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SUMMARY

The application of an aerodynamically pulsed horizontal tail to
determine experimentally the longitudinal aerodynamic characteristics
of a rocket-powered model in free flight has been studied. The all-
movable horizontal tail was mass-balanced about a hinge line located
aft of the tail aerodynamic center. A square-wave pulse was continu-
ously generated when the tail automatically flipped between stop
settings.

A graphical procedure for determining the pitching response was
applied to an assumed rocket model of a swept-wing airplane configura-
tion to investigate the feasibility of aerodymamic pulsing. Effects of
varying the model static margin, downwash at the tail, longitudinal
inertia, and inertia and weight together upon the pitching response were
investigated.

The technique was then applied experimentally to a rocket-powered
model having an arrow wing of 67.5° leading-edge sweep, aspect ratio .85,
body of fineness ratio 11.1, a ratio of body diameter to wing span of
0.23, and an unswept horizontal tail of aspect ratio 2.3. The Mach
number range covered during the time the model continually pulsed was
0.69 to 1.00.

Both preflight calculations and flight-test data showed that down-
wash from the wing increases the angle of attack at which the tail will
flip. The steady-state angle-of-attack response to a unit tail defiec-
tion should, therefore, be slightly greater than the required angle of
attack to flip the tail in order to insure that a continuous pitching
oscillation will develop.
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Data were obtained on the drag due to 1lift, lift-curve slope for
the range of 1lift coefficient 0.2 to -0.4, the tail effectiveness, and
downwash at tail flip angles of the test model.

INTRODUCTION

Two types of pulsing methods are currently used to obtain longitu-
dinal aerodynamic characteristics from pitching oscillations of free-
flight models. One of these methods employs power-driven mechanisms
within the fuselage to drive movable external surfaces which act on the
air stream. The other method uses small pulse rockets to disturb the
model from trim. The first method limits the space available in the
fuselage and places undesirable restrictions on the use of sustainer
rocket motors, usually requiring large external booster rockets to
attain moderately high Mach numbers. The internal pulsing mechanism is
difficult to design, build, and operate. Oscillations obtained by the
second method are limited by the number of pulse rockets that can be
carried in the model. The time of firing of individual pulse rockets
cannot be accurately controlled when delay-squib ignition is used.

Data may not be obtained at the Mach number for which data are desired.
The oscillations obtained by these two methods generally reduce in
amplitude after each pulse so that data at maximum angles of attack are
limited to the first oscillation of each pulse. In view of the limita-
tions noted above, a third method has been considered.

The simplified pulsing method reported herein makes use of aero-
dynamic forces acting on an all-movable horizontal tail. This method
has been developed experimentally on a simple rocket-powered model.
The horizontal tail is mass-balanced and hinged aft of its aerodynamic
center. A continuous pitching oscillation of approximately constant
amplitude is sustained throughout the Mach number range as the tail
automatically flips between stop settings as the tail 1ift changes
direction. Calculations were first made for an assumed rocket model of
the swept-wing airplane configuration of reference 1 for which the
static margin, downwash, longitudinal inertia, and inertia and weight
together were varied to determine the effect on the pulsing response.
These calculations indicated that the method was feasible. An experi-
mental test was conducted using a rocket-powered model having an arrow
wing of 67.5% leading-edge sweep, aspect ratio 1.85, body of fineness
ratio 11.1, and an unswept horizontal tail of aspect ratio 2.3.

