REPORT No. 590

PRESSURE-DISTRIBUTION MEASUREMENTS ON AN O-2H AIRPLANE IN FLIGHT
By H. A. PBarson

SUMMARY

Results are given of pressure-distribution measurements
made over two different horizondal tail surfaces and the
right wing cellule, including the slipstream area, of an
observationype biplane. Measurements were also taken
of air speed, control-surface positions, control-stick forces,
angular velocities, and accelerations during various abrupt
maneuvers. These maneuvers consisted of push-downs
and pull-ups from level flight, dive pull-outs, and aileron
rolls with various thrust conditions.

The results from the pressure-distribution meagurements
over the wing cellule are given on charts showing the varia-
tion of individual rib coefficients with wing coefficients;
the data from the tail-surface pressure-distribution meas-
urements are given mainly as total loads and moments.
These data are supplemented by time histories of the meas-
ured quantities and isometric views of the rib pressure
distributions occurring in abrupt maneuvers.

The results indicate that there is little if any dissym-
metry of load on the tail due to slipstream rotation and that
the up loads may be as much as the down loads. From the
results of the wing investigation it was found that the rela-
tive efficiency of the wings depended wupon the type of
maneuyer.

INTRODUCTION

Following the completion of pressure-distribution
tests made of o PW—-9 pursuit airplane in 1928 (reference
1), similar tests of an observation biplane were requested

by the Army Air Corps. The original object of this
request was to institute a program that would lead to
information on an observation type of airplane corre-
sponding to the information already obtained on the
pursuit type. An O-2H airplane was made available.
Pressure of other work at the N. A. C. A. laboratories,
however, delayed work on the rather extensive installa-
tion of apparatus, and flicht tests could not be started
until 1932. .

Although the O-2H airplane was by then an obso-
lescent type and although the results of other related
research projects had led to an improved understanding
of many questions concerning external loads and their
distribution on airplane structures, it was decided to -
complete the tests of the O—2H because it was believed
that they would constitute a useful set of data with
which modern methods of computing loads and load
distribution might be compared.

The results are presented in a two-part paper, the
first part giving the results of tests made of two tail
surfaces and the second the results of an investigation
over the right wing cellule and slipstream area.

APPARATUS

Airplane.—The airplane used in these tests (figs. 1
and 2) was & standard Army O-2H observation mrplane
with the following modifications: (1) The fabric covering

“on the fuselage from just abaft the engine hood to

F1GURE 1.—The O-2H airplane.
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the rear of the observer’s cockpit was replaced by
thin duralumin sheets that could easily be removed;

o
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FIGURE 2—Line drawing and dimensions of the O-2H airplane.

(2) the original 9.5-foot propeller was replaced by a
10.5-foot propeller; and (3) a boom carrying a swiv-
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eling pitot head was attached to the interplane struts.

The two horizontal tail surfaces are shown in figures
3 (a) and 3 (b) and the wing surfaces are shown in
figure 4. These figures give the location of the pressure
points and other pertinent dimensions. Additional data
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concerning both the airplane and the various surfaces are
given in table I.

Pressure orifices and tubing.—The orifice and tubing
installation is much the same as that described in refer-
ence 1. For the tail-surface investigation the metal
pressure tubes from both the elevator and the stabilizer
were brought out in bundles near the fuselage (fig. 5),
from which point they were connected by short lengths
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of rubber tubing to metal tubes leading directly to the
manometers. Kor the wing investigation the tubing
from the lower wing was carried through the wing root
to the manometers and that from the upper wing was
faired around the cabane struts and brought to the
manometers. The tubing from the aileron ribs was
grouped in small bundles, midway between the pressure
ribs, and was connected by short pieces of rubber tubing
to metal tubes within the wing.

Instruments.—Each pressure orifice was connected to
a pressure cell on either of two N. A. C. A. type 60
multiple recording manometers located in the observer’s
cockpit midway between the upper and lower longerons.
Tho pressure cells were similar to those of reference 1

FIGURE §.—Tall-surface tubing installation.

but were corrected for temperature-effects by the method
given in reference 2.

In the tail-surface investigation the load distribu-
tion occurring over each tail surface was measured
during steady flight, dive pull-outs, and pull-ups from
level flight. For the steady-flight condition the fol-
lowing standard N. A. C. A. photographically record-
ing instruments were used: air-speed meter, control-
position recorder, control-force recorder, inclinometer,
and tachometer. For the pull-ups and pull-outs an
accelerometer and a turnmeter, both located near the
center of gravity of the airplane, were substituted for
the inclinometer and tachometer used in the steady
flights. All instruments were synchronized by an
N. A, C. A. timer incorporated into their circuit.

In the wing-cellule and slipstream investigations the
load distribution was measured in steady flight, push-
downs and pull-ups from level flight, dive pull-outs,
and aileron rolls. With the exception of an additional
accelerometer mounted 18 inches in from the right wing
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tip for the aileron rolls, the instruments were the same
as used for the tail-surface investigation.

