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CRITIQUE OF ACCELERATOR TECHNIQUES

ABSTRACT

The requirements for accelerator techniques are reviewed from the
standpoint of their supporting role in the field of high velocity impact,
The areas of interest to high velocity impact are noted and their
various demands on accelerators are discussed. The performance

of the accelerators now in use are critically evaluated in terms of
their ability to meet these demands. Future expectations are summa-

rized briefly.
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CRITIQUE OF ACCELERATOR TECHNIGUES
INTRODUCTION

Techniques for the acceleration of projectiles to high velocity play
an important part in advancing our knowledge of high velocity impact.
Since this field of science is still largely empirical and 2 fully com-
prehensive theory has yet to be developed, the limits of the experi-
ments mark out the boundaries of our understanding. These limits

are determined in part by the performance of the accelerators.

Despite their importance, accelerators play a supporting role and
represent a means for accomplishing the ends of the experiments.
It is important te relate closely the requirements of the accelerators

to the needs of the experiments,

The purpose of this paper is to review the performance of acceler-
ators from the standpoint of the demands placed upon them to support
the experiments and applications in the field of high velocity impact.
The areas of primary interest will be defined; the requirements for
accelerator performance will be listed; the performance of existing
accelerators will be criticized; the gap between the performance of
existing accelerators and that desired to meet the needs of the field

will be discussed.
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At this point, I wish to acknowledge the substantial assistance of
my colleagues, Dr, C, J. Maiden, Mr, J. W, Gehring, and Mr.
R. L, Warnica. Itis appropriate to note that a critique inevitably
involves subjective opinions to a certain extent, and for t+ - I
assume full responsibility. It is hoped that differences {rom the
views of others will serve as a grindstone for sharpening our

common understanding.
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AREAS OF PRIMARY INTEREST
The areas of primary interest to this audience are: (1) the physics
of impact, (2) the applications of impact to military weapons systems,

and (3) the meteoroid hazard to space flight.

Physics of Impact

The physics of impact is concerncd with the dynamice of impact such
as projectile fragmentation, cratering, spalling, etc. It involves
studies of the propertics of materials at high stress and sirain rates,
of ¢cnergy transformations and changes in state, and of other basic

physical processes.

Military Applications

Impact has been used as a "kill mechanism" in warfare from man's
earliest beginnings. The advent of high velocity impact in warfare
began with the introduction of the shaped cha.rge“). Recently a new
facet to the high velocity application has been added with the attack on

missiles and satellites,
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In discussing the requirements of accelerators for this area, it is
convenient to classify the impact situation as active or passive. In
the active situation, a high velocity projectile is hurled at a slow
moving or stationary target; in the passive situation, a slow moving

projeclile is placed in the path of a rapidly moving larget.

It is important to note that certain military applications extend the
role of impact from that of a kill mechanism to that of a reconnaissance
device, The consequences of the impact provide information on the

nature of the target.

Metecoroid Hazard to Spacccraft

The latest area of interest to the field of high velocity impact is the

meteoroid hazard to spacecraft(z). The regions of space in the solar
system near the plane of the ecliptic are populated with meteoroids -
postulated to be the fragmentary debris of comets and planets, They

move at very high velocities, and are sufficiently numerous so that

the possibility of being struck by one is a serious hazard to spacecraft.

o




CRITIQUE OF ACCELERATOR TECHNIQUES

Our knowledge of meteoroids is limited but the evidence at hand
suggests the following. In general, their composition is believed to
range from a porous, pumice-like substance of meteoroids having a
cometary origin to stone and iron for those meteoroids of planetary
origin. They are probably irregular fragments for the most part.
Their velocities range 'from roughly 10 to 80 km/sec. Their sizes
range from elementary particles such as protons on the sinall side

to astervoids with diameters of several kilometers on the large.

Fortunately for space flight, the meteoroid population is very sparce
and the largest metecoroids are the rarest, Their numbers are
roughly inversely proportional to their masses, the relation being

according to Whipple {1957)

(1)

where ¢ is the flux per meter2 -gsec of particles above mass m

in grams.
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The meteoroid hazard is twofold. First, exposed surfaces - windows,
thermal control surfaces, etc. - can be eroded by the small meteor-

oids and even by elementary particles (protons)., Second, the hull of
the spacecraft can be penetrated and compenents such as power pla: *
radiators can be destructively damaged by meteoroids of sufficient

size, The spacecraft must be protected against the largest meteoroid
is is likely to encounter, taking intc account the size of the spacecraft,
the length of the journey, and the allowable risk.

Three representa-

tive cases are summarized in the following table.

» H ]
B2 3 q q
Z oK e
g q o 5“L J & 14
Z A ﬂ BY e w 130 goh
Q < 5OH<s [Bat |RA,e | 2083
a @ v ozﬁgg dd % ES ElERdE,
=3 &l i D g ] )
g A FERSL |5%E |B53L | 68354
MOON 14 0.999 25 0.04 3
VENUS 320 0.999 25 0.9 9
MARS 500 0.999 25 1.4 10

The results of this table show that meteoroids weighing as much as one

gram constitute a hazard to space flight.

e




REQUIREMENTS FOR ACCELERATORS

An accelerator is required to deliver a projectile of given mass at a
specified velocity. The projectile may have certain requirements of
shape, construction, and material. In addition, the accelerator

design may be restricted by the conditions of its use,

Projectile Velocity and Mass

The velocities required by the physics of iinpact stretch from a few
mecters per second for impact in liquids to nearly 100 kilometers per
sccond for the "natural” velocities of bodies in the solar system,
Actually, the physics of impact is too broad a subject to set well

defined limits on accelerator requirements.

A better definition of recquirements is given hy the application to
warfare and the meteoroid hazard to spacecraft. The masses,
velocities, densities, and shapes involved in these areas of intercst
are indicated in Figure 1. Thare is no attempt in this Figure to
delineate the boundaries in precise detail; rather, the purpose here
is to set forth the broad limits of masses, velocities, and projectile

charactleristics,

10
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Figure | Requirements of Mass, Velocity, Density and Shape
for Projectiles for Military and Space Missions

11




CRITIQUE OF ACCELERATOR TECHNIQUES
The results of this figure show that the masses and velocities divide
rather naturally into three regions. The region labeled Armor
relates to the attack on a relatively slowly muving target as typified
by an armored tank or warship. All impact in this region belongs to
the active situation. Both armor-piercing projectiles and HE shell
fragments are included, The jets from shaped charges are also
included in the Armor category. The masses and velocities of shaped
charge jets overlap those in the Missiles region but this sub-region

has been left unmarked for the purpose of clarity.

In the Missiles region, the military mission is the use of impact as

a countermeasure against IRBMs, ICBMs, and satellites. The
requirement for projectiles in this region involves both active and
passive attack situations. In the attack situation, the important pro-
jectiles are jets and pellets fired hy explosive accelerators. In the
passive situation, the projectiles are placed in the path of the missile
and depend primarily on the velocity of the missile for their impact
action, The means of their delivery and distribution can be con-
trolled so that wide variations in projectile design are possible and
the projectile can be tailored to a certain extent to produce the effects

desired in the particular engagement anticipated.

12
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The projectiles of the Spacecralt region are the meteoroids. Their
properties have been described earlier, These projectiles are the
product of "nature'" rather than '"'man'. The requirement insofar as
the accelerator is concerned is to launch projectiles similar in com-

position and velocity to meteoroids,

Projectile Density and Shape

Before giving a critique of accelerators, itis important to defire

the extent to which the shape of the projectile, its density, and other
details of its construction determine the consequences of impact as
well as the primary variables of mass and velocity., The projectile's

configuration may well be a controlling factor in the selection of an

accelerator.

There is common agreement that projectile properties are important
in the Armor region. For example, experiments at the Ames
Research Center show that at velocities of 2 km/sec both density and
shape play a significant role in the impact of semi-infinite, ductile.

(3)

metal targets . The effects of density can be seen from the Ames

formula fur spheres,
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. 1/3 1/3
i p m_ v’ \
P=2.8 (l P B —
! CZ
\ Py Lop
1/2 / - V2
Vol=134 [ Pp s
Voo &
p’l‘ p T
whaore P = Depth of penctration
Vol - Crater volume
= Projectile densit
P rojec nsity
P = Targel density
mp = Projectile mass
v o= Impact velocity
c = Bar speed of sound in target matcrial
(C = 5,10 km/sec in aluminum)

The Ames data show that penetration varies with the cube root of
density and that volume with the square root of density for spheres

of constant mass at velocities irn the ne{ghborhood of 2 km/sec. In
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other experiments at Ames, it was shown that varying the shape {rom

a4 sphere to a rod increcased both the depth of penetration and the

crater volume.

The question here is whether density and shape are also important
for the high velocily regions of missiles and spacecraft. Indirect
evidence suggests that the importance of these varialkles diminishes
with velocity, and some investigators have expressed the opinion that
projectile density and shape have no influence on cratering at veloci-
ties preater than 6 kin/sec, However, in my opinion, the rvidenece

at hand was insufficient for a firm conclugion.

Reccently, we have carried out an experiment at the GM Defense

L (4 : :
Research Laboratones( ) to determine the effect of density and
shape on cralering in semi-infinite ductle metal targets at a velocity

of 6.5 km/sec. 1 will digress for a moment to describe the experi-

ment and present the results.

The experiment consisted of firing projectiles of constant mass into
semi-infinite targets of soft aluminum at a velocity of 6.5 km/sec.

The plan of the experiment is shown in Figure 2.
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Plan of Experiment with Projectiles having Constant Mass
of 0,32 gm and Varying Shape and Density
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The basic projectil: is an 0. 32 gm aluminum sphere. In the first
experiment, the density of the sphere was varied by changing the
material from zelux M to steel and adjusting the diameter to keep
the mass constant. In the second experiment, the shape was varied
by changing the projectile from a disc to a rod, making both from
aluminum and keeping the mass constant. The targets were massive

blocks of soft aluminum (1100F). All their diniensions were large

compared to those of the craters so that their size was effectively

semi-infinite.

The expcrimentl was carried cut in Range "C'' of GM's Flight Physics
Laboratory (sce Figure 3). The apparatus consists of a 20 mm
accelerated-reservoir light-gas gun, blast tanks, a flight test cham-
ber, and an irnpact chamber. All projectiles were fired with seg-
mented sabots, the segments of which separated on leaving the gun
and were caught in the blast tank, The flight test chamber is equipped
with two spark photography stations and cycle-counter chronographs,
and their records gave the velocity and orientation of the projectile.
The target was placed in the impact chamber with its face perpendic-
ular to the flight direction. On the disc shot, a B&W framing camera

movie was taken of the disc striking the target in order to record its

orientation at impact,
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The cross scctions of representative targets arc shown in Figurce 4
{arranged in the format of Figure 2). Silhoucites of the projectiles
are superimposed on the photographs and all arc reproduced in
correct relative scale. It is clear that the crater dimensions vary

with both density and shape.

The eficet of density on penctration and volume is shown in ¥Figure
5. Both quantities are seen to change significantly with vaiiation in
density. The variation in both penetration and volwine may be given
by o pawer Taw with the exponent [ur penclralion being 0, 42 and for
volume 0,16, These results sugaest formulae for penetration and
volumae at 6.5 kin/sec that are similar to the Ames formulace for

impact at 2 km/scc, namely

Vol = 43 pp mp v

19
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Effect of Projectile Density on Depth of Penetration and Crater
Volume. Projectile: mass - 0, 32 gm, shape = sphere;
Target: semi-infinite Aluminum (1100F); Velocity = 6.5 km/sec
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These results demonstrate that the depth of penetration and the
volume of the crater do vary significantly with the density of the pro-

jectile at a velocity of 6.5 km/sec.

It is also correct that the variation at 6,5 km/sec is not as great as
that at 2 km/sec, Comparison with the Ames results shows that the
exponent of the power law has decreased from 0. 33 to 0, 24 for pene-
tration and from 0,50 to 0.16 for velume with increases in velocity
from 2 to 6.5 km/secc. Neverthcless, density is still a significant
variable at 6.5 kmi/see, Fop examnple, thesc resulis predict that the
penetration of a tungsten sphere will be nearly twice that of a plastic

sphere having the same mass,

The effects of the projectile shape on penetration and volume are
shown in Figure 6. Doth the penetration and volumme are seen to
increase significantly with increasc in fineness ratio. The penetra-
tion of the rod (fineness ratio 4 to 1) is nearly double that of the disc
(fineness ratio 1 to 6), These results demonstrate that the shape of

the projectile is also an important variable in impact at 6.5 km/sec,
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In my opinion, the results of these experiments show conclusively
that the configuration of the projectile must be taken into account as
w1l as its mass and velocity for all military missions. To illustrate
this point, consider the problem facing the designer of an ICBM who
must take steps to protect its warhead from an impact kill, He
plans to use a massive metallic +hield. His reconnaissance tells
him that the enemy expects to use tungsten rods; he also knows the
mass and fineness ralio of the rods. He has available to him the
results of impact tests of aluminum discs on metallic shield struce
tures. Assuming that the etfects of densily and shape are unimportant,
he designs the thickness of his rhield to prevent penetration on the
basis of these tests by using the penetration of aluminum discs
having the same mass as that known for the enemy's tungsten rods.
He will be sadly misled, The penetration of tungsten rods will
actually be several times that of aluminum discs having the same
mass., If the fineness ratio of the rod is 10 to 1 and of the disc is
1 to 6, the shield thickness required to prevent penetration of the
tungsten rod must be nearly three times greater than that needed to

stop the sarae weight aluminum disc,
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The importance of the projectile's shape and density to military
migsions is based on the impact in semi-infinite targets. On the
other hand, the projectile's configuration is equally impoxrtant for
impact in multiple, thin-sheet targets. Evidence to this effect will
be given in a subsequent paper at this symposium(s).
Are density and shape effects still important at the velocities of 10
to 80 km/sec involved in the meteoroid hazard to spacecraft? Com-
parison of results at 6.5 with those at Z km/sec certainly suggests
that the effect of the projectile's configuration will be less in the
Spacccraft region, but how much less is a moot point. In view of our
limited knowledge of meteoroids, it is rny opinion that engincering
estimates of meteoroid impact can be made satisfactorily on the

basis of mass and velocity alone, Nevertheless, the real answer to

this question depends on precise experimental data obtained at the

velocities in question,

Environmental Restrictions on Accelerator Design

The third requirement for accelerators is the restriction that the

environment places on their use. For use as a weapon, weight is
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usually at a premium and accuracy of tlire and precision of timing
may be critical. On the other hand, if the accelerator is to be used
as a laboratory launcher, weight is usually not a large factor, and
accuracy of aim and precision of timing, while imporiant, are often

not critical. The significance of these will appear in the following

section,

CRITIQUE OF ACCELERATOR TECHNIQUES

Military Mission: Armor Region

The requirements of mass and velocity for the Armor Region alone
arc shown in Figure 7 (including shaped charge jels). The limits
marked by the solid lines reflect not only the requirements bascd on
target-kill but also the current performance of guns and HE shells,
a consequence of the cxisting balance between offense and defense,

Many improvements are needed for the accelerators of this region,

but only two need concern this symposium.

The first is the traveling charge gun: This accelerator combines

ithe advantages of a gun and a rocket, Although it holds forth the
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promise of increasing the velocities of guns by improving their
ballistic efficiency, proper functioning of the charge requires a
burning rate orders of magnilude greater than that of ordinary

(6)

nitrocellulose propellants’ ', A suitable propellant has not yet

been developed,

I refer to the traveling charge gun as the psychotic weapon. It has
been analyzed at great length bul the technical detail of inventing a
fas{-burning propellant has remained the stumbling block,  If the

traveling charge can he gotlen oul of analysis and into the cannon,

somcthing may come of it yet.

The second is spin compensation for shaped charge jets. Good
progress has been made in developing methods of spin compensation
for low spin rates, but compensation for high spin rates still remains
a problem, Spin stabilized shells have advantages in accuracy of
fire and simplicity of construction, and a method of spin compensa-
tion permitting a marriage of the shaped charge with ordinary

artillery shell would represent a significant advance.
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Military Mission: Missile Kegion

The use of impact in the Missile and Satellite Region of the military
mission is a subject of more immediate concern to this symposium.
The approach to the requirements of this Region is diagramed in
Figure 8. I will consider four situations distinguished by, first, the
attack being either active or passive and, seccond, the accelerator
being used as a weapon or for experiment and test in the laboratory,
and will limit my critique to making a "best choice" of accelerator

for cach of the four situations.

Consider, first, tho active attack with the accelerator used as a
weapon, Here, an explosive with a pellet or jet is a "best choice",
An explosive gives the maximum ratio of projectile to accelerator

weight. It can also fire a projectile on a precise timing signal and

with reasonable accuracy.

Consider, second, the active attack with the accelerator used for
experiment and test. Here again, the explosive with a pellet or jet
is a "best choice'. By testing the same explosive-pellet combination

used in the AM missile warhead, one duplicates the actual attack
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situation in his laboratory experin.ent - a highly desirable objective.
The velocity may be lower in a static test than in an engagement, and

how to make this up is vne of the probicms. Incidentally, it should

be noted that a light-gas gun can be used as an alternate choice if

test conditions preclude the use of explosives.

Consider, third, the passive attack with the accelerator used as a
weapon., Here the "best choice" is a projectile, or rather, a group
of projectiles dispersed from the warhcead of an AM missile,. This
syste lakes advantage of The velodity of the ICBM and ihe high-
speed missile, since the energy of the fimpact is supplied by the
veloeities of the missiles.  Greal subtlety and sophistication can be
designed into the construction of the projectile so that it can be

tailored to provide the most effeetive kill mechanisim for the particular

mission in question.

Consider, fourth, the passive attack with the accelerator used for
experiment and test. Here the ''best choice' is a light-gas gun.
Experience indicates that this is the only accelerator capable of

firing projectiles with the complex shape and construction involved
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4 . s
in the passive attack simation( ). The problem is that the velocities
of light-gas guns are a little low al the moment, since it is possible

to fire complex projectiles at velocities from only 6 to 8 km/sec.

