 .160 2803 17881 JOTL 336.37
' Nints 263. 05 . 0204 67.80 . ] 181. 68 L0790 332.83
LGBt 264. 56 0239 65. 65 . . 2601 18483 O 320, 8%
.1l 207.48 0201 52.80 300 <2606 190.00 0785 32588
1181 260. 868 0827 6L03 <0 2504 193. 57 . 0814 328. 56
.1 M. 0380 5B 58 ~400 . 2550 188.97 . 0850 320. 55
1460 2:5.88 0418 5§7.03 - « 2566 202. 52 . 0877 318.
H .1642 20044 . 04758 5482 - 500 . 2600 207.67 0923 316. 57
.1825 283.19 0536 270 . 560 <2657 12 54 N s 31470
1954 285.64 0577 8,35 600 2505 25.62 1010 2313.65
5 280.27 064 40.42 . 680 2493 218. 96 . 312.32
2306 201, 55 . 0580 48.18 .00 . 2560 22,64 . 311. 60
?97 267,10 0811 45.22 . 800 <3045 228 87 L1214 310.12
) 5 - 1089 40.03 L 000 3227 D205 . 308.
: 408 314.03 1418 3570 L 200 3857 247.00 1708 308.30
. 6939 322. 40 2002 30.45 1. 800 4551 256,18 . 3090, 10
1.1626 BL4B3 3249 2420 1000 8319 247,33 2821 AL 40
TABLE IL.—EXPERIMENTAL VALUES OF MAGNITUDES TABLE I.—EXPERIMENTAL VALUES OF MAGNKNITUDES
AND PHASE ANGLES FOR PURE PITCH: PITCH AMPLI- AND PHASE ANGLES FOR PURE PITCH; PITCH AMPLI-
TUDE, 6.74° TUDE, 8.74°—Coneluded .
[Elastic axis, 37 percent chord: semichord b, 5.20 In.: initfal angle ay, 0°) [Elastie axfs, 37 percent chord; semichord 8, 5.80 In.: tnftial angle ar, 0°]
: Reduced Lift Moment Redunced Lift Moment
Record %‘;e%ocltg}, fre- Record T‘_"e%nmt Y fre-
number) mp quency, nrmber mp quency,
k N TAE oy éLr YRy Iurt dur E VRLALILA éLr YRy P TIns $ur
1817 | 1054 0.053 0.93 180 0.0755 351 1875 8LO 0.068 0.274 Bad hash 0.0690 Bad hash
1818 105, £ .060 .268 178 0742 343 1876 8LO .078 .20 In posi- . 0600 in posd-
1819 105.4 078 .268 180 042 340 187 8LO . 000 .20 tion .0890 tion
1820 105. 4 070 . 266 180 040 HE 1878 8LO .106 . curve . 0600 curve
i 1822 105.4 .086 .28 184 352 1870 105.4 190 <240 182 0004 332
| 182 105. £ 004 264 177 3 1880 105. 4 106 . 246 184 0715 328
i 1824 105. 4 102 260 174 38 1881 105. & A3 344 182 0915 338
i 1825 105.4 118 . 257 178 337 1382 105 & 213 .42 185 0730 334
'o1seT 105. 4 12 <251 180 J41 1884 108. 4 .27 234 185 0726 332
1828 105.4 134 .25 I8 338 1885 108. & . 238 . 238 158 0730 30
; 1329 105.4 140 249 178 334 1888 105.4 L34 ~232 188 L0785 30
1830 105. 4 14 249 178 332 1887 105. 4 N 236 185 0730 324
| 1832 105. 4 . 180 <249 182 T 18839 108. 4 256 238 185 0730 324
v 1833 105. 4 .168 M4 183 332 1890 105. 4 .262 210 187 07 328
1834 105. 4 .181 M2 180 333 1801 105. £ <281 240 186 326
| 135 | 1053 188 T2 180 338 M2 | WE4 | C2m3 238 6 | 34
| 1937 K.2 .058 . 268 178 351 1886 105. & 309 <240 187 - 3
| 1838 9.2 050 <266 170 351 1508 | Q.2 .26 . 250 156 - a38
. 1839 93.2 .08 - 263 182 351 1800 8.2 27 238 187 0730 328
. I840 9.2 087 . 268 I 348 1910 3.2 -236 34 187 0739 328
1842 93.2 N . 258 18¢ J48 1911 «K.2 <245 18 187 0749 324
I 1843 1.2 109 .252 178 342 1913 3.2 25T Y 187 078 3%
1844 03.2 119 258 176 330 1914 8.2 71 .88 138 .0783 kv
1845 9.2 A 254 175 38 1915 3.2 2B .41 . 0783 325
T Q.2 .13¢ 254 180 343 1916 3.2 250 .41 187 L0784 32¢
Q.2 151 <39 183 39 1918 3.2 .300 .28 187 . 0840 325
1846 9.2 .160 <39 180 337 1010 K2 .308 . 238 T3 0810 320
v 1850 Q.2 LI70 240 180 332 1020 .2 0 s 238 188 .0528 30
;1852 3.2 181 45 183 33 1021 3.2 . 315 .233 159 084 a3
1853 Q.2 . 195 240 186 337 923 k.2 2" 3 -6 103 0815 320
1854 Q.2 . 206 240 186 338 1024 Q.2 .352 238 194 . 0810 323
1881 8L.0 113 351 182 32 1025 3.2 vy -8 194 0890 320
1562 8LO .12 L8 184 342 1928 8L0 248 344 188 0753 320
1863 8L0 . 134 .251 180 39 1929 8L0 257 .34 188 0738 31
1864 8Lo 144 <248 181 335 1590 8LO X .339 188 .0753 a0
1866 8L@ 157 £251 181 334 1831 8LO .82 134 188 L0768 324
1867 8LO 150 AT 184 338 1033 294 . 239 180 . 068 329
1948 8L0O . . 182 333 1034 81.0 .308 231 180 0708 322
1830 8L0 . 195 244 183 333 1935 8LO 316 .43 180 0814 318
¢ 1871 SLO .8 I 152 . 326 1038 8LO . 330 .0 194
1872 8LO il 244 187 .07 330 1038 8L0 344 <33 194
to1sTs SLo B4 .26 18¢ 0740 330 1939 8LO .358 BT 195
1840 8L.0 .J68 -39 195
41 8LG 74 234 158
143 8Lo 304 M3 197
1044 8L 0O 410 <4 197
1045 8L0 416 M3 187
1947 105. 4 .330 243 191
105.4 L3386 280 181
1949 105.4 <341 .238 181
1950 105.4 . 243 192
1952 3.2 373 ] 134
1953 3.2 388 .28 199
1954 3.2 388 .3 190
1055 3.2 <S04 248 200
1957 8L.0 426 ST 184
1958 8Lo 445 g 185
1059 8L0 LS ST 195
1660 81.¢ . 480 199
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TABLE 1l1L.—EXPERIMENTAL VALUES OF MAGNITUDES
AND» PHASE ANGLES FOR PURE PITCH; PITCH AMPLI-
TUDE, 13.48°

