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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS
TECHNICAL NOTE NO. 173k

INVESTIGATION OF THE VARIATION OF MAXIMUM LIFT FOR
A PITCHING ATRPLANE MODEL AND COMPARISON
WITH FLIGHT RESULTS

By Paul W. Harper and Roy E. Flanigan
SUMMARY

Apparatus was developed which utilized a pitching alrplanc model to
determine maximum wing loads as a function of the rate of change of angle
of attack. In order to evaluate the pitching-model technique, maximum
1ift coefficients were determined in wind-tunnel Investigations of

a ga-scale,model of a conventional single-engine fighter alrplane and were
compared with éxisting flight data for this airplane. The wind-tunnel
investigation extended through a Mach number range from approximately 0.2
to 0.6 at pitching velocities comparable to flight values obtained with
the test ailrplane in abrupt pull-ups. The wind-tunnel and flight results
were found to be in good agreement.

INTRODUCTION

Although variations.of maximum 1ift with pitching veloclty were
observed as early as 1930, only very limited quantitative information
concerning the phenomenon has been obtained notwithstanding its importance
in relation to the high-speed aircraft of recent years. Previous wind-
tunnel investigations of this effect have been made only at low Mach
numbers and have been concerned primarily with constant section airfoils;
flight investigations have not been planned specifically to provide
systematic data of this nature.

The need for more complete information concerning the dependence of
maximmm wing loads on plitching velocity as a function of various
parameters thus prompted the development of an experimental technique
which utlilized an alrplane model capable of being pitched at varlous rates
through maximum 1ift. Such a device would not involve the hazards of
flight testing in the stall region at high speeds and would make
possible a systematic study of the separate effects of the variables
involved because the varlous parameters could be more easily controlled.
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The use of small models made 1t necessary to establish the applica-
bility of pitching model results in the prediction of full-scale flight
loads. For this purpose the maximum 1ift coefficlents were determined
in the langley T7- by 10-foot high-speed tunnel as functions of the rate
of change of angle of attack for a model of the test airplane for which
maximm 1ift coefficients obtained 1n flight were presented in reference 1.
The results are glven hereiln and are compared with flight data obtained
on the test alrplane. The tunnel and flight tests were made over a
corresponding Mach number range from approximately 0.2 to 0.6 and an
equivalent pltching-veloclty range.

SYMBOLS
c chord length, feet
CL 1ift coefficlent
chax maximim 1ift coefficlent
'ACLmax difference between corresponding maximum 1ift
coefficients of alrplane and model
M Mach number
q dynamic pressure, pounds per square foot
R Reynolds number
S wing area, square feet
v true airspeed, feet per second
w alrplane weight, pounds
a angle of attack, degrees
da/dt rate of change of angle of attack, radians per second
(da/dt)e da/dt of model equivalent to test-airplane values,

radians per second

dCL/ﬁa slope of 1lift curve, per radian

dn/dt rate of change of alrplane normal load factor with time

«
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APPARATUS

_ The model and its pitching mechanism were mounted at opposite ends of a
6%-foot, 3-inch-diameter, tubular steel boom as shown in the diagrammatic

sketch of figure 1. The model was aug%-scale partial reproduction of the.

test airplene and consisted of the wings and a truncated, propellerless
fuselage. The 2-foot-span wing had an area of 3/4 square foot and a mean
aerodynamic chord of 0.364 foot. As shown in figure 1, the wings and
fuselage were mounted on a ball—bearing housing which rotated on a shaft
through the end of a small cantilever beam. The rotating parts were
statically balanced about the axis of rotation which was at 23 percent of
the mean serodynamic chord.

The pitching mechanism contained a variable-speed motor driving a
cam with a spring-loaded follower which actuated the model through a
cable-pulley system. ZEach cam revolution provided one complete pitching
oscillation of the model and a dwell period between oscillations during
which the model was held at a small negative angle of attack. The dwell
period, which was equivalent to 50 chord lengths of travel at low test
Mach numbers, permitted ample time for the aerodynamic flow to stabilize
prior to each pull-up. The pitching veloclty of the model during the
pull-up was cantrolled by varying the cam speed. An operating speed of
the cam which gave the model a pull-up veloclty of 12 radians per second
produced two complete oscillations of the model each second. The cam
characteristics were such that the model accelerated from a small negative
angle to a small positive angle while it acquired a given pitching
velocity which was ther maintained constant beyond the angle of maximum
1ift.

Devices were incorporated within the model for obtaining time
histories of 1ift and angle of attack when used in conJunction with a
multichannel recording oscillograph. Static 1ift forces could be
determined to within 2 percent by the use of strain gages mounted on a
beam designated in figure 1 as the 1ift beam. Errore in 1ift measurements
arising from vibration of the lift-beam-model system were negligible
because of the high natural frequency of the 1lift beam relative to the
applied pltching frequency. (The natural frequency of the 1ift beam was
approximately twenty times the maximm applied pitching frequency.)
Pgeudolift errors caused by dynamic unbalance coupled with angular
acceleration of the rotating parts were found experimentally to be negli-
gible. The variation of angle of attack with time was obtained by means
of a cam-deflected strain-gage-equipped cantilever beam from which the
rate of change of the angle of attack with time could be determined within
2 percent by graphical differentiation.

