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PREFACE

The exploration, study, and definition of the environmental conditions which
exist in space beyond the earth's atmosphere form an essential part of the current
space-age effort. The development of this science is of especial interest to the
vehicle structures designer, who must make decisions today that will establish
the capability and efficiency of the space hardware in use 5 °r 10 years hence.
The time, the tools, unA the money available for obtaining necessary engineering
data concerning space environment are limited. It is therefore of utmost impor-
tance that the total national effort be coordinated and directed to bring maximum
returns.

Recognizing the urgency of this situation, the NASA Research Advisory
Committee on Missile and Space Vehicle Structures has appointed an Environmental
Task Force to review the problems and recommend appropriate action. The result
will be a series of definitive reports, each dealing with an important space-age
design environmental problem, which are intended to present not only the present
state of knowledge but to indicate what is being done on a national scale, and
to make recommendations regarding the direction of future effort. These reports
will be prepared primarily by NASA technical personnel but with the critical
assistance of the entire committee. The subject of the present study is the prob-
lem of the meteoroid environment for cislunar vehicles.

E. E. Sechler, Chairman
NASA Research Advisory Committee on
Missile and Space Vehicle Structures
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NATIONAL AERONAUTICS AND SPACE AIMINISTRATION

TECHNICAL NOTE

ENVIRONMENTAL PROBLEMS OF SPACE FLIGHT STRUCTURES

II. METEOROID HAZARD*

Prepared "by John R. Davidson and Paul E. Sandorff in collaboration with the
NASA Research Advisory Committee on Missile

and Space Vehicle Structures

SUMMARY

The meteoroid environment and the effects of hypervelocity impact on space
vehicles are described, and the effects of the incompleteness of present knowl-
edge of each are discussed. The overall problem of the meteoroid hazard is
evaluated and methods of eliminating the probability of meteoroid damage are
given. A partial listing of typical research projects on meteoroid-environment
and hypervelocity-impact problems is presented.

INTRODUCTION

Space environment - the conditions that exist beyond the atmosphere, their
exploration, study, and ultimate incorporation into the known world of science -
is a fascinating and well-supported part of current space-age effort. To the
structures designer, however, it often appears as though many aspects which
would immediately affect the efficiency and the integrity of design are being
overlooked and that research objectives do not follow an optimum plan. Fre-
quently experiments are purely scientific, being directed at knowledge for the
sake of knowledge; often they are severely pragmatic, but with respect to appli-
cations which are as yet many years in the future. Meanwhile, the pursuit of
immediately useful engineering data, which could be applied to effect Immediate
advances in the overall performance of the vehicles being designed today, is
being accorded secondary importance.

Space vehicles must incorporate some provision for thwarting damage from
meteoroid encounters. The "shirt-sleeve" environment envisioned for journeys
which have periods of a week or more precludes permitting the walls of the pres-
surized cabin to be punctured. Propellant tanks must not be punctured, and heat-
shield surfaces cannot be deeply pitted if they are to perform satisfactorily
during atmospheric entry. Spelling from internal surfaces due to impact may have
serious consequences on men and equipment, even though complete puncture does not
occur.

*Part I is NASA Technical Note D-lVf1*- by Louis F. Vosteen.



The recent interest in space journeys is accompanied by some apprehension
about the danger presented by meteoroids to vehicles which are not provided with
the protection of the Earth's atmosphere. An early examination of the meteoroid
hazard was made by Grimminger (ref. l). In order to estimate the severity of
this hazard, the known data and hypotheses associated with meteoritic particles
are reviewed herein. An hypothesis explaining the origin of meteoroids and
meteors is presented by F. L. Whipple of Harvard University (see refs. 2 to 7).
This hypothesis is generally compatible with the few known facts and with data
obtained during the last 5 years.

The results of collisions between meteoroids and space vehicles are depend-
ent upon the penetration effects of high-speed particles on engineering materials.
Great efforts have been made to ascertain a workable method of predicting the
effects of high-speed impacts. Some results of these efforts are reviewed herein.

Throughout the present paper the word "meteoroid" is used as a general term
to refer to particles traveling in space. The word "meteor" is used to denote
the luminous phenomena exhibited by particles as they enter our atmosphere at
high speeds. "Meteorite" will be reserved to designate an extraterrestrial body
found on the Earth's surface.

Several summary reports which pertain to various segments of the meteoroid
problem are available. References 8 and 9 contain summaries of the data on dust
particles gathered by satellites and rocket probes. Reference 10 is a summary
and compilation of data from ground-based facility tests on hypervelocity impact.
Reference 11 is a summary of the meteoroid hazard and contains an analysis of
experiment requirements for flight-test evaluation of this hazard. In addition
to the numbered references, this paper contains a. bibliography of related
material.

SYMBOLS

A area, m2 or ft2

b minimum momentum per unit area to effect penetration, k

c longitudinal bar sonic velocity, m/sec

c dilatational bulk sonic velocity, m/sec

d diameter, m

E modulus of elasticity, newton-m2 (l newton = 105 dynes)

H Brine11 hardness number

h spacing between sheets, in.

K constant

I length, m
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M visual magnitude

m mass, kg

N number

n index number

P depth of penetration, m

P depth of penetration; not specified whether from original surface to
crater bottom, or original surface to top of deposited material in
crater, m

p probability

R radius, m

r number

T kinetic energy, joule

t thickness, m, cm, or in., as used

u velocity of plastic wave propagation in material, m/sec

V velocity, m/sec

VL limiting velocity

Vo minimum velocity required to effect penetration, m/sec

v volume, UK

a constant

3 luminous efficiency

e most probable number

£ heat required to melt target material (from initial temperature of
material), joule/kg

H Poisson's ratio

| constant

p density, kg/m5

Oy yield stress, newton/m̂



T time, sec

p -1•ty penetration flux, holes-ft" -day

Subscripts:

b total thickness of bumper and main wall

c crater

p projectile

t target

0 zero on visual magnitude scale

1,2 integers

METEOROID ENVIRONMENT

At present, it is believed that meteoroids may be divided into two groups
defined by their origin: (l) meteoroids from asteroids, and (2) meteoroids from
comets. Each of these groups will be discussed separately.

Asteroidal Particles

The asteroidal particles constitute less than 10 percent of the total influx
of the particles which enter the Earth's atmosphere. It is believed that these
particles originate in the asteroidal belt which is located between the orbits
of Mars and Jupiter. A present theory is that the asteroids are the remains of
one or more planets which had orbits located somewhere between the orbits of
Mars and Jupiter. The asteroids are irregularly shaped rocky bodies; the largest
one is about 500 miles in its longest dimension, and the smallest observable ones
are on the order of 1 mile or less. The asteroids are noted for their highly
elliptic orbits. Various perturbation forces influence the orbits of the aster-
oidal particles in such a way that small particles from them occasionally cross
the path of the Earth. Some of these enter the Earth's atmosphere and become
meteors.

The large size and physical solidity of some of the meteorites have enabled
them to survive the severe aerodynamic heating experienced during entry into the
Earth's atmosphere at extremely high speeds. The meteorite protects itself by
ablating a portion of its outside surface; the flow lines of molten material can
be seen in the cross sections of many meteorites. The cross sections show a
residual layer of oxide on the outside surface which is on the order of a few
thousandths of an inch deep. The main-body chemical composition is iron, nickel,
and stone; some meteorites are mostly iron and others mostly stone, but a large
proportion are a combination of all three. Many meteorites resemble terrestrial



rocks, but the meteoritic mineral forms are different from earth stones. It is
hoped that close physical and chemical scrutiny of meteorites may provide infor-
mation about their origin and the conditions under which they were originally
formed.

The sizes of the meteorites found on the ground range from many tons to
particles only a few microns in diameter. Extremely small meteorites have been
trapped on sticky surfaces located on rooftops, towers, mountain tops, and high-
flying aircraft. As the size of the particles decreases, the number increases.
Fortunately only a few of the extremely large particles strike the Earth in each
century. In every hundred years it is estimated that the Earth is struck approx-
imately three times by meteorites weighing several hundred tons. In the present
century two huge meteorites landed in Russia; one, in Siberia, felled trees up
to a distance of 80 kilometers. Many centuries ago a meteorite landed in Arizona
and formed what is now known as the Barringer Crater. The crater has an average
diameter of 1,200 meters.

Cometary Particles

The cometary particles are estimated to constitute more than 90 percent of
the total influx of particles which enter the Earth's atmosphere. The large
relative percentage of cometary particles counted, compared with the astroidal
particles, may be influenced somewhat by the photographability of each type. As
is discussed subsequently, there is some evidence which indicates that the com-
etary particles are of low average density, quite porous, and frangible. These
characteristics are favorable for the production of a flaring meteor or one
which, at some point along its path, is quite bright and is more easily noticed
than a nonflaring meteor.

A present hypothesis is that comets are formed by a gradual accumulation
of atoms and particles which are wandering randomly in space. It is estimated

that our Sun is capable of maintaining 10 comets in a solar orbit (ref. 12),
the majority of which are great distances from the Sun. Occasionally one of the
comets may be disturbed by a passing star and deflected toward the Sun. If the
comet passes within J astronomical units of the Sun, it can be viewed from the
Earth. (One astronomical unit equals the average radius of the Earth's orbit
about the Sun.)

A comet which originates at great distances from the Sun will have a nearly
parabolic orbit. Under the proper conditions, as the comet nears the Sun, the
influence of the planets can be such that the comet will become a permanent
member of the solar system and will reappear in a periodic fashion. On the aver-
age, several "new" comets are discovered each year; of course, one cannot be
certain that these are really new, or if they are instead long-period comets
whose previous arrivals have not been recorded.

On the other hand, comets are lost from view as a result of two major
effects. The comet may pass closely enough to a large planet to be influenced
by its gravitational field, which may deflect the comet so that the new orbit
precludes the proper relationship between the comet-Earth-Sun system to permit



observation; the comet may remain too far from the Earth to be seen, or may not
be properly illuminated by the Sun to permit detection. The other important
effect is one of destruction which occurs as the comet passes through perihelion
(closest distance to the Sun); the Sun's vanning effect, gravitational pull, and
radiation pressure combine to disrupt the nucleus and scatter the constitutents.

A videly accepted concept is that a comet is not a very dense mass, but is
instead a loose accumulation of particles. When comets pass between the Earth
and the Sun they do not interrupt solar observations. It was originally thought
that a comet was a sort of flying gravel bank, but in recent times this concept
has been displaced by Whipple's comet model, which visualizes the comet as an
icy conglomerate wherein frozen compounds bind mineral particles together. The
low average density of a comet was demonstrated when a comet passed between
Jupiter and one of its moons; the comet exerted no perceptible perturbation to
the planet's trajectory nor did it influence the orbit of the moon.

As the comets pass between the Earth and the Sun, it is possible to make
spectrographic analyses of these bodies and to obtain information on the chemical
composition of the comet. Table I (from ref. 12) is a table of elements most
commonly found in the solar system. It has been found, with the possible excep-
tion of helium, that comets are also made of these most common elements. Because
the equilibrium temperature of objects in space at great distances from the Sun
is intensely cold, many of the usual gaseous elements are in solid form, but it
is not cold enough to freeze helium or molecular hydrogen. However, hydrogen
can combine with oxygen and carbon to form compounds such as HpO (water), CHî
(methane), Mj (ammonia), CH^COOH (acetic acid), and HCN (hydrocyanic acid). The

freezing temperatures of these compounds are so high that they would exist as
frozen ices at locations beyond the orbit of Saturn. The remaining mineral
elements, such as magnesium, silicone, iron, sulphur, sodium, calcium, nickel,
and aluminum are frozen within the ices.

As comets approach perihelion, the increase in intensity of radiant solar
energy causes the frozen elements to change from ices to gases. The liquid
phase is obviated by the low pressures of the space environment. Once the ices
are gone, the nonsubliming mineral elements may be left in a fragile porous
matrix of extremely low average density. This residue would remain in the same
orbit as the original comet except for the scattering caused by the various
perturbing forces which act upon the particles with nonuniform effect. (These
perturbation forces will act upon all particles, whether of cometary origin or
not, and are described in.the section entitled "Pertubation Forces.")

It is suspected that none of the meteoritic objects yet found on the ground
are of cometary origin. Jacchia (ref. 13) has analyzed a number of photographed
meteors which flared suddenly. He concluded that a logical explanation for the
sudden increase in brightness (or flaring) was that the single meteoroid was
shattered into myriad fragments, each of which generated a small meteor. The ->
camera could not resolve the individual meteors, but instead registered the
integrated effect'of the glowing cluster. By observing the altitude and velocity
at which the flares took place, Jacchia found that a dynamic pressure of only



one-fiftieth of an atmosphere was sufficient to fracture the meteoroid. It was
concluded from these observations that the cometary particles are extremely
frangible.

When the Earth passes through the orbital path of a comet, meteor showers
are frequently encountered. Even though a comet has been nearly destroyed
because of too many successive passes in the proximity of the Sun, the nonsub-
liming residue of the comet continues in approximately the same orbital path.
The perturbing forces cause a widening of this path, but the majority of the
nonsubliming material remains concentrated in the orbit that the comet would have
occupied if it had not vanished. One of the more spectacular periodic meteor
showers of modern times - the Leonids - was identified as such in 1833. Since
then it has occurred at nearly annual intervals, although the intensity varies
greatly from year to year. In 1799 "the intensity was high, and this intensity
has been noted in intervals of about 33 years except in 1899 and 1932. It seems
that the particles are scattered around the orbit, but are more concentrated in
some parts of the orbit than in others. The paucity of the shower in 1899 and
in 1932 was caused by the planet Jupiter; the denser part of the swarm has been
influenced by Jupiter's gravitational field and has been deflected so that it no
longer will pass through the Earth's orbital path. There is no doubt that the
Leonids originated from a comet that was first observed in 1866; the comet moved
slightly ahead of the densest part of the meteoroid region.

