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SIMULATION OF THE ATMOSPHERIC ENTRY OF BALLISTIC MISSILES II:13

o)

S. E. Neice and J. A, Carson
Ames Aeronautical Laboratory, NACA

It has been demonstrated theoretically that the aerodynamic
heating and thermal stresses experienced by a balllstic mlsslle
entering the earth's atmosphere can be duplicated with a model
launched from a hyperveloclty gun upstream through a specially-
deslgned supersonic nozzle. The demonstration, summarized in thils
paper, requires the model and misslle to be geometrically similar
and made of the same material as well as to have the same speed
and Reynolds number at corresponding points in thelr trajectories.
The hypervelocity gun provides the model's initial speed, while
the supersonlc nozzle is designed to provide, on a much smaller
scale, the denslty varlation present in the atmosphere. This
combination of gun and supersonic mozzle is therefore termed an
"Atmospheric Entry Simulator®.

In order to check the basic simulation theory, provide
experlence applicable to the design and operation of a larger
facility, and to conduct preliminary tests on small models
of balllstic missiles, a small-scale atmospheric entry
simulator has been bullt and operated at the Ames Aeromnautical
Laboratory. The experience gained in the operation of the
equipment is discussed and results of preliminary tests of
simple mlssile shapes are presented.

SOME PROBLEMS ASSOCTATED WITH THE DETERMINATION, FROM II: 37
RANGE FIRINGS, OF DYNAMIC STABILITY OF
BALLISTIC MISSILE RE-ENTRY SHAPES

(CONFIDENTTAL)

L. C. MacAllister
Ballistic Research Laboratories

In the past, free flight ranges have been useful in the-
determination of the dynamic stability of bodles of revolution
and of symmetric misslles. Recently a considerable amount of
work has been devoted to firings of models of war heads. The
conditlons under which the models are fired end the aerodynamic
properties of the shapes make the determination of the dynamic
stability of the models quite difficult. The problems that
arlse and some possible solutlons are discussed.
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A CORRELATION OF FREE-FLIGHT TRANSITION MEASUREMENTS ON 1:23%
VARIOUS BLUNT NOSE SHAPES BY USE QF THE
MOMENTUM-THICKNESS REYNOLDS NUMBER

W. R. Witt, Jr. and J. Persh
U. S. Naval Orcnance Laboratory

A systematic series of blunt nose shapes has been fired in
the Pressurized Ballistics Range for boundary-layer transition
studles. The transition.of the boundary-layer flow from
laminar to turbulent is determined directly from the shadowgraph
plates. The nose shapes have all been fired near a Mach number
of 5 and the Reynolds number per foot has been varied by changing
the pressure (density in the firing range).

The Reynolds number based on momentum thickness, Re,, at
the observed transition location, was calculated using the
laminar boundary-layer calculation method given by Cohen and
Reshotko in "The Compressible Laminar Boundary Layer with Heat
Trensfer and Arbitrary Pressure Gradient" (NACA TN 3326). 1In
general, the results indicate that transitlion occurs at values
of Re_, which are of the same order of magnitude as. the values
of minimum critical Reynolds number usually associlated with
incompressible flow.

ADVANCES IN THE DYNAMIC ANALYSIS OF RANGE DATA I:45

C. H. Murphy
Ballistic Research Laboratories

The range technique has been usually restricted to dynamic
analysis of the motion of thrustless symmetric missiles acted
on by linear aerodynamic forces. In recent years all three of
these restrictions have been relaxed. '

First, a gun-boosted burning rocket program fired on the
Transonic Range 1s described and the relatively minor alterations
to the data analysls procedure are indicated. Next the more
difricult problem of a finned missile with bent fins and spin
rate varying through resonance is dilscussed. Finally, the
successful treatment of .cubic nonlinearities in statlc and Magnus
moments and their associated forces is described.
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SURVEY, CALIBRATION, AKD REDUCTION TECHNIQUES USED I:85
AT THE THOMPSON AEROBALLISTICS LABORATORY

W. H., Allan and E. L. Dunn
U. 5. Naval Ordnance Test Staticn

The cameras of the Thompson Aercoballistics Laboratory are
calibrated once a year by photographing reference markers in
the field of view of each camera., Three wires, anchored to
towers at each end of the range, are suspended in space near
the range line. The reference markers are 1/8-inch plastic
beads located every two ft. along the wire. Thls paper describes
the techniques used to measure the coordinates of the cameras
and the plastic beads; the mathematical treatment of these
coordinates to furnish calibration equations for each camera;
the use of the equations in solving for orientation and
location of the missile in space; the results obtalned through
this system; and a discussion of the limitations and advantages
of this system.

WAKE VISUALIZATION STUDIES IN THE AFROBALLISTICS RANGE I: 127

G, V. Bull and C. B. Jeffery
Canadian Armament Research and
Development Establishment

By the interaction of hydrochloric acld and ammonium
hydroxide vapours, a plane sheet of leminar smoke filements
can be produced in the range along the flight trajectory. Models
developing 1ift due to incidence were fired through thege planar
sheets. Spark and fastax photography was used to record the
development of the wake proflles in the plane of the smoke. Wake
distortions and vortex formations have been studied for several
types of bodles; for a cruciform arrangement of rectangular panels
of aspect ratlo 1.9 on a cylindrical body, the wake distortion
as determined from these tests have been compared with computations
based on the assumptions of linear theory.

THE CONTROLILED-TEMPERATURE-PRESSURE RANGE I:149

F. D. Bennett
Ballistlec Research Laboratories

A survey 1s glven of the research and development program
which has culminated in operation of the Controlled-Temperature-
Pressure Range (CTPR) for production of flows up to Mach 11.
Methods of control of temperature and pressure in the 45' working
section are described. The instrumentation necessary for
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(1) measurement of projectile drag coefficient and (2)
measurement of density throughout the field of flow is
discussed in some detail. The 10" Mach-Zehnder interfero-
meter is a speciel feature. Various research problems
encountered in the development of light sources, projectile
launchers and data handling schemes are briefly touched
upon.

At low supersonic Mach numbers a problem requiring
the full field of the 10" Mach-Zehnder interferometer has
recently been completed. Here a study of phenomena in
the distant N-wave about a small sphere has led to a new
and simple experimental criterion for N-wave flow and to
information about convergence to N-wave flow with radial
distance from the projectile.

TWO AEROBALLISTIC RANGE TOPICS: 1:183

J. D. Nicolaides
Bureau of Ordnance

(1) MASS ASYMMETRY
with

J. E. Iong, U. S. Naval Ordnance Laboratory
Gene Parrish, Bureau of Ordnance

A simple approximate theory for the free flight motion of
ballistic missiles having mass asymmetry is given and proofed
by experimental firings in the NOL Pressurized Aeroballistic
Range.

(2) DYNAMIC STABILITY

The Epicyclic Theory for the flight dynamics of ballistic
missiles has yielded various "Dynamic Stability Criteria" which
are often used to evaluate missile performance. Recent mis-
leading uses of the theory and criteris in appraising missile
performance require a simple restatement of the theory, its
assumptions and its. use.

The parameters of Nutation Half-Life, Precesslon Half-Life
and Total Motion Half-Life are suggested as better criteria
for missile dynemics than those classically based on the
Linear Theory.

Also a summary of lmportant Nonllnear Cases of ballistic
missile flight performance is given.
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DESIGN AND INITIAL TESTS OF THE NOL SHOCK GUN
' (CONFIDENTTAL)

V. C. D. Dawson
U. S. Naval Ordnance Laboratory

The design and initial tests of the NOL Shock Gun are
described. The operation of this gun, which was conceived
by Dr. A. E. Seigel and Dr. Z. I. Slawsky, is based upoun &
nev principle and missiles welghing two grems have been
launched from a 0.50-caliber smoothbore gun at velocities
In excess of 13;000 feet per second.

AN APPLICATION OF AEROBALLISTICS RANGE TECHNIQUES

G. H, Tidy and M. E. Thomas
Canadian Armament Research and
Development Establishment

A geriles of flat plate wings of triangular planforms has
been fired at Mach numbers 1.5 and 2 and their traJjectories
have been measured. :

Preliminary fgenual reduction of the date 1s presented
and the derived values of some aerodynamic coefficients are
compared with NACA wind tunnel measurements. The possibility
of more complete analysis and of application of the range
technique to airplane configurations are consldered.

SABOTS USED AT THE THOMPSON AEROBATLLISTICS LABORATORY

W. H. Allan :
U. §. Naval Ordnance Test Station

A review of sabots used at the Thompson Aeroballistics
Laboratory from the beginning of operations to the present.
The discussion will cover spinner and finner sabots used in
guns ranging from 4Omm to 8-inch bore diameter. Follow-thru,
breskapart, slug styrofoam, and slow-spin smooth bore sabots
wlll be discussed along with the use of the sabot retarder.

II:61

I:219

I: 241
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RESEARCH INVESTIGATIONS IN THE AMES I1: 81
SUPERSONIC FREE-FLICHT FACILITIES

(CONFIDENTIAL)

T. N. Canning
Ames Aeronautical Laboratory, NACA

The features which distinguish the Ames Supersonic Free-
Flight Wind Tunnel from other ballistic-range facllitles will
be discussed and evaluated. The capacity of the facility for
a varlety of aerodynamic studies will be 1llustrated with three
examples of programs conducted in the past. The first such
example 1s the measurement of the skin-friction of turbulent
boundary layers at Mach numbers up to 7 at Reynolds numbers
around 8 million. The critical experimental techniques for
these tests will be discussed.

The second test involved measurlng the static longitudinal
and directional characteristics as well as the damping in pitch
and yaw of an airplane-like model. Some difficulties in tests
of thls sort will be noted.

‘The third field of research to be dlscussed is the study
of boundary-layer transltion on bodies of revolution at Mach
pumbers up to 9. The importance of this problem will be noted
and the technigues whereby transition 1s detected will be
described.

AEROBALLISTIC RANGE MEASUREMENTS OF THE II:101
PERFORMANCE AND STABILITY OF A SUPERSONIC
FIGHTER AIRCRAFT

(CONFIDENTIAL)

H. R. Warren*, R. J. Templin**, and B. Cheers.
Canadlian Armament Research and
Development Establishment

This paper describes a method being developed for measuring
alrcraft performance and stability characteristics in free flight.
Tests have been made firing into the Aeroballistics Ranges small
scale models of a current delta wing flghter at a supersonic
Mach number and approximately 1/10 its combat Reynolds number.
Velocity screens, schlieren and yaw card  measurements
are used to obteln histories of the models speed, altitude
and later motion during flight. From the analysis of these
records information is obtained about the alrcraft drag, 1ift,
lateral and longitudinal serodynamic derivatives.

* DeHavilland of Canada, Limited

#* National Aeronsutical Establishment
10
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MODEL TAUNCHING TECHNIQUES AND OTHER ITEMS
RELATED TO RANGE FIRINGS

J. E. Long
U. S. Naval Ordnance Laboratory

A discussion of the variety of methods used to launch
scaled models in the free-flight preeision ranges at NOL is
given. These methods include such items as: (1) launching
finned missiles from rifled guns; (2) launching subcaliber
splnning models from oversized sabots; (%) launching spheres
as small as 1/32 inch in diameter for drag; and (4) launching
model aircraft.

Under related ltems the discussion wlll be centered about
the following technigues:- (1) firing models with s Jet exhausting
from the model base; (2) investigating the arming of fuzes by
¥-raying the recovered round; (3) firing spinning models with hot
and cold plastics rotating bands; (4) development of the epin
sonde; and (5) firing models from powder guns at 10,000 ft/sec.

