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EXPERIMENTAL AERODYNAMIC DERIVATIVES OF A SINUSOIDALLY 
OSCILLATING AIRFOIL IN TWO-DIMENSIONAL FLOW 1 

By ROBERT L. HALFMAN 

UMMARY 

Experimental mea urements oj the ael'odynamic l'eactions on 
a symmetrical airJoil oscillating harmonically in a two-dimen­
sional flow are presented ancl analyzed. Harmonic motions 
include pure pitch and pure translation, jor several amplitudes 
and superimposed on an initial angle oj attack, as well as com­
bined pitch and translation. 

The apparatus and te ting program are described briefly and 
the neces ary theoretical backg1'ound is presented. 

In general, the expe1'imental results agree remarkably well 
with the theory, especially in the case oj the pure motions. 
The net work per cycle Jor a motion corresponding to flutter is 
experimentally dete1'mined to be zero. 

Oonsiderable consistent data j01' pure pitch were obtained 
jrom a search oj available reJerence material, and seve7'al 
definite R eynolds number effects are evident. 

I TRODUCTION 

The purpose of the work de cribed in thi report was to 
determine experimentally the lift and moment on an 0 cil­
lating airfoil and compare the results with the prediction 
of the vortex-sheet theory a de cribed in reference 1. The 
u e of the theory on aero-ela tic problems such as flutter 
could then be verified or modified. The general plan of the 
program wa 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 wa un Im·taken in a ucce lOn of 
pha e by the Aero-Ela tic R e earch Laboratory of the 
Massachu ett In titute of Technology over a con iderable 
period of time and should be con idered a the combined 
effort of the group wbich worked on each pba e. The 
phases were: 

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

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

(3) The development of the force-recording equipment 
(4) ystematic test with the equipment developed in 

pha es (1) to (3) and de ign tudy of equipment for higher 
frequencie 

(5) The thorough analysis of the test resul ts of pha e (4) 
Since a substantial amount of data for similar tests has 

been compiled independently by various other research 

OTOUpS and no known re ume or comparison ha been made, 
a portion of th is report is given over to the reproduction and 
comparison of typical data reduced to a common form of 
presentation. (ee appendLx.) 

This work was onducted at the ~1assachusett Institute 
of Technology under the spon or hip and with the financial 
as i tance of the ational Advi ory Oommittee for 
Aeronau tic . 
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SYMBOLS 

frequency of forced motion 
angular frequency of forced motion (27rn) 
emichord 

air-stream velocity 

reduced-frequency parameter (~) 
den ity of air 

lynamic pre. ure (~p V2) 
pitching angle of wing; po itive in direction of 

tall 
ampli tude of pitch 
initial angle of attack 
vertical tran lation of wing at 37 percent chord; 

po itive downward 
ampli tude of tran lation 
angle by which pitching motion lead translation 

motion 
pha e angle between front and rear actuator 

wheel 
ratio of eli tance of elastic axis behind midchord 

point to emichord 
di tance of center of gravity behind miclchord 
mass of wing per unit pan 
real part of Theodorsen's function 
imaginary part of Theodorsen's function 
Tbeodor en's function (F+iG) 
static moment of wing about ela tic a.."j 

((x-ab)m) 
moment of inertia of wing per unit span about 

elasLic axi 
natural frequency in bending 

ffective linear pring con tant (mWh2) 
natural frequency in torsion 
effective torsional spring constant CIaWa2) 
work per cycle due to moment 

I Supersedes NACA TN 2465, "Expcrimcntal Aerodynamic Derivatives of a Sin usoida lly Oscillating Airfoil in Two·Dimensional Flow" by Robert L. Halfman, 1951. 
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OWN 

t::,.('D (a,) 

CLS 

('.\{ S 8 A 

Re 

work per cycl e due Lo lift 
net work pel' cycle (- VT1L-lf"f) 

coefficient of work due to lift (4 /:;oh.) 
ffi · ( 11 (~f ) coe clCnt 0 wor~ (ue to moment - 4qbcx

o
l/:;, 

coC'ffi cien t of net work (4 :~Y;ohJ 
average drag-amplitude coefficient 
steady-state or static lift coefficient 
steady-state moment coefficient about elastic 

aXIS 

Reynold number based on airfoil chord 

The following symbols arc usually combined with subscrip ts: 

L 
j\;1 

R 
R' 
I 
l' 

,IR2+ J2 
A ,B,D,E 

ubscripts: 
p 
T 
R 

L 
M 

lift pel' unit span ; positiYe downward 
moment per unit pan; po itive in direction of 

stall 
real part of complex quanLity 
dimensionless real part of complex quantity 
imaginary part of complex quantity 
dimensionless lmagmary part of complex 

quantity 
magnitude 
componeD ts of lift or momen t 

phase angle ( tan -1 i) 

due to pitching motion 
clue to translational motion 
clue to combination of translational ancl pitching 

motion 
lift 
moment 

DESCRIPTIO OF APPARATUS 

The mechanical apparatu is designed to oscillate an 
airfoil in pure pitch, pure translation, and combinations 
of the two at various frequencies ancl amplitudes. The 
in tallation in the test ection of the tunnel is hown in 
figure 1 and the entire oscillator mechani m is illu trated 
chematically 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 I-foot chord, 2-foot pan, 
and NACA 0012 profile. An eXLremely rigid and light 
magnesium two-spar stressed-skin construction was neces­
sary to minimize inertia load and prevent appreciable de­
flection during oscillat ion. The te ts were performed in the 
M. 1. T. 5- by 7 ;~-foot flutter tunnel which wa modified by 
the installation of two vertical fairings as shown in figure 1. 
The presence of these fairings insured essentially two­
dimensional flow over th e aU'foil while any deviations from 
the usual flow could be detected by the pitot-tube rake 
installation also hown in fi gure 1. 

" 

L-77889 

FIGURE l.-Test-section arrangement viewed from upstream. 

The oscillator mechanism cons ists primarily of an actuator 
unit located just below the test section and two identical 
linkage extending up thro ugh the vertical fairing on each 
side of Lhe a irfoil. As may be seen in figure 2, the actuator 

J has two pairs of circular crank wheels on each side. The 
rotational motion of each pau' i transformed into inu­
soidal vertical motion by means of a connecting rod sliding 
on a member constrained to move vertically. This vertical 
motion is tran mitted up into the te t sect ion by thin teel 
bands D which terminate at the "dumbbell" cams I. Ad­
ditional bands continue from the cams to the adj ustable 
overhead springs C which maintain tension Ul the band at 
all times. The 1"e ultan t, motion of the cam i transmitted 
to the wing through the linkage H. Each pau' of crank 
wheels can be set to produce either 1-, 2-, or 3-inch-amplitude 
vertical motion and the front pairs can be et and pha ed 
independently of the rear pairs. Thu with the rear pairs 
exactly 1 0° out of phase with respect to the front, th e 
cam I is rocked about it center in pure pitch. 
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a Vertical guide 0 Transformer 
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FWURE 2.- Diagrammatic layout ol 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-gravi ty 
aJ':is of the wing at 37 percent chord . Re istance wire 
strain gages mounted on these cantilevers meaSUTe the forces 
r equired to oscillate the airfoil in a given motion. Since 
these forces include inertia reaction as well as aerodynamic 
forces it was necessary to design the "mul tiple accelerometers" 

F to produce signals equal to the iner tia reactions of the air­
foil which could be electrically subtracted from the total 
force signal . This difference, then, represents aerodynamic 
forces only. The iner t ia cancellation proces is necessary 
only for the lift and momen t signals since there is no inertia 
force in the drag direction. The ignals are amplified and 
r ecorded with Consolidated Engineering Corporation 1000-
cycle-per-second carrier equipment. The correct attenuator 
settings for the accelerometer ignals are determined ex­
perimentally by ubstituting a "dummy winO' '' for the airfoiL 
Thi wing is of open con truction to minimize aerodynamic 
reactions but ha mas and moment-of-inertia propertie 
identical with tho e of the airfoil. Because of the relatively 
large range of forces to be covereel elUTing the tests it was 
necessary to design and use two complete et of force­
measuring elements, a "soft" set for low frequencies and 
ampli tudes and a "stiff" set to handle the higher forces at 
hio-her frequencie and amplitudes. 

A reference-po ition signal wa at first obtained from. an 
undamped accelerometer mounted on the rear crossbar K 
and later from a Kollsm an ro tatable transformer 0 attached 
to the rear crank wheel. 

SYSTEMATIC TESTS 

The fom general types of test included in the te t ing pro-
gram are: 

(1) Pme pitching motion 
(2) Pme tran lation 
(3) Pure motions uperimpo ed on an ini t ial angle of 

attack 
(4) Combined pitching and transla tion with pecial em­

phasi in the neighborhood of a motion corresponding to 
flutter 

In order to obtain the best 1'e ults throughout the te ting 
program, the least difficult tests were performed fu'st and 
the experience thus gained was applied to the remaining tests 
as they were en countered. Thus the pure motions were 
examined fir t at the two amplitude corresponding to the 
1- and 2-inch crank-wheel settings on the actuator u ing the 
soft force-measuring elements. N ext the turnbuckles, J in 
figure 2, were adjusted to produce an initial angle of attack 
of 6.1° and the lower-amplitude pure mo tions wer e super­
imposed on this initial angle. 

Since there are so many po sible combined mo tions it was 
necessary to res trict the testing to a survey of the fi eld. 
Thus tests were made at a constant reduced frequency k of 
0.3 for phasings between the pme mo tions of 0°, 90° , 180°, 
and 270°. Ideally the ratio of tran lation amplitude to 
pitch amplitude should also have been kept constant to 
permit simple and accurate comparisons of the foW' condi­
tions; but this was not pos ible, unfortunately, be ause of 
the limitation of the oscillator. Another serie of tests at 
constant reduced frequency was made in the neighborhood 
of a case corresponding to flutter. The derivation of the 
correct motion for the flutter condi tion i described in the 
next section. 
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Becau e of strength limi Lation , tests using the oft clements a check on the previous run corre ponding to a condition 
could not be run in the high-freq ucnc)- range for the larger- ncar flutter. Thi econd flu t ter serie wa made with a 
ampli tude motion. Thu , in order to extend the frequ ency con tant phasing betwcen the pure motion, with a constant 
ranO'c already covered in the pme motion te ts, the tiff amplitude ratio , and at a constant airspeed. The only 
set of elemcnts was in taIled and high-frequency te t at variable wa the frequency of the motion which produced a 
the larger amplitudes were made. It wa also decided to corresponding variation in reduced frequency k. 
run anothcr scri e of tests ncar the flu ttCI' condition partly as 
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F or all bu t the combined-mo tion tests, either two or three 
airspeeds were used, averaging about 95 miles per hour, 
and the frequency range was covered for each air peed in 
half-cycle per second steps. The combined-motion te t 
were run at onl)- one airspeed and for each test the frequency 
was varied slowly and moo thly over a range from slightly 
above to sligh tly below the frequency corresponding to the 
desired value k= O.3. 

The over-all instrumen t system ,,-a calibraLed by applying 

-I I I I II r I I II I I 

Imown forces di.J:ectly to the wing and no ting the COl"­

re ponding galvanometer deflections in the recording 0 cil­
lograph. Typical r ecords are shown in figm es 4 and 5 and 
include traces of lift, momen t, r eference position, and in some 
case drag, as well as zero traces. D espite the rela tively 
high-frequ ency "hash" on mo t of the r ecord , consistent 
values of ampli tudes and pha e angle were mea ured and 
ar e plotted in figures 6 to 17 and recorded in table I through 
X. 
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THEORETICAL BACKGROU D 

To obtain the theoretical values of the aerodynamic 
derivatives for comparison with the experimental 1'e ulLs 
of this report, the analytical methods used were ba ed on 
Theodorsen's work (reference 1). In this analy is separate 
solutions are given for pure harmonic pitching and pure 
translation, and a combination of the two requires only a 
vector addition of the derivatives due to the pure motions. 