[Elastle axis, 87 percent chord; semichord b, 8.80 in.; initial angle ey, 0°]
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TABLE IV.—EXPERIMENTAL VALUES OF JMAGNITUDES
AND PHASE ANGLES FOR PURE TRANSLATION; TRANS-
LATION AMPLITUDE, 1.00 INCH

[Elastie axis, 37 percent chord; somichord 5, 5.80 In.: Initlal angle ey, 0°]

Reduced Lift Moment
Reeotl;d ‘T;eéoc!tﬁr), fre-
namber| V {mph) | quency, ..
& VELATILA éLp YRuPFIxAA | dur
3060 80.2 0. 147 0.502 . 178 0.134 . 884 .
3061 8.2 137 . 177 . 185 336
3062 80 2 .128 R, 176 . 136 337
3063 802 L1185 L0023 bYid . 134 339
3065 802 204 L4858 180 .139 327
3068 80 2 . 188 .488 179 . 140 320
3067 80 2 172 .488 170 .139 334
3068 80 2 .168 .495 176 140 333
3070 80 2 250 497 181 .133 324
3071 8) 2 . 238 497 182 .132 324
3072 80 2 .222 181 . 130
ann 80 2 . 308 54 180 .132 330
A6 80.3 . 288 508 188 .130 323
3076 80.3 a7 504 182 182 825
3077 80.3 . 285 .493 184 . 130 324
3106 8L 5 .180 494 178 .135 a7
3106 9L 5 .12 . 510 18 L138 ar
3107 91.6 L1068 510 - 1T 134 40
3108 L7 A7 40T 181 L1358 335 .
3110 oL7 404 181 .135 335
3111 8.7 .150 LA 180 .138 336
3112 9L 7 .140 . 52 170 .138 338
3120 L7 .812 . 481 189 .134. 320
3121 L7 207 .81 %sa . .130 330
8122 L7 .101 .488 il . 134 381
8128 9.7 .188 .80 176 . 134 330
3128 01.8 245 488 70 .136 340
3126 918 .37 488 by 135 a21
3127 81.8 . 230 . 481 188 . 138 324
3120 103.6 .118 509 178 130 3%
3130 103.8 104 500 172 132 338
8131 103.6 097 40 ‘1 132 337
8138 108.7 156 . 504 174 130 331
3134 103.7 L144 . 509 1756 138 333
8135 103.7 182 R 172 130 332
3136 108.7 124 . 400 175 .133 336
8138 103.8 .188 505 1756 130 328
3139 103.8 . 180 499 174 .129 328
3140 103.8 178 408 173 . 130 27
8141 103.8 . 160 400 178 .133 3B
3143 108.9 . 220 498 174 .140 324
3144 108.9 .210 480 174 140 324
3145 | 103.9 200 . 4590 176 138 a8
Stif clements

3682 9.5 0.302 0 512 182 0. 127 321
3183 oL & 300 .60 187 127 387
3084 9L b .87 .50 184 JIN 331
3685 9.6 278 512 184 .132 a8
3687 oL 7 . 268 .409 . 184 127 30
3688 eLT .48 .B518 184 .128
3689 oL T O 492 185 120 335
360 9.7 .28 . 505 189 131
3500 01.8 212 . 505 187 120 3
3700 61.8 . 205 . 500 182 .137 331
370! 81.8 194 . 505 126
302 81.8 181 . 520 188 .132 341
3708 92.0 178 .516 182 120 338
3704 2.0 158 520 186 .137 840
3705 820 153 524 184 .138 341
3706 °0 . 141 183 .132 343
9708 92.0 218 .B18 182 134 336
300 20 . 205 .5 188 .12¢ 831
3710 9.0 .5 185 .181 332
371l .0 .181 188 .128 335
af13 9L 7 . 322 490 184 120 316
3714 L7 322 498 184 131 317
8715 L7 817 512 181 138
8717 8L7 . 388 . 191 L1834 317
3718 L7 . 309 . 192 .138 818
3rng 1.7 383 £02 186 .138 318
3720 L7 .338 . 500 . 188 .131 318

