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Clarence L. Gillis™
NASA Langley Research Center
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SUMMARY

The use of free-flight models for transonic testing at high Reynolds numbers is discussed.
Several specific examples of experimental investigations are briefly reviewed to illustrate the scope
of research that can be conducted by utilizing the advantages of free-flight models. These advantages are
primarily the lack of interference or constraints imposed by test facilities and model support systems and
the dynamic freedom possessed by free-flight models. High Reynolds numbers are obtained by using large
models flown at relatively low altitudes. It is shown that models 10 meters or more in length will be
required for research at Reynolds numbers sufficiently high to provide representative simulation of flow
conditions for large modern aircraft. Several methods for launching models of this size are discussed.
These methods include free drops from airplanes or balloons and ground launches with the use of internal
or external rocket motors. All the launching methods discussed have been successfully demonstrated on
flight vehicles of the size and weight required to attain the necessary test conditions.

NOTATION

a, normal acceleration, multiples of G

ay transverse acceleration, multiples of G

CD drag coefficient

Cf skin-friction coefficient

CL 1lift coefficient

CLt trim 1ift coefficient

Cm pitching-moment coefficient

Cn yawing-moment coefficient

CP pressure coefficient

e speed of sound, m/sec

1 characteristic length of model or aircraft, m *
M Mach number

m mass, kg

R Reynolds number, based on total length

S area on which aerodynamic coefficients are based, n®
Se scale factor, E§§%§§E%E§§%£EH

v velocity, m/sec

a angle of attack, deg

B angle of sideslip, deg

v coefficient of viscosity

[¢] alr density

¢0(f) power-spectral-density function of normal acceleration
Subscripts

A airplane

M model

INTRODUCTION

Approximately two decades ago aircraft became capable of traversing the transonic speed region and
penetrating into the supersonic. The well-known limitations of existing wind-tunnel testing at transonic
speeds stimulated the development of schemes such as ventilated throats to alleviate the boundary-induced
interference. Such tunnels became operational in the early 1950's and although interference effects near
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M= 1.0 were npot entirely eliminated the limitations were tolerated because continuous operation of
alrcraft near M = 1.0 was not contemplated.

Before. transonic tunnels became operational and during the early years of their use,a considerable
amount of research and development took place at transonic speeds utilizing free-flight models, either
rocket-launched from the ground(1,2) or dropped from aircraft.(3) These techniques provided aerodynamic
data which were continuous through the transonic region with no tunnel wall or support system interference
and bridged the gap between the capabilities of the existing wind tunnels and the needs of the aircraft
designers. As the design and operation of transonic tunnels were refined,the use of free-flight model
testing at transonic speeds declined in the U.S.A. in favor of higher speed free-flight research. At the
present time the situation has again arisen where the flight characteristics of many aircraft exceed the
capability of ground testing facilities and techniques to reproduce or satisfactorily simulate. This has
resulted from two circumstances. One is the increasing cruise speeds of subsonic aircraft, with the
probability that future designs will maintain continuous crulse speeds near M = 1.0. The other is the
increasing size of alrcraft which produces flight Reynolds numbers considerably above those which can be
attained in present wind tunnels. To provide the required capability in ground test facilities will be
very expensive and time consuming. Free-flight model testing offers a means of alleviating the problem by
providing, at a relatively early time, large-scale interference-free data at selected conditions for
correlation purposes and for assessing the value of simulation techniques. This paper reviews the back-
ground of past experiences in free-flight model testing and the current techniques available for such testing.

BACKGROUND

The need for increased testing capability has been well documented in published literature.(4,5,6)
This includes not only the transonic region but other speed regimes as well, although fluid flow charac-
teristics near M = 1.0 and the flow restrictions in a closed test facility near M = 1.0 make this
region of particular interest and importance. A primary problem is that of scale effects on boundary-layer
shock-wave interaction.(7,8) Not only is aircraft performance affected but a number of other characteristics-
such as loads and load distribution, stability, buffeting, and maneuverability are also affected and may be
of paramount importance. References (4-8) present examples illustrating the effect of scale on flow charac-
teristics over wings near M = 1.0. The failure of customary methods of simulating boundary-layer character-
istics and shock position lead to obvious discrepancies between model and full-scale results.

