THE DESIGN AND CONSTRUCTION OF A HELIUM GAS GUN
AND A NUMERICAL SOLUTION OF THE- HYPERVELOCITY

IMPACT OF A THIN PLATE

By
BOB ADRAIN EARDAGE
Bachelor of Science
Oklahoma State University

1961

Submitted to the Faculty of the Graduate College
of the Oklahoma State University
in partial fulfillment of the requirements
for the degree of
MASTER OF SCIENCE
May, 1967



ORAIOME,
STATE UnERBITY
LI B RARS

JAN 10 1986

%

THE DESIGN AND CONSTRUCTION OF A HELIU&m§A§w§UN%WWthwhu
AND A NUMERICAL SOLUTION OF THE HYPERVELOCITY

IMPACT OF A THIN PLATE

Thesis Approved:

v Ll
/1144A44(44> - 4@6%La/

Thesis Adv1ser

Aj/é/’? W //{//)’/{” @z lI2

VANG, AQQuu‘«xnn—-

Dean of the Graduate College

358803

ii



PREFACE

This work was undertaken at the suggestion of Dr. F. C. Todd who
acted as my adviser and project supervisor. The purpose of the work
was to construct a helium gas gun capable of launching high velocity
projectiles and to obtain a one-dimensional numerical solution of a
porous plate impacting at high velocity onto an aluminum target. These
two distinct areas of the study are to be used to investigate, both
experimentally and amalytically, the mechanism of hypervelocity impact.

The work could not have been completed without the assistance, the
guidance, and the patience of Dr. Todd. Mr, H., Gurney designed many
parts of the light gas gun and supervised the construction and instal-
lation of the gun. The suggestions of Mr. B. A. Sodek were invaluable
in formulating and constructing the digital computer program. Marylynn
Luther of Continental 0il Company, Ponca City, Oklahoma, helped in
"debugging'" the program.

Computer time was made available by Mr. W. M. Alexander of Goddard
Space Flight Center, and Mr. William Cahill and his staff arranged for
the scheduling of computer time.

The work was carried out under NASA contract NASr-7 administered

through the Research Foundation, Oklahoma State University.
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CHAPTER I
INTRODUCTION AND STATEMENT OF THE PROBLEM

The two problems that are presented in this thesis are a continu-
ation of the NASA project at Oklahoma State on the hypervelocity
impact of microparticlesf This project started as an analytical
study of hypervelocity impact but has grown to include a significant
experimental program. The most active studies on hype;velocity impact
are confined to particles with the same ranges of mass, density and
velocity which micrometeoroids are estimated to have. The mass range
is arbitrarily defined as less than 10-4 grams. The radiation pressure

11 to 10-12

of the sun will gradually force particles-with a mass of 10~
grams iﬁto orbits around the sun which are outside of the orbit of the
earth. Micrometeoroids have a possible'range of specific densities
between 8.0 grams per cubic centimeter for an iron-nickel eutectic to
densities é; low as 0.05 grams per cubic centimeter for an aggregation
of "micro-microdust”" particles which collide and cohere in space. ' The
theoretical range of velocities for these particles range from 30,000
to 240,000 feet per second. Most micrometeoroids appear to be in the
lower velocity range which indicates an origin in our solar system.
Alﬁhough these particles are very small, they may produce a crater of
significant size. This is a consequence of their large momentum and

kinetic energy although their mass is rather small.

This thesis consists of two parts, an experimental phase and an



analytical phase. The first, experimental part describes the design
ahd c;nstruction of a2 helium gas gun which is to be used to launch a
small aluminum projectile. Although the gun was successful, it could
not be employed for tests that would be meaningful for this project.
The surface of the hemispherical target is eventually displaced by an
impact of the projectile at the geometric center of the hemisphere.
The devices for measuriﬁg and recording the surface displacements were
not entirely completed.

The second part of this thesis is an analytical study and presents
a computer solution for a one~dimensional, hypervelocity impact; i.e.
a solution for the impact of a thin plate of infinite width and length
onto a very thick plate of infinite extent. This solution investigates
the changes in the phenomena of impact when the porosity of the impact-
ing projectile is varied. This study is a necessary step in obtaining
a general analytical solution for a hypervelocity impact. The subject
of my next thesis for a still higher degreeris based on the information
from this analytical study, on three theses by former students on this
project and on the published literature. A computer solution is sought
to predict the phenomena that occur in hypervelocity impact and their
variation with velocity and with the diameter of the impacting sphere.
The solutions will be made for a Qide range of velocities and will
include the velocity of impact that is obtained with the helium gas gun.

PART I - DESIGN AND CONSTRUCTION
OF THE HYPERVELOCITY GAS GUN
For experimental studies of hypervelocity impact, a launcher is

required to accelerate a small projectile to a high velocity. The



shock waves from the impact of the projectile onto an aluminum target
can then be subjected to quantitative measurements, These measurements
will be employed to evaluate the correctness of the hydrodynamic model
and the equations for plastic flow that are employed to obtain the
computer solution for hypervelocity impact. It is also known that a
flash of light accompanies a hypervelocity impact (9). This flash can
not be studied with a light gas gun since the hot, light gas follows
the projectile into the vicinity of the impact and will absorb some of
the radiation (probably all of it).

Several groups have built hypervelocity launchers, and the charac-
teristics of several of these are presented in the following publi-
cations (4), (5), (8), (12), (14), (15), (16), (17), (24), (25), (28),
(30) . These launchers were employed to study the free flights of aero-
dynamic bodies and the parameters of :craters that are formed by a
hypervelocity impact, Representative barameters are the diameter, the
depth and shape as a function §f the velocity of . impact. The launcher
thaﬁ is described in this paper is not for studies of the preceding:
type, but will be used to collect data on the shock waves from hyper-
velocity impact which éropagate into the elastic portion of the target
and reach the free surface. Experiments.are being formulg;ed to study
the shock-produced fluid bortion of the tafget ana the shock~produced
plastic regions and to follow the movement of the interfaces between
these regions and the portion of the target that the shock does not
change from the elastic state. The eiperiménts will measure the trans-
mission of shock waves through these interfaces by:observation of the
motion of the elastic surface that surrounds the point of impact.

These same features are being examined in the proposed analytical thesis



problem which is a computer solution for hypervelocity impact, with
nearly all, presently known corrections.
The work in this thesis on this part of the project may be summa-
rized as follows:
(1) Various types of hypervelocity launchers are discussed.
(2) The basic theory of the light gas gun is presented.
(3) The design procedures for the light gas gun are outlined.
(4) The design parameters and the equations are programmed
for a computer in the FORTRAN IV language. The solution
is presented and yields the loading conditions for the gun.
(5) With the computer solutions as a guide, the details for
construction of the gun are giveﬁ.
(6) Preliminary results are given that were obtained by firing
the gun.
PART II - A DIGITAL COMPUTER SOLUTION OF
A HYPERVELOCITY, POROUS-PLATE IMPACT
When micrometeoroids collide at low velocities in the vacuum of
outer space, their surfaces will be completely outgassed and the parti-
cles will often weld together, as a consequence of fhe intermolecular
forces. An aggregate of several of these particles, which are welded
together, would constitute a poroas bbdy. Particle collectors on
satellites have verified the existence of these porous micrometeoroids
(13). For this reason, it is necessary to investigate the effect of
porosity on hypervelocity impact.
A simplified computer solution can yield important information

about the effect of projectile porosity on hypervelocity impact. The



problem assumes that a thin plate, which extends an infinite distance
in the lateral directions, impacts on a thick slab of infinite lateral
dimensions. This assumption has the effect of reducing the mathematical
statement of ghe problem to a solutidn,in one dimension. The analytical
part of this thesis considers this problem and presents a computer
solution when the thin plate is of iron with reciprocal porosities of
1.0, 1.33, 2.0 and 4.0; and when it is of stone with reciprocal porosi-
ties of 1.0, 1.33 and 2.0. By reciprocal porosity of 2.0, it is to be
understood that the true pore volume is 50'per cent of the total volume.
The work on this part of the project may be summarized as follows:
(7) The hydrodynamic flow equations and some equations of state
for the hypervelocity impact of a plate are presented and
discussed.
(8) The flow equations and the equation of state are written in
finite difference form for a computer solution.
(9) The solutions of the various cases for hypervelocity impact

of the thin porous plate are presented.



PART 1.
CHAPTER II
TYPES OF HYPERVELOCITY LAUNCHERS

In order to better understand the mechanics of the hypervelocity
impact of particles, it is necessary to perform experiments. This re-
quires devices that are capable of accelerating small particles to a
high velocity. Some methods are discussed which have been successfully
employed. They are:

(1) Electrostatic accelerators

(2) Drag force from high velocity gases

(a) High velocity from electrical energy that is stored
in a condenser
(b) High velocity from shaped explasives
(3) Light gas guns
(a) Light, isentropically-compressed, gas gun
(b) Light, accelerated-reservoir, gas gun

(¢) Light, shock-compressed, gas gun
ELECTROSTATIC ACCELERATORS

A common and very successful method to accelerate very small
particles is to charge the particles, usually with a negative charge,
and to accelerate them by a large difference in potential. Excellent

sources for the large potential difference are the accelerators that
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are available from High Voltage Engineering. The design of a typical
accelerator of this type is shown in Figure 1. The projectiles are
usually very small, of the order of microns. A supply of the pro-
jectiles are placed in a small box, near the injector and charging
electrode in many of the accelerators. A few accelerators employ a
pulse of electrostatic force tb inject groups of particles into the
region in which the particles are charged. Later designs employ
techniques which inject one particle at a time. After the particle is
charged, it leaves the negative electrode and.enters the gradient of
the electrostatic field where it is accelerated toward the electrode
of opposite potential. Velocities of the order of 10,000 to 25,000
feet per second are reached in this electrostatic field. Even higher
velocities have been reported. 1In a field-free space in the opposite
electrode, the charge and the velocity of theé particle are measured.
Witﬁ this information, the mass, m, of the pafticle is known from the
relation % mv2 = qV, where v is the velocity, q is the charge on the
parficle and V is the potential difference in the accelerator. If
the particles are known to be spherical, then their radii are easily
calculated from their mass.

A deficiency of the electrostatic accelerators, which fire
showers of particles, is the difficulty in controlling the number of
projectiles which leave the reservoir when a voltage pulse is applied
to the injector electrode. If a shower of particles accelerate toward
the target, it is impossible to identify a’particle crater with a
projectile of measured velocity and mass. For useful data, a crater
must be identified with the mass, radius and velocity of the pro-

jectile that produced it. Simultaneous measurement of these variables



for a number of particles is extremely difficult. An ideal device
would accelerate a single particle through a known difference of
potential. Recent designs of some electrostatic accelerators have
succeeded in injecting single particles into the field. The very
latest design for these guns inject one particle at a time and reject
this particle when it does not have the desired narrow range of
velocities.

An electrostatic accelerator has two advantages which make it a
valuable tool.

(1) It accelerates microscopic projectiles which are in the

same range of sizes as the typical micrometeoroid.
(2) 1t can accelerate brittle pérticles without the particles

breaking up.
DRAG FORCE FROM HIGH VELOCITY GASES

There are two, much used methods for obtaining a dense, high
velocity gas. In one method, a metal wire, or ribbon, is exploded to
supply the dense gas, or to supply energy to a medium in which the wire
is embedded. 1In the other method, a shaped charge of explosive is
detonated and the particle is driven by the gaseous products from this

mixture.
High Velocity from Electrical Energy Stored in a Condenser.

Quantities of gases at high temperatures and high velocities may
be obtained from the énefgy that is stored in a charged condenser. A
possible arrangement for a device to employ this energy is illustrated

in Figure 2. If extremely high, gas~flow velocities are desired, the
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gas must have a low molecular weight and a high temperature. The high
temperature may be obtained by fhé injection of a considerable quantity
ofvenergy into a propellant mass in a very short time interval, such as
is obtained by discharging a bank of fast, high-energy capacitors
through a small wire that is embedded in the propellant. A possible
arrangement is indicated in the figure. Stable gases at room tempera-
ture are not the best propellants because their densities are too low
for significant drag forces, even when they are highly compressed. One
propellant, which has been employed SucceSSfully, is a massive, electri-
cally-exploded wire (24). Another propellant that has been used is
ordinary water which has received energy ffom a small exploding wire
(25). With each propellant, the gaseoué products expand from the
breech and travel down the barrel toward the target in an evacuated
chamber.. The projectiles, whose diameteré are of the order of 1/20 th
of the diameter of the barrel, attain a velocity almost equal in magni-
tude to the velocity of the gas stream. Particles 10 to 100 microns

in size have reached velécities of 3d,OOO feet per second in this type

of accelerator.
Shaped Charge of Explosive

‘Particles with the highest velocities are obtained with shaped
chafges, or explosives. Commonly used explosives are TNT, pentolite
and composition B. A booster explosive may, or may not, be placed be-
tween the igniter and the main explosive charge. A typical arrange-
ment of the explosive in a shaped chafge is illustrated in Figure 3.
When the main charge is ignited at the opposite end to the shaped

portion, a plane, explosive wave travels parallel to the longitudinal
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axis of the charge. This explosive wave collapses the metal cone when
it reaches the apex of the shaped portion. The walls of the cone
approach each other at a high velocity and produce a long, thin jet of
metal particles which travel toward the target at tremendous velocity.
The pressures which are produced during the collapse of the metal liner
may’be of the order of a few tenths of a megabar, and jet velocitieé
of 30,000 to 50,000 feet per second are possible. More complete dis-
cussions of shaped charges are given in references 6. and 23.

| With the preceding arrangement, it. is usual for a large number of
particles to strike the target, and it is impossible to separate  them
according to either their sizes or their velocities. Neither is it
possible to ascertain which craters were created by which projectiles.
As a consequence, it is difficult to determine the correspondence be-
tween crater size and depth in relation to projectile size and velocity.

Single projectiles of a definite geometry may be accelerated by

shaped charges only if the type, quantity, and geometry of the ex-
plosive is carefully controlled. Pressures and acceleration forces
must be held below the ultimate strength of the projectile. One popular
way to accomplish this objective is by the "air cavity" explosive charge
thaf is illustrated in Figure 4. As in the preceding arrangement, a
plane, explosive wave travels along the longitudinallaxis of the main
charge. Wifh this arrangemént, the size and the geometry of the air
cavity cause the projectile to remain intact and to accelerate as a
single fragment. Projectiles having a mass of several grams have been -
accelerated to vélocities of 10,000 to 16,000 feet per second by this
method (17).

Multistage, hollow-core, shaped-charge accelerators such as shown
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in Figure 5 have been constructed (14). As the projectile passes the
apex of the conical recess of each charge, the explosive ignites and
forms a  jet which accelerates the projectile so that its velocity is
increased by a value, Av. There are considerable difficulties in-
volved in the operation of such an accelerator. For example, it is
difficult to precisely time and control the ignition of the explosives,
to preserve the axial alignment of the charges and projectile trajecto-
ry, and to reduce the amplitude of the pressure impulse to a safe,

manageable level.
LIGHT -GAS GUNS

Light~gas guns are common devices for accelerating small pro-
jectiles to high velocities and will be described in detail. The first
practical light-gas gun was made by a group at the New Mexico School of
Mines during the period 1948-1952 (1). This group used hydrogen as the
light gas and was able to fire light projectiles at muzzle velocities
of 13,000 feet per second.

Following the success of the NMSM gun, other people began to in-
vestigate the possibilities of 1ight;gas guns so that today there exist
éeveral satisfactory designs for light-gas guns. The basic design of
a light gas gun is shown in Figure 6. All light-gas guns have two
barrels of different sizes. The larger barrel is called the pump tube,
and the smaller barrel is called the launch tube. The pump tube is
sealed at one end by a piston and at the other end by the projectile.

A light gas, such as hydrogen or helium, is introduced at low pressure
into the volume between the piston and the projectile. Both the piston

and the projectile must be held rigidly in position by any convenient
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means; usually this is accomplished by machining a retaining flange on
Both of them.

When the gunpowder is ignited, it decomposes into a gas that is
characterized by high pressure and high temperature. When the gun-
powder gas pressure reaches about 2000 p.s.i., the flange holding the
piston in place should rupture and release the piston. The pressure
of the gunpowder gas continues to rise and forces the piston down the
pump tube. As the piston progresses down the pump tube, it compresses
the light gas and converts it into a high temperature, high pressure
gas. When the pressure of the light gas reaches a desired value, the
flange or restraint on the projectile should rupture and release the
projectile. Thé pressure at ﬁhich the projectile restraint releases
depends upon the muzzle velocity that is desired, but it is usually
between 20,000 and 100,000 p.s.i. The high pressure, light gas forces
the projectile down the launch tube at a high acceleration.