Here is the challenge for further development.

Comments on the Performance of lLight-Gas Guns

In order to illusirate the performance of light-gas guns and to
thereby set up some standards for their selection, it is instructive
to carry ouat a short design exercise, as follows: Design a gun tor
firing a 1 gm slcel sphere to 8 km/sce. The procedure is sketched
in Figurc 9. The basic equation rclates the kinelic energy te the
worlk done. The maximum pressure is determined by the strengths
of projectile and sabot; a value of 30, 000 psi is possible. The ratio
of average to maximum pressure is given by the ballistic efficiency
of the gun; I have chosen an cfficiency of 1/2, a high value for most
guns., The area, A, is the cross-sectional area of the projectile.
The diameter, D, is the caliber of the gun. The % ratio is the
length of the gun in calibers; experience indicates that a value of 300

is reasonable without incurring too severe losses from bore friction
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ard boundary layer cfl{ects. The problem is to determine the caliber

of the gun, D,

The solution io the problem is indicated. The basic equalion has been

recast in suitable form. Putting in the given conditions, we obtain a

caliber of 34 mm and a length of gun barrel of 10 meters.

From my expericnce, these gun dimensions are reasonable for
firing a 1 gm steel spheve at 3 kim/sce. They arce in agrecement with
the general gbservation that a large gun is required to fire a small

projectile with a high density of loading, that is, a high value of

masgs Lo arca ratio due to high density or high fineness ralio,

Tt should be noted thal the ballistic efficiency plays a controlling
part in determining the gun's performance. The size of guan required
to launch a particular projectile will vary inversely with the value of
the ballistic efficiency. Conversely, if one has a given gun, the
velocity with which he can fire a particular projectile will be a direct

function of the gun's ballistic efficiency.
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In our experivnce, the best choice of light-gas gun is the accelerated-
rescervoir guan. It has a high ballistic efliciency. Also, pressure is
applied to the base of the projeciiie in a relatively gentle manner and
this avoids shock waves being set up in the projectile itsell. Our
expericnce with accelerated-reservoir guns has been very favorable
in this respect, We have been able to launch slender conical bodies
at velocities of 6 km/sec without damage to the projectile. Other
models, more rugged, although still relatively f[ragile, such as glass

spheres, have been launched at velocities in exeoss of 8 kin/sec,

Accelerator Requirements for Space Migsion

The accelerator requirements for the space mission are shown in
Figure 10, The projectiles for this region are the moeteoroids,  The
task required of the accelerator is to fire simulaled metcoroids at
flight velocities up to 80.km/sec. In a certain sense, man is com-

peting with nature and he finds this a challenging experience.

Only two types of accelerators to date have been able to penetrate

this region. Explosives with fast jets have fired projectiles up to
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Accelerataor Requirements tor Space Missions
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velocities of about 25 km/sec with masses ranging from 0.0l to

7 . . . . .
1.0 gm( ). Other explosive devices have fired microparticles with

- -2 8
masses from 10 9 to 10~ gm at velocities up to 15 km/sec( ).

Other types of accelerators for launching projectiles at meteoroid
velocities are currently under development, such as the explosive
foil gun(g) and the clectrostatic acceleralur“o).

These devices

show promise hut at the moment they are still in the experimental
stage There arc certain problems in their tanctioning and uncer-

tainties in their results which must be overcome before they can be

considered fully operational.

The development of an accelerator to study the meteoroid hazard is
the most severc problem now facing the experimenter. The veloc-
ities of the fastest existing accelerators, the fast-jet explosives,
must be tripled before the Spacccraft Region can be covered. Also,
explosives are limited in the choice of materials which they can fire
so that accelerators need to be developed which can handle projec-
tiles of variable shape and density. It seems likely that these shape
and density effects may be less important in the Spacecraft Region

but a direct experiment is needed to test this point,
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CONCLUDING REMARKS

To swmmarize, the picture with respect to the accelerators for
military missions is reasonably bright. In the Armor Region, accel-
crators appear to be able to mect the requirements of mnass and
velocily, with improvements being desired in the traveling charge
gun and in the spin cotnpensation of shaped charge jets for use with

artillery projectiles.

In the Missile Region, the status of accelerators is not quile as good
s in the Armnor Region, but the requirements here are not foo jar
beyond the capabilities of existing accelerators,  Fxplosives pro-
ducing higher velocities are always desirable bat perhaps the gread-
est improvement here is needed in the invention of devices for
achieving better control of aim and timing of fire. Light-gas guns
require further development in order to increasce their performance
to the point of {iring complex projectiles at velocities of 10 km/sec
and higher, Also, improvements in the design are desirable so that
heavier projectiles can be fired without undue difficulty, Fortunately,

the developments needed in this area fall almost within, or perhaps

just beyond, the state-of-the-art,
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The greatest challenge for the development ol accelerators comes
fromy the Spacecralt Region.  To duplicate the flight characteristics
ol meteoroids has proven a dilficut task indeed. At the moment,
guns do not have velocities reaching into the Spacecraft Region, and,
although improvements in velocity may be expected, they will
probably be able to penctrate only the lower velocity part of the

Spaccecrall Region. Explosive accelerators have made some inrvads

on this region, butl the maximum velodities are siill low by a factor
of 7. Also, they have limited capabilities for firing projectiles wich
variable shape and density, Other devices, such as the explosive
foil pun and the ¢lectrostatic accelerator are under developmoent but
not yet fully operational. A vigorous effect will be neuded to develop

accelerators that are fully adequate to explore the conditions of

impact significant to the meteoroid hazard to spacecraft.

In conclusion, let me remark that a balanced effort is desired in the
development of improved accelerators., The requirements for the
space mission are the most challenging but those for the military
missions are equally important. There are substantial rewards in

both areas to be derived from the improvement of accelerators and

the invention of new techniques.
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BALLISTICS OF LIGHT GAS GUNS
ABSTRAC!

This papcr reports the progress of a theoretical and experi-
mental investigoation designed to improve the perlormance of two
stage light gas guns used as hypervelocity leunchers. Two theories,
which have been programmed for the BRLESC digilal computer ave
discussed. Predictions resulting from the application of the two
theories arc coupared with cxperimental results obtained from a
small, highly instrumented light gas gun., The design of a longer,
high performence light gas gun capable of accelerating one gram
projectiles to verocities in excess of 20,000 f/s is discussed.




BALLISTICS OF LIGHT GAS GUNS
INTRODUCTION

This paper recports the progress of a theoretical and
experimental interior ballistic program, being conducted in
the Interior Ballistics laboratory, which is designed to

improve the performance of light gus guns used as hypervelocity
launchers.

Two reports on this topic have been presented at the Wth and
5th Hypervelocity Inmpact Symposial)2 respectively, thus this

paper brings the developments reported at those two meetings vup
to date.

The current progrem being condueted by this laboratory is
divided into twy parallel tasks:

1., Task 1 has as its objective, the development of
theoretical models of light gas guns; these models when set up
on a digital computer will enable une to predicl the performance
of any clze o type of light gas gon and in addition gain some
insight into the performeance capability of a particular model of
gun. In «ddition these programs can be used to determine the
uppey veloelity Llimit ot tainable in a light gas gun.

2. Tesk 2 has as ils objective, the cxperimental
confirmation of theoretical predictions obtained from these
Light gos gun models.

THEORETICAL TASK

As mentioned in the 5th Symposium Reportz, fouwr mathe-
matical models have been studied in this investigation. They are;

1. GCharters method
2. Adiabatic compression model

3. Mass point model (Richtmyer Von Neuman "q" method)

k. Method of characteristics

All four of the models have been programmed for the QRDVAC
and BRLESC dizitael computers, and many cases have been computed
ucing each of the models. The assumptions used in eech of the
models are listed in Table 1 of the 5th Symposium Reportg.
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Currentiy Charter?s method is not being used in this program
because of the limiting assumptlons in the method, The method is
good for a preliminary look at a large class of light gas guns,
but for detalled studies, the method has its limitations.

The method of characteristics is a very powerful method
for studylng gas dynamics and has been used extensively by
investigators in the pasi, Unfortunately, this essentially
graphical method is difficult to program for a digital computer,
and if any shock waves are formed in the process the programming
becomes very difficult indeed, A characteristics program simulating
& light gas gun was set up on the ORDVAC computer, but wc were unable
to complete the program because of lack of memory space due primarily
to lcgical difficulties in locating the shock wave position.

The adlabatic cowpression model uses a set of simulbaneous
ordinary non~linear differential eguations to simulate the light
gas gun, These equations are integrated numerically with time
as the independent variable on the computer to give a table of
the variables of interest (pressure, displacement velocity, etec.)
for even increments of time, The wathematical development of these
equatlons and the assumptions used are disenssed in Appendix 1.
This model has been used extensively to predict the performance of
the laboratory's experimental light gas gun which 15 of the heavy

plston type (piston veloeity subsonle with respect to compressed
£a5. )

The mass poilnt model, the most useful of the four systems
discussed here, represents the gas column between the plston and
the projectile by & series of mass points possessing volume, temper-
ature and pressure characteristics. The equations used in this model
have been derived from those used by Richtmyer ard Von Neumann in
the "q" method. These equations, their development, and the assump-
tions used are presented in Appendix II, Computer solutions to the
problem describe the motion of the mass points as they are compressed
and expanded in the light gas gun cycle., This model consequently
accounts for pressure gradlents and shock waves in the gas column,

It has been found that the adiabatic coumpression model is most
closely applicable to light gas guns which use heavy plstons; that
is the piston, for most of its travel in the pump tube, moves at a
velocity which 18 subsonic to the velocity of sound in the gas belng
compressed., This has been confirmed in the close agreement between

predicted and experimental results observed in guns of the heavy
piston type.
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The mass point model is applicable to light gas guns which
use either light pistons (velocity of piston is generally super-
sonic with respect to the gas being compressed for a major portion
os the compression cycle) or heavy pistons. Thus the model is of
greater generality in simulating the flow of gas in the light gas
gun  and thus the overall performance of the gun.

It is interesting to compare the results obtained from the
two models when the piston weight and propellant charge weight
for a particular light gas gun configuration is changed such that
the piston velocity changes from subeonic flow Lo supersonic flow.
The particular gun chosen for this model study is the large 37 nm
.50 cal light gas gun now under construction in this laboratory.
Pigure 1 is a sketeh of the guns used in this model test. Tt will
be noticed that gun used in the adiasbatic model run does not have
a bapered nozzle. This is because the mass flow rate through the
nozzle uscd in this model depends only on the area ratio between
the pump tube and launch  tube., The guns are the same in that the
mitial pump tube volumes arc cgual,

Thee resuits of the computations using both the mass point
modeld nnd the adisbatic comproosion model are shown in Figure 2.
Too Lhiio Vipnee the moaxipom helinom pressure developed in the pump
tnb:e and Lhe muzzle velocity of the projectile are plotled as a
runetion of piston weight and propellant charge weight.

In Toble L additional information is given for these com-
putcr runs. Tt will be noticed that the ditfercnce between the
megs point and adiebatic compression codes is slight at Llow pro-
pcllant charge weights., 1In these runs the pressure gradients
observed In Lhe mass point method were slight., AL the high pro-
pellant charge weight the piston velocity was higher and thus
shock waves as well as severe pressure gradients should emphasize
ihe difference between the mass point method and the adiabatic
compression method as indeed it does.

The mess point method was also used in the design of the
propellant burning chamber of the light gas gun currently under
construction, Since it was proposed in the design of the gun
to attain high temperatures in the light gas by shock heating,
it was important to design a propellant burning chamber which
would be capable of accelerating a light piston to a maximum
velocity of 7000 - 8000 £/s. A modification of the mass point
rmodel wos sot up on the computer to examine the characteristics
of prop-llant chambrs of varying chap-. This moditication con-
cinted o Aividing Lhe pas columm be-lwe- o the baeoceh ond 08 e
chagster and Lhee boee o W piston into 90 noacs polnto, T

WLD
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BALLISTICS OF LIGHT GAS GUNS

gas column consisted of propellant gas which had burnzd out in
the chamber before the piston started to move. At time zero the
piston was allowed to move, Pressure and velocity profiles were
computed in the gas column at each time step until the piston
left the tube, This is admittedly an idealization of the actual
case in which the propellant burns as the piston moves but it
was thought that in this way the influence of chamber shapc on
performance of the gun could be studied.

Tt had been previcusly determined (see ref.9) that, in order
to accelerate a 0.5 pound piston to a velocity of about 8000 f£/s
in a 37 mm pump tube, where the chamber pressure is limited to
100,000 psi or less, a chamber volume of 80 in” is required.

Five chamber designs were studied using the mass polnt
model. The characleristics of these chambers and the results
of this brecch chamber design study are shown in Table 11, Tt
will be noticed that thc velocity of the piston varies between
6560 and 7154 /s atter 120 inches of travel,

As a result ot these computations Type TV
us Lhe breech chomber for the iilghl gas gun as
velocity of thoe Tive chanber typrs studied.

chiamber was chosen
it pave the highest

The mass-point and adilabatic compression models can be used
in a compuler program for improving the perlormance of light gan
guns.  Of the two models, ihe mass~point model lg of grealer usc-
fulness because it has fewer limiting assumptions. The uge of
this more favorable model is limited by longer compuler running
time; 15 minutes to 40 minutes as contrasted to 1 minubtc or less
for the adiabatic compression method,

One method of improving the performance of light gas guns
is to prchcat the light gas to some temperature above ambient
temperature beforc compressing the gas. Three mcthods have been
used in preheating the light gas:

1. By electric discharge iluto the ga.s.:,)’[+

2. By preheating the pump tube with the light gas inside.

3. By preheating the gas outside the pump tube and
* rapldly injecting the hot gas into the cold pump
tube prior to compression.

All thrce methods result in contaminating the gas with metal
vapor, cither Ifrom the heaters or the electric discharge; however,

1l ig oxpected that indirect heating, although more complicated,
will resnlil in Lige conlaminaliion to the gas,
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BALLISTICS OF LIGHT GAS GUNS
TABLE III
Light Gas Gun Model used to Predict Effects of Increasing Initial

Tempzrature of Light Gas

Length Pump Tube = 133"

I.D. Pump Tube = 1.5"

Length Leunch Tube = T2"

Breech Chamber Volume = 40 in-j
Piston Weight = ,5 Lb,

Projectile Weight = 1 gram

Light Gas = Helium

Range of Initial Temperature Varistion = 500” to L500°K
Shot Start Pressure = T0,000 psi
Taltial Heliuwn Pressure = hOQ psi
Transition Mozzle Angle = 300

Frictional Resistance:
Pump Tube = 500 psi

Launch Tube = 2000 psi
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BALLISTICS OF LIGHT GAS GUNS

To assess the effect of preheating the gas, a gun model
similar to that being constructed for the Interior Ballistics
Laboratory Hypervelocity range was chosen. The characteristics
of this gun are shown in Table III. In Figure 3 a plot of muzzle
velocily vs. maximum pressure shows the effect of prehcating the
gas. The mass point model was used in all of the computations.

A more promising procedure, than preheating the light ges,
is 10 so design the parameters of the light gas gun that constant
pressure is applied to the base of the moving projectile for &
portion of its travel down the launch tube. No reports, as yet,
are availsble as to how this might be done but informslly it has
been reported that two methods are being tried experimentally.
These are the following:

1. To determinc the pressure profile needed to attain
constant base pressure; and working backwards determine the
motion of the piston necessary to attain this profile.

2. Extrude a rapidly moving 1'lexible piston through
o tapered buszle such Lhai Lhe Cront end ol the piston is moving
more rapidly than the rvear end. Tils rupidly moving piston foce
will sct as o moving chamber for the projectile and tnus for a
portion of Uhe Lravel keep an essentially conslanl pressure on
the base of the projectlile.

First let ns determine the velocity attainable if a constant
pressure is applied Lo the base of a projectile for its entire
travel in a launch tube.

The performance of this type of gun can be computed from the
well known releation between work and projectile kinetic cnergy:

2
WY
eg
solving lor velocity we obtain:

2) v = 2g PAL

w

1) PAL =

If we agssume that the projectile is & right circular cylinder
ve can introduce some important simplifications into the above equation.
Using the relation for projeetile weight w = pAl and substituting
in the above equation we obtain:

_‘L i_L_
3) v =Yg P pl)
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BALLISTICS OF LIGHT GAS GUNS

In Figure 4 a plot of muzzle velocity vs the parameter %1
In this plot, pressures
. L
are varid from 10,000 to 500,000 psi and the parameter 71
from 50 to T00. The uppsr limit on pressure is picked from a
concideration that it is unlikely that pressure vessels can
be made to withstand gas pressures in excess of 500,000 psi
without considerable deformation. The last reported work on a
high pressure vegsel. of this type was that of Utah Research and
Development Corp®, who succceded in meking a pressure vessel

which would hold hO0,000 psi using stressed concentric cylinder
construction.

as a function of pressure is presented.

Higher pressures up to asbout L x lO6 psi could be obtained in
a barrel by constructing it in concentric layers with annular spaces
between the layers f11led with high pressure gas or liquid such that
Lhe pressure on any one layer would nol excecd the tensile strength
ol the lay-r. The cnds of such an assembly would bu held by hydroulic
pistons of' a type uscd by General Flectric in Lheir diamond making
cquipment, Tt is Lherefore assumed in this study that using mono-
bloe conctruction 500,000 psi is an upper limil on attainable press-
ures. Higher pressures could be held but the cost and complexity
ol' construction would increase rapidly.

Use of this plot is illustrated by three examples in Table IV
in which projectiles of 3 different densities are launched from the
same barrel at a constant base pressure of 100,000 psi., The result
illustrates clearly the cffect that changing projectile density has
on the muzzle veloclity, The sbove case:, however, represent a highly
idealistic situation, other mechanism must be postulated which will
account for deviation of the light gas gun from this ideal behavior.