I. PRESSURE-DISTRIBUTION TESTS OVER TWO SETS
OF HORIZONTAL TAIL SURFACES

METHOD

In the tests made of the modified tail (fig. 3 (b)),
resultant pressures were recorded at 74 points. The
remaining pressure cells were connected to wing ribs
for the purpase of correlating the tail-surface and wing
results. Subsequent tests showed this precaution to
be unnecessary as the various stabilizer and elevator
settings did not measurably affect the pressure distri-
bution on the wing ribs. Consequently, in the series of
tests of the original tail (fig. 3 (a)), the full 120 pres-
sure cells were used on the tail alone.

Steady dives.—In order to obtain information on
certain flap parameters, tail loads were measured dur-
ing steady dives with the stabilizer in various settings.
For the most part, the effect of the slipstream was
minimized by running the tests near zero propeller
thrust. Several tests were made, however, with the
throttle fully closed and also with the throttle open to
a position corresponding to what was considered to be
a maximum safe engine speed. The method used to
obtain zero thrust was to compute the V/nD for zero
propeller thrust from an analysis of full-scale propeller
tests. The pilot was then instructed to dive at a cer-
tain steady air speed and with a definite engine speed
before taking records. Actually, this procedure re-
quired that the throttle be slightly opened.

In the tests of the modified tail, the stabilizer set-
tings specified to the pilot were full nose heavy, full
tail heavy, and trim.! Obviously, when frim was
specified, several settings in the range of adjustment
were possible depending upon the pilot’s ‘‘feel” and
the altitude at which he trimmed the airplane. This
procedure led to complications in the analysis of the
data owing to the number of variables involved. Con-
sequently, in the tests of the original tail only three
stabilizer settings were used: The two extreme settings
and one midway between them.

With the exception noted, the test procedure for the
two tail surfaces was the same and consisted of steady
glides starting from 120 miles per hour and increasing
by increments of roughly 10 miles per hour up to the
maximum diving speed considered to be safe. The
pressures measured at each point were the algebraic
sum of those on the top and bottom of the airfoil sur-
face (resultant pressures), no attempt being made to
separate them. Simultaneously with these measure-
ments, air-speed, control-force, control-position, in-
clinometer, and tachometer records were taken.

1 “‘Stabillrer set tall heavy” as used here means that the stabilizer is sot 30 as to

make the tail seem heavy. From this definition the meaning of *‘trim” and “fall
nose heavy” settings is readily deduced.
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The rib pressure-distribution curves for each tail rib
were mechanically integrated to obtain the load and the
moment of the load about the elevator-hinge center
line. The rib loads and moments were then plotted
againsgt their span location and these curves, in turn,
were integrated for the total load and moment of the
tail. These results were then converted to tail load
center of pressure with respect to the hinge line and
finally to the moment exerted by the tail surfaces about
the center of gravity of the airplane. A similar pro-
cedure was followed to obtain the load carried by the
clevator and its hinge moment. The velocity used in
all calculations for normal-force and hinge-moment
coefficients was that given by a swiveling air-speed
head located on a boom one wing chord length forward
of the leading edge of the upper wing (fig. 1).

Pull-ups.—Pressure measurements were taken in
abrupt pull-ups from steady level flight throughout
the speed range with various stabilizer settings. Several
graduated pull-ups from high-speed level flight and
several pull-outs from shallow dives were also made.
In these miscellaneous tests the stabilizer was set
to trim.

In addiftion to the pressure measurements taken in
the pull-up, records were also taken of the air speed,
normal acceleration, angular velocity, control position,
and control force. In most of the pull-up tests the
results were computed from the records for only the
time corresponding to the maximum down tail load.
For the purpose of showing time histories, however,
the results were in some cases computed for an interval
that included the initial tail load and the subsequent
maximum downward- and upward-acting tail loads.

The method by which total loads.and moments
were obtained from point pressures is the same as that

. previously explained.

PRECISION

A number of possible sources of error are present and
may be listed as follows:

Individual pressure measurements may be incorrect
beeause of—

(a) Orifices not flush with surface.

(b) Tube stopped or leaking.

(¢) Lag in tube and diaphragm.

(d) Shrinkage of film.

(¢) Changed pressure-cell calibrations due to
aging and temperature effects.

(f) Personal errors in plotting and reading
records.

(9) Excessive width and haziness of pressure
record line due to dust or oil on lens, small
rapid pressure fluctuations, or vibration.

Rib loads and moments may be incorrect because
of—

(a) False individual pressures due to above
errors.

(b) Errors in plotting.

(¢) False fairing of curves due to insufficient
points.

(@) Integration errors.

(¢) Error introduced by neglecting the fore-
shortening of the chord line with a control
displacement. The resultant pressure at
each point was, in all cases, plotted normal
to the original chord line.