1n
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SIMULATION OF THE ATMOSPHERIC ENTRY
OF BALLISTIC MISSILES

Stanford E. Neice
James A. Carson

FNational Advisory Committee for Aeronautics °
Ames Aeronautical Laboratory
Moffett Field, Callifornia
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reference area for drag evaluation

drag coefficient

equivalent skin-friction coefficient

mass of missile or model

total convective heat transfer

surface area

velocity

velocity at entrance to earth's atmosphere or simulator
altitude

constant in the altitude density relation (fig. 1)
angle of flight path of missile with respect to horizontal at
entrance to earth's atmosphere.

air density

reference alr density (simulator reservoir or earth's surface)
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SIMULATION COF THE ATMOSPHERIC ENTRY
OF BALLISTIC MISSILES
by
* *
Stanford E. Neice and James A. Carson
National Advisory Committee for Aeronautics

Ames Aeronautical Lezboratory
Moffett Field, Californis

INTRODUCTION

The aerodynamic heeting associated with the atmospheric entry of
ballistic missiles poses problems of such izportance that the success
or failure of a missile may well depend upon their solution. The
solution to these problems requires an understanding of several compli-
cated phenomena. The consiruction of a long-range ballistic missile,
for example, will involve structural problems resulting from the thermal
stresses associated with aerodynamic heating as well as prohlems which
may result from actual melting or burning of the surface. The ultimate
solution to these problems will be obtained from full-scale flight tests,
but such tests are both time consuming and costiy. It is appropriate,
therefore, to attempt a method for simulating the heating and resultant
thermal stresses with the use of relatively simple equipment on the
ground. Thus we have been led to the concept of an atmospheric entry
simulator in an effort to bridge the gap between detailed aerodynamic
testing and flight testing. Rasically, the method consists in propelling
a missile model through a small scaled atmosphere, observing the model
throughout its flight as well as its condition at the end of flight.
Such apparatus also has the possibility of revealing unexpected problems

as well as aiding in their solution.

A small-scale atmospheric entry simulator has been constructed and
put into operation at the Ames Aercnautical Laboratory of the NACA. The
design and operatlon of this facility as well as a presentation and dis-

cussion of the results of initial tests, form the subject of this paper.

: _
Aeronautical Research Engineer

'l
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"THEQRETICAL CONSIDERATIONS

Before discuesing the facility, 1t might be well to consider some’
theoretical aspects of the problem to establish how simulation can be
accomplished. In reference 1 the motion and heating of missiles enter-
ing the atmosphere were studied, and expressions were developed for the
determination of the altitude variation of velocity, total heat transfer
by convection, and rates of convective heat transfer: These theoretical
results were used in a subsequent study (ref. 2) to show that the aero-
dynamic heating and thermal stresses experienced by a ballistic missile
during atmospheric entry could be duplicated with a model launched
upstream through a speclally designed supersonic nozzle. A basic feature
of the analysis, which makes it possible to accomplish simuwlation in
such a facility, is that the motion of a ballistic missile can usually
be determined without consideraﬁion of gravity. Without going further
into the prior assumptions and development, the basis for simulation is

demonstrated in figure 1.

For convenience of analysis, 1t was decided to use an isothermal
atmosphere, which closely approximates the earth's atmosphere from the
surface to about 200,000 feet. Thus we have the exponential altitude-~
density relation as shown. It follows from reference 1 that the heat
absorbed per unit mass by a missile entering the atmosphere can be
expressed in the form shown. If we wish to duplicate this guanbity in
model tests the varicus factors in the equation must remain the same,
Thus

(a) The same entrance velocity, Ve, for both model and missile
is required.

(b) Geometric similarity between missile and model is required,
with the resultant duplication of S/A, the ratio of surface
to cross-sectional area.

(¢) The same Reynolds number for both model and missile is

required, which results in the duplication of the modified




£a

skin friction coeffiecient, C_.', and in conjunction with the

f
previous requirement of geometric similarity, duplicates

the total drag coefficient, CD.

(@) The same value of By is required, which means that the density
ratio at corresponding points in the atmosphere and the
simulation facility must be the same.

(e} The same value of CDpoA/ﬂm sin 6_ is required, which means
as detailed in reference 2, that the velocity at corresponding

points in the atmosphere and simulator must be the same.

With these conditions established, we can see that the total
convective heat transfer per unit mass will be duplicated. It has also
been shown in reference 2 that for any fixed ratios of model to missile
size, the requirements for similitude determine the fest chamber length

and reservoir density for the portion of the atmosphere to be simulsated.

Duplication of the total convective heat transfer per unit mass, as
we have done here, causes the heat-transfer rates for the model to be
higher in proportion to the ratio of the missile to model size. TFor =a
geometrically similar model, however, the shell thickness is reduced in
proportion to the scale factor; hence, the product of heat-transfer rate
and shell thickness is the same for both model and missile. Thermal

stresses, which are proporticnal to this product, will be the same for

model and missile, provided, of course, that identical materials are used.

A more rigorous demonstration of the similitude for thermal stress is
presented in reference 2. This demonstration requires a rather lengthy
analysis, details of which can best be obtained from reference to the

paper itself.

18
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APPARATUS AND TEST PROCEDURE
Small-Scale Atmospheric Entry Simulator

In order to construct a practical atmospheric entry simulator we
first had to provide a model with the correct initial high velocity
required for simulation. For this purpose we used a particular type of
hypervelocity gun, the details of which will be discussed later. Next
we had to provide a test chamber which would simulate the lower portion
of the atmosphere. ¥For this purpose it was found that the demsity -
variations present in a portion of the atmosphere could be simulated
with the use of a specielly designed supersonic nozzle. To elaborate
this point, it was shown, in reference 1, that the major part of the
aserodynamic heating of a ballistlic missile entering the atmosphere occurs
within a 100,000-foot altlitude range. The corresponding density limits
could be obtained between the reservoir and exit section of a Mach number
5 supersonic riozzle. The appropriate exponential density variation be-
tween reservoir and exit section could be obtained by proper nozzle
geometry. Unlike atmospheric air, however, the air in the simulator is

in motion and actually provides us with an effective lncrease in entrance

velocity, Ve’ of about 2300 feet per second. Using relative velocities

in this manner is permissible to the accuracy of the simulation.

On the basis of the foregoing considerations, a small-scale atmos-
pheric entry simulator was constructed and put into operation at the Ames
Aerconautical Laboratory. A schematic.diagram of this facility is shown
in figure 2 and consists of four main parts: the pressure tank, test
section, vacuum tank, and the helium gun which launches a .22 caliber
model. The test section is about 8-1/2 feet long and duplicates a
100,000-foot segment of the atmosphere. Operating pressures'in the
pressure reservoir vary from about 200 to 500 pounds per square inch

depending upon the desired altitude range to be simulated.

Testing is performed in the following manner. A coppef diaphragm
is placed between the high-pressure reservoir and the small end of the

test section, and the commection is secured. The model and shear disk

19
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are placed in position at the large coupling in the helium gun. The
vacuum tank is then evacuated to a pressure of about two millimeters of
mercury - the vacuum glso extending through the test section and the
forward half of the helium gun. When the evacuation is accomplished,
the helium gun is loaded, the h;gh-pressure tank is pressurized to the

desired amount, and we are ready to test.

The diaphragm between the high-pressure reservoir and the test
section is ruptured. This results in the formation of a strong shock
wave which discharges through the test chamber into the vacuum tank and
establishes supersonic flow in the test chamber. After allowing a suit-
able time for this flow to stabilize, generally about 150 milliseconds,
the helium gun is fired and the model is propelled upstream through the
test section. As the model proceeds through the test section, a time-
distance history is deduced from electronic counters which operate from
the signals from the photobeam stations (fig. 2). From this history,

a velocity record can be obtained. The photobeam signal also coperates
through a time delay circuit to teke a spark shadowgraph of the model

at a point downstream of each photobeam stetion. The model velocity
will be nearly zero about the time it reaches the upstream end of the
test section. The model 1s then carried downstream and can be recovered
in the vacuum tank. '




Helium Gun

An interesting feature of the atmospheric entry simulator, which
merits more explanation, 1s the model launcher or, as we have termed it,
the helium gun. This apparatus is illustrated in more detail in figure
%3 which shows the gun as it is ready to be fired. As shown in the figure,
the gun consists of two main parts: a .22 caliber launch barrel (in
housing) and & 20 millimeter pump barrel which are connected in such a
way as to enable the placement of the model and shear disk at the barrel
coupling. The shear disk provides a pressure seal between the two chambers.
At the muzzle end of the .22 cealiber barrel, baffle plates are placed to
reduce the action of expanding gases on the model immediately after launch-
ing. A vacuum manifold is incorporated ahead of the baffles to keep the
.22 caliber barrel at as low a pressure as possible prior to firing. The
blast cone functions to protect the gun from the shock wave produced when
the copper diaphragm between the high-pressure reservoir and the test

section is'ruptured.

In the firing condition shown here, the .22 caliber barrel is at a
partial vacuum; the 20 milllmeter barrel is sealed from the .22 caliber
barrel by the shear disk; the pdwder charge is in place; and the breech
block secures a seal at the breech end. The pump barrel is then filled

with helium under pressure.

The launching action is as follows: The ignition of the powder
charge creates a strong shock wave which travels down the pump barrel
through the helium and reflects from the end of the barrel. This forms
e small vdlume of helium gas at a high pressure and temperature. The
sudden increase in pressure at the coﬁpling ruptures the shear disk and
propels the model down the launch barrel and subsequently into the test

section.

For models whose weights lie between 0.06 and 0.17 gram, an initial
helium pressure of about 920 pounds per square inch gage and a powder

charge of 32-1/2 grems of Hercules "Unique" pistol powder was found to

21




produce the highest velocities. It might be mentioned that the magnitude
of the helium pressure is not extremely critical, a variation of 50 pounds
per squere inch producing a loss of only a few hundred feet per second in
the muzzle velocity of the model. Increasing the powder charge to 33 grams,
however, was found to cause detonation with an attendant sharp rise in
pressure throughout the 20 millimeter barrel. Under the operating con-
ditions shown here, the highest pressure in the 20 millimeter barrel is

about 70,000 pounds per squere inch at the breech.

Performance of the gun, under optimum firing conditions of helium
pressure and powder charge was evaluated by firing a series of nylon
cylinders into a vacuum. The experimental results.are presented in figure
} which shows the observed effect of model weight on muzzle velocity, and
mekes a comparison with theoretical predictions cobtained from shock tube
considerations. Velocities of about 17,200 feet per second were obtained
with models weilghing 0.06 gram. Further reduction in weight resulted in
failure of the model to withstand the launchling pressures. Increasing
model weight from 0.06 gram is seen to result in a velocity decrement in
excess of the predicted value. It is felt that the experimental decrement
could be decreased by increasing the length of the pump barrel.

The small-scale atmospheric entry simulastor, as it presently exists,
is shown in figures 5,6, and 7. In figure 5 we see the high-pressure
reservoir and test chamber. Figure 6 shows a close-up view of the test
chember. Air flow is from left to right while the model is fired upstream,
from right to left. The photobeam light sources on the side of the chamber
can also be seen. The shadowgraph stations, operating in the vertical
plane, are placed between thelphotobeam stations; the spark sources on
top of the chamber and the film holders below. The third photo station
from the left has been modified to take reflected light pictures of the
model as it traverses the test chamber. In figure T we see the helium
gun or model launcher, as it i1s attached to the vacuum tank. The test
chamber and high-pressure reservoir are on the opposite side of the vacuum

tank. From right to left we see the 20-millimeter pressure barrel, the

22




high-pressure coupling, and the 22-caliber launch barrel which 1s contained

in a housing.