Figure 1 illustrates the gap which exists between the maximum Reynolds numbers currently attainable
in wind tunnels and those at which current and projected aircraft operate. All values of Reynolds numbers
are based on overall length of the aircraft. The current and projected aircraft include the presently
operating large subsonic aircraft and the supersonic transports. An order of magnitude difference exists
between the capabilities of wind tunnels and the aircraft flight conditions.

As indicated in another paper at this conference by Igoe et al., it may not be necessary to attain
the full-scale flight Reynolds numbers. An increase to some value above that currently available in wind
tunnels may provide adequate aerodynamic simulation. The magnitude of the increase required has not been
firmly established.

FREE-FLIGHT TECHNIQUE CHARACTERISTICS

Figure 2 lists some significant features of the free-flight model technique which make it attractive
for aerodynamic testing. The scale of the tests is determined by the size of the models, and is limited
primarily by the manpower and funds one is willing to devote to the design, construction, and testing of the
model, and to the ground handling equipment avallable. Techniques exist for launching aircraft models of a
significantly increased size over that currently permissible in transonic ground facilities. Further
discussion of this subject is included later. As noted in the second item in Figure 2, free-flight models
are free from interference effects caused by the test facility boundaries or any model support system.

The dynamic freedom possessed by flight models permits the measurement of transient effects, such as
the effect of pitch rate on maximum 1ift and buffeting, for example, and also permits determination of the
rotary aerodynamic derivatives. Investigation of the effects of the inertial and aerodynamic cross-coupling
is possible, as well as the motions of multiple bodies, such as the separation of crew escape capsules from
aircraft or the separation of multiple components of configurations as proposed for advanced space transpor-
tation systems.

The last two items in Figure 2 list advantages of free-flight models relative to full-scale aircraft
for investigation of special problems where structural or crew safety limitations may restrain test conditions.
Since model design need not be structurally efficient,the model can be designed for loads that would be exces-
sive for aircraft design or crew tolerance. Thus, problems involving unstable or potentially uncontrollable
regions, severe buffeting, flutter, and so forth, can be investigated at large scale.

MODEL FLIGHT TESTING EXPERIENCE

Much experience in free-flight model testing was obtained and techniques were well developed in past
years. A brief review of some of this experience provides a background for current needs. Summaries of
free-flight model test and analysis techniques covering airplane performance and longitudinal and lateral
stability and control parameters are contained in references (9,10). It was demonstrated therein that
effects of ailrplane configuration changes, wing flexihility, wing location, and 1o) forth, on the airplane
flight characteristics can be determined, including nonlinear effects. Reference (11) contains a comprehensive
summary of test information obtained utilizing a relatively simple and inexpensive flight technique for inves-
tigating the lateral control characteristics of wing-aileron arrangements. Several specific examples of free-
flight investigations of aerodynamic phenomena at transonic speeds are briefly discussed in the following.

Flight experiments, reported in references (12,1%) and summarized in Figure 3, investigated the skin
friction, total drag, and base drag coefficients of a 3.66-meter low drag body of revolution at Mach numbers
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from 1.0 to about 3.5. The data near M = 1.0 were obtained at Reynolds numbers (R =2 60X 106 based on total
length) comparable to wind-tunnel capabilities at that time (about 17 years ago) and Reynolds numbers as
high as 2.0 X 1 were obtained at the highest Mach numbers, which exceeds the capabilities of wind
tunnels at the present time. The friction drag was derived from the measurements of a boundary-layer rake
near the aft end of the body. The information on friction drag is summarized in Figure 3, showing a
comparison of measured and theoretical values. The five different types of symbols represent five model
flights. The use of larger models and additional measurement techniques such as the determination of
boundary-layer transition from surface temperatures or by acoustic measurements could provide useful data
in the high Reynolds number region of current interest at transonic speeds. The drag characteristics of
complete airplane configurations have been extensively investigated at large scale also, on models such as
that shown in Figure 4.(14%) This 3.36-meter model produced Reynolds numbers about equal to the largest now
available in transonic wind tunnels and considerably above those available at the time of the tests.