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

;qb ~-.( - ~' +ikO )%-.g(ik+ak~ + [1 +ikG-a) Joj "1 
~~~~=_7T[a;--G +a }k(J~ -7Tg[ikG-a )-k2C +a2

) ] 

(i+a)[I +ikG-a)JOl" j 
(1) 

The e results are conveniently expre sed in complex nota­
tion. For example, the lift force re ulting from a sinusoi­
dally vru:ying translational motion may be written as 

L T= 4 q b(RL7+ iIL 1')e iw
' 

Here w represents the angular frequency of Lbe for ed 
motion and t repre ents time. The ubscript T is u ed to 
designate the translational mode, and the restriction that 
the real term R and the imaginary term I be tho e that 
apply only to the lift force is specified by the subscript L. 
This expre ion of the lift force due to the tran lational 
motion can be written in another form as a nondimen ional 
derivative: 

L 1' 'R 2 I 2 .( t+ ) --=, L7' + LT e' w <l>L1' 4qb 

h A, t -I 1,,1' 
\V ere't'L1'= an -R . L1' 

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

J11' _ E 2+ I 2 i(wlt¢.IIT) 
4 q bZ- ' M7' .lf1' e 

h t 
_1 1,\/ 1' 

\V ere <PMT= an -1:'> . 
l AIT 

(3) 

For the piLching motion, Lhe form of the quations is 
identical to that for the translation; the lift Lp due to pitch 
is expressed in term of RLP , ILP, and <PLP and the moment 
lv1.p due to pitch is expressed in terms of R JfP] IMP, and <PMP' 
The combined-motion ca e i differentiated from the above 
by the use of the subscript R (meaning resultant) instead of 
the subscripts P and T. 

The real and imaginary factors given by the theory for 
a two-dimensional wing arc a follow: 

'Unpublished M. r. T. M aster's thesis by lI r ax\\'~ 1I 11'. Hunter, "Ca lculatio ll of the A('ro· 
dynamic Span Effect in Flutter AnalYSiS," June 19'14. 

Im= 7T~O (~+a) kF 

ILP=-7Ta.[~+G+(~-a )kF] 

RMP= 7T ao {~2e-+a2)+(~+a ) [F-(~-a )kG]} 

I.1I p= - 7Tao g(~-a )-(~+a) [ G+ (~-a) kF ] } 

and the corre ponding pha e angles are: 

with thE' a.dditional 
table: 

R 

J 

Quadrant 

<PLT=tan - 1 ILT RLT 

<PLP=tan-1 ILP 
RLP 

<PLR=tan- 1 ILR 
RLR 

-1 IAl7' <PM 7' = tan -R 
MT 

cJ:: -tan- 1 IMP 
'.\/P- E

MP 

condition derived 

+ 
+ -r-

1 
., 

;3 

from the following 

+ 

4 

The angle e is the amount by which the pitching di place­
ment vector a lead the reference di placement vector h; 
the ratio wb/V i the reduced frequen y parameter k; F and G 
are respectively the real and the imaginary part of the 
Theodorsen function C (k); the ymbol a denotes the ratio of 
the di tance of the elastic axis behind the midchord point to 
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the half chord b; ho represent the amplitude in inches of the 
tran lational 0 cillation and a o represents the amplitude in 
radians of the pitching oscillations; hand L are po itive 
downward and a and M are po itive for a rotation toward the 
stall. 

One of the outstanding advantages of the apparatus that 
,va de igned for thi research i that not only can pure pitch­
ing and pure tran lating motion be imparted to the airfoil at 
a choice of amplitudes in either pure motion, but a wide 
range of combinations of pitching and translating motions can 
also be used with an equally wide choice of pha e interval 
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 rea tion for this 
cri tical condition. 

Since the airfoil is i..tmerently extremely rigid, it follow 
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 ela tic-axis location, center-of-gravity location, rna and 
inertia per unit span, and effective spring con tants may be 
chosen to represent a typical wing with a flutter mode which 
correspond to a po sible setting of the 0 cillator. The 
actual determination of a flutter condition, as outlined in the 
following paragraph, follows the method of finding all the 
possible flutter motion which Can ea ily be duplicated by 
the oscillator and then choosing one which corre ponds to a 
r ea onable wing. 

The conditions for the flutter of a two-dimensional wing 
in bending-tor ion flutter are expressed by the following et 
of differential equation if the effects of structural damping 
are neglected : 

mii+ ai:X+Ohh-Ln= O 

I aa+Sah+Oaa-MR=O 

If the as umption that the motions are simple harmonic j 

introduced, one may Wl·ite the equations in the complex 
forms: 

-mw2ho- aW2aoeio+mwh2ho-4qb(RLn+iI LR) = 

- Iaw2ao- aw2hoe-iO . f- Iaw2ao-4q b2e-iO(RMR+ i I Mn) = 0 

or 

I 2 S 2h -io+ I 2 + 4 bl -to caP - aW ao- aW oe aWa ao q ~oe 7r 2-

(~+a) ikO ] +4Qb
2
a07rg [ ik (~-a)-

k (~+a2)]-(~+a) [l+ ik (~-a ) ] O}=O 

In order to sati fy the equations of motion, the sums of 
the real and the imaginary component of each of these 
equa tion mu t be independently equal La zero. By thi fact 
and the identity e±iO=cos 8±i in 8, 

-mw2ho- aW2ao co 0+mw,,2ho- 4qbRLn=0 ) 

-SaW2ao in 0-4qbhn=0 ~ 

- Iaw2ao- aw2ho co 0+ Iawa2ao- ~ (4) 
4ab 2(RMn co 8+IMR sin 0)=0 

- aw2ho in 0+4qb 2(IlIIR co o-RlIfR sin 8)=0 

The e four equation must be sati tied to determine the 
flutter condition for a wing. 

The econd and the fourth equation may be Wl'itten in 
the form: 

4qbILRho=- S aw2aoho in 0 } (5) 

-4qb2aoCR.lfR in O-I.1fR co 0)= aw2hoao in 8 

The e two expression have left-band sides which are pro­
portional to the work done by the lift and the moment as 
will be hown below. In the ab ence of struetural damping 
in bending-tor ion flutter, the total work done on the wing 
during a cycle must be zero. Any work done in ohe 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 Sa is present may be easily seen if one studies the work 
equations closely. The air forces may be written as: 

Then the work per cycle done by the lift force is: 

h 

~LRdh= -4qbwho{iw
[ RLT2+ILT2 cos (wt+cf>LT)+ 

.JRLP2+ILP2 cos (Wt+cf>LP2+O)] sin wtdt} 

But 

2" 

1
w sin cf>12" sin cf> cos (wt+cf» sin wtdt= - -- sin2 wtd(wt)= -7r --

o wow 

Therefore, 

WL=~LRdh=4qb7rh{ RLi+hT2 sin cf>LT+ 

RLP2+ hp2 sin (cf>LP+O) ] 
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Similarly the work done by the moment per cycle is : 

WM=~MRda=4qF7l"a{ .. /RMT2+ IJlfT2 sin (<PJlfT-O)+ 

..JRMP2+ IMp2 sin <PMP J 

The same results may be expressed in the simpler forms: 

WL :~~:~:~:T+ RLP sin O+ILP 
cos 0) (j 

WM=4qb27rao(Il\fp-RMT sin O+IMTcos 0) 

=-4qb2ao7r(RMR sin O-IMR cos 0) 

(6) 

These values of work per cycle are proportional to the left­
hand sides of equations (5), the constant of proportionality 
being 7r. Thus it is seen that the coupling term Sa 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: 

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

Then, 

I LT'=7
b 

hT 
/' 0 

W L=4qbh02 [i hT' +(~:)(RL/ sin 0+ hp' cos O)J 

= - Saw2aohosin 0 

W.~f=4qb2a02 [IMP' + (::) (i)(IMr' cos O-RMT'sin O)J 

= Saw2aohosin 0 

(7) 

These sets of transcendental equations can be solved "graph­
ically" with the use of the nondimensional coefficients: 

4qbaoho 

WM 

4qbaoho 

[ ho (ILT')+R ,. + I' oJ a
o 

- b- LP sin 0 LP cos 

If these coefficients are plotted against the ratio hoI ao for 
several values of 0 at a given value of k, wherever Ow M iR 
equal to OWL at the same value of 0, there exists a point of 
zero work. Plotting 0 against holao for these point of zero 
work produce the curves shown in figure 18. uperimposed 
on the same plot are curves showing possible oscillator set­
tings and the particular condition chosen for testing is 
marked with a large dot on the curve for lc=0.3 at hol ao=15 
and 0=225°. The properties of the corresponding wing, 
as determined from the solution of all four equations of 

amotion, are: mb 3 ~ 14, a ~ -0.26, Sa ~ 0.013, and x -ab ~ 1.2 
7rp 

inches, where b= 5.75 inches. 
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ANALYSIS OF RESULTS 

GENERAL DISCUSSIO 

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 ± 5 percent which wa set early in 
the development program required that each component of 
the entire system have a predictable behavior within a few 
percent. 

An examination of figures 6 to 17 reveals some clues as to 
how accurate the results actually are. Looking 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. For 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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made orne month after the other tests, a comparison of the 
re uIts give an indication of the con i tency of the over-all 
apparatus. The moment phase-iLngle data in large-ampli­
tude pitch, for example, how th aL while the inaceuracy or 
spread is con i tent the averages of the two cries differ by 
a much as o. imilar trend are evident in 2-inch-transla­
tion lift magnitude and moment pha e angle. These dif­
ferences probably arise from such source a variations in 
iLccelerometer-signal ampliLudes, carrier-voltage variations, 
iLnd even inlprovements in technique and equipment. 

A variation more difficult to account for is the appiLrent 
shift in the lift magnitude and phase angle in I-inch transla­
tion at a reduced frequency of 0.2. This shift doe not 
indicate some failure or sudden change in th mechiLni m or 
in trument becau e it i in the same place for each air peed 
and the entire frequ ency range ,va covered for fu'st one air­
speed and then another. The ta Lie calibraLion gave no 
clue and some preliminary tests for the 2-inch amplitude 
showed the same shift. A minor breakdown in the oscillaLor 
linkage iLt this point prevented fmther inve tigation and the 
trend wa completely ab ent from sub equenL te Ls. 

A fact pertinent to thi di cussion i Lhat, although phase 
angle are inll rent1y difficult to measme on the records, they 
arc noL chang d by variation in carrier voltage, elemen t 
en itiviLies, or calibrations and are Lhu in a ense surer to 

be right than magnitude mea urements. The absolute 
magni tude of the pha e angles, however , are dependent on 
