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PRELIMIKARY STABILITY AKD GCONTROL TESTS IN THE
NACA FREE—FLiGHT W¥IND TUNNEL AND CORRELATION
WITH FULL-SCALE FLIGHT TESTS

By Joseph A, Shortal and Clayton J. Osterhout
SUMMARY

The study of stabllity and control of asirplanes by
means of dynamic scale models in the FNACA l12-foot free~
flight wind tunnel is described. Preliminary tests of
a 1/l2~scale model of the P=36A airplane were useéd to de-
velop the testing technigue and to afford a compaflson
of tests of a model in the tunnel with fI1ight teésts of
the corresponding airplane, Qualitatively, the general
behavior of the model was in agreement with the behav1or
of the airplane, but, 'quantitsatively, the longitudinal
stability of the model was greeter than that of the air-~
plane and the aileron control was somewhat weaker, This
V guantitative dlisagreement -is probably a result of local

separation due to the low Rernolds numbers of The tests,
which affects a direct comparison with full-scale tests’

but which showld not vitiaste comparisons of different mod~ "

p - els or nodificatlions to a given model., It is believed’
— - that the freg~flight tunnel affords a useful means .of de-
¢ termining the relative stability and control characteris-

tics of different models and that it will bve parficularly
useful in the development of new airplane designs.

IATRODUCTION

. The advancement of the art of designing airplanes,
particularly new types, that will have desired flying )
characteristics has long been handicapped by the complex-
1ty of .stability and control theory and by the current
X unpredictable nature of some of the fundamental deriva-

A tives involved, Realizing the advantage of being able to
study stability and control problems with a free-flying
model in the controlled conditions of = wind tunnel, the
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NACA in 1937 completed the development. of a E~foot free-
flight wind tunnel aad in 19839 constructed the present
12-foot free-flight wind tunnel in which a dynamic model
mey be flown under control, Variation of any dimension

of the model can be readily accomplished and the effect

on the flyirg qualities can be determined., Mcdels of pro-
rosed airplanes can also be inspected and undesirabdble
£tabllity or control characteristics cen be discovered

and corrected 1n the 1nitial design stages.

Thils report describes the operation of the l2-foot
free-flight wind tunnel and presents some results obtained
with a 1/12-scale model ¢f a P-36A airplane equipped with
a motor and a propeller for power-on tests. A comparison
of these results with full~scele flight tests of the P--Z54A
alrplane is given and discussed in some detail. The short-
comlngs, as well as the usefulness, of the tunnel are thus
evaluated, ‘

NACA 12-F¥00T7 FREE-FLIGHT TUNHEL

The  WACA free-flight--tannel 1s a cimple open-return
tunnel of octagonsl cross section, 12 feet wide at the
throat and 32 feet loung. A drawing of the tunrel is given
in figure 1. Thz tunael 1s so arranged that its longitu-
dinal axls, and thus the air stream, may de inclined at
different angles to the horizontal. A hydraulic jack-pro-
vides control over the tunnel angle. Suitable guide vanes
and screens are installed in the entrance cone of the tun=-
nel to insure uniform air-flow distridution. The housing
is spherlcal; so the relation of the tunnel to the wall
does not vary with tunnel angle. The tunnel is equipped
with a-voltage control for tie propeller-drive motor that
provides an extremely flexible air-speed regulation. A
photograph of the test section of the tunnel showin model
being adjusted before flight is given in figure 2(%) and &
model in flight is shown in figure 2{b).

A tunnel 'operator . stationed at the side of the tunnel
test chamber adjusts the air speed in the tunnel to the
© speed of the model and accommodates the tunnel angle to
the flight-path angle 0f the model. The ocperator thus
corntrols the longitudinal and tue vertical location of %the
model in the tunnel, - This operator also.controls the ..
pawer input %to.the model for powered fli nt,
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The direction of flight of the model or the lateral
position of the model in the tunrel isg cortrolled Dy a
Hpilot" who operates the normal eirplane control surfaces
Py meens of electroragnetic mechanisms in the model. The
power is supplied to these mechanisms, as well as to the
model propeller~drive mofor, through a light flexible cable

that trails behind the model, . T - - o i

The pilot is the principal observer because he has
control of the model and cen detect deficiencies in sta-~
bllity or control, The pilotfs observations give a direct
qualitative iandication of the stability and control; rec-
ords from three 35-millimeter moving-piciture cameras mount-
ed to photograph the motion of the model in thres mutually
perpendicular planes supply quantitative data on the sta-
bility characterlstics of the model and its responsge 10
control displacements, HNeon lamps in the common field of
the three cameras indicate fthe coantrol displacement,