As the model coasted from a Mach number of 1.00 to a Mach number
of 0.69, the horizontal tail moved between deflections of -1.00° and
3.07° in approximately a square-wave pattern. The basic aerodynamic
parameters of the configuration were determined from the pitching
response of the model to the tail motion. The model was flown at the
Langley Pilotless Aircraft Research Station, Wallops Island, Va.
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SYMBOLS

forward velocity, feet per second
dynamic pressure, pounds per square foot

|
|
|
gravitational acceleration, 32.2 feet per second per
second

free-stream Mach number
model mass, slugs

aspect ratio

|
wing area (wing assumed to extend to model center line)
mean aerodynamic chord :
angle of attack of model, degrees g
angle of attack of model at tail flip, degrees
horizontal-tail deflection, degrees
effective downwash angle, degrees
time, seconds
moment of inertia in pitch, slug-feet square
Liftlcoefficient
lift-curve slope for complete configuration
moment-curve slope for complete configuration
lift-curve slope for horizontal tail alone
moment-curve slope for horizontal tail alone
total drag coefficient
drag due to lift

model damping coefficients
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Ay normal acceleration, feet per second per second

A1, longitudinal acceleration, feet per second per second
P period, seconds

X distance from the model center of gravity to the

aerodynamic center of the horizontal tail, feet

The coefficients are based on wing area.
MODEL AND TEST

Figure 1 shows the geometric details of the rocket-powered flight-
test configuration. Figure 2 presents photographs of the free-flight
model; figure 3 shows close-up views of the horizontal tail surface and
empennage; and figure 4 shows the model-booster combination in launching
position. The model was made of magnesium alloy with the exception of
the horizontal tail which was made of steel. The tail pivot support
was enclosed by a fairing. Stops for the horizontal tail were mounted
on the tip of the vertical tail. The tail was free to flip between
stop settings of -1.00° and 3.07°. The model was instrumented with a
four-channel telemeter which transmitted continuous records of angle of
attack, total pressure, and normal and longitudinal acceleration.
Horizontal-tail position was indicated by the total-pressure trace which
shifted electrically a constant known amount when the tail moved from
one stop position to the other.

The model was propelled to maximum speed by means of a booster.
At booster burnout the model separated from the booster and coasted
through the test Mach number range of approximately 1.30 to 0.69 which
corresponds to a Reynolds number range (fig. 5) of approximately

1.5 % 106 to 6.3 X 106, respectively. Time histories of normal and
longitudinal accelerations, total pressure, and angle of attack were
obtained by standard NACA procedures, reference 2, and used in conjunc-
tion with velocity and position tracking radar and radiosonde measure-
ments to permit evaluation of aerodynamic gquantities as a function of
Mach number.

TECHNIQUE

This pulse method employs a tail surface that is mass-balanced and
free to rotate about an axis located aft of the tail aerodynamic-center
position. The maximum rotation of the surface in either direction is
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limited by a stop. Lift on the tail surface holds the surface against
a stop until the pitching motion of the model induced by the tail 1lift
reverses the 1lift on the tail. The tail then flips suddenly against
the other stop to reverse the pitching motion. As the angle of attack
builds up in the other direction, the tail flips back to the first stop
position. This action continues automatically as the model coasts.

The model angle of attack at which the tail should flip is a function
of the effective downwash over the horizontal tail at the time of 16l p,
the tail-wing setting before flip, and the pitching-velocity contri-
bution to the tail angle of attack at the time of flip. Since the tail
is moved by aerodynamic forces, this pulsing technique will be referred
to as the "aeropulse” technique.

The aeropulse technique was applied to an assumed model of the
swept-wing airplane configuration of reference 1 to check the feasi-
bility of obtaining longitudinal aerodynamic characteristics of tail-
last configurations. The results of this general analysis are pre-
sented in appendix A.

The technique was then applied to the free-flight rocket-powered
model of figure 1 which was successfully flight-tested. Methods used
in obtaining the longitudinal characteristics of aeropulsed models from
experimental free-flight data are presented in appendix B.