Figure 5 is an illustration of a Reynolds number effect disclosed in a rocket-model investigation of
the lateral stability characteristics of a complete airplane,(15) using pulse rockets to provide yaw disturb-
ances to the model. The flight results, at a Reynolds number more than three times that of the wind-tunnel
test, showed linear directional stability contrasted with a nonlinear stability at the lower scale of the
wind-tunnel tests. Similar results were obtained for the lateral force and rolling moment data. This effect
was attributed to a vertical tail airfoil shape which was sensitive to boundary-layer characteristics in this
Reynolds number region.

Figure 6 illustrates a severe roll-yaw-pitch coupled motion which was obtained on the same airplane configu-
ration shown in Figure 5 when tested at a high angle of attack.(16) The results indicate that the model exhibited an
unstable pitchup to angles of attack exceeding 25°, accompanied by a large amplitude pitching and rolling motion,
producing large normal and lateral-force excursions. The basic nonlinear pitching-moment curve leading to this
motion was also measured during the model flight and is shown in the upper right corner of Figure 6. A similar severe
coupled motion was later encountered on a flight of the full-scale airplane.(17) The usefulness of the dynamic
freedom of a free-flight model to uncover potentially dangerous flight conditions is obvious.

Another example of a dynamic problem amenable to free-flight model testing is illustrated in
Figure 7. In this case the separation of a pilot escape capsule was investigated at low supersonic speeds.
The Reynolds number for the tests corresponded to those for full-scale airplanes at altitudes of about
12 km.(18) Figure 7 shows the escape capsule model attached to a booster whose ratio of drag-to-weight
simulated a full-scale airplane, and also an in-flight photograph of the capsule immediately after separation
from”“the booster and with the simulated separation rockets still burning. Separation tests such as this could
prove useful for multiple lifting-body configurations currently under study for advanced space transportation
systems, particularly for abort conditions at low Mach numbers and high dynamic pressures, and for investiga-
tion of store or fuel tank release.

Figure 8 illustrates flight measurements of power effects on a configuration whose aft fuselage and
tail surfaces were expected to be greatly affected by the exhaust from the jet engine.(19) The engine exhaust
was simulated by a solid rocket motor modified to produce the required characteristics in the exhaust stream.
Measurements of airplane trim changes (Fig. 8) were made as well as pressure measurements on the tail boom to
define the power effects on pressures and to locate the impingément points of the jet exit and aft body shocks.

Free-flight models have been used to measure the loads on aircraft in continuous atmospheric turbulence
at transonic and low supersonic speeds.(20) Figure 9 illustrates power spectra of accelerations measured on a
sweptwing model and shows a large increase in accelerations near M = 1.0 at the model natural pitch
frequency (~ 10 cps), primarily attributable to a decrease in the airplane aerodynamic damping in this region.
Small acceleration peaks at the first bending frequency of the wing (=~ 35 cps) are also evident. Gust
alleviation schemes could be evaluated using free-flight models.

In addition to the specific examples illustrated, free-flight models have been used to measure flutter,
buffeting, inlet performance, and the effects of both external and internally retractable stores. The examples
shown illustrate the wide variety of aerodynamic problems that are amenable to investigation by free-flight
models.

MODEL FLIGHT TEST CONSIDERATIONS

Model Scale Required

Although several fluid flow parameters are involved when scale model tests are considered, the
Mach number and Reynolds number are by far the most important for the transonic testing under consideration
here. The basic objective of high Reynolds numbers is obtained in model flight testing by using model sizes
larger than can be accommodated in wind tunnels and arranging for the test period to occur at altitudes lower
than those at which the full-size aircraft will fly. The scale factor relation is shown in Figure 10 assuming
that the model and aircraft Mach numbers and Reynolds numbers are to be matched. The scale factor (model
1ength/aircraft length) is given by the equations on the lower left. On the right is a plot of model test
altitude versus aircraft altitude being simulated as a function of scale factor.