One possible mechanism by which this mey occur is to sllow the
piston face to move at a constant distance behind the accelerating
projectile until a velocity is reached which is a portion of the
final muzzle velocity. At this time the piston face will then move
at a constant velocity until the projectile is ejected, Motion of
the projectile when the piston face attains a constant velocity

will follow a characteristic expansion relative to the moving face
of the piston.

In appendix ITT the assumptions nnd derivations of the cqua-

tions used in this theory are listed. A pictorial diagram of the
~vrnts ueed in this theory is shown in Figure 8.
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BALLISTICS OF LIGHT GAS GUNS

A paramelric study was conducted on this problem using the
same range of variatles used on the conghant basc pressuce gun.
In addition, however, we have to specify the gas used, the temper-
ature of th2 gas, and the portion of travel which the projectile
moves under characteristic expansion processes. In the caseg
sludied the gas used was hydrogen and the temperature of the gas
varicd from 5000°K to BO.OOOOK. Figure 9 to { show some of
the resulls of this study, IL will be noticed from these (igures
that ai the low end of L/pf there is very little velocity differ-
ence between operating the gun as a constant pressure gun or as a
pure charactrristic expansion gun, As L/pﬁ increases the differ-
cnees between the two modes of firing increases, Increasing the
'nal gas temperaturce improves the perfeormance as dors oporating
the gun as a constanl. pressur- gun for a portion of itls travel.

Mcans of attaining in a practical light gas pun constant
bass pressure for a portion of its travel vary:

1) Smeeeze Lhe echamber and barrel close behind bhe
projeetile by means oft an acceleraling delonation wave,

7)Y Rap'dly neecl oeale Lhe piston in Lhe fasl portion
ol ite travel by some means, rockets, hiph cexplosives, oo,

%) Squecze o deformuble piston lhrough n tapercd mezzle,
During the d&c-formation Lhe piston tace will travel fastor than the
piston base.

In this report we will discuss the last method only as having
ih most promisce. The other Lwo methods should s Lricd bul prob-
ably would be very difficult to control.

Th simplest cas of the flow of a deformable pistoic through
a nozzle is to assume the piston is incompressible; that is the
total volums of the piston remaias constant. This impl es that

the mass flow rate through the nozzle will be a constant, there-
fore we have:

4) Mass flow rate:

%% =° Aldxl - f A2dx2 = Constant
dat. dt

Rearranging:

) i,: V,,’<ﬁ-|_< v, - f_\i dry
AT ‘ . + iy nE




DALLISTICS OF LIGHT GAS GUNS

The acecleration cquation for the piston is:
: - A
6) e o - Yoo (B P ) g
T R m - o
P P

Figurey illustrates this relotionship.

Two compitter programs vere set up to illustrate the results
of integration of equation (5) and (6). In cne program it was
assumed that the piston by some means had attained a velocity and
was just centering a nozzle of o knowu geometry. The piston wus
accelerated only by o base pressure Pb and opposad by a resistance

pressurce Pr; the resistance pressure could be frictionul or gus
pressure ahead of the piston. TFipgurce/@ illustrates the results of
three of these compubations. The conce in this case wus Tixed,

only the piston lengths, wcightc, mnd initial velocities were varied.
Looking at the motion of the front face of the piston it in noticcd
Lt Lhere 1s an inltial ccecleration phase ceeurring over the Jdeiygrlh
of A he e o T

Lo not verminated o

i ’ 3 v ek oot d
Lollowed by oo conetart weloeidy phua.

DI
whiic
L the reny portion of the piston cnters the
nosnle.,  The face then widerpocs o debcceloerabion phase whieh i
Ler-innbed yhon the buce of the picton coters the leanecher tate. e
Linal veloclly of the ploton will e equal Bo the jaltial veloeity ol
the pioton minus any losses which might have ocewrr:d during the
extrasion process. Tae firet two phases are what i desired for
constant base pressure gun followed by o characterictic exp.asiong
that is on ceceleration phase for the face of the piston such thot
the volume of pus behind the nccelerating projectlle remains o
constant, 'This is followed by o constant velocity phasc i which

the volume between the projectile und the piston Tace inercuases
during the characteristic expanslon. It 1s to be huped that the
projeetile has left the Louwmcher by the tiae the plston dewcecl-
eratlon phuse enters in.

Equations (5) and (6) were programmed into the mass point model
so as to simulate the interior Lallisties of a light gas gun with
a deformable inconpressible piston. The results of a number of
computer runs indicated that the light gas pressure increased
ruapidly forward of the accelerating plston face. This increased
pressure was not transmitted to the base of the rapidly moving
projectile, because the projectile was moving faster than its local
sonic speed. PFurther study will be required to determine the con-

ditions nceessary to obtain o velocity advantage from the extradable
piston tecehnique.




BALLISTICS OF LIGHT GAS GUNS
EXPERIMENTAL PROGRAM

The initial objective ol the experimental program was to build
a small 37 mm - .50 cal light gas gun oul of available partc and
tire it in a program which would serve to check out instrumentalion
to be used in a higher performance light gas gun., In addition, the
results of the firings could be used ta check the adequacy of Lheorie:s
developed in the parallel theoretical program. Knowledge gained in
thin program would be used to design and build a high performance

A mm -~ 50 cal iighl gos gun.

The gun, as finally designed, launched 2.5 and % gram aluminum
projectiles at velocities ranging from 5000 to 10,000 [/s, The
pump lube for this gun consisls of' a smoothed bored 37 mm tank gun.
To the muzzle of this gun is altached a three part high pressure
soction congisting of a two-diametler high pressure scetion, a gaug
ring to hold the pressure gauge, and o Aransition scction bLetwern
Lhee pump tate and the lannch tube,  To the transition scelion is
wLlached o .50 cal smooth bLore Mann barrel, which serv s oas the
launch tube, The muzzle cnd ol Lhe launch tube- has o vacuum adapler
coothat e dude mey e cwvaemndod, A Thiin pvdlon plast T i se i
nned in Lhe voemn adapler Lo goal ot the bore, A okoleh of Lhe
ran wilh Aimensions i chown in Migue L,

Tnitinlly the cartyide cos vacd in Lhee 50 mm pune wies made
ol braco,  Arboa o tew Lipht gos pan Pie e iL woes cvidenl, Lhat
propellant. gas Leakap around the envleicdpe enge Limibed Lhe of'Peet -
ivenese off Lhe gnne This carbeidyee case was Ll replaced by oo sten
carbride: case fitled with O-rime, Sinee Lhen we have nol. observed
any pgas Leakayge from Lhe breech cnc ol Lhe pune ol U low 1 cnerpy
rounds.

The Lhuso-part, hipgh procosure coction o Je bd Lo the e by oo
system of heavy stecl flanges and bolits. The present design cone
sists off 2 flanprs ?—5/8 inches thick and 1%3-1/7 inches in diameier
hardr n'd Lo Rockwell 50/115. The- flanges wee b Jd toppther by
bolte especially machined und harden--d Lo roduce olress, Thio
design which, is shown ir Figur~ 17, rcpresents the rourth try in
the design of a clamping arrengement, three previous tries ending
in castastrophic failures.

oA

The two-diameter high pressure section was made initially to
be used with scintillation counters; the counters were to be used

to track a radioactive cobalt GO source held in the base of the
piston.

o
Thir approach war dinsun ‘n referonee”. The radioactive

comc-ne il il intion count o

aowee alanden e, VL owas deeid i
Phal e o mngmeb e conlat o ovonda eyt e pirpone nld
L T B O I S S LAY A S R O I O L U T DAL S TN C R PR BN LY P PP PR




BALLISTICS OF LIGHT GAS GUNS

Two Lypes of pistons have been used in the light gas gun.
For the inllial firings a steel piston was used fitted with a
copper cun obturater at one end (to sral off propellant gases )
and 0 nylon bufter at the other ead (to cushion the shock of the
'inal impact of the piston against Lhe transition section). A
later design of the piston had 3/16" or T/lﬁ" width grooves aboul
L/8" deep,  These pistons were used in experiments with the magnetic
contact,  The aluminum projactiles and shear ring wore machined in
one picee out ol aluminum bar stock. The two types of pistons and
projectiles used are shown in Figures 13 and 4.

To obkain ‘nlerior ballictic intormation from ithe light gas
gun the Pollowing nstrunents were used:

1) Qurtz crynial piczo pressurce gauge - used Lo measure
propellant gas pressure in Lhe breech choamber of the pump tube,

DY) Piston type strain emee - used Lo measure helium
procore in the prmp dube st b o Lhe Lransibion seelion,

\ Mo b ie contact - ueed to deleol piston positlion
s Lhe piston passed under Lhe conlnet,

) Microwave interts vom L= ased Lo omensare project Le
divplacom nt i the dounch tab.e,

Thee gquirdz erystal pizo gawse i ol a Lype used at Lhe
Ballistic Research Laboratories for the measurcment of transicent
g pressures for o period of about 20 years. When properly uced
the paug has given quite reliable pesalls,

The piston type strain gnnge consists of a steel piston 1/h
inehes in diamet v and L=1/2 tuelcs Long whieh has a strain pateh
comented ot it upper ends When the gouge voas tested in a high
prrasare shock tube at about 1000 psi 't gave =2 ringing frequency
of #0 KC. Thiz corr=sponds to a rise time of 15 microseconds.,
This type of gauge is quite rugged and has been used previously in
light gas guns instrumentation systems.

The magnetic contact is a relatively new development in the

field of light gas gun instrumentation, no published literature
has been found concerning its use in light gas guns, however, it
has been used in other fields, notably rocket launcher instrumen-
tation. The magne~tic coata~t used in the 37 mm .50 cal light gan
gy conticts of A masedized cold-rolled nteel har 1/6 inches
dicuncber by B3/ nenen Lo, wrapp d wilh 100 tarns ot No. %5 coppr
. An alow o cup=l-ringe Gaah o proteeeln the boar rom 1 hee




BALIISTICS OF LIGHT GAS GUNS

Thiz cup in turn is supported by a stecl hollow cylind-i, A
voltag:e signal is induecd in Lhe coil when the slolied piston
passos underneath the contaet.

A microvave interterometer is used to measure position of
th projoclile in the launcher as a function off time,  The systoem
weed in the Tnterior Ballistics Loboratory has boen deseriln d ols -
vhere and only a brief descriplion will be given horo,

The principle on which it works ic the same as that for an
oplical interferomcter, A radar cignal trom a klystion is propa-
gatod through a hybrid junction into branches ol a wave puide,
Thee sipgnal along on~ branch is dirceted Lo Lhe muszle by weans ob
o horn and reflector, and tln propogales along Lhe bor or the
barrel to 1l projeetile race, The wignal propagatling along L
other branch is dirceted to a 'ixed wave puide shorl, The i loeted
simale from both branches roturn to o Junetion and theneo to a
rystal detoetor.s e oulpul o b cryibad

R VTR LT ES B R

R N LT BES I RESE SR R N SYER PAVESTS however i the parai ol L
moves e eryslal voltags change s in amplitudes in onenady
RERTITEMORNTE iy which gore Urom woximm Lo minimiam For cneh

qaari o

: Lot chinneee i poogect e pov it ion, Ao
amplivied, Lhe cipnnl ia

iy
conl Lo an oseilloseope mud is pecordad
on a Genernl Radio camera and oo vololing mirror camers, The

rolaling mivror camra is capable of recording Proguerciss up Lo
about o mepaeyele. This is cguivalenl {o o projectile veloeity
in the .50 cal barrcl ol aboul %0,000 1/5, The microwave cquip-
ment at the front. of the launcher is shown in Figure 15,

A sketeh off a portion ot Ll high prescur coelion aadd e
launcher tube of the light gas gun, together with the magnetic
contact and the hipgh prossure gaugs o chown in Figues 16,

Muzzle veloeitly in the light gas gun is curroatly w as-
ured by timing the passage of the projuctile between Uhw-o print-d
clreuit paper screens which are set about % feet apart. These
screens) when broken by the projectile, start or stop elecctronic
counters., Since these screens are in alr the projectile exper-
iences considerable aerodynamic drag and thus a velocity loss
when passing between the screens. The muzzle velocity of the
projectile is then dctermined by extrapolating the screen
velocities back to the muzzle., For low velocities {less than
10,000 f/s) this is an acceptabls method for measuring mizzle

volocitics, tmt tor veloceiiies grealer than 10,000 /5 other
veonans have 1o b aned,

A




BALLISTICS OF LIGHT GAS GUNS
EXPERTMENTAL RESULTS (SMALL GUN)

A total of 52 rounds have been fired ian the small 37 mm
.50 cal light <as gun. A large number of these were fired to
check out vesrious modifications in light gas gun instrumentation
so the results obtained from those rounds were either non-existanl
because of instrumental malfunction or only partially adequate.
In other rounds, the instrumentation worked perfectly so these
rounds were compared with the theorctical predictions described
carlier.(See Table V ). Both the adiabatic comiression method
and the mass point method were used in making predictions. The
results from both of thesc predictions, since in general they
do not agree, are listed separately.

The detailed interior ballistic trajcclories for two rounds
are shown in Figures 17 to 20 . The experiaental results of
these rounds are compared with the predictions from the mass
point and the adiabatic compression methods,

The interior ballistic trajectory for round 26 gives fair
agreement between the mass point method, the adiabalic comprecsion
melhod, and cxperimental results. However, the mass point method
prediod e hipher preossurce and veloceilics than obsgserved experi-
mentally.  In round W0 the agrecinnl i not as good. Again Lho
mass point method predicts higher velocities and pressures than
cither the adiabatic compeession melhod or the experimentol
results.  Most of this error ig probably due to prediclted piston
veldoeilies being higher than that developed in Lhe gun iring,

This discrepency in pislon velocitivcs may be couned by the
{ollowing:

1. Unflorvceen frictional orf'velae betwon Lhe pialon and
the pump tube bvore, oo example:

a., The slightly crod-d ccndition of Lhe pump lube,

b. The "braking effect" caused by a compressible
nylon buffer on the face of the piston.

2, Observed propellant gas leakage at the breech end
of the system, particularly at the higher propellant charges.

It cen be noticed that in both of these rounds the adiabatic
compression method gives smooth helium pressure-time traces which
is in contrast to the oscillatory pressure-time traces from both
the experimental record and the mass point method. In goeneral
these pressure oscillations start with motion of the projectile
and are du- Lo shock waves Tormed Ly the rapid flow of pas in the
transition seelion.
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BALLISTITOS OF LIGHT GAS GUNS

This 1s shown in Figure 21 which & o series ol oscillo-
seope records off Lighl gas rouads which vary widely in v-locity.
Ghown in b se records are heliwe preneure measured ol Lhe tran-
sition scction and Lhe inteyferom:ter rocord measuring projeetile

moticn.  In the onc record no procrurs oncillations we noted,

This was o low velocily (BORS £/5) Light gas sun vound,

In guccessive rounds as the projectile velociby increasces:,
the amplitude and frequency cf oscillation increases; bul, it
will be noted in most casocs, the oscillalion starts alter
projectile start of motion. In Lhe hiphesl velocity case
oseillations arc noled before start of motion, bul this is duc

1o the formolion of sheek waves by the rapidly roving pislon.

AlL these phenomen can be predicled by the mass point method,

A typieal 1light pas pun oselilloscope record is labeled in
dr tail and shown in Figure 22,

[XNTS I R P RO P 19 EL TP SRR SR

The progectile weiphed 2095 gross

3 NPT (S

A : vt i v
rorv Lhic roond approximad e by 10,000 1/

sl




BALLISTICS OF LIGHT GAS GUNS

LARGE 5¢ wm .50 CAT, TICHT GAG GUN:

A Lavee and mors omaweeive 30 mm .H0 cal Lighl gas gun s
now unds 1 odesipn aid construetion,  This gun has beon designed
to fiv 1 pram projectiles in the 20,000 - 50,000 '/ velocily
range, but will be weed to oblain fntorior ballistic information
on 17ght pgns gane operalt i und o wide varicty ol conditions,
Mot o eeopresonte e improvemente in design suggested by Lhe
"iring of the small gun., The large light gas gun has two 10
oot pump tubes which can boe used separalely or vogether giving
apamp tulee 20 ool lomgg. The high pressure scetion which is
Mheoinehes long is attached to the muzzle end of the pump tulee,
To Lhe high pregaure seelion 'nolurn is allached Lhe LS50 eal
Lonneh Lule- {2 inche 5 Longs,

The high precsure Locelion fnool mono bloe constructlion
(unlke Lhe small Lighl gas pun) and consists of lwo concentric
s bl e g e Doy oobe e e e ] ey e e,
fnne e cylinder e LS inehes 5D by S inehens OO, and Lhe
VUL 1 Oy Ll a1 4,0 el 1L, by ¢ nehe s O D0 “The higsh
P cbien oot d to withetond o mox b or s ob
compliond ton o the design remgl! s d

200,000 pai, Onee Veom Lie
precone gt two hole soainto th bore ot i

Mgch peeroar e bion,
One hols i for Lhe hipgh presswee paagne and Llee obher Pore Lhe
mapne-Lic conleet, The hole Cor Ll hipgh porcesure roags ives o
unlivorable strese pallern ol Lhe poind in L oeoetion which
subjected Lo maxinum precoure so parbicudar cmphasic on Lhe
placement of this hole was mede by the Engiucering Laborulorics
of Wb rlown Arsenal (designers o Une high prossure secbion)
co that the wdasce ip The high preecme woedion would e o
minimum. This rcsulted in the hole into th bore of the gun
beding off the axis of the qun.

The- design ol the breceh cestion of Lhe Light pus gun hog
been deseribed carliers Rriefly il consists off a cylindir of
Potts Elastuf b4 steel .70 inches 0.D. by 3 inches T.D. with
a 30° nozzle between the 3 inch chamber and the bore of the
pump tube. Three breech plugs can be used in this chamber to
give chamber volume of 40, 60, and 80 cu. inches respectively.
This allows one to vary the piston velocity over wide limits
(up to a maximum velocity of 8,000 /s with a .5 1b. piston)
without cxceeding the 100,00C psi pressure limit of the chamber.