the iLccmacy of the r efer ence-po ition indicator. For Lhe 
earlier te t the output of the po ition accelerometer was 
badly ob cm ed by natural-frequency ha h as shown in figure 
4, since it wa necessarily an undamped accelerometer. The 
use of a Kollsman rotatable transformer eliminated the hash 
but introduced the problem of etting the transformer in 
phiLse with the oscillator. An uncea ing effort was made to 
reduce the general hash level on the record, but lit tle 
improvement could actually be achieved. 

PURE MOTIONS 

Viewing the data with the re ervations dictated by the 
previous discussion, several general trends are noticeable. 
The agreement between theory and e)..,,])eriment is remarlmbly 
good for phase angle with the po sible exception of lift in 
2-inch tran lation. The magni tudes of lift iLnd moment iLre 
in close agreement for tran lation but how definite devia­
tions from the theory in the case of pitch . For the malleI' 
pitch amplitude the moment checks better than the lift 
while for the larger iLmplitude 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 ection "Component Analysis." 

Although the drag force are very mall compared with 
the lift, and the drag trace i sometime almo t totally 
obscmed by hash, it was possible to obtain "iLverage" 
values of the magnitude of the 0 cillating portion of Lhe 
dru.g in the CiLse of pme piLch . 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 te t section, the 

drag trace appears as a displaced nonsinusoidal double­
frequency curve with alternate peaks of slightly different 
amplitude. It is the average amplitude of these peaks that 
leads to the coefficients plotted in fiO'ure 8. The most 
noticeable characteri t ic of Lhese curves is the definite posi­
tive slope, especially for the larger-amplitude motion. A 
probable cause i an increased turbulence or breaking away 
of the flow at the hiO'her reduced frequencies, which is not 
unreasonabl when it i remembered that the airfoil is 
oscillating through a total amplitude of 270 

iLt frequencies 
as hiO'h iLS 17 cycle per second. 

When the pur motions are uperimposed on iLn initial 
angle of iLttack, the magnitudes of the oscillatory components 
of lift iLnd moment drop ofT noiiceiLbly although the phiLse 
angles still show good iLgreement with Lhe theory. In the 
case of superimpo cd pitch, for in tance, the moment 
magnitude i somewhaL 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 eon istent as 
for previous test, the uncertainty or spread of points is 
not noticeiLbly worse. 

Figure 14 contains the diLta for Lhe components of lift and 
moment due to the initial angle. The e values were ob­
tained by meiL urinO' the displacement of the center line of 
the sinusoidal trace from the galvanometer zero position and 
for the range covered th re iLppears to be no definite trend 
either up or down. Although the uncertainty of the points 
is usually smiLll, there is definitely a greater po sibility of 
error than in measurements on the oscillating portion of the 
traces because of the greater complexity of the record­
iLnaly is proeedure for the component data. In all ca os 
the points at zero reduced frequency iLre values obtained 
from the static coefficient tesLs. 

COMBINED MOTIONS 

The combined-motion tests 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 Lhe 
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 laLer date, holding the phasing 
eonsta.n.t at about 2250 and varying the reduced frequency. 
In this way the flutter condition, at k=0.3 and 1:1=2250 as 
found in the previou ection, 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 aL least for part of the range of 
phase variiLtion in the CiLse of lift in figure 16. The fact that 
the ratio of translation a,mplitude to piLch amplitude could 
not be kept constant a the phasing between the motions 
was varied hindered and complicated the search. The 
reiLson for the considerable diITerence in the moment data 
could be adequately determined only by a repetition of the 
tests. 
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The above-mentioned di crepancies are damaging, how­
ever, only in a quantitative en e a the data are till val­
uable in showing t,hat the trend predicted by the theory arc, 
in general, correct. VVh.en the total work per cycle i cal­
culated and plotted again t k and () in figure 19 (data in 
tables VIII through X) the points follow the theoretical 
curve in a remarkably con i tent manner. 010 er investi­
gation yields the fact that at thi flutter condition the work 
per cycle due to lift ha a far more important contribution 
to the total than the work per cycle due to moment. Thu , 
ince the work per cycle due to lift is the product of the 

imaginary component of the lift and translational velocity, 
it becomes apparent that the good agreement on the work 
done i readily possible in pite 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 pel' 
eycle at the amplitude ratio of the flutter condition. For 
any value of reduced frequency the variation i sinusoidal 
although the amplitude, pha e, and mean value all change 
for different values of reduced frequency. Thus the theo­
retical curve of work per cycle against reduced frequeney 
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in figure 19 corre ponds to the element of the urface at 225.5° 
in figure 20. The inter ection of the urface with the zero 
work plane show all possible flutter condition at this 
amplitude ratio although they are not, of course, all for a 
wing of the same characteristics as a sum cd in this report. 

COMPONE T ANALYSIS 

With the hope of gaining a better understanding of the 
factor which determine the aerodynamic reactions on a 
imple airfoil in two-dimensional flow, a study ha been 

made of the magnitude and effect of each term in the 
theoretical equation . 

Looking fir t at t.he equations given by Theodorsen in 
reference 1, 

L=- pb 2 (V7ra+7rii - 7rbaa) - 27rp VbC [Vo+h +b G-a )aJ 

M= - pb2 [ 7r (~- a) Vba +7rb 2 (i+a Z
) a- a7rbXJ+ 

2p Vb 27r (a+~) C [ Va+h +b (~-a) a] 
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it is simple to reduce these equations to the cases of pure 
translation and pure pitch; that is, 

L p=7rpb3aa- 7rpb 2V a-27rpb VO [ Va+ b (~-a) a] 
MT=7rpb3ah+27rpb 2V (a+~)O (h) 

M p = -7rpb4 (~+a2) a-7rpb 3V (~-a) a+ 

27rpb2V (a+~)O [ Va+b (~-a) a] 
The lift force L T , for example, is made up of only two terms, 

of which the fiTst is a pUTe inertia reaction term, and the 
second i a lift due to induced angle of attack modified by 
the wake according to Theodorsen's function O=F+iG. 
Similarly, Lp consists of an inertia reaction term proportional 
to angular acceleration, another type of acceleration term 
involving the product Va, and terms due to angle of attack 
and rate of chanO'c of angle of attack modified by the 
function O. The moment terms are quite simibr to the 

.30 

.25 

.20 

.15 

t .10 
o 
a. 

o 
C1I 

a: .05 

o 

-.05 

-.10 

~ 

Two-dim. 

ij BMT 

~ 
/ 

Three-d 'l m·L 

? ~ EMT 
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are made and the reduced frequency k=wb jV is intloduced, 
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Each of the e individual term has been plotted in figures 
21 to 24 (data in table XII through XIV) for an auofoil 
with elasLic axis at 37 percent chord (a,=-0.26). The 
total of each group of terms is marked two-dimen ional. 

ince tables of spanwise load distribution and modified 
C-function for an aspeet ratio of 6 were readily available in 
reference 2 by Reissner and teven, an appro){imate correc­
tion ha been calculated and applied to each two-dimensional 
theoretical curve. The e three-dimen ional correction have 
been included in this analy is because absolutely perfe t 
two-dimensional flow condition did not exist during the 
tests. At all times there wa a clearance between the edges 
of the wing and the vertical end plates of the order of ~~2 or 
}{s inch through which air could move from one surfa e Lo 
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 ClU'ves indicate the average of the experi­
mental data for the smaller-amplitude pm-e motions. It i 
intere ting to note that in the ca e of pitch the experimental 
curves fall between the two-dim en ional and the three­
dimensional curve and appear to corre pond to an a peeL 
ratio considerably higher than 6. The incon i tent be­
havior of the experitnental data for lift in translation may 
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be attributed entirely to the shift in the cm-ves hown in 
figure 9(a) . Far more con istent result would be obtained 
if the data for the 2-inch translation were plotted in tead. 
For moment in pure translation the data plotted are consist­
ently higher than even the two-dimen ional theoretical cm-ve 
although the curve for the higher amplitude would be in far 
better agreement. The poorer data arc plotted primarily 
for the pm-pose of gathering additional clues to the rea ons 
for their trends. 

HA RMO Ie ANALYSIS 

An as umption which i rather easily checked from the 
experitnental data i that the aerodynamic reactions on a 
wing are perfectly sinusoidal for sinu oidal moLions. 

During Lhe course of Lhe data analysis, periodic checks 
were made to be ure Lhat the galvanometer traces were 
very nearly inu oidal so that the measuring of amplitudes 
and phase angle was a valid procedure. ince a more 
careful check wa de ired, two typical larger-amplitude 
pure-motion record were carefully enlarged photographically 
and examined Lhoroughly. Pure-motion records were used 
because they are r elatively free of hash and the traces are 
fau'ly large. Also the larger-amplitude records were more 
likely to deviate from perfect sinu oids than those for the 
smaller amplitude. 