The tunnel may be operated st air speeds from O to

90 feet per secord and can accommodats glide angles of
400 or climb angles of 15°., The operating technigue will
be illustrated by cescribing a typical take-off. Assume
Lot the desired test is to Pe made a% erulcsing-espeed

level flight. The model Tests orn the floor with the wheels
locked to prevent rolling end with the elevators set at

the proper angle for the desired flight. Power is supplied
to the model propeller and the air speed in the tunnel is
slowly raised. The teil of the model rises and, when the
estimated flight speed and flight power are reached, the
rilot moves the elevator u» momentarily %o overcoms the
ground effect, and the model rises %o the center of the
tunnel. If the estimated air speed and power are correct
for the particular elevator setting, little further adjust-
ment is required for steady flight. The pilot then flies
the model in the test section and notes the stability and
the response to control movements,

SYMBOLS

W veight
S wing area
b wing span

t time
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pericd of ogcillation -

. velocity

11 coefficlent

drag coefficiént_

- alleron deflection

elevator deflection
rudder-deflection

angle of attack

engle of bank

angle of piltech

angle of sldeslip

angle of yaw
yawling-~moment coefficient
directional stability (aC,/oB)
rolling velocity
pitching vélocity

vawing velocity

longitudinal position

lateral position

vertical position
moment of inertis about X axis
moment of inertis adbout Y axis

moment of inertla about 2 axis
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) MGCDEL

The models used in the free-flight tunnel are dynamic:
scale models of the corresponding alrplane, The normal
span used is about 40 inches, which esteblishes & normal
scale ratio of about 1:12 for single-engine airplanes,

For this size model, it is possible to obtain the correct
weight and the weight distribution by using practfically
solid balsa wings with a hollow balsa fuselage. The elec-
tric drive motor for the proveller weighs about as much,
in provportion, as the airplane engine plus the disposa~r .
ble load; so Yhe mass factors work ouvt correctly. The
pParticular details to be considered will be shown in the
Tollowing description of the Curtiss P-36A airplane model,
which has been tested in the funnel for development of
testing technique and correlation with full-scale %est re-
sults, - Tt

The dynamic model of the P-%64 airpisne used in the
"investigation was 1’12 scals and was construeted of balsa.
A three-view draW¢ng is given in figure 3 and a photograph
taken before the motor was instelled is rerroduced as fig-
ure 4, The dimensional characteristics of the airplane
are given in table I, n preliminary tests made before the
motor was installed in the model, the direct scaled-down
values of weight and moment of inertia were used. After
installation of the motor and the propeller, however, the
weight of the model slightly increased and the moments of
lnertia were correspondingly increased so that the model
then corresponded to the airplane flyiang at an altitude
of 6000 feet. -The wing loadings and the momsant~of-inertia
errors are given in table II., The general relations of
the dimensions, the mass, and the motions of dyramically
similar asirplanes are given in table IX1I. The relations )
for the 1/12-scale model are alzo shown.

In power-dén tests, the model propeller was driven by
8 direct—-current electric motor capable of delivering 1/8
borsepower at 15,000 rpm. The power was controlled b
varying the input voltabe from lO to 150 volt%. A gear
ratio of 2.44:1 was used between fthe motor. and the propeller
so that the V/nD ratios of . the model would approximate
those of the airplene. The propellers were not exact
scale models of ,the airplane propellers but weTre %two-blade
wooden propellers of the correct diameter, sélectéd Because
they were easily obtained in the guantitles required. On
account of the nature of the tests, in vwhich crashes wers
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frequent, 20 propellers were required to complete the
tests., This depariture from true scale was accepted be-
cause other tests had shown that the effect of power oan
the stability and the control of. an airplans 1s primarily
a functicon of thrust loading. The thrust was directly
computed from the dlifference between the tvnnel angles
required for flight with power off (propeller removed)
and power o6n at the same &ajir speeds without conslderation
of the propeller characteristics.,

The controls were operated by three special eleciro-
magnetic mechanisms, one for each control., A view show-
ing a typical installation of the motor and the control
mechanisms is gilven in figvre 5., Rach mechanism consists
of a spring-centered clapper~type armature mounted between
wound cores so wired %that the clapper may bte abruptly
pulled to either core, The elaprer. is connected to the
control surface through push rode and bell cranks in such
a maunsr that the desired coantrol may be abruptly moved
to a definite setting as needed. The time that the con-
trol is held deflected is varied to sult the disturdance
to be corrected or to produce a desired motilon,

The angular velocities of the model are from three __.
to five times faster than those. of. the correspondlng alr~
plane, as indicated in table III; split-second timlng on
the part of the pilet is therefore necessary to control
the model, Experience with a graduated control system
showed that, becaugse of the quick response reguired, the
pllot rarely used partial deflection of the control stilck
but usuvally used full control and varied the time of de-
flection, The abrupt~deflection mechanism produces the
same effect and provides = simple and .a satisfectory con-
trol system.