Tt etatfon oiv Lo to that e d on U omnll Light
e it o w o LD e e d G b o biprhd s o, Thieas wilg
! B T ] R A T R R T R N A N |
T L L o L IEAN PL AR Colboss




BALLISTICS OF LIGHT GAS GUNS

1) Propellant gas pressure in the trcech of the gun
will be measured by means of a HAT gauge inserted into the brecch
vlug. The HAT gauge is a specislly designed pressure transducer
consisting of a hemispherical shell with strain patches bonded to
the inner wall of the hemisphere. The transducer has a high
frequency of response and a linear calibration., Further inform-
al.ion on this transducer is contained in Reference 1l.

2) Helium pressure will be measured by means of & piston
type strain gauge similar to that used in the small gun. The
laboratory is investigating other types of pressure trarsducers,
tat, so l'ar, none have met our requirements,

3) Piston position and veloeity will be measured by
means of' magnetic probes placed along the bore of the pump tube.
Or importance will be the positions where the piston starts to

move and lhe position where the piston stops or reverses its
wolb fon,

WY Projectile postion will be measured by means ol the

nivrowave interferometoer desertibed carldicr,  Some o Ffort will b
cxpendsd in developing an interferometer which e capabl, off
penebeabing the Layer of jonized pgases which Duild up ahead ol

Lhe projeclile even when the laameh tube is cvacualed,

5) Mazzle veloelly of the projectile will b detormined
in o cupecially designed vacuum rangcs eguipped with opltical veloeily
neasuring cquipment. This range shown in Figure 23 is capable
of’ bring pumped down to a 19 micron vacuum. 'The renge has five
oplical viewing poris, four of which are uwaed with U oplicanl
velocity measuring equépment. This equipment similar to that
deseribed in Reference” uses a series of lights, lenses and
mirrors Lo project shadows ot the projeelile on Lhe ilm of a
slreak camera as it passcs cach viewing port,

Predicted performance of this gun using the mass point pro-
gram has given indications that this gun is capable of accelerating
1 gram aluminum projectiles to velocities in the 20,000 - 30,000
f/s range without exceeding the 200,000 psi maximum pressure rating
of the high pressure section. Later on in the program it is planned
to use tapered transition sections and compressible pistons in an
attempt to exceed the 30,000 f/s velocity mark.
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DISCUSSION

Theoretical work on the Interior ballistics of light gas guns
indicatr that it is possible to attain projectile velocities higher
than 30,000 1/s. Velocities of 40,000, 50,000 f/s or higher should
be possible bubl only by greatly incereasing the pressures and/or
temperatures, The constant pressure followed by characteristic
expans ton Lheory needs to be bocked up by computer runs using the
mass point theory to give the former theory some connection with
reality and to indicate to the cngineer what type of gun would be
needed to attain these supervelocitics,

The mass point comvuter program nceds further improvement
in the removal of the 1deal gas assumptlon, which works well for
helium but would give unrealistic results ['or hydrogen, In additlion
some consideration should be taken in this program for heal losso
{rom Lhe hot gas by radiation and/or convection to the walls, Thia
is expeeled fo he of importance as the light pgas temperature is

[N AR TRTINY I

Cood agrcement between Lhe theortical computer rmme and
cxperimental results hovee been obtained for the smadl low peor-
Pformance Tiphl gos mn. The woee point proggeme o boop papl !
larily uscerul in predicting some ol the complex pressure wave
plenomenen observed in this gun,  Replacement of the small guan
with Ll larger higher performance lighl gas gun should cnable
on Lo extend Lhe Lheory verification Lo higher performance guns,
Any neccessary modilications to the theory will be mode in com-
paring theory with cxperimental results.

PRI
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BALLISTICS OF LIGET GAS GUNS
APPENDIX 1

ADIABATIC COMPRLSGOR MODEL
The assumptions used in this model are as follows:
1) TIdeal gas with constant specific heat.

2) Frictional loss in the pump tube and launcher tube are
considered to be a function varying with piston or prejectile travel.

%) Frictional losses between the light gas and bore surfaces,
including the transition section are assumed to be negligible.

4) Heat loss from the light gas to the pump tube, transition
section, and launch tube is assumed negligible.

5) Pressure of the gas propelling the piston is pgoverned by
conventional interior ballistic equations.

6) Lisht gas velocity in the pump tube and launch tube is
ageumed to be come arbitrary fraction of tlie piston vedouily and pro-
Jectile velocity respectively.

7) Light gos velociby in the translliion sectlon between Lhe
pump tube end the launch tube is asswned to Le cither subsonic or sonle
depending upon Lhe pressure gradicent between pump Lube and launch tubc.

In this model we sct up threc thermodynamic systems:

This system includes the propellenl gas and a moving piston
ol welght wp. The plston does work against & trictional resistance

pressure Pr and a light gas pressure Pg.

In this system it 1s assumed that conventional interior bellistlc
equations will hold.

System 2:

This system includes the light gas only from the face of the
piston to the inlet of the nozzle. Work is done on the light gas by
the motion of the piston. If the piston reverses, then the system will

include the piston with the light gas doing work on the propellant gas.
There are two limiting cases to this system:

a. the light ges has a uniform velocity V (velocity of piston
face) or--

b. the light gas has no velocity (V = 0). When the pro.jectile
starts moving, heat and mass are lost through the nozzle.

S




BALLISTICS OF LIGHT GAS GUNS

System 5:
This system includes the light gas and projectile of weight W,

from the nozzle exlt to the face of the projectile, As in System 2,
therc are two limiting ceses to this system:

The 1ight gas has & uniform velocity v, (velocity of rrojectile)
or the 1light gas haes no velocity (VI, = 0). The 1ight gas does work

agninst o frictlonal resistance pressure b,
£

In the System 2 the energy rclationship ls:
Change in kinetlc energy | + Chanpe in Inl.urnul? - [Rate of work
of system cnerpy ol syshem J done on system

+ Rale of work - Rate of hent
done by sycbom lost 1vom syston

In System 45 the enoypy relationship is:

Change in kinelle § Change in Internad s Rake by work
cnepiy of syshom cnerry ol syclem done by sysboem

[

Rebe of heat [',tlihl‘:(\J
by pystem

in Bystem 22

ol system

- 7) " 3 dv

J ™ —

Ehanne in kinectie r\nnnw] = d(‘l ["—Bs—\—-—] = ;L-‘" v‘de ! 'mp v at
. ne ar

Chi in Internal ener =m_ JC ar' = m R 4T
ange in Inte y] b v 4 e

of system at (7;1 SM at.

- %
Rate ol work = A_a j p. ax = A p ¥V
Eone on sysLumJ P 3y < & poe

Rate of work done]

by system

H
Displacement through = T v dm
nozzle EE"'P‘ dt—‘

+
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BALLISTICS OF LIGHT GAS GUNS

IPiston motion ou] _ wP v av
E‘eversal —é—" @
+

Rate of work against propellant | A v
pressure on reversal = Ry Py

- — dm P J Cv Tp -RTP dam P
Rate of heat lost by system = ——= = —
[to launcher tube dt (-1) » at
Writing out all the terms:
d.mp mp v av mpR dTp Ap pg v pg v dm P
1) a5 o+ = — —% - R L0 N
g at g at -1 ~at m t
w.V RT dan
A - 4
*[ oot A Y y-1)M TU
_\\v_,/\/‘\___,/‘

upen reversal uvaly
Rearvanglinyg Lhe equation;

) K ) R 2] :
oy ook T 4N (Moan QY ’-’uvpj, (71 | "ot
dat ) mp at R 26 R

p

v ¥ A p V7
(Y d_D . b & TpTpl
I3 mpg dt mp

\___,/V - "‘/ h

upon piston reversal

A term A has been added in cquation (2) 0 <A <1

if A = O then the gas is not moving in the pump tube,

If A =

i then the gas in the puup is moving at the velocity of the
piston,
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BALILISTICS OF LIGHT GAS GUNS
In System 3:

2 dm '
Fhange in kinetic]= A LA 2 + dy )“mz + Y

<

energy of system 2g  dt at

Change In Internal m, JC 4T m. R ar
energy of system = 4 v 4 . i 2
at G-IM at
Rate of work done by = A g P v
system on frictional resistance )
L' -t
— dmB J CVT. RT, d.mﬂ
Rate of heat gained by | = e P (_-:%)M T
system from pump tube Y
Writing out the cntire equation:
%) Al v iml A4 At m, wgl m/zR f_& . Aﬂpr Y
28 at g at [F oM e )
RT dm Y

Gl-)'l)u at

Rearranging and solving for 4T f/ dt:

4) ar,

ar T 4
- L 2 T _ =1)M ' =1)M v JAP
3T m, Et[ sl oc mz% — 1 ¢, *
av Mo, + W

kquation (h) thug 1s the energy equation used for system %, the
reyion between the end off the nozzle and the base of the projectile.
6H8
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BALLISTICS OF LIGHT GAS GUNS

For the nozzle itself an equation is used to determine the mass
flow rate of the gas between the pump tube and the launch tube, This
mass flow rate depends upon the pressure at the pump tube side of the
nozzle (upstresm side) and the pressure in the launch tube (down
stream side), It is assumed that the gas flow through the nozzle is
similar to that through a rocket nozzle, that is, the flow is pseudo-

steady state and that depending upon the pressure differential, flow
is elther subsonlc or sonic.

The mass flow rate through a nozzle is:

1
F, \2/r [p, \ 1=
s)d_"leﬂPg?_@_(_J_y A A2 1
ar R (7-1 ) P T
g 24 P
for subgonic flow: P = P > D*
£t £
Y
) 7y + 1
5 N
for sonic f . = ¥ =
for onie £lovi Py = P =T ( 1)

The complcte set of equatlons used in the program ave as follows:

For the pump tube:

Equation of energy: upcn plston reversal

e

o) ‘(_11% _ [ T v dv C'EeD v dV Amzv }
dm P v
» 7 D[ia—l J—L)J
U —

upon projectile motion
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BALLISTICS OF LIGHT GAS GUNS
Equation of mass conservation:

N m = m - m

P Pq 4

Equation of State:

8) »,

(R
= P 2 where: v_ = A (% -x)
vg M g P m

Eguation ol Piston Motion:

A g
9)%\{{:‘=—"2— (Pb-Pr—Pg)

w

aK

lO) T

= v

ffor the launch Tube:

Bquation of Energy:

11) ar dm RT

£ . _t A )T (y-M A v ~
Tt ax P p i 28
(7'1)%‘1 By Pr’ LLoa [arME Yy \ "’z]
P,V 4 g dt RT, ]
Equation of State:
m T
= _LL_ E.
12) Pz v, M
Equation of Motion:
Ag ax
dv  _ Tk _ Y
1) ® = v, (®, Prz) I v

Equations (5) through (1%) are used a? an option in a general
multigran gun program described in Ref. (9 . Generally it can be said
that computation on the 1light pas gun optlon takes place in the general
prorram alfter motion of the piston is computed.
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BALLISTICS OF LIGHT GAS GUNS
APPENDIX II

Mass Point Model (Richmyer-Von Neuman "g" Method)

The assumption used with this model are as follows:
l) Ideal gas with a constant specific heat.

2) TFrictional losees in the pump tube and launcher tube are
conasidered o be a functiorn varying wlth piston or projectile travel.

%) Frictional lcsses between the light gas and bore surfaces,
inecluding the transition sectlon are assumed to be negligible.

W) Heat loss from the light gas to pump tube, transition
section, and launcher tube is assumed negligille,

5) Pressure of the gas propelling the plston is governed by
conventlonal interior ballistlcs equations.

The portinl differentin) apintione uce! in deseriblng
the muss point flow have been degerlbed by Riclunyct‘(lo aid will nol
be repeated here, These eyuablons are converted Lo Ue followkng

finlte diff'erence cquatlons:

_1) an N R N 1 X!
S
At
) wrl o fg O\ A(x) o opn v "
Ll B‘;A;'E}) MY S T R VE

n+l L YAlx) no+ L Mo
3) Vis /2 = oAuA}) E s X

2
28 n+1 a + 1\2
DR VgV (5)6‘.1+i N ) i ()17 - w" ey
+
(V'j +1fet Vna +1/2)
0 ir (ugill'-un*'»o
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+ 1
WMy iap - Ve =0
6) Pg:i/a = Eg:.}_ph"l_)
+ 1
VI,;-rl/?

Substituting Equation (6) into (5) and solving for Eg : i /2 gives:

, n + 1L n = o n,+ 1 1+ 1 n
) By v/ By v1/p - (5P g+r1fe t 4y 4 .1[2) (va +1/2 " V.1+1/2)

1+ .5 (y-1) v“+152

n + 1
V!J+1/2

To insure compatability with the interior ballistle equations
which arce ordinary differenticl equations; equations {1} ana (p) were
corvericd into ordinary differentinl equations which then could be
polves vy @ modlfled Buicr inbegroblon echnlque. The new Lociuinllon
for thege equeations nre:

O T I A TR A | ol A(x) (l’n e P N A
) o5 g ) (pvoA_’)> )/ ACIRVE g/

Tt

n

‘1,)-1./:2) for J= 1,0, 0 0 0. Jal
9) dx1n+l Ju+1

R_\.___ for § =0,1,2 .. 3

We need Lwo other equations to complete Lhe boundary con-
ditione. OUne of these is the piston equation:

n+1l _ . . " 1]
10) %o = AE B (Pr ' 1/21
W
b

The other is the projectile equation:

1
1) .Jn . age [1’“‘, .12 Pr;] wasn Pn"_l/a > Pas
v
:

vhen P“J - 1/2 < Pag
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The time step used in the solution of thezc equations has to
be redetermined at the end of each integration step so as to insure

stability of the computations. The stability equation used is that
recomnended by Richmyer:

1o i n+ 1
©) &t (Lf po) Vo
o]
0
Where:
. ,. r+ 1 n + 1
13) e, = ’\/7 gP, v = veloclty of sound at meximum pressurc.

In the computer code the equations are solved in the following
order: (10), (A1), (8), (9). (3), (), (¢), {8). Fauaitden {10) L the
connectling Link between the interior balllstlc equatlons menticned in

{9
ret'erence") and the light gas gun eguations mentloned here since P,‘,
the presswure on the Lase of' the proJectile has to be determined by °
the interlor balllstic equations for a gun.
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APPENDIX TIIT

A Constant Base Pressure Gun Followed by Infinite Chaumber
Adiabatic BExpansion from a Moving Chamber

ASSUMFTIONS:

1. The gun chamber moves at the same veloclty as the projectile
up to a velocity Ve The chamber then maintains velocity vy until

projectile ejection,

2. The motlon of the projectile after attalning velocity Vys will
follow that of a characteristic expension (chamber appears to be of
infinite extent to the projectile) untll ejection from the gun barrel.

At vy the projectile has traveled a distance Ll under constant
prascure:

P2 2 2
1) Ll = wz vy - p ,ﬁvl =p b
2¢ PA 20 P 2 P

AL Ym (ejection velocity of the projectile) the bagse of the chamber
will have moved:

2) AL = vlt where: t = +time for base of projectile to move
{'rom Ll to L

At ejection the projJectile will have & velocity relative to the
chamber base of Ve Therefore ejection velocity relative to the

barrel will be:

3) vy =v, +V, referring to figure 8 the total length L, from face
of chamber to muzzle of fire is initially

) Ly =L+L, |Where: L= projectile travel length

Ib = chamber length

When the projectile is ejected with a velocity V'

.
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5) =L +AL+ 1 +x where: L. = distance projectile
1 c 1
(or chamber) moves under
constant pressure conditions

AL = distance piston fact traveled
at constant velocity v

L
x = projectile travel by meens
of characteristics
expansion.

Equating equations (4) and (5) we have:

6)L=L1+AL+x

solving for x we have:

7 x = L - (L

1 + AL)

8) L, = k L and AL = kL

Therctf'ore:

9) x =1L -(k]_)(L)- KL o= L (L-k - k)

The equation for an characteristic expansion from an infinite -
bore dlameter chember is:

10) V. = Ray
11) ‘c-:waof = p ot = p!ﬂo%‘
PAg P g P g
12) x-m‘o‘i = plaoai = plaoex
PAg P g Pg
where:
@) a-m .
- -1 o+l -(1L-u + -1
13) ¥ =(—§—-7 - ( )
(1-7%) 225 vl
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- - R A
M) © = (; - i) (1 -u) (7 - .‘L) -1

28
) _ o B 2 7 g R T
15) a, = e = ’

Solving for v.:

N
) _Y 22 P11, _ {{eg P k L
16) v, = . = y p A}

ng

= Pg x

e T ( )
o L
whowo k5 )l - kl - k2
1B uo=r1 (%) U can be ovtoined by interpoleting in o Lubie of
u and 3

19) T =1 (u) from equation (1k)

Now time of %rojechilc motion during characteristic expansion

is from equation (11) and (2):
pzao Al keL
20) ¢ = g v, - v
& 1 1
Solving for vl:
ky P & “r \
1 _[eerx L)
21) Vl—Ta Y o £

(]

After

22) k

1

2
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where; korT-k ; LY =

ol
Jav
o5

To solve this problem we have given: P, —L—E s Ty 7, M, and k

We then solve equations (15), (17), (18), (19), (22), (23), (16), (10),
and (3) numerically in seguence:

It k3 = 0 and kl = 1,0 we then have the limiting case of a

conatant base pressure gun.