Many other meteor showers have been associated with particular comets
(ref. 3)- If the velocity and orbital direction of an individual meteor were
closely defined, it is felt that nearly 70 percent of the incoming meteors could
be classified as belonging to streams, although some streams would be broad with
widely separated particles. At present about 30 percent of the incoming flux is
associated with particular streams, and the remainder is classed as "sporadic"
and is commonly treated as occurring randomly. Some recent experimental measure-
ments of the meteoroid population (ref. 14) lead to a slightly different descrip-
tion of the environment.

Figure 1 (from ref. 15) illustrates the meteoroid "stream" model which is
a concept partly inspired by the radar-observation data in reference 1^. It is
assumed that" all meteoroids are members of streams. The stream intensity may
be great or small. The fact that during some periods the observed meteors seem
to have a rather random direction is explained by assuming that the earth is
usually simultaneously immersed in a dozen or so streams. The observed intensity
fluctuations of identified periodic streams (such as the Leonids) occur because
the earth does not always pass through the central core of the stream (or because
the average stream flux has changed). 'Thus, instead of classifying meteoroids
into "streams" or "sporadic" groups, all meteoroids are considered to be related
to streams, and the streams are classified as "periodic" (usually intense) or
"sporadic."

In either case, the concept used to describe the meteoroid population is
a matter of mathematical convenience. For other than the known meteoroid show-
ers, a statistical or "random" description will probably be used to predict the
meteoroid-flux rate for a given period.



Tektites

Tektites are mineral objects of speculative origin which have "been found in a
few localized parts of the world. The chemical composition of tektites is approx-
imately 65 percent Si02 and about 18 percent of the remainder is Al̂ )̂ . The ratio
of iron-to-nickel content is about 500 to 1. The physical form resembles glass,
as if the tektites at one time had experienced intense heat. The hypotheses on
the origin of tektites are divided into two classes: (l) tektites have a terres-
trial origin, and (2) tektites have an extraterrestrial origin. The first known
mention of tektites appeared in the scientific literature in 178? •

The argument for terrestrial origin (see ref. 16) attributes the glassy phys-
ical form to intense heating caused by either volcanic activity or by a meteorite
which struck the Earth's surface at high speed. The intense heat during either of
these conflagrative activities melted the stones which were then thrown into the
air by the volcanic explosion or the meteorite impact. The stones scattered and
cooled during passage through the atmosphere. The outside cooled and hardened
first; subsequently, subsurface voids were formed as the interior cooled and con-
tracted. The high ratio of iron to nickel in tektites is unusual for meteorites;
meteorites have commonly exhibited an iron-to-nickel ratio of about 20 to 1. A
ratio closer to 20 to 1 rather than the 500-to-l ratio found in tektites would be
expected if the tektites were of extraterrestrial origin. Also, tektites show a
very low degree of cosmic bombardment, which indicates that they were protected by
the Earth's atmosphere after they achieved the glassy form. If tektites arrived
as a meteoroid shower from space, they should be found on the ground in a band
around the Earth; instead, they are found in patches of about 50 to 100 miles in
radius; some patches are near (within few hundred miles) each other and others are
on separate continents.

The hypothesis for extraterrestrial origin is that the chemical composition
of tektites does not resemble the other mineral forms in the areas in which tek-
tites are found. The tektites contain bubbles within which a good vacuum exists;
this is taken to indicate that the bubbles might have been formed under fairly
high vacuum conditions such as those at about 60 miles above the Earth. Radar
and polarized-light reflectivity measurements on the Moon's surface show that the
chemical composition of the surface could closely resemble that found in tektites.
The glassy form could be a result of an Earth satellite which entered the atmos-
phere at fairly low inclination and which experienced aerodynamic heating.

Recent hypervelocity ablation experiments with tektite glass have produced in
the laboratory models accurately resembling Australian tektites. The overall evi-
dence in reference 17 indicates that australites are objects which entered the
Earth's atmosphere as individual pieces of rigid glass and were shaped by severe
aerodynamic heating. Machine calculations have shown that such an orbit is possi-
ble and that the localized character of the tektite "finds" can be explained by
the atmospheric entry of one or more large objects which broke up in the atmos-
phere. The hypothesis is that some object was chipped from the Moon, became a
natural temporary Earth satellite, entered the Earth's atmosphere, and broke into
several large pieces which were heated to about 2,000° F to create the glassy form.

Because of their relatively rare occurrence, tektites are not considered to
be a hazard to space vehicles.
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Perturbation Forces

The perturbation forces acting on the particles, the comets, and the aster-
oids, can be divided into two groups. The first group is independent of the
size of the particle, and the second group has a greater effect on the smaller
than on the larger particles. The first group includes particle collisions and
the influence of the planet Jupiter. The second group includes solar pressures,
the Poynting-Robertson effect, erosion by collision, and the jet effect.

Forces independent of size.- As the asteroids and the comets travel through
space they occasionally bump into one another. A common product of these col-
lisions is smaller particles which, because of the impact, will diverge from the
paths of the original bodies. Although the center of mass of the collision
products may follow the same velocity vector as that of the original two-body
system, the individual fragments will scatter.

The influence of the planetary gravitational fields has been mentioned
previously. (See also ref. 18.) Jupiter, because of its large mass, has a great
effect on the smaller bodies of the solar system which approach it. Over long
periods Jupiter has influenced the motion of the asteroids, most of which travel
in highly elliptic orbits between the orbits of Mars and Jupiter. This influence
appears in the general tendency of the perihelia of asteroids to lie in the same
direction as that of Jupiter. The largest eccentricities and inclinations are
found for the asteroids with periods between k and 6 years (nearly half that of
Jupiter). (See ref. 19.)

Effects which depend upon particle size.- The effects of some of the per-
turbation forces vary with the size of the particle. The solar pressure will
act upon all particles. It has been demonstrated by calculation that the solar
pressure is capable of blowing away all particles with diameters less than
approximately 1 micron. As the particle size decreases, the ratio of the surface
area to its volume increases; therefore, for a given density, the ratio of the
surface area to the mass increases. The solar-pressure force is directly pro-
portional to the area presented toward the Sun, and the imparted acceleration
is inversely proportional to the particle mass. If it is assumed that a particle
is not orbiting about the Sun and therefore has no inertia! force which tends to
hold it away from the Sun, this particle is then influenced only by the Sun's
gravitational field and by solar pressure. Particles in the vicinity of the
Earth which are 1 micron in diameter and have a density of that of aluminum are
of the proper size for the solar pressure just to balance the force of the Sun's
gravitational field. As this particle becomes smaller, its surface area
increases with respect to its mass and the*solar-pressure force then exceeds the
force exerted by the Sun's gravitational field and the particle is blown away
from the solar system. •

The Poynting-Robertson effect is a relativistic phenomenon which imparts
a drag force to the small isolated particles (with diameters on the order of
5 microns or somewhat larger) which orbit the Sun and is caused by the absorp-
tion and subsequent reemission of solar energy by the particle. It is assumed
that the temperature of a given particle remains constant while it is in orbit
around the Sun, and therefore all the radiant energy absorbed by this particle
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from solar radiation must be reemitted. If a solar reference frame of coordinates
is used, the reemission of energy produces a resisting force on the particle
which is proportional to its velocity in orbit around the Sun. Over long periods
of time this resisting force will reduce the semimajor axis and the eccentricity
of the orbit of any small body, and ultimately the drag force will cause the body
to spiral into the Sun. Wyatt and Whipple (ref. 20) have calculated that in
3 x lO^ years all particles less than 8 centimeters in diameter will have been
swept into the Sun by this effect. The fact that there are still particles of
8 centimeters in diameter and smaller floating around in space indicates that
there is a continuous source of these particles.

A recent, as yet unpublished, study has been made by Whipple in an attempt
to establish limits on the erosion rates of meteorites by collision with smaller
meteoroidic particles. The computations used the spallation products of cosmic

rays (argon̂ A and 59̂ J in recovered meteorites to estimate the age of the mete-
orite, and thus the period of time over which erosion took place. Under the
assumptions made, the calculations indicate that erosion is a greater cause of
meteoroid destruction (or generation of smaller particles) than the Poynting-
Robertson effect.

The jet effect is one which is peculiar to the cometary particles. Fig-
ure 2 is a sketch showing how this effect disturbs the trajectory of the particle.
In this figure, two particles are shown - one which is not rotating and one which
is rotating. Both particles are in orbit about the Sun. The particle in the
lower right is subjected to solar pressure on one side - the side facing the Sun.
However, it must be remembered that these cometary particles can contain large
percentages of the mass as ices. - The ices on the side toward the Sun will be
warmed more than the ices on the side away from the Sun. As the ices sublime,
the gas that is driven off is predominantly in the direction of the Sun. A
momentum is imparted by these gases (in a manner similar to a small rocket motor)
which adds an additional impulse to that provided by the solar pressure. The net
impulse, then, is larger than that due to solar pressure alone. The particle
shown in the upper right of figure 2 is spinning about its own axis in a counter-
clockwise direction as it turns about the Sun in a counterclockwise direction.
Because the particle is spinning, the point of maximum surface temperature does
not directly face the Sun. Due to thermal lag the maximum temperature occurs
after the point has passed the position of receiving the highest heating rate.
The maximum amount of gas will be driven off at an angle to the direction to
the Sun, and will have a resultant-force component in the direction of the veloc-
ity. An oppositely rotating particle will have a retarding component. Since
the rate of spin, rate of sublimation,„ and particle mass would be different for
a randomly selected group of particles, the jet effect tends to scatter the
swarm. .

Observations of Meteors From the Earth

Photographic.- Until the past 15 years the main method of gathering data
on meteors was that of visual observation. Trained observers were stationed at
various points around the Earth to count meteors which could be seen with the
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naked eye, and to try to estimate the meteor altitudes and trajectories. In the
past 20 years or so, it has been possible to use cameras instead of individual
observers. The obvious advantage is that a camera gives a permanent record which
can be studied at leisure and which provides much more accurate measurements of
trajectories. An initial program was attempted at Yale University using two
cameras which photographed the same portion of the sky simultaneously; however,
the base line separating these two cameras was too small to provide accurate
triangulation measurements. Subsequently, Whipple, at Harvard, established a
two-camera observation system separated by a base line of approximately 4̂-0 km.
A new Whipple camera system using Super-Schmidt cameras has been located in New
Mexico, where the average weather conditions are more suitable for astronomical
observations than the weather at Harvard (Cambridge, Mass.) The Super-Schmidt
cameras are capable of recording fainter meteors than the original cameras. This
system also uses a base line of ̂ 0 km. A calibrated rotating-shutter system
periodically interrupts the meteoric light path; the lengths of the interrupted
traces on the film plates are measured to obtain velocity information. Trian-
gulation is used between the two cameras to obtain the particle altitudes and
trajectories.

The brightness of incoming meteors is measured on the visual magnitude
scale, which is logarithmic. As the numbers on the visual magnitude scale
increase, the brightness of a given body decreases. The zero value for the
visual magnitude scale is taken as the average brightness of certain stars. (A
star of zero magnitude is as bright as one standard candle viewed from a dis-
tance of 1 km.) On this scale the Sun has a visual magnitude of approximately
-26.7, and the full Moon, -12. At present, the cameras in use can record meteors
as faint as visual magnitude +5, which is also the brightness threshold for
naked-eye observation. The ratio of the brightness intensity I between two
given steps on the visual magnitude M scale is

In addition to the brightness measurements, about 200 photospectrograms of
meteor trails exist. Although these spectrograms reveal the qualitative compo-
sition of the meteoroids, no quantitative measurements can be made until some
means of calibrating the spectral luminosity of the meteor can be developed.

Radar.- The photographic data have been augmented by data supplied by radar.
A particle which enters the Earth's atmosphere generates a trail of ions. Radar
beams can be bounced from this trail to obtain the velocity and some limited
trajectory measurements of the meteor. The advantage of the radar (and also the
radio observations) is that these are unaffected by the sunlight or moonlight,
whereas the photographic observations are possible only during clear, dark,
moonless nights.

The radar technique has been so improved that it is now possible to detect
particles of a size which is equivalent to a +10 visual magnitude meteor. A
high-efficiency transmitting antenna is being used in conjunction with six
receiving antennas; this system permits the determination of the trajectory from
which the original meteoroid orbit can be calculated, (if high-efficiency
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receiving antennas be installed on the receivers, the sensitivity of this par-
ticular system could be increased by another two orders of magnitude.) It is
also possible to record some of these data automatically, (it is believed that,
with some development work, a radar sensitive to +l6 visual magnitude can be
built.)

Radio.- Radio measurements by themselves are only counting devices and do
not determine meteor trajectories without supplementary information as do the
photographic and radar measurements. The ionized trail of an incoming meteor,
in conjunction with a radio transmitter, generates a so-called whistle by a beat-
frequency effect. Automatic instrumentation has been set up to record these
whistles. Radio systems are used to get indications of meteoroid flux.