The neutral setting of the control surfaces may be
varied on the ground %o change the -trim as negded, and the
mechanism linkage may be varied to change the control
- movement obtained. The sileron and ths rudder mechanisms
are wired to a single control stick through selector
switches thet rermit sctuationr by the.stick of eilther con-
trol independently or boih controls 51mu1taneously. The
elevator mechanism is wired to & seperate stick operated
by the left hand of the pllot. The tralling wire that
conducts power to the mechanisms and the motor consists
of nine or more separate conductors braided inte a single
unit. The wire welghs 1less than 1 percent as much as
the model and is attached to the model at the bottom of
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the fuselage near the center of gravity. The effect of
this wire on the characteristies of the model has not
been determined, but it is belleved to be small,

TESTS

In the free~flight tunnel, the P-36A model was tested
with the conditions shown in table II. The elevator de-
flections were varied over a range necessary to permit
flights from the high speed of the tunnel down to the
stalling speed of the model. With the propeller installed,
the power was varied from zero (windmilling condition) to
the maximum obtainable with the motor, which corresponded
to 600 thrust horsepower for the airplane, The dynamic
longitudinal=stablillity characteristics were observed for
each condition and the period of the oscillations deter-
mined from motion~picture records of the mno tion. The
longitudinel conirol was determined by photographling the
motion of the model for abrupt pull-ups and push~downs,.

At the stalling speed, observatlons were made of the be-
havior of the model following a stall,

The lateral-stability tests consisted of direct ob~
servations of the control-fixed behavior of the model and
s study of the response to various conitrol movements. The
spiral-stability characteristics were determined by care-
fully trimming the model laterally and noting the tendency
to diverge In either direction following a slight change
in bank. Lateral oscillations were disclosed most readily
by abrupily deflecting the rudder. The correletion of
stability end control was studied by attempting to fly the
model on a fixed course, correcting for deviations due %o
gustiness and other causes. For this test the aileromns
and the rudder were used together and then separatsly.
Finally, the ailerons were used alone with the rudder free
to aline itself with the air strean,

The lateral-control tests consisted in abruptly de=-
flecting the ailerons or the rudder and recording the mo-
tion. These tests were made only for conditions that
could be compared directly with flight., Tor the compari-
sons with the flight tests, all the data for the model
have been corrected for scale to correspond to the air-
plane, ZRecords of equilibrium conditions in steady side-
slips were obtained for only the landing condition., Ailer-
ons and rudders were set against each other for trim and
the resulting sideslip and bank angles were measured.
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The data for the flight comparisons were taken fron
an. unpublished report on the flying gqualities of the
P-364 airplane as measured by the NACA, - Supplementary
information of a gqualltatlive nature used 1in the present
report was obtained from observations of NACA pllots,

RESULTS AND DISCUSSION

Longitudinal Stabllity and Control

Steatic gtability.~ The ptatic longitudinal control
and stability chearacteristics a2s lndicated by the elevator
deflection required to trim at different 1ift coefficlents
are shown in figure 6 with flaps up and larnding gear up
and in figure 7 with flaps down and landing gear down.

The date are given for various amounts of thrust horsepower
as indicated. It will be seen that power has & marked ef~
fect on the elevator deflections required for trim, This
result has been found from other tests to be caused by the
reduced etatlic stability and the increased elevator effec-
tiveness with power on.