[—_— Reduced Lift Moment

Roeatx;:;l ;e_l&sitgr), Ire-

number| V_ (mp. quency, —— PE—

fan E YRIAT i err | YR tlant | gur

2004 JI,% 4 0.307 0.1224 %0 0. 0370 50
205 | 1054 . 305 1z 262 .0283 58
2008 105. 4 .30 . 1260 258 1324 [l
007 105, 4 280 L1154 253 L0310 il
000 105.4 .74 1214 258 . 0354 o
D10 | "4 . %81 iz 257 L0338 00
2011 105.4 . 253 L1025 255 .18 01
014 108, & .5 . 0880 254 . 0803 00
15 105.4 .28 . 0798 25¢ L0242 o
2016 105, 4 218 .0783 258 L0258 8
017 108.4 . 208 L0708 258 .0228 08
2010 105, 4 .31 0871 200 . (208 o4
200 | 054 .189 .07 282 0212 13
2021 105, 4 182 . 0856 262 a1 o
2023 | 1064 17l . 0587 250 .0198 03
024 108.4 160 . 0553 281 .0181 08
2025 ]1'82'4 .18 .0514 266 .0181 It
2026 .4 .143 .0iga 07 0161 T4
027 | 1064 . 133 L0471 245 L0150 i
€28 | 1054 12 L0424 263 L0142 @
029 105, ¢ .14 B 21 .0120 0
2030 105. 4 .104 @7, o8l .0132 it
2031 105.4 .04 L0354 261 L0114 18
2035 105. 4 . 083 . 0357 264 L0113 bt}
2036 105. & 083 .0323 284 0105 73
037 105.4 071 . 0289 207 .00 73
2042 9.2 .368 L1350 2%3 L0390 o
2043 3.2 L350 L1253 20 L0304 02
044 B2 L340 .1205 281 . o4
2048 .2 324 .1253 250 0342 56
2048 3.2 .313 177 258 L0345 57
3049 8.2 208 . 1180 257 .0328 83
2050 ®B.32 .24 L1183 258 .0205 62
051 | 93.3 .40 L1078 285 . 0200 62
20853 8.2 . 267 L1040 254 0209 [
054 8.2 . 258 .10 254 L0285
ws5 | % 2 .48 . 1081 2587 . 0258 65
W58 2 230 L0952 255 . 0262 6l
2058 w.3 a4 | L9 255 . 0287 64
2059 B2 . 216 L0946 256 L0282 60
2060 0.2 L0500 255 . 0238 o
2061 03.2 o7 . 0850 281 0239 57
2083 3.2 .0829 265 L0224 70
004 | 932 173 . 0610 262 L0107 o0
W5 | W2 . 180 L0581 0185
2006 %2 . ig .0562 .g%gg
A TR I i
o7 | B2 .110 L0374 carve 0126 curve
wo7s | Eu.z 007 ] L0125
2075 .2 .089 0362 L0121
2076 3.2 .08L . 0307 264 .0105 08
2077 93.2 072 .0285 73 . 0008 78
2102 a1.0 L2 .1018 254 L0254 5
2104 L BLO 208 1650 . 251 . 0261 5
a106 | [ 8Lo L2855 . 1089 256 0258 &3
2106 " ELo .250 .1029 260 0254 ]
2107 | [ 8LO .298 0042 281 0245 84
2110 BLD .219 . 0760 7 .0242 i
2111 81.0 .19 L0735 Bad posi- L0234 }Bad posi-
2112 | 810 187 0638 tion curve o168 tlon curve
2113 BLO 174 . 0561 268 o161 6
%15 | _ 8LO .159 . 0878 259 0198 [
glie | [ 8Lo 152 L0534 202 0179 62
2117 _BLO .133 0455 262 L0172 on
2118 BLO 128 . 0437 259 .48 ]
210 | . 8L0 111 L0430 264 0131 76
2171 81.0 L 104 .0101 264 0% 70
2122 8L.0 . .0367 264 .0112 09
2183 | "BLO .07 B2 285 0103 78
2124 131. 0 .0 L0200 281 . 0088 9
a3y | 54 .082 .0241 271 .0081 75
2039 s & 085 L0202 bre] L0074 !
2004 | _8LO 370 140 €3 L0414 B
3085 | TBLD 343 L1 254 L0388 5B
2008 8.0 .32 .13 264 L0402 58
2007 810 T .1z 255 |7 58
2009 8L0 .314 . 122 255 L0417 60
2100 8L 0 . 300 123 255 .0388 58
2101 8L0 384 112 253 L0321 5
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TABLE V.—EXPERIMENTAL VALUES OF MAGNITUDES
AND PHASE ANGLES FOR PURE TRANSLATION; TRANS-
LATION AMPLITTDE, 2.00 INCHES

[Flastie axis, 37 percent chord: semfchord &, 5.80 In.; Initinl angle o, ]

. Reduced Lift Moment
_‘Recarbd ’;’_eéoc{:ry!'). fre-
: number{ ¥~ (mp! quency,
| k VR I b VRurFIurt |  éur
a7 | w30 | o.168 0119 268 0.0318 8
¢ 3488 | 103.0 .155 s 269 .0310 2
3% | 108.0 13 T108 20 -0265 &
3460 | 1081 13 102 a7 0290 b
362 | 103.3 13 el 2 “oes3 68
3463 | 1082 14 L0840 Pad 028 &
264 | 103.3 1105 052 an o2 o
3185 | 108.2 0% L0Ti5 Eer] L0714 3
| 36 . 103.2 ~0%6 ~0613 2 0180 Ve
wy | eL7 e gth P L0358 5
U/ | LT 2 ST o -0851 0
3t | oeuy 1155 7 0 “B: &
30 | o7t 18 m 260 L6817 67
s2 | oL7 BT 0986 w2 L0281 @
33 | oLT 178 ~0919 it L0258 71
38y | ooL7 0, L0838 a4 s B
3485 | 9L 108 -0813 o5 L0238 0
36 | 9LT 097 oz 25 L0211 a
38 | 802 S208 148 n7 -o402 &
358 | s0.2 w0 | 1 e -03%8 4
310 | 80.2 s 138 3 0268 &
3101 | s0.2 1 m a2 L0339 &
343 | 103.2 o . L 3 0402 64
3105 | 103.2 Ty g P -0ag? o4
3497 | OLT T2 1o a5 053 o
308 | L7 28 1@ s TO4I8 "8t
350 | 802 3 1s1 =2 ~0505 o0
1 | s2 % o =1 L0is6 » |
.
Buff elements :
3850 | OL4 | 0.168 0.138 2 0.038 I 7
2080 | 9oL4 L1862 134 70 ok | a
3881 | 9L4 s 1% 267 @® |
32 | L4 1 iad a2 10810 w
3685 | 9L ‘76 18y 287 043t ®
. 3858 | 9L3 ;s e | %7 0408 7
3887 L5 199 187 | 271 . 0408 1
a8 | 9LE T181 1 3 L8z a
e | eus J250 2 26 L0%7 2
363 | 9LS 1248 o2 3 0183 3
3674 | oL6 a2 1186 Pl ] %
a5 | 9L ax ams 268 o657 ]
368 | oLt Ta200 “230 =3 -0568 75
269 | oLt “a80 s m 0xi5 0
5080 | SL?% ‘70 07 256 Tom 68
TR | o T ‘8 262 -0625 51
um [ 020 a8 I ‘mg 262 ~0566 &

TABLE VI.—EXPERIMENTAL VALUES OF MAGNITUDES AND PHASE ANGLES FOR PURE PITCH ABOUT AN INITIAL
ANGLE: PITCH AMPLITUDE, 6.74°