Models

Cylindrical models were chosen for initial tests in the simulator.
Such models are easy to construct and would produce results indicative
of those for a practical vehicle. Several launchings have been made of
this particular shaped model and certain preliminary results can be
considered. A sketch of the model shape is shown in figure 8. The model
was constructed of nylon, with a 0.007-inch copper piece cemented to the
forward circular face as shown in figure 8. The 0.010-inch, hﬁo chamfer
was incorporated to prevent contact between the edge of the copper face
and the inside of the launch barrel.

ol



RESULTS AND DISCUSSION

Results obtained can best be shown by reference to one of the typical
tests. In this particular test, the model was launched at a veloclity of
14,300 feet per second, relative to the alrstream at the entrance to the
test section. The reservoir pressure at the time of launching was 198
pounds per square inch absolute. Using the methods of references 1 and 2,
the dimensions of the simulated missile were determined and the variations
of velocity with altitude were calculated fQr an atmospheric entrance
velocity of 14,300 feet per second. The theoretical velocities for the
simulated missile along with the eiperimental velocities obtained in the
simulator are plotted according to the simulated altitude and presenﬁed
in figure 9. As indlcated in figure 9, the simulated missile has a di-
ameter of 2.5 feet and weighs about 750 pounds. From reference 3, in
which the optimum performance characteristics of balllstic missiles are
evalgatqd, this missile, when fired at an initial exit angle of about
40° to the horizontal, should have a total range of about 1500 miles.
What we have actually simulated, therefore, is an intermediate range
ballistic missile. The thickness of the copper face on this simulated
missile would be 1 inch and would comprise the maln heat absorbing
medium. The model we have used here has the copper face cemented to a
nylon cylinder. which is a relatively nonconducting substance, and which‘
should, therefore, absorb a relatively small amount of heat. The altl-
tude range which the facility simulated is from about 60,000 to 160,000
feet as indicated in figure 9. Although the lower 60,000 feet of the
trajectoryiis eliminated, it is aspparent that more than half the velocity
decrement, and consequently the large majority of the energy decrement
is accounted for in the chosen renge. Since thls energy decrement is
proportional to the total heat absorbed, we feel confident that we are
accomplishing the desired simulation.

Spark shadowgraphs were obtained throughout the model's trajectory.
Representative ones are shown in figure 10. Starting from the top we
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see the model near the beginning of its entry. The simulated altitude

is about 150,000 feet and its velocity is about 14,000 feet per second.

. In the second photograph we see the model at a simulated altitude
of 90,000 feet, traveling with a velocity of about 10,300 feet per second.
According to the theory of reference 1, this portion of the trajectory
is where the maximum average convective heat-transfer rate occurs with
the accompanying maximum thermal stresses. The model in this photograph
appears to be distorted in the vicinity of the front face. Much of this
is optical distortion. Recovered models gave evidence of no permanent

distortion of the amount indicated here.

The lower picture shows the model at a simulated altitude of about
75,000 feet traveling at a velocity of 7,000 feet per second. According
to reference 1, the altitude of meximum deceleration occurs at 84,000
feet at a velocity of 8,700 feet per second. The model has passed this
point and i1s still intact. Some information on the condition of the.
front face msy be deduced from the shock pattern. The irregular appcar-
ance of the shock from the edge of the front face may be due in part to
separation at that point. Such separation could be ceused by some
distortion of the model due to the rapid deceleration or by roughness
caused by actual burning at the edge. Computations based on the methods
presented in reference U indicate the heat transfer to be highest at the
edge of the cylindrical face.

Figure 11 is a streak photograph which shows the illumination produced
by the model as it passes through a simulated altitude of about 115,000
feet at a velocity of about 12,500 feet per second. The bright central
streak is the path taken by the model, while the remaining illumination

is produced by reflection from the inside walls of the chember .

Much evidence can be obtained by observing the condition of recovered
models. As mentioned previousiy, conditions are such that the model
velocity goes to zero et the upstream end of the test section. The model

is then carried downstream into the wvacuunm tank where 1t is recovered.
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The resultant damage to models impacting in thé vacuum tank often prevents
any successful observation. Such was the casse for the particular model
in the test Just described. A series of such tests were, however, con-
ducted under identical test conditions. Recovered models all showed a
large degree of similarity with regard to surface condition. Figure 12

1ls a photomicrograph of a copper face of a model before and after flight
through the simulator. With regard to the model prior to firing, we can
clearly see small concentric machine marks as Well as some small scratches
and 1lrregularities. The surface conditlion 1s considerably altered by
traverse through the simulator. The most striking feature about the
surface 1s, of course, the several small craters. There is some Indi-
cation that these traters are formed by impact with impurities in the

airstream which range in diameter from about 0.008 to 0.0001 inch.

Aside from the surface pitting, other Interesting observations can
be made. In particular we can see that only slight evidence exists of
the concentric machine marks which were so prominent in the unfired
model. Evidently a portion of the outer surface of the model has been
either fused or burned in the traverse through the simulator. Another
feature is the coloring of the copper face at the outer edge. This
coloring 1s identical with that obtalned on a rapidly cooled copper
sheet where a portion of the sheet had been heated to a temperature on
the order of 1000° to l5OOOF vhile adjacent areas were relatively
cooler. It will be recalled that convective heat transfer 1s, saccording

to theory, greatest at the outer edge of a cylindrilcal face.

There is, of course, one gross, but important, implication of these
tests: the missile simulated could probably survive the heating associ-
ated with 1ts entry into the earth's atmosphere.
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CONCLUDING REMARKS
The results which have been presented and discussed represent the
initial attempts to simulate the atmospheric entry of a ballistic missile.
1)

In conclusion, it might be well to indicate the direction of our future

plans.

Plans are already proceeding to build a larger facility, for which
the present spparatus is a pilot model. The new simulator will accommo-
date a model of larger size (by a factor of about 4) and more complex
shape.

Entrence velocitles should be much higher. To abcomplish this, an
improved version of the helium gun has been construected and will shortly
undergoe initlal firing tests. If results are realized in the same prd-
portion to theoreticel indications as they were for the present gun, we
might enticipate velocities in excess of 20,000 feet per second from this
relatively simple and easily handled device. This new gun will be put
into operation with the present small-scale facility in a few months.

At stations near the "altitude" of meximum heating rates, fogging
of the shadowgraph films has been noticed. This 1s hardly surpfising, in
view of the incadescence evidenced in figure 11. Tt remains to determine
the characteristics and origin of the light - whether it results from the
heating of the copper face, the lonlzation of the air around the model, or
both. To this end, spectroscopic analysis of the emitted light has been
undertaken. The duration of light into the spectroscope is tooc short
to obtain a satisfactory spectrum with the present apparatus. Further
tests will be performed with an improved spectroscoplc system.
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Figure 1.- Theoretical basis for simulation.
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Figure 2.- Schematic diagram of the small-scale atmospheric entry
simulator.
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Figure 4.- Performance of the helium gun in vacuum.
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Figure 5.- Small-scale atmospheric entry simulator: high pressure
reservoir and test chamber,

Figure 6.- Small-scale atmospheric entry simulator: test chamber.
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Figure 7.- Small-scale atmospheric entry simudsator: helium gun.
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Figure 8.- Copper-faced models tested in small scale atmospheric entry
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Figure 11.- Illumination caused by models during test.

Figure 12.- Copper face of models before and after tests.
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SOME PROBLEMS ASSOCTATED WITH THE DETERMINATION, FROM RANGE FIRINGS,
OF DYNAMIC STABILITY OF BALLISTIC MISSILE RE-ENTRY SHAFES

L. C., MacAllister
Ballistic Research Laborsatories

INTRODUCTION

One of the perennial problems in proJectile or free missile design
is dynamic stability. Practically, the abllity todamp out a transienf
yaw oscillation has two aspects: one, assoclated with the conditions
imposed by the trajectory of the missile; the second, associated with
the aerodynamic propertles of the missile itself. The stabllizing, or
destebilizing, effects of the trajectory conditions must be evaluated from
e knowledge of variations in the velocity and density conditions along
the trajectory. The inherent aerodynamic damping of the missile camn be
determined separately. If the trajectory conditions are destébilizing,
it is desirable for the serodynamic damping of the misgile to be sufflc-

ient to overcome them.

One of the better test means for determining the natural demping
‘of proJectil#s has been the preclslion enclosed range. Consilderable work
has been done over the years on Ordnance shell and, more recently, on
missiles with wings and fins. Since current nose-cone designs for
ballistic missiles 1nvolve bodles of revolutlon, and frequently look
like blunt bullets, it is not surprising that ranges became Involved
in trying to determine the dynamic stebility of some nose-cone designs.
In view of their similarity to shell, no unsurmountable problems should
occur in determining thelr properties. Some probléms could be foreseen,
however, and over the period of the last two years it hes become quite
evident that these problems are quite serious. A discussign of these
problems is the subject of the present. paper.

A brief digression from the main theme will be made to ocutline the
current potential of the precision range facilities at the Exterior
Ballistics Leboratory.




EXTERIOR BALLISTICS LABORATORY RANGES

There are two atmospheric ranges, one 300 feet long and the other
about 800 feet long(l); and also a controlled temperature and pressure
range which is described elsewhere(e). Generally, drag, static stabi-
lity, 1lift derivative and dynamic stabllity can be obtained 1in the
atmospheric ranges with models from less than one inch in diameter
to as large as six inches 1in diameter {or maximum wing span) at Mach

numbers from about 0.5 to Lk or better(ﬁ).

FPlow field shadowgraphs are
also obtalned. By using the smaller controlled temperature pressure
range, models on the order of a half-inch in diameter can be launched
at various Reynolds and Mach numbers. With spécial atmospheres or
extremely low temperatures, or both, Mach numbers as high as eleven

(3)

can currently be reached and it 1s hoped that soon the upper limit
will be pushed to Mach twenty. At present, only drag, shadowgraphic
flow patterns and interferograms can be obtained consistently in this
range. It is possible, with some models, to obtain static stability
information also, but the station spacing is such that this is very

difficult to obtain with nose-cone models.

Some data taken from both atmospheric and controlled temperature
and pressure ranges are shown in Figure 1. These are drag data for a
series of AVCO shapes. The lower Mach number portion has been deter-
mined by firings of l.k-inch diameter models in air at normal condi-
tion; the upper Mach mumber regions, by firings of 0.6-inch diameter
models in nitrogen at about 86° Kelvin. The lack of data overlap for
these two firings prevents a good comparison of the consistency of the
data from the two sources. The top curve is of particular interest,
since the character of the flow over the model for Mach numbers less
than 4.6 was different from that for higher speeds. The flow was
not attached to the Model's afterbody at low speeds and was attached

at high Mach pumbers. This flow phenomenon is shown in Figure 2.
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AVCO SHAPE 105 MODEL M=46

AVCO SHAPE {05 MODEL. M=4

FIGURE 2



DETERMINATION OF DAMPING

A description of the range method of determining the dynamic
stabllity of =& model(h’ 2 6)is perhaps in order before a discussion
of the problems. Figure 3 shows the necessary data that must be

determined in order to evaluate the damping derlvatives with a single shot.