If k‘;.) = 1 we have the limiting case of a charocterlstic cxpansion
only. ’
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GLOSSARY OF SYMBOLS

Equations
Symbol Unite where found
A Cross sectional area of launcher bore 1112 1
A1 Cross sectional ares of piston base in2 1
A2 Cross sectional area of piston face in2 1
8y Acceleration of plston base ft/sec2
Ap Cross sectional area of piston in2 I-1
AE Cross sectional. area of projectile in’(j I-3%
AO Initial_ cross sectionel area of in2 II-2
pump tube
Alx) Cross sectional ares of pgos segment, :i.n'r" II-2
tunction of position
a Viscous correction constont TI-h
arj Acceleration of J gas segment at time n in/ .5'ec2 II-8
8, Sound velocity
Cv Specific heet at constant volume
E’J‘ Tnternel cnerpy of J segment at time n in - 1b 11-5
Fl Force on plston base i};
F2 Iforce on plston Tace 1b
g Gravitational constant 32,2 f‘t/sec2
J Mechanical energy equivalent
L Length of launcher bore £, -
£ Projectile length in
Lf Courant number IT-12
m, Mass of piston slups 6
mp Mass of pas in panp tube 1b I-1
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Equations
Symbol Units where found
mpo Initial mass of gas in pump tube 1b I-1
m, Mass of gas in launch tube 1b I-1
P Pressure behind projectile l‘b/in2
B, Pressure behind piston 1b/in”
P Frictional pressure on pisten lb/in2
Pg Pressure of gas in pump tube psi I-1
Pr Frictional vesistance pressure on _1_732 I-3
2 projectile in leunch tube in”
Pl Pressure ln throat of transition section 22 I-5
t in
P, Pregsure in launch tube 1b/in2 I-5
P Proscure in throat of tronsition }}_)_P 15
gection at sonle veloclly in”
, [al
px; Pressure in J pas sepment at time n 1b/in” II-2
P__ Shear pressure for projectile psil TI-11
P:ln Maximum pressure in pressure psi
profile at time n
qr; Viscous pressure ln J gas segment ;Lb/ina II-2
N at time n
R Gus constant in- Ab I-1
mole - K
Tp Temperature of gas in pump tube °x I-1
T 2 Temperature of gas in launch tube °x I-3
At Incremental time step sec II-1
t Travel time for a projectile in sec TII-11
characteristic expansion
1 Dimensionless travel time lor a I1I-15

projectile in characteristic expansion
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Equal.ions
where found

Units
Velocity of j gas segment at time n in/sec
Projectile velocity t/s
Velocity of piston base /s
Velocity of piston face £/
Piston velocity in/sec
Projectile velocity in/sec
Volume of gas in pump tube in5
Specific volume of J pas cegmenl at inB
time n 1b
May imm speeiCic volume in gas profile in3
at time n 1b
Projectile velocily by a r./sec
characleristic expansion
Projectile welpht 1b
Piston weight 1b
Projectile welght ib
Travel of piston base in
Travel of piston face ' in
Piston travel in
Projectile travel in
Displacement of J gas segment in

at time n

Dimensionless proJjectile travel
under characteristic expansion

30
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II-13

III-10

I-3

I-10
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BALLISTICS OF LIGHT GAS GUNS

GREEK _SYMBOLS

Bscape speed of proJjectile under
characteristic expansion

Rate of specitic heat of gas
Projectile or piston density
Initial gas density in pump tube

Ratio of gas velocity in pump tube
to piston velocity

Ratio of gas velocity in launch
tube of proJjectile velocity

Initiol length of pas sepmenl in
pump tube

81

Equations
Units where found
ft/sec III-15
1b/in3
1b/ind TT-2
I-2
I-2
in I1-2
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TABLE V
Initial
Helinm Projectile Shot Start Projectile
Round Fropellant Press Pressure {psi) Weight (GM)

Number Charpe (GM) (psi) Shear. Exptl, Theory Exptl. Theory

24 45,0 800, 0 10000, 14000, 12200, 4,99 6.00
25 55,0 8006. 0 10000. 11000, 12200, 4, 89 5, 00
26 55,0 80u. 0 20000, 25023, 24400, 4,96 5.‘00
27 56,00 800.0 20000, 24451, 24400, -1, BO 5.00
28 h0. 0 800. 0 20000, ---~-- 24400, 4. 93 5.00
29 60, 0 800,90 20000, 23540, 24400, 4, 86 5. 00
30 05.0 800. 0 20000, 23899, 24400, 4, 92 5,00
10 by, O ROO, 0 2:0(1()0, 21359, 24400, 4.“)2 5.00
Max, Propellant Maxinmum Helinm
Round Muuzle Velocity ((/s) Pressure (psi) Prossure (psi)
Number Exptl, Adiab, Mass Pt, Exptl, Theory Existl, Adiab, Mass o,
24 4¢85, 5799, ----- 8022, 176, 19665, 184L2, --v---
25 5540, 6273, ----- 8770, 9045, 20936, 27238, -cv---
26 6344, 7002. 7243, 9048, 9046, 31164, 31429, 46198,
A 7002, ~enw- 9126, 9046, 31182, 31429, c-oon.
28 7124, 7304, .---. 9961, 10063, 42284, 36548, ------
29 6874, 7304, ~a--. 15347, 10053, 40770, 36548, <aw---
30 7494. 7585, ~e--- 19430. 11142, 39868, 42761, <«c--cae
40 7573, 7731, 8765, 17964, 18169, 49690. 53885, 117457,
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ABSTRACT

Two wmain medifications of the free piston compression
heater have been considered for improving the perfofmance of
hypervelocity launchers and gun tunnels. To be able to pre-
dict the performance, analyses of the shock heating and the
peak pressurc generation including outflow of gas have been
made. The conclusions from the analyses are that shock
heating of hydrogen by means of a light piston at present
seems very inefficient, that isentropic heating of the pump
tube gas using a very high compression ratio would make it
possible to launch very light projectiles at velocities of
up to about 50,000 ft/sec, and that for gun tunnels, stagna-
tion temperatures of up to about 5500 %X would be possible to
obtain ueing hydrogen as driving gas.
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Symbels
p Pressure
P Density
\Y Specific volume
T Absolute temperature
R Universal gas constant
a Sound speed
u Particle velocity
U Piston or projectile velocity
v = cp/cV Ratio of specific heats
n Number of kilomoles
M Molecular weight
Z Compressibility
H

Specific enthalpy per kilcmole of initially un-
dissociated gas

E Specific energy

S Specific entropy

X Distance along tube

L Length of tube

A Cross-section area of tube

D Diameter of tube

m Mass of piston or projectile

t Time ‘

L Length of gas layer that flows out of the
chamber during time At

Indices

a Driver gas

& Immediately behind the piston or the projectile

r Properties of working gas at room temperature
(290 °K) and atmospheric pressure

o Initial conditions in main barrel, or physical

properties of main barrel
10 Accelerating section
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Launch tube, projectile

n Conditions in main barrel after the passage
of the nth shock wave
© Conditions in front of the piston when this has

come to rest with the same pressure on both sides
Peak conditions

Sonic conditions

Piston

When the projectile is released

When the projectile leaves the launch tube

o ow o X

Dimensionless Variahles

i U/a,

u u/a,

‘a a/a,

P P/ by

T T/T, = T/290

H H/RT

R h . T = H/ART,

E E/RT

ry E . T = ERT,

3 S/R

En pn/pn-l

X (Byhox)/(m, - &3)

t (paAot)/(mp . ay)

: e (ytr)/a(y=2)
II; (2/(y + 1)] ~(y2)/ay

Average value of (p/p,)
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COMPRESSION HEATER PERFORMANCE
INTRODUCTION

Gas compression by means of a free piston has been used
a long time for producing high pressure, high temperature
gases. Two well-known applications of this technique are the
gun tunnel and the two- (or three-) stage hypervelocity
launcher. In the gun tumnel air is heated for driving a hy-
personic nozzle; in the launcher, helium or hydrogen is com-
pressed to form a driver for a light projectile. In both of
these cases it is desirable to reach as high a temperature as
possible. The reason for this is to be able to simulate real
pas effects (dissociation) in the hypersonic flow for the gun
tunnel operation, and to create higher sound speed which will
give a higher projectile velocity in the launcher.

The mai parameters that affect the final temperature
during a rapid compression arc rhe compression ratio p,/DPs,
the piston velocity divided by the sound speed in the Gndis-
turbed gas, U/a~, and the initial temperature T,, where inde:
f refers to the final state. For an isentroplc compression of
a pexfect gafj the final temperature is given by Tf =
To(Pf/Po) YN 1f the piston velccity is high enough to
create a shock wave, the entropy will increase and the final
temperature will become higher than for the isentropic com-
pression with the same value of P/ Po and T,.

Two malin factors will limit the temperature that can be
obtained by free piston compression. First, the shock forma-
tion process, discussed below and in Refs. 1 and 2, makes it
impossible to fully exploit the advantage of shock compression
in a conventicnal free-piston compression heater. For high
piston velocities the final temperature can be considerably
lower than would be expected from theories not takiug this ef-
fect into account. Second, due to the kinetic energy of the
piston, a pressure peak will occur in the working gas when the
piston is brought to rest at the end of the barrel. This peak
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pressure must be limited from a structural point of view.
Also, the piston strength itself wmight put a Limit to the
peak pressure, as has “een the case in all gun tunnels
so far, where this peak value has been considerably lower than
reasonable design considerations of the facility would indicate.
Thus certain restrictions have to be made on the different pa-

rameters that affect the performance of a compression heater.

A modified use of the compression heater is suggested
in this paper to eliminate the entropy gradient in front of
the piston and to be able to use peak pressures in gun tunncls
of the same order as those currently achieved in launchers,
Calculations of the performance indicate that final temperatures
of about 5000 °K could be obtained in gun tunnels, using helium
at 2000 atm as the driving gas. For launchers employing hydro-
gen as working gas it is shown that it is unrealistic Lo con-
sider shock heating by means of a piston. By using prelicated
hydrogen and high pressure ratios, the calculations inditate
that velocities of up to 50,0l fLysce could be obtained with
light projectiles.

CONSLDERED MODIFICATIONS OF THIE COMPRESSION HEATER

If the piston is accelerated dircctly into the working
gas, sce Fig. 1, a shock wave with increasing strength will be
formed ahead of the piston. A lamina in the working gas will
be heated first non-isentropically through the shock wave and
then isentropically through the compression waves from the ac-
celerating pilston, see Refs. 1 and 2. Thus an axial entropy
gradient with a corresponding temperature gradient will be pro-
duced in the working gas. The higher the piston velocity be-
comes, the greater this entropy gradient will be. This means
that the advantage of shock compression cannot be fully ex-
ploited. 1In Ref. 1 an evacuated accelerating section was sug-
gasted for the piston to eliminate the entropy gradient in the
working gas. This modification of the compression heater will
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be considered here in connection with the launcher and the gun
tunnel.

In gun tunnels the strength of the piston has been the
main limiting factor of the performance. For those 1ight
pistons that have been used in gun tunnels the peak pressure
has destroyed the pistons at pressures of the order of 500 to
1000 atm. A modified operation of the gun tunnel will be com-
sidered in this paper using solid heavy pistons. Such pistons
will be able to withstand very high peak pressures (50,000 atm).
The end of the barrel must then be veinforced to the same de-
gree. The modified compression heater is shown in Fig. 2 with
corresponding piston and shock-wave histories.

To be able to predict the performance of the modified
compression heater certain details of the history have to be
worked ont; namely, the acceleration of the piston into vacuum,
the shock heating and isentropic heating of a real gas, and the
generation of the peak pressure including the outflow of gas

from the high pressure section. These problems will be dealt
with in the following sections.

PISTON ACCELERATION

In the modified compression heater, the piston is first
accelerated into an evacuated section which is separated from
the main barrel by a thin diaphragm (see Fig. 2). The re-
quired length of the accelerating section for different driv-
ing gases, driving pressures, plston masses, and piston ve-
locities will be given in this section. This has been done

in many papers before, but the final results will be
presented for use later on.

The equation of motion for the piston is

d’x = AOPB -
az @

p
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or in dimensionless variables

gtz o @)

where the pressurc in front of the piston has been neglected
as well as the friction force at the barrel walls. For a
driver with a large cross section, the pressure behind the

piston, if the driving gas is treated as a perfect gas, is
given by

Yo
. Yoot -
- Yo T
p “(]-——E—?—-U2> for U o /———%l-
H P P \ Yo
(3)
2
:Ya-vl
T (N AL S for T_ > 2
Pg = 7 ) P O Ep N/, F T
Integration of Eq. (2), using Eq. (3) gives for ﬁp >
\/2/2'ya+ T)
2
_ Upu Yo + 1
X = —
7T 2 p
(4)

===
Yo + 1 Ya
+ _2_2_ -1

Figure ) shows X as a function of U  for y, = 1.40 and 1.66.
The corresponding driving gases are assumed to be air or
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hydrogen, and helium, respectively.

SHOCK COMPRESSION

Equations and curves will now be worked out from which
the pressure and temperature change through a shock wave mov-
ing into a gas of known state can be iterated.
will concern air and hydrogen.

The curves

The conservation equations for the transition through a
plane shock wave are, if (n — 1) indicates conditions in front
of the wave and (n) conditions behind the wave

-1, _ (un - un_l) P P 5)
i 7 .
2 PP
by 7 Ppay 7 (un - Un—l) P —p (6)
n n-+

In addition to Lhese an equation of state is neceded which will

be written
R
P = PZT (7)

To simplify Egs. (5) and (6) the perfect gas expression of the

sound speed at room temperature aud atmospheric pressure will
also be used

ar = Ve M T (8)
where T_ = 290 °K. Elimination of P, and P _, between Egs.
(5), (6) and (7) and Eqs. (6) and (7), respectively, gives
in nondimensional variables

- - 2
v, { B ~u__
By =Py - '2'1_‘( - 3 = 1) * @ -D 2, T )

T
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= 1 2 _ n o

o =7 | C+ C 4-2-———%-“ (10)

n-1 Tn-1

where — - 2
Ya 7 Yn-a =
Ty 3 + Zn Ty
r
cC =1+

Z
a=i "n-1

Equations (9) and (10) may be written

=
il

h (R T -% ., 8,70 T
n n(hn—l’ Y Yn n-1? 82 Iy Zn-l )

where U — u,_, and 0 are the unknown variasbles, and

= v, G- a, 2 T Z T
o Un(’r’ uo—wu a2 T, 2 n)
where ﬁn - anl and ZﬁTn are the unknown variables. Now, from

the definition of T and Z, it is known that

h

]

h(T, p) (11)
and
ZT

ZT(r, p) (12)

1.e., R and 2T are functions of the state in the gas and can
be found with the aid of a table of thermodynamic propertics
of the particular gas of interest.

Equations (9) and (10) and curves from Eqs. (11) and
(12) have been used for iterating values of P,/ Po and Tn for
repeatedly reflected shock waves in air and hydrogen according
to the following scheme, starting with n = 1:

(a) Choose a value of (;n - ﬁn-x)/ E} and po

(b) Compute En from Eq. (9) with the perfect gas
value of Eﬁ

(¢) Determine ZﬂTn from Eqs. (11) and (12)
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(d) Compute En from Eq. (10) and go back to (b)
(e) Repeat until the desired accuracy is obtained.
Determine Tn from Eq. (12)

The corresponding curves to Eqs. (11) and (12) were
prepared from data by Gilmore (Ref. 3), Hilsenrath and
Beckett (Ref. 4), and Rosenbaum and Levitt (Ref. 5). For air,
Gilmore's tables were used whenever possible and Hilsenrath
and Beckett's only when needed {(for lower pressures). For
hydrogen the tables were extended to higher pressures using
the equations and curves of Ref. 5.

The results of the calculations are given in Figs. 4
and 5. Figure 4 shows the pressure and temperature behind suc-
cessive shock waves in air for different initial pressures and
temperaturcs. The same data for hydrogen with the initial tem-
perature equal to 290 °K are shown in Fig. 5. Figure 4a and b
have heen compared with curves prepared by Stollery (Ref. 6)
and a reasonably good agreement is found. The deviations are
probably due to the high pressure effects tnat are included
in Gilmore's tables and thus do not show up in Stollery's re-
sults.

PEAK PRESSURE WITH OUTFLOW OF GAS

Due to the kinetic energy of the piston, a peak pres-
sure will be produced in the working gas when the piston is
brought to rest at the end of the barrel. This peak pressure
is of great importance both from a structural point of view as
well as for the launching conditions in a launcher.

In Ref. 8 the peak pressure in a launcher has been pre-
dicted by augmenting the energy in the working gas when the
piston has its maximum velocity with the kinetic energy of the
piston at this moment. This process can be described mathe-
matically by
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M) (M)
% mpU§'= - L/‘ p d(nV) = — Er ,/ p dv (13)
(2) (2)
S=const. S=const.

where it is assumed that the entropy remains  -constant during
the deceleration of the piston and that the contribution to che
peak pressure from the driving gas can be neglected. It is al-
so understood that the mass of the energy absorbing gas, n - M,
remains constant throughout the process.

Two different approaches will be made to improve Eq.
(13). First, the energy of the driving gas will be taken in-
to account; second, the outflow of gas will be included,
neglecting the driving gas.

In Eq. (i3} an extra term wili be required to take the
cinergy of the driving gas into account and this term will be
assumed to be a congtant, independent of U. Thus

{#)
const. + A2 =-3 /‘ p dv (14)
2 p p r N
()
S=const.

To determine the constant the case of mp = O will be suitable.

In this case it is known that the maximum pressure will be
equal to

for a large area driver. It is then found that
(=)
const. = — T Jf p dv
(2)

S=const.
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and )
1 2 - T [ 15)
‘2 mP Up T nr \/l P av ( o
()
S=const.

Fyom the first law of thermodynamics it is scen that
p dV = ~ 4k

since dQ = 0. Furthermore, the mass contained in the barrel
is MMy = ﬁer or LgoAnPy from which

- ToAoPq _ luhgpg Mo

r M RioTo M

r 0to r
where the cquation ol state has also been vused. T0 the initial
femperature and pressuie, o didd g, are nnl van hieh it is

possible to write
Z~ = Lo oand Ma = H

Faquation (1%) can then be rewritten

(M)
i o 1.oAgD i \ 1..AAD .
12 = lafoDla o= LafloPo g
7y Up = TR, ¥ R ¥ e " comet.
()
S=const.
or in dimensionless form
- - U2T,
(ey ~ e ) = £ (10)
S= const. 2Lo Po
Equation (13) can, in the same way, be written
T,
(e — ®a) - —f_ 17)

J=const. 2Lyp,
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The dimensionless energy ¢ = F./RTr is a state function and is
plotted vs entropy for air and hydrogen in Figs. 6 and 7, re-
spectively.