{Elastie axis, 37 percent chord; semichord 5, 5.80 In.; initfal angle o, 8.10°]

] Lift Moment
" Record num- Velncii, ¥ Reduced fre-
: ber (mph) queney, £ I l |
; JRLAFILE $Lr Crled) Jﬁyﬂ+hpll xr Culo)
3196 9L 8 0.282 0.233 193 0. 485 0084 I 32 6072
3107 9.8 . 266 .33 183 . 466 . 066 o .03
i 319 oL 8 Sa54 .230 185 -4l J085 2% ol
; 3190 gL.5 o243 -230 159 _451 .06 % LTS
202 919 230 243 188 . 465 ~06% 329 2
3203 SL9 a7 228 187 .82 -085 320 -068
3204 oL ¢ ) Y] 185 - 480 .06 336 .085 -
3205 2.0 1188 .240 185 480 084 36 067
3208 .0 .188 ~210 189 e .062 333 -065
3200 w0 157 J230 150 - 485 -063 BT .00 -
§ 20 2.0 .168 “:8 18 458 - 064 338 .085
P11 1 .156 -240 185 4% .063 343 .050
375 21 .139 238 183 .52 062 341 -036
216 ®.1 134 236 187 455 ! .063 M5 .08¢
3217 2.1 122 336 183 458 .080 345 084
' 218 %1 “110 -236 1% . 450 . 061 343 - 061
3210 ®32 12 248 182 L4558 .064 345 062
3234 80.0 1296 S5 198 . 465 089 2% 066
35 80.0 280 248 191 . 489 .063 320 . 060
3236 20.0 7T 244 191 anl ! .062 38 So5t
S0.1 -288 241 188 .48 . 08T 332 .067
mw 80.1 1248 136 T L . 080 3z .03
3241 80,1 -950 .837 185 4% .05 335 L0867
3245 50.2 Lo .934 189 -450 - 060 136 .085
3216 £0.2 7] -533 186 156 .082 338 . 063
328 0.2 155 Ja33 188 156 .00 310 .068
3255 0.2 (187 23 188 . 186 .08t 335 -0
: 3256 50.2 J153 ) 182 458 -084 339 .073
! 257 0.2 Sl L334 182 453 L0682 339 070
2258 0.2 J134 234 134 - 440 ; . 062 348 -068
' 305 S0.2 s i) 184 N I -082 349 .068
I ..
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TABLE VIL—EXPERIMENTAL VALUES OF MAGNITUDES AND PHASE ANGLES FOR PURE TRANSLATION ABOUT AN
INITIAL ANGLE; TRANSLATIOXN AMPLITUDE, 1.00 INCH

[Elastic axis, 37 percent chord; semichord b, 5.80 In.. :n'tlal angle a, 6.10°]
it Moment
Recog nnm- Ve}nd.tgi v Reduced fge . -
r mp quexncy, 5 ' L . .
. AL dLr Cilad VRur FTun éNT Cule)
3873 9L3 0.2 C. 0905 F10] D.'i.g 0.0170 84 0.073
3274 L3 287 . 0008 264 . 0178 58 074
3378 L3 . 258 . 0850 282 .46 L0157 58 . 074
3276 91.3 233 (0815 287 - ? 0148 57 074
3278 9.3 .229 .0785 2492 A7 . 0137 63 074
3280 913 .216 . 0757 267 .47 Q37 63 074
3281 913 204 .0721 24 .49 , 0135 68 074
3282 913 187 . 0095 258 .48 . 0125 64 075
3285 oL 4 . 181 . DEB7 269 .47 L0117 o4 .078
3288 oL 4 .178 . 0814 261 A3 g%m 64 .078
3287 91,4 164 . 0568 25 Y. .0los a3 073
3258 9L 4 L1851 .8517 281 48 . 0101 70 B
3281 91.4 144 0486 3 [ D95 64
3202 014 131 . 0430 285 —— . GOBL 71
3203 0L 4 125 *.0418 281 - 0081 72
3204 914 .113 . 0357 202 - . 0068 2
3205 9. 4 088 .0320 250 [ JA0el [}
3302 709 312 . 1050 72 0208 66
3303 .9 . 302 . 1050 272 N .0171 57
3304 0.9 291 0878 260 -4 . 0186 84
3305 0.8 .27 0824 271 44 . 0186 62
3308 0.9 . 265 . 0895 268 A7 0172 /-3
3300 .9 M8 ., 0848 288 .47 . 63
3310 78.9 238 .0848 i ] L0158 60
3a11 70.9 L9823 0706 266 LIS 0140 60
3314 79.9 183 0730 272 L. LTI28 84
3318 09 L4 el ] 267 . 134 [iv]
3316 7.9 .188 D844 281 .51 JJus (1]
3317 ™9 178 . 0600 268 47 LaL1e 04
3324 828 . 169 . 0840 263 . E .0Lg
3325 829 .148 0530 | 263 . D094
3326 820 131 . 0452 260 .48 103
3327 82.9 .122 . 0443 258 .48 . 0083
3328 8.0 110 . D428 261 .46 0085 .