It has been found that the radio and radar measurements are somewhat sen-
sitive to the frequency used. A given frequency will be more sensitive to a
meteor of one size than another, and thus radios at different frequencies will
count different numbers of particles, even though both radio systems observe the
same portion of the sky. This originally presented some difficulty in corre-
lating the results of measurements made at different frequencies.

Meteor flux distribution.- Figure 3 shows some results from radar observa-
tions. This figure is a polar plot of the observed and actual flux of particles
at the Earth's distance from the Sun and is a yearly average of all particles.
Two surveys were made; the solid line is faired through data obtained in 19̂ 9-
1950, and the dashed line through data obtained in 1950-1951. The motion of the
Earth affects the apparent direction from which the meteor originated; the actual
flux is obtained by correcting for the influence of the Earth's orbital motion.
It can be seen from this figure that the apparent influx is greatest in the
morning hours and on the side of the Earth facing the Earth's motion about the
Sun. Therefore, the Earth is running into a great number of particles; however,
once corrections are made for the Earth's velocity through space, it is found
that most of the particles are traveling in the same direction as the Earth.
Figure k shows that most of the incoming particles have trajectories at small
angles with the plane of the ecliptic, which is the plane determined by the
Earth's orbital motion around the Sun. More than 90 percent of the particles
are included within kO° of this plane; this is not surprising because most of
the comets which are seen from the earth also come in within 14-0° of the ecliptic
plane. Such a correlation supports Whipple's hypothesis that meteoroids have a
cometary origin. Although the spatial and temporal variations of the meteoroid
influx have been mapped by the use of radar and radio methods, cameras have sup-
plied most of the information by which the variation in influx rate as a func-
tion of particle size can be determined. Table II lists the influx rate for
particles of various mass.

Accuracy of meteor observation systems.- A major experimental uncertainty
is common to all three observation systems. None of the particles observed by
the systems have been available for subsequent scrutiny in a laboratory. All
have been destroyed or lost in transit through the atmosphere. Although it may
be possible to correlate the data from different devices, the utility of the
information is hampered by the lack of an absolute standard. Factual data on
the mass, size, shape, aerodynamic drag, density, and luminous efficiency of the

12



meteoritic particles is sorely lacking, and thus the characteristics of the
meteor- causing particle are actually unknown. Reference 21 contains equations
used in the analysis of data acquired from photographic observations. Estimates
of the mass and density of the meteoroids have been deduced by assuming a number
for the luminous efficiency. The accuracy of and confidence in the data would
be greatly enhanced if any of the following meteoroid characteristics were known:
the mass, the density, or the luminous efficiency.

Estimates of meteoroid flux density.- Whipple's 1957 table will be taken
as the basic table for comparison purposes in this paper. It is noted at this
point that if this table be used in conjunction with the more recent conserva-
tive penetration theories to estimate the meteoroid threat to a circumlunar
vehicle, the necessary meteoroid protection system will incur a severe weight
penalty.

The data from table II are plotted in figure 5* along with similar data
presented by Watson (ref. 18) . These two curves represent the extreme of the
estimates of the influx. Also shown in the figure are data points obtained from
satellite experiments. Whipple's photographic data were obtained in the upper
mass range at about 10 grams; the satellite experiments are in the low-mass
range (for reasons which will be discussed in the section entitled "Satellites
and Space Probes"). The "no-man's land" in between coincides with the range of
interest to the structures designer.

The values shown in the mass column in table II are in a state of revision.
Early experiments by McCrosky (ref. 22) in programs similar to Project Trailblazer
indicate with a good probability that the numbers in the mass column are high by
some factor between 3 and 200 (the values in the mass column of table II repre-
sent the highest estimates made to date). Whipple, in a recent paper (ref. 2J),
discusses briefly the determination of the mass in table II. Of the possible
values for the mass, Whipple chose the highest for reasons of safety in engi-
neering calculations; the values chosen may be high by an order of magnitude.
The critical factor is in relating the mass of the meteoroid to the observed
brightness of the meteor.

Opik (ref. 2k) rather comprehensively discussed the various aspects of
meteor physics. He arrived at the following equation for the relationship of
mass to brightness:

m = 10.02 + log1QZ - Iog10p - 3

where m is in grams, I is the length of the meteor train in centimeters,
V is the velocity in centimeters per second, and MQ is the visual magnitude
of the meteor, and p is the luminous efficiency.

The factor p is composed of

p = P0 + p + P



where po is the luminous efficiency of meteor vapors which are ionized and

excited during the conversion of kinetic energy to visible light, Pg is the
luminous efficiency associated with thermal collisions between atoms in the coma
(the jet of vapor atoms which emerge from the meteoroid and mix with the air),
and P^ is the component associated with blackbody radiation of the hot meteor-
oid surface.

The evaluation of the various ingredients contained in p is not a simple
process, and estimates of p differ by an order of magnitude. One of the pur-
poses of Project Trailblazer is to produce artificial meteors by firing pellets
down into the Earth's atmosphere (from a rocket nose cone) at velocities above
the lower limit of the meteoroid range (11 km/sec). The pellets are of known
size and chemical composition. The atmospheric entry of the pellets is observed
with cameras. The luminous efficiency of the conversion of kinetic energy to
visible light can be calculated because the characteristics of the simulated
meteoroid are known. Several experiments, using different materials for the
pellets, will probably be required because of the complex chemical constituency
of a meteoroid. It is noted here that the luminous efficiency estimated by Opik
is somewhat higher than that utilized by Whipple in computing the masses in
table II.

The radii greater than 39-8 microns in table II were computed by assuming
a spherical particle with a density of 0.05 g/cm3. It was necessary to increase

this density gradually for particles smaller than 3.96 x 10~° grams in order to
reduce the ratio of surface area to mass, otherwise the solar pressure would
exceed the Sun's gravitational pull and the particles would be blown from the
solar system, b'pik (ref. 25) has estimated that the average density of the
puff-ball meteoroids might lie between 0.01 and 0.1 g/cm3 on the theory that
the porous meteoroids are of grainy construction, and by using the density of
stone (3-5 g/cm?) he estimates the radius of the individual̂ dust grains in the
puff ball to be between 200 and 300 microns. According to Opik, any particles
smaller than this will be of stony density. However, Whipple feels that the
present (1961) evidence indicates that even the very small sizes are of the
porous nongrainy structure. McCrosky has used data from the Trailblazer program
and the Harvard meteor program to compute an average density of about 1 g/cm3
(which might be accurate within a factor of two).

Whipple's 1957 table was developed by observing photographic meteors down
to visual magnitude +5 and was extrapolated to visual magnitude +31 by assuming
that the mass influx in each magnitude step is a constant; that is, as the sizes
of particles decrease, their frequency increases. The number of impacts per
square foot column is a cumulative number; this column is a summation of all
the particles of a given mass and greater striking the square-foot area. This
frequency column was computed from Whipple's original table which showed the
average cumulative number of particles striking the earth per day.

Analytically, the mass distribution of individual particles can be computed
from the visual magnitude from

m = Kl10-°̂
M (1)



where m is the mass, M the visual magnitude, and K^ a constant. According

to the previous discussion about the mass, the value of Kj_ is very much in
doubt, although, in time, it is hoped that K^ may be determined to within
better than an order of magnitude. A similar equation is given by Whipple
(ref. 23) to relate the number of impacts per square meter per second N to the
meteoroid mass m.

log10N = a + | Iog10m

Included in reference 23 is a table of values of a and | as predicted from
various sources.

Meteoroid velocities.- The velocity limits of particles which are observed
from the Earth lie between 11 km/sec and 73 km/sec. The 11 km/sec value is
determined by the velocity which a particle would have if, starting from rest,
it fell from a great distance under only the influence of the Earth's gravita-
tional field. The upper limit is based on the assumption that the Earth runs
head on into a particle which is in retrograde orbit around the Sun, and is
determined by adding the Earth's orbital speed to the maximum orbital speed of
this retrograde particle at the Earth's radial distance from the Sun. Fig-
ure 6 (from ref. 21) shows the velocity distribution of meteors corrected for
atmospheric drag. Meteors from known large showers are indicated by a cross-
hatched region. The figure was constructed from the photographic observation of
meteors as bright as and brighter than -t4.5 visual magnitude.

Satellites and Space Probes

Satellites have been used to supplement ground observations. Summaries of
some of the satellite experiments may be found in references 26 through 32. The
data points differentiate among three types of observations - (l) soundings which
are made by rockets fired up to 100 or 200 kilometers, and which then fall back
to Earth; (2) satellites which remain in relatively permanent orbit around the
Earth; (3) Space probes from vehicles which have been sent out to very great
distances from the Earth.

Recent data analyses have shown that, in the period within about 6 hours
after launch, nearly all of the satellites apparently recorded very high par-
ticle flux rates. Subsequent ground tests showed that these suspicious counts
were "probably caused by the sensitive microphones recording the creaking of the
satellite as it adjusted to its thermal environment in space. The more recent
data have had this effect subtracted out.

Most of the particles were detected by microphones attached to sensitive sur-
faces on the satellite. In one case, wire-wound coils indicated impacts when the
wire was broken. During the data reduction it was assumed that the microphone
threshold was dependent solely upon the momentum of the impacting particle. In
order to fix a minimum value of mass to a particle, it has been assumed herein
that all particles struck the sensors at an impact velocity of 30 km/sec. The
Russian satellite data (ref. 33) are indicated by the dark triangle in figure 5.
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(The Russian data have been reduced on the basis that the microphones are sen-
sitive to the amount of material spewed out from the crater caused by the
impact, and that the electronic pulse depends somewhat upon kinetic energy
(see ref . 3^) . )

Previous flight experiments have not determined the flux rates of particles
large enough to puncture space vehicles. The sensitive microphone areas neces-
sarily have been small. Because these areas were small, the microphones were
made quite sensitive in order to record at least a few impacts, (it will be
recalled that the lighter particles are more abundant than the heavier particles.
It was necessary that a fairly large number of counts be recorded in order that
the satellite data have statistical significance. The question of statistical
significance and the design of satellite experiments is discussed in
reference 11.

The space-vehicle data determine the line shown in figure 5 through the
data points. This line does not have the same slope as the lines extrapolated
from the photographic and radar observations. The two methods of detection are,
of course, different, and both suffer from a lack of dependable calibration; the
photographic data need a reliable- evaluation of the luminous efficiency and the
radar data need sensitivity calibrations, while the space-vehicle microphone
sensitivity has not been measured by using particles traveling at meteoric
speeds. If the space- vehicle measurements be considered reliable, it then
appears that there might be a concentration of dust in the vicinity of the Earth.
Tflaipple (ref. 31) has hypothesized that there is a dust cloud in the vicinity of
the Earth consisting of particles which are in Earth- centered orbits. This
implies a dependence of the frequency of impact upon the altitude of the vehicle.
Supporting evidence has been noted in reference 29.

In reference 29 Soberman and Lucca note a discrepancy between the number of
impacts counted by microphones and the number of wire-wound grid sensors broken.
The number of microphone impacts was about that which would be expected from
other satellite measurements, but the number of wire grids broken was zero on
one vehicle (Midas II I960 Zeta l), and disproportionately small (8 out of 80
of very sensitive wi're grids) compared to the microphone data on a second
(Samos II 1961 Alpha I).

Soberman has also been associated with the Venus fly-trap experiment,
wherein a recoverable rocket nose cone lined with plastic opened to sample the
dust population during the apex of the rocket flight. The dust trapped by this
rocket probably included many particles which were drifting at low velocities
down into the atmosphere. The plastic was examined in an electron microscope
and micron- sized holes were observed. The shape of the holes was taken to be
indicative of the shape of the particle. Soberman has excellent photographs
(ref. 32) which show jagged and irregular holes, and also almost perfectly cir-
cular holes.

From the results of the Midas II and Venus fly-trap experiments, Soberman
concludes that, because few sensitive wire grids were broken during sampling of
an apparently normal meteoroid dust flux, and because many particles appear to
be jagged and irregular, the particles are physically frangible and shatter
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easily upon impact. It is noted here that the wire-grid area exposed was small
and the results will probably need to be confirmed by future experiments.

The previously discussed experiments generally employed instruments which
counted impacts on a highly sensitive surface. One satellite experiment has
been attempted whose express purpose was to measure the actual penetration flux
through metals. In the design of space vehicles there is a need for data on the
actual amount of damage meteoroids can cause, and experiments which measure pen-
etration directly circumvent the need for accurate evaluation of the amount of
damage which can be caused by a meteoroid striking a space vehicle at extremely
high relative velocity. Explorer VIII (1960 Xi l) (also called the S-55A)
carried pressurized semicylinders of beryllium copper, with wall thicknesses
ranging from 1 to 5 mils; upon puncture, the pressure loss actuated a switch to
record the event. Stainless-steel sheets (3 to 6 mils thick) backed with a
current-carrying gold-foil grid detected punctures when the grid was broken.
Cards wound with thin wire detected meteoroids if the wire were broken. Impact
microphones and cadmium-sulphide light detectors were also carried. A descrip-
tion of the satellite instrumentation may be found in reference 35.