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The results of the investigation were negative for both 
pitch and translation in that no deviations were found of an 
order greater than might have been cau ed by small varia­
tions in the oscillator motion or by light nonlineariLy of Lhe 
instrumentation system. 

CONCLUSIO S 

The lift and moment on a symmetrical airfoil 0 cillating 
harmonically in a two-dimensional flow were experimentally 
determined and the result were analyzed and compared with 
the predictions of the vortex- heet theory. The mo t 
general conclusion to be drawn from tlus analysi is that the 
experimental data corroborate the predictions of the theory 
over an important range of reduced frequency. In addition, 
the following more specific onclu ion may be drawn: 

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

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

2. For pure motion the effect of ampliLude and initial 
angle of attack appear 'to be mall for rea onable amplitudes, 
If the tall range i approached, however, 01' if very mall 
angle of attack are under con ideration, very c efinite 
deviation from the theory mu t be expected. 

3. The combined-motion tests indicate that, for the 
typical flutter condition cho en, the experimentd 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, Unfor t1.nately 
generalizations in a quantitative sen e for the remaining 
combined-motion data are not justified becau e of the inc on-
istencies of some portion of the data. Qualitatively, the 

trends predicted by theory are followed quite accl1l'ately 
although the combined-motion field is 0 broad that the 
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pre ent te t program only touched orne of the high pots. 
4. In thc ca 13 of pme pitch there is an encouragin<.r 

agreemcnt between variou indcpcnd nt groups of data. 
Te l made on wing of difI'crent dim n ion and profiles in 
various types of wind tunnels and with entirely diffcrent 
mea mement system all seem to check quite well . Although 
everal minor Reynolds numbcr efl.'ccts are noticeable th 

ba ic trend indicate that thc agreement between thory and 

experiment become beiter as the Rcynold number i 
increased. Te t below a Rcynolds number of 150,000 may 
actually give incorrect trend a well a poor quantitative 
data. 

I ASSACHUSE'l'TS INSTITUTE OF TECH OLOGY, 

CAMBRIDGE,1IA ., April 1, 1948. 

APPENDIX 

SURVEY OF REFERE CE MATERIAL 

An intcn ive earch of available material yielded a con-
iderable amount of expcrimental data compiled both in 

the United tates and Emope dealing with the aerodynamic 
reactions re ulting from pme pitch. Apparently no previous 
work of this type ha been done on pme tran lation or true 
combined motions and none of the experimenters in pitch 
mea med both lift and moment. Omiously, previou work 
in this country ha been concerned only with lift in pure 
pitch while the Briti h have made extensive mea mement 
on moment in pme pitch. The material dealing with lift 
will be examined first, followed by the material concerning 
moment. A summary of airfoils used in the experiments 
described on the following pages appears in figure 25. 

Reference 3 

E.A·E51.8 x 36.1U·25c 

18 percent thick 

Reference 5 

E.A·E· 15x36" '=;}.40C 

NACA 0015 

E .A·E·~"j·30C 
NACA 0015 

Reference 4 

E.A·E-'I5x36"-i.40C 
NACA 0015 

Reference 6 

E.A·E- 9x40" -3·50C 

Joukowski, 15 percenl Ihick 

Reference 7 

E.A·E- 9x40" -3·50C 

Joukowski, 15 percenl thick 

E.A.t-. IOX36,,-7.40C t-
_ ~ E.A. - 9x40" --J..33c 

NACAOOl5 - ~ 
Joukowski, 15 percenl Ihick 

M.I.T. E.A'E·!Ox36"-j .30c 

NACA 0015 E.A.~~ijj.37C 
NACA 0012 

l',nu IlE 25.- Airfoil dimensions. E. A., clastic axis. 

Thc first attempt in this country to corroborate the then 
new theory as put forth by Theodor en was made in 1939 by 

ilverstein and Joyner (reference 3) who presented some 
experimental data on the lift pha 13 angle in pme pitch. 

Their relatively long and narrow airfoil was driven at one 
end and supported by a cantilever beam at the other. 
ifinute vertical deflcctions of the beam were amplified 

optically and rccordcd on film. The result demonstrate 
qualitative agrecment with the theory hut, when plotted 
against reduced frequency rather than it reciprocal, they 
how a very considerable spread abovc k=0.3. The point 

which could be read from the publi heel graph with a rea on­
able elegree of accuracy are reproduced in figure 26 (a). 

The next known work was done by Vincenti under the 
supervision' of Reid at tanford University (reference 4) . 

1easurem nt of both thc magnitud and pha e of the lift, 
in pure pitch were made on a considerably larger wing (fig. 
25) with an apparatus basically quite in1ilar to that used 
by ilverstein and Joyner. Fairly good qualitative agree­
ment for both magnitude and phase angle was obtained. 
Only the pha e-angle 1'13 ult are reproduced in figme 26 (b). 
Insufficient information was available in the published re­
port to permit conversion of the magnitude to the notation 
used in this report. A will be seen later, the poor quantita­
tive results can be attributed largely to the low Reynolds 
numbers R emaz= 200,OOO at which the Le t were performed. 

After Vincenti's rather promising result were obtained 
a comprehensive program was undertaken by Reid (reference 
5) using the same basic apparatus. A illu trateel in figure 
25, fom different models were used which permitted variou 
combination of hord and elastic-axis position. Repre-
entative results arc reproduced in figure 27 and 2 (data in 

table XV and XVI) for an oscillation amplitude of ±2.5° 
and for frequcncie of 6.66 and 10 cycle pel' econel for 
models A and B and models 0 and D, 1'13 pectively . ince 
the range of r du ed frequency was covered by varying the 
airspeed rather than th e frequency, the Reynolds number 
decreases in inver 13 proportion to the reduced frequency. 

In order to pu t these tanford rc ult on a basis directly 
comparable with thc M . 1. T. result for the purpo 13 of a 
Reynold number urvey, the data have been lightly modi­
fied to correct for the differences in ela tie-axi position. 
Thus for model A and the correction is: 
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4q~exo = -.{~ (-0.26 + 0.20)P+ikC(0.26-0.20)] 

= 0.0492P - 0.1885ikC 

and for Band D , 

4 Lb =- 0.2199k + 0.439 i kC 
q exo 

These corrected results are al 0 plotted in figures 27 and 2 
and should be compared with the theoretical curves which 
arc for a= -0.26. 

In:fir t pre enting hi results, Reid plotted the ratio of the 
magnitude of the oscillating lifL to the magnitude of the lift 
under steady-state conditions at a corresponding amplitude. 
After noticing several apparent inconsistencies in the trend 
of his data, he discarded his previous assumption tha t 
identical stream-boundary effect occur under both steady 
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and oscillating conditions. All of the 0 cillating lift mag­
nitudes were then divided by the values corre pondin~: to the 
infinite-aspect-ratio lift-curve slope for the JAOA 0015 
profile of 0.100 per degree. These revi ed calculations are 
the basis of the plots reproduced in this report. The con­
version in nomenclature is simply: 

where A and B are the real and imaginary componentll of the 
lift magnitude as given by Reid. Actually, to pre.vide a 
comparison with the theory of the arne form as used with 
the other data in thi report, the tanford lift magnitude 
should be reduced by the ratio of 5.73 to 271" or almo t 10 
percent becau e of Reid 's introduction of the lift-curve slope 
of 0.100. With this reduction the magnitudes would faU on 
or slightly below the theoretical curve and thu bB quite 
con i tent with the average . 1. T . result. 
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FIGURE 26.- LIft phase angle in pure pitch. 
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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 n egligible 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 an amplitude of ± 10 indicate that the ratio of 
linear displacements of points on the airfoil to the transverse 
dimension of the boundary layer may be important for very 
small amplitude . 

To provide a comparison between the tanford data and 
those obtained at M. I. T. , value of lift magnitude and 
phase angle for various reduced frequ encies have been 

plotted against R eynolds number in figure 29 (data in tables 

XV through XVII) . Trend for each value of reduced 
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fr equency 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. 

The available data on British m easurements 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 on teel band and an identical airfoil 
out ide of the tunnel with another steel band. The dif­
ference in the tensions of the two band is a measure of the 
aerodynamic moment and operate a mechanical balance 
with a magnetos triction stress unit. The r esultant electrical 
signal is photographed as it appears on the face of a cathode­
ray oscilloscope. 
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The British are apparently primarily intere ted in the 
effect of initial angles of attack on th e 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 
finite a pect ratio were also made as well as with wing of 
differen t profiles. 

Inasmuch a a complete airfoil wa u ed as a moment-of­
inertia balance, not only the tructural moment of inertia 
was canceled out by the balancing procedure, but the effec­
tive moment of inertia of the air surrounding the ail-foil as 

well. This term, ~2(~+a2) according to the theory, becomes 
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quite appreciable at higher values of reduced flequency 