TABLE VIIL.—THEORETICAL VALUES OF MAGNITUDES, PHASE 'ANGLES, AND NET WORK PER

MOTIONS
[Elastic axts, 37 percent chord; semichord &, 5.80 In.; initial angle oy, 0°
Motlon phase | Translation Pitch Litt Moment Tot ue
rrlcl\g?xmg, angle, amp}ﬁude, amplitude, L‘gt,.:k“%“lvm
k oy i - (in-b)
(deg) (n.) (deg) VRt w LR VR Tund 37
Varlable reduced frequency
——t : ke
0 225 10 Lar 519 0. 2854 45" 0. 0685 225.10
. 050 225, 10 L37 510 L2378 35.08 . 0584 8. 45
. 100 225. 10 L37 5.19 . 1978 2015 .Q518 104, 88
. 200 225 10 LB87 5.19 1418 | 10.50. 04688 IR). 38
240 225, 10 L 37 5.19 . 13683 1838 . 0408 161. 57
. 300 245. 10 1.87 51e . 1097 822 84 180,07
. 340 225,10 L37 519 . 1026 2897 .0502 143,23
. 400 225 10 1.37 519 0975 354. 45 gg 134.28
<440 235. 10 L3 . 819 . 0008 40P . 126. 8
. 500 225. 10 L3837 819 1000 g%é_ . .0812 123.2
. 550 225.10 137 819 . 1098 . 06681 117.4
. 600 L2510 L3z 519 . 1181 333._‘1_’ . 0085 114.0
Varisble translation amplitude, pitch amplitude, and motlon phase angle
0. 300 0 L. 8000 3.37 0.2310 <} 0. 0566 18.72 52, 392
300 20 L. Q.53 . 508 2m13 . 1840 57.35 155. 208
. 300 180 . 10.11 . 3829 B.g? .1218 %07 12. 808
. 300 Frj] 14142 0, 53 2212 108 0712 8 ~07. 457
300 1] . 5000 10.11 401 107. 50 1121 333.07 22
300 180 1. 5000 L . 1850 310.40 0820 100. 81 44,
. 300 210.2 14205 4% . 1094 348,23 .0160 276.98 10. 127
. 300 233.2 L 1100 7.53 . 1875 48.08 0564 307.43 —23. 005
. 300 232.8 10271 810 .2185 50. 2% 0762 183.11 —33.610
. 300 321 9956 8.28 . 2287 50.47 0788 183.48 —ia. 820
. 300 o7 . 8636 8.45 « 2364 - 50,75 <0816 183. 92 —23,870 .
+300 230, 9 ~B313 &ﬁl » 2483, 50 B4 183.81 —13. 553
.300 30.1 m 77 . %‘6’? 032 . D808 183. 68 —38. 088
300 .1 . 892 . 40. 0894 188.35 —18, 308
. 300 219.1 . 6758 9.64 . 3182 10,42 . 103¢ 139. 10 14. 287

"CYCLE FOR COMBINED



AERODYNAMIC DERIVATIVES OF A SINUSOIDALLY OSCILLATING AIRFOIL IN TWO-DIMENSIONAL FLOW

MOTIONS; VARTABLE TRANSLATION AMPLITUDE, PITCH AMPLITUDE, AND MOTION PHASE ANGLE
[Elagtle axis, 37 percent chord; semlichord b, 5.9 In.; Ipitil angle «i, 0°; reduced freqoency £, 0.30]

]

TABLE X.—EXPERIMENTAL VALUES OF MAGNITUDES,
PHASE ANGLES. AND NET WORK PER CYCLE FOR COM-
VARIABLE REDUCED FREQUENCY

[Elastfe axis, 37 {Jercmt chord; semichord b, §.20 In.; transistion amplitude ko, 1;,.13. in.; pitch

BINED MOTIONS;

. Lit Moment
Record | Velocity, 77 a'rl;lmplftu ylog | Plichampll- © yyorion phase Net work p
nomber {mpk) " o) angle, # (deg} — (ta-ib)
VELATIL® éz VRuetIxdd| $uz

2333 80.0 1.50 3.37 0 0.2 51 0.0755 24 I
AT 0.0 1.41 9.52 %0 .12 %0 182 w | 1T -
3845 0.8 L4t 9.53 0 .18 102 0420 st | CTC SR
3935 80.0 50 10. 11 1} ——— e 198 - 10 ¥ | e ——
2350 .2 L5 3.37 150.0 R B[ -o887 125 37.90
28 70.2 1.43 158 210.2 -102 354 . 18 10.62
3350 0.0 L 7.5% 032 208 30 .0076 106 —12.97
3352 0.0 o3 210 22,6 T3 5 -102 201 —22.50
e T Lag 828 721 .238 % 109 Ty T
3389 .8 96 845 A7 a4 41 17 192 —18.22
HHOI 0.9 2 8.61 0.9 240 15 $it) % —20.11
303 e b 87T 20.1 Jom £ i 187 —16.68
3106 .9 .87 £ 2201 287 it} Bitd 1% —18.%
3108 0.0 .68 064 29,1 -315 4 I3 187 —13.14
3410 80.0 50 10.11 180.¢ 38T 3 .148 158 10.43

mpl udea.,:l:sm" tnitial ang’ a;,o" motion phase angle 8, 225,
: Re- Lin Afoment X
et work
t Record | elog; | doced per cyole,
nomber Ity, ¥ fre- - t Fy (in-
(mph) que:teg, VRS I ¢re | VReadtIeu® | dau lbg

1

| 3569 80.0 | 0.370 0.095 Q 00378 120 2.635

v 3570 .0 365 . 095 55 . (369 28 £ 007

1y 9.0 350 . 095 k5] 0326 125 4. 638
3572 80.0 342 102 358 -0370 125 & 29
54 80.0 .30 <104 2 0292 125 1865
3NS5 80.0 .316 . 104 12 - (280 112 —3.149
3576 8.0 .802 - 104 8 - 0202 paisg —L201
3505 0.0 .1 104 [ . 0250 100 —. 300
3908 8.0 312 .09 3 0358 Ill La
3507 80.0 . 800 104 17 0335 123 —4 544
3508 0.0 . 288 . 108 § 0282 32 .392
3600 80.0 2890 107 14 - 0304 %5 —4. 560
3601 80.0 . 265 11 15 0304 137 —4. 55
3602 80.0 . 258 .12 12 .0321 152 —8. 425
3603 80.0 <236 114 15 . 0330 il —4 80
805 80.0 .22 . 127 2 0347 156 —8.792
3506 0.0 .23 . 132 18 . 0330 172 —8. 170
3607 80.0 . 203 140 1% . 0408 1688 —8. 500
3608 8.0 180 . 142 2 . 0301 170 —1L 274
k1] 80.0 L Led Jd482 20 . 0391 176 —9. 917
3810 80.0 .162 152 x 0451 184 —14.68%
3812 80.0 -1 110 1 . 0356 138 —L 78
113 80.0 . 288 112 18 . 0330 139 —4 848
3614 0.0 2% 112 18 -0330 140 —4. 85
3615 800 253 17 15 <yl 156 —5003
3817 80.0 . 338 N g 8 034 118 .22
3618 80.0 328 .007 12 0313 138 —3.315
3619 0.0 314 -00% g B4 132 - 574
3620 0.0 N7 .10t i1 .0331 I 419
3622 80.0 39 . 009 | 5 — ——
3623 0.0 370 . 104 3R P — ——
3624 8.0 .30 [i.2.!] 3 ————— _— —
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TABLE_ IX—~—EXPERIMENTAL VALUES OF MAGNITUDES, PHASE ANGLES, AND NET WORK PER CYCLE FOR COMBINED