Sufficient checking was done to insure that errors in
the individual pressures arising from sources () to (d)
were negligible in these tests. The error due to source
(¢) was minimized by frequent calibrations and the use
of temperature-compensated pressure cells. Errors due
to (f) were practically eliminated by checking at all
phases of the work. The largest source of error in the
individual pressures is due to the haziness and width of
the lines on the pressure records. Generally, the
records taken in the dives were better in this respect
than those in the pull-ups; also, those farther out on the
tail were better than the ones close to the fuselage. The
widths of the record lines were in some cases, where the
deflections were small, so large as to make it impossible
to tell whether a small positive or negative pressure
existed. From the foregoing, it is obviously impossible
to express the accuracy of the individual pressure on a
percentage basis, since it varies with the amount of the
local pressure, location of the pressure point, and the
type of maneuver. The estimated maximum absolute
error in the individual pressures was no more than 3
pounds per square foot for the high-range cells, which,
in general, were connected to orificeg located near the
leading edges and close to the hingé center line. The
error in the low-range cells was estimated to be no more
than 1 pound per square foot. The low-range cells
were connected to orifices located near the middle of the
stabilizer ribs and at the trailing edges of the elevator.

The errors in rib loads due to source (¢) were small
in the case of the dives since the elevator displacements
rarely exceeded 15°. In the abrupt pull-ups, however,
where the elevator may be deflected as much as 30°, the
error in the total tail load mey be as much as 7 percent.
This error does not enter into the elevator loads or
moments.

The principal source of error in the rib-load curves
is known to be in the fairing of the curves. The magni-
tude of this error varied with the type of pressure dis-
tribution obtained. In the steady dives,with the stab-
ilizer in the full nose-heavy setting, the error in the tail
load due to fairing is believed to be & minimum and that
obtained with the stabilizer in the other extreme
position & maximum. In the nose-heavy case the
maximum error in the tail load at speeds above 150
miles per hour is probably no more than 25 pounds as
compared with 60 pounds for the full tail-heavy position.
The maximum down tail loads occurring in the pull-ups
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and pull-outs are estimated to be correct to within 50
pounds.

The indicated air-speed measurements are believed to
be correct to within 1) miles per hour as shown by
several flights over a measured course. The recorded
accelerations are accurate to within 0.2 ¢ and the
control-force measurements correct to within 3 pounds.
Angular displacements, as given by the control-position
recorder, are correct to within ¥%° and 2° for the stabi-
lizer and elevator, respectively, while angular velocities
about the center of gravity were measured to within
0.05 radian per second. Although tachometer readings
were taken in the dives, no estimate of their accuracy is
needed since it was found that the erratic effect of the
various degrees of thrust in the tail-surface pressure-
distribution tests did not exceed the effect that might
arise from other errors. Consequently, in the following
discussion, no discrimination is made regarding the
various thrust conditions.

RESULTS AND DISCUSSION

Steady dives.—The variation of the tail moment
about the center of gravity with air speed is given in
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FIGURE 6.—Tall moment about airplane center of gravity (modified tail).

figures 6 and 7 for the modified and original tail surfaces,
respectively. From these figures it appears that the
moment furnished by the tail, at a given air speed, is
considerably affected by the stablizer setting. Since the
tail surfaces provide a2 moment about the center of
gravity of the airplane that balances the resultant
moment due to all other parts, it would be expected
that the moment furnished by the tail would be approx-
imately constant. The tail-moment curves, however
(figs. 6 and 7), indicate that, as the stabilizer moves
toward the tail-heavy position, the moment becomes
smaller and the scattering of the experimental points
becomes greater.
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Typical curves for the pressure distribution meas-
ured over the tail-surface ribs are given in figures 8 to
12. TFigures 8 and 9 are for the modified tail surfaces
and figures 10, 11, and 12 are for the original tail. The
ordinates of these rib pressure-distribution curves are
given in terms of the ratio p/¢ where p is the local
pressure difference and ¢ is the dynamic pressure meas-
ured at the air-speed head. A comparison of the
results for identical stabilizer settings either in figures
8 and 9 or in figures 10, 11, and 12 shows an increase in
peak pressure at the stabilizer leading edge with an
increase in air speed. Although this difference in peak
pressure is due to the cumulative effect of several
factors, such as possible changes in interference, down-
wash, and elevator angle, it is thought that the greater

10,000 T =
\ | Stobilizer setting v
P O Full nose heavy o]
S 80000 Mid position —o
S o Full fail heavy| 1A
: LA o
S Average full a i
5 6,000—
: nose heav_y-> L1 _Lst 1%
) <
$ 000 e e ]
’ U 7
el /(\
8 2005_%// ~Averoge ful
$ s tail heovy
(2]
(<) 140 150 160 170 180 190 200

Air speed, m.p.h.
F1GURE 7.—Tail moment about airplane center of gravity (original tafl).

structural deflection which occurs at the highest speed
would account for a good portion of the variation with
air speed. Static tests with a loading corresponding to
that of the full tail-heavy setting for the modified tail
indicated that at 170 miles per hour the change in
stabilizer angle due to this structural deflection was
approximately 1°.