and makes the compari on of the British and 1. 1. T. 
re ults rather difficult, especially in view of the alI10st cer­
tain inaccuracy of the theory at zero air peed. A correction 
for one-half- and one-third-chord ela tic-axi posltlOns 
must also be made to p ermit comparison of the two) set of 
data. Thus the plots in figures 30 to 33 how the British 
data fu'st imply converted to the method of pre emation of 
this report and second corrected for ideal air ine tia and 
ela tic-axis position. Theoretical curve are given for both 
conditions. 
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In figure 30 and tables XV and XVIII the data 
from reference 6 show good phase-angle agreement 
with the theoretical, especially for the higher Reynold 
numbers, but the magnitudes are omewhat too high. Fig­
ures 31 and 32 and table XV and XIX from reference 7 
are also for a half-chord axis and the eul'VCS show the same 
general trends. Becau e the flexibility of the airfoil wa 
1'e ulting in appreciable deflections of the center ection 
under load, the data of figure 32 were taken with an addi­
tional center support for the airfoil a a check aO'ain t the 
original data of figure 31. The urpri ingly high moment 
magnitude 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 axi in figure 33 and tables XV 
and XIX show similar trends although the agreement for 
both magnitude and pha e is poorer than with tbe tests 
about. the half-chord axi. It is interesting that the higher 
Reynolds number gives a omewhat better agreement with 
the theoretical predictions. 

When the corrected British data are plotted with corre­
sponding M. I. T. data again t R eynolds number in fiO'ure 34, 
several definite trends may be noticed. The rate of change 
of moment magnitude with Reynolds number apparently 

increase markedly at the hiO'he1' red uced freq uenCl e for all 
three set of data. For moment pha e angle, however, the 
data from reference 6 appear to be omewhat out of step 
with the remarkably consi tent data from reference 7 and 

. I. T . 
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TABLE I.- THEORETICAL VALUES OF MAGNITUDES AND PHASE A JGLE AGAIN T REDU ED FREQUE CY FOR PURE 
MOTIO 

[Elastic axis, 37 percent chord; semichord b, 5.SO in.J 

Pure translation, ho= l.OO in. l)ure pitch , a.=6.74° 

Lift Moment Reduced fre- Lift Moment 
quency , k 

.,jRLT'+hT' </>LT .,j RM7·'+JMT' c/JMr RLP'+h,,' </>LP "\1 RA/p'+1.l,p'l CPMP 

0 270.00 0 90.00 0 0.3697 1 .00 O. 7 360.00 
.00501 267.48 .0013 6. 7 . 010 . 3636 177. 90 .0874 356.70 
.0129 265.52 .0031 83.97 . 025 .35012 176.60 .0 501 353.52 
. 0202 264. 10 .0049 1.501 .040 .3448 175.83 .0837 350.78 
. 024 263.3 . 0059 SO. 16 .050 .339 175.56 .0827 349.17 
.0293 262. SO .0071 7 .90 .060 . 3332 175. 42 .018 347.66 
.0377 262.04 .0092 76.4J .080 .3224 175.50 .OS02 344 .94 
.0455 261.64 .0112 74 . 7 . 100 .3128 176.00 . 0790 342.52 
.0530 261. 52 .0132 73.08 .120 .3266 176.76 .0781 340.30 
.0667 261. 96 . 0168 70.22 .160 .2893 178. 1 . om 336. 37 
.0794 263.05 .0204 67. SO .200 .27i9 181.68 .0770 332.93 
.0912 264.56 . 0239 65.65 .240 . 2691 184.83 .0776 329.87 
. 1082 267.4 . 0291 62. SO . 300 .2606 190.00 .0795 325. 
. 1191 269.66 .0327 61. 03 . 340 .2574 193.57 .0814 323.56 
. 1357 273.21 .00SO 58.58 .400 .2559 198.97 . 0850 320.55 
. 1469 275.68 . 041 8 57.03 .440 .2566 202.52 .0 77 318. 2 
. 1642 279.44 .0475 501 .82 . 500 .2600 207. 67 . 0923 316. 57 
.1825 283.19 . 0536 52.70 .560 . 2657 212.501 .0974 314.70 
.19501 285.64 .0577 51. 35 .600 .2705 215. 62 . 1010 313.65 
.2159 289.27 .0644 49. 42 .660 .2793 219.96 . 1068 312.32 
.2306 291. 55 .0689 4 . 1 . 700 .2860 222.64 . 1109 311. 60 
.2697 297.10 .0811 45.22 .800 .3045 228.87 . 1214 310. 12 
.363 306.53 . 10 9 40.03 1.000 .3227 239.05 . 1446 3 .60 
. 4793 314.03 . 141 5 35.70 1.200 .3957 247.00 . 1701 308.30 
.6939 322.40 .2002 30.45 1.500 . 4841 256.1 .2122 309.10 

1. 1626 331. 43 . 3249 2i .2O 2.000 .6379 267.32 .2921 311. 40 

TABLE n.-EXPERIMENTAL VALUES OF MAGNITUDES 
AND PHASE ANGLES FOR PURE PITCH ; PITCH AMPLI­
TUDE, 6.74° 

TABLE n.- EXPERIMENT AL VALUES OF MAGNITUDES 
A JD PHASE A TGLES FOR PURE PITCH; PITCH AMPLI-
T UDE, 6.74°-Concluded 

[Elast ic axis, 37 percent chord : semichord b, 5.SO in.: initial a ngle ai, OOJ [Elastic ax is, 37 percent chord: scmichord b, 5.SO in .: initial angle ai, OOJ 

Reduced Lift Moment 
Record Velocity, fre-
number V (mpb) quency, 

.,jRLP'+hp' k </>LP RMP'+ IMP2 </> 1011' 

Heduccd Lift Mom ent 
Record Velocity , fre-
number l' (mph) Qucney, 

k .,jRLP'+hp' </>LP .JRMP'+JJf P3 </> UP 
--------------------

1817 105. 4 0.053 0.273 ISO 0.0755 351 
1 1 105.4 .060 .2 178 . 0742 343 
1819 105.4 . 075 .268 ISO . 0742 349 
1820 105. 4 .079 .266 ISO . 0740 346 
1822 105.4 . 0 6 . 268 I 4 .0704 352 
1823 105.4 . 094 . 264 177 .0705 344 
1824 105. 4 .102 .260 174 . 0696 338 
1 25 105.4 · ll5 .257 17 . 0696 337 
1827 105.4 . 123 . 251 ISO . 0738 30U 
1828 105.4 . 134 .2"1 17 . 0740 336 
1829 105. 4 . 140 . 249 17 . 0742 334 
1830 105. 4 · 149 . 249 17 . 0742 332 
1832 105.4 . 160 .249 182 .0725 337 
1833 105.4 .168 .244 1 . 0715 332 
1834 105. 4 .181 . 242 I 0 . 0763 333 
1835 105.4 . 148 .249 180 .0755 33 
1837 93. 2 . 059 .268 178 .0773 351 
1838 93.2 . 070 . 266 179 .0750 351 
1839 93.2 .078 . 263 I 2 .0704 3.11 
1840 93.2 .087 . 266 179 .0712 346 
1842 93.2 . 099 .256 1 .0707 34 
1843 93.2 . 109 .2,,2 17 . 0712 342 
1844 93.2 .119 . 256 176 .071R 339 
1845 93.2 .127 .254 175 .0712 339 
1847 93.2 . 139 .254 1 0 . 0751 ~43 

1848 93.2 . 151 . 249 183 .0736 339 
1849 93.2 . 160 . 249 ISO . 0752 337 
1850 93.2 · 170 .240 ISO . 074 332 
1 52 93.2 . 11 . 245 183 . 0774 332 
1853 93.2 . 195 .240 I 6 . 0766 337 
IBM 93.2 . 206 .240 186 . OS02 336 
1861 1.0 . 113 .2-'>1 182 .0710 342 
1862 1.0 . 121 .24 184 . 0718 342 
163 1.0 . 134 . 251 180 . 0710 339 
1864 81.0 .144 . 24 11 . 0700 335 
1866 81. 0 . 157 . 251 I I . 0700 334 
1867 81.0 . 170 .247 I 4 . 0718 33 
1868 1.0 . 180 .247 IS2 .0710 J33 
I 69 81.0 . 195 . 244 183 .0700 333 
1 71 81.0 .208 .244 1 2 . 071 326 
1872 81. 0 .221 . 244 I 7 . 071 330 
1873 81.0 .234 .236 I 9 .0749 330 

1875 81. 0 0.068 0.274 f ad hash 0.0690 } Bad hash 
1876 81.0 .07 .270 in posi- . 0690 in posi .. 
1877 81.0 . 090 .270 tion . 0690 t ion 
I 7 81. 0 .106 .284 cur vo . 0690 curve 
1 79 105. 4 . 190 .240 182 .0704 332 
ISO 105.4 .196 .246 1 4 . 071 5 328 
1 1 105. 4 .203 .244 182 . 0715 336 
1682 105. 4 .213 .242 185 .0730 334 
I 4 105.4 .227 .234 185 .0725 332 
1 105. 4 .238 .236 18 .0730 330 
I 6 105. 4 .244 .232 1 .0765 330 
ISSi 105. 4 .244 .236 185 .0730 324 
1 9 105.4 .256 .238 185 .0730 324 
1890 105. 4 .262 . 240 1 7 .0776 32 
1891 )05.4 . 28 1 . 240 ) 6 --------.-- - 326 
1 92 105.4 .283 .236 1 6 .----------- 324 
I 96 105.4 .309 . 249 187 .---------- - 321 
1908 93.2 · ~16 .250 1 6 ------------ 338 
1909 93.2 .227 .238 1 7 .0739 328 
1910 93.2 .236 .244 I 7 .0739 326 
1911 93.2 . 246 .241 187 .0749 324 
1913 93.2 .257 .244 187 .0749 324 
1914 93.2 .27 1 .23 1 .0763 324 
1915 93.2 .27 .241 I 7 .0763 325 
1916 Y3.2 .289 . 241 I 7 .0784 321 
1918 93.2 . 300 .238 1 7 .0840 325 
1919 93.2 .308 .238 187 .0 40 320 
1920 93.2 . 304 .23 I .0 26 320 
1921 93.2 · ~15 . 2.33 I 9 .0784 323 
1923 93.2 .344 . 236 193 .081.1 320 
1924 93.2 .352 .238 194 . 0810 323 
1925 93.2 .374 .24 194 .0890 320 
1928 1.0 . 24 .244 I .0753 329 
IP29 81. 0 .257 .234 I .073 33 1 
1930 81. 0 . 276 .239 168 . 0753 329 
1931 81. 0 .283 .234 ISS . 07 324 
1933 1.0 . 294 .239 190 .0768 329 
1934 81. 0 · ~08 .234 190 .0.98 322 
1935 81.0 . 316 . 243 190 .0 14 31 
1936 1.0 . 330 .239 194 .0783 J 19 
193 1.0 .344 . 243 194 .07.13 31 
1 9~9 1. 0 .358 .237 195 .0814 31 
1940 81.0 .366 .239 195 .0814 317 
1941 1.0 .374 .234 196 .0814 318 
1943 1.0 .394 . 243 197 .0844 319 
1944 81. 0 . 41 0 .244 197 .0859 338 
1945 81. 0 . 41 6 .243 197 ------------ 311 
1947 105. 4 .330 .243 191 ------------ 324 
1948 105. 4 . 336 .240 191 ------ - ----- 319 
1949 105. 4 .341 . 238 191 ------------ 3 18 
1950 105.4 .368 . 243 192 _.--.------- 321 
1952 93.2 .373 _248 194 .--------- -- 317 
1953 93. 2 .39 .23 199 - ---------- 320 
1954 93.2 .39 . 243 199 ---_.------- 320 
1905 93.2 . 404 . 248 200 .0 95 325 
1957 81.0 . 426 .247 194 .0894 323 
1958 81.0 .445 .247 195 .0911 31 
1959 81.0 . 445 . 247 195 .0976 318 
1960 81.0 . 460 .264 199 . 1020 320 
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T ABLE IlL-EXPERI ME NT AL VALUES OF ~IAGNITUDES 
AN D PHASE ANG LES FOR P URE PITCH ; PITCH AMPLI­
T UDE, 13.48° 

[Elastic axis , 37 percent cbord; semichord b, 5.80 in.; initial angle ai, 0°] 

Rcduced LifL 110mcnt 
Record Velocity, fre-
num ber V (mph) Quency, 

k .,jRLP'+hp' <PLP .,jRMP'+IMP' cJ>.lfl> 

- -- - --
3060 80.2 0.147 0.502 178 0.134 334 
3061 0,2 ,137 . 502 177 ,135 336 
3062 802 ,128 ,506 176 ,136 337 
3063 802 .115 ,502 Hi ,134 339 
3065 80 2 ,204 ,4 180 .139 327 
3066 802 .186 , 48 li9 ,140 329 
3067 ~O 2 ,1i2 ,498 179 .139 334 
3068 80 2 .168 ,495 176 , 140 333 
3070 o 2 ,250 ,497 181 ,132 324 
3071 80 2 . 238 ,497 12 ,132 324 
3072 o 2 . 222 . 504 11 ,130 326 
3073 o 2 .208 ,504 I 0 .132 330 
3075 80.3 ,286 .509 186 .130 323 
3076 80.3 ,271 ,504 1 2 ,132 325 
3077 80.3 _ 255 .493 184 . 130 324 
3105 91.5 ,130 .494 178 .135 337 
3106 91. i; ,121 ,510 178 .138 337 
3107 91. 6 ,106 . 510 177 ,134 340 
3109 91. 7 ,174 .497 181 ,135 335 
3110 91. 7 .161 ,494 181 ,135 335 
3111 91. 7 , 150 .494 180 ,135 336 
3112 91. 7 ,140 . 502 179 ,138 338 
3120 91. 7 ,212 ,48 1 182 ,1 34 329 
3121 91. 7 .207 ,481 183 . 130 330 
3122 91. 7 . 191 .488 179 . 134 331 
3123 91. 7 . 183 ,500 176 .134 330 
3125 91. ,245 .488 179 . 135 320 
3126 91. 8 .237 ,4 179 _ 135 321 
3127 91.8 .230 .48 1 1 3 .138 324 
3129 103.6 .116 . 509 173 ,130 335 