Figure 10 shows, for example, that for an airplane cruising at 12 km, a 1/3-sca1e model would require
a test altitude of 2.5 km, and a 1/k-scale model would require a test altitude of 0.75 km. Many modern
transport aircraft are 200 or more feet in length, and these scales would require models 50 to 70 feet long.
Fortunately, as discussed in the paper by Igoe et al., it may not be necessary to attain full-scale conditions.
A rough approximation based on information in that paper indicates that Reynolds numbers about one-half of
those needed for full-scale simulation for the largest aircraft might be sufficient. As indicated in
Figure.1ll, models 10 meters in length would provide Reynolds numbers significantly larger than those available
in current wind tunnels at transonic speeds and would approximate one-half the values of the largest aircraft.
Also, of course, not all aircraft will be as large as the current and projected transport types and full-scale
conditions can be attained for many airplanes with smaller size models. Thus, model lengths of about 10 meters
would permit investigation of the major effects of Reynolds number for most aircraft types and this size range
is used for discussion purposes in the following.
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Test Technigues

Several launching techniques are available and have been demonstrated for test vehicles of the size
considered above. These include air launching from aircraft, air launching from high-altitude balloons, and
ground launching utilizing rocket propulsion.

Launching from aircraft is a reliable and proven test method. It has been repeatedly demonstrated in
the testing of manned research aircraft at the NASA Flight Research Center. The air launching of unmanned
drone aircraft of about the size of the models being considered herein has also been well developed and
demonstrated. Further remarks on the use of drone aircraft for aerodynamic testing will be made later.
Launching conditions are, of course, limited by the carrier aircraft altitude and speed capabilities.

Figure 12 illuctrates the Mach number and Reynolds number conditions that could be attained on 10 meter
unpowered bodies in free fall from a typical launch altitude of 9.2 km and a Mach number of 0.6. Two
different ballistic coefficients are shown. Reynolds numbers significantly higher than those available in
ground facilities can be attained. In addition, the trajectories can be modified to produce other conditions
by providing onboard rocket power.

Another air-launching technique which appears to have some advantages is the use of high-altitude
balloons. The use of this technique for an investigation of the deployment of a large parachute at transonic
speeds is described in reference (21). For aerodynamic testing of interest herein the test vehicle would be
carried to altitudes of 18 to 30 km and dropped. Typical trajectories are shown in Figure 13 for 10 meter
free-fall bodies of three ballistig coefficients chosen to provide Mach numbers at impact between 0.8 and 1.2.
Reynolds numbers of about 2.3 X 10° are attained at M = 1.0 at impact for bodies 10 meters in length. Of
particular interest is the fact that the freely falling bodies traverse a given Mach number range twice during
the flights at widely varying Reynolds numbers. For example, the body with m/CDS = 4550 attains M = 1.0
at 1.0 X 107 and 8 x 107 Reynolds numbers and for m/CpS = 15 100 Reynolds numbers of about 8 X 106 and
2 X 10 are obtained at M = 1.0. By varying the drop altitude, the ballistic coefficient of the test body,
and by use of small amounts of onboard propulsion, considerable flexibility in the choice of test conditions
is possible. Other than ground handling problems there is no fundamental reason why bodies longer than
10 meters could not be launched by balloon to attain even higher Reynolds numbers.

A considerable range of flight-proven balloon:designs is available for the range of test vehicle weights
required, and these are relatively inexpensive. The operational techniques of launching and controlling the
balloons to provide the desired drop altitudes and geographical test locations are also well developed, but
are, of course, subject to seasonal and meteorological conditions. Careful choice of these conditions will
result in a high probability of successfully dropping the test vehicles in favorable locations with respect
to ground-based recording and tracking equipment and within specified range safety zones.

Ground launching of flight vehicles by means of rocket boosters or internal rockets has also been well
developed and demonstrated for the size and type of vehlcles under discussion. Both drone aircraft and
aerodynamic cruise missiles are in this category. Figure 14 illustrates two types of boost arrangements that
have been used for launching of research models. The tandem booster arrangement offers the least aerodynamic
and separation problems; but with large lifting surfaces and high dynamic pressure flight conditions, a severe
aeroelastic divergence problem exists. This problem can be overcome with the parallel booster arrangement,
but aerodynamic trim, interference, and separation problems require careful consideration.