\
— ________”-————D«p—[1:2j§>______.
/’//
7

AXIAL DECELERATION ~ Cp

LINEARIZED 5
/_ DAMPING — X ~ [Cig~ Co~{Cmq* CHg)¥:
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MEAN TRAJECTORY ~Cy
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DETERMINATION OF DAMPING DERIVATIVES FIGURE 3
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These data are: the axial deceleration, leading to the drag; the over-
all variation of the yaw, leading to the total demping of the model; and
the transverse excursions of the center of mass of the model, leading to
a determination of the lift derivative. Determination of the drag is,
in itself, no problem; although it must be admitted that high drag, in
part, contributes to some of the problems in determining the dynamic
stability. Ranée determinations of the actual drag of a model are
generally so good that for the purpose of future discussions the drag
coefficient may be considered easily determinable and without error.

The effect of the drag on the dynamic stability of a model is always
destabilizing for most of the nose-cone shapes fired at BRL the drag

was large.

The effect of the 1lift derivative, Cga, is stabilizing for most

ordinary configurations. Nose-cone shapes, however, have produced

LIFT DERIVATIVES vs MACH NUMBER
AVCO SHAPES

SHAPE 109
o + M
S © s s 22 26 30 3.4 38
SHAPE 200
v,— SHAPE 108
FIGURE 4

W5




destabllizing negative values of CLa' Pigure 4 shows the data on three
AVCO shapes: one has a negative Cla over the entire range of Mach
numbers; another, & positive Clu; and the third, a qu which changes
sign.

The effect of the damping derivatives, CMq + CMi s on the dynamic
stability is generally stabilizing at high Mach numbers but is frequently
destabllizing near sonic speeds. This effect has appeared to hold for
the extremes, in bluntness, of the shapes tested here. This is shown
in Figure 5. Although the existent data are sparse, and the curves

shown may not be final, the trends seem quite clear.
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PROBLEMS AND REMEDIES

The maJjor problems in determining the dynamic stability of nose-
cone models arise from three causes. TFirst is the difficulty encounter-
ed in measuring the spark photographs; second, the high deceleration
in flight through the range; and third, the existence of nonlinear

forces and moments.

Accurate measurement of the photographs of nose-cones 1is particularly
difficult at high Mach numbers. The optical distortion due to the heavy
shock front, which is essentially wrapped around the body, obscures the
physical outlines of the model (Fig. 6).

20mm RAMO-WOOLDRIDGE 30° SEMI-ANGLE MODEL M=5

FIGURE 6
TECHFICAL LIBRARY
47 U. 5 ARYY ORDNANOE
ARERDEEN PROVING GROUND, MIh
OEDBG-LY



The extremely high deceleration of nose~cones 18 due to their
high dreg and to thelr poor ballistic coefficients. It 1s a practical
impossibility to design models of this type with good ballistic
coefficients (large mess per unlt frontal area, for a given drag).

As a result, these models traverse a rather large Mach number interval
in a range test (Fig. 7). Admittedly, the case shown is an extreme
one, for this model would traverse a Mach number band from 6 to 2
within a single £flight through the range instrumentation.

The existence of nonlinear variation with yaw level, of some
of the aerodynamic forces and moments, is particularly troublesome
near transonic speeds. Thie certainly i1s not surprising, for even
quite conventional projectiles exhiblted definite nonlinearities of
their aerodynamic properties in the transonic region. Figure 8, for
ingtance, .shows the .damping properties of a standard 20-mm shell. As
can be seen, there is a definlte variation with yaw level. It must

then be expected that nose-cone models will be as bad or worse.

What can be done about these difficuities? Some of them can only

be alleviated. Consider the problem of improving the accuracy of measure-

ment for these particular shapes. This can be disposed of easlly. The
measurabllity can be improved by modiflcatlons of the geometry of the
model that do not effect 1ts aerodynamic properties, or by reducing
the optical distortion, or both. Figure 9 shows plctures of two
shapes, one of which has a long tall sting for reasurement purposes.
This modification complicates thellaunching of the model somewhat but
gives a very good base point from which to measure. Two shadowgraphs
taken in the Controlled-Temperaturé-Pressure Range are shown in Flgure
10: one 1g a normal shadowgraph utilizing a conical 1lilght source; the
other is a focused, parallel-light shadowgraph. Clearly, a major part
of the distortion at the front of the body has been ellminated 1n the

latter case.

48



VELOCITY (fps)

6000

4000

2000

B o

VELOCITY FALLOFF

OF 5 POUND
4.5" DIAMETER
MODEL

CENTER OF DATA -BASIC MACH No.

/4
17

RANGE  INSTRUMENTATION

0 2 4 6 8 10
DISTANCE FROM GUN (%3%')
FIGURE 7

kg




X x10°
(1]

NUTATIONAL DAMPING RATE
VS

EFFECTIVE YAW SQUARED
6| 20mm SHELL T282El

LOW SUPERSONIC

AND
HIGH SUBSONIC

SPEEDS

099 <M<lLl4

0.68<M< 0.85

FIGURE 8

50




4.5 INCH AVCO SHAPE 801 AND SABOT

3.5 INCH GE SHAPE E4 AND SABOT

FIGURE 9

1,




e Y

-

o ; |

7y

W

STANDARD SHADOWGRAPH M=9.0

FOCUSED SHADOWGRAPH M=99

AVCO SHAPE 200 MODEL
FIGURE (O

52




The task of reconverting all our recording stations to the focused
type is formidable, as would be the corresponding increase in the upkeep
that would be necessary. This solution 1s not impossible, however, nor

even Iimpractical.

The rétardation problem or the fact that the model traverses &
wide Mach number band in the range i1s a more difficult problem. Contract-
ors are already making extensive use of Tungsten alloys to give their
models a high sectional density. Ranges with pressure control can, of
course, reduce the test chamber density so that the model slows down
less. But this partially begs the issue since the models! characteristic
oscillatlons and damping lengths also lncrease. It takes correspond-
Ingly longer range to determlne these parameters to an equal degree of
gccuracy. Baslcally, 1t must be remembered that in order to determine
the static stability of & model in a range test it must go through enough
of 1ts motlon iz yaw, for a curve fitting process to dgtermine a reasonable
cycle; and 1n order to determine its damping properties it must go through
‘enough cycles so that the change of amplitude is definite wilth respect to
the errors of measurement. The observed damping, of course, 1s dependent

on the mass and eerodynemic properties of the model also.

There are three basic directlons in which we can go to solve the
retardation problem; presuming, of course, that the model has already been
designed to include the heaviest practical metals., First, we cam fire
bilgger models, since the drag 1s a function of the area of the model,
whlch increases a8 the diameter squared; while the mass of the model
increases as the dlameter cubed. A given design in a 6-inch diameter
model will lose about half as mmch velocity in a raﬁge test as will a
3-inch diameter model. We are currently increasing our maximum test
size to elght inches in dlameter. As a rule, however, the big, heavy
models can not be fired at as high speeds as the smaller, lighter ones.
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The same inherent reason of relatively larger cross sectionél deﬁsity
applies here also, since this affects the gun'®s ability to push the
model as well as the sir's ability to slow it down. Also, current high
velocity gun designs are usually in the smaller calibers. This implies
that, perhaps, instead of using one model size throughout an experiment
one should use smaller, lighter models for high Mach number tests where
Mach number effects on the aerodynemic properties are, as a rule, small
and the bigger heavier models at transonic speeds where the variation
in aerodynamic properties is much larger. Thls snswer complicates the
test somewhat but probably should be applied more often than it is.
Figure 11 shows the damping derivatives for a Ramo-Wooldridge shape fired
in two different model sizes, 1~1/2 inches in diameter and 6 inches<5)

in diameter. The portion of the data curve that was covered by each
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model in a given range flight is designated. It is clear that with
variations of this type, the Mach number band covered by a single test
model must be restricted if more than just qualitative information is

deslred, The practical Mach number range that would be covered by the

- ‘heaviest eight inch model, is shown for comparison.

A second method for solving the problem is to fire models that are
spin stabilized. This solutlon would, however, increase the size of a
given program and would present other difficulties if the aerodynamics
were too nonlinear. Most nose-cone models we have dealt with could have
been two to three times as heavy if the full scale center of mass position
had not been part of the model design criterion. A maximum weight model
would certainly be unstable in the ordinary sense but could be tested by
giving it enough spin to be gyroscopically stable. One would then have to
perform enough testing to extrapolate the results to the correct center of

mass position. This avenue of approach is currently being investigated.

A third possibility is to increase the density of the data for the
curve fitting process. If we normally have ten stations over a hundred
feet, and this distance involves too great a change of Mach number, we
might do better to concentrate the ten stalions in fifty feet. Clearly
you caﬁnot gain an equal return in thie process since you are observing
a shorter part of the model's trajectory, but some gain in precision is
possible in a given interval by increasing the density of observationm.
Figure 12 shows the yawing motion of a typical 3.5-inch model in the
last part of the range, and a Mach number interval of 0.3. The data
points for the basic range spacing are shown in black. Present
instrumentation is providing us with double points at some stations.
This means that the statlcn operates twice and gives us two pictures
of the model. The model traverses about two feet between pictures.
These points are shown as the open triangles on the graph. In addition,
we are developling stations that may be placed in between the current

units to provide a basic ten-foot interval rather than the present
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twenty-foot one, These stations are designated by the open circles.

Employing all of these new station modifications concurrently, which

might be difficult, we would obtain about 56 observations in a 230-

foot interval. Usually the Mach number change would be small enough

in this distance for even the lighter nose-cone models.
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It is clear that thils would be of conslderable help iIn making
the curve fltting process more definite. A shadowgraph taken at one
of the double statlons is given in Figure 13. Because of the geometry
of the double spark arrangement, one shadow appears high on the plate
and the other low, rather than in line as one might expect.

This added density of data would also be useful in attacking the
problem of nonlinear varlation of the aerodynamic properties. A method
of processing the output values from the range reduction process, to
allow for slight nonlinearities, is given in reference 7. An alternative
method 1s to process the range data on an Analog Computer. Some success
hes been achieved wilth thils procedure on similar problems 8). To
explolit the analog data reduction procedure denser data distribution
would be essential.
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SUMMARY

Free flight ranges have been used extensively to determine the

dynamic stability of spin stabilized bodles of revolution, namely shell,
and some fin stabilized missiles. Recently the ranges have been involved
in determining the dynamic stobility of some nose-cone shapes, which are
statically stable bodies of revolution. These models are generally short,
blunt, and have unusual mass distribution. Because of their shapes, high
drag, and probable nounlinearity of their aerodynamics, these models produce
problems 1in range testing for dynamic stability. The solutions of these
problems mey require considerable improvement in instrumental and process-

ing techniques. Most of the problems appear, however, to be solvable at

the present state of the art.
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DESIGN AND INITIAL TESTS OF THE NOL SHOCK GUN

V. C. D, Dawson
U. S. Naval Ordnance Laboratory
White Oak, Silver 3Spring, Maryland

I. Early History of High Velocity Launchers

TFor the past ten years numerous scientific groups have
been engaged in the development of hlgh-speed launchers
which can be used to propel missiles or models at speeds
in excess of 10,000 fps. The basic principle of all high-
speed gas guns can be demonstrated as follows:

1. The kinetic energy of the projectile is equal to

the work done by the propellant gases during bore travel,

MVm2 - DAL
2
where M = mass of projectile
Vm = muzzle velocity
T = average pressure of the propellant gases over
the length of travel
A = -‘bore area
L = 1length of travel

For a fixed gun system with a given barrel length, bore area

and mlssile weight, the velocity can only be increased by

increasing the average pressure exerted by the propellant.
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2, The equation for the base of projectile pressure in

the case of a gun having ra preburned propellant is#

v 2y
p:po{l- -E——-} y-1
ao

v-I

where P = Dbase of projectile pressure
Po = 1nitial chamber pressure
V = velocity at any point in the bore
a, = sound speed of the gas in the chamber initlally,
that is, at pressure p,, temperature Tq
v = specific heat ratio

This equation shows that if a, is infinite the base of pro-
Jectlle pressure 1s always p, and the maximum possible veloclty
is thereby obtained. The average base of projectile pressure
1s greater the higher the initial socund speed of the pro-
pellant gas., Therefore the muzzle velocity can be increased

by employing a gas with a high sound speed. Since the sound
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*This equation applies to the case where no chambrage exists;
that is, the chamber of the gun has the same diameter as the
bore, When the chamber dilameter is larger than the bore,
there wlll be a chambrage correction but the over-all effect

of propellant sound speed i1s still the same,
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speed is proportiocnal to the square root of the temperature
and invefsely proportional to the square root of the mo-
lecular welght, a gas having a high initial temperature
and/or a low molecular welight should be used as a pro-
pellant.