A photograph of the model and its pltching mechanism mounted in the
Langley 7- by 10-foot high-speed tunnel is shown as figure 2. The pitch-
ing mechanism and the base of the boom were bolted to the tunnel vertical
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mounting strut and covered with a steel falring. The boom was supported
18 inches behind the model with four flexible steel cables preloaded to a
value greater than the maximm expected 1ift forces of’ the model. A
conservative estimate for the error in 1lift due to acceleration effects,
based on computations involving the flexibility of this supporting
system and the expected rate of application of 1lift forces, ranged from 2
to 5 percent.

WIND-TUNNEL INVESTIGATIONS

Scope

Time-history measurements were made of the 1ift and the angle of
attack of the model at seven Mach number increments from 0.197 to 9.612
for pitching velocities da/dt varying from approximately 3 to 12
.radiens per second. The relation of tunnel Reynolds number to Mach num-
- ber is given in figure 3 which shows that the Reynolds number increased
from 2.198 X 106 to 1.172 x 106 while the Mach nuuber varied fram 0.080
to 0.612.

Reduction of Data

A scale reproduction of a typlcal test record of 1ift and angle of
attack recorded on the multichannel oscillograph is shown in figure k.
The particular record shown was taken at a tunnel free-stream Mach number
of 0.400 where the pitching velocity of the model during the pull-up
was 5.75 radians per second.

The character of the vibrations induced as the 1lift suddenly dropped
from its maximum value may be seen in figure 4. Although the vibratory
frequency of 39.2 cycles per second shown in this record tended to
diminish slightly with Mach number, it was essentially constant for all
tests and equal to the natural frequency of the model supporting system.
Since the model vibrated predominantly at the natural frequency of the
supporting system after stalling occurred, only the part of the record
through maximum 1ift was used In evaluating results.

Typical time historles of 1ift coefficient and angle of attack of
the model are presented in figure 5 for two Mach numbers and three
pitching rates. In the reduction from the original records no corrections
were made to the 1lift forces for either acceleration or wind-tunnel effects
since these had been estimated to be small.

A nonlinear variation of the angle of attack with time was evident
in some records as is shown 1n the three representative time variations

of the angle of attack in figure 5. The variation glven in figure 5(c) most
nearly approaches the ideal in which the angle of attack increases linearly
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with time up to maximum 11ft.. The deviations from linearity, which
were caused by the aerodynamic and inertia moments coupled with the
elagticity of the control cables, made it necessary to establish a

- uniform method for finding da/dt that would be applicable to the

measured value of maximm 11ft coefficient. Several methods were
considered for determining the effective values of da/dt +to be used
in analyzing the data, such as the method in which CLmax was corre-

lated with a slope at a number of chord lengthe ashead of the point
of CLmax. A method was finally adopted in whichb the applicable da/dt

wes taken as the slope of the line Joining the point on the angular
time history corresponding to zero 1ift with the point corresponding
to maximum 1ift. The method was rationalized on the basis of an
hypothesis, which has been frequently proposed, that the increase in
1ift is associated with the lag of Flow separation brought about by
the lag in the rate of growth of the boundary layer with angle of
attack. The average slope, as obtained in the method adopted, thus
gave an integrated effect of this slowed rette of growth.

Although the typlcal curves of C; and a plotted against time

given in figure 5 showed nonlinear variations, faired cross plots
of Cp against a for the various pltching rates gave such typical

variations as are shown in figure 6.

Resulte and Discussion

The main results of the wind-tunnel tests for the pitching model
are presented in figure 7, in which the variation of maximum 1ift
coefficlent with rate of change of angle of attack 1is shown for each
of the test Mach numbers. Straight lines, based on the least-squares
method, have been falred through the test points for each Mach number.

Both the manner and rate of increase of Cp with da/dt are
seen to vary with Mach number. Increments in CLmax can be noted