The data from the free-flight tunnel are compared with
corresponding flight test date in .figure 8., The comparison
indicates a rather large scale effect on the slevator de-~
flection required to trim; the free~flight—-tunnel results
indicate greater stability for all conditlons than is shown
by the fllight data. The only agresment is in the fact
that toth sets of tests show a marked reduction in stabll-
ity dve to power. The large statilc stabllity of the model
is attributed to the low scale of the tests in which the
flow conditions over the wing and the taill surfaces are dif-
ferent from those in the full-scale tests; the model prob-
ebly hes & thicker boundary layer than the full-scele aire
plane over the reer portion of the wing together with some
local separation. , This separation could p.ssibly be re~
duced by the use of wing slots or more favorable low-scale
wing sections and will be given consideration in future
tests,

The 1lift and the drag characteristics of the model
determined from flights in the tunnel are given in figure
9 and are compared with corresponding dats from tests of
a l1/5~-scale model in the 7- by 10-foot tuunsl, The slope
of the lift curve agreeas well with the large~scale tests,
but the usual effect of scale on maximum 1lift and drag
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coefficients is evident. The use of & wing slot in the
tests of the model in the free-flight tunnel would extend
the 11ft curve to a higher angle of attack and would give
comparable values of maximum 1ift coefficients. Xurther
research is necessary, however, to develop a slot that
would exXténd the angle-of-attack range without affecting
the pitching-moment characteristics,

Dynamic siabllity.~ The dynamlc longitudinal stabil-
ity of the P-36A model in the free-~flight tunnel was qulte
objectionable., At spesds above 130 miles per hour an un-
stable oscillation was notliceable, as shown in figure 1l0.
As the speed decreased, the damping increased. The perilod
"of the oscillation for different alr speeds 1is shown in
figure 1l1l. The straight line in the figure 1s an empiri-
cal average of the period of the phugoid oscilllation for
various airplanes as measured in flight. The period for
the P-36A airplans was not measured in flight, but it is
‘believed that the periods of the phugoid oscillation would
be represented falrly well by the line shown. It appesafs,
therefore, .that the oscillations in the free~flight tunnel
as measured are not the normal phugoid oscillations but
are the result of conditions peculiar to the model. The -
decrease 0f the period with increasing air speed suggesits ’
a form of control-free motion that has been encountered in
flight with other alrplanes but not with the P=-36A, This
oscillation is a function of elevator welght, inertia mo~
ments, and frlction, as well as of the aerodynamic charac-
teristics. No attempt was made to approXimate the scals
mass factors for the elevator on the model because it was
thought that the model condition represented the condition
with controls fixed. The small amount of play in the sys-
tem, however, may have been sufficient to0 make the mass
factors importent. PFurther research will be necessary to
clear up this point.

The P-38A model was particularly sensitive to dis—
turbaneces in pitch at high speed, and continumous use of
the elevator was necessary to maintain flight for power on,
as well as for power off. The airplane pilot did not find
this condition to be true in ¥light tests. The difference
is probably due to the higher pitching velocities assoclat-
ed with the small-scale model. (Seé table III.)

Zlevator maneuvers.- The effectiveness of the eleva-
tors in changing the attitude of the model in the free~
flight tunnel was investigated by making push-dowhs and
pull~ups from steady flight in the tunnel, These tests
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were made with flaps and landing gear up. 4 typical set
of data is shown in figure 12. The pitching velocity per
degree of elevator deflectlion has been computed for 4if-
ferent alr speeds and is plotted in figure 13. Maxinum
angular velocities were quickly reached in the free-~flight
tunnel tests, which were made with & relatively small
elevator deflection. In the flight tests of the airplanse,
large elevator deflectlons were used and maximum veloci~-
ties were not reached; a comparlson between tunnel and ’
. flight elevator maneuvers is therefore not possidle.

Stalling charscteristice.~ The stalling characteris-
tics of the model were observed throughout the tests for

the various conditions. In all cases the rolling wds
violent following the stall and continued flights were not
possible in the stalled condition. The stalling speed was
much higher, relatively, in the tunnel than in flight be-
cause the low scale of the model tests caused the stall to
cccur at a much lower angle of attack. In the flight
tests of the airplane, the stall was sudden and violent and
could be produced with very little warning. This cbnclu-
sion agrees with the free~flight tumnel observations,

Lateral Stadbility and Eontrol

Spiral stability.~ In the free-~flight tunnel, spiral
instability is indicated by the tendency of the model to
increase the sideslip velocity and the angle of bank when
it is given a slight initial angle of bank and the con-
trols are fixed, It is necessary to have the model in
perfect lateral trim during this test., TFor conditions
near neutral stability, either slightly stable or unstable,
the rates of convergence or divergence are small s0 that
it becomes difficult to determine the stability, the ef-
fect being an apPpparently wide band of ‘conditions for neu~
tral stability instead of the theoretically narrow range.