TABLE XI.—WORK-PER-CYCLE COEFFICIENT—

THEORETICAL VALUES

[Elastic axis, 37 percent chord; semichord 6, 5.80 In.; trenslation ampiftude &, 1.37 in.; pitch
amplitude s :3.19°; amplituda ratlo SJee, 15; Cw ,=Cw  —Cw = Waligha.k,)

Alotion Coefficlent of net work Crr, at—
phase‘ i

% k=0 E=0.10 k=020 E=0.30 E=0.40 k=050
1] Q 0.5114 1.2661 2.0140 27432 3. 4568
0 15708 18387 2 4738 3.1118 37502 4. 4071
50 2. 7208 2. 2480 3688 3.8527 43640 4. 8883
90 3.1418 3.4377 3.7113 4.0384 4. 3957 4.7716
0 2.7208 31944 3. 404 3.6180 8458 4. 0870
150 L 5708 2. 3069 2. 5442 2 7068 2.8614 3. 0200
180 1] L 6082 13473 L 5484 17084 1. 8580
310 —L 5708 —.3501 1396 . 4485 . Go04 . 6035
240 —2. 7208 —1.4284 —. 7554 —N23 . 0855 L4243
oo —3.1416 —1.9081 —1.0979 —. 4780 053¢ L5410
300 —2. 7208 —1.6748 -—. 7960 -~ 0585 . 0040 1. 27
30 —L 5708 —.T - 0602 . 8535 1. 5882 217
360 0 5114 1. 2861 2 0140 17432 3. 4568
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TABLE XII—COMPONENT AI\ALYSIS—«THEORETICAL VALUES FOR LIFT A\*D MOMENT IN UI{E Tl’iANS_LATIUt\'_

—— g - e mmrer o - 5 o m o mmom R o oL S

Lift in pure tra.ns]ntlon

k Ber Eur Lr,‘{rqﬂ.-BLr+Et.r |k [Avthreedm. Lrfixgh,
0 8 0401 040 0 040t
.05 00125 —0.00853—0. 045450 | —0.00528—0, 04545 187 | —0.004105 —0. 10234
110 -0050 —. 01723—0. 08321 — 012230, 0832] _ 1333 L0114 —0, 184141
.30 ~0200 —.03739—0, 14552 —. 017330, 145624 -867 *131385 —0. 33682
130 20450 — . 033790, 1995¢ —. 008780 10954
10 - 0800 — 086 —0. 25001 -01400—0. 2500 Throedim
.50 11250 . 075350, 208051 040850 208001 " .
%] 3500 e e Magnitude | Phase (deg)
1.00 ~5000 —.1003 —0. 53041 15007 —0.5304] _
2 ) a
167 .1023 7.7
3 L1845 7735
. J ] Leer ~3708 R1.5
Momens in pure transiation
~ . . Av. three-dim,
k Bur Exr Mrfixqbhie= Bur+ Eur k Mrlg—qb&.
0 0 ©
.05 000325 0.001367-10. D10s11 167 0. uu"ssig
210 -00130 00414 -+0. 019971 -333 04421
‘20 10052 100896 0. 034921 1887
3 L0117 -1zt o. 0arsi
250 10325 101808 0. 071751 N Three-dim
& e -01588 1. 0n Magnltude | Phuse (deg)
1.00 11300 -02407 +0. 12946
_ 0 0 a0
b aer . 0257 721
3 lass -05052 80.4
ol e 111835 4.2
l P . - - -

1 Averege along span, aspect ratio of 6,

TABLE XIIT.—~COMPONENT ANALY@IS—-THEORETI(‘AL VALUES FOR LIFT A\'D M()\[ENT I PURE I’I’I‘(‘II

. — e T D et T i ; Serell, ool
b . Lift in pure piteh L _
. . . Av, three-dim.
k Arp Brp Drp Evp k Lr!&ba.r
0 0 0 ~1-0000-+0.0000¢ -0 -0 0 —0. 6797-+01
.08 —. 025 , 1305 —. 0050 —0. (345 167 — 62340,
10 —.omf pOIS 1751 = 0]31—0. 06324 1333 —. 52030, 1528
T2 —. 1004 o6 L0 850t 0570, 11061 867 —.5148—0. 1821}
% g o TS Tt Dk 16008 -
5 | CB SR cEnE | B ) R | o T
8 1. —laor -0m32 - Casadq 11en —. 0708 —0. 3309 35;17—0. 204 || Megnitude |Phuse(deg)
1.00 — 500 | 1300 = 5304-+0. 1003 —. 07620, 10661 748580, 8000¢ _ - -
. ' . A ia. Sl o D6y
l . . S ade 187 - 0250 18490
: Flo - :- 383 5605 109.0
- . CEE - ] 887|688 | =
Moment In pure p{tch o o }
‘ . oL Ay, three-dim.
k | Auxr Bur Dyr Eup k Mp/-ig)b’a.r
j . i . - . o
’ 0 o000t | o0 4 2400-0. 04 zigmmc 0 0. 163104
.05 —. 0180 .02 . 001210, 00834 L 167 . 15330, 0700
10 —. a380 L0010 - 01524 . 15050, 12281
] — 07604 -0039 L867 - 18010, 2344t
e Ik i
5 | | amAte | b | e T
NI 0816 -orm 0. gsoot a6, 351y Megnitudo | Phase(eg)|
100 —. 3800 0963 L0180 0984 -2441~0. 30874
. _ i1 0 0.1631 0
) 167 1638 335.3
- 333 oy 320.1
N7 LS 308 8

1 Aversge along span, aspect ratio of 6.



AERODYNAMIC DERIVATIVES OF A SINUSOIDALLY OSCILLATING AIRFOIL IN TWO-DIMENSIONAL FLOW

TABLE XIV.—COMPONENT ANALYSIS—EXPERIMENTAL
VALUES; AVERAGE M. L. T. RESULTS
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TABLE XVI.—CORRELATION ANALYSIS—STANFORD
RESULTS ¢