The motion of the piston, after it has been rammed down the pump
tube, constitutes the basic difference between the.light, isentropical-
ly-compressed gas gun (8) and the light, accelerated-reservoir gas

gun (12).
Light, Isentropically-Compressed Gas Gun

In the light, isentropically-compressed gas gun, the effect of
the shock wave that forms in front of the rapidly moving piston is
ignored. The gun is designed so the piston stops and reverses direction
before it reaches the end of the launch tube. This 1eavés a small
reservoir of high pressure gas which drives the projectile down the

launch tube during the piston slow down, stop and reverse. With this
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design, the piston does not reach the end of its travel and neither
piston nor pump tube wall are damaged.

The distance that the piston travels between the time that the
projectile first begins its motion and the time that the projectile
leaves the end of the launch tube is small, usually of the order of an
inch, or so. For all practical purposes, the flow of gas out of the
pump tube may be represented as the flow from a small stationary
reservoir of high temperature, high pressure gas. For this reason,
the orientation of the launch tube with respect to the axis of the pump
tube is not important. It is certainly not necessary to have the axes
parallel as shown in Figure 6. For the intended use of the helium gas
gun which is described in this thesis, it was more convenient to turn
the axis of the launch tube 90o away from the axis of the pump tube.

As the projectile travels down the launch tube, acceleration
results from the continuous push of the high pressure gas from the
pump tube. It is impossible for this pressure to be maintained if the
projectile travels faster than the speed of sound in the reservoir of
confined gas. As the projectile travels down the launch tube, two
factors arise which limit the muzzle velocity. First, the pressure at
the base of the projectile decreases in magnitude as the projectile
moves away from the high pressure reéervoir. As a consequence, a
reservoir at a very high pressure will not accelerate the projectile
significantly after it has travgled a few feet away from the reservoir.
Second, the projectile velocity increases. as the projectile moves
down the barrel, and whenever the projectile velocity equals the local
speed of sound, it will be impossible for a pressure of any magnitude

to continue to accelerate the projectile. It is, therefore, possible
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for the last few inches of travel of the projectile within the launch
tube to be a hindrance rather than a help because the high pressure
reservoir will not be accelerating the projectile; whereas, the

friction forces will be decreasing the speed.
Light, Accelerated-Reservoir Gas Gun

The velocity of the projectile from a light, isentropically-~
compressed, gas gun is limited by several factors. These may be over=
come to some degree with the light, accelerated-reservoir, gas gun.

In the latter gun, the piston is made of nylon, or polystyrene, and

the union between the launch tube and the pump tube consists of a
gentle taper which is illustrated in Figure 7, rather than as an abrupt
change in diameter as is indicated in Figure 6. In the design of

this gun, no attempt is made to leave.a buffer of gas in front of the
piston in order to stop its forward motion. Instead, the piston is
allowed to ram forcibily into the tapered coupling. The nylon, or
polyethylene deforms easily so the end of the'piston enters the smaller
diameter launch tube. The deformation of the piston from the diameter
of the pump tube to the diameter of the launch tube causes the for-
ward face of the piston to accelerate tremendously. As a consequence,
thé reservoir of gas trapped between the piston and the projectile

is compressed to an even higher preséure and is also accelerated down
the barrel.

The projectile in the accelerated-reservoir gun attains its veloci-
t&was a result of the pressure from the high pressure reservoir follow-
ing and pushing on the base of the projectile. The pressure decreases

in magnitude as the projectile travels away from the reservoir. Since
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the pressure of the reservoir is increased and since the reservoir is
forced down the launch tube and remains closer to the projectile, the
magnitude of the pressure on the projectile is several times. larger

than in the preceding type of gun. In the accelerated reservoir gun,
the velocity of the reservoir must be added..to the local speed of sound
in order to obtain the velocity that the projectile must attain in

order than the pressure decrease significantly. Since the velocity of
the reservoir can be quite large, it is generally true that the pressure
is maintained on- the projectile.

Higher muzzle velocities are obtained from the accelerated-reser- .
voir gun since it maintains a higher pressure on the base of the pro-
jectile. A respectable projectile velocity from the light, isentropi-
cally-compressed, gas gun would be 15,000 feet per second in contfast
to velocities of 30,000 feet per second, or higher, with the acceler-

ated-reservoir gun (8), (12). .
Light, Shock-Compressed, Gas Gun

Another type of light-gas gun, which has recently been developed
is the light, shock-compressed, gas gun (5). This gun is quite similar
tovthe previously described guns except for the addition of a first
shock tube. When the gunpowder is ignited, a shock wave forms in the
light gas in the first shock tube. This shock wave travels down the
tube, isvreflected at the opposite end, and creates a reservoir of
compressed and heated helium within the tube. This shock wave reflects
from the end of the tube and creates a second reservoir of hot, high
pressure gas. This latter reservoir of gas accelerates the projectile

down the launch tube. The general design of this type of gun is
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illustrated in Figure 8. The shock wave in the second tube wi}l re-
flect several times between the front face of the piston and the end
of the shock tube. Each time the shock wave passes through the light
gas, it raises the temperature and pressure of the gas and provides a
reservoir of light gas of rising pressure and temperature to flow into
the launch tube and keep the pressure at the base of the projectile

at a high value. The union between the second shock tube and the
launch tube may be a tapered coupling and make this stage of the gun

into an accelerated-reservoir gun, if desired.



CHAPTER III
THEORY OF LIGHT GAS GUNS

Importance of The Molecular Weight of The Propelling Gas

The gas which propels the projectile down the launch tube must
contain a large amount of potential energy at the instant that the
projectile begins its motion. This potential energy is converted into
the kinetic energy of the projectile and the kinetic energy of the ex-
panding gas. The division of energy between the projectile and the gas
depends upon the molecular weight of the gas, the'weight of the pro-
jectile, and the length of time that the gas and the projectile remain
in contact.

If the barrel, down which the projectile travels, is infinite in
length, and such factors as heat loss to the barrel and bore friction
are negligible, then the projectile will accelerate until the gas
pressure at its base is equal to the pressure in front of it. A shock
wave will precede»the projectile down the barrel if the bore in front
of the projectile is filled with air. The projectile will accelerate
until the base pressure is just balanced by the pressure behind the
shock wave. 1If the barrel is evacuated, nc shock wave can be created
in front of the projectile, and the projectile will accelerate until
its velocity equals the velocity of efflux—of the propelling gas into
a vacuum. This efflux velocity for air is about 28,000 feet per second;

b

while the limiting velocity, when the bore ahead of the projectile

25
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is filled with air, is only 10,000 feet per second (8).

Two factors limit the velocity of the projectile to less than
these theoretical maxima. First, the barrel must have a finite length
so the iength of time that the propelling gas acts upon the projectile
is limited. Second, the barrel has a finite strength, so the maximum
internal pressure and, hence, the allowable potential energy of the
gas is limited.

The highest muzzle velocities will be obtained by reducing the
weight of the projectile to é minimum and by bringing the gas to the
maximum pressure that is permitted by the strength of the barrel. The
maximum muzzle velocity will be determined by the manner in which the
potential energy of the gas divides between the kinetic energy of the
projectile and the kinetic energy of the gas. 1If the projectile is
made as light as possible so that its weight is a fixed quantity, then
the muzzle velocity will be determined solely by the molecular weight
of the gas. The lighter the gas, the faster the gas will expand, and
the higher will be the muzzle velocity.

The combustion products of ordinary gunpowder have a molecular
weight of approximately 28. The molecular weight of these gases is
an inescapable result simply because of the chemistry of nitrocellulose.
No gun powder will decompose into gases of any significantly smaller
molecular weight. It is evident that the molecular weight of the gases
from the combustion of ordinary gun powders is quite heavy when compared
to the molecular weight of 2 for hydfogen or 4 for helium. Firings
in laboratories indicate that the practical limit of the muzzle velocity
for a gun with a charge of nitrocellulose powder is around 10,000

feet per second, even if the barrel is evacuated. If the barrel is not
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evacuated the limit is about 8,000 feet per second (8). For this
reason, it is eésential that a light gas, either hydrogen or helium,
be used as the propelling gas behind the projectile if a high muzzle
velocity is required.

The performance of any light-gas gun may be iﬁproved provided
the temperature of the light gas may be increased during the time that
the projectile is traveling down the launch tube. A higher temperature
will increase the speed of sound in the light gas and péermit a higher
pressure on the projectile before it leaves the launch tube. A method
of obtaining a high temperature gas that has been suggested by some
investigations is to have an electrical discharge dissipate a large
amount of energy in the gas volume behind the projectile in the manner
that is illustrated in Figure 9, (4),.(28),.(30).. Sévefallof these
discharges, spaced along the length of the launch tube, will fu;ther

enhance the performance of the light-gas gun.
REQUIREMENTS IMPOSED UPON LAUNCHER

In the experimental work, two requirements dictated the type of
launcher to build. These requirements were:

(1) The projectile must have a definite geometry and must
strike the target at a specifié orientation; i.e., the
projectile cannot tumble, or yaw excessively, while in
flight.

(2) The projectile must have a velocity of 10,000 feet per
second, or higher.

Any of the particle accelerators that are described in Chapter II

could satisfy requirement (2) above, if they were properly constructed.
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Requirement (1) is more stringent, and it is impossible for some
launchers to satisfy it. Since the projectiles must have a definite
geometry, they must necessarily be large‘enough to be machined, or
shaped, in some manner. Aluminum projectiles were desired, so this re-
quired that the size of the projectiles be consistent with masses of
the order of 0.1 or 0.2 gram. It is difficult for an electrostatic
accelerator, or an accelerator which utilizes the drag forces of
rapidly moving gases, to accelerate a projectile of this size to a
velocity of 10,000 feet per second. The projectiles must travél in a
straight line without tumbling, or yawing excessively, so shaped charge
accelerators are also eliminated. Electrostatic and drag-force ac-
celerators could not satisfy this tumbling restriction.

The launcher which best satisfies requirements (1) and (2) is a
light-gas gun. After careful consideration, it was decided to construct
a helium, isentropically-compressed, gun. Preliminary calculations in-
dicated that such a gun would accelerate the desired projectiles to

velocities of 10,000 to 16,000 feet per second.



CHAPTER IV

DESIGN OF THE GUN

Basic Requirements and Assumptions

The general design procedure for the design of the light-gas gun
which is described in this thesis is similar to that followed by
Charters, Denardo and Rossow in the design of their gun (8). Charters,
et. al., began their analysis by considering the basic factors which
control the behavior of the projectile's velocity. The gun should be
designed so that the gas pressure at the projectilejs base is held at
the highest possible value throughout the launching cyele. The launch-
ing cycle is defined as the interval of time between the initiation
of the projectile's motion and the exit of the projectile from the end
of the muzzle. As the projectile travels down the launch tube, the
gas pressure at its base decreases. A pressure drop is required to
accelerate the light gas from a low velocity im the pump tube to the
velocity of the projectile. This pressure drop is directly.proportional
to the amount of kinetic energy which is required to accelerate the
light gas to the projectile's velocity. The pressure drop is minimized
if the density of the light gas is minimized, and the density is
minimized if the amount of helium originally loaded into the pump tube
is kept at the minimum that is required to launch the projectile.

These two requirements, of keeping the total amount of light gas

to a minimum and of holding the pump tube pressure to a maximum,
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demand a careful adjustment of the loading conditiouns in order to obtain
the highest muzzle velocity from the gun. The loading conditions are
the initial light gas pressure in the pump tube, the mass of the piston
which compresses the light gas, the quantify of gﬁnpowder, and the
rupture pressure of the restraint which holds the projectile in place.
The dimensions of the pump tube, of the launch tube and ofithe-weight

of the projectile are assumed to be fixed, and therefore, are not
considered to be loading conditions.

The assumptions on which the design by Charters, et. al., is based

are:

(1) The light gas must be compressed to a specified pressure, Py

(2) The pump piston must move the correct distance (x2—x3),
so that a constant pump tube pressure, Pys is maintained
during the time that the projectile is accelerated down the
launch tube.

(3) The pump piston shall complete its forward motion and shall
come to rest at a short distance froé/the end of the pump
tube; just as the projectile leaves the end of the muzzle.

(4) A small buffer of gas shall remain between the front face
of the piston and the end of the pump tube at the end of
the compression stroke of the piston.

(5) The velocity of the light gas, which flows from the pump tube
into the launch tube, jumpé>to the local speed of sound at
the‘entrance to the launch Fube andkremains at this value
throughout the entire launching cycle..

(6) The equations of state are assumed to be those of perfect

gases.
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(7) All thermodynamic processes are assumed to take place adia-
batically and isentropically.

(8) The pressures of the gunpowder gas and the light gas are
assumed to be constant throughout their respective volumes at
any instant of time. These pressures may, however, vary with
time.

(9) The friction between the projectile and the launch tube is
neglected.

(10) The launch tube is assumed to be evacuated ahead of the pro-

jectile.

Condition (3) insures that the kinetic energy of the piston is
completely used up in compressing the light gas. Condition (4) is a
safety factor to prevent the end of the launch tube from being damaged
by the piston. The position at which the piston comes to rest is set
arbitrarily at 0.2 of a foot from the end of the pump tube.

Conditions (6) and (7) are certainly only approximations to the
true physical picture. The shock waves in the compression stroke of
the piston, the heat loss to the pump tube and to the launch:tube, and
the skin friction of the light gas are all ignored. The shock waves
are not overly important, since the maximum velocity of the piston
(about 1300 ft/sec) is low compared to the local speed of sound in
helium (about 10,000 ft/sec). The decrease in energy from heat loss
to the tubes and skin friction are small when compared to the changes
in potential energy and kinetic energy that occur during the launching
of the projectile. From these conSiderafions, all of the approximations

are believed to be sufficiently accurate.
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COMPUTATIONAL PROCEDURE

In order to determine the values of the loading conditioms, the
following computational procedure was developed. This procedure was
suggested by Charters, et. al., and the development of all of the
equations except those for P, and P_ in steps (18) and (19) are found

1 2

in fheir report. The equations for P1 and P2 were altered. The breech
design and the method of escape of the gunpowder gases out of the breech
are considerably different for the gun in this paper from the gun that
is described in reference (8). The derivation of the equations for P1

and P2 is given in Appendix A. Table I and Table II contain a full
explanation of all symbols and subscripts.
(1) Assume a value, a» for the speed of sound in the light gas
in the pump tube. If helium is used, a good first approxi-

mation is a_ = 10,000 ft/sec.

(2) Compute the quantity, «, , from

Ay = — 4,
Y-

where X is the ratio of specific heats and has a value of

1.667 for helium.

(3) Compute the dimensionless projectile velocity, TIS , from

where ug is the projectile velocity.

(4) Compute the dimensionless projectile travel, K3 , from

- ¥~ (%-I) l‘“s\] Y—l
ZJ—’% [ (/—u) x'”,




TABLE I

LIST OF SYMBOLS USED IN COMPUTATIONAL PROCEDURE

34

=

speed of sound

cross—sectional area of pump tube
diameter

length of launch tube

length of pump tube

light gas (helium) pressure
gunpowder-gas pressure

perfect gas constant
cross—-sectional area of launch tube
time

dimensionless fime

temperature

velocity

u/ko

volume of gunpowder chamber

volume of gunpowder—gas which escapes out blowout hole in breech

plug

volume of gunpowder~gas at a given time

mass

distance from end of pump tube to front face of pump piston

distance traveled by the projectile
Z
o
pOSZ/wS )

2a, /(¥ - 1)

ratio of specific heats of the light gas

ratio of specific heats of the gunpowder gas



TABLE II

SUBSCRIPTS USED IN COMPUTATIONAL PROCEDURE

conditions

conditions

conditions

conditions

in

at

at

at

the

the

the

the

reservoir of light gas
start of the pump cycle
start of the launch cycle

end of the launch cycle

charge of gunpowder

conditions at the muzzle of the launch tube

pump piston or pump tube

projectile or launch tube -
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(5) Compute the dimensionless time of projectile travel, ¢t |,

from v
' 5l
x__' i’—i

{= v | (1= T ~ 1

(6) Compute the pressure of the light gas, p2,‘from
_ EWoe
k= =3I
where W is the mass of the projectile, S is the cross section-
al area of the launch tube, and L is the length of the launch
tube. |
(7) Compute the time, t, , for the projectile'to travel the length
of the launch tube from
- oot
Pz

(8) Compute the position x

of the piston at the time the pro-

2
jectile begins its motion from
| Yl
‘ S 2. \-&-1
Xp= %5 + &t ———(———)
z 3 2y ‘4> y+_,

where Xq is the final rest position of the piston and is set
equal tb 0.2 fpot, and Ap is the cross sectional area of
the pump tube.

©) Compute the local speed of sound, ays at the time that the

projectile begins its motion from
| -1
- X1\ 2

X, = a:(:‘—'_) i

where Xy is the total length of the pump tube, and ay is the

value of the speed of sound assumed in step (1).