The useful lifetime of the satellite was 2 days. The impact microphones
registered a dust impact rate which was only slightly higher than that measured
by microphones on other satellites. However, there were no punctures of the
pressurized cans, nor were any of the foil-backed stainless-steel panels punc-
tured. If Watson's estimate (ref. 18) of the meteoroid flux be correct, there
would be about a 0.5 probability of achieving these results. If Whipple's 1957
estimate (which predicts a greater number of particles of a given mass) be cor-
rect, the probability of having no punctures is near zero. Therefore, during
the experiment period, it can be concluded that the puncture rate was probably
closer to that which would be predicted from the less severe estimate of the
meteoroid hazard.

Both of Soberman's experiments with the wire-wound cards and with the S-55
satellite indicate that the penetrating flux is less than would be inferred from
data obtained by the microphones which detect particle impact.

One aspect of the meteoroid environment has been ignored to too great an
extent in all previous calculations of the probability of occurrence. Both
radar observations (ref. 1̂ ) and the satellite microphones have shown that the
meteoroid flux rate is not constant. This nonconstancy is evident, even after
the effects of the visible large-particle showers have been subtracted from the
data. The variation in flux rate is of one or two orders of magnitude with
periods of high or low intensity of a few days duration. The variation appar-
ently occurs randomly, except for the known visible meteor showers and a known
general annual variation whose maximum occurs during the summer months. The
known variations can be taken into account easily; however, the random varia-
tions must, at present, be dealt with on a statistical basis.

Because the random variations seem to have periods of only a few days, a
vehicle in space for a matter of weeks will probably encounter close t'o an aver-
age rate; conversely, a short-lived space vehicle may encounter a meteoroid flux
considerably different from the average. These variations are apparent from the
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wide range in flux shown by the radar data which took 5-minute-penod samples,
and the satellite data which generally is an average rate for a several-day
period. Too little is known about the statistical variations in meteoroid flux
to predict short-time impact results, but the existence of these variations must
be recognized in interpreting the satellite data. The interception of a mete-
oroid by an impact sensor depends not only upon the chance of intercepting a
meteoroid of a known flux intensity, but also the chance that the flux intensity
is a certain value during the sampling period.

Research in Progress

Research in progress on the determination of the properties of the mete-
oritic particles in space is known to include the projects listed in table III.
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INTERACTION BETWEEN METEOROID ENVIRONMENT AND STRUCTURE

The immediate result of meteoroid impingement on a vehicle structure is
local damage of a very special character. Consideration in this section will be
restricted to the local effects, not to the total damage or end result which may
affect large portions of the vehicle and its mission.

Although the laws of chance indicate that a space vehicle will be struck by
particles with masses much less than 1 gram, the high velocity of impact of 15 or
more kilometers per second can result in either definite surface damage or com-
plete penetration of the vehicle wall. Much theoretical and experimental work is
under way in an attempt to discover the laws governing the process of hyperveloc-
ity impact cratering and penetration. Usually the results of these investigations
are published individually. Reference 10 is an excellent survey of hypervelocity
impact information, in which an attempt has been made to bring together in one
report the data from many individual investigations. Reference 10 also includes
a correlation analysis between various forms of the theoretical impact equations
and experimental data. The discussion of the hypervelocity impact phenomena which
follows is largely based on material compiled by Herrmann and Jones.

Historical Aspects of the Plate Perforation Problem

Work on the penetration of targets by rigid projectiles was started by Robins
in 17̂ 2, and his ideas were later elaborated by Euler, both in theory and experi-
ment. Work carried out since then until recent times has been for engineering
purposes, in which the resistance to penetration has been represented by certain
dominant features determined by an assumed penetration model with parameters fixed
by experiment. In the earliest studies, and in recent simplified theories of
armor penetration, the projectile is considered to be rigid. The Euler-Robins
theory (ref . 36) assumes a constant resistance to penetration, in which case

VT = 2jtKt
1/2 — RL

where V^ = maximum velocity for complete penetration, mp = mass of the projec-

tile, R = radius of the projectile, and t = thickness of the plate.

Early experimental work indicated that the resistance force varied as the
product tR, and the work done in perforation as t2R, so that the projectile
velocity for perforation was given by

V KtR1/2

L *pl/2
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The proportionality constant K, however, varied considerably even for small
changes in velocity. On the assumption that the resistance force varied as tR/V,
Tresidder obtained the relation for wrought iron

VT =L

Similar expressions with different fractional exponents and values for the con-
stant are still in widespread use today in the design of armor plating.

These relations are applicable to plate penetration when the projectile
remains essentially intact, but are of no use at higher velocities when the pro-
jectile disintegrates. Nevertheless they are frequently seen to influence the
contemporary study of hypervelocity penetration. N

Physical Description of High-Speed Impact Phenomena

Observational data.- High-speed optical and X-ray photography have made it
possible to observe the actual process of high-velocity cratering and penetration.
When this qualitative information is taken together with information gathered in
many related fields of flat-plate impact and spallation, explosive loading and
forming, and current theoretical understanding of wave propagation, it is possible
to construct a fairly detailed picture of the phenomena attending cratering and
penetration. This phenomena will now be described in this section without any
attempt to indicate the source of the information used.

The stress field set up by impact.- Upon impact, stress waves originate at
the pellet-target interface and move into the target ahead of the pellet-target
interface, and back into the projectile. These stress waves are clearly more
intense than elastic waves, and move at a velocity dependent on the magnitude of
the pressure increase across the wave. For increasing pressure jumps the wave
velocity varies from less than to greater than the elastic wave velocity. In
laboratory coordinates fixed on the target, the wave propagating into the target
will move at a velocity equal to or greater than the velocity of the pellet-target
interface. The pellet-target interface will move at a velocity less than the
incident pellet velocity; this velocity is dependent upon the densities of the
pellet and target material. The wave propagating back into the pellet may move
at a velocity greater than or less than the incident pellet velocity, and thus in
laboratory coordinates propagate upwards above the original surface of the target
or propagate below the surface of the target.

After the initial impact period, rarefaction waves will sweep in from the
free surfaces as a result of reflection of the compression waves at the free
boundaries attenuating the initial waves, and inducing lateral motion in the
pellet and target material.

The wave propagation picture is greatly complicated by the fact that the
materials involved can support shear stresses. Thus, there will be elastic waves,
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dilatational and shear waves, and the stresses at a point in the material will
not be the same in all directions, as in the case of a fluid.

Conventional armor penetration.- In the following descriptions of the pene-
tration processes, a cylindrical projectile will be assumed for illustrative pur-
poses, although the description applies also to the projectiles of other shapes.
At very low velocities, the speed of penetration is sufficiently slow so that the
waves reverberate across the target plate and the projectile many times during
the penetration process. The in-plane stresses which are set up are sufficiently
low so that only elastic deformations occur in the plane of the plate surface.
The projectile is undeformed and a plug is sheared out of the plate.

In thin targets, the target often deforms quite severely, and instead of a
plug being punched out of the target, the target stretches, fails in tension, and
a series of petals results. However, at higher velocities, the inertial forces
prevent such gross motion of the target, and plugging-type failures again occur.

At still higher velocities, the stresses become so high that the induced in-
plane radial stresses become greater than the elastic limit, and local in-plane
motion of the target is initiated. The radial flow of target material causes a
thickening of the target plate around the crater. This type of failure is known
as ductile penetration. Clearly, combinations of plugging, petalling, and ductile
failure are possible inasmuch as the boundaries between the regimes in which these
failures occur are not clearly defined. The type of failure which'predominates
clearly depends both on the projectile velocity and the properties of the target,
for example, shear strength, ductility, and hardness. However, in these regimes
the projectile suffers only minor deformation.

High-velocity penetration.- A major change in the cratering mechanism takes
place when the projectile breaks up. At sufficiently high velocity, the radial
stresses induced in the projectile by the stress wave system become high enough
to cause lateral flow of the projectile material. If the projectile is brittle,
the projectile fractures, usually into many small pieces. The presented area of
the shattered projectile is much greater than the intact projectile, and a conse-
quent higher impact velocity is required to penetrate the same thickness of tar-
get. If the projectile is ductile, the projectile will flow and "mushroom"
thereby increasing in diameter rather than fracturing, and a similar effect may be
expected, although not so pronounced as for a shattered projectile.

At still higher velocities, the stress waves may become so intense that on
first reflection of the wave system at the rear surface of the target plate, ten-
sile stresses greater than the fracture stress are produced, and pieces are
removed from the rear surface of the target by spalling. This type of failure
reduces the effective thickness of the target plate as a penetration barrier.

Hypervelocity penetration.- At very high velocities, the stress waves will,
,at least initially, be many orders of magnitude higher than the strength of the
material, and the material (even if brittle under normal conditions) will flow
like a liquid. Penetration will very likely occur in a time equal- to only one
reverberation of the stress waves through the target plate, and the projectile
and the target material will be ejected both backwards and forwards as a spray
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of small particles. Of course, for somewhat thicker targets, and for threshold
penetration (vhere the velocity is just sufficient to cause penetration), the
"fluid" phase will occupy only the initial part of the motion. The stress waves
will rapidly attenuate to the degree where material strength again becomes impor-
tant, and the final phase of the penetration may again involve spallation and the
other more familiar modes.

For extremely high velocity impact, additional phenomena are encountered.
Melting and/or vaporization of the projectile material may be caused by the resid-
ual heating due to the gain in entropy across the shock wave emanating from the
projectile-target interface. As penetration proceeds and the waves attenuate to
the point where material strength becomes important, this portion of the material
will still act as a fluid as a result of its high temperature, with a consequent
greater ejection of material from the developing crater.

For cases of threshold penetration, most or all of the above-mentioned phe-
nomena may be involved. The initial portion of the motion most likely will be
"fluid," some material may be melted and vaporized, attenuation of the stress
wave system will lead to material strength controlling the subsequent motion,
spalls may be ejected from the rear surface of the target, and the final stage of
the penetration may involve a combination of plugging, petalling, and ductile
penetration. Therefore, it is not clear at present, whether gross simplifying
assumptions may be made for the hypervelocity penetration of thin targets. How-
ever, some fairly simple situations do exist which may involve only one or two of
these phenomena as the major mode of failure.

Modern Theories of Penetration

Currently several simplified theoretical analyses of high velocity and
hypervelocity impact exist. These may be classified in accordance with the
assumptions made, which make them especially suited to some particular target-
projectile configuration and velocity range:

(1) Rigid projectile (as in the case of armor perforation methods) with the
target taken to be either elastic-plastic or fluid;

(2) Hydrodynamic projectile; that is, projectile of zero shear strength,
with the target treated either as a fluid or with its material
strength properties introduced as a correction factor;

(3) Thermal penetration, in which the available kinetic energy is equated
to the heat of vaporization of the target;

(^) Explosive analogy, which neglects the projectile mass itself and con-
siders only the energy release.

Rigid projectile.- For armor penetration and perforation, the projectile is
usually assumed to be undeformed as a result of the impact. Actually it does
deform plastically to some extent and a thin layer may melt. Several advanced
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theories have been postulated to take better account of these effects, each for a
different target behavior.

The Bethe theory (ref. 37) is developed for the case of a ductile, thick-
plate target. Plane strain is assumed, the plastic-yield condition is defined by
the Tresca-Mohr criterion, and an expression is obtained for the work required to
expand a hole to the radius of the projectile in an infinite plate of thick-
ness t. The static solution for radial stress as a function of deformation is
modified to provide a dynamic correction factor for deformation; a correction of
the material yield stress based on Orowan's relation for dynamic yield effect is
introduced. The resultant energy equation becomes

+ 3.89X3

where V0 is the emergent velocity, crv is the yield stress, E is the elastic

modulus, n is Poisson's ratio, p^ is the density of target material, R is

the radius of the projectile, mp is the mass of the projectile, V is the
initial projectile velocity, and t is the plate thickness.

Bethe also obtains a solution for a thin-plate target by applying his dynamic
correction terms to G. I. Taylor's analysis (ref. 38) for perforation of a thin
ductile plate:

T = rtR^t 1.
l/J

where T is the kinetic energy of the projectile.

Thomson (ref. 39) and others consider the case of a very thin ductile plate
which develops large bending deformation which produces petalling. Under static
load, the enlargement of a hole in a plate always involves this type of deforma-
tion when the hole diameter exceeds 7 to 10 times its thickness. The plate is
drawn out into a funnel shape by a tangential tension equal to ay. By assuming

a displacement configuration the same as in the static case, the work done in
enlarging the hole is

T =

The theory of Zaid and Paul (refs. 1*0, 4l, and 42) considers the target to
be of incompressible material having zero strength, and the part of the target
not struck directly by the projectile is assumed to remain undeformed. In effect
this assumes that the plastic wave will not have had sufficient time to radiate
any appreciable distance. The velocity lost by the projectile during penetration
is then expressed by identifying the momentum transmitted to the deforming plate
material.
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Grimminger (ref . l) uses similar assumptions in considering penetration of
a spherical projectile into a target of zero strength. He assumes hydrodynamic
resistance with a drag coefficient Op = 1 at velocities above Mach 5; that is,
for projectile velocity more than five times the plastic deformation velocity.
After the velocity is reduced below this value, additional penetration is assumed
to occur according to the armor penetration formula

P =2 ̂ P V2
R 3 K

where K is a constant for a given target material. The total penetration is
consequently

P „ 8 i x JL + 2 ̂
R 3 Pt ^ 5ut 3 K

where p_ is the projectile density, u^ is the velocity of plastic wave propa-
gation in the target material, and V is greater than

Several other theories have been formulated for the semi-infinite target,
which have not up to the present been applied to the plate perforation problem
(where different boundary conditions exist). Apart from Zaid's theory (ref.
all these consider the projectile to be of zero strength. In Zaid's hypervelocity
theory, penetration takes place by the erosion of a rigid target by a rigid pro-
jectile where the projectile and target are separated by a thin film of incom-
pressible fluid.