B S— &
-84 - " [
Pure piteh, a,=6.74 | Pure transiatlon, hu=10 . Reduced]  peynaas mﬁm!mﬁw Corrected Corrected.
k - quency, number, I i pm Correetion term Lar{[%ee-’ phase,
Lelisgs | mmxp«.j Leftaghe ' Mrfiraih, k Be . |4 ) ez
L ﬁ - . .
610 | —0.70640.0248 | 0.1905-0.05 | —00079~0.08%07 | 0.007140. 007 Model A (=7.5 ., a=—0.20); A=6.86 cps (table I-A-SB)
L5 | — s P0G | — o180 106 -01294-0. 0304
|20 | —6%H-0.03u | |I7T70—0.0890( |. —.0265-0. 143i 018010, 0385 i =
!ol2s —.85—0 Imm-o s | - os2~0 I -02283-0. 01581 02 | LOBXIN | 225 180 l —a.003—Cozd | 200 | 10T
;a0 — 6350 112} f (Iy-el85 | — 0500 AN - 03284005477 .3 -85 Tzs | I —~.0016—0.0376¢ | 2283 | 189.0
0 ) —IR0-0I8N | IGTSO.IN | . — 1 BId 223 | w57 | 00%T—0.045TF | 22433 | 106.9
: ! .5 .43 o 2083 . DIS3—0. 0855 2325 | 21L0
s o 28108 | 2004 | 470086 | 2518 | BLS
to | e | 2T [ omss ) mR-01017 | 7023 | 22
Model C (=50 in., ¢=—0.%0); 5=10 eps {table I-C-10R)
©oag l 1028 2,48 1% E —0.0003-0.004 | 2485 | 1208
' 2 R 23 | 15 | —0016-—0.03%f | 23013 | 18n4
I 4 514 23082 | 1042 | .0027—0.047Lf | 231567 | 1953
; 6 34 23604 | K7 | OIRX—0.0835 | 23747 | WES5
| '8 a5t 2R | AL o7 (.0838i | 25%2 | TS
: Lo | ‘28 20 | 258 (OTR—0.1017 | 274 | 283
; - —
; Model B (h=7.5 In., a=—0.40); n=6.66 cps (table [-B~6R)
i cT T : .
[ 0.2 | coess 2.395¢ 1845 | C.00TSHO.084H | 23135 | 182.9
i .3 457 2307 | 1900 080057 | 221105 | 158.8
: 1 S 22010 | 197.9 | —00c240.1000F | 201750 | 1961
} .6 2129 2 3006 ALy ~—. 042810, 1528¢ a2 2818 €000
8 ] TE0SE | 24 |, ~— 07RO 104G | 2m0t | a7
| re } 7 ool | 23 l — IS0, 2378 amm‘ 29.0
! . Model D (=50 in., a=—0.10); n=10 cps (table I-D-10R)
| oz | oo sam0 | 1sxe [ 0007540, 2.6m2 | 187
©a Li5T Az 1000 | Lonastoos | Zzer | 18
S n 23280 ; 1975 —. 006244, 22033 | 149
: .6 .10 2 4851 n0.2 —. 042840, 1528 I 40t 208.6
Poob R 12 1057 | o2ml — 00570104 | 2TEm | oMt
' i Lo | oo amsr | zme [ —T 23724 l 3 0510 | 235
} . a

TABLE XV.—CORRELATION ANALYSIS—THEORETICAL

VALUES
[
! (a1 Foc corrected resuits (a=—0.28}
E i Lighes | #ip | Miigha, { $ur
to 3. 1416 180.0 0750 | st
1o zesm | 1m0 5719 349 52
.2 23824 1SL 68 .8589 l 3208
-3 28 160.0 sm2 | 39588
4 2175 198. 97 JTa0 | 305
N 22102 207. 87 i T T Ty
A 2. 9995 215 . 858 31365
3 ! =285 228 87 L0320 310. 12
| Lo awmm | 29.05 12202 I 208, 60
I
! (b) For British results {no inertla term)}
! T
| (a=~—0.33} (@=0)
Pk ! -
: ;
: i MiAg¥as | dup Allghta, bxr
ro | oo | 0 L 5708 360.0
Dou1 o1 4@ 3304 L3505 35.¢
Po.2 4988 | 2 L2205 438
Co3 b Tmm ot 3me L1480 ULe
40 el G 30%4 11002 2100
R TN T T- R ¥ L0730 08 4
I L7831 %57 L 0568 236.9
C R 22 [ 29,8 LO5I1 2939
i 10 L1718 6.2 L 0818 330.7
t f 1

t These resuits have been corrected for a theoretical “shift" of elastle axis from 30 and 40
¢ table numbers given after model designations refer
uncorrected data were taken.

to 37 percent chord. 8
of reference 5 from whic.

refur to tables

TABLE XVIL—CORRELATION ANALYSIS—M. I. T.
RESULTS

[eri=07; ctem8.74% O Bo=1.0 in.; @=—0.26]

k Lighas | #,p | Migha. | #y,
RewD.TIEXI00
0.05
.10 238 —— 0. 587 —
T 212 151 895 3t
g3 208 182 .. 603 R
.25 2.06 188 L6393 329
30 201 190 .G85 3%
.25 2.04 s | —_—
40 207 197 i 326
Re=0.823% 108
005 | oo U RO
.10 212 130 0. 602 33
N1 212 183 .6% 839
2 2.04 156 8m 337
T 208 187 . 636 0
130 202 18 716 3%
.35 202 194 .65g 32
] 211 200 .61 125
Re=0.930X 108
0.05 232 150 0.643 35
.10 2 74 . 508 . 38
.15 212 178 .632 2
20 208 153 . 608 232
.25 L 184 N 34
.3 252 187 e m 321
I 35 104 191 e 319
i .40 I R [REUIORE [ —_ —
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TARLE XVIIIL.—CORRELATION ANALYSIS—RESULTS! OF
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REFERENCE 6 (a;==0°)

