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SUMMARY

The free—fall investigations which are being conducted at the
Langley Aeronsutical Laboratory of the Nationsl Advisory Committee for
Aeronsutics have heen extended to Include tests to determine the longi—
tudinal stability and control characteristics of glrplane configurations
at transonic speeds. Thisg report presents the results of a test to
determine the longitudinal stebillty and control cheracterlstlices of s

lll_-—scale model of the Bell XS—1 airplene. The elevator position of the

model was automatlically controlled by the normal acceleratlion in guch
a manner as to attempt to maintain a constant value of normal acceler—
ation of ebout 0.45g. This value of normsl acceleration corresponds
to the 1ift coefficlent obtalned in level fllght for the full—scale
alrplane at an average wing loading. There was no provision for roll
stablilizastion on thls model.

The model rolled for sbout 40 seconds after release; then 1t
performed a gradual pull—out. The model had a violent short-periocd
oscillation in the Mach number range from 0.72 to 0.81, which is
believed due to the effect of roll on longltudinal stability.

The model did not exhibit the nose—down trim change indicated by
wing—flow tests nesr a Mach number of 0.93. This trim change of the
wing—flow model masy have been ceused in part by a negative change in
pitching moment of the wing—fuselage combination. At the Mach number
for this trim change the frse—fall model reguired sppreclably more
down—elevator deflectlion for trim than was indicated by the %ing—flow

tests. The stabilizer of the free—fall model was set with -2]= poaltlive
incidence (leading edge up) as compared with 4° positive incidence for
the wing—flow tests. Possibly in the case of the free—fall model the
negative change in pitching moment was lergely offset by = positive
change in pitching moment due to loss In elevator effectlvensss.

At the maximm Mach number of 0.95, the model drag coefficient was
about 0.13 (based on wing area) and the lift—to—drag ratio was about 3
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in the range of 1ift coefficlents from 0.3 to 0.4. The model remained
gtable at 1ift coefficients encountered in this teet, with the poasible
exception of the period of violent oscillations, and the variation of
elevator deflection with apeed was stable up to a Mach number of

about 0.72. .

On the basis of the results of the model test, 1t appears that an
airplane of similar configuration could fly to a Mach number of 0.93
without encountering excessive normal acceleration es a result of
longitudlinal trim chsnges.

INTRODUCTION

The Langley Aeronsutical Laboratory of the National Advisory Com—
mittee for Aercnautics 1s conducting s serles of investigetions by the
free—fall method, as described in reference 1. All previous tests have
been conducted to determine the transonic drag characteristics of various
wings, bodles, and wing—body comblinatione. The free—fall method is being
extended to Include tests to determine the longitudinal stability and
control characteristics of airplane confliguratlons at transonic speeds.
This report presents the resulta of a test to determine the longitudinal

stability and control characteristice of a %n-scale model of the

Bell XS—1 alrplane. The model wes dropped with elevator control only,
wvhich was arranged to maintain the normel scceleration at about 0.45g.
No provision was made for roll stabilization of the model. The resulte
are presented as tlme hlstories of transverse and normal acceleratilon,
longitudinal retardatlion, elevator deflection, end Mach number. Results
are also presented which show the varlastion with Mach number of 1ift
coefficlient, drag coefflclent, lift—to—-drag ratio, and the slope of the
curve of pitching-moment coefflclent versus angle of attack.

APPARATUS AND METHOD

Test conflguration.— The configuration tested was a %-—scale model

of the Bell XS—1 ailrplane whose full—scale physical characteristics are
presented in table I. The general srrangement of the model 1s shown in
flgure 1, and the detalls and dimenslions eare shown In figure 2. The
center of gravity of the model was alt 25 percent of the mean aerodynamic
chord, the stabilizer was set with o positive incidence (leadinz edze
up), and the elevator travel was 10.3° up and %.5° down. The model
welghed 1351 pounds and had a moment of inertla about a lateral arxis
through the center of gravity of 160 slug—feet2. The model wing loading
wag 166 pounds per square foot. '
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An attempt was made to control the longitudinal trim of the model
at a predetermined value of normal acceleration through the use of an
automatic pilot. The value of normal acceleration selected was O.L5g,
which, at the model wing loadlng, caused the model to fly at-az 1ift
coefficient corresponding to that required for level flight of the full-—
scale alrplane at an average welght.