The P-36A model 1n the tunnel with the flaps up and
the landing gesr up appeared to be spirally stable over
the spesd range flown for any condition of power. The re-
quired use of the lateral controls to maintain steady
flight was normal. With the flaps down and the landing
gear down, however, a marked spiral instabillty was ene~
countered that made continued fllghts difficult because
of the constant need for lateral control. Any slight dis-
turbance would result in & rapid increase in angles of
bank and sideslip that had to be corrected quickly to
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avert a crash, ¥With the rudder free the splral instabil-
ity was improved, probably becaunse of a reduction in di-
rectional stability (Gn ), and the amount of control re-
guired of the pilot wassreduced. An increase in speed
and power likewise reduced the spiral instablility.

In the flight tests of the airplane, the spiral sta-

bility was not directly determined, but the general be-
. havior of the alrplane agrees well with the free-~flight
tunnel observations. In flight the effect of dlhedral
was small throughout the flight range but was reasonadly
well correlated with the fln area except at low spesds,
flaps down. At these speeds, the dihedral was not suf-
"ficlent to raise & wing., A decrease in effective dihedral

is generally associated with a decrease in spiral stabil~
ity. " : ) o e

Lateral oscillations.~ The characteristics of the
lateral oscillation with fixed controls may be determined
in the free-flight tunnel by deflecting the rudder abrupt-
1y and then réturning it to neutral., Ordinarily several
cycles may be recorded before the model reaches the ftun-
nel wall, With the P-364A model in the tunnel, however, it
was difficult to obtain long records becmsuse the model
would move rapidly followlng a large rudder deflection and
would not oscillate noticeably with a small deflection,
indicating that the oscillations were well damped. Oon-
sequently, only a few records were obtained in which the
period of the lateral oscillation could be determined. A
comparison of the periods of oscillation of the model with
the periods determined in flight tests of the airplane is
given in figure 14. The tunnel data are in reasonadble
agreement with full-scale data, although the points are
slightly below the flight curves. The flight tests also
showed that the oscillations were well damped, reducing
in amplitude to one-half in less than one cycle.

Lateral control.~ The ailerons and the rudder were
investigated in the tunnel as a coordinated lateral-control
system and individually as a means for producing angular
velocities. TFirst, the ailerons and the rudder were elec-
trically interconnected so that a single movement of the
control stick would produce & movement of both the ailer-
ons and the rudder abruptly and fully to a predetermined
deflection. The ratio and the amount of the deflections
could be varied by changing the control linkage before the
tests were started. It was therefore possible to determine
the amount of aileron control necessary for adequate con-



12 NACA Technical Note XNo. 810

trollabllity and also to determine the eamount of rudder
necessary to avoid noticeable sideslipping., The ailerons
and the rudder were also tested separately as a means of
control, and the resulting changes in headling and in bank
were mesgsured., In a final test the rudder control rod
wag disconnected so thet the rudder was free to aline it~
gelf with the &air stream and the model was controlled with
the ailerons alone. This test was rather severe but was
useful in revealing conditions of low directionel stabll-
ity. : .

The ratings of the P-36A model for dlfferent methods
of control are given in table IV, The ratinge are based
on experience obtained with the models of a number of cur-
rent airplanes and with several experimental types. The
lateral control was counsidered excellent for all condil-
tions of power, flaps, and landing gear when the rudder
was properly coordinated with the ailerons. It was found
that about one-helf bhe alleron travel available on the
airplane gave adequate control and & rudder defleotion of
89, or about one-~fourth the available travel on the air-
plane, was sufficient to avoid noticeable sidesllipping at
the lowest air speeds. With some other models it has been
found necessary to use the full travel available for sat-
isfactory control; so 1t seems that the F-364A control
ghould be entirely satisfactory. These findlings agreed
in general with the full~scale tests in which 1t was found
that the respomnse %o rudder, aileroans, or elsvator ie
normal flight was eatirely adeguate.

For the allerons used alone in the tunnel with the
rudder fixed, the control was satisfactory for all condi-
tions except at the lowest speeds with power on, wilth
flaps up and landing gear up. In this condition the ad~
verse yawing was obJectionable. In the alrplane tests it
was also noted that at low speeds with flap up the fin ef-
fect gradually tapered off so that large adverse yawing
was noted.