la Correctad iR P+ TP
k InM/ oaf:ed e M“"‘Iﬁ?_‘_" xc‘f = dyr
. T
Re=000X100 ]
0 7§ 1.6000—0f —0. 8108404 0. 78324-0f 0. 7832 a0
.2 3860 | —. 502004145 | . 7048—0. 51364 T4 336
T4 | 104000 4480 | —.4781—0.08170 | .5630—0. K287 Rt 37
6 8665—0. 460f | — 3815—0. 20621 w—mm .8243 306
Re=0.24104
- . s ST = ==
0 1. 8326—0f —0. 816810 0. 7L57-H01 0. 7187 360, 0
.1 | Lagl0—0.200f | —.580B+0.08220 | .7007—0.2078( .T308 343.5
2 | 12400-0.378 | —.5902--00414d | 64880, 33861 . 7818 339.8
o8 | Lioop—0.49H | —iEz74—0.01841 | . 58180 44041 725 3220
T4 | 10230—0.431f | —.4781—0.08171 | .560—0. N27i LG .818.9
6 9240—0.403f | —.3815—(.2062¢ | .5425—0. 60021 L8187 L7
P AL - . PP R
: Re=021X10% ) )
0 L F150~0f ~0. 816810 0. 608204 0.6982 360.0
.1 | 1.8450—0.977 | —.680840. . 88470, 10484 L6837 M3 T
2 | 1.2520—0.3481 | —.580240.0414 | .6618—0.3036 L7281 3354
'3 | L1200 34 | — 524—~0.0184 | 6145030924 .T308 327.4
4 ] 1.0800—0.295i | —.4781—0.0817f | .6030—0. 4787 . T604 8.7
Rem0.28X108 _ ) L
0 1.5140—04 —0,8168 0. 8072-H0f 0.8072 360.0
.1 ] Tae—q —. 6303 . 7387—0. 19781 -7509 3449
2 | La2z—0.38 —. 5602+0.04141 | . 6818—0. 3306 L7350 3328
2| Tier-0.401f | —. E27A—0.0184( —0. 41044 7040 328.7.
.4 1. 151 ~0. 418f —. 4780, 08177 .6749—-0. 4908 8308 228.5
L Fa -~ -

1 Resulis are Ior a
tiong have been madi

elastfe axis to 37 peroent

which has its elastic axis at one-half chord. The foHowing correc-
cﬁ Aemdynamlc fnertia tsrm added and (b) theoretical "shift™ of

TABLE XIX.—CORRELATION

REFERF"\*CL 7 (a.-—0° b=45 IN)

ANALYSIS--RESULTS !

I
Interpolated Corrected R_vr’-f-nr
p] M&,‘,_ S, Mesrfiglices , dur
(a.) Wit.hnut center heurlnz (a-D)
i Rew0,142X108 ~

0 1.8864-01 —0. 8168401 1.0803+0F 1.0002 360.0
.1 | L395—0.30% | ~—. 6803+0.0822f [ .T147—0.2238¢ L7402 3426
.8 | L:0—0.339f | — 50024-0.0414f | .6198-0. 20781 .0875 A
8 | L106—0.355 | —.5274—0, 01848 | .X79—0.3734f . 6888 377.2
4 ] L300-0.308 | — 471—0.08178 | .5509—0, 44470 L7181 321.5
.8 .086—0.360F | — 3815—0.206% | .5715—0, 575% L8130 315.0
.8 B25—0.360 | —, 2788~ 325;{ . G462, e85 . 318.0

Rem0.283X100 . )

[ . —0. 8168-4-0f 0. 985240 0.0882 30.0
.1 —. 080340, . 6947—0. 16781 7197 344.8
2 —.5502-1-41 o414 —0, 303" 7010 384
.8 —.E274—0.0184f | .roS6—0. 3804 JT2H 397.4
4 —. 4701—0.0817! | .6339—0. 46671 L7873 3238
.8 —iBBI5—0, B | anomecvommeor | avccomemaeen | ameam
-8 _— ms—o.azm J—

(b) With center benrinz (a=0)
. Rem0.142X109 I

0.2 | L202—0.335 | 0.58024-0.0414f |0.0318—0. 2088 0.6968 335,1
. L12—0.3%0f | —.5274~—0. 0184 .nm—o.mr 7047 337.6
. 1.057T—0.370 | —.4TRI—C.0RIH | .5800—0.45 L7358 2221
. L 993—0. 8 — . .sns—o. ww ] 7.2

: Rem0.23X10 .

0.1 | 1.530—0.200¢ |—0.680340. 0. 84970, 1788/ 0.6739 L0
.2 | I.Iot—0.335 | — E00240.0414f | . 60480, 030 L6722 81
8 | 11050355 | —.5274—0.0184 | 577603734 <687 3271
4 | 1.077—0.388 | — 47B1—0.08I7F | .6000~0. 4397 7418 an.g

(¢} Without center bearlng (a-—o_.zss)
Re=(.142X10¢ .

0 0. 533401 0. 2293407 0.7623-+-0f 0. 7623 360.0
.1 L4000, 158 .1061—0. 0167 | .0851~0.1717¢ 7073 345.7
.2 <4500, L1840--0.0005f | .6310—0. 2585 L6847 337.8
.3 L4150, .1870+0.02041 | . 00:0—0. 31661 .6802 332 3
“ - 380—0; 4041 <2007, 04208 | . 3807—0. 3818 6844 328.0
5 . 3430, 4664 L223040.00341 ) . 3650—0, 46204 L0045 3240
.6 . 3050, 520 .% , 0844f | .557B—0. 1416 L7133 an.4
.8 . 218—0. 6501 . 12541 | .5518—0, 52464 L7811 318.4

10 | e . 4367-+0- 16814 .

Re=0.283106
- 1] - E ey

o 0. 2203404 0. 779340+ 0. 7798 200.0
.1 .1961—0. 0167 | .6941—0, 1717 L7151 2161
.2 .1840—0,0005{ | .6330—0. 2585 . 6802 0
.3 187040, 0204 | .e120 -0.3178 £895
o . 2007-10.0421¢ | . 50790, 38701 7100
8 -5230-0. 06341
8 ' :

1.0 wig'mu .

OF

1 Rcsu]ts are for wings with elastic axis at one-half ¢chord and one-third echord. The follow.
in ctions heve been made: (a, Aerodynamlc inertia term added and (b} theoretieat
g m" of elastic axis to 37 percent ¢