(10)

(11)
(12)
(13)

(14)

(15)
(16)

(17)

(18)
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Replace a_ in step (1) by a, of step (9) and repeat steps (1)

through (9) until the values of a, in step (1) and step (9)

2
agree to within 1%.

Compute Es using the final value of a,-
Compute Z and T from this value of ES.

Compute Py from this value of Z. This final value of Py
determines the rupture ﬁressure of the restraint on the pro-

jectile.

Compute the initial light gas pressure, Py» from

b= 1%(-’%:)[

Compute t, from T of step (12).

Compute the mass of the pump piston,\V{P , from

. (?7—"3) t

| WP ~ (%o %3)

where P2 is the pressure of the gunpowder gases and is set

equal to zero since P, is an order of magnitude smaller than

2
p2'
Compute the velocity, u¢1 , of the pump piston at the

instant when the projectile begins its motion from

- A‘p ('i’z."R) t_
uh -7 \',‘,1D

Compute the pressure of the gunpowder gas at the time when
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the piston begins its motion from

(r'—h[wr“: *‘AP m EB 4" o )
et =]

‘Pl_.

where U is the volume of the gunpowder chamber, and P is
the ratio of specific heats of the gunpowder gas. A value
of 1.3 for [ was selected from reference (21).

(19) Compute P, the pressure of the gunpowder gas at the time the

2
projectile begins its motion from
[

= — |
BRI Ok

(20) Repeat steps (16) through (19), by using the value of P, from
(19) and continue the iteration until the values of P2 from

successive iterations agree to within 1%.

(21) Compute WP’ “ﬁ.’ and P. by using this final value of P

1 2°

(22) Compute W., the mass of gunpowder needed, from

S
w, = B
RT

RT is called the force constant of the gunpowder, and a
typical value is 70 (long tohs) (Cm3)/in2) (gram) (22)

The preceding computational method was written in FORTRANvlanguage
for the IBM 650 computer. Table III contains the fixed, geometrical
and physical quantities of the heliumﬁgun. These numerical values
were needed as input data for the compﬁter program.

In the computef solution, the projectile's mass was increased from

0.02 gram to 0.40 gram in steps of 0.02 gram, and the projectile's
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TABLE IiT

FIXED QUANTITIES FOR THE LIGHT GAS GUN

Ratio of specific heats

Gunpowder gas, M 1.3

Helium, § - 1.667
Gunpowder chamber

Volume, U ~———- 100.5 inch
Pump tube

Length, Lp , - 9.23 feet

Diameter, dp - 0.786 inch

Pump piston stop position, Xy 0.2 foot
Launch tube

Length, L - 2,67 feet

Diameter, dS 0.200 inch
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velocity was allowed to vary from 5,000 feet per second to 20,000 feet
per second in steps of 1,000 feet per second. For each value of pro-
jectile mass and velocity, the values of the loading conditions were
calculated which would cause a projectile of that masé to leave the
muzzle with the specified velocity. . These loading conditions are
summarized in Figures 10 to 13. Careful study of these loading con-
ditions resulted in the construction of the helium gun which is de«

scribed in the following chapter.



Figure 10, Perfromence Chart, Muzzle Velocity of Projectile of Mess W
Grams 28 & Function of Bresk-Valve Rupture Pressure.
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CHAPTER V
DESCRIPTION OF THE GUN

Entire Assembly

The feature which distinguishes this gun from those in the refer-
ences is the fact that the launch tube is mounted so that its axis is
at a right angle to the longitudinal axis of the pump tube. Since
this gun is a stationary reservoir gun, it is not necessary for the
~launch tube and pump tube to be axially aligned; the helium will rush
into the launch tube at the local speed of sound, regardless of the
orientation between the pump tube and 1aunéh tube. This feature and
the entire gun assembly are illustrated in Figure 1l4.

The gun rests on a sturdy wooden table, and on top of this table
are fastened three wobbly stands made of lightweight angle iren. Two
H-beams are bolted across the tops of these stands. The gunpowder
chamber , muzzle breech, and pump tube supports are bolted to the top
flanges of these H-beams. These supports aiign the muzzle breech,
the pump tube and the gunpowder chamber to the same center line and
hold them rigidly in place.

The gun is made gas tight by the use of o-ring seals at the joints
between the mated piecgs. Although high, internal-gas pressures,
sometimes greater than 100,000 pounds per square inch, occur in the

gun, these seals are quite satisfactory. If pressures of this magnitude
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existed within the gun for very long periocds of time, no doubt the
o~-ring seals would fail, and perhaps structural damage would occur to
the gun. Since the launch cycle requires only about % millisecond,

these pressures are highly transient and cause little o-ring damage.
PUMP TUBE AND LAUNCH TUBE

The pump tube is a 20 mm cannon barrel which is made of chrome-
moiy vanadium steel. It is 100 inches long and 2% inches in outside
diameter. The large wall thickness of the barrel was desired since
large internal pressures exist inside the pump tube. Two of these
20 mm barrels were made for this gun by the Springfield Arsenal in
Springfield, Massachusetts. In order to avoid excessive friction,
so assumption (7) of Chapter IV is satisfied, these barrels were left
with a smooth bore and were not rifled.

A smooth bore launch tube is also used on account of the as-
sumptions (7) and (9). One tube is a 0.20 caliber barrel, 32 inches
long; and the other tube is a 0.17 caliber barrel, 27 inches long.
Thick walls were desired so the barrel would not rupture when a large

internal pressure was applied.
VACUUM CHAMBER

The vacuum chamber permits the evacuation of the launch tube in
front of the projectile and this satisfies éssumption (10) of Chapter
IV. The vacuum chamber is a cube of reinforced steel plate. This box
is supported separately from the gun assembly, and the union between
the launch tube and vacuum chamber is made vacuum tight by means of a

flexible syphon. As a consequence, no mechanical motion of the gun
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is transferred to the vacuum chamber and interfere with the measurement
of the projectile's velocity, or other desired measurements. Openings
were made on opposite sides of the vacuum chamber. These openings per-
mit the insertion of glass windows so that the projectile's motioh

may be observed, and its velocity measured. They also allow tools to
be inserted inside of the vacuum chamber to make necessary adjustments.
A large circular opening in the bottom of the box allows the projectile
to strike a target which is bolted tightly to the bottom of the vacuum
cﬁamber.

The dimensions of the vacuum chamber were selected after a study
of Figure 11. It was assumed that all of the helium in the pump tube
flowed through the launch tube and entered the vacuum chamber. It
was desired that the volume, V, of the vacuum chamber be large enough
so this amount of helium, at the pressures indicated in Figure 11, when
expanded into the volume, V, would not_raise the pressure above 15
pounds per square inch. If this condition is satisfied, the glass

windows of the vacuum chamber will not be shattered by a pressure

pulse.
POWDER CHAMBER

The powder chamber, or breech, is constructed from a 10 inch
round of 4340 steel which is heat treated to a hardness of Rockwell 40.
The cavity in which the gunpowder is ignited is 4 inches im diameter
and 8 inches long. These thick, strong walls are capable of with-
standing the 1ar;; pressures generated by tﬁe explosion of the gun-.

powder. The cavity was designed with a large diameter so that a person

could reach his hand into the cavity and insert the piston and piston:
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plug into their respective positions. The details of the powder chamber
are shown in Figure 15.

The breech plug has a small diameter hole, the blowout hole,
drilled through it. This hole permits the lead wires of the electric
squib to pass through and go to the voltage source which ignites thé
squib, and also allows the gunpowder gases to éscape out of the chamber
after the projectile has been launched. A small recess is machined
in the front face of the breech plug to serve as a receptacle for the
cardboard tube with the gunpowder.

The piston plug squeezes the shear ring of the piston tightly
between itself and the end of the pump tube. The shear ring serves
as a gasket which seals the breech end of the pump tube so that no
helium can leak out. The main purpose of the shear ring; however,
is to hold the piston rigidly in place until the gunpowder gas pressure
reaches a pressure of about 2000 pounds per square inch. Holding the
volume of the gunpowder gas constant until the gas reaches a pressure
of this magnitude insures that the gunpowder is completely ignited.
Partial, or incomplete burning of the gunpowder may result if this

practice is not followed.
... MUZZLE BLOCK

The muzzle block is made from a 10 inch round of 4340 steel which
is heat treated to Rockwell 40. The union allows the pump tube to be
rigidly bolted to the coupling. A hole thfough the union to the pump
tube serves as an entry to admit helium into the pump tube.

A hole of the same diameter: as .the bore of the 20 mm cannon

barrel is drilled through the union and part way into the muzzle block.
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This is illustrated in Figure 16 and it provides an addition to the
length of the pump tube. The last few inches of the pump tube is the
region in which the tremendous, internal pressures occur. In the
design of this gun, this high pressure region is surrounded by the
thickest walls, about 4 inches of steel, of anywhere along the pump

piston's travel.
BREAK VALVE

The coupling plug has a recess in its top which serves as a
receptacle for a break valve. This break valye is a piece of aluminum
with a V-slot cut across its upper side dnd a small‘kerf on its bottom
side. It is illustrated in Figure 17. The kerf lies directly below
the apex of the V-slot and is cut completely #cross the piece so it
creates a stress riser which will make the break valve split clean.
The break valve is installed in its receptacle with the V-slot up.

The pressure of the helium exerts a force whose direction is normal

to the surfaces of the slot. The lateral component of this force
causes the break valve to.split along the vertical plane between the
kerf and the apex of the slot., This separates the valve into two
pieces. The high pressure helium rushes through the break and strikes
ﬁhe projectile which lies immediately below the break valve. By
changing the depth of the slot, fhe rﬁpture pressure of the break
valve may be changed; and, as a result, thé muzz1e velocity of the

projectile changes.
PISTON

The body of the piston is made of 1020 steel. The body diameter
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- FIGURE 17 — BREAK VALVE_
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is smaller than the bore of the pump tube so-there will be no seizure
between the piston and the barrel. Two aluminum rings fit the bore
tightly and form a gas tight seal which prevents helium from escaping
past the piston. These are illustrated in figure 18. There is very
little friction befween these rings and the sides of the pump tube.

The shear disk is made of brass shim stock. The thickness of this disk
is selected so the disk ruptures at a pressure of 2000 pounds per
sqﬁare inch. A teflon head is placed at the front of the piston to
serve as a bumper in case the piston-accidentally fails to stop its
forward motion and rams into the end of the pump tube.

It is impossible to predict the rest position of the piston after
its forward motion is stoPped, and it "bounces" back toward the breech.
In order to retrieve the piston in case it comes to rest in the bump
tube, a female receptacle is machined into the rear of the piston.

To retrive the piston, a ramrod may be inserted into the pump tube,

and engage the piston and remove it.
VACUUM SYSTEM

The vacuum pumping system consists of a 19 cfm mechanical pump
in conjunction with a 80 cfm blowef aﬁd a 6 inch diffusion pump. In
order to prevent the high pressure.helium in the pump tube from enter-
ing the vacuum pumps and causing serious damage to them, a needle valve
which is capable of withstanding 10,000 pounds per square inch is
placed in the helium port of the muzzle block as illustrated in
;igure 16. Since helium will be forced into the puﬁp tube at pressures
of 50 to 300 pounds per square inch, a gate valve is placed between

the helium tank and the high vacuum valves in order to prevent the
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possibility of any damage occurring to these valves.

Evacuation of the vacuum chamber, of course, evacuates the launch
tube. This prevents a shock wave from forming in front ef the pro-
jectile and retarding its motion. The air in the pump tube is removed

as completely as possible so only helium will be present in the pump

tube when the gun is fired.
VELOCITY DETECTION SYSTEM

Various techniques have been employed to measure the velocity of

hypervelocity projectiles. Principal among these methods are:

(1) Measuring the Doppler shift in microwaves, or rédar waves,
that are reflected from the moving projectile.

(2) Force the prOjectileL;O'rgpture two, or more, thin, conducting
metal strips which are separated by a known distance and
measure the time interval between these events.

(3) Pass the projectile through two, spaced light beams and
measure the time interval between these passages. .

The optical method was chosen from these possibilities. A frame-

work was attached to the H~beams to hold the optical system. This

framework was made quite rigid so that the lenses had .no.motion relative

to each other and could not give a false intensity change on the de-
tector. The detectors were Fairchild 1N3734 photodiodes. The oﬁt-

puts from these diodes are fed into a Hewlett-Packard ﬁOdel 523 elec—‘
tronic: counter. . The distance: between the two light beams is approxi-

mately- 10 .inches.



CHAPTER VI
OPERATION OF THE GUN

There have been four trial firings of the gun. The results of
these tests are summarized in Table IV, From the known masses of the
projectile and of the piston, as recorded for firing #1, the break
valve should rupture at 30,000 p.s.i. This rupture point may be read
from Figure 12. The initial helium pressure in the pump tube and the
amount of gunpowder are determined from Figures 11 and 13, respectively,
to be 160 p.s.i. and 40 grams. In the numerical calculations that are
described in Chapter IV, the greatesf uncertainty occurs in the calcu-
lation of the amount of gunpowder. For this reason and to test the
structural strength of the gun, the amount of gunpowder in the first
firing was only 25 grams. The initial, helium pressure in the pump
tube was 95 p.s.i. for this amount of powder.

This amount of gunpowder did not generate enough pressure to
rupture the piston restraint, so the amount of gunpowder was doubled
for the second attempt. The powder and squib were loaded so that they
weré not in intimate contact; consequently, the gunpowder did net
ignite in the second test.

The loading conditions were held constant for the next attempt,
and the projectile was successfully launched. The projectile's
velocity was not measured because of a failure in the velocity de=-

tection system. The framework to support the optical system for
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TABLE IV

SUMMARY OF FIRING RESULTS

58

m P t n M v
Firing No. 0.323 95 0.070 25.0 152.4 - %
Firing No. 0.323 95 0.070 51.4 152.4 *%
Firing No. 0.323 95 0.070 50.6 152.4 Fkk
Firing No. 0.336 275 0.150 75.2 232.7 FhAk
m - mass -of projectile in grams
P - initial helium pressure in pump tube in pounds per square inch
t - thickness of break valve in inches
n — number of grams of gunpowder
M - mass of piston in grams
v — measured velocity in feet per second N
* — Piston was not released
*% - Squib fired, but powder did not ignite
*%% - Projectile was launched, but velocity measuring circuit failed
Kkdk

- Needle valve was not closed; break valve did not rupture
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meaéuring the projectile velocity was not properly designed. The frame-
work was made of 3/4 inch round steel bar and was fastened to the
vacuum chamber. This support, although fastened as rigidly as possible,
permitted the vibrations of the vacuum chamber to displace the light
beams. The projectile broke the first beam but missed the second one,
so the electronic counter was not turned off. The optical support
system was redesigned and made of 4 inch channel iron and 2 inch angle
iron. The framework is attached to the H-beams which support the
pump tube assembly and is completely independent of the vacuum chamber.
This framework has such a large inertia that vibrations cause no
relative motions among the components of the optica; sysﬁem, The light
beams move in unison, if they move at all.

For these, preliminary test firings, a piece of steel was used as
a target. The crater that was formed in this steel plate by the pro-
jectile is indicated by the photograph in Figure 19. The prqgjectile
was a cylinder of aluminum, 0.2 inches long and 0.2 inches in diameter.
The ring-shaped piece in the photograph is the retaining flange at
the rear of the projectile. This remained at the top of the launch
tube. The 0.2 inch diameter hole in the ring shows where the cy-
lindrical projectile was sheared away from the retaining flange. The
third object in the picture is the largest remnant of the projectile
that was found. A small, cylindrical nose, approximately 1/16 inch
léng, was machined on the front of the projectile. The imprint of
this nose may be seen at the bottom of the crater, and the smashed nose
may be seen on the projectile remnant. This imprint implies that the
projectile does not tumble or yaw excessively in its flight. This

knowledge will be invaluable in later work with the gun.
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Figure 19. Crater in Steel Target Plate, Remnant of Projectile,
and Projectile Flange
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Although the projectile's velocity was not measured by the de-
tection system, a quantitative estimate of the velocity may be obtained
from measuring the crater depth. From their study of penetration pa-

rameters, Kinard and Collins (16) have suggested the equation

_ 3797(fevE 1)
30-279

P-
(fe

for calculating the penetration depth. In this equation, P is the

(E+ 2.8x0¢)°7"

depth of the crater, 1 is the length of the projectile, E is the.
‘modulus of elasticity of the target,/% is the density of the pro-
jectile, V is the speed of the impacting projectile, and b is the mo-
mentum per unit area which is necessary to cause a permanent deformation
of the target. The measured depth of the crater is 0.068 inches, so

the calculatéd velocity of the 0.20 caliber aluminum projectile is

5200 feet per second. The velocity, as estimated from the design
charts, was 6000 feet per second.