A typical aileron maneuver is given in figure 15 for
the nodel with landing gear down and flaps down and with
the propeller removed. The data were taken from photo-
graphic records of the motion following abrupt right ailer-
on deflection followed by abrupt left aileron deflection
for recovery. The rolling velocity reschsil = maximum one-
sixth second after the ailerons were coflesied. Thie re-
sult agrees well with the scaled value obtazined with the
airplane. The sideslip angle was computed from the angle
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of yaw and the lateral veloclty in the - tunnel., Sipilar
-records were obtained for various other condltions and
the maxzimum. rolling velocities were computed.. v

The data are summarized in figure 16 and compared
with flight~test values. There was & considerable scat-
ter of the data owing mainly to the inability to obtaln
steady conditions before application of the control. The
P-36A model was particularly diffieult to hold steadily
in one position. The average wvalues -are ahout 30 percent
lower than the flight values for the alrplane.’ The val-
uves wilth flaps down were somewhat higher than the corre-
sponding ones with flaps up.

Control with rudder alone wae. difficult, if not im-
possible, in all cases with the model in the tunnel.
Abrupt application of the rudder always caused the model
to drop to the floor of the tunnel because of the diving
moment accompanying sideslip. With flaps down, lateral
control by rudder alone was impossible for any power con-
dition because g low wing could not be ralised by the use
of the rudder, although'a rudder deflection from a level
attitude would produecs roll, With the airplane.in flight
at minimum speed with the fleps down, if a wing dropped,
the airplane would continue to fturn toward the low wing
egainst full opposite rudder. A pronounced diving tend-
ency was likewise noticed in flight.

Jith flaps up, control with the ruddsr was improved
particularly with power on, but the improvement was not
sufficient to insure continuodus flight. A slightly banked
wing could be picked up with rudder alone, as shown in
figure 17. In this run,. the model was initially banked
to the left 6° and was sideslipping fo the left. A rudder
deflection of 18°.eventually succeéeded in reversing the_’
direction of bank and the 1atera1 motion. The’ Yawing ve-
locities produced by, various amounts of rudder are given
in figure 18, 4 close egréement is shown with the air-'
plane yawing velocities determinad in flight. - .

iith the rudder free to float and with ailerons used
alone for lateral control, good cpntrol was possible only
with flaps’ down. In’ fact .with flaps’ down the c¢ontrol ap-
peared to be better ai 1ow speeds with the’ rudder free
than with the rudder fixed. Although this resuli appears
to be contrary to the. abBrmal conception, it is probably
explained by the reduction in the control regquirement be-
cause of the improvement in gapiral stability obtained by
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freeing the rudlier, ¥ith flaps up, freeing the rudder
made flights impossible, particularly at the lowest speeds
with power on. The large angles of sidesllip accompanying
use of the ailerons for lateral control made recovery im-
pogsidble in the space available "in the tunnel, A flight
comparison is not available for this condition.

Stecdy sidestips.~ It is possible to make steady
sideslips in the tupnel by setting the rudder over varil-
ous amounts and by trial, trimming the model with oppoeite
ajleron, The model will fly 4in a banked and a yawed at-—
titude. It was possibdle to obtain a direct comparison

with flight tests of the airplane for ths flap~down, power-~
off coundition. The comparison 1s made in figure 19 and

it can be seen that fair agreement was obtained., The rud-
der deflections for different amounts of sldeslip agree
vell, as do the results for the rudder maneuvers, but the
aileron deflections required are higher for the model, in-
dicatiung.elther lower aileron effectlivenegs or greater di-
hedrdl effect on the model. The previous results of the
alleron tests indicate that the allercn moments were the
probable cause of the disagreement: The angles of bank

and the effect .0f sideslip on elevator position required
for flight at the same alr speed agree well with flight
values, o '

CONCLUDING REMARKS

N Tae study of the ztebllity and the control charucter-
istics of a l1/l2~scale model of the P-364 airplane 1n the
NACA free-fiight tunnel served to develop the testing
technligque and to afford a comparison of tests of a model
with flight tests of the corresponding airplane. In gen-
eral, the behavior of the model was in falr agreement with
the airplane, although quantita+ively the longitudinal
stability of the model was found to be greater than for
the asirplane--and the allerons were somewhet weaker. Tha
rudder effectiveness shown Tor the model agraed well with
that for the alrplane.

. The increased longitudinal stability and the decreased
alleron control of the model are attributed to local sepa-
ration of the air flow over the rearward portloan of the
wing as a consequence of the low Reynolds numbers of the
tunnel tests. It is believed that in future tests this
separation may be - reduced and the results lmproved by the
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vs2 of wing eslots or gpeclal airfoil sections on the model,
The slo%ts would slso be helpful in extendling the angle of
attack and the 1ift coefficient at which stalling occurs.