Hydrodynamic projectile.- The initial pressures generated in hypervelocity
impact are so much greater than the shear strength of the material that this may
be neglected in comparison. It is for this reason that the approach which neg-
lects the strength effect has been termed hydrodynamic. Theories which use this
approach consider that the resistance to projectile penetration arises entirely
from the pressure required to accelerate the target material. Some of the
theories include a correction to allow for the strength of the material.

Incompressible material is much easier to handle, and for this reason, the
incompressibility has been assumed in most approximate analyses. Further simpli-
fication is obtained by considering the motion to be one dimensional. However,
since some of these theories really consider only the dissipation of the projec-
tile, and neglect the inertial expansion of the crater after the dissipation of
the projectile, they will give good agreement only for projectiles in a restricted
velocity range and of .relatively long lengths, that is, jets and rods. For cra-
ters formed by spheres and short cylinders, the inertial expansion of the crater
after the projectile has been dissipated is of the same order of importance as
the expansion due to the pressure of the projectile, and it is expected that
these theories would grossly underestimate the penetration. In these simple
approaches Birkhoff et al. (ref. kk) , Pack and Evans (ref. 5̂), and Cook (ref.



apply Bernoulli's theorem at the collision interface, that is

| Pp(V - u)
2 = | ptu

2

where u is the constant penetration velocity. At this rate a jet or projectile
is used up in time T = 1/(V - u), and the depth of penetration is

V - u

Modifications to this simple relation to account for target strength are intro-
duced by Pack and Evans (ref . ̂ 5) and by Rostoker (ref . k-f) •

In a similar theory, Opik (ref. kQ) includes an allowance for the radial
expansion of the target material under the pressure expressed in a moving frame
of reference, by using Bernoulli's equation. Inasmuch as the flow in this frame
of reference is not steady, only an approximation is achieved.

Bjork (ref. 9̂) is the first investigator to make a real attempt to analyze
the motion during penetration. In his approach, the strength of both projectile
and target is neglected and an equation of state based on theoretical physics,
but evaluated experimentally, is used. This equation relates the internal energy,
pressure, and specific volume of the material. The problem solved by Bjork was
for a cylindrical projectile l/d = 1, impacting normally onto a semi -infinite
target. A numerical solution ĵ as obtained by means of the IBM 70̂  data processing
machine. The machine representation is only fairly accurate inasmuch as a total
space mesh of 25 by 25 cells is the largest that could be conveniently handled,
however, the ma.vp features of penetration are displayed quite clearly. Bjork 's
theoretical results are represented approximately by

P = KmV meters

where K = 6.06 x 10~̂ m2/3_sec '̂ -kĝ -'* for an iron projectile and target, and
K = 10.9 x 10~3m2/3-sec-L/3_kgV3 for an aluminum projectile and target.

Despite the lack of accommodation for certain material properties (strength,
work hardening, etc.) in the Bjork theory, it serves as a reasonable first approx
imation for theoretically predicting cratering under hypervelocity impact.

Thermal penetration.- In the thermal penetration theories that have been
formulated, penetration! is assumed to take place by the melting of the target by
the projectile as it gives up its energy. Whipple's penetration theory (ref. 2)
assumes that the crater formed by melting is a right -circular cone for which the
total apex angle is 60°. By assuming that all the initial kinetic energy is con-
verted into heat, the equation for the depth of penetration below the original
surface can be written as

h
25



meters

where £ is the amount of energy required to raise 1 kilogram of target mater-
ial from the initial target temperature to the melting point plus the latent heat
of fusion.

Langton's theory (ref. 50) is similar to that given by Whipple, except that
the crater is assumed to be hemispherical. For this theory, two cases are
considered:

(1) the target melts but the particle does not

(2) both the particle and the target melt

The same theory, except that a cylindrical hole is assumed, has been used to com-
pare with data obtained for the perforation of plate targets in reference 51.

Lavrent'yev's theory (ref. 52) of thermal penetration analyzes dissipation
of the projectile energy within the target and assumes an incompressible medium
which flows at a rate related to the distance from the projectile. This rate is
obtained by assuming that momentum is conserved. The crater size is determined
by assuming that all the kinetic energy is transformed into heat and that the
material from the crater has been vaporized.

Explosives analogy.- In the theory, suggested by Rinehart and Pearson
(ref. 53) and Stanyukovitch (ref. 5̂ ), the effect of the impinging projectile is
represented by an explosive charge which is equivalent in caloric content to the
kinetic energy of the projectile. The pressure level and shock waves produced on
detonation and the resultant behavior of the target material are predicted by
existing explosives theories.

Experimental Data

Considerable data have been reported both on the dimensions of craters pro-
duced in semi-infinite targets and on the damage to thin targets by projectiles
traveling at velocities up to about 30,000 fps (9 km/sec). However, the great
bulk of the data (obtained with light-gas guns) is for velocities at about
12,000 fps. (See refs. 55 through 6̂ .)

Acceleration methods.- Various types of apparatus have been employed to
accelerate projectiles to velocities up to 30,000 fps. The most widely used have
been guns of a sort which use explosives to provide the initial driving energy.
Guns are limited velocitywise because the projectile cannot travel faster than
the shock wave created by the explosion, otherwise the projectile would outrun
its driving force. In a simple gun, the shock-wave velocity is determined by the
characteristics of the gases formed from the reaction of the explosive chemicals;
the shock-wave velocity is higher in light gases like helium or hydrogen than in
such products of combustion. Thus it is advantageous to introduce a light gas
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between the primary explosive charge and the projectile. The light gas is com-
pressed by an explosion-driven mechanical piston or by the explosive-gas shock
wave itself. Recently, considerable interest has been shown in light-gas guns
in which a high-joule electric arc is discharged through the light gas to supply
additional energy (ref. 55)- Extensive developmental work is being continued on
light-gas gun techniques because such guns can deliver a projectile of known size
and shape to the target. The projectile can be accelerated in a sabot (cradling
container) which protects it from damage during passage through the gun barrel.
After leaving the barrel, the projectile and sabot separate and the sabot, which
is designed to deviate from the flight path, is captured by a system of baffles.

Another common method of obtaining high-speed particles is the use of shaped
explosive charges. In this case the velocity limitations of the explosive gases
are overcome by preferential momentum interchange which occurs upon implosion
into a partially enclosed cavity. In the lined-cavity charge (developed for
armor-piercing weapons), detonation of the explosive charges collapses a coni-
cally shaped metal liner. The kinematics are such as to produce, on the axis of
the cone, a high-velocity jet of molten metal or metal fragments and a low-
velocity slug. Theoretically the speed of the initial portion of the jet can be
increased indefinitely at the expense of mass distribution between jet and slug
by decreasing the angle of the cone. Practical limitations, however, are of the
order of 10 km/sec, although values as high as 90 km/sec have been reported. The
technique identified as the air-cavity charge uses a cylindrical cavity and no
liner; a disk-shaped projectile, which is placed at the open end of the cavity,
is accelerated by the jet of high-velocity gases. Velocities in the 5 km/sec
range have been obtained with projectiles varying up to 10 grams in size. Because
of low cost and versatility this method has become widely used, despite limita-
tions on projectile shape and some difficulties with mass loss due to erosion.
Several other shaped-charge techniques have also been reported (refs. 56 and 59)-

Electrostatic accelerators are theoretically capable of accelerating tungsten
spheres 1 micron in diameter to 80,000 fps. Iron particles with 1-micron radii
have been projected at 30,000 fps. The particle velocity is a function of ratio
between the charge on the surface and the mass, thus larger particles cannot be
accelerated to as high a velocity as the smaller ones.' A particular problem posed
by this technique is to obtain a high proportion of the maximum theoretical charge
on the particle. The iron particles had approximately 10 percent of the maximum
theoretical charge, while the previously mentioned tungsten particles would
require at least 35 percent of the theoretical maximum to reach 80,000 fps
(with 5-5 million volts accelerating voltage).

One very promising new technique, applicable to particles of 1/100-gram mass,
is the use of a high-energy electrical discharge to vaporize a metal wire or foil.
Over 80,000 joules of electrical energy can be stored in a condenser bank and
rapidly discharged through the metal foil in a period of microseconds. The energy
vaporizes the metal foil, and the vapor is then heated to a temperature which can
approach a million degrees Kelvin; the velocity of sound in this gas is very high.
It has been reported that the gas has been used to accelerate particles to veloci-
ties exceeding 50,000 fps and that even higher velocities are probably attainable.

Semi-infinite target penetration.- In recent years a number of workers have
fired numerous projectiles with various combinations of projectile-target mate-
rials. The measurements of the crater dimensions, penetration, diameter, and
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volume are in most cases correlated by either empirical or semiempirical expres-
sions, or on the basis of nondimensional parameters predicted from dimensional
analysis. The difficulty of this latter approach, of course, lies in choosing
the appropriate material properties to be used. Usually elastic constants are
chosen. A list of some of these empirical expressions is given in table IV and
their wide variety reflects the data scatter. Cross correlation between the data
from different experiments is sometimes complicated by the fact that portions of
the projectile remain at the bottom of the crater. Although some experimenters
have measured the depth of penetration as the distance between the original undis-
turbed surface of the target and the bottom of the actual crater (for example, by
sectioning the target), other experimenters have measured the distance between
the original undisturbed surface and the top of the projectile in the hole.

Some of the equations listed in table IV are plotted in figure 7- Also
shown in the figure are the theoretical results of Bjork (ref. 65). It should be
remembered that the experimental data from which the empirical formulas have been
developed were obtained at velocities below 30,000 fps, and that the curves in
figure 7 have been extrapolated into the meteoroid range. Although there is some
agreement at velocities below 30,000 fps, in the meteoroid-velocity range the
curves diverge. The theoretical predictions of Bjork, which are based on condi-
tions which would be expected to exist in the meteoroid range, lead to a lesser
amount of target damage.

The penetration of"semi-infinite targets by metal rods has received rela-
tively little attention. Summers and Niehaus (ref. 66) analyzed experimental
results in which the rods suffered only moderate deformation, similar to that of
spheres and small cylinders, and concluded that the phenomenon was similar.
Slattery and Clay's (ref. 67) firings indicate that rod impact into aluminum for
a given velocity is critically dependent upon the mass of the rod and the speed of
sound in the rod material. The shape of the crater was conical for impact veloc-
ities below the speed of sound, and cylindrical for supersonic impact velocities.
A more extensive work was carried out by Allen and Rogers (ref. 68). They
reported on the firings of silver, lead, copper, tin, aluminum, and magnesium
rods into 7075-T6 aluminum at velocities of from 2,000 to 9,000 fps.. Both groups
(refs. 67 and 68) observed that the penetration depth was independent of the
obliquity of the target. However, the maximum penetration is critically depend-
ent upon the velocity vector being alined with the axis of the rod.

A recent experimental study of projectile penetration into nonmetallic tar-
gets (ref. 64) over the range from 500 fps to 20,000 fps indicates that the depth
of penetration in nonmetal targets is governed by the same basic parameters as
those which apply to metal targets, but the physical nature of the craters differs
considerably, being slender and partially filled for the nonmetal targets.

Multiple sheet penetration.- Whipple has suggested that a thin shield,
external to and separated from the structure will shatter the approaching mete-
oroid and thus spread the impact energy over a larger area of the structure.
This idea has motivated experiments concerned with the penetration of thin tar-
gets. (See table V and ref. 62.) Two sets of data on the effect of bumpers have
been published recently: Humes, Hopko, and Kinard (ref. 69) and Funkhauser
(ref. 70) investigated the effects of bumper thickness and standoff distance with
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copper projectiles at various velocities, and Nysmith and Summers (ref. 71) inves-
tigated the effects of a filler material on the min1.mi.im velocity required for
glass spheres to penetrate a double-sheet structure. (Glass spheres were con-
sidered to "be representative of frangible meteoroids which shatter easily upon
impact.)

Some results of Humes, Hopko, and Kinard's experiments are shown in figure 8,
where the total penetration (the sum of the bumper thickness and the depth of the
deepest hole in the semi-infinite target) are plotted against the bumper standoff
distance with the copper-projectile velocity as a parameter. The bumper was half
as thick as the projectile diameter, which was near the optimum thickness. At
speeds up to 9,000 fps the projectile pierced the bumper as an unbroken body. At
higher velocities the projectile was shattered, and the fragment size decreased
as the velocity increased, thus decreasing the depth of the fragment-caused holes
in the semi-infinite rear target, provided that the standoff distance was suffi-
cient to permit the fragments to scatter and not more than one impinged at the
same point. Thus the amount of damage was directly related to the size of the
fragments. The decrease in total penetration was observed as the velocity
increased from 9,000 fps to the maximum test velocity of 1̂ ,000 fps.