To show the importance of the difference between Eq.
(17) and Eq. (16) a simple example will be worked out. If it
1s assumed that hydrogen at 2000 atm is used as a driving gas,
hydrogen initially at 30 atm and 290 °K is used as a working
gas, a maximun piston velocity of 1800 m/sec and a value of
11.8 of the right-hand side of Eq. (16), then a peak pressure
of 20,000 atm will be given by Eq. (13) and 33,000 atm by Eq.
(16). Thus for high drivine pressures, when the outflow of
gas can be neglected the, until now, estimated peak pressures

are believed to be too small by a considerable amount.

Tn a launcher the arca of the launch tube is not neglip:
ihle when compared ©o thar of the pump tube. A counsiderable
outflow of gas will thus generally vecur during the retardation
of the piston and it is uot obvious that this will h 7e been
brought to rest before it reaches the end of the pump tube.

To get a bettor understanding of this problem, a perfect gas
model will be worked out for the pressure risc in the working
gas where, for simplicity, the pressure behind the piston is
neglected during the retardation.

Figure ¢ shows the changes in the working gas during a
time element /t. If it is assumed that the piston position and
velocity at time t are x and U_, respectively, and that the
pressure at the same time is p, the adiabatic compression of the
working gas minus what is escaping through the hole at the end
of the barrel, for a perfect gas can be written

=
+ - - x — &x
b= Tlf;Tx—:T) (18)

where £ is the thickness of the gas layer that will flow out
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during the time At, see Fig. 8. At the same time the motion
of the piston is given by

Lo pd (19)

For a small at, Eq. (18} can be simplified

-y
&p _ _ (- 5\ - - Ax — §
L+ 5 (1 TE"-__“)E’T‘}’) =l ey oo

or
[x _ A
1 Lp At 8
bt Y Tn =% =1 (20)

Lf it is assumed that the outflow into the tube or the nozzle

always oceurs at sonic speed, the following expression is
found for ¢

= ’ . ! oge
£ o= Y Ap ay Py it

or, with perfect gas expressions for a, and p,

"

-1 Nyt -2

A 2 '\,-IT 2% 2wy
L N (- D = ul
T Ay (y + 1 ) ( ps ) as eras ([)S )

where index (s} indicates conditions in the working gas at
some reference point, for instance when the projectile is
released and the outflow begins. Thus Eq. (20) becomes

A
dp . P -7 R\*Y
3% L~ x [up Agrag (ps) (21)
With the transformation

y = pllo — x)Y
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Equation (21) reduces to
1 1 L
o d — 5o 2 A
s
1f p/pS ranges from 1 to 10 and v = 1.2 it is found that
'ﬁl

2'\’
1< g: < 8.3

Thus the fellowing approximation is justified

ol
(p/pg)*Y = B(p/pg)

where, for y = 1.2, the constant B could be given the value
of 0.91 to make the maximum relative deviation as swmall as
possible. With this approximation kq. (22) becomes

Since, [rom Lq. (19)

it is found that

gy 3
y Y ogF R rERagp, it

This equation is easily integrated giving, after going back
to the initial variables

coyfmo =-1 K
p = (Lo = x) ( = rA,Ba_p,Y U, + D) (24)
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where, from the boundary condition Up = U, x=x

1

i mD_ —=1
D=p, " (Lo—x)——A;rAzBaspsV U

or, in cdimensionless form
— hi
_ _ 1o — X, . 7)) R
= —_— f(U —-U + 1
PP\ T -3 [(P s }

. FKlBaS

(To = %)7,

where

Again Eq. (19) is used, now written in the form

Integration of Eq. (25) then gives
L
To - % = (To — ES)FT1 F o~ (2-y) fU + 1 -

- [y - 1).€ﬁp - £, + l][f(ﬁp -T) + 1]

where
A3reB®aZ
F=(2— ’y) ~— — o_
(T ~ x,) Pg

The pressure is found in terms of ﬁb as

P = Py

(25)
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- - T= - = -t

P=7p,F 7{[?‘— (2 — y)}EU, + 1][fmp—us) + 1] -
.

— - vt
- [y = VT, - T+ 1] § (27)

Further integration of Eq. (26) has not been possible to per-
form analytically. The time dependence of X and p can be ob-

tained from a numerical evaluation, however, by making uge of
the fact that

df = S
U

If the initial conditions are chosen in such a way that
ﬁp becomes zero before or when the piston strikes the end of
the tube, it can be found that the pressure will reach a peak
and then drop again. If U) is sufficiently large when the

piston reaches the end, the pressure will increase all the
time.

LAUNCHER PERFORMANCE

The main interest in the performance of a hypervelocity
launcher will here be devoted to the problem of how to reach
as high a projectile velocity as possible regardless of the
size and shape of the projectile. There are certain obvious
requirements that have to be fulfilled, namely to have

(1) As long an accelerating distance (launch tube)
as possible
(2) As light a projectile as possible
(3) As high an accelerating pressure as possible
over the whole accelerating distance
Condition (3) implies that
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(4) The peak pressure and temperature in the
chamber should be as high as possible.

It is understood, furthermore, that hydrcgen is used
in the pump tube.

Due to the limited strength of the gun components,
viscous effects in the gases etc., all of these quantities
must be given finite values. The limiting values that will
be used throughout this section are as follows:

(1) the length to diameter ratio of the launch tube
is 300

(2) the projectile mass is (D£/2)Azpz, where the
density is p, = 1700 kg/m?

(3) the accelerating pressure is ¢ 5000 atm

(4) the peak pressure is 50,000 atm (which is about

equal to the highest report valuc found, scc
Ref. 8)

The peak temperature canncot be arbitrarily given but has to
be worked out from the performance of the compression heater.

The limitation in the peak pressure will put a limit
to m U;/Po, see Eq. (18), for a particular gun. To create
strong shock waves, high values of U are needed and thus m
has to be made small and p, large. Again, there is a limit
to how small Wy can be made and thus the matching of the peak
pressure to the initial shock strength has to be done by
varying UP and po-.

To show the important characteristics of the peak con-
ditions, two numerical examples will be analyzed where, for
convenience, Eq. (17) will be used for the peak pressure. The
right-hand side of Eq. (17) is
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T, u2
ﬁ; ° - 2? p . %n
Ziopo LoAo Po

r

The lightest piston that has been found in the literature that
can withstand a peak pressure of more than 20,000 atm is one
with a mass of 86 grams for a 40-mm diawmeter pump tube (Ref.
7). Using this value, m, can be written

= e

mp = 1700 Ag Do kg

Lo will be given the value 15U Do, which is a reasonable av-

erage of what is in use, and To will be assumed to be equal to
Tr. Thus it is found that

c
[N

- 17
be T

§=COHSC. ¥

Q

with Up in my/sec and po in N/w?. Two different velocities
will be considered, namely: 2000 m/sec which is about equal

to the highest velocity presently in use and 4000 m/sec. If
it Is assumed that the piston has been accelerated to these
velocities in an evacuated section, uniform conditions will be
valid in the working gas when the first shock reflection occurs
at the piston. If conditions in front of the piston at this
moment are given index (2), and the ifuitial pressure in the
working gas, pes, ils adjusted so as to give peak pressures
around 20,000 atm, the results shown in the tollowing table
are obtained. 1In these calculations, pz and Tz were found
from Fig. 5, €2, Sz, py and Ty from Fig. 7. 1In Fig. 9 the
paths in the e — §-plane have been plotted for two cases

from each piston velocity. It is immediately seen that the
entropy gain through the first two shock waves, which are the
strongeat ones, is very small, comparable to the entropy dif-
ference from the mere change in initial pressure. It is also
seen that the higher piston velocity does not produce a sig-
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TABLE I
U po P T2 ea 52 Me ey PM Ty
m/sec atm _atm OK atm oK
2000 10 237 895 7.3 13.95 22.7 30.0 32,000 3050
15 356 895 7.3 13.60 15.1 22.4 16,500 2400
20 474 895 7.3 13,30 11.3 18.6 12,000 2050
4000 50 5350 2150 19.7 14.30 18.1 37.8 56,000 3700
100 10700 2150 19.7 13.60 9.1 28.8 40,000 2950
200 21400 2150 19.7 12.85 4.5 24.2 46,000 2550

nificantly higher peak temperature. The reason for this is
that the higher piston velocity requires a higher initial pres-
sure to keep the peak pressure down. In fact it does not seem
possible to get a peak pressure below 20,000 atm in this case.

Thus the following conclusion can be drawn: at present,
shock compression of hydrogen does nol dappear Lo be an effici-
ent way of reaching bigh peak Lemperalures, cven Lf very high
piston velocities are used. If higher peak temperatures arc to
be obtained, which is a neccessary condition for rcaching higher
projectile velocities, another fundamental way of heating must
be considered. Thus the accelerating scction, mentioned above,
would not provide any improvement to a launcher, and as a con-

sequence will not be employed in the launchers considered be-
low.

From Fig. 9 it is seen that the most obvious way of
reaching a higher temperature at the same peak pressure is to
use a lower initial pressure and a higher initial temperature.
If the initial pressure and temperature were 1 atm and 870 @K,
respectively, the final temperature at 20,000 atm would be ¥
7500 ®K. The highest temperature obtained in hydrogen so far
is about 3500 °K and thus an increase in peak sound speed of
about 50% together with a smaller value of y would be obtained,
both of which tend to increase the projectile velocity. It is
realized that for a given pump tube the size of the projectile
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must be made smaller with this type of cperation but it is
assumed that the higher velocities that can be reached will
justify this disadvantage.

To optimize the performance of the launchex, Eqs. (26)
end (27) will be used where values for the launch tube area,
the maximum piston velocity, and the piston mass must be found.

For finding these parameters the following assumptions and con-
ditions will be employed:

(a) The piston will transfer 85% of its encrgy to the
working gas, i.e. the piston velocity is u.4 ug
when it strikes the end of the tube. The barrel
is assumed to absorb no energy.

(b) The pressure will reach a maximum equal to 10 Pg
when U _ = vu.d Us'

(c) ‘the time for Lhe pistuu Lo decelerate from U Lo
U4 Up plus the time it takes for the first
rarcfaction wave from the entrance to the Jaunch

tube to reach the projectile is about equal to

the time for the projectilc to travel through

the launch tube. The maximum projectile velocity

is assumed to be three times larger than the

sound speed in the working gas at the release
pressure. At this velocity the base pressure

on the projectile has decrezsed to about 70%

of the release pressure for y = 1.2.

The maximum pressure is found by differentiating Eq.
(27) and putting the derivative equal to zero. The resulting
plston velocity and peak pressure are, respectively

.
(F> (2 -~)f0,_ +1]27Y_
Uy =T, + Y ~ (28)
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.

- - 2 - R — 2y — e
Py = Pg (-1;;x) {[F - (2 - y)fUS + 1] + fUS ~ 1}7 '
(29)
Thus, from (a) and (b) it is found that
— [N <l 4
F= (2 - y)fUS -~ 1+ (1 -0.6 st) (30)
and
—_ foiat
.= 2=y _ 10 Y F —
[F = (2 = y)£U_ + 1] = _Y+ 1 - fug (31)
Elimination of F between Eqs. (30) and (31) gives
1-:1
Ay v
(1L - 0.6 fuq) =1 - (2—-yi{1 -~u.4 (10) ]fﬁs (32)
and then
1=y
F = (2 — ) 0.4(10} K fﬁs (33)

For given v, fﬁs can be determined from Eq. (32) and then B
from Eq. (33). The definition of f gives

A T
4. —= (34)
1o — X, rBaS

where the right-hand side is determined from Eq. (32) and
the given launch conditions. From Eq. (33) and the definition
of F it is found in the same way that

xaL_ - A (35)
Lo - %4 (2 = y)r*8¥az

Thues two relations arc found between the three parameters.
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The third velation will bc found from condition (c).

The time to reach the peak pressure can bLe approxi-
mated by

Ey — Eg — — = = (36)

where a weighed mean value of ﬁp has been used.

With the given assumptions, the pressure on the base
of the projectile will be fairly constant, equal to Pgs
throughout the launch. Thus it is found that

U = 3 a—z—l?—sa -.—
U, = 33 = (€, - t,) (37)
£
and
B x5 2 T, a2
% =T, = IS(-E‘___"E) =9 4's (38)
t / — L s 75 =
2mZ Aﬂps

The slope of the first rarefaction wave from the piston at
the projectile is

Y5 4+ 5 = 43
Jas ¥ ag ag

and at the entrance to the launch tube

y=1
— 2y
T+ E. s 2 2__ 7 w2 2 L -
* * = 'y+Ia'M ¢ 'y‘i'Il—J 8
8
o ul 3
2y

-2 ri—r (10) 38
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Thus the mean value of the slope can be approximated by

oAt S
43 2 10 3
A
which gives
1
- -~ )
tt - tll B !*l =
— 2 E.Y —
(39)
7 ==
- ApPg
it
, \Zy
Z + Yi j (10)
1t is Lhen found fyrom Lgs. (36), (37) and (39) that
(1-') _;S) Kf’ - Q.fl_i-lsaz {] _ 1.5 ,___} .
— p ~1 N
Us Py 5 2y
2 + m (10)
(40)
_ 2.4kasm£
P

]

Finally, the ratio between the projectile mass and that of
the piston can be written

- Wy paA°L° ‘3“;

L R

LA 2 _
- S S B B S e
P 8T, Pyfolo Py Aolo Py
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where the values m, = (02/2)(1700 Az) and Lo = 300 Dg have
been used. Inserted in Eq. (40) this gives
aa

_ a"s
=6.8X D

. 1
Lo 7 = b1
Us\/AE
with a in meters/sec and Pg in N/m®, Since the first factor

in the left-hand side of Eq. (41) is equal to the volume
ratio VS/Vo it is found from the equation of state that

2T
= - 1 s”s Do
U_JA) == —= (42)
s ¥ 6.8

Bh Tqy 8,84

1)

This is then the third relationship between the three pa-
rameters to be determined. The assumptions for the three re-
lations are based on the following: viscous effects in the
gases, friction between the walls and the piston and the pro-
jectile, and heat losses are negligible; the launch tube is
initially evacuated.

A particular example will now be worked out to find the
final velocity of a projectile using the three relations. In
this calculation, after finding the pressure variation in the
chamber, the launch process will be solved by the method of
characteristics to give the pressure variation at the base of

the pellet and the terminal velocity after 300 diameters ac-
celerating distance.

The initial conditions will be given as follows: pg =
1 atm, To = 870 °K, pg = 5000 atm, py = 50,000 atm, Ly =
300 Dy, and the reference values p, = 100 atm, a, = 1000 m/sec.
From Fig. 7 it is eeen that T = 5575 °K and Ty = 8800 °K. It
can then be found that y = 1.20, yy = 1.33, a; = 5580 m/sec
and ay = 7900 m/sec. During the increase in pressure from p,
to Py, ¥ will change. Since the pressure level is very high
it is reagsonable to expect that the expansion into the launch
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tube will occur in thermodynamic equilibrium and thus y will
change back to the value corresponding to the base pressure

of the projectile. Since this pressure will stay fairly con-
stant during the launch, which will be seen from the character-
istics solution, it is reasonable to make the approximation
that vy is equal to Y during the whole compression-expansion
process. This value of vy gives ay = as(pM/ps) Vsmi)/a¥s

6760 m/sec. According to the three relationships mentioned
above it is now easily deduced that

Kz = 0.0260; U, = 290 m/sec; m, = 11.8(AoDy1700) kg

From the equation for the peak pressure without outflow,

Eq. (17), the maximum piston velocity is calculated and found
to be 385 m/sec, a value that is easily obtained with, for in-
stance, helium at 100 atm as driving gas. This relatively low
driving pressure will give only a very small contribution to
the peak pressure and neglecting the driving gas in this ex-
ample is thus justified. The value of Za = 0,0260 means that
the diameter ratio between pump tube and launch tube is 6.2.

The variation of pressure, sound speed and piston posi-
tion with time are shown in Fig. 10. Using the result in Fig.
10 as the chamber conditions, and assuming that the flow at
the entrance to the launch tube is not sonic until the down-
stream conditions for this to take place are fulfilled, the
characteristics solution gives a final velocity of 17.2
km/sec = 56,500 ft/sec compared to 18.70 km/sec for the case
of a constant accelerating pressure of 5000 atm. The pressure
variation at the base of the projectile is showm in Fig. 11
and can be seen to oscillate within about 20% of the desired
value. By launching the projectile at a slightly earlier
moment, the over-ride in the base pressure can probably be
avoided. A reduced terminal velocity of the projectile might
then be expected. To check the accuracy of the theoretical
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model, the calculation of the launching conditions according
to Eqs. (26) and (27) plus the characteristics solution of

the launch was then applied to a particular case where the
muzzle velocity had been measured to 29,500 ft/sec. The theo-
retically found value was 32,500 ft/sec. The data_for this
example were taken from Ref. 8 where the piston velocity was
not measured, however. From the given value of the peak pres-
sure Llie piston velocity was calculated from Eq. (17).

The close agreement between the caleulated projectile
velocity and the measured one makes it possible to predict
that a velocity of 45,000 to 50,000 ft/sec would be possible
by using a configuration as discussed earlier in this scetion.

GUN-TUNNEL PERFORMANCE

In the gun tunnel air is generally used as the working
gas and shock compression becomes important at piston ve-
locities that are considerably lower than those considered for
shock compression of hydrogen. At the same time the non-
dimensional internal energy, e, is of the same ovder for air
and hydrogen. This means that the peak pressure would he
about the same in these gases for the same piston velocity,
initial pressure, and temperature. Thus shock compression of
alr by means of a pilston can be of great importance for the
production of high temperature, high pressure air. To take
advantage of shock compression and yet preserve uniform stag-
nation conditions during a run, the accelerating section is
believed to be a valuable feature of the gun tunnel.