The automatic pllot was deslgned to operate the elevator in small
gteps upon a signal from a sensitive normal accelerometer. The sutomatic

pilot was equlpped with a device which produced a l%—second. time—delay

between elevator motion in one directlon and the other. This time—delay
was used to prevent any phese relationship between the elevator motion
end the model motlon whlch would produce dynamic instability.

Although no roll contrel was lncorporated in the model, it wes
desired to have the model roll in order that the mean traJectory would
be eimilar to a free—Ffall of a nonlifting body. The wing was found to

o
have a slight built—in twist of -]25 , but the twist was consldered too

large to produce the desilired low rate of roll. In order to reduce the
rate of roll somewhat, smell wedges were 1nstalled on the tralling edge
of the wing near the tlips as shown In figure 2.

Z g .— Measurements of the deslred
cua.ntities were accomplished through use of the NACA radio—telemstering
system and redar and phototheodolite equipment. The following gqusntitles
were recorded at two separate ground stations by the telemetering system:

(1) Static and total pressures measured by an airspeed head (described
in reference 2) connected to eneroid cells and mounted on a boom two body
dlameters 1n front of the fuselage of the model.

(2) Normsl and trensverse accelerations and longltudinal reterdation
meagured by three accelerometers allned with the respective axes of the
model.

(3) Elevator position as measured by control—position pickup.

A time—-higtory of the positlon of the model with respect to the
ground axes was recorded during the first 40 seconds of the drop by
radar and phototheodolite equipment. A survey of atmospherlic condltlons
applying to the test was obtained from synchronized records of atmospheric
pressure, temperature, and geometric altitude teken during the descent of
the airplane from which the model was dropped. The direction and velocity
of the horizontal component of the wind, in the range of altitudes for
which data are presented, were obtalned from radsr snd photothecdollte
records of the path of the ascenslon of a free balloon.

—
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DETERMINATION OF MACH NUMBER

Time~hlpstories of the quantities umed to determine the variation
of Mach number M throughout the drop are presented in figure 3. The
variation of Mach number with time was obtalned from the radar and
phototheodolite records 1n the followlng menner:

(1) The veloclity of the model with respect to the ground wes
obtained by differentisting the flight path with respect to time.

(2) True alrspeed wes obtained by a vector summation of this ground
velocity and the horizontal wind velocity at coinclident sltitudes.

(3) The true airspeed was then combined with the corresponding
absolute temperature, as determined from the atmospheric survey, to obtalin
the Mach number.

The radar esnd phototheodolite dsta could not be applled to the
determinstion of Mach mumber after 4O meconds from releasse of the model
because the radar—range tracking operator was unable to track the model
after that time. (See fig. 3.) The scatter in the radar data is larger
than usual for thls equipment, due in part to the loss of tracking
correctlion pictures. These plctures are usually taken by & long—range
camers mounted on the tracking unlt and ordinarlly ensble corrections
to be made for emell errors In tracking. These plctures were not
obtained for this test because of haze conditions.

The Mach number variation with time was also obtalned directly from
the telemetered varlations of static pressure p and total pressure H
through use of the relation

where the ratio of specific heats 7 was teken as 1.4k. The comparison,
shown in figure 3, of this Mach number wlth the Mach number obtained from
the radar data shows an appreclable discrepancy at the higher Mach numbers
of the test. The Mach number obtained from the gbove relatlion, however,
ghows good agreement wlth the radar Mach number when the telemetered total
pressure 1s combined with static pressure determined from the atmospheric
gurvey. The discrepancy in Mach number, therefore, evidently results
from an error in the telemetered statlic pressure. This error does not
vary linearly with the magnitude of the static pressure, which is the

type of error usually associated with telemeter instrumentetlon, and
therefore is assumed to be a poslition error at the static head. The
magnitude and sign of this error are of the type and on the order of that
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caused by subsonic blocking. The varlation of this error in static heed
with Mach number as determined by dlrect comparison of the telemetered
stetic pressure with the statlc pressure from the atmospheric survey 1s
gshown in figure 4. This calibration was used to correct the telemetered
static pressure after 40 seconds from release. The corrscted static
pressure shown In figure 3 ig, thersfore, the atmospheric survey statlc
pressure up to 40 peconds and the telemster static pressure corrected
from figure 4 after 4O geconds from release. The Mach number veriation
with time based on this corrected static pressure 1s believed accurate
to within #0,02M. All results presented 1n this report are based on
thls corrected Mach number veriation.