The pressure distributions shown over ribs Z; and
Z;, (figs. 8 and 9) seem to indicate that with small ele-
vator deflection the balance portion is of little value
in reducing the stick loads. A similar conclusion is
inferred in reference 3, in which calculated balance co-
efficients obtained by the usual methods were not veri-
fied by the pilots’ observations. The rib-pressure
diagrams for the original tail (figs. 10, 11, and 12) show
that in the dives the peak pressure on the elevator occurs
nearer to the hinge line than to the leading edge; how-
ever, in the dives the elevator leading edge seldom pro-
jects either above or below the stabilizer surfaces.

The form of the rib-pressure diagrams for the full
tail-heavy setting explains the tendency to the wide
scattering of the experimental points given in figures 6
and 7 for this setting. Figures 8 to 12 show that for
the tail-heavy setting the resultant tail load is the

difference between upward- and downward-acting
loads, either one of which is larger than the resultant.
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Fi1aurE 8.—D istribution of resultant pressures on modified tail surfaces for different stabilizer settings at 130 mfles per hour.
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FIGURE 10.—Distribution of resultant pressures on original tail surfaces for different stabilizer settings at 130 miles per hour.
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Because of this condition, small inaccuracies in fair-
ing may lead to considerable dispersion in the final
results. Aside from the inaccuracy due to fairing, the
individual rib loads, and consequently the tail loads,
are likely to be low for the full tail-heavy setting owing
to the fact that the large down pressures at the leading
edge could not be measured. Since the rib-pressure
curves for the stabilizer set full nose heavy are not sub-
ject to these sources of discrepancy, it is felt that the
moment curves for this setting (figs. 6 and 7) are more
indicative of the true moment than any of the others.

In order to gain an idea as to how the experimental
moment curves for the nose-heavy settings compare
with the computed ones, several curves, representing
varying degrees of refinement, are given (fig. 13).
Curve A is for the case when only the moments of the
two wings about their quarter-chord points are taken
into account; in curves B the moment about the
airplane center of gravity has been computed for the
case when the additional moments due to the lift and
drag vectors are also included. These vectors were
assumed to act at the wing quarter-chord points and
their magnitudes were determined from the relative
lift distribution between the wings, which was deter-
mined in the wing investigation. As the airplane
centers of gravity were different (table I) for the two
tail-surface investigations, two separate curves were
required.

Curves C also include the probable effect of the fuse-
lage on the moment about the center of gravity, assum-
ing that the fuselage exerts a constant moment given by

M,=CngAsc,
where C,,, is the moment coefficient, 0.01.

Ay, horizontal projected area, 65 square feet.
¢;, Tuselage length, 27 feet.

The value of the moment coefficient defined by the fore-
going equation was taken to be 0.01 after an analysis of
the date contained in reference 4. The final compari-
sons (curves C and D) could no doubt be improved if it
were possible to include the effect of the landing gear
and tail surfaces. The moments that they introduced
were, however, of opposite sign and tended to cancel.

The span load distribution across the tail for the fore-
going rib pressure-distribution plots is given in figure
14. These curves show irregularities that are more or
less to be expected owing to the irregular nature of the
flow over the tail surfaces and to the comparatively
small loads measured in the steady dives. An analysis
of the data indicated that, in spite of the irregularity of
the loading, the average difference in load between the
two halves of the tail was of the order of 3 percent and
5 percent of the total load for the original and modified
tail, respectively. Inasmuch as the sides thatcarried
the most load varied between the two tail surfaces, it
must be concluded that the difference in load is due to
slight differences in rigging rather than to a slipstream
offect.
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In these tests the elevator moments about the hinge
axis were obtained from both the pressure distribution
and the control-force-recorder measurements; the
results are compared in figure 15 for the original tail.
In order to make this comparison between the two
hinge moments, however, it was necessary to correct
the measurements given by the control-force recorder
for the moment exerted by the elevator (because of its
unbalanced weight) about the hinge line and for the
moment, exerted by the unbalanced weight in the stick
about its pivot point. Although the magnitude of the
friction moment was known, it was impossible to correct
for it in the steady dives because its direction was
unknown. Even with these corrections the moments
given by the control-force recorder were found to be
more consistent than those given by pressure-distribu-
tion measurements and hence were used for computing
hinge-moment coefficients.

The variation of the hinge-moment coefficient with
elevator angle is given in figures 16 and 17 for the
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F1aurE 13.—Computed and experimental tail moments about the conter of gravity.

modified and original tail surfaces, respectively. These
coefficients have been computed from the relation

M,
Oh‘=qS¢C¢

where M, is the elevator hinge moment given by the
control-force recorder.
¢, the average elevator chord obtained by
dividing the elevator area behind the
hinge line by the elevator span.
Se; the elevator area behind the hinge line.