3130 103.6 . 104 . ,\09 172 .132 338 
3131 103. 6 .097 ,499 171 ,132 337 
;1l33 103.7 ,154 .504 174 .130 331 
3134 103.7 .144 ,509 175 .133 333 
3135 103.7 , 132 .504 172 .130 332 
3136 103.7 .1 24 ,499 liS .133 336 
3138 103.8 .186 . 505 175 .130 325 
3139 103,8 ,180 .499 174 .129 326 
3140 103.8 ,173 . 495 173 ,130 327 
3141 103, . 160 .499 173 .133 328 
3143 103,9 ,220 . 495 17<1 ,140 324 
3144 103.9 ,210 . 490 174 ,]40 324 
3145 103.9 .200 .490 liS ,138 32 

StitT elcmcnts 

3682 91. 5 I 0.302 0.512 182 0.1 27 321 
3683 91. 5 300 ,500 187 ,127 327 
3684 91. 5 ,287 .500 184 ,131 331 
3685 91. 5 .275 .512 1 4 , 132 326 
3687 91. 7 .26 ,496 186 . 127 ~29 

3688 91. 7 . 24 ,515 184 . 129 333 
3689 91. 7 .240 .492 1 5 , 129 335 
3690 9 1. 7 . 226 .505 J89 , 131 335 
3699 91. 8 .212 .505 187 , 129 339 
3700 91. 8 ,205 , 500 1 2 , 127 331 
3701 9 1. 8 .194 ,505 186 ,126 336 
3702 9 1. 8 . 1 1 .520 188 _ 132 34 1 
3703 92.0 . 175 ,515 I 2 .129 33 
3704 92,0 ,1 'is .520 185 ,137 340 
370,) 92.0 ,153 .524 184 ,136 341 
3706 92.0 .141 .527 183 .132 343 
3708 92.0 ,21 ,515 182 .134 335 
3709 92.0 .205 ,512 183 , 129 331 
3710 92.0 .203 ,512 185 . 131 332 
3711 92.0 ,181 ,520 183 .129 335 
3713 91. 7 .322 .496 I 4 .129 316 
3i14 91. 7 .322 .49" I 4 , 131 317 
3715 91. 7 .317 .512 181 , 136 

I 

322 
3il 7 91. 7 ,383 .500 191 , 134 317 
3718 91. 7 .369 .500 192 .13 318 
3719 91. 7 .353 .492 186 ,138 318 
3720 91. 7 . 338 .500 186 . 131 31 

TABLE IV.-EXPERIMEKT AL VALUES OF MAG"",ITUD E 
AN D PHA E ANG LES FOR P URE TRANSLATION : TRANS-
LATIO N AMPLITUDE, 1.00 IN CH ' 

[Elastic axis, 37 percen t chord; semichord b, 5. 0 in .; initial a ngle al. )oJ 

Red uced Lift Moment 
Hccord Velocity, frc-
nu mbel . V(mph) Quency, 

k , IRLT'+hT' ifJI.T RMT'+I MT' <PMT ---------
2004 105.4 0,307 0, 1224 256 0,0370 56 
2005 105, ., .305 , 1224 252 .028.3 58 
2006 105.4 .300 . 1260 258 .0324 60 
2007 105.4 .280 . 1\54 253 .0310 61 
2009 105.4 .274 , 1214 256 ,0354 64 
2010 105.4 .261 ,1127 257 .0.338 60 
2O1l 105,4 .253 .102.1 255 , 0318 61 
2014 105,4 .235 , 0880 254 .0203 60 
2015 105,4 .2 ,079 254 .0242 64 
20 \6 105.4 .21 ,0783 258 .0256 68 
2017 105.4 ,208 ,0708 25 . 02 68 
2019 105. 4 ,20 1 ,0671 260 .0208 64 
2020 105.4 ,I 9 ,0701 262 ,0212 65 
2021 105.4 . 182 ,0656 262 . 0201 64 
2022 105.4 ,17 1 .0587 259 .0196 65 
2024 105.4 . 160 .0553 261 .0181 e.8 
2025 105.4 .153 ,0514 266 . 0181 73 
2026 105.4 . 143 .0493 267 .0161 74 
2027 105,4 . 133 .047 1 265 . 0150 74 
2028 105.4 .121 .0424 263 .0142 68 
2029 105, 4 . 11 4 . 0397 261 ,0126 70 
2030 105,4 , 104 , 0397 261 .0132 r,g 
2031 105.4 .094 .0354 261 ,0118 73 
2035 105.4 ,0 ,0357 264 ,0113 72 
2036 105.4 .082 ,0323 264 ,0105 73 
2037 105.4 ,071 .0289 267 ,0091 73 
2042 93.2 .363 . 1340 262 .0396 64 
204~ 93.2 ,350 .1253 260 . 0364 62 
2044 93.2 .340 . 1295 261 .0342 &1 
2046 93.2 .324 . 1253 260 ,0342 56 
2048 93.2 .3 13 .1077 255 ,0345 57 
2049 93.2 .29 . 1160 2,,7 , 0328 63 
2050 93, 2 . 294 . 1133 258 , 0295 62 
2051 93.2 . 279 , 107 25'> ,0290 62 
2053 93.2 ,267 ,1040 254 . 0299 64 
2054 93,2 .258 . 1040 254 ,0285 63 
2055 93,2 .246 ,103 1 257 ,0258 65 
2056 93.2 .239 .0952 255 , 0262 61 
2058 V3.2 .224 .0979 255 .0267 &1 
20.19 93. 2 .216 .0946 256 .0252 66 
2060 93.2 ,203 ,0899 255 . 0238 64 
2061 93.2 , 197 . 0 50 261 .0239 67 
2063 93. 2 ,186 ,0629 265 .0224 70 
2064 93.2 , 173 . 0610 262 . 0197 66 
2065 93.2 , 160 ,05 1 ,0185 
2066 93.2 .149 .0562 ,0 167 
2068 93.2 . 139 .0500 IB~ ,., .0 158 Bad posi-
2069 93.2 .12 ,0455 ,0151 
2070 93.2 .11 , 0408 tion .0143 tiOll 

2071 93.2 ,]]0 . 0374 curve ,0 126 curye 
2074 93,2 .097 ,0362 . 0125 
2075 93.2 . 0 9 ,0362 ,0121 
2076 93.2 .081 ,0307 264 .0105 68 
2077 93.2 ,072 .0286 2;2 ,009 76 
2102 RI.O .274 . 10 1 254 .0254 59 
2104 81. 0 ,266 . lO50 251 .0261 59 
2105 81.0 .255 .1069 256 .0258 63 
2106 1.0 . 250 . 1029 260 .0254 66 
2107 81.0 .228 ,0942 261 ,0245 64 
211 0 81. 0 . 213 .0760 257 .024.2 66 
211l 81. 0 , 199 ,0735 }B ad posi- ,0234. fBad posi-
211 2 81.0 . 1 i .0635 tlOn curve .019 tioncurve 
2113 81.0 ,174 ,0561 258 .0191 66 
211 5 8 1. 0 . 159 .0578 259 ,0198 6" 
211 6 8 1. 0 . 152 . 0534 262 .0 179 62 
211 7 1. 0 . 133 , 0455 262 ,0172 66 
211 81.0 . 126 ,04.37 259 ,0146 70 
2120 81. 0 .11 1 ,0430 264 , 0131 76 
2121 81. 0 ,104 .0401 264 .0123 70 
2122 1. 0 ,091 ,0367 264 , 011 2 69 
2123 1. 0 . 079 . 0322 265 .0103 73 
2124 81. 0 ,069 . 0299 261 , 00 69 
2038 105.4 ,062 .024 1 271 , 00 1 75 
2039 105.4 .055 .0202 272 ,0074 74 
2094 8 1. 0 ,370 .140 263 ,04 14 54 
2095 8 1. 0 ,343 .140 254 ,03 58 
2096 8 1. 0 .332 , 132 254 ,0402 58 
2097 8 1. 0 ,324 .121 255 ,0371 58 
2099 81. 0 ,3 14 .132 255 ,0417 60 
2100 8 1. 0 .300 ,1 23 255 ,0385 58 
2101 1. 0 ,284 _ 112 253 ,0321 59 
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T ABLE V.-EXPERIMENTAL VALUES OF MAGNITUDES 
AND PHASE ANGLE FOR PURE TRA JSLATION; TRANS­
LATION AMPLITUDE, 2.00 I NCH 

[1<;lastic ax is, 37 percent cbord; semicbord b, 5. 0 in.; initial angle ai, 0°] 

Reduccd Lift 'Moment 
Record Velocity, fre-
number V (mph) quency, 

.J RLT' + TLT' .,jRMTZ+ JM T2 k </>I. T tP'\fT 

------
3457 103.0 0.166 0.119 268 0.0316 66 
3458 103.0 .155 . 11 4 269 . O~IO 70 
3459 103.0 .143 . 105 270 .0295 68 
3460 103.1 . 134 .102 271 .0299 70 
3462 J03.2 .1 24 .0914 272 .0253 68 
3463 !O3.2 .114 .0849 271 .0243 69 
~4f)4 103.2 . !O5 .0829 271 . 0232 69 
3465 103.2 .099 .0746 272 .0214 73 
3466 103.2 .0 6 .0643 272 .0190 73 
3477 91. 7 . 179 .124 272 .035 65 
3478 91. 7 .172 .124 271 .035 1 70 
3479 91. 7 . 155 .117 270 .0320 67 
34S\O 91. 7 . 153 . 11 1 269 .0317 67 
34 2 91. 7 .137 .0966 272 .0281 (\9 

3483 91. 7 . 128 .0919 274 .0258 i 1 
3484 91. 7 . 120 .0848 274 . 0253 73 
3485 91. 7 .109 .08 13 275 .023 70 
34 6 91. 7 . 097 .0742 275 .0211 71 
3488 80.2 .20 . 149 2i7 .0402 64 
3489 SO. 2 .200 .142 276 .03 66 
3490 SO. 2 . 1 .135 272 .0366 65 
3491 80.2 . 169 .121 272 .0339 69 
3493 103.2 .210 . 151 273 .0402 64 
3495 103.2 . 199 .143 273 .0392 64 
3497 91. 7 .242 .liO 275 .0453 62 
349 91. 7 .226 . 163 27 .04 18 64 
3500 0. 2 .273 . 191 2 2 .0505 60 
3501 80.2 .264 . H7 281 .046 59 

tifT clcments 

3659 91. 4 0. 166 0.136 272 0.034 79 
3660 91. 4 . 162 . 134 270 .0336 77 
3661 91. 4 . 153 . 124 267 .0325 75 
3662 91. 4 .144 .124 272 .03 10 ii 
3665 91. 5 .216 .167 267 .0434 69 
3666 91. 5 .20 .165 267 .040 72 
3667 91. 5 . 199 .157 271 .0408 1 
3668 9 1. 5 . 191 .14 273 .0382 83 
3672 91. 6 .259 .202 266 .0507 71 
3673 91. 6 .248 . 192 273 .04 75 
3674 91. 6 . 242 . 186 271 

I' 
.0488 69 

3675 9 1. 6 .229 . 17 269 .0467 72 
367 91. 7 .299 .230 273 .0566 74 
3679 9 1. 7 .280 .21 5 263 .0546 70 
3680 91. 7 .270 .207 266 . 0521 66 
3722 92.0 .309 .228 262 .0625 51 
3723 92.0 .29 .216 262 .0566 61 

TABLE VI.- EXPERIMENTAL VAL ES OF lVIAGNITUDES AND PHASE ANGLES FOR PURE PITCH ABO T AN I KITIAL 
A JGLE ; PIT H AMPLITUDE, 6.740 

[Elastic axis, 37 percent chord; semichord h, 5. 0 in. ; initial angle ai, 6.10°] 

Lift I i\lomcnt 
Record num- Velocity, l' R~d uced frc- -

bel' (mph) quency, I: 

I I _/R,_p2+ILP'l </>1.1' CL(a,) ..jR.l/p2+ J.IIP'l tPMP CM(ai) 

3196 91. 8 0.282 0.233 193 0.485 O. OM. 332 0.072 

3197 91.8 .266 .233 189 .466 .066 327 . 073 

3198 91.8 .254 .230 185 .441 .065 326 .071 

3199 91. .243 .230 Ih9 . 451 .067 329 .076 

3202 91. 9 .230 .243 186 . 465 .065 329 .072 

3203 91. 9 . 217 .238 I 7 .462 .065 329 .069 

3204 91. 9 .205 .242 185 . 469 .066 336 .065 

3205 92.0 . 198 .240 185 .480 .064 336 .067 

3208 92.0 .18 .240 I 9 . 458 .062 333 .065 

3209 92.0 .177 .240 190 .465 .063 337 .070 

3210 92.0 . 168 .238 187 .454 .064 338 .065 

3211 92. I .156 .240 I 5 .45b .063 343 .070 

3215 92. I . 139 .23 I 3 . 462 .062 341 .066 

3216 92.1 . 134 .236 187 . 45b .063 345 . 064 

3217 92. 1 . 122 .236 183 . 458 .060 345 .064 

3218 92.1 .11 0 .236 179 .450 .061 343 .061 

3219 92.2 . 102 .246 182 .458 .064 345 .062 

3234 SO. 0 .296 .24f> 193 .465 .069 326 .066 

3235 SO. 0 . 289 .246 191 .469 .063 320 .060 

3236 80.0 .277 .244 191 .471 .062 326 . OM 

3239 80.1 .268 .241 188 . 44 .061 332 . 067 

3240 80.1 .24 .236 187 . 462 .060 327 .063 

3241 80. 1 .250 .237 195 .459 . 059 335 . 067 

3245 80.2 .215 .234 189 .459 .060 336 .068 

3246 hO.2 .202 .233 186 .456 . 062 328 .065 

3248 80.2 .175 .233 I .456 .060 340 .068 

3255 80.2 . 167 . 234 1 6 .466 .064 335 .070 

3256 80.2 . 153 .233 182 .456 .064 339 .073 

3257 0.2 . 141 .234 182 .453 . 062 339 .070 

3258 0.2 .134 .234 1 4 .440 .062 346 .068 

3259 80.2 . 115 .234 184 .434 .062 349 .0 
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TABLE VII.-E XP E RI ME TAL VALUE OF :'IAG JITUDES AND PHA EA GLES F OR PURE TRAN LATIO N A:30UT AN 
I NITIAL ANGLE; TRANSLATIO N AMPLITUDE, 1.00 I ClI 

[E lastic axis, 37 percent chord; semichord b, 5.80 in.; init.ial angle ai, 6.10°] 

Lift Moment 
Record nurn- Velocity. V Reduced fre-

bel' (mph) q ucocy, k 
.,jRI.r'+hr' cPl. T CL(a. ) .J R.IIT'!+I.lIT'l cPJIT C.II (ai) 

3273 91. 3 0.270 0.0905 270 0.46 0.0170 64 0.073 
3274 91. 3 .267 .0905 26-1 . 46 . 0178 58 .074 
3275 91. 3 .258 · OS50 262 . 46 .0157 58 .074 
3276 91. 3 .233 · OS 15 267 .46 .0149 57 .074 
3279 91. 3 .229 .0795 262 .47 .0137 68 .074 
3280 91. 3 .216 .0757 267 . 47 .0137 68 .074 
3281 91. 3 .204 . 0721 264 .49 .0135 68 .074 
3282 91. 3 . 197 .0695 259 .4 .0125 64 .075 
3285 91. 4 . 1 I .0587 259 . 47 .0117 64 .073 
3286 91. 4 . 176 . 0614 261 . 48 .011 3 64 . 073 
3287 91. 4 . 164 . 0568 259 .4 .0105 63 .073 
3288 91. 4 . 151 .0517 261 • <I . 0101 70 .075 
3291 91. 4 . 144 .0486 263 ------------ .0095 64 ----.-------
3292 91. 4 . 131 .0430 265 ----------- - .0081 il ____ po_po --
3293 91. 4 . 125 . 041 261 -- -- -------- .0081 72 -------- --
3294 91. 4 . 11 3 .0357 262 ------------ . 0068 72 -------- --
3295 91. 4 . 09 .0320 259 --- -----.--. .0061 67 ---- ---- --