Figure 15 is a sketch of a model with an internal (or sustainer) rocket motor that attains the
Reynolds numbers of interest at transonic speeds both during the ascent portion of the trajectory (Fig. 15)
and during the reentry into the atmosphere. To utilize this reentry portion of the trajectory for research
purposes, it may be necessary to include a control system in the vehicle to orient it to the correct attitude
for reentry if the trajectory apogee is of such a height as to cause loss of aerodynamic stability. The test
model sketched in Figure 15 was designed primarily for high Mach number testing and utilizes a standard
Castor rocket motor, which is the same as the second-stage motor of the Scout launch vehicle. For transonic
testing a motor with equivalent thrust but a shorter burning time would be preferable and a trajectory might be
attainable which would eliminate the need for a control system and still permit two periods of transonic
testing. g

In general, the rocket-boosted ground-launched technique provides more versatility for research testing
than the air-launched technique. Wide variation in trajectory parameters can be obtained by varying the launch
angle and by varying the number and timing of the rocket stages. Test times are usually longer than for drop
tests because of the more shallow trajectory angles. Multiple test periods in each flight can be provided by
utilizing the reentry portion of the trajectory as well as the ascent, or by delayed firing of internal
rockets. The test vehicle and propulsion system design and preflight testing effort is generally greater
than for air-launched vehicles, however, because of more severe stability, loads, and aeroelastic problems.

The choice of launch techniques requires a consideration of the test purposes and facilities available.

The launch and test techniques described above are characterized by short test times, and varying speed
and altitude on the uncontrolled trajectories during the test period. For most test purposes this is
satisfactory. The ability to control the flightpath would be of benefit for some purposes, and radio-
controlled modeis have been used occasionally for special purposes, usually at low speeds. This technique has
not been used extensively for research, however, because of expense, complexity, and questionable reliability.

A significant development which offers promise of providing a means of transonic research flight testing
is the successful development of reliable drone aircraft capable of transonic and supersonic speeds.(22).
These aircraft are of about the size considered desirable herein for high Reynolds number testing, are capable
of sustained transonic and supersonic speeds, are capable of both air and ground launching, and are recoverable
and reusable to minimize expense. The cost of these aircraft plus modifications for research purposes may not
be unreasonable when the aircraft are procured as a part of a mass production effort for other purposes.
Research flights at constant speed and altitude would be possible to permit more thorough investigation of the
transonic region to determine loads and maneuverability, for example. Although the use of drone aircraft for
transonic research testing has not yet been proven practical or economical, it is being considered by several
groups in the United States and deserves further investigation.

&R
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Recovery

For some test purposes, simple expendable test vehicles have proven to be the most economical. The
general increase in size, complexity, and cost of test vehicles to simulate the increased performance and
size of aircraft have led to renewed interest in the recovery and reuse of research vehicles. Recovery
techniques have been developed to a high level of reliability. Particularly attractive is the air-snatch
technique described in reference (23). This procedure results in the minimum damage to the test vehicle
and thus minimum refurbishment cost before reuse. Efficient aerodynamic decelerators are available to
permit descent of a vehicle to land or water impact with little or no structural damage. In a recent series
of tests to measure the characteristics of large-size parachutes at supersonic speeds, two test vehicles were
repeatedly recovered and each was flown five times. The cost for the final flights of each was less than
20 percent of that for the first flights.

In many cases it is not necessary nor desirable to recover the complete test vehicle. Onboard camera
pictures such as that shown previously of a separating escape capsule can be particularly valuable, and this
can be accomplished by ejection and recovery of an instrumentation package or externally attached pod.
Recovery of other instruments may also be desirable, not necessarily for reuse but for obtaining data which
cannot be conveniently or economically recorded by remote transmission means. Tape-recorded data in lieu of
telemetry is one example.

Dynamic Scaling

It is rarely necessary to require dynamic similitude for free-flight model testing at transonic speeds.
For the determination of 1ift and drag characteristics, stability and control parameters (including aerodynamic
nonlinearities such as illustrated in Figs. 5 and 6), and loads measurements dynamic similarity is not
required. The motions, loads, and accelerations of the test models are reduced to nondimensional coefficients
utilizing the known mass and inertia characteristics of the models, and these coefficients are, in turn, used
to calculate the motions, loads, and accelerations of the full-scale airplane. .

In cases where it is desirable to reproduce a particular motion such as for the escape capsule
mentioned above, which can then be directly scaled to full-size airplane motion, dynamic scaling must be
considered. The wing loading, relative densities, and reduced frequencies of the model and its components
must be adjusted to desired values. Reference (25) discusses this subject further.