In general there have been two lines of experimental
endeavor to obtain a low molecular weight, high temperature
zas, The first nefthod is to use a low molecular welght
gas such as hydrogen or helium which 1s adlabatically com-
pressed and heated by the single stroke of a plston. This
system was originally developed by the New Mexico School of
Mines and has slnce been medifiled and Improved by the Ames
Aeronautical Laboratory of NACA, Moffett Pield, Californila,

Ballistic Research ILaboratories of Aberdeen Proving Ground,

Maryland, and the Naval Research Laboratory of Washington,D. C.

A 0.50-caliber hydrogzen gun, 200 calibers in length, has
fired a 1.25-gm missile at speeds up to 15,000 fps.

The second method that is employed 1s to use chemical

energy to heat helium without having the chemical reaction

products add too much to the molecular weight of the gas.,
This method was developed at the Naval Ordnance Laboratory
where firings were initlally made in a 0.50-caliber gun,

100 calibers in length, using a mixture of helium,.hy&rogen,
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and oxygen; the hydrogen-oxyzen reaction being used %o
supply the chemical energy. The O.SO—caliber'tests‘indi—
cated that a 1.25-gm missile could be fired at speeds up
to 12,000 fps. On the basls of these experiments a 40-mm
gun, 100 calibers in length, was designed, tested, and put
in operation. This gun has propelled a 40~-gm missile at
12,000 fps.

Each of the methods described above has advantages and
disadvantages. In general, the hydrogen gun can fire a
missile at a higher veloclty than the NOL Gun but the com-
pression ratios necessary to do so make the chamber size
appear impractically large for a gun larger than 20 mm,

It is for this reason that the Naval Ordnance Laboratory
has adopted the helium-hydrogen-oxygen system since scaling
is not difficult. At the present time, a 4" gun is in the
design stage for use in a 1000-foot pressurized hyperbal-

listics range.

II. Shock Gun Principle
The shock gun scheme has been conceived at the Naval

Ordnance Laboratory* as a method of providing a gas with
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*NAVORD Report 4345, "A Hypervelocity Gun Using a Shock-
compressed Steam-Heated Propellant", by A. E. Seigel and
7. I. Slawsky, July 1956




a higher sound speed than is now possible. The basic
principle involved is the use of the chemlcal reaction
presently employed together with the advantages of heating
by compresslion. As such, 1t is, in a sense, a combination
of the two methods previously described exceﬁt that com-
pression is produced by a shockwave rathcr than a piston.

Figure 1 represents a schematic dlagram of the Shock
Gun, It consists of a barrel and two propellant chambers,
the forward one being called the gun chamber and the rear
one the shock chamber. The gun chamber 1s closed at the
forward end by a diaphragm and the two chambers are sealed
from one another by a second diaphragm. These diaphragms
are so constructed that at a given pressure they fold
radially from the center with no parts of the dlaphragnm
belnpg propelled by the gas.

The conceived method of operation 1s as follows: the
gun chamber is loaded with a standard mixture of 8 parts
helium, 3 parts hydrogen and 1 part oxymen to an initial
pressure of 850 psl. The shock chamber is loaded with the
same mixture to an initial pressure of 7500 psi. The gun
chamber mixture is then ignited railsing the pressure to

7500 psi and the temperature to 2700°K. The sound speed
will be about 7000 fps. Since the diaphragms are designed
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to witnstand higher pressures than this, the gun chaunber
is essentially in a hangfire condition, After a delay of
a few milliseconds during which the gun chamber reaction
i1s occurring the shock chamber mixture is ignited raising
the pressure to 45,000 pesi and the temperature to 2700°K.
This pressure 1is sufficient to rupture the chawmber diaphragm.
In so doing-a shock 57, as shown in Figure 1.D, is propagated
in the gun chamber by the rapidly expanding gases of the
shock chamber. This ralses the pressure and temperature of
the gas in the gun chamber, At the forward end of the gun
chamber, the shock is reflected thereby further raising the
temperature and pressure of the gun chamber gas. At this
final pressure the forward diaphragm opens and the missile
is propelled by the gas at the forward end of the gun chamber,
Under the conditions assumed, namely, 45,000 psi in the shock
chamber, 7500 psi in the gun chamber and complete shock re-
flection, this gas will have a final pressure cf £5,000 psi
and a sound speed of 10,000 fps. Such a gas can propel a
1.25-gm misslile at velocities of 15,000 to 16,000 fps in a
0.50-caliber gun, 100 calibers long.

You will note that a compression ratic of 6 has been
assumed in these calculations. This brings up the question

of scaling., It is believed possible to design a 40-mm shock




gun having a “2rrel 200 calibers long with an over-all gun
length of no more than /IO to 50 feet. Such a gun would fire

a 40-gm missile at 16,000 fps.

III. Construction and Instrumentation of the Experimental
Shoclk Gun |
Figure 2 indicates the gun that was constructed to test
the theoretical results.’ An existing 0.50-caliber gun was
attached %o an adapter to provide the gun shown. It consists
of a 0.50-caliber barrel, €0 inches long; & l.2-inch gun
' chamber, 26 inches long, and a 2.75-inch shock chamber, 12
inches long. The gun chamber is ignited by a standard ftype
primer which is located 2 inches from the rear of the chamber
and fires radially througﬁ the side wall of the adapter,
The shock chamber is ignited using two cor three primers
firing longitudinally in the chamber. The flring system
1s so arranged that the gun chamber is ignited first and
then after a fixed delay, which can be varied shot to shot
from 0.1 to 10 millisecohds, the shock chamber is actuated.
Pressures are recorded using piston type strain gages;
one of which 1s located in the gun chamber at the same
position as the primer but rotated 20° from it; the other
of which is located in the shock chamber about 4 inches from

the forward shoulder.



Velocity is recorded using a break-screen chronograph
systen,

A standard 40-mm blowout disc is used to seal the two
chambers from one another. This 1s shown in Figure 3. The
diéc on the left indicates the appearance before firing.

It consists of a dished metal surface that has been grooved.
At a pressure of about 12,000 to 15,000 psi the metal tears
alohg the grooves forming four leaves that bend radially to
the sides, The other two pictures show discs that have
been fired, one in the 40-mm gun, the other under air preé-
sure to measure the release pressure.

The gun chamber is sealed at the forward end using a

shear or swage type of projectile,

IV. ZExperimental Results

In the 4Oo-mm tests optimum performance was obtained
wlth a mixture consisting of 8 parts hellum, 3 parts hydrogen,
and 1 part oxygen. This same mixture was therefore used in
both chambers of the Shock Gun, the gun chamber belng loaded
to an initial pressure of 850 psi and the shock chamber to
8000 psi.

The first slx shots gave velocitlies somewhat better than
the 40-mm veloclties. These tests indicated that the shock
process was working but not as well as expected since the

veloclitles were lower than the theory predicted.



These tests were hampered by instrumentation difficulties.
The presgure gages used were too insensitive {o show that
the process was occurring as the theory predicted and 1t
was Impossible to tell if the ~un chamber reaction was
takling place,

The pressure gage was thercfore redésigned to give
higher senslitivity 1in the low-pressure range and some hang-
fire tests were made to sftudy the gun chamber reacction. ItC
was discovered that the standard 8:3:1 wixture at low in-
itial pressures was marginal as to lgnition and reaction.
Consequently it was dccided to adjust the gun chamber
mixture so that a final pressure of 7500 psi was obtained
with a reaction rate as fast as possible in order to mini-
mize the cooling &¥ffect. The reaction rate can be raised
by decreasing the heliun concentration. Thls causes an
increase in molecular weight which is, however, partly
compensated for by an increase In température. . One danger
in this 1s fthe increased possibility of a detonation, A
detonation in the gun chamber with its associated high-
peak pressures nullifies the shock gun effect since the
blowout discs open prematurely.

Flgure 4 indicates a typical pressure trace obtained

with one of the hangfire mixtures. The two horizontal
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lines at the top represent the calibration and the sine
curve 1s the timing cycle, peak-tc-peax value representing
one millisecond., The lower lines are the pressure trace,
.

the horizontal one being the base line and'represents-the
initial loading pressure (in this case about 1000 psi),

Notice the wave form superimposed on the pressure curve.
It was reasoned that due to the method of ignition, namely,
radially through the side wall, essentially point ignitién
was obtalned, Thus a burning wave is propagated through
the gun chamber reflected at the forward end back to the
préessure gage, By knowing the length of the chamber i1t
is therefore possible to measure the sound sSpeed of the
reacting gas in the chamber. The hangfire tests showed
that the sound speed varied from 5600 to 7000 fps depending
upon the mixture proporticns used. The tTheoretical calcu-
lations are based upon a sound speced of 7000 fps. This
would in part explain why the experimental velocities were
lower fhan the theoretical ones,

These tests also indicated that the mixture was extremely
vemperature and pressure sensitive at low initial densities
of loading. In general, the higher the loading pressure
and temperature, the greéter The pessibility of a detonation.

Figure 5 indicates the type of reaction that occurs in a




detonatlon. Here a peak pressure of over 20,000 psi was
obtained with an initial loading pressure of about 1200 psi.
This same mixture burns in a normal manner at a pressure

of 1100 psi or lower. Furthermore, since our lbading system
is subject té the influence of outside alr temperature, it
was found that the mixture would not detonate at 1200 psi

in cold weather.

Since the initlal full scale shots previously mentioned,
only a few firings have been made. A velocity of 12,400 fps
has been obtained with a 2.1-gm mlssile., Thls represents
an increase of 1500 fps over the standard NOL Gun velociﬁy
with an equivalent missile weight. Thils velocity 1s about

1000 fps lower than the theoretical velocity.

V. Conclusion

We have definite quantitative and qualitative informatlon
that the shock process 1s working although not as well as
expected, Quantitatively, we have obtained velocities higher
than the standard gun provides. Also full scale (both
chambers loaded) hangfire shots indicate that the pressures
obtained agree with the shock equation predictions.

Qualitatively, the gun chamber is coﬁSiderably hotter
than we have experienced in standard gun firings. This is

particularly noticeable from the erosion observed.