3302 79.9 .312 .1050 272 .43 .0203 66 .072 
3303 79.9 .302 .1050 272 .43 .0171 57 .072 
330·1 79.9 .291 .0973 269 . 42 .0186 64 . Oil 
3305 79.9 .276 .0924 271 . 44 .0186 62 .071 
330 79.9 . 265 · OS95 268 .47 . 0172 65 .074 
3309 79.9 .248 .0848 265 . 47 .0156 63 .073 
33 10 79.9 .238 · OS48 265 .46 .0158 60 .073 
3311 79.9 .232 . 0796 266 .47 . 0140 60 .073 
3314 79.9 . 211 .0730 262 .4 .0128 64 . 074 
3315 79.9 .204 .0715 267 .4 .0134 62 .074 
33lfi 79.9 . 1 . 0644 261 .51 .011 61 . 073 
3317 79.9 . 17 .0600 266 .47 .011 6 64 . 073 
3324 82.8 . 159 . 0540 263 . 45 .0119 Hasb bad .075 
3325 82.9 .143 .0530 263 .47 .0094 ___ do _______ .075 
3326 82.9 . 131 .0452 260 . 46 . 0103 __ do _____ .074 
3327 82.9 . 122 .0443 2' .46 .0093 __ do _______ .074 
3328 3. 0 . 110 .0428 261 .46 .0085 do _______ .075 

T ABLE VnT.- T H EORETI CAL VALUE OF MAG NIT DES, PHASE ANGLES, AND E T WORK PER CYCLE FOR C MEI NED 
MOTIO N 

{Elastic axis, 37 percent chord; se michOl'd b, 5.80 in .; initial angle ai, OOJ 

Reduced Motion phase Translation Pitch Lift Moment Net work per 
frequ ency, angle, amplitud~. amplitude, cycle, WN 

k 8 b . a , 

I RMH'+IJIH' I (in-Ib) (deg) (in.) (deg) RI.H'+hRi 9LR <P MH 

Variable reduced rrequeney 

0 225.10 I. 37 5. 19 0.2854 45. 10 0.0685 225. 10 -53.04.5 
.0.50 225.10 I. 37 5.19 .2376 35.0 .0584 20 .45 -34. 157 
. 100 225.10 1. 37 5.19 . 1979 29.15 .051 194. -22.644 
.200 225. 10 L 37 5. 19 .1 41 19.50 .046.5 170. 35 - .600 
.240 225.10 I. 37 5. 19 . 1263 15.38 . 0466 161. 57 -4.605 
.300 225.10 L~7 5. 1. 9 . 1007 . 22 .0484 150.07 . r,o l 
.340 225.10 L 37 5. 19 .1026 2.97 . 0502 143.23 :3.595 
.400 22-'.10 I. 37 5. 19 .0975 354.45 . 0539 134.28 7. 878 
.440 225.10 1. 37 5.19 . 0966 349.6 .0565 129 . ------------
.500 225.10 L 37 5.19 . 1009 342.2 .0612 123.2 ------- ----
.560 225.10 I. 37 n. 19 . 1098 336.5 . 0661 117.4 ------- ----
.600 225.10 I. 37 5.19 . 11 81 333.7 . 0695 114.0 ------- ----

Variable translniion ampliLud • pitch amplitude. and motion pha e angle 

0.300 0 I. 5000 3.37 0.2310 233.64 0.0566 16.72 52.392 
.300 90 I. 4142 9.53 . 5203 276. 13 . 1540 57.35 155.29 
.300 180 .5000 1O.1l .3829 2. 02 . 1216 139. 07 13.8 
. ~oo 270 I. 414? 9.53 .2212 108.97 .0712 233. 0 -67.457 
.300 0 .5000 10. II .4070 197.50 . 11 21 3n07 22. 244 
.300 180 I. 5000 3.37 .1850 310.40 .0620 100.81 44.400 
. 300 219.2 I. 4295 4.56 . 1094 34 . 23 . 0460 276.98 10.127 
.300 233. 2 1. 1100 7. 53 . 1 75 48. 08 .0564 307.43 -23.095 
.300 232.6 1. 0271 8. 10 .2165 50.25 . 0762 183. 11 -23.639 
.300 232. I .9956 8.28 . 2267 50.47 . 0788 183.45 - 23.826 
.300 231.7 .9636 8.45 .2364 50.75 .0 16 183.92 -23. 70 
.300 230.9 .9313 8.61 .2463 50.45 . 0841 183.81 -23. 553 
.300 230.1 .8987 8.77 .2558 50.12 .068 183.68 -23. 0 
.300 229. 1 660 8.92 . 2653 49. 51 .0894 183.35 -22.366 
.300 219.1 .675'3 9.64 .3 1 2 40.92 . 1039 139. 10 14.287 
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TABLE IX.- EXPERIMENTAL VALUE OF MAGNIT DES, PHASE ANGLES, AND NET WORK PER CYCLE FOR COMBINED 
MOTIO N; VARIABLE TRA SLATION AMPLIT DE, PITCH A:-fPLIT DE, AND MOnO r PHA EA rGLE 

[E lastic axis , 37 percent chord; semichord b, 5. 0 in. ; i.nitial angle ai, 0°; r duced r,.cquency k, 0.30] 

Translation Pitch ampli-Record Velocity, 17 amplitude, ho tude, ao 
Motion pbase 

number (mpb) (in .) (deg) angle, 0 (deg) 

3633 80.0 1.50 3.37 0 
3647 0.0 1. 41 9.53 90 
3645 79. 1.41 9.53 270 
3H35 0. 0 .50 10. 11 0 
3360 79. 2 1. 50 3.37 I 0. 0 
337 79.2 I. 43 4.56 219.2 
3380 0.0 1.11 7. 53 233.2 
33 2 0.0 1.03 . .10 232.6 
3384 79. 7 I. 00 .28 232. I 
3386 79. . 96 S.45 231. 7 
3401 79.9 .93 .61 230.9 
3403 79.9 .90 .77 230. 1 
3406 79. 9 7 . 92 229. I 
340 0.0 : 68 9.64 219.1 
3410 0.0 .50 10.11 ISO. 0 

TABLE X.-EXPERIMENTAL VALUE OF MAGNITUDES, 
PHA E ANGLE , AND NET WORK PER CYCLE FOR COM­
BIN ED MOTION ; VARIABLE REDUCED FREQUENCY 

[Elastic axis, 37 percent chord ; ,emichord b, 5.SO in.; translation ampli tude h., 1.37 in.; piteh 
ampli tpde a ", ±5.10o; initial angle ai, 0°; motion phase anglo 0, 225. to] 

Re- Lift Momen t Net work 
Record Vcloc- duced por eyrIe, ity, V fre-number (ml>b) queney, IV" (in-

k RLR'+ h 8' q,L R RRM'+lHM' q, 8M Ib) 

---- --
3569 SO. 0 0.379 0.095 0 0.037 120 3.635 
3570 SO. 0 .365 .095 355 .0369 9 4.907 
3571 SO. 0 .350 .095 356 .0326 125 4.63 
3572 SO. 0 .342 . 102 356 .0370 125 5.929 
3574 SO. 0 .330 · 104 2 .0292 125 I. 95 
3575 SO. 0 .316 . 104 12 .0280 112 - 3.149 
3576 SO. 0 .302 . 104 . 0292 110 - 1.201 
3595 SO. 0 .326 . 104 6 . 0280 109 -.390 
3596 80. 0 .312 .099 3 . 0356 111 1. 872 
3597 SO. 0 .300 .104 17 .0356 123 - 4. 544 
359 SO. 0 ? . 109 5 . 0292 132 .392 
3600 SO. 0 .280 .107 14 . 0304 95 -4.560 
3601 SO. 0 .265 · III 15 .0304 137 -4.556 
3602 SO. 0 .251 . 11S 12 .0321 152 -3.425 
3603 SO. 0 .236 . 114 15 .0330 100 - 4 . 49 
3605 SO. 0 .224 .127 21 .0347 156 - . 792 
3606 80. 0 .213 . 132 I .0330 172 -8. 11lO 
3rm SO. 0 . :!03 . 140 19 .0408 16 -S.596 
3608 SO. 0 . 1 9 . 142 22 .0391 179 - 11. 274 
36O'J SO. 0 .174 . 142 20 .0391 176 -9.917 
3610 SO. 0 . 162 . 152 26 .0451 184 -14.684 
3612 SO. 0 .291 . 110 11 .0356 13 -I. 791 
3013 SO. 0 .288 . 112 16 .0330 139 -4 . 4 
3614 SO. 0 . 207 . 112 16 .0330 140 - 4. 54 
3615 80. 0 . 253 . 117 15 . 0321 156 -5.003 
36 17 SO. 0 . a3S .097 8 . 0344 118 .222 
3618 80.0 .328 .097 13 .0343 138 -2.315 
3619 80.0 .3 14 .007 9 .0343 132 -.574 
3620 SO. 0 .297 · 101 6 . 0331 121 . 419 
3622 SO. 0 .349 .099 II 

-~---- -- -- -- --- ---- ----
3623 SO. 0 .370 . 104 359 --- - ---- --- - --- --------
3624 SO. 0 . 370 .099 3 ------- --- -- -- - --- -----

Lift Moment Net work per 
cycle, IVN 

.,jRLR'+hR' q,LR .,jRMR'+IMR' q,MR (in-Ib) 

0. 2'£7 231 0.0785 24 --- ------ ---
.5 12 270 . 142 49 ---.----- - --
. 186 102 .0420 254 ------------

----- - -- -- -- 198 . 100 338 ------_.----
.246 33 1 .0687 125 37.90 
. 192 354 .0699 163 10. 2 
. 203 30 .0976 196 - 12.97 
. 230 45 . 102 201 - 23. 50 
.236 46 .109 197 -22.27 
. 241 41 . 117 192 - 16.22 
.240 45 .112 199 -20.11 
. 251 39 . 114 197 - 16.63 
. 257 4S .117 19 - 16.26 
.315 41 .134 IS7 - 13.14 
.367 3 . 148 155 10.43 

TABLE XI.- WORK-PE R-CYCLE COEFFICIENT­
THEORETICAL VALUE 

Elastic axis, 37 percent chord ; semicbord b, 5.80 ill .; translation amplitude h., 1.37 in.; pitch 
am plitude er., ±5.19° ; amplitnde ratio h./er ., 15; CwN=Cw,,-CwL = WNI4qb".h.] 

Motion Coeffi cient of net work Cw N at-
phase 

angle, 0 
(dog) k=O k=O.IO k=0.2O k=0 .30 k=0.40 k=O.50 

0 0 0.5114 1.2661 2.0140 2.7432 3. 4566 
30 1. 5708 I. 787 2.4738 3. 1118 3.7.592 4. 4071 
60 2. 7206 2. 9460 3.3688 3.8527 4.3640 4. 883 
90 3. 1416 3.4277 3.7113 4.03 4 4.3957 4. 7716 

120 2.7206 3. 1944 3.4094 3.6189 3. 8456 4. 0879 
150 I. 5708 2. 3089 2.5442 27068 2. 8614 3. 0209 
I 0 0 I. 0082 1. 3473 1.5464 1.7064 I. 560 
210 -1. 5708 -. 3591 . 1396 .4486 . 6904 .9055 
240 -2. 7206 - 1.4264 -. 7554 -.2923 .0856 . 4243 
270 -3. 1416 -1.90SI - I. 0979 -.4780 . 0539 . 5410 
300 -2. 7206 - I. 6748 - .7960 - .0585 . 6040 1. 2247 
330 -1. 5708 -. 793 .0692 536 1.5882 2. 2917 
360 0 . 5114 I. 2661 2.0140 2.7432 3. 4566 
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TABLE XII.-COYIPO NEN T ANALYSIS-THEORETI CAL VALUES FOR LIFT AND :-'10ME NT I K P RE TRA N LATIO N 

L ift in pure tra nslat ion 

k Ihr 
I ELT 

I Lr/47rQ ho= BLT+ELT I k I A v. three-dim. LT/4~qh . 
(I) 

0 0 HO; O+Oi 0 O+Oi 
.05 .001 25 -0.00· 53- 0.04545i - 0. 00528- 0. 04545i . 167 -0. 00 1t05 -0. 1023i 
. 10 .0050 - . 01723- 0. 0832i - .01223- 0. 0832i .333 .01 114 - 0. 1 414i 
.20 .0200 -. 03732-0. 14552; - .01i32- 0. 14552i .667 . 13136 - 0.3:35 2i 
. 30 .0450 -. 0537!}-0. 1995; - .00879-0. 199.5; 
.40 .0 00 -. Ofi6 - 0. 2500i .01400-0. 2500i 

'l'hrec-dim . . 50 . 12.50 -. 07535- 0.29 95i . 049"5- 0. 29895i k .60 . ISOO -. 082"8-0.34728; . 09732- 0. 34728i 
Magnitude Phase (de~) .SO .3" 00 - . OQ32 - 0. 44328i .22' - 0. 44328i 

1. 00 .5000 - . 100:3 - 0.5394; . 3997 - 0. 5394i 
0 0 270 

I 
. 167 .1023 267.7 
.333 . 1 45 273.5 
.667 . 3606 291. 5 

Mom ent in pure Lranslation 

I I iUr/4"qbh . = R .' l r+ EMr I . \ '-. Lhree-dim . 
Ii RMT EMT I: Mr/4"qbh. 

(I ) 

0 0 O+Oi O+Oi 0 0+0; 
.0" . 000:125 O. 0015';7+0. 01031i 0.001892+0.01091; . 167 O. 00788+0. 0245i 
. 10 .00130 .004 14 +0.01997; .005435+0. OI9968i .333 .0251 +0. 0442; 
.20 .0052 · 0089'l +0. 03492i .014 157+0.03492i . (;67 . 07964+0. 08064i 
.30 .011 7 . 01291 +0.04788; .02461 +0.047 i 
.40 .0208 · OL5~4 +0.06000i . 03~r;4 +0.0600i 

'I' hree-ci im .50 .0325 .01808 +0.07175; .05058 +0. 07175i k .60 .0468 .01984 +0.08335i . 066f>4 +0.08335i Magnitude Phase (,le~ ) .80 .0R.12 · 02237 +0. 10639i . 10557 +0. 10,)39i 
I. 00 .1300 . 02407 +0. 12946; . 15407 +0. I 2946i 

0 0 90 
. 167 . 0257 72.1 
.333 .050 2 60.4 
.667 . 11335 45. 2 

1 A y('rage along span, aspecl ratio or 6. 

T ABLE XlII .- CO:-'TPO:S E KT AK ALYSIS- THEORETI CAL VALUE FOR LIFT AN D i\10:-IEKT I X PURE PIT H 

Li(t in pllre pitch 

Av. three-dim. 
/: ALP BLI> DI. I' E LI' Lt'/4qba.T k Lp/4qba .... 

(I) 

0 0 0 - I. 0000+0. OOOOi -0 -O.ooooi -1.oooo+0i 0 -0. 6797+0i 
.05 -.025i .000325 -. 9090+0. 1305i - . 0050-0. 0345i -.9137+0.07 10i . W7 -.6234-0.0533i 
.10 - 050i .0013 -. 8320+0. 1723i -.0131-0. 0Il32i - . 8438+0. 059H .333 -.529 -0. I 2<'li 
.20 -. IOOi .0052 -. 7276+0. 1886i -.0287-0.1 106i -. 75U -0. 0220i . 667 -. 514S-0. 4521i 
.30 -. I50i .011 7 -.6650+0. 1793i - . 0409-0. 1516i - . 69·12-0. 1223; 
.40 -.200; .02OS -. r,250+0. W50i - . O;;o2-0. 19OOi -.65-1-1-0. 2250; 

Thr~e-dim. .50 -. 250i .0325 -.5979+0.ISO;i -.0573-0.2272i -. 6277 - O. 326M k .W -.300i .0468 -.57 +0.1:378i - . 0628-0. 2639i -. 5948-0. 421i1i 
Magn itude Phase (deg) .80 -.400i .08:32 -.5541+0. 1165i - . 0708-0. 3369i -. 54 17-0. 6204i _. 

1.00 - .. 500i .1100 -.5-394+0. 100:1i - . 0762-0.4099i -.4856-0. S096i 