The third firing revealed a design error in the piston that was
corrected for the fourth firing. The two rings that form a boretight
seal were originally made of teflon; however, the compressed gas became
hot enough to melt the teflon. As a result, the gunpowder gases es-
caped past the piston and entered the launch tube and vacuum chamber.
The heavy gunpowder gases ruined the effect of the light weight helium
gas, and the velqcity of the projectile would have been greater. if
this had not occurred. The teflon rings were replaced with the alu-
minum rings that are indicated in Figure 18.

The steel body of the piston was made longer so the mass of the

piston was increased by 80 grams. Study of the design charts indicated
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that the original piston mass was too small to attain the high pro-
jectile velocities which are desired. The ramrod receptacle which is
illustrated in Figure 18 was replaced with the boretight piece of alumi-

num that is sketched below. The rear end of this piece is drilled out

o-0/6

Figure 20, Rear Portion of Piston

so there is a thin edged flange around the circumference. The gun-
powder-gas pressure causes this edge to flare out and to make a more
efficient seal against the barrel.

One more firing was made to test the piston design. The projectile
was not launched because the needle valve, which separates the pump
tube from the helium supply, was left open, but the test was successful
in demonstrating that no gunpowder gases escaped past the piston. The
existence of gunpowder gases in front of the piston ié easily verified
by examining the face of the piston and the forward end of the pump

tube for carbon deposits.
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These tests were successful since they revealed the features of the
gun which were not adequately designed, and permitted them to be cor-
rected. No structural damage to the gun results from the tests and
the gun is now considered fully operational. Although the gun is
operational, it will not be ready for meaningful experiments until the
displacement of the surface of the target may be measured and recorded.
This requires a considerable experimental program that includes the use

of a ¢c. w. laser to form interference fringes.



PART II
CHAPTER VII

A NUMERICAL SOLUTION FOR THE HYPERVELOCITY

IMPACT OF A THIN PLATE

The gun that is described in the first part of this thesis is to
be employed to collect data on the shock propagation away from a hyper-~
- velocity impact. Particular attention will be directed toward infor-
mation on the shock-induced formation of fluid and plastic regions in
an aluminum target. This experimental study is to include the movement
of the fluid-plastic and the plastig-elastic interfaces under the effect
of the shock. The propagation of shock waves through these interfaces,
as well as through the fluid, plastic and elastic regions in the target
is the basic study.

The experimental data from the gun can only be understood and
interpreted provided the results from the test firings are compared
with the predictions from an analytic solution for hypervelocity impact.
An analytical solution had just been obtained at the time that the pre-
ceding work in this thesis was completed. After a study of this.so-
lution, the requirements for a much more complete solution became evi-
dent. The author of this thesis was more'interestgd in extending and
completing this new solution than in completing the equipment for the

preceding experiments. The equipment that was not completed consisted
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of techniques to measure and to follow displacements of the target sur-
face after the hypervelocity impact of the projectile.

There is much evidence that the majority of micrometeoroids are
porous particles of rock, or of an iron alloy (13). It cannot be
assumedvthat a porous projectile in the barrel of the above described
gun will remain porous up to the time of impact. As a consequence, a
complete solution requires that porous projectiles be included in the
computer solution for a hypervelocity impact. The target is always
taken as solid to simulate the shell of a space vehicle. Porosity must
be introduced into the equation of state that relates the thermodynamic
variables of the materials of the impacting plate, which may be either
porous stone,-or porous iron. The second part of this thesis is con-
cerned with the analytical techniques for handling the impact of a thin,
porous plate.

In a complete, general, analytical solution for a hypervelocity
impact, a projectile of porous stone, or iron, is assumed to impact on
solid aluminum. The solution must show the inviscid flow of both
materials and it must record the position of the interface between these
materials at all times during the flow. Since the treatmen£ of radial
shocks and of shocks from the hypervelocity impact of a sphere are
familiar to the group at Oklahoma State University, a simpler problem
could be employed as an introduction to a study ofrfhefeffect of po-
rosity. The work on this second part of this thesis is concentrated on
a computer solution for a hypervelocity impact in one dimension. This
is accomplished by assuming that the target is semi-infinite (fills
half of all space) and the impacting body is a thin plate with infinite

extent in the two lateral directions. The plate is assumed to have just
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touched the target at time, t = 0. The physical situation at this in-

stant of time is illustrated in Figure 21,
HYDRODYNAMIC EQUATIONS

The pressures from a hypervelocity impact are of the order of sever-
al megabars. At such pressures, metals behave as fluids, and their
yield strengths and elastic limits may be ignered. A numerical solution
of a hypervelocity impact problem is basically the solution of the hydro-
dynamic flow equations for inviscid flow with proper.boundary conditions.

The equations of hydrodynamic flow will not be derived since ex-
cellent derivations may be found in many books. In their vector form,
the equations are:

the conservation of mass

) '%i': -V (p7)

the conservation of momentum

,\/5‘{:—5%

the conservation of energy

)P = -F47)

-
In these equations,/ﬂ is the density, V is material velocity vector,

E is the total specific energy, t is the time, and V is the space
T L= =
operator, { gx * 439 + k 3%
In the simplified, semi-infinite plate impact problem, these e-

quations take simple forms because the problem is one-dimensional. The
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equations may be written:

L3

the conservation of mass

¢
O %= -2

the conservation of momentum

5 ples -

the conservation of energy

SYPE LIS L0

EQUATIONS OF STATE

An analytical solution for the propagation of a shock requires
five equations and conditions. There are the three conservation e-
quations that are given the the preceding section, an equation of state
is the fourth relation and the condition that the entropy must increase
across the shock front is the fifth., It is customary to combine the
increase in entropy at the shock front with an equation of state into
one equation. At the shock front, the Rankine-Hugoniot jump conditions
include the increase in entropy and these may be combined into several
equations of state. With this combination, four equations are obtained
and they are sufficient to permit a solution for the four variables in
the quations: P, U, E and D.

Two~forms of the equation of state were used in the solution in

this thesis. One form was suggested by Tillotson (29), and it is given
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by

.
7) P= |05+ o Ep +Au +Bu*

In this equation, P is the pressure, E is the specific internal energy,
/0 is the density, 7? is the ratio /ﬂ?% where //% is the normal
density,//A_ is the quantity 67._/) , and A, B, C and Eo are constants.
For aluﬁinum, the values of the constants are A = 0.752 megabars,

B = 0.65 megabars, C = 1.63 and E = 0.65 megabars cm3/gm. For iroﬁ,
the values of the constants are A = 1.279 megabars,'B = 1.05 megabars,
C=1.5and Eo = 0.095 megabars cm3/gm. This equation is a best-fit
extrapolation between the Thomas-Fermi-Dirac data at high pressures and
experimental data at low pressures.

The second equation of state was developed in tabular form from
analytical expressions first proposed in recent Soviet literature and
modified and extended by McClosky (2), (3), (19), (22). A detailed
description will not be given since it would be quite lengthy. Mc-.
Closky's paper gives a very adequate presentation of the mathematics
and reasoning behind the development of the equations (22).

For this second equation of state, it is assumed that the pressure
and specific internal energy may be represented as to the superposition

of three effects.

B) POpT) = Py + P,V(u(,-r) +R (“1'1,7-)

9 EMT) = EcO) +Ey(y7) + B Oy7)
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In these equations, P is the pressure, E is the specific internal
energy, )Z is the ratio ///6 where / is the density, and /; is
the density at normal temperature and pressure, and T is the temperature.

The subscript ¢ denotes the éontribution due to "cold" compression;
i.e., the effect of atomic lattice infractions at zero degrees Kelvin.
The subscript N indicates the contribution of the thermal vibrations of
the lattice ions; and the subscript e indicates the thermal excitation
of the electrons.

These equations were developed by McClosky so the only input data
to evaluate P(')I,T\ and E()hﬂ in a computer code are: atomic nqmber,
atomic weight, density at normal conditions, Debye temperature, co-
efficient of electronic specific heat, Gruneisen coefficient,‘and bulk
modulus. The latter three quantities are for the material at zero
absolute temperature and pressure; corresponding values at normal
conditions can be estimated. A computer program was coded so the

values of ‘Pchfﬁ and ECnnﬁ were calculated over the range

Wz ep(sou0ak)  Aeinzesy
T=evp (93 +0.24)  4=l2,3--47

or
lhe ¢ M S\

- 6
Zoo LT L 5,4x10 °f

These values were punched out as a table, and this table was then

read in as input data for the impact program. The impact program
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calculates )z and E, and then P can be found by interpolation in the

table.
DISSIPATIVE MECHANISM

Shock surfaces appear in the differential equations of hydro-
- dynamics as regions where the density, energy, pressure, and flow ve=
locity are discontinuous. In order to solve a problem which involves
shock wave motion:on.a computer, it-is necessary to. change the shock -
front from an abrupt. jump~-discontinuity to a front having a finite
width with large,-but continuous, gradients for all of the flow
variables. von Neuman and Richtmyer (31) proposed a method which
forms desired shock front. Their method -is based on the introduction
of a viséous,*or‘dissipative term,‘-fr' s which is added to the pres--
sure, 16, . Since the :Z,,term is artifically introduced to produce -
a desired mathematical effect, it is possible for it to be a function -
of any of the flow variables in the calculations as long as it-is
subject to the following three requirements which were set by von
Neuman and Richtmyer:‘;
(1) The three conservation equations must have solutions without
discontinuities.
(2) The width of the shock front must be slightly less in magni-
tude than the finite difference mesh zoning.
(3) The effect of the Zo term must be negligible outside of the
shock front. |
These requirements on the f term can be satisfied by making f:
dependent upon the gradient of a variable. The expression chosen for

7' is based on the form given by Kolsky (18) and Landshoff (21) and
v
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is
== Atdv V w VI
/0) ‘}-—-‘ ) iV v ‘dﬂV 4‘/41
Here A, and A, are constants and {; is the material flow velocity

1 2

vector. In the one-dimensional, impact problem, this equation simplifies

Il\ %:—A?%%’(l%‘s‘+pﬁ)

Everywhere that }' appears in the conservation equations, it is re-

placed by the sum (&-\L 7/), so the conservation equations become -

12) %g,: —%(fld

CONVERSION TO FINITE DIFFERENCE EQUATIONS

For numerical solutions, the flow equations must be changed to
finite difference equations. In Appendix B, it is shown that the
flow equations may be written in the following forms.

conservation of mass

& £ = -firn

conservation of momentum

1e) ﬁ(f«) = -j—é ’--j‘l,;: (/«i)<
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conservation of energy

VE) ,\x(f -'9% (74E)

These equations may be easily converted to difference equations.
In Appendix B, it is shown that the appropriate difference equations
are:

18) CD(L) = DY) + 5 (Dl*ul ~ Dawv2)

19) €D ¥ Culy = DPUFOW 4 %-,-r,(bmul*ul ~Da#y2Lxu2)

D
26) <D & (B = D E(L) + Bo (Pl -P2AW2 +DI%UIHE| ~D2+ULE)

In Appendix B, it is also shown that the dissipative equation is

) g s - AR ) ([ 2] + 4

In these equations, D is the density, U is the flow velocity, E
is the total specific energy, P is the pressure, and Q is the dissi-
pative term. D(L), E(L), and U(L) are the values of D, E, and U at the
center of cell L at timé t; CD(L), CU(L), and CE(L) are the values of
D, U, and E at the center of cell L at time t +af. DX is the width
of the cells, DT is the value of the time step Ai? , D1, Ul, E1, P1,
and Ql are the values of D,‘U, E, P, and Q at side L-% of cell L, and
D2, U2, E2, P2, and Q2 are the values of D, U, E, P, and Q at side

1+% of cell L. The finite difference cells are shown in Figure 22.
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— Dy <+

Figure 22. Finite Difference Cells

A step of major importance in obtaining a solution to these differ-
ence equations is the determination of the difference method to use to
evaluate the quantities D1, Ul, . . . , D2, U2, . . . at the cell sides.
A good survey of appropriate differencing techniques is given by
Sodek (26). The difference equations suggested by Sodek and used in

this thesis are of three types:

ft

Type I - X(L+%) = 5(X(1) + X(L+1))

X(L-%) = 5(X(L-1) + X(L))
Type II - X(L+%) = X(L) ‘ | V>0
| =0 V=20
= X(L+1) V<o
X(L-%) = X(L-1) VYo
= 0 V=0

= X(L) . V<o
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Type IIT - X(L+%)

[]
1

3 3 1 _ g
ZX(L) + §X(L+1) gX(L-l) Vo0

=0 Vv=20

I

3 3 1
ZX(L+1) + gX(L) - §X(L+2) v<£oO

X(L-%)

3 3 1
Z'X(L-l) + -8-X(L) - "8'X(L-2) V>0
= 0 V=20

-3 3 L
= 7X(@L) + §X(L-1) - ZK(+D) V& 0

V is a test flow velocity which is given by
V = U(L) + U@+1)
The methods used to evaluate the various cell side quantities are

tabulated below:
Pl - Type III
Ul - Type III
D2 - Type III
U2 - Type III
El ~ Type 11
E2 - Type IT
Pl - Type I
P2 - Type 1
Ql -~ Type I

Q2 - Type 1
INITIAL CONDITIONS
The initial conditions in the problem are:
1. A plaﬁé of thickness, X, and extending infinite distances
in the lateral directions has just touched a semi-infinite

piece of aluminum as shown in Figure 21.
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2. The internal energy, pressure, and flow velocity of the alumir
num are all zero, and the aluminum density is normal.v

3. The internal pressure in the plate is zero, and the plate
has a porosity, n. The porosity, n, is defined as the ratio
/o/ oo where /, is the density of a normal plate, and
//Lc is the averaged density of the porous plate. Thus n=1
if fp=fee andn> 1 if Soo $ff -

4. The plate is moving toward the aluminum with a velocity of
36 kilometers per second, 15.2 kilometers per secend, or 60.6

kilometers per second.

INTER — |
WTER,
INTER 4

(
l
|
|
|
|
l
|
|

Figure 23. Finite Difference Cells Representing Impact
of Figure 21

The physical situation which will satisfy these initial conditions
is shown in Figure 21, and the finite difference mesh is shown in
Figure 23. The interface between the iron and the aluminum is indi-
cated by the vertical dashed line in the cell which is labeled, INTER.
The initial density, velocity, internal energy and pressure of the iron
plate are placed in cells 1 to INTER-1, and the initial density values
of the aluminum are placed in cells INTER+1 to LF. The values placed
in cell INTER are weighted averages of the iron and aluminum values.

The steps in solving the hydrodynamic flow equations are:
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The values of all the variables at time, t = 0, are read in
as input data and placed in the appropriate cells of the
finite difference mesh.

The values of the variables at each cell side are calculated
by either Type I, Type II, or Type III differencing.
Equations 10, 11, and 12 are solved in each cell for the
density, flow velocity, and total energy at the time t + A t.

The specific internal energy in each cell is calculated from
EiN(L) = CE(Y = 0:5% CulL) % ¢cu(L)

The pressure in each cell at time, t + A t, is found from

CD(L) and EIN(L) either by using equation .7 or interpolating . .

in the pressure. tables which-are input-data.

The artificial dissipation is calculated from equation 13.
The variables are ''stepped' in time; i.e., the array D(L)
is replaced by CD(L), the array U(L) by CU(L), and E(L) by
CE(L) .

The time is increased by an increment A t.

Steps 2 through 8 are repeated as often as necessary to

advance the solutions to time t_, .
final



CHAPTER VIII
NUMERICAL SOLUTIONS

Numerical solutions of the plate impact problem were obtained for
impact velocities of 15.2, 36.0, and 60.6 kilometers per second. Each
impact velocity was solved for different values of porosity of -the
impacting plate. The selected values of plate porosity were 1.0, 1.33,
2.0, and 4.0. These solutions were obtained for a porous iron plate
for which the Tillotson equation of state was used, and the solutions
were repeated for a porous stone plate by ﬁsing the tabular equation of
state. The solutions for porous iron are shown in graphical form in
Figures 24 to 71, and the solutions for porous stone are shown in
Figures 72 to 107.

In these figures, the abcissa represents the X dimension of the
target and impacting plate. The vertical dashed line in cell 100 rep-
resents*tﬁe position of the interface between the plate and the alu-
minum target at time, t = 0. The three shorter vertical dashed lines
represent the position of this interface at the indicated time for each
profile. Tﬁe plate, either iron or stone, 1s always to the left of the
interface, and the aluminum target is to the righf. An arrow is Shown
in some profiiles. This arrow indicates the positioen of the rear sur-
face of the impacting plate.  When the arfow is now shown, the rear
surface is too far to the left of the interface to be shown on the
‘graph. At time t = 0 the near surface of ‘the.plate is-in cé11'4.