It is fortunate that it is rarely necessary to require dynamic similitude since this condition is
difficult to attain on the models. Practical design, construction, and operational requirements usually
result in models having wing loadings which are too low and radil of gyration that are too large for complete
dynamic simulation. The practical result is that the angular motion amplitudes of the model are smaller
relative to the translatory motion amplitudes than are those for full-scale, and that rotary aerodynamic
derivatives derived from these motions have degraded accuracy. Since most aircraft now have artificial
damping added to the control system, the degraded accuracy is generally not of major concern.

For measurements where aeroelasticity is of importance, attention must be given to the aeroelastic
deflection of the model components. Some discussion of the effects of structural elasticity on stability
determinations is given in reference (8). Even if no simulation of aeroelastic effects is to be attempted,
it is desirable to measure the vibration modes and frequencies and static bending and torsional deflection
of structural components in order to adequately estimate the effects of aerocelasticity, or to permit analysis
of expected or unexpected vibrations due to buffeting or flutter.

TRANSONIC TEST PROGRAM

The Langley Research Center of NASA has lnitiated a program whose ultimate objective is to obtain high
Reynolds number data on transonic configurations. The first effort in this program consisted of four drop
tests of a body of revolution having favorable transonic drag characteristics. These tests were made at the
same Reynolds numbers as wind-tunnel tests in the Langley 8-foot transonic tunnel, in order to evaluate wind-
tunnel boundary and sting interference effects before proceeding to larger scale tests. Figure 16 shows one
of the models mounted on the launching aircraft. Further studies will be made to determine the course of
future work in this program.

CONCLUDING REMARKS

The, preceding discussion has indicated the types of transonic problems that can be investigated by the
use of free-flight models and the range of operational choices that are available for conducting such tests.

As pointed out previously, large-size models are required to obtain the desired high Reynolds numbers. Such
models will be more costly than those that have been used in the past. This is paralleled by the greatly
increased development costs of modern transport and military aircraft. Thus, model flight tests can still be
economically justified where unknown or poorly known aerodynamic or dynamic effects can compromise the
performance or safety of full-size aircraft. The exploratory aspect of flight testing for probing little-
known phenomena or flight regimes, or for revealing unexpected phenomena and problems, has frequently proven
to be the most valuable result of free-flight testing.

Instrumentation, data acquisition and analysis, and mechanical design and operation have been considered
as outslde the scope of this paper. These are worthy of extensive separate discussions. Finally, it should
not be construed that the free-flight model test technique is offered as a substitute for new ground test
facilities having increased capability. Model flights can provide verification of wind-tunnel and theoretical
results, provide extrapolation of wind-tunnel results, furnish anchor-point data for correlation purposes,
permit measurements impossible or very difficult to perform in wind tunnels, verify flow simulation techniques,
and furnish a means of obtaining large-scale transonic data in the time period before larger wind tunnels
became operational.
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Figure 6.- Large amplitude coupled motion.

Figure 8.- Jet effects on airplane trim.
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Figure 9.- Gust loads investigation in continuous
atmospheric trubulence.

10°F
F FULL SIZE
I AIRCRAFT / //
 MODEL TEST
R | ALTITUDE,
(BASED ON METERS
TOTAL LENGTH)
8 0
0°F 3000
[ 6000
I WIND TUNNEL
7 | | | )
10 0 . 1.0 1.5 2.0
M
Figure 11.- Reynolds numbers for 1lO-meter model.
R
ALT., (BASED ON
km TOTAL LENGTH)
30 10°f
) L 30 200
108F _m_
b CpS
10 [ WIND TUNNEL
30 200 I
1l J 7 1 J
0 5 s oz 5 R EsE
M 2 M

Figure 13.- Trajectories for 10-meter body dropped
from balloon.

SR e R Ty~
57 — S Rercps s ewu
113 m -
10°
2
M R
1
8 f 1 L |
0 4 8 12 107 5 1.0 15 20
TIME FROM LAUNCH, sec M

Figure 15.- Large-scale rocket-launch test vehicle.
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Figure 10.- Reynolds number scaling.
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Figure 12.- Trajectories for lO-meter body dropped

Figure 16.- Transonic drop body for wind-

from airplane.

Figure 1k4.- andem and parallel booster

configurations.

correlation.