REDUCTION OF DATA

Values of model welght W, wing area S, normal a.;:celera.tion n
(1in g units), static pressure p, end Mach mmber M were used to
determine the normal—force coefficlent O +through use of the relation,

Oy = —HB
SP%MQ

The chord—force coefficlent Cp was calculated from the same relation
uging the longitudinal retardatlon.

The 1ift coefficlent Cr,, drag cocefficlent Cp, and the lift—to—

drag ratio I./D were calculated by resolving the normasl— and chord—
force coefficlents along the wind axes. The angle of attack was calcu—
lated from the varlatlons of lift—curve slope and asngle for zero 1ift
wlth Mach number obtained from the wind—tumnel results presented in
reference 3. Because the wind—tunnel results were not obtalned beyond
a Mach number of 0.925, the values of these parameters at a Mach mumber
of 0.925 were asgumed to spply at higher Mach murbers. The error
incurred by this assumption is emall since the angles of attack were
small. Because of the low angles of attack involved, the difference
between C1, and Oy end between Cpy and Cp were small sbove s

Mach mumber of 0.85. The veriation of pltching-moment coefficient wlth
angle of attack %M— was calculated by use of the equation,

acu _ _(oxe)2r
de: Z wPpss

In this equation, £ 1s the frequency of the oscillation of the model
in pitch, I 1s the moment of inertla of the model about its lakteral
axis, and T 1s the mean aerodynsmic chord (M.A.C.). This relation
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neglects the varlation of frequency with aserodiynamic damping and with the
additionsl degrese of freedom (vertical motion}. "he error caused by
neglecting these two effects, however, was calculated and found to be less
than 0.5 percent for thls case.

RESULTS AND DISCUSSION

Figure 5 presents the variation with time of elevator deflection,
normal and transverse acceleration, longitudinal retardation, and Mach
number. The accuracy of the accelerdtions snd elevator deflectlons is
believed to be as follows: (1) normal acceleration within 20.0Ohg,

(2) longitudinal retardation and transverse acceleration within +0.0lg,
and (3) elevator deflection within £0.3°,

At release, the elevator of the model went to the full—up positlon
becauge of the low alrspeed and high wing loading which necessltated a
high 1ift coeffliclient to obtain the deslred normal acceleration. The
elevator had a stable variation with Mach number up to a Mach number of
about 0.72 (decrease in elevator deflection with increase in M), It
was obgerved by the tracklng unit operators that the model rolled steadily
up to approximstely the time the maximum Mach number of 0.98 was attained.
The model then ceased to roll and performed s gradual pull-out. The model
haed a violent short—period ocsclllation in pitch In the Mach number range
of about 0.72 to 0.81, which was slso reflected in yaw. This oscillation
1s believed to result from the effect of roll on the longlitudinal stability
of the model. An investigation Into the effects of roll on longitudinal
and directional gtebllity indicates that the mass effects of an slrplane
due to roll decreasse lts stabllity. (See reference 4.) The destabilizing
effect lncreases as the rate of roll approeches the naturel cilrcular
frequency of the alrplane in either pltch or yaw. The rate of roll was
not measured during this test but wes observed to be high (roughly 1 revo—
lution per second) for the period where the violent oscillation occurred.
In the Mach number range of this violent oscillation wind—tunnel date
show that the longitudinal stability of the XS—1 conflguration lis low at
all 1ift coefficients up to the stall. During thils oscilllation the model
apparently diverged to positlve and negetive stalls. The maxrimum 1ift
coefficients reached were 0.685 and -0.63, respectively. There was &
gimilar osclllation in yaw, whlch was assoclated with the oscillation in
pitch, with the side—force coeffliclents varying from meximm velues of
about 0.10 right to about 0.137 left. These si%e—force coefficlents

o
correspond to gbout 7% of left sideslip and 8% of right sidesllp when
the variation of side force with angle of sideslip taken from wind—tunnsl

results of tests of the XS-1 airplane at low Mach numbers ls assumed to
apply &t higher Mach numbers.