Althovgh the guantitative disagreements with fulle-
scale data are appreciable, it 1s belisved that, with an
ucderstanding of their nature, magnitude, and direction,
correct general coaclusions may be drawn from the mnodel
date regarding the statility and the control of the air-
plane represented, particularly where the relative merlts
of different modifications are desired. The free~flight
tunnel should be very usseful in the development of nesw
airplane designs,

Lengley Memorial Aesronautical Laboratory,
Hatlonal Advisory Committes for MAeronautics,
Langley Field, Va., April 18, 1941,
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TALLE I
DIMEWSIONAL CHARACTERISTICS OF THE CURTISS P-36A AIRPLANE

Epnzine!
Type - : -
Pratt & Whitney R-1830-17; gear ratio, 3:2
Horsepowser -

Take~off, at 2700 rpm———--w--- - ——— 1200
Climbing, at 26560 rpm-e=-m--ceermmecmccc e~ 1050
Cruising, at 2325 rpm=---e-ccem—mcocccma e~ 700
Propeller:
Type =~
Curtiss electric, three-blade
Diemeter, ftmememecmer e e e 10
Blade-angle setting at 40 in. =~
Low, Geg-~mrm— e s s e - 22
High, deger=em—~raccr e e m e e e = —— - 47
Weight: o
Bnpty, lD=w—momecrccccmmac e mc e s S S E TR - 4504
Hormal grosg8, lbwmemm-ccaacccmeao- - o st 5750

Moments of inertia:
Landing gear down =~

IX, 8lug~ftRmmmmmc e mr e e - 2100
Iy, slug-ftPmmemecccmcmcc e mccmec e 4500
Iy, 8lugmftRmmme e e e e 5810
Landing gear up - -
I, Blug-ftP e c e - 3020
Iy, slug=ftPeme e e rm e e 4477
Ig, 8lug-ftR e e 6028

Center of gravity:
Landiag gear down =

Bacic of wing leading edge, in.=-wmcmemaccaaa - 24,0
Percent of MiA.Cimmmrmmcmc e e e 26,7
Below thrust line, in.we-mccemmmammmacan e 4.85
Landing gear up =
Baciz of wing leading edge, in.-memmcmeconax - 25.5
Percent of MiA:Cimmmecmmccm e em e - - 28.6
Below thrust line, in.—~cermmccamc—- ————————— 3,45
Over~-all dimensionc:
Length, ftemmmmcmmme e e e 29
Height (flying attitude), ft-mme—mmoccccecmec-- 9
Wing loading W/S, 1b per sq ftem—mm~me—mama= —— 24,1
¥ings
Area 1, 8Qq ft ~-memm e e 236
Span, fte-mmmmcc e ———m————— 37.%
Aspect reatlo-~—~cocm e 5.9
Alrfoil sections =
197 in, from center line of fuselage=—==—=== NACA 2209

4% the root, 1.645 £t below thrust line--w=- NACA 2215
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TABLE I.- CONTINUED
Wing: .
Dihedral, degee——rmmrcm e r e m e —— -
Taper ratio=—--v-ccrccmmmc s cre e mm e
M-AoCn. ft ------------------------------------
Sweepback at wing leadlng edge--—v-c--mm-memu-
hngle of wing setting, deg----~------c---on-e-
Flap:
Areae, 8§q flteermmorrmrcm e et
Type -
Partial split
Iravel, deg doOWhw==c—-—cmcmmccccc e e

Percent D=-=cmcccmmc e c e e e e
Chord B, ftmmmmmmmrm e e e
Aileron:
Area ® - : .
5q fhmmemcmn et e
Percent Se-cmcrmmace e -
Type -
Slotted
Travel -
Deg Up=w—~-cmmmr e e e e e

Percent bec=ccmcmmc e
Maximum chord ®, femmmmmmcc e e -
Balance area, s8q ft---cmcmccmcmman e

Tail:
Horizontal =~

Area * -

Sq fhommmm e e
Percent Sememmc e
Center of gravity to hinge line (landing gear
UPp), fhemmm e + o

Angle of tall setting, degr-~——mmeececrcwmmaa=

Span, fteeemmm e e

Elevator area®, sq fte—mcecmcccmcmmo e

Maximum chord ®, fieemeommomomm i

Travel -

- Above thrust line, ftececocmcmmm e
Elevator balance area, 8q fte=—=w- o o o e e e