Although the points for the modified tail (fig. 16) show
a fairly close grouping to a common line, those for the
original tail (fig. 17) indicate considerable dispersion.
Even though the scattering of these points is fairly
large, it can be seen that there is a tendency for the
points to move upward as the tail normal-force coeffi-
cient increases negatively. This shift is in qualitative
agreement with the theory for an airfoil with a flap.
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Pull-ups.—Typical results of the pull-up tests of the
original tail are given in figures 18 to 24. Figures 18
and 19 are time histories of the measured quantities
in abrupt pull-ups from level flight at various air speeds
with the initial stabilizer settings full nose heavy and
full tail heavy, respectively. Figure 20 presents time
histories of two fairly abrupt pull-outs from dives at
approximately 170 miles per hour with the stabilizer
trimmed.

The time histories shown in figures 18 and 19 indicate
that the maximum down tail loads occurring in the
abrupt pull-ups vary with stabilizer setting. At a
given air speed the loads with the stabilizer in an initially

Hinge moment from conirol force, Ib.-f1.
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full tail heavy setting are greater than those when the
stabilizer is in the other extreme position, but it should
be noted that in the nose-heavy setting the total eleva-
tor displacements are less. Regardless of stabilizer
setting, however, the tail load reaches a maximum
with the maximum elevator displacement and before
the airplane has had a chance to pitch. The load
then quickly decreases and reaches a positive maximum
as the airplane gains angular velocity. This positive
maximum is generally less than the down load and
occurs at about the same time as the maximum ac-
celeration at the center of gravity. In the space of
1.0 second the tail has thus undergone two peak
loadings of opposite sign.

The most interesting item occurring in ﬁgure 20is &
measured up load greater than the maximum down
load. In this run (run 79) it mey be observed that the
acceleration mounted rapidly toward 6g, where it was
abruptly checked when the pilot returned the elevator
to neutral. This condition probably occurs quite
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frequently in airplanes performing acrobatics and the
horizontal tail surfaces for such airplanes should
consequently be designed to withstand the same load
in both directions.

The evolution of the rib pressure distribution oc-
curring in the abrupt pull-ups from level flight at
approximately 115 miles per hour is shown in figures
21 and 22. These diagrams correspond to runs 67
and 70 of figures 18 and 19, respectively. Similarly,
figure 23 shows the rib pressure distribution occurring
in the dive pull-out represented by run 77 of figure 20.
It can be seen from these diagrams that with the larger
elevator displacements the horn balance performs its
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F1GURE 17.—Elevator hinge-moment coefficlents with the original tail.

proper function. TheHandley Page part of the balance,
however, does not contribute so much toward balancing
during the first phase of the pull-up as would be ex-
pected and during the latter phase it works against
balance.

A typical variation of the change in the spanwise load
distribution with time is given in figure 24 and cor-
responds to the results given in figure 22. The shape of
the loading curve is more regular than in the steady
dives mainly because the larger loads result in larger
recorded deflections, which may be read with a greater
percentage of accuracy. Another reason for the
greater regularity may be that in the pull-up the tail
surfaces tend to swing out of the relatively irregular

slipstream area.
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23.—Distributlon of resultant pressures at varlous stages of a pull-out from a dive at 166 miles per hour (stabilizer set to trim).

FIGURE
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Although the foregoing figures (figs. 18-24) have given
results for the original tail, they also typify those ob-
tained with the modified tail. In figures 25 and 26,
however, over-all loads and coefficients are given for
both tail surfaces. Figure 25 gives the variation with
air speed of the maximum loads measured in abrupt
pull-ups from level flight and figure 26 is a plot of the
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F1GURE 24.—Distribution of normal force alonithe span of the original tail during a
pull-up from level flight at 117 miles per hour (stabilizer full tail heavy).
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FIGURE 28.—Maximum values of the tafl normal-force coeficient measured in abrupt
pull-ups from level flight.

corresponding normal-force coefficients, computed from
the relation
tail load

¢S

where S'is the actual tail area including the balances, in
square feet. The maximum loads measured are of the

Ony=—"—
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same order of magnitude, about 1,200 pounds, for both
tail surfaces. For the original tail, however, the maxi-
mum unit loading per square foot is higher (26.6
pounds) because of its smaller area. At a given air
speed there is a large variation in the maximum loads
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PIGURE 27.—Relation between acceleration and atick-force increment fn abrupt
u]]~n'ps from level flight (modified tail). Numbers refer to air speed at start of
pull-ap.

measured that is due to slightly different rates of stick
movement and to differences in the applied forces.
Differences in the rate of stick movement are difficult
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to detect because of the steep gradient of the control

records.
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An average line through the points of figure 25 would
indicate that the maximum load obtained in the abrupt
. pull-ups varies nearly linearly with the air speed
instead of as the square and, as a consequence, the
normal-force coefficients increase inversely with the air
speed.