For impact velocities greater than 20,000 fps, Nysmith and Summers (ref. 72)
observed that a plate behind a bumper fails in a different manner than for lower
speed impact. Some of their data are reproduced in figure 9. At the highest test
velocities the projectile and material removed from the bumper are shattered into
a thin shell of fine fragments which travel in a diverging pattern. This spray
ruptures or cracks the plate behind the bumper before it is perforated by any
fragments. Tests at impact velocities of 20,000 fps indicated no change in the
ballistic limit when the relative thickness of the bumper and the rear sheet was
changed if the sum of their thicknesses was held constant. Going to the extreme
of a 1-mil bumper, however, resulted in a great loss in performance because the
projectile was not shattered. Nysmith and Summers conclude that, for impact at
meteoric speed, a sheet behind a bumper is more likely to be ruptured by a spray
of fine particles than to be penetrated by individual particles.

Both sets of experiments demonstrated that for high-velocity impact, the
amount of damage is less in a bumper-protected target than in an unprotected tar-
get. Additional benefits were derived by placing certain filler materials (glass
wool) between the bumper and the target. Care should be used in bumper design to
insure that the standoff distance and structural characteristics do not impede
the bumper mechanism; i.e., the particles and blast pressure must be allowed to
expand.

Current effort.- Table V is a list of current impact studies.



PROTECTION METHODS

Types of Structural Damage

The end result of structural damage under meteoritic impact may vary widely
in kind, and different measures of protection may be necessary:

(1) Simple leakage - significant for cabins, propellant tanks, radiators,
and inflatable structure

(2) Explosive perforation - perforation of structure under tensile stress,
such as a pressure vessel, permitting unstable release of strain
energy, rapid crack propagation, and catastrophic failure

(3) Explosive intrusion - energy of incident particle transmitted to inter-
nally contained fluid, creating high-energy shock waves which cause
extensive damage to container structure at local or distant points

(k) Partial surface damage - cratering resulting in structural weakness
which may constitute a latent source of failure

(5) Damage to function - introducing deformation or contamination which
would interfere with proper operation of equipment or mechanism.
Erosion or surface pitting which would change the surface heat
adsorbtivity or reflectivity

(6) Ignition - creation of local temperature and pressure conditions which
may cause ignition of propellants or initiate chemical action in mater-
ials. There is a hazard of local flash burns to nearby personnel
(ref. 73)

(7) Chipping - pocking of heat shield which may cause malfunction during
reentry

(8) Spalling - introduction of high-velocity particles from the back side of
target sheet without complete penetration, creating a hazard to men
and equipment in cabins

Application of Meteoroid Flux Data and Impact Data to Design Problems

The question of how thick the vehicle hull or structure must be made in
order to assure a sufficiently low probability of sustaining damage resulting
from meteoroid impact involves the statistical problem of the likelihood of mete-
oroid encounter during the mission, and this depends upon the environment, the
duration and path of the flight, and the size of the vehicle or component under
consideration. The damage phenomenon might also be treated in a statistical
fashion. Various estimates have been made of the hazard in references 65, 71>
73, 7̂ , and 75.
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The treatment of the problem depends upon the present quantitative knowledge
of the meteoroid environment and the effects of high-speed impact, neither of
which is defined with anything like comfortable certainty. The natural engi-
neering tendency to bracket the problem by designing for the most pessimistic out-
look leads, in some cases, to such an intolerable weight of protective devices
that the feasibility of the mission becomes questionable.

Demonstrative calculations have been made herein to show how the estimates
of the probability of meteoroid puncture are madê . A statistical approach is
used because a collision between a meteoroid and a vehicle depends upon chance.
For the purpose of illustration herein, three calculations have been made; the
input data are such that the estimates of the severity of the hazard range from
pessimistic to optimistic. These three cases are: (l) Whipple's (1961) estimate
of the meteoroid flux and a single-sheet aluminum skin; (2) Watson's estimate of
the meteoroid flux and a single-sheet aluminum skin; and (3) Whipple's (1961)
estimate of the meteoroid flux and velocities and an aluminum bumper shield. For
the unprotected structures Bjork's penetration equation will be used (which,
because Bjork's calculations are restricted to a projectile and target of the
same material, somewhat conservatively considers the density of the meteoroid to
be 2.7 g/cm5). Experiments have shown that a projectile will just penetrate a
thin sheet which is 1.5 times as thick as the penetration depth in a semi-infinite
target (ref. 62), so the semi-infinite target penetration equations can be used
to calculate the sheet thickness if the results are multiplied by 1.5. For the
bumper-shielded structures, the preliminary results of reference 72 will be used.
All calculations will be for a vehicle with 750 square feet of surface area which
must spend 1^ days in space with a 0.99 probability of not having a puncture or
rupture of the main cabin wall.

For a. random distribution of meteoroids, where the most probable number of
penetrations e is much smaller than the extremely large number of meteoroids in
space, the probability of having exactly r penetrations in a given flight is

P(r) r.1

if e is a constant. As has been done in all calculations in the past, it will
be assumed here that e is a constant, even though (as has been mentioned pre-
viously) it is known that the meteoroid flux varies from day to day (even if
severe visible meteor showers are not considered). There are little statistical
data on the severity of these flux fluctuations; it is assumed that over a "suf-
ficiently long" period the vehicle will effectively encounter the average flux.
The effect of the actual variations will tend to increase the standard deviation
of the probability of puncture to a value which is greater than that for a con-
stant flux condition. The use of this procedure herein is justified only on the
basis that there is insufficient knowledgeable data on flux variations to permit^
a rational analysis of their effect.

It is sometimes of interest to know the probability that the number of pene-
trations will not exceed some number K. The probability that the number of
penetrations will be K or less is
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Reference 76 contains tables which are useful in evaluating Poissonian
probabilities .

At present the conditions of interest are those under which the probability
of receiving zero punctures is 0.99> or

0.99 = e-*

from which

e = -logg 0.99 = 0.01005

Thus, the most probable number of penetrations must be equal to or less than
0.01005. For a l̂ -day mission with 750 square feet of surface area, the penetra-
tion rate cannot exceed

e 0.01005 _ q RA x 10'7 penetrations
* = AT = 750 x 14 - 9'5° x 10

An approximation to Bjork1 s penetration results for aluminum on aluminum
impact is

P = 1.09(mV)1/5 centimeters

for the depth of penetration in semi-infinite targets. For the thickness of a
sheet which will just stop penetration, this becomes

t = . - ( m V ) inches

where m is in grams and V is in km/sec. Table II with column 2 divided by 10
to get the so-called 196! estimate and column 4, as it stands supplies the
required input data from which, with column 8, the penetration flux as a function
of aluminum skin thickness can be calculated. The results of the calculations are
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shown in figure 10. For a penetration rate of 9-58 x 10"' penetration ft~
the necessary skin thickness is O.l6 inch. More conservative results (and a
thicker skin) would have been obtained if Whipple's 1957 table and Charters and
Summers' penetration equation had been used.

On the optimistic side, if Watson's curve in figure 10 is used, a thickness
of 0.025 inch is obtained. It is obvious from this calculation that meteoroids
present no problem to some vehicles if the design criterion be restricted to
puncture and structural weakening is not considered, because aluminum thicknesses
of this amount probably might be used for reasons of structural strength and/or
stiffness.

An estimate of the effectiveness of a bumper design can be made by comparing
the results of Nysmith and Summers thin-sheet penetration experiments with
Charters and Summers' semi-infinite target-penetration equation modified to apply
to thin (unprotected) sheets. From figure 9 an approximate analytical expression
in the upper range of velocity might be

t/d = 0.287 V2/5

where V is in km/sec. If a spherical projectile is assumed, the total thick-
ness of a double-sheet structure with a sheet separation of 8 diameters and with
each sheet the same thickness becomes

w
Charters and Summers' equation for the depth of penetration in a semi-infinite
target is (ref. 52)

where c is the velocity of sound in the target material. Kinard et al. (ref. 62)
have shown that, under given conditions of projectile velocity, mass, etc., if the
projectile will make a crater P centimeters deep in a semi-infinite target, the
same projectile under the same conditions could make a hole through a thin-sheet
target

centimeters thick, where t^ is the thickness of a single sheet. It will be

assumed that Charters and Summers' equation can be multiplied by 1.5 to obtain
the thickness of a thin sheet which will be penetrated. Thus



Again assuming a spherical projectile, and also assuming an aluminum target in
which p-t = 2.7 g/cm5 and c = 5.1 km/sec

centimeters

The ratio between tfc and t is

/3

which shows that the bumper becomes more effective as the density of the projec
tile increases . In order to compare the bumper effectiveness with the previous
calculations, a meteoroid density of 2.7 g/cm5 will be assumed. Then

= 0.25

or, the total structure weight is diminished by a factor of four. Further
improvement might be obtained by increasing the standoff distance. On the other
hand, if similar manipulations be performed with B jork' s penetration equation,
the benefits derived from a bumper design might not be as great; Bjork' s equation
predicts less damage in an unprotected target than does that of Charters and
Summers .

This calculation illustrates that bumper designs can be useful in reducing
the weight necessary to protect space vehicles from meteoroid puncture. Further
experiments may help in arriving at more efficient bumper designs . These calcula-
tions were made only for purposes of illustration; other assumptions which might
be used in computing the relative thicknesses between the double-sheet structure
and the single- sheet structure might lead to different quantitative estimates of
the bumper efficiency.

It is likely that the interior cabin walls of manned space vehicles will be
inaccessible because they will be covered with equipment necessary to operate the
vehicle, and, therefore, it may be impossible to repair punctures from the
interior of the vehicle. Many of the components which are responsible for the
safety of the crew of a manned vehicle have been specified to have a minimum
reliability of 0.999* in order that the overall reliability of the equipment
which consists of many components shall approach 0.99- If a meteoroid penetra-
tion be considered a threat to crew safety, particularly if there be little hope
of effecting a repair, then it follows that a vehicle should be designed for a



probability of 0.999 of not having a meteoroid puncture. This is a vehicle which
is 10 times more reliable than those considered previously. For the purposes of
comparison, the same vehicle area and flight period will be used here as was used
in the preceding examples. Also, a very conservative "bracketing" engineering
estimate will be used to establish an upper limit on the amount of required pro-
tection. Again, however, the variations in flux rate will be ignored for the
same reasons that were stated previously.

The most conservative estimate of the frequency-mass distribution - that of
Whipple (1957) - will be used in conjunction with the penetration estimate of
Charters and Summers. Although Charters and Summers' equation is not the most
conservative (see fig. 7)> the combination with Whipple 's (1957) estimate is con-
sidered conservative, particularly in light of the results obtained from the two-
day flight of Explorer XIII.

The most probable number of punctures cannot exceed

e = -logg 0.999 = 0.001

As before, a single-thickness aluminum skin will be assumed. However, in order
to be consistent with the attempt to obtain a conservative estimate of the pene-

tration flux, it might be logical to assume a meteoroid density of 5-5 g/cm5
(approximately that of stone) instead of the previously assumed value of 2.7 g/cm
Such a value of density would lead to only a 12-percent increase in sheet thick-
ness; this increase is small compared with the possible order of magnitude varia-
tions in mass-flux estimates. Therefore, in order to compare the results of this
calculation with the previously calculated skin thickness, the value of 2.7 g/cm5
will be assumed here also. On this basis, then, Charters and Summers' equation
becomes, after a conversion to inches

t = OAO^mV2)1/5 inches

For a most probable number of penetrations of 0.001, the allowable penetra-
tion flux is

^ = 0.001 = î 76 x 10-7 penetrations

!5° * * ft2-day

which, from figure 10, indicates a required skin thickness of 1.0 inch.

Part of the reason for the marked increase in the meteoroid-protection weight
computed here and that computed in the previous section is that the vehicle just
considered is 10 times more reliable. Another reason is the use of a more conser-
vative penetration equation. For the purpose of direct comparison, to illustrate
the effect of the conservative flux and penetration equations this last case can
be calculated for a vehicle which is 0-990 reliable. The single-skin thickness
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would then be 0.5 inch. (As a rough rule of thumb, an order of magnitude
decrease in reliability reduces the total skin weight by a factor of one-half.)

This last set of calculations, however, illustrates the magnitude of the
designer's dilemma if he attempts to employ the standard methods of conservative
engineering design to the meteoroid problem.

RESEARCH IN PROGRESS

Ground Research

Facilities.- Table VI lists facilities available for ground tests. Acceler-
ating devices are under continual improvement. Improvements are being made in
radar1 detection systems. Luminous efficiency experiments are continuing and
hopefully will supply calibration data to relate meteors and meteoroid masses.

Projects underway.- Table V is a brief description of some of the projects
in progress or proposed. Proposed projects are mentioned only as illustrations
of current thinking. Some studies of hypervelocity impact into very thick targets
is continuing in an effort to discover the physical laws governing penetration.
Experimental programs have been started to evaluate the effectiveness of bumper
shields because use of shields shows promise as a means of decreasing the mete-
oroid damage to space vehicles with only a modest increase in the weight of the
structure. Light-gas guns are being used to evaluate comparatively the suscepti-
bility to damage of materials such as metals, plastics, and ceramics which may be
exposed to meteoroids. Exploding metal-foil accelerators are being improved.

Flight Test Research

Space vehicles in orbit.- No space vehicles are presently transmitting mete-
oroid ~ ~ ~ '

Proposed flight tests.- The S-55B is scheduled for launch in 1962. Table VII
is a partial list of proposed flight experiments, mainly by the NASA Goddard Space
Flight Center.

