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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



i
L :
L

(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
simulator.
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Figure 10.- Copper-faced models in flight through small-scale atmospheric
entry simulator.
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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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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
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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.
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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, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>