The variation of the maximum acceleration in the
abrupt pull-ups with the increment in stick force is
plotted in figures 27 and 28 for the two tail surfaces
with each point labeled for the air speed that existed at
the start. The increment given is the difference be-
tween the maximum force recorded during the pull-up
and the initial forcg on the stick prior to the maneuver.
If straight lines are drawn, as indicated, through the
average of each group of points for a given air speed
and the 0-1g point, it is apparent that the increment of
foree required to produce a given acceleration increases
with a decrease in air speed. Since no graduated pull-
ups were made, the relation between acceleration and
stick-force increment may not be linear as indicated by
the lines in figures 27 and 28.

II. PRESSURE DISTRIBUTION OVER THE RIGHT WING
CELLULE AND SLIPSTREAM SECTIONS

METHOD

The tests of the wing cellule were carried out in two
parts in order to make the best use of the available
pressure cells. In the first section, called the “wing
hook-up,’”’ pressure measurements were taken on all ribs
on the upper wing outboard of, and including, rib S, and
all ribs, excepting R;, on the right lower wing (fig. 4).
In the next section, called the ‘‘slipstream hook-up,”
pressure measurements were taken on ribs Sy, B, and
H, in addition to all the ribs previously omitted. Thus
ribs Sy, B, and H furnished a means for tying in the data
between the two sections, a procedure simplified by
making similer runs with the two arrangements.

The flight tests with each’ arrangement were divided
into three groups consisting of: (1) a series of level-
flight runs starting from just above stalling speed and
increasing by approximately 10-mile-per-hour incre-
ments up to high speed, (2) a series of abrupt pull-ups
and push-downs from level flight at the foregoing speeds,
and (3) a series of abrupt right and left aileron rolls with
rudder neutral at various speeds throughout the speed
range., Several shallow dives at about 170 miles per
hour were also made with the engine fully throttled.

The method of working up the results was somewhat
similar to that employed in the tail-surface tests. For
the symmetrical-loading conditions the rib-pressure
curves were mechanically integrated to obtain the rib
load and the rib moment about the wing leading edge.
The rib loads and moments were then converted into
coefficient form by the relations

(1) Cu=n/qc
(2) cm=ml.c./q02
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where . i the rib normal-force coefficient.

n, Tib load normal to chord, pounds per foot
of span.
g, dynamic pressure, pounds per square foot.
m;,, pitching momentaboutleading edge, foot-
pounds per foot.
pitching-moment coefficient about lead-
ing edge.
¢, rib chord, feet.

Cm,y

The rib loads were then plotted against their span
location and the resulting curves integrated for total
wing load. These loads were converted to individual
wing and wing cellule normal-force coefficients from
the relations

_No, ¢, _DNo
ONU_QSU ’ NL_QSL
and
_ONUSU+0NL L
Cellule Cy SoTS.
where

Ny and Ny, are the integrated loads for upper
and lower wings, pounds.
Sy and Sy, are the upper and lower wing areas,
" square feet. The lower wing area does not
include the part intercepted by the fuse-
lage.
In the aileron rolls, the rib-pressure curves were inte-
grated for both load and moment but the results were
not converted into coefficient form.

Since the tie-in rib S; on the upper wing was some
distance out from the center, it was necessary, in order
to obtain the cellule and upper wing normal-force
coefficients, to extend the span loadings to the wing
center. In the symmetrical-flight conditions they were
extending by plotting the values of the normal-force
coefficients of the slipstream ribs against that of the
tie-in rib. The span load for the upper wing was then
continued by means of these intermediate plots together
with the appropriate value of the normal-force coeffi-
cient for rib Sy. In the aileron rolls, the span loads
were continued across the slipstream sections by inter-
polation between the partial-span load curves for the
slipstream section by the use of the values of normal-
foree coefficients given by the tie-in ribs S; and H.

+
PRECISION

The individual rib pressures in the wing investigation
are subject to the same errors listed for the tail pressures.
The magnitudes of the different sources of error are the
same with the exception of that due {0 width and hazi-
ness of the record lines, which is less for the wing tests.
The errors in rib loads due to fairing are also smaller
because of the larger number or orifices per rib.
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The loads on the individual wings are believed to be
correct to within 75 pounds and individual rib loads to
within 7 pounds. A good idea of the accuracy of the
load results may be obtained by noting the dispersion
of the points in figures 33 and 34.

The air speeds in level flight are correct to within
1% miles per hour. In the push-downs, pull-ups, and
rolls, the air-speed head, although measuring the dy-
namic pressure at the head correctly to within 2 percent,
does not record the correct dynamic pressures for cal-
culating coefficients since the speed varies along the
span. Control positions and control forces are believed
accurate to within 2° and 3 pounds, respectively.

RESULTS AND DISCUSSION

Symmetrical-flight condition.—Results for the sym-
metrical-flight condition, which includes push-downs,
pull-ups, dive pull-outs, and steady flight, are given in
figures 29 to 35.