In computing the peak pressure in a gun tunnel the
outflow of gas can be neglected since the cross-sectional
area of the entrance to the nozzle will generally be very
small compared with the pump tube area. Thus Eq. (16) to-
gether with Fig. 6 will be used for finding the peak pressure.
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From Fig. 6 the final temperature is also found at the point
where p = p_ at § = §2. Using the results for piston acceler-
ation, shock compression and peak pressure from the previous
sections, the following table was prepared to show the effect
of various driving conditions and piston masses where the

total length of the accelerating section and the main barrel
is equal to 300 Dg.

TABIE 11
Driving p, m/AsDs  To Po Lio P, T, Py
gas atm __ kg/m® oK atm Do atm oK atm
Air 200 1700 290 1.10 165 350 1870 20,000
1700 580 1.60 180 350 2650 20,000
200 290 0.30 59 350 2760 1,350
200 580 0.55 55 350 3330 1,350
2000 1700 290 L./5 Luv J5uu 326U 20,000
1700 580 1.90 120 3500 4030 20,000
300 290 2.00 14 3500 3000 5,500
300 580 2.00 21 3500 4000 5,500
He 200 1700 290 2.1 120 350 2480 20,000
1700 580 3.8 130 350 2780 20,000
200 290 0.65 43 350 3570 1,350
200 580 1.2 44 350 3780 1,350
2000 1700 290 3.1 68 3500 4250 20,000
1700 580 5.6 71 3500 4661 20,000
300 290 3.0 12 3500 4310 5,500
300 580 4,0 17 3500 5140 5,500
Ha 200 1700 290 2.4 100 350 2720 20,000
1700 580 4.5 105 350 3000 20,000
200 290 0.80 39 350 4240 1,350
200 580 1.45 42 350 4550 1,350
2000 1700 290 4.8 54 3500 4800 20,000
1700 580 9.0 56 3500 5320 20,000
300 290 4.7 9.6 3500 4850 5,500
300 580 8.0 11 3500 5600 5,500

In Table II the driving gas is assumed to be at 290 °K.
The ditferent piston masses correspond to
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(a) a solid piston of one diameter length with a
density of 1.7 g/cn® when m/ApDe = 1700

(b) a light piston (Ref. 2) that can withstand a
pressure difterence of 1000 atm when
mn/AgDy = 200

(c)} a light piston that can withstand a pressure
difference of 2000 atm when m/ADy = 300.

The final pressure p_. was taken as 1.75 e, which, according
to experimental data, is a reasonable value for a large area
driver. The peak pressure for the light pistons was then
given as p_ plus the allowed pressure difference across the
piston and found by using Eq. (16). For the solid piston
the peak pressure was given the value 20,000 atm using Eq.
(17); the reason for neglecting the energy of the driving
zas during the deceleration was that air data for pressures
higher than 20,000 atm were not available. Thus, for solid
pistons, the same computing method and limit for the peak
pressure was used as in Ref. 7. The procedure for finding
the final conditions was to try different values of ps until
the peak pressure was equal to the prescribed value. The
piston velocity was always adjusted so that the pressure be-
came equal on both of the sides of the piston when it had
broken through the second diaphragm. The highest piston ve-

locity consgidered was 2190 m/sec occurring in the last (x-
ample.

Some interesting conclusions can be drawn from the
result of Table II. It is seen that preheating of the
working gas by a factor of 2 gives, for air as driving gas,
an increase in the final temperature of 20 to 40%, while for
helium or hydrogen as driving gas, the increase is only 5 to
207.. It is also seen that the use of a heavy, strong piston
generally results in a lower temperature. Thus the light
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piston is definitely more attractive, since it also reduces
the peak pressure which is favorable for the design problems

as well as for any possible instrumentation in the high pres-
sure section of the barrel. The increase in driving pressure
from 200 atm to 2000 atm does not give a significant increase
in final temperature for the lighter pistons but, on the other
hand, the higher pressure level is probably desirable for re-
ducing the nonequilibrium effects in the expansion process in
the nozzle. Thus, the most significant ways to increase the
stagnation temperature in a gun tunnel appear to be to use
light gases for driving the piston in combination with an ac-

celerating section and to take advantage of a good piston de-
sign.
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Fig. 4a. Pressure jump through repeated shock waves
in air, Ts = 290 °K
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COMPUTER ANALYSIS OF TWO-STAGE
HYPERVELOCITY MODEL LAUNCHERS

BY

R. Piacesi, D. F, Gates, and A, E. Seigel

ABSTRACT: A computer study for predicting high-speed
launcher performance was conducted using a one-dimensional
hydrodynamics computer code. This computer code uses the
Lagrangian scheme, and is based on the "g" method as devised
by Von Neumann and Richtmyer, These calculations provide
understanding for the proper variation of the launcher
parameters for optimization of lauwncher performance. A
series of calculations for the 2-in. Two-Stage Hypervelocity
Model Launcher, which is in use in the NOL 1,000-ft.
Hyperballistics Range No. 4, are presented and are compared
with the actual performance of the launcher,
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COMPUTER ANALYSIS OF TWO-STAGE
HYPERVELOCITY MODEL LAUNCHERS

R, Piacesi, D, F. Gates, and A. E, Seigel

Introduction

To make possible the study of hypervelocity phenomena
in the laboratory, two-stage hypervelocity model launchers have
been developed to propel projectiles at velocities presently as
high as 34,000 feet per second (this velocity has been achieved
at the NASA Laboratory at Ames). Due to the multiple number of
phenomena occurring in a two-stage launcher, it becomes very
difficullt to predict launching velocities and virtually impos-
sible to determine how to vary the launcher parameters to
maximize the velocity capability of the launcher, Maximizing
the velocity capability while maintaining a moderate pressure
behind the projectile is particularly difficult; this has bheen
a problem of interest for the Naval Ordnance Laboratory Launcher:z
which have been used to launch scale models that cannot withstand
high accelerations. To overcome the tediousness of hand calcu-
lations and the inaccuracies of approximate analyses (see for
example, ref, (l)), calculations of the performance of a two-
stage model launcher were done numerically by the authors,
utilizing an IBM 7090 computer. The method of calculation and
some results are described below.

Description of the Computer Code

The computer code is a one-dimensional hydrodynamic
program, using the Lagrangian scheme, and is based on the
"q" method as devised by Von Neumann and Richtmyer (refs, (2)
and (3)). The code solves guasi-one-dimensional hydrodynamic
problems, i.e,, it will handle cases of one-dimensional flow
through ducts of varying cross section. Automatic treatment
of ti.e shock by the “g* method lends itself nicely to the
solution of multiple shock systems such as occur in the two-
stage light-gas launchers.

The computer program, which is written in FORTRAN [or
the IBM 704 and 7090 computers (refs, (4) and (5)), is a
modification of a program prepared by W. A. Walker of the
Explosion Dynamics Division of the Naval Ordnance Laboratory.
The code is similar, in many respects, to an earlier non-
FORTRAN program obtained from the Lawrence Radiation Laboratory,
Livermore, California, in 1957.

In the Lagrangian scheme the system is divided into
regions, each having its own equation of state,* and each
* The equation of state may be that of solids, liquids or

ideal and non-ideal gases,
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region being further subdivided into zones, Mass points
containing one-half the mass of each of two adjacent zones

are assumed at the interface of these two zonea. These mass
points are labeled initially (see fig. 1) and carry these
labels throughout the entire computation. The hydrodynamic
equations of motion and conservation of energy are put into
finite difference form. These, along with a suitable stability
calculation, are then solved numerically to determine the
subsequent motion of tnese weighted interfaces.

Initial values of the internal energy E,, the density
po: the specific volume Vo, the pressure pg and the velocity
uo are given for each zone. The new values of these variables
and the new positions of the mass points are calculated by
numerically integrating the hydrodynamic egQuations. An
appropriate variable time increment is calculated for the
numerical integration at each computation cycle to assure
stability of the finite difference equations. At each time
step, the pressure differential at each interface is used in
the equation of motion to determine the acceleration of the
mass points, Using the accelerations, the new velocities are
computed. Knowing the position of its interfaces, the volume
of a zone is computed. The pressure and internal enerqgy are
then obtained by a single iteration of the eguation of state
and the energy egquation. 1In this manner the scheme provides
a complete history of the pogition and velocity of the mass

points and of the volume, pressure, and internal energy of
the zones.

The code uses the following hydrodynamic equations:

Energy equation for isentropic flow

2. - o 3V
ey P St (1)

Equation of state

70:70(51\’) (2)

Equation of motion

v

¢ . £ (3)
W -2 A

v
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where M, the mass, is defined in the equation

X
M= SemAm dx (4)

In the "g" method, equations (1) and (3) are rewritten

& --(Pre) 3¢ (5)
AU _ _a(p+e) 1.
where
C2/uY oy
G <o o
\ C) I %;% Ef() (8)

The term q, which is added to the pressure in equations
(5) and (6), acts as an artificial dissipative mechanism
giving the correct entropy change across the shock and allows
the hydrodynamic variables to be continuous across the shock
front. Cp iB a constant which can be adjusted to spread the
shock over a desired number of zones.

Equations (5}, (6), (7), and (8) appear below in

differenced form along with the other necessary equations in
logical sequence as used in the program

)" _ (Bregit) - Mae e ) - A )
(at) 4 (4“,'-t+4""i+t) A
u';'tz u."'.'*' + (%%—): a tm (o)

k]
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j =1 2, 3 --- Jnpax
n=0,1, 2
At D+ 1/2 0 ¢ n b 1 _ yn

At Mo &0 +1/2 4 ¢n-1/2 4

AM §  1/2 = zone mass
A(x)"j = cross-sectional area at X

Here j refers to the mass point number and n the time cycle
number .

Two=-Stage Gun Process

It is known that for an isentropically expanding gae
pushing a projectile, the pressure drop behind the projectile
may be decreased by using a propellant gas with a high initial
sound speed, ag, and a low specific heat ratio y. Since vy
for gases does not differ widely, much effort is given to
obtain a high initial sound speed for the driver gas.
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One method of obtaining a high sound speed driver is
the two-stage gun. The events occurring in the operation of
a two-stage gun can be described in the following way.

Pistow

t\

Back
CRAMBER

PROJECTILE 1 l .4

PUMP TUBYE \L
BARRG ; /!

L]

Fig., A Fig., B

NN

The back chamber contains a propellant which is burned to a
high pressure. The front chamber or "pump tube" contains a
low-molecular-weight gas such as hydrogen or helium initially
at a much lower pressure than the peak pressure of the back
chamber gas (fig. A). The diaphragm separating the back and
front chambers is opened near the back chamber peak pressure,
causing the piston to be accelerated. A shock precedes the
piston down the pump tube which reflects between the piston
and the end of the pump tube several times, raising the temper-
ature and pressure of the light gas (fig. B), The resulting
high temperature, along with the low molecular weight of the
gas preduces a much higher sound speed for the pump tube gas
than was possible to attain for the back chamber driver.

Although the drop in pressure behind a projectile may
be decreased by increasing the sound speed in the driver gas,
the increase in sound speed practically attainable is insuf-
ficient in itself to maintain the pressure at the desired
constant value. What is required is that the reservoir pres-
sure in the pump tube be increased during the movement of the
projectile. By so doing the tendency of the pressure behind
the projectile to drop is overcome, The higher the sound speed
of the driver gas, the less is the required reservoir pressure
increase to maintain the pressure behind the projectile
constant. In practice the reservoir pressure would be
required to rise perhaps a factor of 10 or more times the

value of the pressure behind the projectile to maintain it
constant.

The two-stage gun provides the possibility of increasing
the reservoir presasure in the pump tube by means of the piston
in the pump tube which, by its movement, compresses the

regervoir gas, thus effecting the required increase of pres-
sure,
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Therefore, the condition desired in the two-staye qun
is a constant pressure behind the projectile as a result of
the proper increase of puwp tube reservoir pressure., The
selection of the variables reyuired tc attain this condition
is almost impossible by means of hand calculations. The
electronic computing machine offers a means for selection of
the required parameters.

The processes occurring in the two~stage gun are readily
seen in the plots of information as obtained from the electronic
computer, Figure 2 is a typical calculated distance-time plot
showing the trajectories of shocks between the piston and
projectile, the piston trajectory, and the projectile trajectory.
Figure 3 is a plot of calculated pressure behind the model as
a function of distance along the barrel, Figure 4 is a calcu-
lated velocity-time plot of the projectile and shows clearly
the effect of shock impingements on the back of the model,

Calculations and Results

Many calculations were made Lo delermine optimum gun
operating conditions for various NQL Hypervelocity lacilities,
hs mentioned above, the problem of optimum performance is
complex due to the number of parameters involved, For a yiven
gun geometry these parameters are the initial back-chamber
conditions, the initial front-chamber conditions, the weight
of the piston, the weigbt of the projectile and the projectile
release pressure, There are certain physical restrictions
existing on the facility and the projectile; these being, a
limiting pressure that the gun can contain without damage
being done, and a maximum acceleration that the projectile
can withstand without breaking up. In additicn, it may be
desired to vary the gun geometry itself (length and diameter
of launch tube, etc.) to obtain an optimum model launcher,

By adjusting the above paramcters, keeping in mind the physical
limitations, optimum operating conditions can be determined.

A typical set of computer calculated results for the
2-in, 1Iwo-Stage Hypervelocity Model Launcher, which is in
use in the NOL 1,000-ft., Hyperballistics Range No. 4, are
shown in tables 1, 2, and 3. Figure 5 shows the dimensions
of the 2-in. two-stage facility. A large portion of the success
of this facility in presently firing saboted models of various
aerodynamic configurations over 17,000 feet par second is
attributed to these calculations {ref, (6)). Figure 6 is a
spark photograph of a 109 total angle cone fired in the range
at 17,600 feet per second, The computer calculation showed
that the highest pressure the projectile would feel waa
25,000 psi.

The calculations assume the bacii~chamber propellant is
preburned and is an ideal gas with a constant specific heat

To2
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A constant v is also used for the pump tube yas.
Co-volume effects in the pump tube gas were taken intc account
for the 2-in, two-stage calculations,¥*

ratio 4.

The calculations for the 2-in, two-stage launcher for
the higher velocity cases (» 15,000 feet per second) predict
higher velocities (about 10 percent higher) than are obtained
experimentally., Figure 7 shows a comparison of the theoretical
calculations and the exper: .ental resultg.** For smaller hore
launchers the deviation appears more serious, This is not
disturbing in that one is still guided in the direction to
vary the parameters for optimizing the performance. The
difference in predicted velocities and experimental velocities
is attributed largely to frictional effects. The frictional
effects can be accounted for, but only at the expense of
computer time which is costly, When optimum conditicns are
obtained, losses due to friction can be taken into account
for that set of conditions (ref, (7)).

Lonclusian

Two: stage gun pertormance calculations were made using
a vne-dimensional hydrodynamics computer code. This code takes
account of the gas dynamic processes occurring including the
shocks which are reflected back and forth beth in the pump
Lube and in the barrel. The truc equations of state are uscd
for the gases as well as for the piston and projectile,
Although the code is one-~dimensional, it had been previously
demonstrated experimentally that the one-dimensional approxi-
mation is excellent for unsteady flows between tubes of
differenl diameters (ref., (8)). Friction effects can also
be taken into account in this code,

Predictions by approximate methods of computations

for the pressure experienced by the model have heen fcund to
be in error by a factor which may ke as high as 4 since the
sharp pressure peaks which occur are not accounted for by these
approximate methods, Wwithout the computer code it becomes
vairtually impossible to select conditions for launching fragile
models (such as the cone shown in fig. 6) at relatively high
velocities without failure of the model. A common experience
in attempting to launch such a small angle cone in ballistic
range facilities is the emergence of the cone with the nose
tip broken off (spalled). On the basis of the experience gained
with the NOL Two-Stage Launchers, it is felt that successful
launching of fragile models at high velocities can only be
achieved without the necesaity for many trials with a computer
progran of this type which accurately calculates the conditions
occurring during the firing.
* pAs noted before, any equation of state may be used for the

gas,
** The experimental firings were made with the barrel evacuated.
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PROJECTILE VELOCITY, FT./SEC.
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ABSTRACT

The U. S. Naval Research Laboratory is engaged in a
continuing program to develop hypervelocity-necelerator
capability. Precsent accclerators arc lipht-pas guns of the
semiexpendable-central-brecech design which vary in size
from 0.830", .30" units to an 8.2", 2,5" gun. The current
launch capability of the facility ranges from 0.1 pram at
Y.35 km/scc to 250 grams at 5.6 km/scc. The operation of
gas guns is being studied theoretically with a computer
pragram. An experimental study of various aspucels of gun
operation including projectile release, driver gas leakape,
projectile=bore [riction and sabot breakup is also beinv
conducted. The feasibility of clectrically encrpizing hyper-
velneity acccelerators has heen experimentally and theordti-
cally studied, The addition of electrical encrpy 1o the driver
pas of a standard light-pas gun operating undoer roduced
parameters has generated a 33% increase ir gun perform-
ance. Elecetrical pulses have also been used to genervate
sheets of dense plasma that have accelerated thin plastic
plates to velocities above 9 km/sec.
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INTRODUCTION

The U. 8. Naval Research Laboratory is engaged in a program to study
hypervelocity impact phenomena. The results of these studics ave being ap-
plicd to many problems, i.c., those associated with impact damage to space
probing vchicles, In order to carry out these studies cffectively, space
vehicle impacts must be accurately simulaled under laboratory conditicns.

A continuing program to develop hypervelocity acceleration facilitics
for simulating such impacts has therefore been maintained. The program
consists of the development of new gas guns, theoretical and experimental
studies of their operation, studics of new techniques to extend the vperating
ranpe of gas guns, and the development of associated acceleration techniques.

During the last 18 months, two relatively larpe gas-pun facililies have
been installed. One contains a 3.257, .83" pas gun of the expendable central
breech design which is used to launch packages weighing belween 5 grams
and 60 grams. The other uses an 8.2°, 2.5 pas-pun with a semicxpendable

central breech to launch packages weighing between 200 grams and 1000
grams.