RECOMMENDED METEOROID RESEARCH PROGRAM

Consideration of the compiled data in the previous sections of this report
shows that, while a great deal of information regarding meteoroids has been col-
lected, application of this information to an engineering design may involve so
much inaccuracy that merely to cover the range of uncertainty introduces a gross
and intolerable weight penalty. The most important research task at the moment
is to narrow substantially the current uncertainty in penetration rates for vari-
ous materials, as is illustrated in figure 10.



The objectives that have been selected as suitable for a research attack on
the meteoroid damage problem are (a) to determine whether meteoroids constitute
an important hazard to spacecraft, and if so (b) to provide the designer with the
information that he needs to protect the spacecraft against this hazard. To
illustrate the relationships and interdependence among the many items of research
that contribute to the overall knowledge, a flow chart has been prepared and is
shown in figure 11. Major items that might provide necessary or useful informa-
tion have in some cases been included even though they do not appear entirely
feasible at present; on the other hand, in the interest of clarity, specific
details related to particular experiments are not shown.

At the right of the chart is a box labeled "damage statistics for the design
of space vehicles." This represents the objective. Two approaches to this
objective are evident in the chart; each path has its own particular advantages
and disadvantages, and neither by itself will supply sufficient information to
solve the meteoroid problem. In general, the two paths are:

(a) A direct approach which utilizes satellites and probes to determine
directly penetration-damage statistics.

(b) An indirect approach which utilizes satellites and probes, radar observa-
tion, photographic observation, and radio observation to obtain data on the flux,
mass, velocity, orbital parameter, and density of meteoroids. These data would be
used in the design of ground impact tests which would yield the desired damage
information for design purposes.

It should not be assumed that the necessity for a choice between two alternatives
is implied. On the contrary, the two approaches are complementary, rather than
mutually exclusive. Experience has shown that a. balanced research program pro-
duces the greatest benefits with the least cost.

The direct approach to the evaluation of the damage statistics consists of
flight experiments designed so that structural materials will be punctured or
damaged. The number of punctures and/or the extent of the damage are telemetered
to ground stations. The advantage of this approach is that the data are immedi-
ately available for the subsequent design of space vehicles. Because payload
weight is limited by the boosters available, it is impractical to measure relia-
bility by launching a replica of a specific vehicle. Such a manner of testing is
prohibited by the large area-time ratio of the test vehicle to the actual vehicle
required to infer high statistical confidence in the results. This difficulty may
possibly be circumvented by utilizing several thicknesses of somewhat thinner
material than would be used in actual structures, and defining experimentally the
variation in penetration damage as a function of thickness. But this approach
will require extrapolation of the results to actual structural thicknesses. The
size limitation also restricts the number of penetrations which can be expected,
and complete information about meteoroid temporal flux variations, therefore, is
better obtained by the indirect approach.

The indirect approach provides a detailed picture of the meteoroid phenomenon
and the mechanisms of hypervelocity impact. The primary means of obtaining mete-
oroid flux data are those enclosed within the dotted boundaries in the flow dia-
gram. Two important requirements exist here, in that (l) calibration of and
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correlation among the various methods must be performed (these experiments are
indicated to the left of the dashed "boundaries), and (2) that ground-facility
capabilities must be improved to obtain sufficiently high velocities to provide
good simulation of meteoroid damage. The methods which are to be coordinated in
the indirect approach are:

(a) Satellites and probes which carry sensors that measure various meteoroid
characteristics. These sensors can measure impact events, or flux distributions,
meteoroid velocity, crater size, light flash, energy, momentum, etc.

(b) Photographic and radar observation of the sky. As indicated in the flow
chart, these methods require determination of the relationship between the photo-
graphic brightness, or radar ionization reflectivity, and the mass of the mete-
oroid. These relationships can be determined by means of the procedures and
experiments shown on the left of the flow chart. The recoverable flight experi-
ments will provide micrometeoroid material for physical and chemical examination.

(c) Radio observation of the sky. The scattering of radio signals by
reflection and refraction from the ionization trails formed by meteoroids
entering the Earth's atmosphere has been under observation for many years. Prob-
ably very little information about the physical characteristics of meteoroids is
obtainable from these data. The method does offer the advantage of obtaining
temporal flux variations in the upper atmosphere with inexpensive unattended
equipment.

(d) Laboratory penetration tests. After the characteristics of meteoroid
particles are determined, it is necessary to determine the damage that will be
done by a particle of a given size, mass, and velocity to space-vehicle struc-
tures. The required information should be determined by tests in ground-based
hypervelocity ballistic ranges.

The indirect approach by itself is a long and tedious process. The inaccu-
racy of the results is essentially the sum of the inaccuracies in the several com-
ponent experiments shown in the flow chart. The significance of this point is
illustrated by the very poor accuracy of the present information on meteoroid dam-
age, which has been obtained by the indirect approach. On the other hand, the
indirect approach can provide important contributions, for example, a more complete
picture of the meteoroid population and characteristics, and of the impact and pen-
etration mechanisms. Furthermore, the area of sky that can be observed from the
Earth is so much larger than the area of any object that can be put into orbit,
that the potential area-time exposure for ground-based observations is orders of
magnitude greater than for orbital experiments. A tremendous amount of informa-
tion can be gleaned even from past photographs and radar observations as soon as
accurate mass-brightness and mass-reflectivity calibrations are obtained.

To summarize, the direct approach offers better accuracy at the present, but
is limited in the amount of information it can provide. The indirect approach is
inaccurate now, but is capable of supplying a large amount of information in the—
future. The accuracy of the indirect approach can be improved, but this requires
a long-range research effort. A certain amount of direct experimentation would
be necessary even if the accuracy of the indirect approach was thought to be
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satisfactory in order to confirm the empirical or theoretical relations. Thus,
these two approaches are complementary. The research program should include "both
and they should be kept in proper balance in order to minimize total cost and to
afford the most rapid advance in accuracy. Considering the gross national effort,
it is apparent that such a necessary balance does not exist at present. Only one
experimental program of the direct structural penetration type (the NASA S-55 sat-
ellite) has been established. The committee expressly recommends an increase in
effort toward the direct flight measurement of structural penetration and damage,
and that support should be given to the improvement of the capabilities and data
gathering accuracies of the ground-based facilities.

Langley Research Center,
National Aeronautics and Space Administration,

Langley Station, Hampton, Va., September 2̂ , 1962.
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TABLE I.- RELATIVE ABUNDANCE OF ELEMENTS IN THE UNIVERSE

[From reference 12J

Element Relative abundance

Hydrogen 1,000'
Helium 79
Oxygen 0-5
Neon " 0.2
Nitrogen 0.2
Carbon .....' 0.06
Magnesium 0.Oil-
Silicon 0.03
Iron 0.02
Sulphur 0.01
Argon, fluorine, sodium, calcium, nickel, and aluminum ~0.002 each



TABLE II - WHIPPLE'S 1957 ESTIMATE OF THE METEORITIC FLUX AND ESTIMATES

OF THE PENETRATION POTENTIAL USING VARIOUS PENETRATION EQUATIONS'1

Meteor
visual

magnitude

2

5
6
7
8
9

10
11
12
13
14

15
16
17
18
19
20
21
22
23
24

25
26
27

"28
29
30
31

Mass,
g

00
pc rjO u
9 QC•72

1 cflx.po
.628
250

9 95 x 10"2

3 96 x io-2

1 58 x io-2

6 28 x 10-3
2 50 x 10-3
9 95 x lO-1*
3 96 x KT1*
1 58 x I0~k

6 28 x 10-5
2.50 x io"5

9-95 x 10"6

3 96 x io-6

i 58 x io-6

6 28 x 10-7
2 50 x 10-7
9-95 x 10-8
3.96 x lO-8

1.58 x lO-8

6.28 x 10-9
2.50 x 10-9
9.95 x KT10

3.96 x lO"10

1.58 x IO-10

6 28 x 10-u

2 50 X 10-U
9 95 x 10"12

Radius,
microns

49,200
36,200
26 600
19 600
14,400
10,600
7,800
5,740
4,220
3,110
2,290
1,680
1,240

910
669
492
362
266
196
144
106
78 o
57.4

d398
d25.1
dl5 8
d!0 0

<*€ 30
d3.98
^ 51
dl 58
dl 00

Assumed
velocity,

km/sec

28
28
28
28
28
28
28
28
27
26
25
24
23
22
21
20
19
18
17
16
15
15
15
15
15
15
15
15
15
15
15
15

Impacts
Qin^-sec

5 27 x I0-llv

1 324 X 10" 13
3.33 x 10-13
8 34 x 10" 13
2 10 x 10" I2

5 27 x io-12

1 324 x 10-1!
3 33 x io-11

8.34 x lO'11

2 10 x IO-10

5.27 X ID"10

1,324 x 10"9

3 33 x lO'9

8 34 x 10'9

2.10 x lO-8

5 27 x ID"8

1.324 x 10"7
3 33 x 10-7
8 34 x 10-7
2 10 X 10~6

5 27 x 10-6
1 324 x 10-5
3.33 x 10-5
8 34 x 10-5
2.10 X 10"̂
5 27 x ID'1*
1.324 x 10"3
3 33 x 10-3
8.34 x ID"5

2.10 X 10"2

5.27 x 10"2

1 324 x lO'1

Number
meteors

striking
earth

per day

2 x IO8

5.84 x IO8

1.47 x IO9

3.69 x IO9

9 26 x IO9

2 33 x IO10

5 84 x IO10

1.47 x IO11

3.69 x IO11

9.26 x IO11

2 33 x IO12

5 84 x IO12

1.47 x 1013

3 69 x 1015

9 26 x 10^
2 33 x IO14

5 84 x 10&
1 47 x 10̂ -5
3.69 x lo!5
9.26 x icAS
2 33 x IO16

5 84 x IO16

1.47 x 10̂ -7
3.69 x lO17

9-26 x lO1^
2 33 x lO1®
5.84 x 1010

Assumed
velocity,
ft/sec

9.19 x lo1*
9 19
9 19
9 19
9 19
9.19
9.19
9 19
8.86
8-53
8.20
7.87
7 55
7 22
6 89
656
623
5 91
5 58
5 25
4 92
4.92
4 92
4 92
4.92
4 92
4 92
4 92
4 92
4 92
4.92
4.92

Impacts
ft2-day

-10
1 063 X 10" 9

2 67 X lO"9

6.69 x 10"9
1 69 x lO"8

4.23 x lO-8

1 063 x 10-7
2 67 x 10" 7

6 69 x 10-7
1 69 x 10"6

4 23 x 10"6

1.063 x lO"5

2 67 x 10" 5
6.69 x lO"5

1 69 x 10"1*
4.23 x 10"*
1 063 x 10-3
2 67 x 1Q-3
6.69 x 10"3
1 69 X KT2

4 23 x lO"2

1.063 x lO"1

2.67 x lo-1

6.69 X lO"1

1.69
4 23

10 63
26 7
669

169
423

1,063

Thickness
sheet reqi
prevent 3

tion,
Charters

and
Summers

(o)

10 9
8 03

k T)t
3 20ff *-v

2 35
1 73
1.27

• 913
658
470

•336
241
172
123
0871
061B
0441
0311
0220
0155
0114

.00840

.00617
00456
00334
00246

.00182

.00133

.000977

.000720
000527

j of Al
lired to
jenet ra-
in.

Bjork

(c)

5 71 Q\j-y
\l PQE

2 280
1 674
1 230

908
663
485
352
256
185
135
0972
0708
0493
0370
0267
0193
0139
00998
00734
00542
00399
00293
00216

.00158
00117
000857

.000631
ooo464

.000341

aParts of this table are from reference 2
t>Whipple's 1961 estimate differs from this table in that the masses of particles between -H) and +4 visual mag-

nitude are reduced by a factor of 10 A constant reduction of a factor of 10 is used for all' particles in this
report vhen referring to Whipple's 196! estimate

CA meteroid density of 2 7 g/cm3 vas assumed for the values shown in this column. This column applies only to
Whipple's 1957 estimate of the mass distribution (see footnote b)

"Particles with these radii have densities greater than 0 05 g/cm3 to preclude elimination from the solar sys-
tem due to solar pressure.
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TABLE III - MGTEOROID ENVIRONMEHT STUDIES

NASA or USAF Ho Contractor Title or Description Period

NsG-84

NASw-158

HAS 5-661*

HASr-75

HASr-l>9(03)

NASA
M I T - Lincoln
Labs

NASA

NASA

NsG-58

NsG-71

NsG-82

NsG-113

NsG-121

NsG-128

NaSr-7

«rt*3rt

University of
Maryland

Smithsonian
Institution

Yale University

Rensselaer
Polytechnic
Institute

Stanford University

University of
Chicago

Oklahoma State
University

Ppnnn-vl vnnl n R+-.o-f.*>

University

Temple University

Hebraska Historical
Society

A D Little, Inc.

Bucknell
University

General Dynamics
Corp.

Stanford Research
Institute

Trailblazer - High-speed injection of known
particles into the atmosphere to simulate

meteors

S-55 - Hollow pressurized beryllium copper
cylinders to record meteoroid punctures;
stainless-steel sheet backed with grid

Explorer I - Microphone mlcrometeoroid
detectors

Explorer VIII - Microphone mlcrometeoroid
detectors

Vanguard III - Microphone mlcrometeoroid
detectors.