Typical span load and span ¢, variations are given in
figure 29 for steady flight at air speeds ranging from 58
to 171 miles per hour. The span loadings over the
upper wing in level flight (fig. 29 (a)) show compara-
tively little variation with air speed. At the center the
loads tend to be low owing to the center-section cut-
out; also, owing to a clockwise rotation of the slip-
stream, there is a tendency for the loads just to the
right of the center line to be lower than those to the
left. The load curves for the lower wing show a similar
but increased slipstream effect, which is due to the low
position of the thrust line. Although the rotation
effect is present on the wings, the tests of the tail
surfaces indicated that there it had been practically
damped out since little dissymmetry of load occurred.

In the throttled dive (fig. 29 (a)) the span loading
is much more irregular than in the level-flight condi-
tion owing to the fact that & negative thrust is present
and that the wing had a slight twist, the effect of a
small twist on the load being much more noticeable at
the smaller wing lift coefficients. Measurements of the
profiles of the extreme tip ribs (G and N) on both wings
showed them to be at a smaller effective angle than
those farther inboard while ribs F and M were found
to be at a higher angle. This twist at the tip was due
to the fairing used in forming the rounded portion of
the wing, although there may also have been an actual
twist of the wing structure in flight.

The curves given by figure 29 (b) indicate that the
¢, values at the center tend to be high, even though
these sections are effectively washed out with respect
to the rest of the wing, because of the tendency for the
lift to be maintained across a cut-out. This washout
arises from the fact that the ribs in the center section
were formed by simply cutting off the trailing edge of
a QGottingen 398 airfoil and fairing in the bottom
surface, as shown by figure 4.

The distribution of load on the individual wing ribs
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is given in figure 30 where the local pressures are given
in terms of the dynamic pressure at the air-speed head.
These distributions, which correspond to some of the
previous span-loading curves, are similar to those ob-
tained in other investigations and require no comment
as to their shape. It will be noted, however, that the
pressures at the leading edge show a peculiar variation,
indicating that there the flow is extremely critical.

Although figures 29 and 30 showed typical results
for the load distribution, the final averaged results for
the symmetrical-flight condition are contained in figures
31 and 32. The results of these figures, which give the
variation of rib ¢, with individual wing Cy and of rib
¢ With rib ¢, respectively, were determined from curves
similar to those given in figures 33 and 34, which indi-
cate both the average scattering and the number of
experimental points used to establish each of the curves
given in figures 31 and 32. It will be noted (figs. 31
and 32) that ribs S, and S3 show two distinet curves at
the higher lift coefficients. The points that form the
second, or dotted, curve occurred in some but not all
of the pull-ups. An analysis of the points determining
the two curves showed no tendency for one curve to be
associated with pull-ups at one end of the speed range
or vice versa; also, since these pull-ups were made from
power-on flight, a difference in slipstream conditions was
not ‘an explanation. The only cause to which this
peculiar flow could be attributed was that the flow past
the top of the fuselage nose, which incidentally had
louvers, was critical to the shutter opening on the
radiator.

In these tests the maximum individual wing Oy meas-
ured was 1.9 (upper wing); the maximum individual rib
¢, values measured were over 2.1 for ribs S,, S3, and S,.
These high values are common in abrupt maneuvers and
occur if the angular velocity in pitch is sufficiently great
to carry the lift past the normal burble angle before the
wing stalls.

The relative efficiency of the wings is given in figure
35 where the ratio Cy,/Cy, is plotted against the cellule
Cy. 'These curves were determined from the results of
an integration of individual wing-load curves, known
wing areas, and an air speed measured one chord length
ahead of the upper wing. It is obvious, however, that
in a pull-up or push-down the wings are actually travel-
ing at different air speeds owing to the angular velocity
in pitch and that the effect, if a single air speed is used,
is to change the apparent relative efficiencies between
the wings of a biplane. Figure 35 shows three distinct
curves, rather than a series of transition curves, because
the points determining them were obtained from records
that were read near or at the peak loads, which occur
practically simultaneously with the maximum angular
velocity. If the records had been read at intervening
time intervals, a gradual transition from the level-flight
to the pull-up curve would have been indicated.
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In order to reconstruct the span ¢, or ¢, distributions
obtained in the symmetrical-flight conditions a cellule
coeflicient is first chosen and reference made to figure 35
to find the relative efficiency. With this ratio and the
formula
CuSo+Cay Sy

Cellule Cy= SoFS,

the individual wing Cy values may be found. Figures
31 and 32 are then referred to for the variation of rib
¢, and ¢,, along the span.

Aijleron rolls—The results of the aileron rolls are
given in figures 36 to 41 and in table II. 'Time histories
of the measured quantifies are given in figures 36 and
37 for 6 right and 6 left aileron rolls made at various air
speeds. Figures 38 to 40 give the variation with time
of the span load distribution, rib load distribution, and
individua)l wing load during abrupt right and left
aileron rolls at 120 miles per hour. These results,
which correspond to runs 43 and 39 (figs. 36 and 37),
are typical of those measured at other speeds. The
maximum measured air loads on aileron ribs D and K
are given in figure 41. The wing rib characteristics,
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Fiaure 33,—Typical wing rib c.fcu;vg; sshowan&watterinz of experimental points
or 1 a1 .