ACCURACY

The limitations of the technique used are discussed in reference 2.
For the flight model of the present paper, the maximum possible errors
in the absolute values of Mach number, angle of attack, Cr,, 'and ' Cy

have been estimated. It should be emphasized that the probable error
may be much less than the values presented in the following table:

M= 1.00 M =0.70
|
S e +0 .02 10.02
iAnidegrees. |, L, . . 10.50 10.50
B . .. . +0.026 +0.060
4CH Y. s . .. o . . |2(0.003% + 0.026 sin a)|+(0.0079 + 0.060 &in a)
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FREE-FLIGHT MODEL RESULTS AND DISCUSSION

Time History

A time history of the coasting portion of flight, figure 6, pre-
sents the variation of tail position, angle of attack, normal and longi-
tudinal accelerations, and Mach number. The model separated from its
booster at approximately 1.30 seconds from take-off and responded to
the 3.07° tail deflection. The model did not begin immediate pulsing
since the angle-of-attack response was insufficient to force the tail
to flip to the opposite -1.00° stop setting. The oscillation induced
by separation of the model from its booster deamped as the model trim
angle increased negatively with reduced Mach number.

At a trim angle of -6.1° and Mach number 1.01 the tail flipped and
the automatic pitching oscillation developed. Between Mach numbers 1.01
and 0.69 a continuous square-wave pulse was generated by the tail. At
the lower Mach number of 0.69 the model became unstable. The static
margin was very small at this Mach number and the angle-of-attack limit
for static stability was reached at the peak of the cycle.

Lift and Drag

Figure 7 presents 1lift coefficient plotted against angle of attack
and drag coefficient at constant Mach numbers and tail settings. Iig-
ure T(a) presents data during the aeropulsing portion of flight for both
tail positions, and figure 7(b) presents data from the damped oscilla-
tion for the 3.07° tail setting.

Figure 8 shows the variation of model lift-curve slope with Mach
number at constant C; values of O, ¥0.2, and -0.4. Both increasing

Mach number and increasing Cj, caused an increase in Cr,.

Figure 9 presents the variation of total drag coefficient with Mach
number at constant 1ift coefficients of O, *0.2, and *0.3 for both tail
settings and at a 1ift coefficient of -0.4 for the -1.00° tail setting.
The curves show a gradual drag rise starting at a Mach number of approxi-
mately 0.8.

Figure 10 presents the variation of drag due to léft with Mach
Sniber for the cages when o < 0%, & = -1.00° o >0%, '8 = 3.07°;
and 1/57.3Cr, at a« =09, & =3.07° and -1.00°. Figure 11 shows that

the drag due to 1lift for the model tested is greater than the drag due
to 1ift for the 60° delta wing-body configuration of reference 3, which
had an NACA 65(06)AOO6.5 airfoil section. The model of the present test
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had a flat-plate wing with a pointed leading-edge section and may have
experienced greater leading-edge separation than the model of refer-
ence 3. The drag due to lift is more closely approximated at subsonic
speeds by the parameter 1/57.3CLOL than by l/nA although both are
presented for comparison.

Tail Effectiveness and Downwash

Figure 12 shows the variation of tail-lift effectiveness with Mach
number obtained from changes in tail position which occurred at low
lifting conditions. The tail effectiveness coefficient varied slightly
about an average 0.0l value throughout the test range.

The effective downwash values at the tail are presented in fig-
ure 13 for the Mach numbers occurring at the time of tail flips and are
plotted against the angles of attack of the wing at the time when the
downwash was assumed to have been generated. The horizontal tail was
displaced above the model center line. For this tail position the down-
wash was higher at positive angles of attack than at negative angles of
attack. Downwash obtained behind a 60° delta wing at Mach number 1.53
and presented in reference 4 indicated similar results due to an ele-
vated tail position.

CONCLUDING REMARKS

An investigation has been made of a simple aerodynamic pulsing
system using an all-movable horizontal tail to opbptain longitudinal aero-
dynamic characteristics of a rocket model in free flight. Flight test
of a model having an arrow wing of 67.5° leading-edge sweep and aspect
ratio 1.85 showed that, with a small amount of static margin and the
tail mounted above the fuselage, a continuous pitching oscillation was
sustained over an approximately constant angle-of-attack range.
Reduction of data permitted an evaluation of model 1ift and drag, 1lift-
curve slope, drag due to 1lift, tail effectiveness, and effective down-
wash at the tail.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.
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APPENDIX A .