78



o puma

.r‘J S
Fity

EEL

Ty

T

O
RN

.
-

1
1
T
T

Density Profiles womcMwwum.wme Impact of

Porosity 1 Traveling at 15,2 Km/sec

- -

]

|

T

REEERENEE.

Iron Plate of

6/



. -1

-

Figure 25. Velocity Profiles Resulting from Impact of Iron Plste of
Porosity 1 Traveling at 15.2 Km/sec

08



Y
I 3

v
Fim
NE,
Y
(s

mes Bad

Figure 26, Internal Energy Profiles Resulting from Impact of Iron
Plate of Porosity 1 Traveling et 15.2 Km/sec

18



Iy
it
SR

oy h*u

= ot

Figure 27. Pressure Profiles Resulting from Impact of Iron Plate of
Porosity 1 Traveling et 15.2 Km/sec

‘8



=
S
o

ol

-

Porosity 1.33 Treveling et 15.2 Km/sec

£38



84

L0 H
JEEE A -
i v
238y dRE LiRu1cTy
1
i
ar He
i Z
o O B0
1] i
|R 1 11
13 LAkl e A A
P i/ gie
BeRE RE
s
Yol dsed i e -
) i ; 4

Figure 29. Velocity Profiles Resulting from

Impact of Iron Plate of
Porosity 1.53 Treveling at
15.2 Km/sec




85

1
P
£
A\
! O e
ey +
E §
1
N ﬁ &
p n
P
Pl
~
td 1 =
RS ARG Wz .
Lo
{
1
)
SH
i ] P
b s 1Y )
,‘::m;,“.
! / |
HAT L |
g8, ¥4 L EunE
it £
|
roR 7
A -
{ i}
; HH B .

Figure 30. Internal Energy Profiles Resulting
from Impact of Iron Plete of
Porosity 1,33 Traveling at 15.2
Km/sec




]
-
T
n
'y A \
2 M J g
r ]
y
r i
+ = )
oy ]
: I
¥
i A T
HD ¥ ey £8-C;
B
]
I :
I
T
1
+
TP
JHBH E
I
i
T B G = i e
T T :
i i
; : ]
. |
1O 3
4 X
! . ]
: b 1
: E
] 1 1
1h W
Ht
¥ 2 Ve
o) -
T 1 T T
T 1 T H 1
T T T ) T
i t i i
N
Figure

31, Pressure Profiles Resulting from Imnact of Iron Plate of
Porosity 1.33 Treveling st 15.2 Km/sec

98



87

10
'y
auaNL AR $ 1] (i) y
H
SERINRE NRUSHERRUN REYES HETNI il
EEE § A
oo T RN NN
- -y ¥
Crem/e
5 £ ko)
e
SERE EEUNERES
Lo G/ee
i
k 2.
L OO A f
|
4

Figure 32. Density Profiles Resulting from .
: Impact of Iron Plate of
Porosity 2 Traveling at 15.2
Kn/sec




88

i

53
1]

Figure 33, Velocity Profiles Resulting from
Impact of Iron Plate of
Porosity 2 Traveling at 15,2
Kn/sec '



89

T

o

P

i
T
-

Figure 34, Internal Energy Profiles Resulting
from Impact of Iron Plate of
Porosity 2 Traveling st 15.2
Kn/sec




90

_m:,
S
;f‘*A ] ge
3 Y
B
| \
= T R A R R PR R PR CECRLuzzd
: SO0 aae
T 1 1
SARRERENEZSNRRERARNANNS imbAina A sl Eman
1
N
4

Figure 35,

Pressure Profiles Resulting from
Impact of Iron Plate of
Porosity 2 Traveling at 15,2

Km/sec



91

Gufe T
J? .-(“\
) L, RETAR Py
[
Omle
i tobe e
A E_&
£ ' 1 ) Il
: !
i »
SEANnAne: ,
e
i patriyestionais
X
Baax B sss mx
150 26
Figure 36. Density Profiles Resulting from

Impect of Iron Plate of
Porosity 4 Traveling et 15.2
Km/sec



ek L AUNEAURE AR
i _l\l‘-\'f‘ ! " (,
SeRE . X110 o0
sy Hen
J_—]K 'tﬂﬁgi"‘ e 73__1 EL7 T8
N
wiae
Eas sfpicig T SRSl FeiRER|
Eiee | | E k AAs
- RRANeET
LR P P S A 16
L[

Figure 37, Velocity Profiles Resulting from
Impact of Iron Plate of
Porosity 4 Traveling et 15,2
Km/sec » v

92



<h e
e n b
~ P=rs
b -
) T
g_ T 7
!
4 e RS
:'::_ 1 | _-_F‘— (l 3ol
siid aEases 2¢
1o
( Jl )
i
T

Figure 38, Internal Energy Profiles Resulting
from Impact of Iron Plete of
Porosity 4 Traveling at 15.2
Km/sec

93



94

~t ]r II
Hi auan
M B FEE A H-H H
- D ﬂ‘ pEN
. 5 Hlsae
k 1
L
- n 3
ML sy p o
\itH
40 Y78 ‘
H A
5” |
REE i n
{l Suaas

Figure 39. Pressure Profiles Resulting from
Impact of Iron Plate of
Porosity 4 Traveling at 15.2
Km/sec



Density Profiles Resulting from Impsct of Iron Plate of

g mmmn
i
mug
1
]
i
& ﬁ .
On
s
LEs
¢ pot E = W=
V.
\.l l
e P
[y EncAnugn
Bk
AR
ud fui g WRnn
1) r.u. gy Lsof u,f\‘l
: 1 + & ol iaany
. - 3} L NERRENEN
3 5 5 E80 35
_ i A
) ) ;
ma)

Figure 40,

95

Porosity 1 Treveling st 36 Km/sec



iz

Pras

(23]

4

S

Sy

un

)

rY

|
1

3

Figure 41, Veloeity Profiles Resulting from Impect of Iron Plate of
 Porosity 1 Traveling at 36 Km/sec

96



y
>
: ji
y 3
i) it
2 !
2
y s S
Do 56
» T
i »
1
i,
 §
= \s
3
P
Arg 7
4
:
; :
; et
I
!
]
-+
: = it
2 Ar
5 3
: +
I ¥
I 1
! 1]
j
Iy g
i i ;
s il o T Il {
18 11 W
7
4

Figure 42.

Internal Energy Profiles Resulting from Impact of Iron Plets
of Porosity 1 Traveling et 36 Km/sec

L6



&

5
D

et

,_
i

9’

1
1

Figure 43, Pressure Pfofiles Resulting from Impect of Iron Plete. of
Porosity 1 Traveling et 26 Km/sec

86



Rl
EREE L
. &
; m = [ T
= e woed ; F?‘ o
i + f
3
T
v
~+ S
T
o} 7
REEE ¥ 1
R S . ol
i3
T !
1] INEEN i
Y
i
7.
a~
18! i
Bty
I S
33w f 7 ;
d
: h
] 4
H i
H X
T
i .
.3 rou Lo I
H i@ i3 (4 3
e G Y S

Figure L1, rDensity Profiles Resulting from Impact of Iron Plate of
Porosity 1.33 Traveling at 36 Km/sec

66



=
R
i
=
= i 5% 1
o set
A 1
Vo
i »
¥
» -
i 3D s
k73 T T
I
T
T
/ N
s )
Hes
HHEeT
;
¥
;N
El\

Forosity 1.33 Traveling at 36 Km/sec

Figuré 45, Velocity Profiles Resulting from Impect of Iron Plete of

00T



101

o 3
1
AENR AN
TV -H N REEE !
y, i !
gt EERRE
Hl/ rtll-;— HE :: -
V 7} mifel :
ENRN
2!
L »
] Gred N e
i/ \ (1 3
il
M
A
» g ey
! -+
fals 3
$9r 4 pa 7]
S .
TR REN
: N
TRt A \ie
s ]
2 10 8V < ik £
i | i
I
T

Figure 46. Internal Energy Profiles Resulting
' from Impact of Iron Plate of
Porosity 1.33 Traveling at 36
Km/sec




e Ak
B 1
T {
v
i
2
il
T
S £
e —
b4 i U
- »
3 e
2
¢ 1
I oA %
. e s *
i
1
T
5 : : -
8 ] i ¥}
T . e 4
i ] L { ll
H : i
i =l T T
-+ - 1
) M T
T CANKE, t
LW A T 5 -
h I ! i v -
1 T J T N
! 1 ) 4 i I
T + ) ] i i
! i R [ 7
i REEREN T 7
i RN ] + +
T T T IREN] T
t :
i i T :
] et
]\{‘Y I R ) i~
4 Il i
) T } T
u T ! i
It 1 1 T
1] i T O T T

 Pigure 47,

Pressure Profiles Resulting from Impect of Iron Plate of
Porosity 1.33 Traveling st 36 Km/sec

[A0)8



1063

f
- I
EERARAR) j
A
: 1)
T
A . .
NN
EEREQE ANS NNNN
T
" A
Sy IHETY Y . ¢
T !
a4 |
: : A
T ’ ot 0 RN AN
, ] S0 sk
AN n i I
pirmEa= um T
P diqrna hasectotie EN NN EE N
. AEmAS
|
\ ST L
mia R ot e = S i B B R e e S s S o e
. __)_,
r N
- I
- e
o
5 n
pidun. an g
Fi
P
[t i = =
S ) &
7 Nl ]
1
{ ) 1
iy - EEa
" HA
U - A i
. A t— =t
e 8 - LT
rrimy e 1 “: —~ i
T I
I
T
+

Figure 48, Density Profiles Resulting from
' Impact of Iron Plate of
Porosity 2 Traveling st 36
Km/sec



104

T
1
N
- - o
i B0
3 it [+] o
a e gl
-
A}
J 532
A
—.Ki S
\
I ne _
. % k O g
H = ) et
100 )

Figure 49, Velocity Profiles Resulting from
: Impact of Iron Plate of
Porosity 2 Traveling at 36
Kn/sec



105

N B RN S A i o W =T
A T 1
AR ENS
nam
ne
Zdun N
ST HY A ]
PR T
gper- ad -
4 ]
r R d 5 e duN b mummd =02
HH
|
- SIRRE: H-
14 -
T
o
BN
<] ri 1
A
Fom &
& ).
Y
g
*».
EvIus :Hl alird
o
5 i
¥ Aﬂ -1
ATl o1
’.F:
¥ T
T »
lv T
P Ay AL 7
T 15K (0]

Figure 50. Internal Energy Profiles Resulting

: from Impact of Iron Plate of
Porosity 2 Traveling at 36
Km/%ec



106

PN
)
RSN
¥ "
LA

gRus -

! - —

i

e

y
hr ¢
vvvvv ANSEE RSN SESREEE ENNERANE r_::‘:' 0000 0 N A N S L 0 R ﬁ'/ } (-
y i I
; g A
o 1
fgeiad N‘
§ SHNND
e i L
{ ]

Figure 51. Pressure Profiles Resulting from
Impact of Iron Plsts of
Porosity 2 Traveling at 36
Km/sec



mag LT se
A1 | )
¥
1 A
nF iE jfate
i) EESERERIMNfoRE
T L I kapsEel O REaREt 1Ty
, /e G- -WF i
[ ., 1
[HSERREAZAA A
TR [
I
. < NSRRI CRI.Y
i\
-] EEEn Al
[
-E‘
y. W) 119 >
Ryt - s
i
SEEENARENN EREENRN A R A N W N N Y
§ FEAT {
¢ ui

Figure 52.

Density Profiles Resulting from
Impaect of Iron Plate of
Porosity 4 Traveling at 36
Kn/sec ‘

107



108

a Rl R Edw RERARRRRRaREE NS
! ! | |
i D
} i
i [ 1
L Ly
- - i -t
| ' r
I
Y. f '.i,«, R
- H Ly yEsas "
"\ TR f !
N f i ijes
EENESA
& - n 1
N ]
] - RN R R an
" s
)
U &
N
f
J
0 0 0 A o O
T L
it/ o
s
PLy RS aEs Bed
. "y
SR W . e
- |
- - - |
mEaW ERSCRES - P e i
d S .l

Figure 53, Velocity Profiles Resulting from
Impact of Iron Plate of
Porosity 4 Traveling at 36
Km/see



109

JH /-G H
=100
o gl v
] /I
\
PN
SR i
r
r % -
it
f 4
=L

4

/ ctcidar " . C

o -FR-HAHTR
fatts

f ﬁ

i] i 1

i

} i ‘\Y

Figure 54, Internsl Energy Profiles Resulting

from Impact of Iron Plate of
Porosity 4 Traveling at 36
Km/sec



110

]
: it
% R

1
gni R
Aanfn NN ERRNNNRRRENAN ¥
M BSdHGEH Kot

T u i;fi;.; I o
o FA TR T TR TR
y” T )
i e
- Ruidins EEnRREE rl T [ &
i
x i AR AN g

7
T
i
T
)

e

Figure 55,

Pressure Profiles Resulting from
Impact of Iron Plate of
Porosity 4 Traveling at 36
Km/sec



111

un Huun tH
|31 RN N M)
+ Pk
S . - x
BEsedea e Haad i
i G
8 ha T (o]
- T o
. i 1
- 2 Y
4 ;o
Resnuadnns | L o
o
TR i il s
33 4
ATN oy (]
h i e’ Gt
1 - @ § o
-3 o
$ ay 0 0
AN o o
H L . a
8 i .m//
| b W/O
f B fooe
= 1l & O
B CTND
fhr i b
Rass | g
: ] ! e
pan! [k § . - ~ by
ﬁ 3 5
| g
, s
~ o
: >
i g
e ! —
i i ol
% N VG
i o
T b B
1 ;i o
H 1 ] by @
H | oo
i ot b
; ®n o
\ He
- o *
- O
[T
-
N [ I
9
Y &
=,
Bhe
NNE SN RERNE 3 x -
cann| Benak P A
BdNN: EREN o s
T 3 L r
a3eE e 5
pEas FERE: At
{ W |




¢
e t
LE8
£
14
i
[
L 1
T
WK=] T ]
LB )
1‘
4 i
] -
T T 3 AP
T ) TiT Q
» "1
O
T
T
| 1 T }
i 1 1
T T T
1
H 1
i +
o T
i i i
T i i
] : ¢
i +
| [ ! T i
T Tl T ey oy
] u.' IR N 1 1
i Z et T 1L gX Ba ! +
Il 3
i
i
i
5 I
T i T
T T Pl
; | 3 A
3 1 [ 1 iy Y
I I
i T
1 H
T 1
I 1
T t 1

Figure 57. Velocity Profiles Resulting from Impact of Iron Plete of
‘ Porosity 1 Treveling at 60.6 Km/sec

AN



113

InEns

-4
Bu B
5
ey

RS Snaas

5
pandss

]
I
—

e

-

\
+ 1
[+ 14 R

Internel Energy Profiles Resulting from Impect of Iron
Plate of Porosity 1 Treveling et 60.6 Km/sec

R e %.
Rasd Hazkitant caddanat &
asp sanen &

A

L

LS

=
1
1
1
+
1

-

I

1

i

T

1

7

A

t

I

1

=

1

J7 T

o
4

1

t

1

1

1
1
T
3
o
1
1L
I
1
1

11

-
1
ot
i
1

o

e

—¢

e




114

B
HH
- - Gy
T (o]
Tiss R .m
- b -
-
SiRammmEnd Buan ,.Hn ] (+ %
LSRN EEEE 4 o
EESEREASARE TRARAARAN 1 o
+ : _ 1 &
m —
TR HaHH &
EEE o
Q& o
0
o F
ot H a
Pt
Siasip 8
- ﬁ'b
L]
o
bONO
=
o Y
-_GI...- @
- |
a g
e
S 74 A
~ hm
mEEn -
ST &
N 1T O~
i I
Adunan o ﬂ
1
T
HH w o
T = N ]
o [+
i &
HH - 72)
H W
& g
T T A1 g




= A =3
i -
INE BB
l:"n‘
R =
WEEAE GRS AN
' i IS NN 1 1T
X
1 I
1
i T
| | 1
I
~Ga -
- :
= s
s
5 T
- t Tt
. - e
T
I
- ==

Figure 60, Density Profiles Resulting from Impact of Iron Plate of
Porosity 1.33 Treveling et 60.6 Km/sec

STT



116

Sees

)
I

|

]

331
=
=t
4

11
1
1T
IRENE
1
i
i
T
Al
= E44
|

1T
Eai

.&J.
ey
i
i

1

T

s §

9
2t

1
16C
I

}_J
1
I
I
1
T

Porosity 1.33 Treveling st 60.6 Km/sec

prararg s
Velocity Profiles Resulting from Impact of Iron Plete of

sa

Jee

Figure 61.

SirdMAht

.