17

2.8:1
6.80
10191

34,80

45

19.70

52.6
1,76

14,086
7.8

24

13.88
37.2
1.1¢9
4.24

48,00
20.3

17.6

12.80
15,40
1.69

<8
—25
‘1.66
3.80

See footnotes at end of table,
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TABLE I.,- CCNTINUED
Tail:
Verticsl -~

Area -

Eq ftmemomme e e e

Fercent BSmcecommmmc e e e e
Center of gravity to hinge line (landing gear

uUp), fhmmmmccccc e e ——— ———————
Span, ftemmmemcccccnc e e o o e e e e
LFudder balance arca, 8q ftermwarmmceanw - o e e
BRudder areca?,; ggq ft-—mmmemcmmnccacc e e
Travnl, deg right or left~mmmcemcmcccccnneaa
Area above horizontsl tail, 8q ft--recme-aas
Span above horizontsl tall, 8q ftewemmemn-a- -

18

20.74
8.78

17.75
6,13
1.94

11.80

30

16.26

3,90

lIncludes allerons and portion of wing through fuselagse.

®Includes ouly area back of hinge line.
®Does not include gap beneath fuselage.
“ Includes area through fuselage.

TAELE II

TEST COXDITIONS OF TiE 1/12-SCALE MODEL OF THE P~364 AIRPLANE

Land-;FlapslPower W/S |Center of | Moment-of~Inertia error?
gZZf !é‘ébé‘t) %;2::2:& Alx | Ay A1z
' .A.C.) (perceut) {percent)| (percent)
Down | op’l ose? 2.20 26.7 1.6 | -s.8 5.1
Up —~go==|~do=--| 2,05 28.6 4,3 g -3.1 10.0
Down |Jown On 2.48 26,7 ~.8 ~16,6 2.0
Up Up -do~=| 2.35 28.6 -4.7 ~15.8 o

—,

lPercentage deviation from correct scaled values.

2Power off corresponds to propeller removed.
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TABLE III

810

DYNAMIC RELATIONSEIPS

19

[For dynanic similarity the given relatlions hold, where.

¥ is the scale ratio.]

General 1/12 scale
Linear dimenslonSm—m——m—memecama—- X 1/12
ATeam=m—mm—mmm e —————— N2 1/144
Volume and welghtwmmrec—cna~ea- Ne 1/1728
Moments of inertigme=—ceccw——e-= gs . 14348832
Wing loading, W/ S-cemerwncnccw= /12
Linear velofitiéﬁ -------------- VN 1/3.4656
Linear accelerations—-——=—eceaca—e- Constant 1
Angular veloCitisgmmmmo—mamee—— 1/VE 3.465
Angnlar accelerationge-=-—=-=w- 1/8 12
Propeller speed—-~---- S ———— lé%ﬁ' 3,465
HOrsepowel==——————=mcecme—co———- N°/2 1/5986
V/nDe e m e e e e Gon;tant 1
Reynolds numbere=—=-- ———————— —-—— R3/ 2 1/41.6

TABLE IV

FLYING QUALITIES OF THE 1/12-SCALE MODEL OF THE CURTISS P-36A AIRPLANE

Conditions Stability? Control®
Land-{Flaps|Power| Op |Longi- |Spiral|Ailer~ |Ailer~|Ailer-|Rudder
ing tudinal| sta- {ons and| ons ons alone
gear stabll-ibility|rudder [alone,jalone,
ity rudder|rudder
fixed free
Down |Down 0ff 11.00 B- D A B~ B D+
Do=w|=do==[-do=~=]| ,35 D D+ A A b=
Do-~|=do~-| On 1.00 B c A B D
DOowm= [~d0~= [~dO==} ,35 C=- C+ A A
Up Up Off «65 C A A B~ C+
Do=~[~40~= |=mdo==~| .35 D A A B- b
Doma |~do=~=| On 865 B A A c D+ C
Dow~ |=d0o== |=do==] .35 C- A A A c
1Stability rating: 4, stable; B, slightly stable; C, neutral; D,

2 unstable,
Control rating:
sible,

A, excellent; B, fair; C, poor; D, flight impos=

— e,
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Figure 3a.- View of the test section of the free-flight tunnel showing a model
being adjusted before flight. . v —————

B

Figure 3b.-—View of the test section of the free-flight tunnel looking upstream
throught the propeller, showing a model in flight under test.
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. P NN

Figure 4.~ View of 1/13 ecale model of P-36A airplane as tested in
the free~flight tunnel before installation of propeller.

X A O e

FPigure 5.- View of a typical control-mechaniam installation in a model.
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