0 0.6797 I 0 
. W7 .6256 184.9 

I . 333 .5605 199.0 
.667 .6851 22 1. 3 

i\ lomcnt in pure piich 

I 
A v. thr('('·dim. 

I: A.\fP B .IIP D .HP E ."p l\J p/4ql/lau7t' k j\f p/4qb'a. 1<" 
(I) 

0 O.OOOOi n O. 2400 -0. Oi 0 +O. ooooi 0.2400+0i 0 0.1631+0i 
.05 -.OI90i .0002 · 2IS2-0. 03 13i . 0012+0. 0083i . 2196-0.0420i . 167 . 1532-0. 0706i 
.10 - . 0380i. . 0010 . 1997-0.0414i .0031+0.0152i .203 -0. 0642i .333 . 1505-0. 1228i 
.20 -.0760; .0039 · 1746-0. 045.3i · 0069+0. 0265; · IS54 -0. 094S; .667 . 1801-0.2244i 
.30 -. 1I 40i .00 7 · 1596-0. 0430i · 0098+0. 03f>4 i · 1781-0. 1206i 
.40 -.1520i .0154 · 1500-0. 0396i · 0120+0. 0456i . 1774-0. 1460i rrh rcc·dim . .50 -. 19OOi .0241 · 1435-0. 0362i . 0138+0. 0545i . 1814 -0. 1717i k .60 -.228Oi .0347 . 1389-0. 033 Ii . 0151+0. 0633i . 1887-0. 1978i Magnitude P hasc(deg) .80 - . 3040i . mil6 . 1330-0.028Oi . 0170+0. 0809i . 2116-0. 25 11 i 

1.00 -.300i .096.3 . 1295-0. 024Ii . 0183+0. 0981i · 2441 -0. 3057i 
0 0. 1631 0 

I 
. 167 . 1 3a5.3 

I 
.333 . 1944 320. 1 
.667 .2878 308.8 

1 A v('rsgc along span, aspect ratio of 6. 
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T ABLE XIV.-COMPONENT ANALYSIS- EXPERIMENTAL 
VALUES ; AVERAGE M. I . T . RESULTS 

0.10 
.10 
. 20 
.25 
.30 
.40 

Pure pitch, ao =6. 74 0 

-0. 704-1 O. 0246i O. 1805-0. 057; 
-.677+0i · 1790-0. 0744i 
-.659-0.0346; · I no-o. 0 99i 
-.646-0.0680i · !iSO-O. 103; 
- . 635-0. 112Oi · Iii -0. 1195i 
-.630-0. 1985i · 17i5-0. 14651 

Pure tran slatioTl j ho= 1.0 in. 

Lpl h·qh . 

-0.0079-0.0690; 
- . 0149-0.106i 
- . 0265-0. 143i 
- .041 2-0. 17Si 
-.0570-0.212; 

0.0071 +0.0217; 
.0129+0.0304; 
.0180+0.0385; 
. 0228+0. 0458; 
. 0329+0. 054 7i 

TABLE XV.- CORRELATION ANALYSIS- THEORETI CAL 
VALUES 

(a) l'or corrected resulLs (a~ -0.26) 

k L l4qba. </>LI' MI4gb'a. I </>.v P 

---
0 3. 1416 ISO. 0 0.7540 360.0 
.1 2.6591 176.0 .6iL9 342. 52 
.2 2.3624 181. 68 .6549 332.93 
. 3 2.2153 190. 0 .6762 325.88 
. 4 2.1754 19 .97 .7229 320. 55 
.n 2. 2102 207.67 .7 46 316.57 
.6 2.2995 215. 62 . 8586 313.65 
.8 2.5885 228.87 1. 0320 310.12 

1.0 2. 9659 239.05 1.2292 30 .60 

(b) For British results (no inertia term) 

(a~-O. 3.1) I (a~O) 

k 

I MI4qb'a. <PMP M I4gb'a . </> ,u p 

--- ' 
0 0.523.3 0 1. 570 360.0 
. 1 .4794 337.4 1. 3505 347.9 
.2 .4956 32a.2 I. 220.1 343. 9 
.3 .5453 312.9 1. 14.1Q 34 1. 6 
.4 .6141 305. 4 1.1002 340.0 
. 5 .6943 299.9 1. 073r. 338.4 
.6 . 783 1 295.7 1. 05 336.9 
.8 .9722 2 9.9 1.0511 333.9 

1. 0 1. 1718 286.2 1.061 330.7 

TABLE XVI.-CORRELATION AN AL YSI -ST ANFORD 
RE LTS' 

R educed Intcrpo-Reyno lds Inl erpo- Co .... ected Ire- number, luted lated Correction tcrm Corrected phase, 
Quency, Re Lpl4gba. phase, L~/4qbCt. 

"'LP k <P J~ 1~ 

~'I odc l A (b~7.5 in. , a~-0.2O); n~6.66 cps (table I - A-6R) 

0. 2 1. 02 XlO' 2.405 ISO -0. 00:)3-0. 0274i 2.4080 ISO. i 
.3 .685 2. 270 188 -. 0016-0. 0376i 2.27 3 I .0 
.4 .514 2.2330 195.7 . 0027-0. Omi 2.2433 196.9 
.6 .343 2.30 1 209.3 . 0183-0. 0655i 2.3254 21t.0 
.8 .257 2.5198 219.4 . 0427-0. 0836i 2.5416 221. 5 

1.0 .2013 2. 7674 226.6 .0753-0. 10l7i 2.7923 229.2 

~ l odel C (b~5.0 in ., a~-O.20); n~lO cps (lable I - C-IOR) 

0.2 J. 028 2.4 2 180 -0.0033-0.0274; 2.485.1 I 0.6 
.3 .685 2.3552 I 6.5 -.0016-0.0376; 2.3613 1 7.4 
.4 .514 2.3082 194.2 . 0027-0. 047 1i 2.31767 195.3 
.6 .343 2.3604 206.9 . 0183-0. 0655i 2.3747 20 . 5 
.8 .257 2 .. 1347 217. " . 0427-0. 0836i 2.5532 219.5 

1.0 .20n 2.7670 225.8 · 0753-0. IOlii 2.7274 228.3 

Model B (b~7.5 in., a~-0.40); n~6.66 cps (table I-B-6R) 

0.2 0.686 2.3254 184.4 0.007 +0. 064 Ii 2.3136 I 2.9 
.3 .457 2.2307 191. 0 · 0038+0. 0877i 2.21195 1 .8 
.4 .343 2.2010 197.9 -. 0062+0. 1099i 2. 1759 19.,.1 
. 6 .229 2.3006 211. 7 -.0428+0. 1528i 2.26 18 207.9 

. 172 2.605 224.4 -.0997+0. 1949i 2.5494 219.7 
1.0 .137 3.0945 234.3 -. l758+0. 2372i 3.0177'1 229.0 

Model D (b~5.0 in. , a~-0.40) ; n~ 10 cps (table I-D-1OR) 

0. 2 0.6R6 2.4 150 I 5.2 O. 0078+0. 064li 2.4022 183.7 
.3 .457 2.3348 190.9 · 0038+0. 0 iii 2.3161 1 .8 
.4 .343 2.3280 197.5 -. 0062+0. 1099i 2.3033 194.9 
.6 .229 2.4651 210.2 -. 0428+0. 1528i 2.4301 206.6 
.8 .172 2.7957 222.1 -.0997+0. 1949; 2.7475 217.7 

1.0 . 137 3. 1037 228.9 -. 1758+0.2372; 3.0540 223.5 

I Those results have been corrected lor a theoretical "shift" 01 elastic axis Irom 30 and 40 
to 37 perccn i, chord. Specific table numbers given alter model des i~nations refcr to tables 
01 relerence 5 from which uncorrected data wcre ta ken . . 

TABLE XVII.-CORRELATION A J ALYSIS-;\I. 1. T. 
RE ULTS 

[a,~OO; a.~6 . 740 or h.~ 1.0 in .; a~ -0.26) 

L l4qba. I </>t_p M I4qb'a . I 0 MP 

Re~O . 715X1O' 

0. 00 
. 10 2. 3 0.587 
. 1.1 2. 12 181 .595 344 
.20 2.0 182 .603 333 
. 25 2.06 188 .639 329 
.30 2.01 190 .665 326 
. 35 2.04 195 
.40 2.07 197 .722 326 

Re~0.823X I O' 

0.05 
.10 2. 12 180 0.602 348 
.15 2. 12 183 .626 339 
.20 2.04 186 .652 337 
.25 2.06 187 .63fi 324 
.30 2.02 187 .716 325 
.35 2.02 194 . 690 323 
.40 2. II 200 .7r.l 325 

Re~0.930X I O' 

0.0.1 2.32 I 0.643 3M 
.10 2.22 174 .593 338 
. 15 2.12 li8 .632 332 
. 20 2.08 183 . 608 332 
.25 2.02 184 .621 324 
.30 2 12 187 321 
.35 2.04 191 319 
.40 
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TABLE XVIII.-CORRELATION AKALYSIS-RE LT 1 OF 
REFEREKCE 6 (a.= OO ) 

\ I I \.JRMP'H,"P'! k Interpolated Oorrected Mcon/4qb2ao <PMI' M/4gb'a. hi/4gb'a. 
a. I 

Re=0.09Xl()3 

0 1. 6000-0; -0.8Jf\8+0; 0.7832+0; 0.7832 360 
.2 1. 2950-0. 350; -.5902+0.0414; · 7048-0. 3136i .7714 336 
.4 1. 0400-0. 445i -.4761-0.0817; .5639-0. 5267i .7717 317 
.6 . 8665-0. 460i -. 3815-0. 2062i · 4850-0. 6662i 243 306 

Re=0.14XIO' 

0 I. 5325-0i -0.81 +0; 0.7157+0; 0.7157 360.0 
.1 1. 3810-0. 290; -. 6803+0. 0822i · 7007 -0. 207 i .7308 343.5 
.2 1. 2400-0. 37 i -.5902+0.04J4i . 6498-0. 3366i .731 332.6 
.3 I. 1090-0. 422i - . 5274-0.0184; .5816-0.4404i .7295 322.9 
.4 1. 0230-0. 431; -.4761-0.0817i .5469-0.5127; .7497 316.9 
.6 . 9240-0. 403i -. 3815-0. 2062i . 5425-0. 6092i .8157 311. 7 

Re=0.2IXIO' 

0 1. 5150-0; -0. 8168+0i 0.69R2+0; 0.6982 360.0 
.1 I. 3450-0. 277i -.6803+0.0822i .6647 -0.1948; .6927 343.7 
.2 1. 2520-0. 345i -.5902+0.0414i . 661 -0.3036i .7281 335.4 
. 3 1. 1420-0.374; -.5274-0.01 4i . 6146-0. 3924i . 7292 327.4 
.4 1. 0800-0. 395i -.4761-0.017i · 6039-0. 4767; .7694 321. 7 

Re=O.28Xl()3 

0 I. 5140-0; -0. 168+0i 0.6972+0i 0.6972 360.0 
.1 1. 414 -0. 280i -. 6803+0. 0822; . 7337-0. 1978i .7599 344.9 
.2 1. 242-0. 381i -. 5902+0. 0414i · 651 -0. 3396i .7350 332. 5 
.3 I. 167 -0.401 i -.5274-0.0184i . 6396-0. 4194i .7649 326. 7 
.4 1. 151-0. 418i -.476i-0.0 17i . 6749-0. 4997i .8398 323.5 

1 Results a r"- for a wing which has its elastic axis at one-half chord. The following correc­
tions have been made: (a) Aerodynamic inertia term added and (b) theoretical "sbift" of 
elastic axis to 37 percen t cbord. 

TABLE XIX.-CORRELATIOX AXALY I - RESl'LT 1 OF 
REFERENCE 7 (a , =Oo; b= 4.5 IN.) 

o 
.1 
.2 
.3 
.4 
.6 
.8 

o 
.1 
. 2 
.3 
.4 
.6 
.8 

0.2 
.3 
.4 
.6 

0.1 
.2 
.3 
. 4 

o 
.1 
.2 
.3 
.4 
.5 
.6 
.8 

1.0 

o 
.1 
.2 
.3 
.4 
.5 
.6 

1.0 

Interpolated 
hi/4gb'a. 

I. 6+0i 
I . 395-0. 306i 
1. 210-0. 339i 
1. 106-0. 355i 
1. 306-0. 363i 
. 956-0. 369i 
. 925-0. 360i 

1.805+0i 
1. 375-0. 270; 
1. 223- 0. 345i 
1.13fr-0.37Ii 
1.110- 0.3 i 

I. 222-0. 335i 
I. 122-0. 360i 
1. 057-0. 370i 
. 993-0. 359i 

I. 330-0. 261 i 
I. I P5-0. 335i 
I. 105-0. 355i 
I. 077- 0. 358i 

0.533+0i 
.490- 0. 155i 
.450-0. 25Ri 
.415-0.337i 

0-0.404; 
. 343-0. 466i 
. 305-0. 529i 
.21 0.650; 

0.550+Oi 
.498-0. 155i 
.455-0.25 ; 
. 425-0. 338i 
. 395-0. 430i 

Oorrected 
Ai/4gb'a. 

(a) Without ccnter bearing (0=0) 

Re=0.142XIO' 

- 0. I" +Oi 
-. 6803+0. 0822i 
-. 5902+0. 0414i 
- . 5274-0.01 4i 
-. 47"1-0.0 l7i 
-.3815- 0. 2062i 
-. 27 - 0. 3257i 

1. 0692+0i 
.7147- 0.2"..3 i 
· 619 O. 2976i 
. 5786-0. 3734i 
. 5599-0. 4447i 
. 5745-0. 5752i 
.6462- 0. 6857i 

Re=O.2ll3 X IO' 

- 0. Ifi +Oi 
-.6 OHO.O 22i 
-. 5902+0. 0414i 
-.5274- 0.01 4i 
-. 4761- 0.0 17i 
- . ~8 1 5-0. 2062i 
-.27 -0. 3257i 

0.9 2+0i 
.6947-0. I 7 ; 
· 6328- 0. 3036i 
· 6086-0. 3894 i 
. 6339-0. 4667i 

(b) With center bearing (a =0) 

Re=0.1<t2XIO' 

O. 5902+0. 0414 i 
-. 5274-0. OI84i 
-. 4761 - 0.0 17i 
- . 3 15-0.2062i 

O. 631 - 0. 293~i 
. 5946-0. 3784i 
.509-0.4517i 
· 611 5-0. 5652i 

Re=O.283XlO' 

- 0. 6 OHO. 0 22i 
-.5902+0.0414i 
- .5274-0.0184i 
-. 4761-O.0817i 

0.6497-0.1788; 
.6048-0. :l936i 
_ 5776-0. 3734 i 
_ 6009-0. 4397; 

(c) Wi thout cellter bearing (a=-O.333) 

Re=O. I42X 10' 

0. 2293+0i 
. 1961- 0.0167i 
· 1840-0. 0005i 
.1 70+0.0204i 
.2007+0.0421 i 
. 2230+0. 0634i 
· 2528+0. 0844i 
.3333+0. 1254i 
. 4397+0. 165Ji 

0_ 7623+0i 
.6861-0. 1717i 
.6340-0. 2585; 
_ 60,,0-0. 3166i 
_ 5807-0. 3619i 
_ 5660-0. 4026i 
. 5578-0. 4446i 
. 5513-0. 5246i 

Re=O.283XIO' 

0.2293+0i 
.1961- 0.0167i 
· 1840-0. ooo5i 
· 1870+0. 0204i 
.2007+0.042li 
· 2230+0. 0634; 
· 2528+0. O844i 
· 3333+0. 1254i 
.4397+0. 1651 i 

0.7793+0i 
. 6941-0. 1717i 
.6390-0. :!585i 
_ 6120-0. 31 76i 
_ 5979-0. 79; 

1.0692 
.7492 

7.5 

.7151 
130 

. 942~ 

0.9 2 
.7197 
.7019 
.7224 
.7873 

0.6966 
.7047 
.7358 

0.6739 
. 6722 
. 6 i 
.7446 

0.7623 
.7073 
.6847 

02 
.6844 
.6945 
.7133 
.7611 

0.7793 
.7151 
.689l 
.6895 
. 7109 

360.0 
342.6 
334.4 
327.2 
321.5 
315.0 
313.0 

360.0 
344 . 
334.4. 
327.4 
323.6 

335.1 
327.6 
322.1 
317.2 

344.6 
334.1 
327.1 
323. 

360.0 
345.7 
337.8 
332.3 
328.0 
324.6 
321. 4 
316.4 

360.0 
346. I 
338.0 
332.6 
326.9 

1 R esults are (or wing with elastic ax is at one-haIr chord and one-third chord . The follow­
ing corrections have been made: (a) Aerodynamic inertia term added a nd b) theoretical 
"sbift" of lastic axis to 37 percent chord. 
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