L3
o

56,




Ll 4+
Ll 1 1 1
T I T |
1 I 1
T :
1 i §
g :
REF g - I
et
ofdAn :
1 1 1 T
: j X
Ty ;

15 N !
1 T t
T ¥ T T
it y 4 1 1
= i I
L 4 1 T - 1
: 0 : / 1 e
e +
T 1 ) 4
|
H t
’.,i o H
AT -
< I
EOE
1 +
T I
Fu ) B
' i
I T
T 1 :

J
=

T
Y 4 1 -
gt
1 T 13
| I R 1
1 1 : i
T run g T
1 L I T l
+Hp 0y L. =8 1
e £ =t 7 -
I A I T
y N u I !
1 L : i
T : | \
1 T 1 T i
) T ! 1 i ¢
$ $ +4 t 11
Tt hon 1
1 1 |
J
1 F |
T I
- !'; AR EAERS aNESE B0 3
: g

S S ——m— R

Figure 62. Internsl Energy Profiles Resulting from Impact of Iron
Plete of Porosity 1.33 Treveling at 60.6 Km/sec

LT



Hpi T
R i I
HIBHEE IR
s S EPH A 3
S SRR MEERAACHY B84 i i
EEEa [BENS IBkan L
- 1 T R :
0T " 2 N
idns phaungan F
FelNsgnan
e /
1
I
L =
.A
u -t 8
3 mw
1 s
| TN
| |
5 an
{ 2
f
e
i
Tl
ammm
££H
1 ml
1 D 1 ypaE
B SNSESAERRENSREESEEE

118

Pressure Profiles Resulting from Impact of Iron Plate of
Porosity 1.33 Traveling at 60.6 Km/sec

Figure 63,



119

T
B Fits 14lI ‘%'ﬂ“i“:
waw | G 1 - F
SiEfaisis e g i fii:
__{ ""'.'\:‘Il_ Saies .’;‘__} ala
B  § T
B HranTe 1 a |__|_: L]
M | d ¥ !
BB - M e
L SRmasEEsNAgRNAEg HN : :
!
T
gl HHHH
= HH R usy ¢
o ! HH
¢ \
i -1 ;
16 Gafeo
$aC
I T ['I " X -{-
- Grag: h
I SSE “Tiﬂi!ﬂ
L 2533 - :
(¢ 0 H H100H]
mEdSmEN ]..4 I

Figure 64,

Density Profiles Resulting from
Impact of Iron Plate of
Porosity 2 Traveling st 60.6

sec



120

-

T
.-
+
e~
HH

ARmannmes

EeashonanERa)

L
BEEEEEE T

0 Y/ e i i

art®
M)
E ]
3

0 My B15ecH

A EA g

11

=8 UEEN

Figure 65,

Velocity Profiles Resulting from

- Impact of Iron Plete of
Porosity 2 Treveling at 60.6
Km/sec

T anEded T
= - -



121

l S I IR IR FHEH RhpE
| A ERang Ranal RensRRunRy : ! ! : H
' f ERSSs Renas ensaanE S T ;
i HE R 54 d22d dRats
| SEBdumdEasa: T
| .1-4’ JRESERSESE BRahases |r
= *i i EEEEes
-I‘ ii:‘ T ENEANN 4 H RS N I EmE
NN B ‘i EEgEuAR ] ]
y i
TRIR YOG T 34 FRa3 FRERA ARG L seREusi n g
R x 1 0H s L HH SR
= B f?" - -'.'.L
TR Ba ERERERazEzE
ﬂ& §H15%, 185 QP iL0iE
IR0 e
nas Uallia /G
2 tx- 10146 S =
i ; 4
11 : EENEENEE SEREE RN
- £ b BEE | H n A

Figure 66,

Internal Energy Profiles Resulting
from Impact of Iron.Plate of
Porosity 2 Traveling at 60,6

Bec



122

Profiles Resulting from

of Iron Plate of

Porosity 2 Traveling st 60.6

Impact
Km/sec

Pressure

Figure 67,

i 5 :
: r + " 4 swme T 1
1t T RS EEANRRE (A - {0 2
ENEHE guEa T e ] 1 15 E _rw ¥
= : —-
B T RS Maesas:
T t T . rm: ae NN
s PO 1 11 T imu 8 n ¥ T
T e 5 T | I e & T
SEasaEEe BB B 1 LI CI {1 2 1 14l 1
SEsaH EaaNd guRa) ; i Tt Hrt f T
sanm rmm 1 russ | 1 i
S8 EEE 1] It uEY i 1 f
4 < i B i
i ikt =y T t e & Mﬂ T
1§ [.Ilr oS T 1§ | | _m 13 _. e
e - Sf e + . Sraly il 1 !
- Hums T o 2 (WEEEBEenE p VT s
T T I G ; =R e +
EEEE S i . TEEEETT X T
UEEEEENCH GARUA ENEE : v sﬁ.“ 1
T Tl | ] w._ulr » T
T 3 ) - 3 i 4l
I - = i P - LI
AU HEN Y W T t T
SRR FeeE fRaEesE §EIEEEEEE mENIEEEE: : .
EEEDFREE e L 19 i . 1 T
s o o ra + T T
THHHHH i ot P B2 Eaaas Eaam H
R 1 o [ I I I 1y
£ it ol LA T T
1 L H e et
= = e — t 82
o I 1 T s gus 0
23 pre e 1 : 1 82 = N
IR EY EE R bE 1 i 1 T T -
Tt i 1 + 1 m a8 T
AR TEEI T 1 T 1 T 1 3 t
s swi I I T Esl B t
; T ;
L : + ' T Ve aw t
) 1 ~ T 1 1T 1
L} rr Ly ﬁ L1 | 11 ._ ) 1
TeVE] EEEEE: : NG SIEm _
v IREE (RN N by, Sq TN i e
| Saoey Bepe t : " .
- - - -
s Bann bEr o lans N . P .
I8 -5 1 L L i L
CE INREERE Ry {u) 1 t
ke . 1 T
] T {15 1
1 S L
! iy
— §- T
1 1
wwa T - t
1
t BSk, SGaEE ¢ H :
I Tt \ T T I t ' + rt i
i T t
R 1 I I ! I ! T IS P,
I PO a8 0 | 1 1 R o H i HHH
SWUAERGE TRNAEEEEEY N Hug g 1 T ¥ SRA AENGE SE AR SRNAE FREE] 17 | T
EAEERD. 1 1 r I I 1 - s
1 T T T | ﬂm_ 1 1
= i 1 oo B ; t T
- T 7 ‘s T =yt T
un (3 i ;i =R | 1 R i
: L T T ¥ o B i 1
S SRS 48 S | 1 i, e L
mgaase o : m T : T
ans I B N 2 t =
. o . T T T
Lo 1] 1 T Tt
i1 i i s " e SR
It T T 1 ; 1 1 |
um 1 T T 1 1 T
= L 13 = T
—




123

e
i TS A T 1 T
R T
11 T 1 il
HH o
g aana 4
i 1 i} Xt
. T T I 1
1 1 = 1
t -
. - -
— - “ m H | It
B : ot
H s oa e d B2
_ i i S
t + A i i et
aeng. pan SEaTEs,
L EE - et
pae; R 2N B 5323 Peaatpess
et - fras 1
1 T
o 18 I it H T T
; sot3 eaassnaas
Ea| EaE e o3
T i VSR
t e
la%8s| Saa ‘o
't Lt s
maue o ; I _.Mwm sasm
et HETEEH
: am 8 P ; =
i ] EER NG ER
et It " 1 lr_ 1 iEEEN
- " Lo | I i
-4 3 il i Ll .I[ﬂ- 1
’ 1 + Tl 1 in L8
= Rand B W3 E - - : : - —p-
s o : I (8.1 t o
1ok 9 1 T T 1 T
- 1 } = I |52
T T L - : —-+
) |y
I T
t f
1 T
t 1
N L
BT BT A
5
fom 2 8 1 | & |l| i
IF A - - » s
-1 7 L L
Bl o 3
i~ fi; i I3 1
+ 2=t _ HH
m _m EEE i I 1
e - ¢ +
I 11T T T
.
&nuun 5 -
mm I
—
mu
i T
T T
TI 87 T

Density Profiles Resulting from

Figure 68,

Porosity 4 Treveling at 60.6

Impact of Iron Plate of
Km/sec



; T I
: aa ! }; o8 BBt H-:'::-"r‘--t
T Bl fedad fus0y naneaannd ARAEE AERR
BRsaE mnad Birsnmwonad s :
i : "{r HAREE ."i‘] RAE J u
T | !'"1 '__': A
I sagkaad i Baunu ke kad dunadsaan
THH N .i.*:'" -+ : ﬂ_:
H T
siErlji E:IE §Euandnansd kannd eu
ORI T80 HE f R R AR
e e
; issaiges
S
et = nlh awanamn
HHHH i ';fﬁ
HEO Kt deo- N seu e 0-e
HY HHHH Eaeaganag BE e annz iasandnnng R nac HH
an TFLIT MEN [ AR HEEHE e .
- :M-ﬁeg_ P ____\P__ T : REpEsINEaRaszEag pescs ne
T HNG & FuRass
T = HHT R H.B‘?. T
T . aadBdunl BRAfRRaRuaRandhanadgannd lununnans
B0 Kmfdec{— mmsEmay = nns pmammnam -
HH e T T T T e N is
EHT H [ \ |
& YT s £
Ram HHHT HA T Y RN
B3R B S R W R Ha A B
q 130 HET QO H i
o [ o A A i
i T PR H 'r:;,rH—L' HARRd ummad s e
mESRm= S sm = e

Pigure 69.

Velocity Profiles Resulting from
Impect of Iron Plete of
Porosity 4 Traveling et 60.6
Km/sec

124



125

60.6

from Impact of Iron Plate of
Porosity 4 Treveling et

Km/sec

Internal Energy Profiles Resulting

Figure 70.

- -
T " Tt e I
I " ¥ 1 T T S W) .Llw
1 ! 1 i 1 15 Tt |
= I 1 T : 1 T i 3 111
i " h T ! T
I i 1 1 I 1 Tt B NS BN T
T 5 : s T T T
T 2 T .2 : I 1 EET IR NN G
Ee FHEE ; HisE R
| £ : : , 'l I 1
EARE NSNS =44 1 o I R B I T
1 T S
e 1881 W e 3 F
R S88s sessssaa “ oSSl pRas RIS C e
g il b EHE il . : v ! I =
HHHE T anAGERNE RESRE N EH I - ! ! (&3 I8 SE NN ERESH Spaed cand o
T T : : 4 1L .
i Tt - 1 __.. 11 T . L I L ze S0 L&l\‘l i
1 T
'y 1 ;¢ T | Y 1
T 1 4. ENWE g 1] 1 T ..H i i T .
It T I i 1 ﬁ T pis T L 4
134 L] (W T e ..___ 1
1 1 Y IR il St
i1 1 E N N I T1 WM 15 KB it I o
1 I I i 1 L I |u~_ 5 L LS
+H HH + it i i ; T 5 e
1 L ! L : Li
H Sen 4n HpE ~ 5y & : 22
T 5808 Bes¢as HoH g an =a=
- L p—r— T 3
T : i 1 o B 1 W it
2| s3 eisiizaa 21658 A
. -+ L= . t - T — +
T I T T !
SREAL TS I = L.._aufl " B E i 1t
et ol : “ v mau SanaSaaas 160
R DE BTG SARES T N I ot tH b
(S peat s 1L i 11 L iy i
K ] T I I 1 i T 1 I MR
—— - - - e ——4:
mEEENEAY (e an 1 t 1 i 1 1 ETLT
E HH T T g 1 1 1 1 (N G
i I NN EE RS (A F 1 1) L W . T
L I L 1 1
o — T rn 1 : r
T HEdpassaunas innnaan: He R
tH £ = _ mEEEa; Emama so 23 SSIZEERESED
i i i : :
s a1 22 ¥ T 1 i -
L5 H d_m_ HH } HH t 1 HH
i H en +
. t T Tt T 1 1 1 1
HHEE HE = : HH 5
o i I i sz o
— i 1 1 +l & s |
I 1 K e 1 T { B I T 1N
_ s peaaniey SS5a Psssseses iasediass S sssaisssin
i i o WE B# I : 1 m
N m et o i . 1 I ¢ o KD .
A 8T =gl 1 X 15 T R
T Tr.J.r. =S i | R i TIE: e i
i 1 i > 1 “ 1 -y - T -w T
I § 1y, § PR mm e \ . Ty anun -
+.+ FHH _v_dU 1 i | ¥ g = i RIFN |T|uﬁ 1
ImEEA NN e B i : I 1
CRE T T 1 T 1 1 1
18 I $ & I I T
1 ! 1 1 1 1 1
T T
1 -
I T 1 L T
1 1 1 ¥ 1 il 8 L 1
I T 1 i 3 T 1 14 | T T
T T T T s 1 o & TITIT 12 INREN BN
P ————




126

it I i i + % i) I H T T
i
i 5 W 1 T S S 1 T T t
| aEguan: T p 1 1 ' T
: ; T i 1
| Eams T m t i _m
|| T T T 1 t
|| pmme I 1 v T
|| Bai T t T 1 .
| L ) 1
L & e | 38
ima s H 1. it E
I EEES TERE i i
1.
(T _ : +
—_.Irr amEn s L 1 iE
i e
| SR _ =R 1 T et
HHH T ' il fanad Iaa:
I 1 1 T - :
A m I T h H t _.W
SEARG ANRA e : Ik we 1 ¥
H 1 1 : 1
T 1§ & B3 T
T (§ BN N ¢
L i &
SERdAsEEE I I T
b 444 4 - 4 1
EESaREEE ! 3 o aae
R : :
u*_nl‘J! 1 - 1 |
FEES “ T - : ' .
| I 1 1
T T T
mugEFu HHET L : P
T T r HH 5 :
£ D EEEEEEE e 3
1 | & 1
: : 1 \
T = 1
: aua - = B
{EH] ERS 1 I I
T T 1 |  §
i _ -
aR Sanusaasas i -G
T T \
1§ 1 T
[ ' -
- T
- T T
1 1
T
\ 1
L T e
[ 1 T
1 T 1 I
1 ] 1 B
: - I
Eam FITJmm_ I -m.._" ﬁ.l\
Ll (i i1 m M T 1+
10 THADN
T ﬁ T ieg
T N
— -
FHHE ]
T . T
T $
Fl—l.ll w
-t

Porosity 4 Treveling at 60.6

Impect of Iron Plate of
Km/sec

Pressure Profiles Resulting from

Figure 71.



R
i-4
1
1

g

mEEN 1 '1[]?:' M
T
|
lnpaRnyl o A
[\.l B.d ':'_ RS I

ik f

- M7 AT o Amm TOseT n
1 -t gl M e - AR

o
¥
T
G
0+
"
1
t

IF

1
L4
F3)
T
ryram
o
A
o
v
G

Figure 72. Density Profiles Resulting from
Impect of Stone Plate of
Porosity 1 Traveling et 15,2
Km/sec '

127



128

il : i i [ M 0
1T | T ) I T t
[} i T T 7 n
: 1 H 1 ]
1 L T T
. “ ! “
1T ! 1 i
imu 13 t W
1t : :
D ps + ,
i i T $i i
1 T T " + m ;
L I} T M1 I
i : 1 : =
: = i =
. : ] & -
1 , et
T i B o |
o ! 1 o
M b i I I P
: + i : :
; ! ! - :
T T : :
- = T
i i T :
, 13 8 T
N T
MY
! AT :
! 1009RY :
- o :
: . i
M :
1
= i
- 0
+ I
—— il S’
: B 13 DO
T B P
. 1
: 1 ,
T i ;
T T !
T 4 !
-t : _
: i i :
: y 1 ;
it
= I3
Y B | )
: T
= i i
+ B¥ {1 T
1 -1 i T
o : T !
o W o O
+ L
r T [ Y T
zAl] i X 195 1 T :
= . CW i ST i
1 i
m4 : f I
iy %24 ! i
i _, ]
w i ! i T
(3] T
L T T *
= . 1)
I 1
IR
™ W
RN N NI
- 1 T

ity Profiles Resulting from

Veloc
Impact of Stone Plate of

Figure 73.