™




Steps are being taken to try to improve the gun chémber
hangfire reaction, It is hoped that more complete experi-

mental data will be available in the next few months.
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RESEARCH INVESTIGATIONS IN THE AMES SUFPERSONIC
FRER FLIGHT FACILITIES

by
*
Thomas N. Cenning

National Advisory Committee for Aeromautics
Ames Aeronautlical Iaboratory
Moffett Fleld, California

When early proposels for hypersonic wind tunnels were first con-
gidered at the Axes Iaboratory, about 10 years ago, there was consider-
able uncertainty as to how high a Msch number could be realized with s
conventlional nozzle because of difficultles due to air condensation,
variations in the nozzle throat height due to thermal expansior, and
other difficulties. The shortvcomings of conventlional nozzles with respect
to Reynolds numbers and temperature simulation were also evident. These
considerstlicns led Mr. HE. J. Aller 1o propose, as a means for obtaining
high test Mach numbers, that models be gun-launched vpsiream through the
test section of a supersonic wind tunnel. The resulting facllity, which
has been described and discussed in NACA Rep. 1222 (ref. 1), is shown
schematically in figure 1. The supersonic nozzle is at the left, and
the model-lsunching gun 1s at the right. The wind-tunnel test section,
in the center of the flgure, is made relatively long and is instrumented
with nine chadowgraph stations top and side. Thus, the facllity may be
viewed as & balllistic range operating within the test section of a super-
sonlc wind tupnel.

The ecountercurrent ailr stream permits a large advance in test Mach
number by adding the air velocity to that ot the model; in addition, the
alr 1s cooled as 1t passes through the nozzle sc¢ that the speed of sound
1s greatly reduced. A muzzle velocity of 8600 feet per second, which is
within the performance of guns used in this fecllity, glves a Mach number

*
Aeronaubical Research Engineer.
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of 16 when the Mach number 3 nozzle is used. More completely, the Mach
number - Reynolds number scope of the wind tunnel 1g summarized in figure
2. The upper speed limit for each region of operation 1s taken to be a
muzzle-velocity iimit of B600 feet per second. The upper pressure limit
ies taken as the safe limit of the alr supply. It is apparent that this
facility provides test conditione covering a broad range of Mach numbers
and Reynolds muntbers, and perhaps most noteworthy is the fact thet the
maximum Reynolds number per inch obtainable increages with Mach number as
is characteristic of ranges in genersl. For purposes of estimating total
length, Reynolds number, it should be added that the models are usually from
3 to 6 inches long.

The disadvantages of the facility lie in 1its short length and small
number of stations. In the case of drag measurement the short length is
not too seriocus & limitation even though the models do not decelerate much
in the test section. Tt is necessary, however, to measure distances within
a few thousandths of an inch and times, to the order of a few hundredths of
a microsecond. To attain this accuraecy Iin time memsurement, an instrument
called the Ames cilrcular-sweep interpolating cscilloscope has been developed.
The scope dlsplay is shown In Pigure 3. In operation the electron beam of
the tube is swept, in a circle about the tube axle, as the name implies,
with a period of 2.5 microseconds. The intensilty of the beam is too low to
produce a visible Immge in the photogreph ekcept for a brief time while a -
spark fires. When the spark at statlon 1 fires, the beam is intensified
by an electrical signal plcked up at the spark and a lime 1s produced as
shown 1In Pigure 3. A few microseconds later the slze of the sweep circle
is reduced. The beam continues teo rotate and after about 40 revolutions
the next station fires and produces a second line. After all staticns have
produced lines on the scope a clrcle 1s autamatically produced to locate the
center of rotation. Electroniec chronographe are used to count the mumber of
complete revolutlons of the electiron beam in each interval, and the sngular
displacement between the leading edges of any two lines is used to determine

the fraection of B revolution. This scheme gives an accuracy of sbout two
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hundredths of a microsecond.

The maln difficulty encountered with this facillty 1s in the apalysis
of complex motions uslng only nlne closely spaced stations. Even such a
simple motion as sinusoidnl pitching requires a minimum of four stations
with no redundancy. Where addltlonal degreecs of freedum and nonlinear
aerodynamic functions are consldered the problems of data reduction can
become formidable, and the accuracy of results suffers.

Perhaps the best means of illustrating the capabllities of thils
equipment 1s to show some photographs ard shadowgraphs made during tests
in the past. To assess the tapabllities of range-type facilitles for
investigating the characteristics of airplane conflguratlons we have tested
several airplane-like models one of which is shown in figure 4. This model
is sbout 4 inches long and was used to study discrepancies between results
from a slotted-throat transonic wind tunnel and a large~scale free-flight
test. Figure 5 shows a 6 inch-long model which 1s belng tested to study
technigues for obtaining static and dynamlec derivatives. In these tests,
the models are not; roll stablllized and the motlons can be quite complex. |
Thus far, reliable measured values of damping in pitch apnd yaw have been
obtained only with models whilich did not roll too much in the lengih of
the range. The complete motion of the model in the previous figure during
one such test is shown in figure 6. A small, varying, rolling moment due
to sideslip 1s shown to be present by the roll history. The rolllng veloclty
was, however, small enough that the yaw and pltch planes remained essentially
uncoupled, and the pitching and yawing motions were analyzed separately to
obtaln the data. The data for models which rolled significantly sre belng
studled on an analog compﬁter at présent uslng more camplete equations of

motion.

S5t111 another airplane conflguration which is belng studied in the
free-flight wind tunnel is shown in gigure 7. This airplane 1s‘being
tested because 1t promises to have good stability and excellent heat-
transfer and performance characteristics at Mach numbers up to & (ref. 2).
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A shadowgreph of this model flying at Mach 6 and & Reyndlds number, dbased
on length, of about 10 million 1s shown in figure 8. The possibility of
getting exbtensive or complete laminar flow on this airplane is being

pursued. The proJection fram the fuselage base 1s used for angle-of-atiack

measurements.

Another field of fesearch, one step more basic than the alrplane tests,
was the investigation of skin frietion of turbulent boundary layers in this
facility at Mach numbers up to 7. These tests are reported in reference 3.
The basic model for these fests wms & 2-inch-long cylindrical sleeve having
& sharp leading edge flown axially as shown in figure 9. Tare models,
of identical leading-edge gecmetry and one~fourth the length were used to
measure the pressure drag. The difference in dreg was primarily skin
friction. Optical distortion due to large density gradients mekes the
leasding edge of the model appear very thick in this picture, This dis-
tortion is always present in varying degrees in shadowgraphs, particularly
in the case of biunt medels which will be discussed subsequently. The
results of the skin-frictlon tests are summarized in figure 10. The ratio
of skin-friction coefficlent measured to that for incompressible flow with
zZero heat.transfer is plotted as a function of Mach mumber. It is seen
that as the rete of heat transfer to the model increases, (Tw/Tl decreases)
the skin frietion increases. This test is believed to have been the first
1o éhow the strong dependence of the skin friction of turbulent bouwndary
layers on heat-transfer rate in the high-speed range. The results of
several rocket firings by the PARD group at the NACA, Iengley laboratory
have confirmed this trend, which was also present in the theory of Van Driest.

Since the early days of flight it has been important to know the
characteristics of turbulent boundary layers. Now that relatively steady
flight at Mach numbers above 4 and shovt-duration flights at Mach numbers
above 15 are contemplated, it is important to know with same accuracy
where transition from lamipar to turbulent flow will occur. Some aircrafd
may not even survive, much less perform efficiently, 1f transitlon occurs
too far forward. This probler of predicting or delaying boundary-layer

trapsition has occupied many researchers. The range facilities represented
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at this symposium have made more contributions to this field than could
ve adequately treated here.

It will perhaps be of interest to discuss in some detall the evidences
of turbulence which may be used by the researcher to locate transition
using shadowgraphs. A few results of tests at Ames will be mentioned below.
Figure 11 shows several evidences of transition. First the eddies in
turbulent flow produce imsges in the shadowgraph which are usually visible.
In this figure the most easily seen eddies are in the wakes, but they may

also be seen along the lower side of the lower model.

The transition to turbulent flow results in & rapid lncrease in the
rate of boundary-layer thickening. If the point of transition is moving
downstream along the surface the apparent rate of growth Just downsiream
is accentuated because the turbulent reglon has been growing in thiclness
from the time it first became turbulent while the laminer layer Just ahead
has been growing at the lower rate characteristic of laminar flow. This
ﬁhemenon is called a burst of turbulence. These bursts frequently make
themselves evident by producing weak, unsteady shock waves in the external
flow; there are several such waves in the lower part of figure 11. Since
the source of disturbance is moving downstream the angle of these waves ig

different from that of fixed disturbances.

A third evidence of the boundary-layer condition may be seen in the
wake patterns of these models. If the flow leaving the base is fully
laminer a clean line, which may extend for many boundary-layer thicknesses
behind the base, may be seen as on the upper model of figure 11 as well as
on the upper side of the other model in this figure. Where the boundary
layer is turbulent, the mixing is more wapid and the line, if visible, is
irregular and dissppesrs gulckly.

In some cases the boundary layer is so thin that no Images of eddles

are visible and the local flow is subsonic so that even bursts cannot
produce shock waves. Such a situation exists on the face of the model in

figure 12. In this case careful scrutiny of the original shadowgraph revealed

a region where the edge of the model shadow appeared to be fuzzy. Tiny bairs.
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appeared to extend into the shadow in this region. This 1s taken to

be evidence of turbulence since light passing through eddies is deflected
erratically. In a few instances this hairiness has been detected where
eddies were visible, but have never been noted where lamirar flow was
known to exist.

These evidences have been used to study trensition on bedies ranging
in fineness ratio from thirty to one quarter. ‘

The first studies of this sort at Ames were for sharp nosed, high-
fineness-ratio bodies of revolution, references 4 and 5, such as the cne
shown in Pigure 13. One of the most striking reswlts from these studies
is illustrated in figure 1h. Here it may be seen that, even with fairly
rough surfaces, long runs of laminar flow may be obtained provided the
Mach number just cubtslde the boundary layer is high enough. The tolerance

to roughness increases rapidly as the Mach number is raised.

The most recent studies, reference 6, of transition have been made on
low-fineness-ratio shapes for ICBM warheads. When these tests were first
considered it was expected, at least by those doing the work, that it
would be relatively easy to retain laminar flow up to the maximum Reynolds
nmbers attainable in this facility. It was felt, in particular, that a

gphere should present no real difficulty, because of the favorable pressure

gradients. 1In the early stages of these tests, rather discouraging results

were obtained for configurations like the round-nosed, 600 included-angle
cone in figure 15 and the hemisphere, figure 16. It now appears certain
that these configurations will have early transition during the portion
of £light where aerodynamic heating 1s severe. More recent tests by

T. N. Canning and 8. C. Sommer, as yet unreported, have indicated that
shapes more negrly resembling right circular cylinders, figure 12 and 17,

may be supericr shapes for preserving laminar flow.

The capabllities of this eguipment are being impro&ed as time passes.
Much emphasis at present is placed on increasing the Mach number range by
use of better propellants than gun powder. The possibilities of getting
data using other than photographib techniques are being pursued actively.
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Figure 3.- Film from Ames circular-sweep interpolating oscilloscope.

Figure 4. Transonic %}rplane model; M = 1.1.
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FPigure 5.- Dynamic stability model; M = 1.3.

Z
a /”_\F’,—_\
2 M e
B B
e N
Y W
s ¢
DISTANCE N

Figure 6.- Motion of an airplane model in free Tlight.




Figure 7.- Three-wing hypersonic airplane model.
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Flgure 9.- Shadowgraph of test model with boundary-layer trin of 0.003-inch
deep threads at ML= 3.9.
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Figure 10.~ Comparison of skin-friction ratic as determined by the use
of the modified T' expression with experimental values.

Figure 11.- Shadowgraph evidences of turbulence, eddies, bursts, and
base-flow lines.
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Figure 12.- Shadowgraph evidence of turbulence, "fuzzy” edge on face
of model.