éhich are as much as 50 percent above the static values obtained by
extrapolation of the results to zero pitching velocity. The variation
of Cp with da/dt 1s essentially linear at the higher Mach numbers,

with no indication that any 1imit of increase had been reached. At the
low Mach numbers, however, a leveling-off tendency exists which indicates
that some 1imit of increase may have been reached. This leveling-off
tendency is somewhat obscured by the scatter in the data and lack of
sufficiently high values of da/dt. In view of the scatter and of the
general character of the varlations shown, a linear representation of all
the data 1s belileved Justified.
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The average deviation of the test points from values defined by the

least-squares lines varies from l% percent to 3% percent at different Mach

numbers. These values represent larger individual point scatter than can
be attributed to instrumental and estimated acceleration errors, which
fact leads to the belief that actual varlations in 1ift contribute to the
scatter. These variations are considered to be due to nonuniformity of
test conditions from point to point, such as dissimilarities in angle-of-
attack time histories and variation in smoothness of the air flow due to
vibration and kindred sources. The greatest amount of scatter occurring
in the range of Mach numbers near 0.3 may be associated with the fact

that in this range, according to reference 3, a transition from predominant
Reynolds number effects to predominant Mach number effects on CLmax

occurge.
TREATMENT OF FLIGHT DATA

The flight-test values of CLmax for the test airplane reported in

reference 1 are presented in figure 8 as the square test symbols. These
points are as originally presented and include a correction for tail load;
thus, the flight 1ift coefficlents are for a wing-fuselage configuration
gimilar to that for the model. .

Inasmuch as the angular velocities were not gilven in reference 1,
some reworking of the original flight data was required in order to
determine the pltching veloclty da/dt for each test polnt. The value
of da/dt during each pull-up was obtained from the original normal-
acceleration and airspeed time-history records and from the equation

da _ W/S _dn/dt

dt ¢ dCL/da

The slope of the airplane normal load factor against time was taken
as the slope of the line Joining the points on the curve which correspond
to unit load factor and maximum load factor. This method of determining
dn/dt was comparasble to that used for finding da/dt of the pitching
model.

The slope of the 1ift curve at the various Mach numbers was obtained
from wind-tunnel tests of the propellerless 0.3-scale model of the test
airplene reported in reference 2. Owing to a lack of information on the
power conditions during the flight tests, power effects on dCL/aa were
neglected.

The airplane pitching velocity computed for each flight test point
is listed in table I, along with the corresponding values of Mach number,
maximum 1ift coefficient, and Reynolds number.
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The wind-tunnel and flight values of ‘CLmax should be compared on

the basis of a common paramster which satisfles the condition for dynamic
gimilitude. This condition requires that the unit rate of change of
angle of attack per chord length of travel be equal for all quantities
compared. The expression for the parameter satisfying this condition

is .%% %- Values of da/dt equivalent to those for the test airplane

“were computed for the model by using this parameter and are listed in
table I as (da/dt),.

The test points obtained in flight wére Insufficlent to establish
directly the relation of CLmax to da/dt at the various Mach numbers.

The rélatively large number of .test points-in the Mach number region
near O.4, however, permitted the use of a graphical interpolation.process
which ylelded values of CLma as a function of (da/dt.)e for a Mach

x .

Number of 0.400. These interpolated test points, which are independent
of Mach number effects, are shown as the square test symbols iIn figure 7.

COMPARISON OF WIND-TUNNEL AND FLIGHT RESULTS

The comparison of the flight and wind-tunnel data on a pltching-
velocity-effect basis given in figure 7 for M = 0.400 shows a similar

variation of CLma with rate of change of angle of attack. The
b4

indicated increases of CLmax are substantially of the same magnitude.

The flight pull-ups were made at rates of change of angle of attack
as high as could ordinarlily be obtained with this alrplane. Although
the model data presented extend to the same upper limit of da/dt as
the flight values, the model pitching veloclties can be extended to
higher values.

The comparison of the flight and wind-tunnel data on. a maxipum-
1ift-coefficient basis given in figure 8 shows a fair quantitative
agreement and a similar decrease in maximum 1ift coefficient with
increase in Mach number. The model values of CLmax shown in figure 8

were Interpolated from figure 7 at the equivalent flight values of
da/dt and for the flight Mach mumbers. All the values, with the corre-
sponding Reynolds numbers, are listed in table I. Differences between
corresponding airplane and model values of CLmax are also tabulated

under the column heading ACL - The vertical scatter of the flight
max

test points in figure 8 shows the magnitude of the variations due to

pitching-velocity effect which were used in obtaining the interpolated

flight test points shown in figure 7.
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The fact that lower values of CLma were obtained for the model
b'q

than for the test airplane cannot be attributed to any one factor.
Qualitatively it appears that the dissimilarities known to exlst in
power condition, Reynolds number, and fuselage configuration would tend
to increase the flight values of Cg with respect to the model

values. It is also likely that indeterminable dissimilaritles existed
between the test airplane and its model, particularly in regard to the
airfoil nose radius, on which the maximum 1ift coefficient depends to

a marked degree.

CONCLUSIONS

The agreement obtained between the wind-tunnel results for a ga-scale
model of a conventional single-engine fighter airplane and flight results
for the full-scale airplane indicates that the pitching-model technique
should yield results applicable in the prediction of full-scale flight loads.

Results of the model tests show that the manner and rate of increase
of maximum 1ift coefficient with rate of change of angle of attack vary
with Mach number, with the trend at the low Mach numbers indicating that
a 1imit of increase may have been reached.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., July 30, 1948
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