2

Porosity 1 Traveling et 15

Km/sec



129

Internal Energy Profiles Resulting

1 T i -
1 : I !
1
t T T
+ T
" T
H 1
1 1
.
+ 7 T
; i
! )
: Pl
e i S
1 i
ks
o b g 7 T
T % T +
T " 1 t
; rs i T :
T < + b
P T T T
~ 1 n
; 1T i i
u T T T
T ' :
T [ ;
T i -
) q T
-t » | |
. &
d T
: 1
1 L
i {i 1
; H
d + T T
T a4 ar
T - i TN f
T [ I} T i T
T [ I
i e un T
= "
y 4 i i T
i ST L
g T
QT I
1 .
T
1 v
[ N
; T
i i
T *
I
i
B T
! b 1 :
T i T T
I 1 T
i i [ i)
T
i { t
% t 1 T
£ ; —
AR § : + H
3 T
by [ 4 ™34
i
{ . i
T "~
; 1
) g T
i ¢ Do
I X 2]
I s oy : T
T i
i
% L ] T 4 i
f T T 1T T )
T
g R = & H N T
+ T T ” ;
[ L T ; T
1 11T I T +
I R S T t 1
T 1T ¥ L

Figure 74,

from Impact of Stone Plate of
Porosity 1 Traveling at 15.2

Km/sec



130

1 I I H
) 1 T 7
T T T T
- 1 T i
! H ;
i i I I
t i I
Il
o T ; t
I W) ¥ i i
T i T i :
D : ! +
P e . : : T
D e A i . i i
i B LS} T T i i
-t NN ” T > P
: o t . +
" T I s NI
g h - T T T ]
T ) - £ T 7 : :
T 1 il L I TR : ;
NS 1 + IS g : T
; g : T T
(I ¥ i ) T P
T ; I} I - et
i i 9 : T St [ ]
, . ¥ [ - T + i
: o t T I
v 1 I i L R
+ N p 1 L L i
D ot i : 3 .
T T T : T
7 T iy T i 7 ©
: t { ! t t
PR B8, ¥ : T + T
7Y e el g by
T 1T i T
i+ v T ) T
T ¥ PO EoEl
1 ' it
e =) 7 T
T ! R I 4 W S|
-t LI
Y : - EAPIR B0 5 U VAl A Y
i i 1 : . :
: ! T i Pl H 1
H - 1 T i T
L ; ¢ (I
T : -
T
iy 1 Il
T 1 T
I 0 T :
e B I i I
i I il T
T I ¥ T
* I I
1 T I Il
+ [ i T
T t p T
T 7 ;
T I .
RWN LIgce !
b i F T
: T 1
I T 1
i s !
T T
T T
T T
T i
: : <
iT i T H I L ] )
T i pe 5 pra-gs Ty NN
I Rgel i i ] i S, i )
T r& T ACH T < T
: Py i Ei T
T P [N i
1
=, i ;
= i t
) ; o
| Lyt
+ i
T
t
L ! 1 i
T ] ; i
I T ] i
L : . .

Pressure Profiles Resulting from

igure 75,

F

Impect of Stone Pl

Poros

ate of

ing at 15.2

:

ity 1 Travel

Km/sec



131

] =
X
Yy
&3
t
=
PN

.,
o~
<

Figure 76.

Density Profiles Resulting from
Impact of Stone Plate of
Porosity 1.33 Trsveling at
15.2 Km/sec



132

T
1 1
sLoRRICT A :
e LTS
1 14
¥ri S e
: 4
£y A
Pl acaRIRE E2=ld
& e AESE
AL A-EI&
i
A4 x ]
L LAMA RS
i
mEN 1
{ & mEN

Figure 77. Velocity Profiles Resulting from
Impact of Stone Plate of
Porosity 1.33 Traveling et
15,2 Km/sec



133

T 1
| i
% i
|
1
T
’, T
a8 48
1
' T('\
)
et
d i
T
b i
f
i
1
I
r.N 3 e
110
WS awl]
ORI HTRed
fa ek 4o
AT peram .
A
% o
2 7) H-88
f |
¥ EE
1
1
i
i :
ASaRE
I 1
1 T
t I
i ]

Figure 78, Internael Energy Profiles Resulting
from Impact of Stone Plate of

Porosity 1.35 Traveling at
'15.2 Km/sec :



134

T T A fo o e
I < |
T T T NRl AN
i T T
1
]
T
SN B
N P
13 1
P e
4 4 (1]
1Ak R -1 AT s
S A NN
Anyi I |
A
b i
I '
| P AN
* Wb 60
s M
/nui
1y
|
(LNE e 25
T 1 *
e :
] [ ] .-,ii!!b - o
jtet &
ARy -
il
M )] %12 j".ll:;. F I
NEN RENE 5
] - o HRS

Figure 79, Pressure Profiles Resulting from
Impact of Stone Plate of
Porosity 1.33 Traveling at
15.2 Km/sec



135

T

i
1,
;
y
A4
T SH
e
1
1
T
T

Figure 80. Density Profiles Resulting from
Impect of Stone Plate of
Porosity 2 Treveling at 15,2
Kn/sec »



; ]
i
m We
1
5
A ERIRRREEaT prRay
[NERY ENREESENYE 4N
FrrHETE N
" "“:.4. lh H] ! h
wRN [ RES AR RS RE AN N R N
R 0w o - -
- [
r
[ nEREARN
Ot tea'd % i
L
1B, anike P 1--’.9
l“
N
-1 L ]
O tentbag :
EENEENEENNN i
ERERA |
310} Y20 i
s EENNENSRENR N
}
[
1

Figure 81, Velocity Profiles Resulting from
Impact of Stone Plate of
Porosity 2 Treveling.et 15,2
Km/sec

136



137

1
1
1
ri
X A
par I0OTHee fanas
’I\I
[BERE L
B e
y i
~1
i
Fi
-
> g
ERE4aE
2 7
1 H il
5
BRE . -
- S S S {1

Figure 82. Internal Energy Profiles Resulting
from Impact of Stone Plete of
Porosity 2 Traveling st 15.2
Km/sec ‘




138

,..T"‘ %4 BEL d L4
pr ANNS Ennn iR
T EAEE
--H A 188
A

=
i
-
T

Figure 83, Pressure Profiles Resulting from
Impact of Stone Plate of
Porosity 2 Traveling at 15,2
Km/sec :



139

1 N A%“ A %’
T nan
P
T
¢
g
A : RO
P | ) -
¥ Cant, : ¥
& ; RRARARAN
: Bs
o
'. 1
o " T
1|

P SRNREEE e R AR
RN ‘1 N NN
| A

Figure 84, Density Profiles Resulting frem
Impact of Stone Plate of
Porosity 1 Traveling at 36
Kn/sec



140

Velocity Profiles Resulting from

! T i T : ; TS W T
T 1 T 7 T i NS S ;
L |l S T i T T T )
T N ¢ ' T NN I T
I R I ™7 T T
T i i NS
11 1 : T +
7 i i MM W
i + T T T T
S TR S I T P
1F T Jull P P Il
AN R i i I
SR A i (S HIEAEA Y
T s T LS - T T +
1 + ; T + : : i
RRRES ERY I i : T T
! H T T T T T
LRI 1 i I i )
Snmui ENEun i i aum : : R M BV ¥
, LI : rb) T i .
T 8 4 ) | T i I i
+ T T + ;
T ; :
iy T 7
1 i :
PR ¥ + = 3 t
T T : ﬂ : ,
: : ~ : i
H T I T i
i -
" [y T
AR n o T
“ I & [H
O Pt i ]
N it I T
1 i 1 % T . Y
N — ; Y& T T )
1 i {1 T 1 T 7
v T T il T T 1 i
(A8 A6 SR RS ’ AR : :
P T T 1
e E R R o I T uE Jamnn s
AR R i : i ; T i}
O TO e RN R $ 3 : il ] e T
S 7 T LT : : NN
it T W T o i ; P S A L
gy IS R " (s 8 & + 4 o A "
T i ey 1 [ ¥ I
REnl eEndnanan Ran . o & ! !
T T T T v ] .
i T T %S 1 n T +
T T g R : iy + : 1 -
T i I 1 T 7 it T
! Tl LA . T i b
p T T r - T —
fony it S et 1 ) R
R : i T (] i T
TR S B e s |
: B ,a T I : n
PRGN IS I 0 O v I
3 8 I i i T ™ W
L i 1 I 1 i T i i
; ! : T : : :
~TET = : R ey Gusk =
1 T T : T
1 I T T ] 7
T T + : L :
= , % W
P v
! i ] f T 7
[ [l T 1 T '.In
S [FY Moy utf 1 ” : : o P g
[RNEY RN QN I N [T [lanef
o s & fi2 v
klisy , D Dt o
ot L3 3 |2 B i o
r ; i r ;
R Saet : i) i T
= h : T
X r et o
k= N1 TN ..Jq
I i %
1 \ & = £
i : €
" 3l ! e 7 I
fop 41 i o
T I T 1
T 1T [ T
-4 — L i

Inpact of Stone Plete of

Figure 85.

ty 1 Traveling at 36

Porosi
Km/sec



141

i
i
T
{
; 1]
o

55 T ,,,,nh'i. N AR A

Ix YOI AT anaie 8
fails .
] G
e o e G
\aas
% Gn :
p:
h |
X - ‘
z - '_sp
-
CTE AR NG TS
caar &
!‘ st =
) 1A 4

Figure 86, Internal Energy Profiles Resulting
Impact of Stone Plate of
Porosity 1 Traveling at 36
Ko/ sec



142

Iy ” T
t f
: T
T "
f T
+ 1
ey : N
) T ]
m T NS W
(i T
1 T Fi
o T
T ]
Y Y I 1o
t ]
o | il
. T
1
(.4 T
9o t
Ly T
- :
-+ 1 i + t
] Y !
11 ) 1
T e i :
T u "
1 +
t ]
1 i
T b N
T . T T i
T e Ty Il A L
I I 1 i ! 1
N P 1 N
; T 7 S
T 1 I Ly &4
Py 11 ! i 3
- , ! 3 Jenmdw
. 0 ;i : i el
T : . . g ! n ™ 7 T
; g ; i - M :
L : i +
! g ; T T ) I i 8
; : H ] I - i :
" " T Y T : 1
H i T 5} ) 1 f ] i
+ i I I T 1 T 1 3
: T Tt T " T i
i T I Lt Z
- ' : (aT T g :
i T T T O )T
I T T IR Lo _Mﬁ
] b .
1 [ . e HH
] I PN L
1 O N S
IR IR WA
T ] T I I
Crar T T
! | . IR
i 1 " ; =
" i " g T ]
T T 581 - 1 T 1 T
{ i 1 I 1 T o1 Cal
) i |8 T T T T —
+ + T — : 4
— 1 T T 71T ] T ;
i = e Tt F
' 4 - " s T
’ - t s
(= I 3 T
T ; Y NI
+ b gl + 1 M1
o1 T i !
: ; : i ! i
T I i T T}
i : | I 1
T * H )
" ; T :
t LTy i T ] T
1 T - % ] L
T { T | T T T
] I t t

from

ing

at %6

ing

Profiles Result
Plate of

Porosity 1 Travel
Km/sec

Impact of Stone

Pressure

Figure 87,



143

- ,
1] 1 1
n I ;
T T i
T T
1 T
h T
] T
1 : T
¢ ! } I
, 7 T T
! T
1
i :
i i -
T [] il
T tm
” o
: T
[ 1 T TIT
[ T s
o ] I
: t
i I
- 2 T
! - T
: -
¥ K -
T T T
T i R
T T T i
; : [ 53
! ! T
+ A
T T
i i T
P i T
] 5 -
i i ;
t T
M T
T T
; T
u| T
T
T T§T
g i
i % .
X = 5
L 1 i
1 1
Y 1 R &
) : : 4
LT
M T ek
i H T L) [ 4
& - ! - 1
i ~ ]
T T T Ti¥ ol
n% i 1 L -
i i = 1 T ;
1 [ i B 1
T H T ] :
I IR A 1 T
o : : _
N R & 1
I i B T
- t Y AN o I :
T SR i T 7
- ;i % AN 0 I 7
s T I T T I

from

Density Profiles Resulting

Figure 88,

Impaet of Stone Plate of

.53 Traveling et

Porosity 1
36 Km/sec



f {
! :
!
«‘1_"—\’
B A F Yiloan
5 T
SRR STy e one Y
i Jagan 3
T awws
! & | )
t
!
{
iy @
YR :
§a ik
L
wotmeiaine
] ~ )
H 2= g
vl roX % = M )
HAPATEI 2 101
- H‘-n--:‘-(‘ l
may " ™
i \9; slogh
1

?igure 89. Velocity Profiles Resulting from
Impect of Stone Plate of

Porosity 1.53 Treveling a£
36 Km/seec

144



145

") T
T T
1 T
T 1 1
7
.
P .
T T
[} T
T L H
i T
: T
13 i
T
[
1
T
T
T I3
! 1 i
1 g}
T
T :
T T
i I
Il J
T ot
it
+ T
T 7
T i
H i
iy i
1 : 7
A i :
\ T T
X 1 i
h T
I 1] I
N 1 1
R RO T
N ) i N
TN T s
R . T P i
T 1 - .
A 1 gt
Y 1%y i
t s
g
H T
Yy e
f
N [ o § T
i i T
T T )
T T T

Internal Energy Profiles Resulting

Figure 90,

Impact of Stone Plate of

from

g at 36

33 Travelin

ity 1,

Poros
Km/sec



146

>

-k

=
o

Figure 91, Pressure Profiles Resulting from
Impact of Stone Plate of
Porosity 1.33 Traveling et
36 Xm/sec



147

P
! ;
o
N
L ¢ )
*4
FaY

Figure 92, Density Profiles Resulting from
Impsct of Stone Plete of
Porosity 2 Traveling at 36
Km/sec



aEe
Y
L N »
7
pi
= 23X 16
:
Bzl O Ees
i
i o
A A3
H
11 ﬁg €
Fr ik ﬁL‘& q 013
IN
y
{
SAH:
+3 318
T
20 i
s - & -,,,!ﬁ\!’E;- il ——— =
14
5
0 A QT T T Ao
1
B
1
[

Figure 95. Velocity Profiles Resulting from
Impect of Stone Plate of
Porosity 2 Traveling at 36
Km/sec

148



149

=
4§ §- 1
= 1
"
a T I
/ R e
P
|
ANl "
» 1
MEE4 TT ‘r
q_ Lt
ZERERIHEY SHIE! 6] Y
e
-
” &’
3
-HH i
ol
B
1 T
sEnaxranV adnadlr
_N
=
(e 2 i
T =4 o } 2]
SANESRRTA) L] I
=== bl ]

Figure 94, Internal Energy Profiles Resulting
' from Impact of Stone Plate of
Porosity 2 Treveling at 36
Km/sec



150

O ) p

t

b k §
EEy 3 Y
L ¥
}
aens
w
g ! o
P
i

{0

= y

y ]
padcde
&
¢
~

&

T

1

: 4
X
12
‘5 ,_.—,(|

Figure 95, Pressure Profiles Resulting from
Impact of Stone Plate of
Porosity 2 Treveling at 36
Km/sec



{67 (=3
334 ﬁM— £
P
1 T
H %
s n—————-
é gs :
e
] 8
|
\ \)“—ﬁ
Z oS s g
1
20 ;

Jg:,qi 52
IN] %
¥

et
100 i
Figure 96,

Density Profiles Resulting from
Impect of Stone Plate of

Porosity 1 Traveling et 60.6
Km/sec

151



152

I
1
o) 4
Hf) o1
-
F
- ;‘ "
; i
3 #)
i}) ta L) K] SEC
7\
PAT)
¥
3
) SHC 1
]
i RN SERNENRARENE BNEREL ANENEEERER IEENEEANEE NERED ENEED 5 ]
i SHT p H10 e
‘kl
auil
SE
y
-
R A
q 4

Figure 97.