M=340, R,*I3.Ix108

Figure 13.- Shadowgraphs of transition on a 0.000k-inch threaded surface.
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Figure 15.- Round-nosed 60° included-angle cone; M = 9,

Figure 16.- Hemisphere; M = 9.
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Figure 17.- Right circular cylinder; M = L,
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1.0

AEROBALLISTICS RANCE MEASUREMENTS CF THE PERFORMANCE
AND STABILITY OF A SUPER-SONIC FIGHTER ATRCRAFT

INTRCDUCTION

The technique of obtaining aerodynamic informstion from measurements

of the cuts made in sheets of paner which have been punctured by a
model in free flight has been used successfully at CARDE for several
vears for miséiles and ballistic projectliles. The accuracy of the
res:lte obtained andlthe inherent simplicity of the method have led-
naturally to its use more recently with a wider variety of shapes. The
work being done with delts wing tests has been described by Nr. Tidy

in a previous paper.

In addition to these tests a number of successful firings have
been made using small scale models of a supersonic delta wing aircraft
and it is the purpose of this paper to give a report on the progress on
this work. Although the program is not as yet complets, the results
obtained so far are very encouraging and it is felt that a description
of the work at its present state would be useful to others who mey wish
to carry out similar investigations.

A description of the method with particular reference to the

differences encountered between missile tests and aircraft tests will

be followed by a discussion of the type of results obtained and the methods

of analysis which can be used on them, and before concluding, some of
the limitations of the method will be discussed.
As a preface to details of the work however it would be in order

to mention briefly the reasons for undertaking such a study.
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The advantages of the aeroballistiecs range method include those of any

free flight technique but with certain additional kenefits. As long as

the necessary measurements can be made externally, the elimination of the

sting support used in the wind tunnel avoids the errors due to sting and

suprort corrections. This is particularly important in the measurement
of airera“t total drag. Tunnel wall corrections, whirch are difficult
to allow for accurately especially In transonic wind tunnel tests are
also eliminated. As the tests are done at sea level density with full
scale Mach number, the Reynold's mmber is in general higher than with
wind tunnel tests. For the CARDE tests the Reynolds number was 2.9
million.

The most obvious advantage of free flight tests is the ability to
observe the complete three dimensional dynamic behaviour of the model

with no more restrictions applied to it than those of the full scale

aireraft, except that the controls are fixed. With the present trend in

aircraft design to thin wings of large sweep back angles or of delta shape,

there is an increasing need for knowledge of dvnamic characteristics,

particularly cross-coupling effects, at an early stage in design. It is

because of this fact that the two main advantages of the range technique

over other free flight methdds are important. These are the simpliecity

of instrumentation and the small size and cheapness of the model itself.

Because measurements are all made externally, the model carries no
instrumentation, but requires only to be of the right shape and

ballasted to a suitable centre of gravity position.
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2.0

2.1

The basic instrumentation required in the range is no different to that
used for missile and projectile testing and provides a much cheaper, more
reliable and quicker means of obtaining dynamic information than by the
use of airborne telemetry. This being the case, the type of test reported
on here could be envisaged as forming a part of the preliminary testing

on an aircraft design, complementary to the first wind-tunnel tests and

at a sufficiently early stage in the aircraftts development that
configurational changes specifically to improve the dynamic characteristics
could still be made.

TEST METECDS & RESULTS

Description of Model & Test Methods

General views of the model used for these test; are shown in
Tigures 1 & 2. The model has a span of 5 inches, aspect ratio ? and quarter
chord sweep-back of 55°. An important factor in the feasibility of this
type of testing is the accuracy and cheanness of manufacture of the models.
In general the surface finish and accuracy of manufacture should be up to
the standard of wind tunnel models, however with no method of recovering
the models a 1arée nmimber of models may be required - depending on the
scope of the test program. The body and wings of the CARDE models are
machined from a single block of aluminum using.a Deckel Pantograph Die-
Sinker which scales the shape down from a master 14 times the model size.
Fin and rudder and ballast welghts are added later. With this machine a
surface finish of ¢ 0.002 can be maintained and the models can be
produced at a rate of less than 100 man hours eaéh, once the master and
templates have been made. By way of comparison the typical cost of
a wind tunnel model of similar scale is about $50,000, while for a large
free flight model with full telemetry the cost could be as much as

£120,000. 105



lodels of the latter type would of rcourse be able to supply a
wider variety of information than could be obtained from the simple
CARDE models. Alternative methods o investment castings using the
lost wax process are also being considered although there is some doubt
that tolerances on very thin wing secfions could be maintained without
some additional machining.

Also under consideration are methods of recovering the model. The
relatively light damage sustained by the present models when they are
fired into a sawdust butt suggests that with a large volume of 1liquid
or some low density medium it would be possible to recover the model
and fire it several times. Such a medium which is readily available
in Canada is.snow ;nd it is hoped to use a snow butt on the next firing.

Prior to each shoot, model dimensions are measured very accurately
for later use with yaw card measurements and the model's weight, centre
of gravity position and pripcipal moments and products of inertia are
found. Centre of gravity lécation is found to the nearest 0.003 inch
by using an accuraté weigh scale, amd moments of inertia are found by
both torsion pendulum and compound pendulum methods.

The essential difference between firing an aircraft model and firing
a missile in the aeroballisties range is that in the former case there
is no trigomal symmetry, but the model is a complicated shape with merely
mirror symmetry. This difference has its effeét on the mouﬁting of the
model in its sabot, on the launch and flight of the model down the range
and of course on the reading and analysis of the yaw cards. Considering
these factors in turn, first the sabot design required some development
because of the difficult problem of applying s large impulsife thrust

s

load to the small irregular area at the base of the fuselage.
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Some modifieations to the base to increase the bearing area were made and
the present sabot, shown in Figure 3, launches the model through a 12
inches escape hole at 40 ft. range with no difficulty. The clean
separation of the pstals is shown In Figure 4+ This round was fired at
BRL; the picture was taken using the smear technique with a Fastax
camere.

The lack of symmetry makes it necessary to have some advance
knowledge of the 1ift and pitshing moment characteristics of the model
in order that the controls cen be preset to give a small trimmed 1ift
coefficient. Otherwise, with too much 1ift on the wivgs, the model
might diverge too far laterzlly before flying the full lengtli of the
range.

The methed of measuring angles of incidence from the cuts made Ly
the model 1n sheets of paper mounted at intervals down the range is
fairly straightforward for missiles with fore and aft sets of cruciform
wings. 1In the case of an aircraft however with only the cne fin and wing
surface protruding laterslly te make a cut there were initially some
doubts abcut the possibility of getiing a card cut which could be read
with sufficient accuracy. These doubts proved to be unfounded however
when actual tests weve made. In the case of the aircraft under test,
the cut made by the jet intakes s clear enough that by measuring its
relation to the position of the wing tip and fin tip cuts, the incidence
angles o¢ and & can be measured wjtgoﬁt difficulty to the nearest
tenth of a degree. ¥Figure 5 is a photograph taken cf the actual hole made
by the model in one of the yaw cards. For reference, a side elevation

view of the mode]l is shown ahove the cut.
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It will be noted that the model is yawing toc the left and is flying

at a negative angle of attack, as irdlcated by the wing cut. Yaw angle
is determined by measuring the distance the fin and rudder is displaced
from bteing micway between the sides of the intake cut. Angle of attack
is obtalned by notirg the height of the line joining the wing tips above
a llne drawn across the bottoms of the intakes. For o = 0 this
height is known from pre-flight measurementé,on the model, so the
difference of the valne neasured on the card from the zero o< value
gives a direet indieation of angle of attack. Holl angle 1is measuréd
between the 1line joining the wing tips and the horizontal or vertical
datum lines marked on the paper. As these datum lines can be surveyed
in quite accurately, the lateral motion of the centre of gravity can be
measured with equal accuracy.

Ore disturbing thing which will be noticed from this figure is the
large area of paper which 1s missing from the centre. It appears that
the intakes, which have quite sharp leading edges, are slicing out this
plece of paper, but whether the intake subsequently swallows this paper
or whether 1t is knocked aside around the outside of the model 1s not
known yet. The photcgraph in Figure 6 was taken to try to ansver this
question. A break circult of fine copper wire was used to trigger a
nicroflash unit. As far as can be seen in this picture, the intakes are
not picking up paper and carrying it with the model.

A total of 59 sheets of paper aro used at present in the CARDE
range, the first 39 at 5 fecot intervals and the rest at 10 foot
intervals. A general interior view of the range is shown in Figure 7,

with the yaw cards themselves removed.
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2.2

The wooden frames in the distance are tp be replaced by the rdller type
shown in the middle distance. The latter incorporate a large roill of
paper, facilitating rapid changing of the paper. By means of solenoid
actuated pins, reference marks for the horizontal and vertical datum
lines can be made in the paper quickly and accurstely.

Velocity measurements are made by a system of light screens
accurately surveyed in at 50 foot intervals and connected to Potter

chronographs which measure the time of travel between light screens to

the nearest microsec. The accuracy of this method of velocity measurement

is approximately 0.3 £t /second in 1500 ft/sec. Drag values which are
obtained by differencing the successive veloclty readings are therefore
subject to an error of about 2 per cent with the present light aluminum
models.

Test Results

By suitable orientation of the model and sabot in the breech of
the gun, the shadowgraph of the plan view of the model in Figure 8 was
obtained. The amount of detail of shock wave and flow behaviour is
equivalent to that obtainable with a wind tunnel schlieren system but
with thé advantage of showing fhe complete pattern with no interference
from walls or stings. In Figure 9, showing the model's elevation,
the fin and wing tip vortices, and build up of boundary layer along the
fuselage can be seen.

Again with reference to the problem of yaw card interference at
the model intakes, the shadowgraph pletures all show a flow pattern
at the base of the model which indicates a clear passage of air through

the ducts.
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3-1

Furthermore a comparison of the shock wave pattern at the shock ramp and
the lips of the intake wlth schlieren plctures taken during recent

NACA tests of the same intake show a very close similarity suggesting
that the 1ntake and duct are functloning properly.

Plotted in Figure 10 versus distance down the range are the angles
of incidence « and & 1n rolling co-crdimates, and the rolliangle
¢ for a portion of the test record of a model with its centre of
gravity at 8.7% MAC and flying at a supersonic Mach number. The
points occur at the yaw card positions with intervals of 5 feet and at
a sufficieint frequency to give a good record of the shape of the /3
and ¢ curve. There is very little scatter of the points about these
curves which 1s taken to be a further lndlcation that the models are not
unduly disturbed by their paséage through the paper. Posltive damping
of ali the records will be noted.

Figure 11 shows a simllar plot for a model fired at the éame Mach
number but with the centre of gravity moved back to 19.2% MAC. The
frequency of the oscillations in roll, pitch and yaw have decreased,
while the damping has’changed from posltive po slightly negative.
ANALYSIS
Stabllity Derivatives

As seen from Figure 10 & 11 the models have a slow steady rate of
roll on which 1s superimposed a dutch roll oseillation. The oscillation
in yaw has the same frequency with a slight shift in phase ana
approximately the same rate of damping. The models also oscillated in
pltch, but at a frequency substantlally higher than that in dutch roll and

with a much smaller amplitude.
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Fence 1t can be concluded that no roll-piteh cross coupling occurred.
A second simplification is that in the records of the lateral co-
ordinates of the model centre of gravity (which have not been included
in the figures), there 1s no apparent ripple at the dutch roll frequency -
although the method of messurement would have evidenced any such effect.
Thus it may be assumed also that the model angle of yaw 2 1is equal
to - & +the sideslip angle. The implication of thils assumption is that
the aerodynamic side forces are negligible and therefore that in the
equations of motion, the side force equation can be neglected, leaving

only the two equations for yawing and rolling moments.