ANALYSIS OF AN ASSUMED MODEL

The longitudinal response to an aerodynamically pulsed tail surface
for an assumed rocket model of the sweptback-wing airplane configuration
of reference 1 was investigated by a graphical procedure. Basic aero-
dynamic data required in the analysis were estimated from theory and
available experimental data from this and similar configurations.

Figure 14 illustrates the graphical method applied to the assumed
model with center of gravity at 20 percent mean aerodynamic chord, de/da
assumed equal to 0.40, tail stop limits of #3°, and Mach number of 0.82.
The basic response to a step input of -3° tail deflection, curve A of
figure 14, was first plotted. Starting at the first angle of attack at
which the tail should flip, 5.0° at time equal 0.065 second, the opposite
response to a step input of 3° tail deflection, curve B, was plotted.

In order to cancel the -3° tail deflection after 0.065 second time and
put in the response to the 3° tail deflection, curve B was added twice
to the previous curve A. The response curve due to the first tail flip
from -3° to 3°, curve C, was therefore obtained. At each subsequent angle 3
of flip, this procedure was repeated; that is, the response curve to a
step input, starting from the time of tail flip, was added twice to the
previous resulting curve. It should be noted that all the curves must
be plotted out to the same time value, otherwise the solution cannot
progress. The solution should be continued until the envelopes of the
final aeropulse curve approach a constant maximum amplitude. This may
occur within three or four oscillations of the basic response curve A.

The aeropulse response can be obtained with better accuracy by
using the following analytical solution for a step input with initial
conditions taken at the model starting condition and at the time of
each succeeding tail flip:

-bt . -b
o = Otrim '(atrim - ao)e (g sin at + cos at) + Qp€ & sin at

where
mV 153
= D Cr.®C —=
57,348 " 6 TBq By

SEpim = = = =

57.3gS Cmc, i CL(I Cmq 2V
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2
: L _57-3a8 %Ly (Cmq + Cng )
IR mv oVI
y
1/2
0
57.3¢8 [ . _  CLoCmq 57.3aST S
a={- —— Cmac + &0,
Iy omve

and oo and &, are the initial angle of attack and the angular veloc-
ity, respectively.

The effects of varying the model center-of-gravity position, down-
wash at the tail, longitudinal inertia, and inertia and weight together
were calculated at Mach number 1.30. Figure 15 shows the effect static
margin has upon the single-step and aeropulse responses. The maximum
and steady-state «/8 values of figure 15(a) approach infinity as the
static margin decreases to zero. The intersection of the horizontal
flip-angle line with the maximum a/6 curve defines the maximum allow-
able static margin that will permit the continuous motion to start from
rest, that is, for the particular downwash value assumed. Reference 1

indicated a value of %& between 0.4 and 0.5 at Mach number 1.305 hence;
the static margin for the assumed model under consideration should not
be greater than approximately 5 inches at this Mach number. Figure 15(1b)
shows that the aeropulse system for a constant value of %é equal to
0.40 should maintain a maximum angle-of-attack response which increases
slightly as the static margin decreases from the limiting static margin
toward zero. The period of the continuous motion is presented in fig-
ure 15(c) and is somewhat less than the natural free period of the model
and increases with reduced static margin. Figure 16 shows the effect
that downwash at the tail has upon the amplitude of the pitching oscilla-
tion and the period. Both the amplitude and period increase with
increased downwash. Figure 17 shows the effect longitudinal inertia has
upon the period and maximum a/& for the single pulse and aeropulse
when the longitudinal inertia only is varied by distributing the model
mass at varying distances from a fixed center-of-gravity position and
when the longitudinal inertia is varied by adding and substracting mass
at equal distances from a fixed center-of-gravity position. The model
was assumed to have an initial moment of inertia of 5.00 slug-feetg.