1. e., rib loads, rib moments about the leading edge, and
rib centers of pressure, are tabulated in table IT for all
the aileron rolls.

The irregularity of the span-load curves in the roll
(fig. 38) is due to the combination of an effective twist
introduced by deflecting the ailerons and a twist intro-
duced by the subsequent rolling motion. In a left roll,
the load on the right wing is first increased owing to
the down aileron; then, as the airplane rolls, the load
decreases owing to the rolling action and also to the
decrease of the component of airplane weight normal
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to the span. In a right roll, the load on the right wing
is first decreased by the aileron action; subsequently
it tends to increase as rolling occurs and finally to de-
crease ag the lift component becomes smaller. This
variation is indicated both by the time histories of the
accelerometer mounted inside the wing near the tip
(figs. 36 and 37) and by the results shown in figure 40.

The load distribution over the aileron ribs (fig. 39)
indicates that the peak pressure at the leading edge of
the aileron is greater during the left aileron roll than
during the right. This variation is due to a smaller
aileron deflection and is shown in figures 86 and 37.
Sinee the ailerons had no differential action, the smaller
deflection is a direct result of piloting technique.

The results shown in figure 41 indicate that the loads
measured on eaileron ribs D and K tend to increase
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F1GURE 34.—TyDlcal wing rib cm curves sh scattering of experimental points

for ribs S; and K.

linearly with initial air speed as did the maximum load
on the tail surfaces in the abrupt pull-ups. The load
on the upper aileron rib (rib D) is larger than that on
the lower aileron rib regardless of the direction of deflec-
tion. Since the resultant load on the aileron is upward
for zero deflection (fig. 30), the magnitude of the up
loads with the aileron down is greater than the corre-
sponding down loads when the aileron is up.
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D
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FIGURE 35.—Relative efficiency of upper and lower winga.
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CONCLUSIONS

The pressure-distribution tests over the two tail sur-
faces showed that:

1. Although for large elevator deflections horn-type
balances performed their intended function of reducing
hinge moments, they actually increased the hinge
moment for small deflections.

2. The difference in the load on the two sides of the
tail surfaces due to slipstream rotation was of minor
importance.

3. The tail moment in the steady dive was calculated
with fair accuracy by static-equilibrium equations that
took into account the moments exerted by the wing
and fuselage.

4. In abrupt pull-ups the maximum up tail loads
may be as great as the maximum down tail loads.

5. In abrupt pull-ups the maximum tail normal-force
coefficients developed decreased with an increase in air
speed.

8. The acceleration produced with a given increment
of stick force increased with the initial air speed.

The pressure-distribution tests over the right wing
collule and slipstream area showed that:

1. The effective relative efficiency between biplane
wings varied considerably with the type of maneuver.

2. The maximum unsymmetrical load in the abrupt
aileron roll occurred as soon as the aileron reached its
maximum deflection.

3. The unit loadings on the ailerons of a biplane are
affected by the relative efficiency between the wings.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,
NaTioNaL Apvisory COMMITTEE FOR AERONAUTICS,
Laxarey Fiaup, VA., December 8, 1936.
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TABLE I
CHARACTERISTICS OF DOUGLAS O-2H AIRPLANE
E e—Ljberty. 420 hp. at 1,750 r. p. m.
Y Gttlogen 328
Welﬁl(:t during pressure-distribution measuremonts of—
odified tail --- 4,660 Ib.
Orlginal tail 4,7361b
‘Wing cellule. 4,7081b
Upper wi 4
- Upper wing. 190.4 sq. It.
Lower wing. 182.4 &q. ft.
Total 372.8 8q. ft.
Elevator, modified tail (including 2.06-square-foot balance) ... 27.00 8q. ft.
Stabilizer, modified tail_ ... 23.82 #q. {t.
Total horiwntal surfaces, modified tail 50.82 5q. {t.
Elevator, orl tall (Including 4.53-square-foot balance).... 25.70 5q. ft.
Stabllizer, tail._... 21.24 5q. ft.
Total h surfaces, origlnal tafl___ ... 46.94 2q. ft.
Ruddar, all tests (Including 0.83-square-foot balance).. ... 11.81 &q. ft.
Fin, all tests. __ 6.415q. It.
Total vertical tall surfaces 18.22 8q.
¢. g. locatlon back of leading edge of lower wing during tests:
Modifled tafl 8.20in.
Original tail 9.55 in.
‘Wing cellule 6.80 fn.
Gfe_- L2
Slaggnr 17° or 22 in
Dihedral_ 20
Decal 1§
Incidence. .. 2*
Thrusi-line Jocation above leading edge of lower wing_. . ____.____ 21ft. 1.4 in.
Distance from leading edge of lower wing to center line of tall-hinge o0ft.31n
Tail-hinge locatlon above thrust line. .. 21t. 0in.
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