It 1s believed but not definltely established thait the model rolled

with the wing twist. The cause of cessatlion of roll has not been deter—
mined. After the model ceased to roll, it had s small directlonal
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o .
oeclllation of spproximately :% amplitude about an average left sldeslip

of 1?2=°.

Slightly sbove a Mach number of 0.9, as Indicated by the recorded
accelerations, the elevator should have gone to 1ts full-down position
and remsined there throughout the remainder of the drop. The elevator,
however, varied about 1° from the full—down position. This movement of
the elevator 1s belleved to be caused by the lncreased dynamic pressure
at the lower altitudes, which enabled the elevetor hinge moment to over—
come the preload in a spring used to hold the elevator deflected when—
ever the hinge moment was in the up direction. With the elevator near full—
down, the model trimmed srocund 1.75g normal. acceleration in the higher Mach
number rangs (M & 0.90 to 0.98), but the normsl acceleration tended to
decrease as the Mach number decreased. The normal acceleration increased
slightly at times when the elevator varled from 1ts full-down position.

The sutomatic pilot controlled the mean normal acceleration of the
model (neglecting oscillations), within reasonsble limits of the desired
0.45g. The sutomatic control was lost at & Mech number of 0.9 because
of the limitation of down—elevator travel.

The model did not exhibit the nose—down trim change, at a Mach number
of about 0.93, indicated from the results of references 3 and 5. When the
Mach number for this trim change was attalned, the free—fall model requlred
appreclably more down—elevaetor deflection for trlm than the wing—flow tests.
The resson was probably due to the difference In sgtablilizer incldences.

)
The free—fall model ha.d-.la- positive incidence (leading edge up) as compsared

with 49 pogitive incidence of the wing—flow test. In the case of the free—
fall model, it is possible that a loss In elevator effectiveness In this
Msch number range csused a positive pitching moment which largely offset
the negative pltching moment as shown In reference 3 for the wing-fuselage
combingtion,

The variastions of 1ift coefflcient, drag coefflcient, and 1lift—to—
dreg ratio with Mach number are presented in figure 6. At the maximum
Mach number obtained (0.98), the model drag coefficient was gbout 0.13
(based on wing srea) and the lift—to—-drag ratlo was sbout 3 for the range
of 1ift coefficients between 0.3 and O.k. TFigure 7 presents a comparison
of the variation of drag coefficlent with Mack number for the present
tests and the results of reference 3. The drag—coefficient data from
the free—fall test are in excellent agreement with those obtained from
the wind—tunnel tests.

The variation of the static—longitudlnsl-—stebllity parsmeter :.?TM
with Mach number 1s presented in figure 8. The s0lid curve presented 1s
from the results of reference 3, and the test points are from the present
test. The static longitudinst stability of the model increased fram a
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& \
Mach number of 0.85 to a maximm at about 0.9 <Eg¥ became more negative).

The stability then decreased as the msximm Mach number of 0.95 was
approached. The model remained stable at all 1ift coeffliciente tested
with the possible exception of the period of vioclent oscillations.

CONCLUSIONS

The results of the free—fall investigatlon of a %-—scale model of
the Bell XS-1 airplane indicate thet an airplane of similar configuration
can fly in stralght flight up to e Mach number of 0.98 without encountering
exceselve accelerations in plitch gg a result of longltudinal trim changes.

The model did not exhiblt the nose-down trim change indicated by the
wing—-flow test to occur nesr a Mach number of 0,93. This trim change of
the wing—flow model was thought to result from loss of elevator effectiveness
end a change in piltching moment of the wing—fuselage combination. With the
gtablilizer incidence fixed and the elevator automatically controlled to
maintain the normal acceleration at 0.4k5g, the free—fall model reguired
eppreclably more down elevator for trim than the wing—flow test. It is
possible that a loss in elevator effectiveness in this Mach number range
cauged g positive pitching moment which largely offset the negetive
pitching moment of the wing—fuselage combination.