¥ No difference in period was obtained at a given value of inertia when
the mass was changed. Both curves decreased as the inertia approached
zero. Unlike the period, there was considerable difference in amplitude
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of the maximum values of «/5 for the single pulse and aeropulse for
these two conditions. When inertia only was varied, maximum a/&
increased as inertia decreased, but a reverse trend occurred when both
inertia and mass were varied together.

The larger peak angle that would result if the tail suddenly
stopped flipping (see fig. 14) indicates that, once the aeropulse motion
has begun, the motion will probably continue even if the actual down-
wash at a later time during coasting flight of a model exceeds the down-
wash that existed at the time the aeropulse motion began. For the
assumed model under consideration, the maximum allowable downwash to
start the oscillation from rest is greater at subsonic speed than at
supersonic speed for the same center-of-gravity position. This condi-
tion occurs because the static margin at subsonic speed is less and the
response to a unit tail deflection is greater. Application of this
pulsing method to a given configuration, therefore, depends largely on
the selection of a model center-of-gravity position that will permit
the aeropulse motion to start automatically. If the requirements for
automatic starting cannot be met by preflight adjustments to the model,
use of a small pulse rocket is suggested to disturb the model initially
and permit the aeropulse motion to develop.
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APPENDIX B

DATA REDUCTION OF THE FLIGHT MODEL

Iift and Drag

The 1ift and drag coefficients were determined by transferring the
normal and longitudinal accelerations measured along the body axes to
the stability axes. The angle between the two sets of axes was the
model angle of attack. A cross-plotting technique was used over the
aeropulse region of Mach number to obtain CDT and o values at a

constant Cp, and Mach number. A plot of the time histories of Cr,
Cpp, @, and M was made on the same sheet of graph paper; constant

Cr, values were selected and corresponding points were projected at the
same time on the CDT and a curves. The projected values -at con-
stant C; for each item were then joined by a smooth curve throughout
the time-history plot. Lines of selected constant Mach numbers were
drawn perpendicular to the time axis through the CDT and @ curves

determined by the projected points. Intersections of these Mach number
lines and the lines of Cpp and o corresponding to constant values

of C, resulted in sets of data at constant Mach numbers over the aero-

pulse region of Mach number. For the Mach number region of the damped
oscillation, this cross-plotting technique could not be used. Plots
of Cp, against o and CDT were made using the method of reference 2.

Tail Effectiveness and Downwash

The tail 1ift effectiveness 016 was obtained by determining the

incremental shift that occurred in the normal-force-time curve (see
fig. 6) each time the tail flipped. The normal-force-time curve was
extrapolated to the middle of the time interval during taill flipping.
This interval was very short, 0.03 second in most cases.

Effective downwash at the horizontal tail surface was determined
at the start of each tail flip when the 1lift on the tail was assumed to
be zero. The following equation was used to evaluate the downwash:

" . ﬂ)
€ =a + O + v (a + 57.3 7

The downwash was assumed to originate from the wing at an earlier time,

X
t ™ v.
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Figure 4.- Model and booster.
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—— —— — Curve A, response to step input, constant -s
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Figure 1h4.- Graphical solution to obtain angle-of-attack response to
aeropulsed tail. Mach number, 0.82; center of gravity at 20 percent

de

d

mean aerodynamic chord; & = +3°; = 0.40.

Configuration of reference 1.
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Figure 15.- Effect of static margin on response to unit deflection of
horizontal tail at Mach number 1.3. Configuration of reference 1.
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Figure 15.- Concluded.
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Figure 16.- Variation of Unax and period ratios with downwash for aero-

pulsing. Mach number, 1.3; center of gravity at 20 percent mean
aerodynamic chord. Configuration of reference 1.
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Figure 17.- Variation of O‘max/g and period with longitudinal inertia

for step input and aeropulsing. Mach number, 1.3; center of gravity
at 20 percent mean aerodynamic chord. Configuration of reference 1.
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