Velocity Profiles Resulting from
Impact of Stone Plate of
Porosity 1 Traveling at 60.6
Kn/sec




153

é
Y
g7 L
}
y 9
iy aas e PR LE e
F AN A
,,
Rt §
I .
Oy !
CHI7-
F;':t n a¢
.'!,(
L0 gec
P N
. e
oA HHA
i : H\
LA M N el

Figure 98, Internel Energy Profiles Resulting
from Impact of Stone Plate of

Porosity 1 Traveling at 60.6
Km/sec



154

Y

S e et
t
;

Figure 99, Pressure Profiles Resulting from

Impaet of Stone Plate of

‘Porosity 1 Traveling at 60.6
Km/sec



155

+
‘I
ERR
N W LY OFEH
| 1:::!' B
& ZEAE SRS EEESE PR
i A AR W Tt &
I 4
1 ]
et =
- 3
i ] T
|
1
o
1o Gndde
A
i
4

H

|t +Y i

I{

E==C ol Aunan

1 L

[0 G/
i LG Lor 10 geci \
|3 T

I + VE" YT

B S ON Wy
i % A i)
l H

' Figure 100, Density Profiles Resulting from
Impact of Stone Plate of
Porosity 1.35 Traveling at
60.6 Km/sec



156

R Vs RY s, e
EisRiSERRSHPRH e
EmaL ST i u BEal
i o B 5 G0
AR
3 g
;)
F-
o idm P L4
" vy HY-H v 33
i
R 1
HH R R e e R A DY A M e A

Figure 101, Velocity Profiles Resulting from
Impact of Stone Plate of
Porosity 1.33 Traveling at
60.6 Km/sec



157

v

m—
T TT]
1T
!
T
I
ket

R

s R R

SNE. - BRI TANERERRE Lt

. Figure 102. Internal Energy Profiles Resulting
: A from Impact of Stone Plate of
Porosity 1.33 Traveling at
60.6 Km/sec



oot

Wa—_

1
I
|
1

Figure 103, Pressure Profiles Resulting from
Impact of Stone Plate of
Porosity 1.35 Traveling at
60.6 Xm/sec :

158



159

| ==

AU
g% B!
e
B! b
3 1
5% 10" 5 £ il
I (O N} IS _ ‘E
E T T
bt ksl 2}2:&!!&&%43‘ BRSNS
Il f
;t pEN

Figure 104, Density Profiles Resulting from
Impact of Stons Plate of
Porosity 2 Traveling at
60.6 Km/sec '



i |
T
-

Pigure 105, Velocity Profiles Resulting from
Impact of Stone Plete of |
Porosity 2 Traveling at
60.6 Km/sec

160



161

NN

W )
LB

et

REZ

R B
i

1

3

=g

e
i}
1)
D
>

)

.
13

P vy

8

e
-
L

Figure 106, Internal Energy Profiles Resulting
from Impact of Stone Plate of
Porosity 2 Traveling at
60.6 Km/sec :



162

7

oy

.?-—‘! -

=g

SN
7
e
nE

Figure 107. Pressure Profiles Resulting from
Impect of Stone Plate of
Porosity 2 Traveling at
60.6 Xm/sec



163

Discussion of Numerical Solutions

Every profile illustrates the formation of two shock waves. These
two shocks are initiated at the contact interface between the plate and
the target. One shock wave travels into the target, and its propaga-
tion velocity is larger than the propagation velocity of the interface.
The other shock wave travels back into the impacting plate. This shock
does not propagate with the same velocity as the shock in the target,
and is usually carried to the right by ‘the on-rushing plate.

All of the shock pressures are in the megabar range and emphasize
the validity of assuming the fluid flow model. These pressures in-
crease as the velocity of the impacting plate increases and decrease
if the proosity of the plate decreases. This behavior is illustrated
in Figures 108-111.

The material velocity of the impacting plate decreases as a re-
sult of the impact, and the loss in kinetic energy appears as internal
energy in both the plate and the target. The specific internal energy
in the impacting plate increases as the velocity of the impacting plate
is increased, and it also increases quite markedly when the poroesity
of the plate is increased. This behavior is shown in Figures 112 to
115.

The increase of internal energy with the porosity implies that a
plate of high porosity will have a hotter tempe;ature than a plate of
lower porosity. This temperature effect plays an important role in
analyzing the light flash that accompanies hypervelocity impact. The
large pressures from the impact convert the target and the impacting

body .to a plasma. When the pressure is released and the plasma returns
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to the ground state, the released radiation appears as ultraviolet and
visible light. An estimate of the temperature of the plasma will assist
in the analysis of the emitted radiation. The temperature's in the
impacting stone plate are listed in Table V. These are the temperatures
from the equations of state, they are very much higher than would be -

obtained for the same energy density in a plasma.

TABLE V

TEMPERATURES IN IMPACTING PLATE

Plate Velocity Temperatures in
Plate Porosity In KM/Sec Degrees Kelvin
1 15.2 120,000
1.33 15,2 150,000
2 15.2 190,000
1 36 260,000
1.33 36 340,000
2 36 590,000
1 60.2 760,000
1.33 60.2 . 1,100,000

2 60.2 1,600,000




CHAPTER IX
SUMMARY AND CONCLUSIONS
Part I

A helium gas gun was designed, constructed and tested for launch-
ing small aluminum cylinders at velocities that are‘greater than 10,000
feet per second., The gun has been fired successfully, is structurally
safe, and is .considered to,be'fully‘operational. The gun was fired at
approximately one-half of the rated ﬁowder charge and launched an alu-
minum projectile with a velocity of about 6000 feét per second.

The test,firings-revealed two design deficiences which were .cor-.
rected. The framework for supporting the optical-electronic system to
measure the projectile's velocity was completely rebuilt since mechan-
‘ical vibrations of the framework did not permit measurements to be
6btained. It was also necessary~to.redesign‘the pump tube piston since-
the first design permitted the gunpowder gases to blow past it inte the
helium which was in front~of,the'piSton: The new pistom utilities
boretight aluminum rings at the front and rear' of the piston, and these
have’p@ovedfto»be*éffectiVevseals*in"a later test.

It ‘was particularly gratifying to diécover that the projectile
does not tumble in its flight, butrstrikes‘the\target head on. This is
very important for the impact tests that are proposed. It permits -the

front -end of the projectiié to. have -different geometric shapes. These
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.. shapes may be employed to give two, or more successive shocks to the
target.

The" experimental data.from hypervelocity impacts with the light
gas gun are to be correlated with an analytical solution for a hyper-
velocity impact. An intercomparison of the results should clarify many
of the uncertainties that presently exist in this field. There is
practically no. information in the literature with respect to the propa-
gation of a shock .from an inviscid fluid into a plastic medium,  The:
light gas gun was designed and‘cgnstructed to clarify this uncertainty,
in particular.  This is the reason that the bullet is designed to give
multiple shocks and . the displacement‘of the outside wall of the hemis-
pherical~targetri$ to be measured with very high resolutioﬁ. Work
subsequent to this thesis has shown that the viscosity of a plastic
medium should be predictable from measurements with this gun. Provided
the viscosity of the plastic is a linear functio% of the pressure, the

viscosity is expected to be measured to 140 kilobars, approximately.
PART II

" The light gas gun requires auxiiiary.equipment in order to conduct
a meaningful experiment. Rather than complete the equipment for the
measurement of ‘surface displacement at high speed for the gun, the
author of this thesis decided to initiate-a new phase of the correlat-
ing analytical study for hyperveloéity impact. As an intreduction to
the much more involved phases of the analytical problem, a one-
dimensional solution was sought for the hypervelocity impact of a thin,
porous plate on a very thick slab. Particular attention was directed

toward following the compacting of the porous.plate and toward following



175

the position and motfon of the interface. Preliminary studies were also
made on the effect of the reflection of the shock from the rear face.
of the thin plate.

Although all phases of ‘the impact were considered and .followed, the.
primary purpose of the simplified problem is to investigate the:effect.
that the porosity of the incident'body_has on the impact process. This
solution is the initial step in obtaining the numerical solutioen of - the
impact of a.small, porous-stone sphere on an.aluminum target, and it .
has provided much valuable information. The solution shows ‘that two
shock waves originate at the contact intérface-between:the target and
thé~plate and . travel -away from thé‘interface in opposite directions.

The flow velocity and pressure are continuous across the interface, and
the magnitude of these variables depends upon the velocity and porosity
of the impacting plate.  The internal energy in thevfarget and in . the
plate also has a functional dependence upon the impact velocity and the
porosity of the plate. The internal energy in the plate increases con-
sidefably when the porosity of -the plate increases. The temperature-
of a highly porous plate is then much greater than the temperature of
a.slightly porous plate when both plates are compressed by the same-

ratio.,
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APPENDIX A

DEVELOPMENT OF THE EQUATIONS FOR Pl AND P2,

OF THE GUN POWDER GASES

THE PRESSURES

The pumping cycle starts -immediately after the.ignition of the
gunpowder., It is assumed that all of the gunpowder~burns instantaneous-
ly, and that the gunpowder chamber is immediately filled with a gas at.

a pressure P., having a ratio of specific heats,r1. This gas expands

l’

isentropically and drives the piston down the pump tube: The motion

of the piston is opposed by the helium pressure, p. The equation of
motion for the piston is (again refer to Table I and Table II for a.

complete description of the;symbqls1and*subscripts):-

A‘) WPJ:(’ 4(P f

or, if the variables are changed

4& dx c/u
2.\ P d;(- 47(

Al) may be wrltten.as

| d, ,
/15) VV9>W; a[;;f = - 44% ( ;D ﬁé)
The helium pressure, p, is known from the condition

) Pt ()

and . the gunpowder gas pressure is glven by .

A5) BP( )

du
-U, <4t
P Ix
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where V is the volume of the gunpowder gas at the time that the pressure
P exists.

The-volume, V, consists of the volume of the gunpowder chamber, the
volume which exists between the gunpowder chamber and the rear face of
the pisten, and the volume of gunpowder gas which has escaped out of

the blowout hole in the breech plug; that is

Ab) V:U+’4"(XI~X) v
where v: is the volume of the_ghnpowder gas which has escéped out - the
blowout hole, This volume, v, :is given by

A7) ’lf:/uiéxﬁl
where/u is the flow velocity of the gunpowder gas out of the blowout
hole, t is the\lengfh of time the flow occurs, and A is the cross-
sectionai area of the blowOut‘holég

The flow velocity can be found from the following equation

48) /« .__/__'./3(7; 77

where T is the temperature in degrees Rankine of the environment inte
which the gas is flowing, and T0 is the stagnation temperature, or the
temperature which exists ingide the gunpowder chamber.

To can.be calculated from RT, which is the force constant:

4 RT,= 70 lopts o
<

m* é7ran~

Converting R and the right side of A9) to the same units gives

po)  T. = 6553° Konkine
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The value of R used in A9) is the value for air because the combustion
products of gunpowder have approximately the same molecular weight as
air.

Letting T = 530°R and using the calculated value of T0 together

with the value of R for air in equation A8) gives

M) = 9450 fz‘/;ec

Charters, et al., quote the length of the pumping cycle of their
gun as 15 millisegonds (8). Since the geometry of their gun does not.
differ too greatly from the gun that is described in this paper, it
will be assumed that this is also the length of the pumping cycle for
this gun, | o

The cross-sectional area of the blowout hole is 8.53 x 10f5‘ft2;v
therefore, -the volume of gunpowder gas which flows out of the blowout
hole ‘during the time required for the pumping cycle is

U= (41/3'0 7[+/Jec) (/FX/O’SSEC) (8-53 x/g—yff‘)

or.
Al12) = 20.8 w’
At any instant between the time when the piston first begins its

motion at x = x, and the time that it comes to rest at x = X,s it will

1

be assumed that the volume of gas which has flowed from the blowout

hole is given by

#1‘3) r= (7‘: (X:

Thus at time t =0 (i.e., Xx = x ), v = O, and” ‘at time t = 15 milli-
seconds (i.e., x =:x2),-v = 20.8 in.

The appropriate form of V from A6) is then
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20.8

aig) V=U + Al + =A (=)

From A5),

v

/ r
gi5)  P=F |+ ﬁE(x.~x) + ——Lo': (X, -x))

and .so from A3) and A4),

%L X ‘r‘ X}_d/
20.8 , -
#/4) /Wfl(?é{l( = —4f%;+(€_l + U_——-_(X,—X{)) (X,-X;,) l’/ +%%/ X% 'é/
’ % . X

or

r

T Ay

'-.

U P 20.8

#7) LWl = eLL (l i)+ )
P4 (AP 20.8 -y v v

* x,-xl>('

Soelve this equation for Pl and

(1) /14——?3—9—)

Xe=¥2

4!3‘ ?!’ ‘U'#,[[ (n-_.z (x,~%) + 2e: B) ‘7

r“}, + —LLX' (X I‘,)

To find the expression for P2, substitute x = x, into Al5) and

2

P

A1) P, =



APPENDIX B

CONVERSION OF THE HYDRODYNAMIC FLOW EQUATIONS

TO FINITE DIFFERENCE EQUATIONS

For one dimension, inviseid fluid flow,; the conservation of mass

is . given by
A/ - g
, Bl) % = " Ix (f“—\

and the conservation of momentum is gkven by
du ,_i)é
Bz.\f;gv X

Since u = u(x,t), then

du J ﬂUt /X Jk dﬁ

1?:/7(—+Jx/t T

Thus B2 becomes

I

Ju - ou
53) /d/t \—alx / /X
addllig to both sides of B3 and-
74

B4) /47 “‘/t"‘é "’/”“7 s

Substitute Bl for.%g‘on the right side of B4 and

Jn
/‘j; +u£‘:{ %{‘/“o‘x “”‘”LX(/O“)
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Bs) 2 (P10 =-f 2 (ra

‘This equation is equivalent to B2 except that all derivatives are now
partial derivatives instead of ‘total derivatives so that the équatién
is'in a form to apply finite differencer approximations. .

The conservation of energy for one dimensional flow is

¢
PS5 =5 (F

Since E = E(x,t), where E is the total enekgy, then

(5 wud) = - S(p
add E g to each éid_e and

| d 9
| ol
W) pL e = R(p0 - M ;£

Substitute Bl for%_ on the right side of B6 and

JE
/3‘5_ +E% 'Jx(f“) ~/% bx ~E””{ﬂ‘

e) L(re) =-4(F0) - 4 (pue)

This equation; . likewise, is now in a form so that finite difference
approximations may be used to evaluate it.
A partial differential equation of -the form 3—/{‘ = g(x,t), where

= f(x,t), may be approximated by

f - Fix, feat) — Fix,2)
B8) 3 Ne
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and ?g; may-be approximated by

o Ftnt) = Fifan g
B4) T ) A%

The smaller values of AXx and Ai' give the best approximations.
If these approximations are applied to»équation Bl, that equation

may be written as

B12) P (%, #4at)= 5, #) _o plxson ) w(xriant) = A ~tox AU (x-Lov, 7)
at -7 A ‘

This is the finite difference form.of the conservation of mass.
Apply the approximations to equations B5 and B7, and the finite
difference forms or the conservation of momentum and conservation of

energy are:

PO trod) i (x, #462) = (kAU (x ) ) ’b_(,wi,,,,' #) - B(x-Lor,A)
w ot ) - ax

- £ x+iond) U(x+ion #) U (x +Lox,2) —/’(X'iox,z‘)z((a—{bx,ﬂz{(,,-{,,j)
| Ax

and

 #404) E (v, drod) - PloA)E |
Pl #+08) (Z :m‘) PRAENA 4 Grtox A u( xtbod) H-teni (etseid)

" Ax

Z(x o, DU (x+Ean ) E(x+§ax4) — /6( -fox A) t(x-soxd) E(x-3ax,*)
Ax
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In the simplified problem for this thesis, the impacting plate is
.assumed-to have a finite thickness, but to have infinite lateral dimen-
sions. The finite difference mesh which represents the target and the
impacting plate‘contains_célls whieh have only two sides, as shown in.
Figure 22. A particular cell, L, will have a side L-) and a side L4}
which are separated by a distgnce’A% . The flow variables are to be
evaluated at the center of each cell.,  Let D(L), U(L), E(L), P(L), and
Q(L) represent the values of the flow variables at the center of cell
L at time t, and CD(L), CU(L), and CE(L) represent the value of the
density, flow velocity, and total energy at the center of cell L at
timei 4—At‘. Let D1, U1, E1, P1, aﬁd Q1 represen; the values of the
variables at side L-% of cell Lfét time t, and D2, U2, E2, P2, and Q2
represent the values at side L+ at time t. -

In equations B10, B1ll, and B12, the following changes may be made:

£y kbt = Qb (L)
f v, %) D
L x+tox4) = P2

/o(x-’im,:l-) = D

Ulx+tov, #) = vz
U(x-iox.d) = Vi
B13) ?(Mlsz,:ﬁ = P>
?(%-i'bx,i) = Pl
Elx+iond = E2
Et-ion#) = E|
Ulx, 4404 = CUQR)
Wix,#) = U
E(x,++s4) = CE (1)
E(nA) = E()
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Thus B10 becomes-

.3
Bif) (DL = D(L) + Z;t (b{ X V| —Dl*uz)
This is -the final form of - the finite difference equation expressing
conservation of mass.
Introducing\thewvariable changés listed in Blj inte .B11 and -B12
gives the forms of the conservation of momentum and conservation of-

enérgy which were used in the computer code. These equations are.

: IS
CBIS) R = D (44 UG 4+ T (DI*UI#Ul =Dayu2aud)

and

A
Bit) OWHEW =D (Y 2EW) + e (PI*UI -P2rue 4D/*U/*E/—Dz-xu2_,rs;>_)

The exﬁfession‘for the artificial dissipation term may be found in

-a.mannér that is similar te the proceeding. The differential equation

y
g 17) F= -A,L%(ld—:) *A’-)

may  be approximated by the difference equation

Bin) g - 4% Ulttond)=t(setont) [ [ U0xtExA) ~dla-bon) 4 A,

Using the terms defined in B13, the finite difference equation for q.at:

the center of .cell L is:

BiA)  Q(u)= “4'L<%#)*(IUZ_: |+ A
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