The method which has been used to deduce aerodynamic derivatives
from these records is to subtract graphically the mean rate of roll from
the total roll angle, leaving only the oscillations, and then to fit a
damped sinusoidal oscillation to both roll and sildeslip. Substituting
these expressions into the equations of motion gilves a set of algebrale
equations from which several of the stability derivatives can be found.

The equations of motion, making use of the above simplifications

are as follows:

2P -T2y a3 Vo [01/3" c1p () + 0y, (z2l]-)

d
Ix dt2 L

BRY_ -1z, 3290 =3P V30 [ CngA* Cnp (12%) * Cp, (r_.b)]- ¢2)

at2 I, 4t I FA N I

On the basis of the character of the records a solution of the form

shown below 1s assumed:

zr - % e =Kt sin w t (3)

9 = ¢o e =¥ sin (Wt +6) . (4)
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w t 1s set equal to zero and alternatively equal to =7 /2 in
equations (3) and (4) and in the corresponding equations for the first
and second derivatives of % and § . The two sets of values thus
obtained are substituted into equations (1) and (2) resulting in four
simple algebraic equatlons. %hen the appropriate values of amplitude
ratio ¢°/;%> y frequency w , damping factor ¥ and phase angle &

‘are substituted into these four alpebraic equations the only remaining
unknowns are the six lateral stability derivatives C%A , Clp’ Clr .

Cnp ané Cp,, . With six unknowns in a set of four simultaneous equations
we are thus faced with a choice of assuming two of the derivatives and
solving for the remaining four. In our work it was considered preferrable
to solve for 0175 s Cn/g , And Clp as these three could most easily be
verified from previous tests amd of the remalning three it was decided

to assume Cy, and Cnr on the grounds of mumerical size of the terms
invglved-and the accuracy with which estimates of their value could be
made.

When the four stabjlity derivatives were evaluated for the records
shown surprisingly good agreement with wind tunnel values and estimates
was found. The an? value was almost identical with the wind tunnel value
corrected to the same centre of gravity position, Clp was within a few
per cent of estimates and C%ﬁ' was close to the langley wind tunpel

value, although C = came out rather higher than estimates for this

np
aircraft.

In using this type of amalysis for a test program in conjunction with
preliminary wind tunnel tests, it would probably be more advisable to

use the wind tunnel values of C and Clﬂ as the assumed values in .

ng

the equations and solve for the four rotary derivatives, as these are more

difficult to evaluate from the wind tunnel.
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3.2

4.0

With the test results so far obtained at CARDE, an analysis of only
the lateral derivatives has been completed. Information gained from
recent free~flight tests indicates that by altering the inclination of
the principal axis, the dutch roll oscillation can be completely
eliminated and by introducing an initial disturbance in pitch, a record
will be obtained from which the longitudinal stability derivatives can
be found using similar methods to those described above.

Iift & Drag

As a complete record of lateral centre of gravity movement is

obtained as well as an angle of attack history, it should be possible
to check points on the 1ift curve slope. This has nct been done as yet

with the present results. Drag values from the CARDE tests came out much

higher than expected and, as erplained previously the effect of the cards
on the progress of the model was suspected. As a check on this,
arrangements were made to have FRL fire one of our models at the same
Mach number. AJthough further checks will be necessary to confirm this
effect, the BRL results showed a total drag coefficient about 10% lower
than the CARDE value, but still substantially higher than estimates.
LIMITATICNS ‘

Before concluding, some of the limitations of the present technique
should be mentioned. The model scale is necessarily limited to that of

the barrel of the gun.




5.0

Altnough a large 14 inch gun is in the planning stages at CARDE, with
the guns presently available in Caxada and the United Statés this me;ns
a restriction of the wing span to % or G inches. At this scale, aceurate
simulation of intake conditions is difficult and manufacturing tolerances,
as discussed eariier, huve to be kept small. Because of the limited size
of the range, advance knowledge of 1ift and pitchiag moment
characterlstiss is required so that a suitable elevator setting can be
chosen. For the same reason, there is a fairly low limit to the range
of Cy's at which tests can be made.
CONCLUSIONS

A technigue has been developed for launching s small scale model
celta-winged aircraft at supersonic speed in the aeroballistics range.
The yaw card technique is user to measure roll, oitch and yaw angles to
the nearest tenth of a degree, amd lateral centre of gravity position
to the nearest twentieth of an inch. 1In addition, the model's velocity
history 1s cdetermined from a light screen system, while shock wave and
flow visualization is obtained using 16" and 36" schlieren systems.

Efforts hzve been made to determine the effeft of the cards on the
model!s behaviour, and although the matter is not as yet resolved, the
indicatlon is that a swall rectangle of paper is belng removed from each
yaw card but that no blockage of the engine ducts occurs. The regularlty
of the pitch, yaw and roll records suggests that the model attitude is not
disturbed by the cards while a corparison of drag values with and without
cards in place indicate a maximum lncrease of total drag coefficlent of

abcut 10%.




Further work should enable a correction to he made to allow for this
difference however.

The records obtained from the firings of the test aircraft show a
strong dutch roll type oscillation in yaw and roll while the angle of
attack record is of much higher frejuency. Thus no roll-pitch cross-
coupling effects are assumed, ;nd on the further assumption, based on
the records, that model side forces are small, a simple hand solution
of the resulting equations of motion for two degrees of freedom has
been carried out. Trom this solution, four of the lateral derivatives
have been obtained, showing good agreement with nrevious wind tummel
tests and estimates.

By suitable adjustment of the inclination of the principal axis
the dutch roll oscillation can be eliminated and a pitch disturbance
introduced to obtain an angle of attack record from which similar
information about the longitudinal stability derlvatives can be deduced.

As explained earlier, this papsr is merely a pfogress report on

a program of work which is still underway and therefore the treatment,

 particularly of the analysis work, has not been as detailed and thorough

as the authors would have wished. The results so far are very encouraging
howeﬁer and there is every indication that the method could have general
application as a means of obtaining useful quantitative information

about aircraft lateral and longitudinal stability and performance.
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FIGURE 6
MODEL EMERGING THROUGH

YAW CARD PAPER




FIGURE 7
VIEW DOWN RANGE WITH

YAW CARDS REMOVED
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Part I

APPANDIX g i) ol e

The following publications describe ranges presently 1n operation
in North America.

1.

Bull. G. V., "Some Aerodynamic Studies in the C.A.R.D.E.
Aeroballistics Kange”, Ceznacdian Aeronautical Journal,
Vol. 2, No. 5. pp. 15k-163, May 1956.

May, Albert and Williams, T. J., Free-Flight Ranges at the
Naval Crdnance Laboratory, WAVORD Report 406%, July 1955.

Rogers, Walter K., Jr., The Transonlc Free-Flight Range,
BRI, Report No. 849, Feb. 1953.

Seiff, Alvin, A Pree-Flight Wind Tunnel for Aerodynamic
Pesting al Hypersonic Speeds, NACA Report 1222, May 1955.

Staff, Aeroballistics Laboratory, Dynamic Aeroballistic
Evaluation, NOTS 1152, July 1955.
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\
Additional information on North American range facilities canbe
obtained by writing to the following.

National Advisory Committee for Aeronautics
Ames Aeronzutical ILaboratory

Moffett Field, California

Attn: Mr. H. Julian Allen

Chief Superintendent

Canadian Armament Research and Development Establishment
P. 0. Box 1427, Quebec, Province of Quebec, Caneda

Attn: -Dr. Gerald V. Bull

Commander

U. 8. Naval Ordnance Test Station
China Lake, Callfornia

Attn: Dr. William Haseltine, Code 503

Commanding General
Abverdeen Proving Ground, Maryland
Attn: Dr. Boris G. Karpov, Ballistic Research Laboratories

Commander

U. 8. Naval Ordnance Iaboratory
White Oak, Silver Spring, Maryland
Attn: Dr. Albert May
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No. of

Copies

10

10
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DISTRIBUTION LIST

Qrganization

Chief of Ordnance
Department of the Army
Washington 25, D. C.
Attn: ORDTB - Bal Sec

ORDTU

ORDTA

ORDTX-AR

British Joint Services Mission
1800 X Street, N. W.
Washington 6, D. C.
Attn: Mr. John Izzard,
Reports Officer
A. E. Clarke
N. K. Walker

Canadian Army Staff
2450 Massachusetts Ave.

. Washington 8, D. C.

Of Interest to CARDE:
G. V. Bull
E. W. Greenwood
G. H. Tidy
D. A. G. Waldock
D. W. Pounder
H. R. Warren

Chief, Bureau of Ordnance
Department of the Navy
Washington 25, D. C. '
Attn: ReO

Superintendent

Naval Postgraduate Schocl
Monterey, California
Attn: Dr. Head

Commander
Naval Air Missile Test Ctr.
Point Mugu, California
Attn: CT - 31

M. Fitzgerald

Commanding Officer

Naval Air Rocket Test Stn.
Dover, New Jersey

Al

No. of

Copiles

1

13

. o . o ilJ; -
T A \ A
W S 'A‘_I_J&'JJ

Organization

Commander
Naval Air Development Ctr.
Johnsville, Pennsylvania

Commander
Naval Ordnance Test Station
China Leke, California
Attn: Tech. Library
W. R. Haseltine
(Code 503)
H. L. Newkirk
(Code 503)
E. B. Mayfield
(Code 5015)
W. H. Allan
E. L. Dunn
I. Highburg

Commander
Kaval Proving Ground
Dahlgren, Virginia

Commander
Naval Research Laboratory
Washington 25, D. C.
Attn: W. W. Atkins

R. H. Fuller

Commander
Naval Ordnance Laboratory
White Oak
Silver Spring, Maryland
Attn: J. J. Brady
V. C. Dawson
J. N. Fedenia
A. Greenwald
R. K. Lobdb
H. H. Kurzveg
J. E. Long
A. May
Z. I. Slawsky
P. A. Thurston
E. Winkler
W. R. Witt
F. De Merritt
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UNCLASSIFIED

DISTRIBUTION LIST

No. of
Organization Copies
Chief of Naval Research 2
Code U438

Washington 25,.D. C.
Attn: F. S. Sherman

Commander

Wright Air Development Cir.
Wright-Patterson Air Force Base 2
Ohio

Attn: WCISW - F. J. Huber
WCLCO - M. Shorr
WCLSS - Tung-Sheng Liu
WCRR
WCLSW-5
Commander L

USAF Fighter Weapons School
Nellis Air Force Base, Nevada

Commander
Air Force Armament Center
Eglin Air Force Base, Florida

Attn: ACOTT
ACB - C. M. Halton
ACB - R. Jacobs 6
ACB - J. E. Stevens
ACB - A. 8. Galbraith
Commander
Air Research & Development
Commend

P. 0. Box 1395
Baltimore 3, Maryland
Attn: Deputy for Development

Commander 10
Adr Force Missile Test

Center (MTE)
Patrick Air Force Base, Florida

U. 5. Atomic Energy Commission
Sandia Corporation
P. 0. Box 5400

Albuquerque, New Mexico 1
Attn: H. R. Vaughn, Div. 51k
W. K. Cox

A2

Organization

KNational Advisory Committee
for Aeronautics
1512 H Street, N. W.
Washington 25, D. C.
Attn: I. H. Abbott
R. E. May

Naticnal Advisory Committee
for Aeronsutics
Lewis Flight Propulsion Lab.
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