Theoretical studies on interplanetary
gas and dust

Tektite collection and study

Steady-state interaction between radiation
and matter in stellar atmospheres

Models of interstellar dust clouds and
extinction and polarization in the
ultraviolet

Radar studies of 15th magnitude meteors
during satellite count periods

Low-level gamma counting equipment for
research on cosmic-ray induced radio-
activity in meteorites

Study of mechanisms of impact penetration
and light emission for micrometeorites on
an aluminum-coated photomultiplier

Investigation of helium contents of
meteorites

Production of hyperveloclty particles of
small size and increase in the sensitivity
of micrometeorite detection techniques
(statistical methods of data
interpretation)

Examination of newspapers covering the
period of 1915 meteor shower

Measurement of meteoroid damage to
propellent tanks

Statistical analysis procedures for
analyzing data (Lewis Research Center)

Neutron and photoneutron analyses of
meteorites to determine rare-earth
homogeneities.

Determine the general shape and condi-
tion of Echo I satellite by means of
direct high-resolution photography.

Launched Aug 25, 196l,
reentry Aug 27, 1961

Launched Jan 31, 1958,
no longer transmitting

Launched Mar 26, 1958,
no longer transmitting

Launched Sept 18, 1959,
no longer transmitting

Feb I960 to Jan 1963

Apr I960 to Mar 1962

June I960 to June 1961

Nov. I960 to Nov 1962

Nov I960 to May 196l

Jan 1961 to Jan 1962

Oct I960 to Sept. 1961

June 1959 to May I960

Sept I960 to Sept. 1962

Apr I960 to May 1960

2 years

Nov. 1, 196!
to
Feb 28, 1962



TABLE III - HETEOROID ENVIRONMENT STUDIES - Concluded

NASA or USAF Ho

NsG-187-62

'USAF
(770A)ProJ 7667

Task 76030

Task 7601*5

Task 76046

Task 76671

Proposals

1*06

909

1156

1263

1237

1*88

11*90

1309
1556

1771

1809

1119

1557

Contractor

Lawrence College

Geophysics Res Dlv.
Cambridge Res Labs.

University of British
Columbia
Device Dev. Corp.
Harvard College
Perkin-Elmer Corp.

University of Manchester,
Jbdrell Bank

Smithsonian Institution
Astro. Laboratory Research
Services, Inc
Dudley Observatory
Temple University
Geo-Service, Inc
Oklahoma State University
Northeastern University
Max Plank Institute
Wentworth Institute

Stanford Research Institute
General Mills, Inc
A D Little, Inc

Battelle Memorial Institute

Department of Interior

University of Florida

Smithsonian Institution

University of Arkansas

M I. T.

University of Minnesota

Smithsonian Institution

Boston University

Advanced Kinetics, Inc

Dudley Observatory

ARDC Cambridge

Lincoln Laboratories
M I T

Title or Description

Literature search for accounts for a
particular group of fireballs - the
Cyrillids.

"METEOR PHYSICS"

Meteor train photography study
of meteoric physics by visual
and optical techniques.

Radio meteor studies study meteors
and ionization trails by the scattering
of pulse and CW electromagnetic radia-
tion in frequency range up to
200 me/sec.

Rocket and satellite meteor studies:
measure influx rate, velocity, radiant
ind potential damage and spatial
density as a function of distance from
the earth

Period

1* months

High-speed impact phenomena: calibra-
tion of meteoric detectors (shaped
charges and guns).

Analysis of deformation structures in
iron meteorites.

U.S. geological survey investigation
of tektites and meteorites

Study on the origin of meteorites

Collection and analysis of extra-
terrestrial dust

Trace elements in meteorites and the
age of the solar system

Radar for outer-space research

Studies of alkali and alkaline earth
elements in stone meteorites

Photo observation of meteorites in
flight and their subsequent recovery.

Research into the problems of tektites
and space environment of the earth
(continuation of NsG-21).

Behavior of macroscopic particles under
the influence of electromagnetic fields.

Study of micrometeorite sizes.

Cosmic dust collector.

Calibration of radar system against
photographic visual magnitude by simul-
taneous observation of a natural meteor

12 months

16 months

36 months

12 months

'12 months

12 months

12 months

36 months

12 months

12 months

1* months
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NASA of USAF No.

NASw-14

NsG-66

NASr-?

USAF
581*1

Task 584101

Task 584102

USAF
2835

Task 283502

USAF
5218

Task 521805

Task 521806

USAF
(8o6A)Proj 9860

Task 986002

Contractor

Pennsylvania State
University

Pennsylvania State
University

NASA - Ames

NASA - Langley

NASA - Lewis

TABLE V - HYPEHVELOCITY IMPACT STUDIES

Title or Description

Theoretical investigation of stress
penetration waves and impact damage
in plates

Continuation of NASw-l4

Impact studies - bumper and heat-
shield materials

Impact studies - bumper and porous
projectiles, theoretical studies,
microparticle electrostatic accel-
erator, exploding-metal techniques

Effect of hypervelocity impact on the
catastrophic failure of propellent
tanks, impact into thin-walled liquid
containers

Oklahoma State University

WADD and AFGC

Aerojet-General Corp and
Utah Research &. Development
Company

ASD Detachment k,
Eglin Air Force Base

In-house

Aerojet-General, Corp and
Wright Patterson in-house

Aerojet-General Corp. and
Wright Patterson in-house

ASD Detachment 4,
Eglin Air Force Base

Space Technology
Laboratories and Wright
Patterson in-house

Period

Dec 1958 to Dec 1959

Jan I960 to Dec 196!

Analytical and experimental study of the
mechanisms of impact, penetration and
light emission for micrometeorites on an
aluminum-coated photomultiplier

Hypervelocity Impact Studies

Hypervelocity Impact Data Acquisition
to collect hypervelocity-impact data
through in-house effort, from other DOD
agencies and by contract effort.

Analysis of hypervelocity impact data
from all sources

Advanced nonnuclear warheads

Lethality studies to determine rela-
tive behavior of various types of frag-
ments when impacted against representa-
tive targets at hypervelocities Factors
such as depth of penetration, size of
perforation, carry-through back spall,
fragment breakup, chemical reaction will
be determined

Hypervelocity interceptor guidance and
control techniques (ASD Project)

Hypervelocity fragment damage collect,
analyze, assess impact data on non-
functioning missile components - determine
minimum mass lethality in relation to
ICBM's - prepare "Handbook" data

Nonnuclear kill mechanisms

Oct 1, I960 to
Sept 30, 1962

Nov 1958 to present

Nov 1958 to present

Nov 1958 to present

Indefinite

June I960 to present

June 1960 to present

Research in viscous mechanics under
extreme conditions

Change in very high velocity impact phenom- July 1960 to present
ena with hyperstrength particles to
observe the effects of hypervelocity impact
of particles having strengths of the same
order as the impact pressures encountered
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TABLE V - HYPERVELOCITY IMPACT STUDIES - Concluded

NASA or USAF No

Task 986003

USAF
(802A)Proj 7021

Task 73650

USAF
(801A)Proj 9751

Task 37511

USAF
(750A)Proj 8871

Task 88712

1299

1300

671*

NSG-8U-60

Contractor

General Electric Co
(Phila) and Hayes Corp.
(Birmingham)

National Bureau of
Standards

Smithsonian Observatory,
University of Utah

Arnold Engineering
Development Center, APGC
(Eglin Air Force Base)

Utah Research anfl
Development Company and
Colorado Seminary,
University of Denver

North American Aviation

North American Aviation

Lockheed Aircraft Corp.

Temple University

Naval Research Laboratories

Lincoln Labs , M I T

AVCO Corp

Title or Description

Theory of High-Speed Impact to study the
behavior of materials under certain condi-
tions of high rate of strain. (PGWR of
APGC)

Solid-state research and properties of
matter (ARL)

Particle-solid impact phenomena under-
standing the phenomena occurring during
the impact of solid particles against
solids In particular, liquid-to-liquid
collision theory validity will be
investigated

Research in energy release processes (OSR)

Research in physics (Energetics)
meteorite collection measurements and
cratering dynamics

Hypervelocity projector techniques
(management)

Light-gas projectors, to provide research
and development for projector techniques
for impact studies

Study of physics of meteoroid impact

Evaluation of satellite surface materials
and structures for protection against
meteoroid impact.

Study of ultra light-weight structures for
space application.

Application of exploding wire and electro-
static acceleration techniques to dust
particle accelerator to reach 80 to
100 km/sec for 10 to lOOji particles.

Hypervelocity impact - Includes development
work on light-gas gun with electrical dis-
charge augmentation

Hypervelocity data acquisition and
analysis (semi-infinite targets).

Hypervelocity impact includes electric
discharge augmented light-gas gun

Period

July I960 to present

0 3 man year

5 man years/year

12 months

12 months

12 months

General Electric (in-house) Bumper shields.

Ballistics Research
Laboratories

North American Aviation,
Inc.

Technical Operations, Inc

Accelerated beryllium slugs; meteor
bumpers; very thin material puncture,
development of gun to fire artificial
meteors back into atmosphere

Development of exploding metal gun to
exceed 40,000 fps, already have surpassed
30,000 fps.

Exploding metal 53,000 fps. Electric
storage capacity being Increased



TABLE VI.- PARTIAL LIST OF HIGH-VELOCITY IMPACT FACILITIES

LABORATORY

Aerojet-General Corp.
Azusa, California

U.S. Air Force
Tullahoma, Tenn.

U.S. Air Force
Cambridge Research Laboratory
Bedford, Mass.

Air Research and Development
Establishment
Fort Halstead, England

Armour Research Foundation
Chicago, 111.

AVCO Corp.
Wilmington, Mass.

Ballistic Research Laboratories
Aberdeen, Me.

The Boeing Co.
Seattle, Washington

Canadian Armament Research and
Development Establishment

Carnegie Institute of Technology
Pittsburgh, Pa.

Colorado School of Mines

General Dynamics/Convair
San Diego, Calif.

Cook Electric Company
Morton Grove, 111.

TYPE OF FACILITY

Shaped charge
Light-gas gun

Light-gas guns

Explosive gun

Shaped charge
Light-gas gun

Light -gas gun

Light -gas gun
Electric gas gun
Powder guns

Shaped charge
Light -gas gun

Just setting up range

Powder gun
Light -gas gun

Shaped charge

Powder gun

Light-gas gun
Electric gun
Shaped charge

Explosives
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TABLE VI.- PARTIAL LIST OF HIGH-VELOCITY IMPACT FACILITIES - Continued

LABORATORY
•

Denver Research Inst.

Frankford Arsenal
Philadelphia, Pa.

General Electric Co.
Philadelphia, Pa.

G. M. Defense Research Div.
Santa Barbara Lab.
Santa Barbara, Calif.

Grumman Aircraft Corp.
Bethpage, N. Y.

Lincoln Laboratory,
M. I. T.

M. I. T.
Dept. Aero and Astronautics

NASA - Ames Research Center
s

NASA - Langley Research Center

NASA - Lewis Research Center

Naval Ordnance Test Station
Inyokern, Calif.

Naval Research Lab.
Washington, D.C.

Naval Ordnance Lab.
White Oak, Md.

North American Aviation, Inc.
Downey, Calif..

TYPE OF FACILITY

Light -gas gun
Shaped charge

Multistage high explosive gun

Shaped charge
Two stage high explosive gun

Light -gas gun
Shaped charge

Proton- charged microparticles

Powder gun
Light -gas gun

Powder gun

Powder gun
Light-gas gun

Powder gun
Light -gas gun
Explosives

Light-gas gun under construction
Powder guns

Powder gun
Light -gas gun

Powder gun
Light -gas gun

Light -gas guns
Powder guns
Explosives

Exploding metal
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TABLE VI.- PARTIAL LIST OF HIGH-VELOCITY IMPACT FACILITIES - Concluded

LABORATORY

Picatinney Arsenal
Dover, N. J.

Ramo-Wooldridge Corp.
Cunoga Park, Calif.

Rheem Mfg. Corp.
Downey, Calif.

Rhodes and Bloxsom, Inc.

Stanford Research Institute
Poulter Laboratories
Menlo Park, Calif.

Technical Operations, Inc.
Burlington, Mass.

University of Utah

Utah Research and Development,
Inc.

Watertown Arsenal,
Watertown, Mass .

TYPE OF FACILITY

Shaped charge
Light -gas guns
Powder guns

Electrostatic accelerator

Powder gun

Light -gas gun

Shaped charge

Exploding wires and foils

Shaped charge
Powder gun
Light -gas gun
Electromagnetic gun

Light -gas gun

Powder gun
Light-gas gun
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Meteoroid cloud a* I09 meters -

"Vehicle path

Sporadic background
assimilation

Center of particle
- concentration

Figure 1.- Idealized meteoroid-cloud environment model. The relative number
of meteoroid counts during a fixed time period is denoted by N. From
reference 15.
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Orbital
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at the Earth's distance from the Sun.
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55

50

45

40 -

35 -

I r

Number
of 30

meteors

Shower meteors

|~1 Sporadic meteors

25 h

20

15

10

5 -

10 15 20 25 30 35 40 45 50 55 60 65 70 75

V, km/sec

Figure 6.- Distribution of corrected velocities for 285 sporadic and 7̂  shower
meteors. From reference 21.

66



P
d

IOO

80

60

40

20

10

8

I

.8

6

Curves calculated for an aluminum
- projectile and a semi-infinite

aluminum target

6 .8 I

Whipple-

Experimental data range J

Collins and Kmard-

•Charters and
Summers

-Bjork

I Meteoroid velocity range

J I
4 6 8 10 20

Velocity, kilometers /second

40 60 80 100
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