The model was not roll-stabllized, but it was observed by the tracking
unit operators to roll untll the approximate atteimment of the meximm
Mach number of 0.98, when it ceased to roll and performed a graduasl pull—
out. The model exhibited a vioclent short—perlod osclllation in pitch and
yaw between a Mach number of 0.72 and 0.81. This oscillation 1s belleved
to result from sn effect of roll on longitudinal stabllity.

At the maxlimum Mach mumber of 0.98, the model drag coefficient was
about 0.13 and the lift—~to-drag ratio was about 3 in the range of 1ift
coefficients between 0.3 and O.4. The model remained stable at the 1lift
coefficients encountered in the test, with the posslble exceptlon of the
period of violent oscillations, and the elevator deflectlon had a stable
varistion with speed up to a Mach number of 0.T72. An analysis of the
data in the Mach number range from 0.85 to 0.98 indicates that the maximm
stability occurred at a Mach number of about 0.9.

Tangley Aeronautical Taboretory
National Advisory Committee for Aeronautics
ILangley Fleld, Va.
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TABLE T

PHYSTCAL CHARACTERISTICS OF THE

BELL XS~1 TRANSONIC RESEARCH ATRPLANE

Power:
Four rocket units each capable of dellvering 1500 pounds thrust,
grouped 1n rear of fuselage.

Wing loading:
Take—off, 1b/8@ ££ o « ¢« « &« ¢ & ¢« ¢« ¢ « ¢ o o« o o « o o « « o 103
Landing, 1b/8q £t « ¢« « o v « 4 « o o v « o o o o o « o o« » o hO

Degign center—of—gravity position, percent M.A.C. . . . . . . . . 0.25

Wing:
Area, B¢ £t . . ¢ < ¢ ¢ . ¢ e . 0 .o .
Span, £t .« ¢« ¢ « ¢ o« & o« e« e e s .
Meen serodynemic chord, in.. e e v s »
Agpect ratlo « &« & ¢ ¢« ¢ ¢ ¢ 4 4 e e . e o 4 s @«
Root and tip sections . . . e e e e s o 651210(a = 1.0)
Incidence (root chord to thrust 1ine), BEE « + « c v e e e .. 2.5
Incidence (tip chord to thrust line), deg . . . « ¢« « « . . . 1.5

e ¢+ s e o« e s e o . 130
28

e e s e s e e e e 57 Tl
6

Horizontal tall:

Total area, BA FE . « ¢ ¢ ¢ ¢ ¢ « « ¢ o ¢ o ¢« o s o s o o« « 250
SPAN, FE o o v o o o o o o o o o o e b b e e e e e e e e e . .11k
Agpect ratio . . . . . e ¢ o s e w 8 o 8 e & & e ¢ ® o 4 o o 5
Root—mean—square chord of elevator, £ . « « ¢ ¢« « « « « « . 0,464

Vertical tall:
Total area, 8@ £t . . . « ¢« ¢ & ¢ ¢ ¢ ¢ ¢ ¢« t v e 4 e . . . 271
ABPECt TAEIO « « o ¢ v ¢ 4 4 4 e 4 s s e e e 4 s s e o« . . . . 181
Hol@ht, £5 + o v « « « o o o o o o o o s e s ¢ o o o o s v o T.0

Moment of inertia, (gross weight,8410 1b; c.g. = 25.9):
Tx, BIUE—TES . 4 4 & ¢ ¢ o o o e o o ¢ o o ¢ o« o o s o o+ o . 1981
Iy, slug—ft2 e e A ke 12
Iy, slug—ft s f 4 e s e s 4 4 e e e e s e s e e e« s+ e s e . 10,519
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Figure 1.- Three-quarter front view of z-scale model of the Bell X8-1 alrplane used in free-fall test. Ij
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Figure 7.- Comparison of results of free-fall tests of a %—sc’ale model of the

02

Bell XS-1 airplane and wind-tunnel tests of a similar configuration;
variation of drag coefficient with Mach number,
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