A study of the operation of thesce light-pas puns and other smaller units
is cenlered around a computer program which uses an iferative process to
compule a complete set of parameters that describe gun conditions during
a firing sequence from initial motion of the pistun tu exit of the projectile
from the muzzle of the launch tube. Since cornputation runs take only 10
minutes each, the propram can be used to examine the performance of
operational guns and those under design, A series of experimental studics
is being carried out to measure scelected firing parameters for comparison
with predicted values. The results of these compasisons will be used to
cstablish the validity of the computer program and possibly to formulate
cmipirical correction terms for increasing overall accuracy.

Investigalions are also being conducted to determine the feasibility of
using clectrical cnerpgy pulses for hypervelocity acceleration. These include
both electrical discharges into a reservoir of light gas within the pas gun in
order (o increase the temperature developed during gas compression, amd
the electrical explosion of metallic foils to accelerate thin plates to
hypervelocities.

LIGHT-GAS-GUN DEVELOPMENT

The ballistic launching capability of the NRL hypervelocity facility
has been sharply increased during the past 18 months. Two large gun
ranges have been constructed and the performance of the older gas gun
systems improved. All of the range systems are being used primarily
for terminal ballistic studies that require the launching of sabot packages
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containing high density projectiles covering a wide range of mass, size,

and velocity. Since all material launched with the projeciile must be ro-
moved from the trajectory the abiliiy of saboted packages to withstand high
acceleration and to separate adequately after launch is of prime importance.
Several sabot configurations have been designed and tested because a wide
range of projectiles and projectile velocities are needed for the impact
investigations. An example of one of the sabols used frequently is a five-
piece design originally developed at the U. S, Naval Ordnance Laboratory
(1). The matcrial used for this design has been primarily Lexan® and glass-
filled Lexan, ‘The front section of the sabot consists of four quadrants of a
cylinder that are centrally relieved to form a cavity for the launched model,
The rear of the sabot is a cap that holds the front segments in position dur=
ing launch from a gas gun, Five piece sabots have been designed and usced
with .30”, .60”, and .83" launch tubes and have successfully launched such
models as steel spheres, titanium aerodynamic models, and aluminum rods
with L/D ratios up to 10. New sabot materials for all the present desipns
arc continually being scarched for and new designs investigated,

All of the gas-pguns presently in operation at NRL use semicxpendable
central breeches and are operated both in the adiabatic compression and
shock heated modes. Projectiles are released by shearont disks, petal
type diaphragms or olide valves, depending upon the pariicnlar shot
requiremants, Since several of the puns are set up to use interchanpeable
launch tubes of several diameters, cach gun s referred to by the diameter
ol its compression tube,s The particular gas-pun confipurations are re-
ferred to by specifying the compression tube diamoeter and the Launch tube
diameter, cap., 1.6257, 0607,

Taeble Tlists the gun configurativns preseatly being usced at NR1,
Other combinations are being considered,

The TNiring capabiliies of all these pun combinations are presvaled in
Table I and selected gun configurations arce presented graphically in Fig.l.
The arcas under the solid lines represent proven capability and the dotted
lines enclose arcas of expected pe cdformance capability.,

Operating Guns

Two guns using the 1.14", 30" configuration have proven especially
effeciive within their velocity-mass regime. The experience of several
years has demonstrated that these guns are capable of successfully launch-
ing relatively delicate sabot packages when fired near the limit of their
capability. This effect has allowed 3/16" steel spheres to be launched at
6.0 km/sec, 1/4" aluminum spheres at 6.93 kmn/sec, and 1/4" steel spheres

*Trade name for polycarbonate, a thermoplastic supplied by Fiberfil, Inc.




NRIL, ACCELERATOR DEVELOPMENT

Table I

NRL Light-Gas-Gun Configurations

Na. of (;()mpt"eSSl()n Tube La\gm:h Tube Overall length
guns diameter diameter
2 } 830" (20mm) .30 8 f1
2 1.14" .30 13 f1
.50 15 1t
2 1.625" {(40mm) 22" 14 ft
.30" 13t
50" 14 ft
60" 15 f1
1 3.25" 83" 35t
1| s 250" | oot
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Figure 1 - Present and expected capabilities of
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Table 11
Present Capability of NRL Light-gas Guns
- . Total | ]
Compression | Launch Launch | Value Proj. Velocity .
Tube Tubc Remmarks
: . Mass | Type Typc (km/sec)
(in.) {in.)
(gms)
.83 .30 .60 | slider | cyl. 6.71 .
.30 1.00 | slider | cyl. 5.64 ;
.30 2.70 | slidev | cyl. 3.90
1.14 .30 .89 | shear |1/4" Al 6.94 saboted
sphere
.30 1.00 | shear | 3/16" Fc 6.00 saboted
sphere
.30 1.47 | shear | cyl. 5.94 saboted
.30 1.60 | shear | cyl. 5.67
.30 2.15 | shear | cyl. 5.01 saboted
.30 4.00 | shear | cyl. 3.90
1.14 .50 2.00 | shear | cyl. 5.21
.50 3.10 | shear | cyl. 4.82
I 1.03% [ 2 .10 l slider | cyl. URLY:| ‘ .
! A . .15 slider eyl 8.84 :
i 22 .20 | shear | cyl. 8.14 | |
! 1.63 .30 .63 | shear | cyl, 692 E l
: 30 2,10 | shear | eyl 5.09
| 1.63 60 4.10 | shear | cyl, 6.00 |
60 6.90 | shear | eyl 5,01
. .60 18.00 | shear | cyl. 3.05
3.25 .83 5.20 | shear | cyl. 7.99
| .83 9.60 | shear | cyl. 7.80
| .83 15.40 | shear | cyl. 6.92
! .83 19.60 | sheav | eyl 5.79 saboted
! 83 12,50 | shcar | cyl. 3.81
1 8.2 2.50 253.25 | slider | cyl, 5.58

lol
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at 5.5 km/scc. This gun system has also launched spheres as small as
1/64" and long rods (L/D - 10). The launch tubes usced with this gun sys-
tum can be reused more than 100 times with some sacrifice in perform-
ance. The reliability of these range systems is also exceptionally high.
A total reliability of 90% for 180 consccutive rounds was established,
with a shot being considered successful only when all terminal kallistic
requirements were met, Considerable sabot development took place dur-
ing this scquence of firings.

The 1.625" puns have been in operation for a relatively long time and
were reported carlier (2). Their performance has been oplimized during
the past 18 months to the point where several firings can be made with a
central breech before it must be cxpended, Ma

ximum capability has not
yol been reached with this pun for the case of hiph density saboted pro-
jectiles. Present capability includes 5/16” steel spheres launched at
slightly over 5 krn/sce when .60-cal launch tubes were used. A 40-mm,
.22-cal configuration is being used Lo launch 0.1-gram plastic cylinders
at velocities as high as 9.54 km/sec, which is the highest velocity yet
achicved at NRL.

The 3.25%, 830" gas pun range is shown in Figure 2. This system
wan deslpgned tg e rease tass=thyowing capacity to the point where
severe damage may be inflicted upon realistic space-vehicle structures
and was desipned for genceral impact studics. For this reason, both
saboted and unsaboted firings are required for terminal ballistic studies,
Sabot problems have been especially oritical with this gun when high miass
packapes conlaining stee! pellets arve Taunched, Despite this problem the
results from the 3,257, 830" gun have been pood, and much critical infor-
mation on high-mass impacts has been oblained, Special sabot designs with
titanium floors are being investigated and have achicved several pramis-
ing results. The central breeches used with this gun are reused on a
routine basis for from four to six times. Studies are now being made (o
determine the feasibility of extending breech life indefinitely without
sacrificing pun perfermance.

The 8.2", 2.5" gas gun lacilily was constructed to accelerate pros
jectile packages weighing from 1/4 to 2 pounds to maximum velocitics
between 6.1 and 9.2 km/scece,

After much theoretical program analysis related to the gun's firing
parameters, to material reconnaissance and acquisition, prototype develop-
ment, and design assembly work, the present 8.2", 2.5" hypervelocily gua
was designed, The pun structure, which is approximately 100 feet long
and weighs 150 tons, is made up of a compression tube, a high pressure
section, and a launch tube. (See Figures 3 and 4).

The compression tube consists of two 8-inch guns smooth-bored to
8.2 inches in diameter and flange-connected muzzle to muzzle, The rear
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Figure 2 - Medium size range facility with a 3.25", .830” light-gas gun
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bBarrcl is amodiced MEOVI and is connected to a o moditied M, The Ml is
threaded and screwed into the high pressuse case, which is o muodificd
brrech end of a 16<inch gun. The compression tube is reinforced longi-
tudinally by two 24-inch I-beams which are pretensioned in order to pre~
compress the compression tube, This precompression of the compression
tube decreases any tensile forees in the tube due to fiving reactions. The
tube alone could not withstand these forces.,

The high pressure section, consisting of the high pressare case and
the semidisposable core, is designed to withstand pressures up to 400,000
psi with no damage to the high pressure case and minimum damage to the
core. The core is composed of sixtecn picces of 4340 alloy steel heat -
treated to a yield of 120,000 psi, any part of which may be replaced. The

Figure 3 - Large range facility with a 8.2", 2.5" light-gas gun
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core assembly is placed ina mold 1in order to cast a fluted lead cover
varying from 0.20 to 0.30 inch thick around it. The lecad covered core is
then pressed into the high pressure case, which has an inside taper vary-
ing from 18.6 to 18.4 inches in diamcter. The purposce of the lead cover
is to prevert permanent damauce to the high pressure case, and to elimi-
nate the possibility of locking the core in the high pressure case due to
core expansion, Should the core be permancently expanded due to piston
impact or high pressures, the lluted lead would prevent full transmission
of the radial forces by flowing into the slots. When exiraction forces are
applied ta the core the lead will crecp and give way allowing the core to
be removed.

‘The holding mechanism which compresses and holds the core in place
during the shot is comprised of a 16-inch~gun brecch block and a backup
system consisting of flanges and rods. {Figurce 5.) ‘The longitudinal ele-
ments have been designed to withstand 21,000,000 1bs of force. The breech
block alone compresses the core 0.060 inch over a total lenpth of 126.7
inches, This comproescion greatly reduces the possibility of leakage between
the core joints, The rods of the back-up system are then pretensioned to as
high as 8,000,000 1bs.

The quick opening valoe bs Tocated withon the core at the end ob o reo -
tion, containing two tapers, The B2 tube first lapers very slowly to 7,07
and then more rapidly to 2.5" in a tolal of 1127, The coreas adaptable to
the slider type, shear diaphragms or petal type valve, Following the valye
is the 2.5-inch launch tube in which the projectile is placed. The first sece-
Ling of the faunch tube, cdled the Taunch tabe connedtor, o compriaed ol
several inner disposable tubes. ‘The Lannch tube proper is made of two
S=inch gun barrel blanks which have been bored to 2.5 inches and cncaned
in o I55-mm pun tube that serves as a launch tube holder,
jectile travel as measured from the
3 feel or 163 calibers,

The total pra-
valve to the launch-tube muzale is

The entire gun struclture is mounted on wheels and rails allowing
movement in either divection along the Tongitudinal axis of the pan, This
lype ol mount climinates the necessity for large lifting equipment lu sepa-
rate gun components, A second advantage of the rail system is that it elim-
inates the chance of trangmitting ground shock to nearby installations,

Following the gun is a blast tank, a vicewing scction, and a target
chamber. The blast tank is 23 feet lang, 9-3/4 fcet in diameter, and con-
tains a scries of cight baffle plates with trajectory holes varying from 4-1/2
to 10 inches in diameter. The viewing section contains three sets of hori-
zontal and two sets of vertical optical ports. Here the projectile velocity
measurements are taken using the Hall-shadowgraph method (3). The tar-

get chamber is a steel-walled tank constructed to contain the gas blast and
debris associated with target impacts.

sty
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The gun is fired by a pulse from the shadowgraph camera counter
which actuates a solenoid-controlled firing pin.

Two vacuum fore pumps and a booster with a high pumping rate but
limited vacuum capability are required to draw and maintain the necessary
vacuum c¢xlending from the quick opening valve through the launch tube,
blast tank, viewing section, and target chamber. The time required to ob-
tain an adequate vacuum is approximaiely two hours.

Tke NRL 8.2", 2.5" hypervelocity gun was fired for the first time on
March 9, 1963, A piston of polycethylene and water (Fl;,urL, 6) weighing
70-1/2 pounds was used to compress the driver gas (hydrogen) The ini-
tial gae pressure was 197 peig. A slider-type quick-opening valve made
of 7075-T6 aluminum was used for the first shot. The center of the valve
is slotted and drilled to break at a predcetermined pressure. A Lexan pro-
juctile weighing 253,25 gm (8.93 oz), 2.5 inches in diameter and 2.75 inches
long was used. It was a truc cylinder except [or a slipht cup on the high
pressure ond.

\,\X\\\ \\

NSNS NN \\J

<K

Figure 6 - Polyethylene-water piston for
the 8.2, 2.5" light-gas gun
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The shot was fired at approximetely one-half maximum piston eneryy
and proved highly successful since the projectile attained a planned veloc-
ity of 18,300 ft/sec and hit the target on trajectory. The axial movement
of the gun was less than 1/2-inch in the direction of the breech end. The
gun structure suffercd no damage and the core damapge was minimal,
Although the core cxpanded somewhat in the tapered scclion, it is recusable
except for the replacement of the valve and two scctions of 2.5-inch tubing
(Core Pt.'s 13, 14 ~ Fipure 5). The core expansion caused the lead to flow
into the slots over a length of approximately 6 inches. The core was ex-
trected from the high pressure case at approximately the same load thai
was recuired to press it in, however.

Fuiure shots are planned which will make full use of the capability
of the gun and facility., Changes which can and will be made on individual
shots arc powder loading, piston weight and design, gas loading, valve
type and break pressure, launch tube diameter, the type, weight, and sizc
of projectile, and instrumentation. The gun is designed to shoot projec-
tiles of several types including cylinders, sabotls, and traveling explosive
charges. The blast tank and auxiliary chamber are designed for installa-
tion of a sabot stopper which will permitl only the projectile to pass through
the viewing scction and into the target chamber. The target chamber is
designed 1o accommodate a ballistic penduluom which may be installed for
measuring projectile mass.

Related Gun Stadices

A development program to support the operation of light-gas guns at
NRL has been in operation for several years, The basic aim of this re-
scarch is to desipn components for usc with light-gas guns and to develop
instrumentation capability for moniloring the internal operation of gas puns,

Petal Valve Development

Onc of the most critical phases of a light-gas-pun firing sequence
is the releasc of the projectile package. The position of the compression
piston and the local gas pressure at the time of projectile release strongly
affect peak projectile acceleration levels and velocity performance of the
gun. Shearout diaphragms have long been used Jor projectile releasce
valves and arc highly reliable, but the shecarcd disk whachmust be accel-
erated with the projectile package adds to the total launch weight and must
be deflected after launch. Slide valves have also been developed for pro-
jectile release applications and were reported earlier (4).

Petal-type projectile release diaphragms patterncd after similar

units in operation at the Naval Ordnance Laboratory (5) have been developed
for use in several light-gas guns during the last year. A disk of stainless
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steel is scored with Lwo crossed grooves and is mounted between the
launch tube and compression tube of a light-gas pun. The diaphragm
bulges and then tears along the grooves as the driver-pas pressure in-
creases. After tearing apart, the scgments (petals) are bent against the
wall of a rctainer by the high pressure gas, which then has an unobstructed
flow path into the launch tube. The initial petal diaphragms were con-
structed for the 3.25", .830" pas gun using design data {from NOL and per-
formed as cxpected both when tested slatically in an hydraulic facility and
in the pas pun. A serics of petal diaphragms has also been designed for
the 1.63", 22", the 1.63", .30, and the 1.63", .60" gun configurations
where maximum projectile release pressures as high as 100,000 psi are
required. The initial design parameters were computed from pressure
and size extrapolations of the data obtained from the 0.83" diaphragm
development and the stalic test results were within $5% of the predicted
release pressures. Diaphrapms constructed using sccond approximations
deviated less than £1.5% from cxpected release pressurces,

The possibility exisis that any of the projectile release mechanisms
presently in use may not open at the same pressure when dynamically
loaded in a gas pun as they do in the hydraulic facility, in which pressure
loads arc applied slowly. Two phenomena that could causc deviations
between static and dynamic operation are differences between the static
and dynamic strengths of the materials used in the release mechanisms
and the finite growth rate ol delormations of the release mechanisin.
which occur befare opening.,

Gas Dynamic Pressure Generator

It has been reasoned that an adequate dynamic tesl of release mech-
anisms would be to subject them to a rapidly changing pressure pulse
whose time derivative at release is the same as that encountered within
the gun. The pressure measured at the opening time of the relecase mech-
anism during a test ought to be a closc approximation of the projectile
release pressure in a gas-gun firing., A gas dynamic pressure gencrator
has been constructed using a 37-mm chamber and an adaptor that con-
tains mounting fixtures for projectile release mechanisms and a dynamic
pressure scnsor (Figure 7). Both the sensor and the release mechanism
are mounted at right angles to the axis of the 37-mm chamber to climinate
measurementl cerrors caused by pressure gradients along the gas column.,
A test is started by igniting a calibrated charge of powder in the 37-mm
gun chamber, The resulting gas pressure rise is monitored by the pres-
sure sensor and opening of the release mechanism is detected by a sharp

reduction in gas pressure as shown on a photographic oscillogram of the
preasure-time profile,

1ya
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Figure 7 ~ Gas-dynamic test chamber for studying
projectile release mechanisms
Preliminary leste of sheavout and petal diaphragme have been made

with the gas dynamic pressurc system using pressure increasc rates
that both simulate and exceed values predicled for gas~gun firing situa-
tions, The results indicate that no significant difference exists between
static and dynamic pressures rvequired to actuate cither mechanism for
release pressures up to 40,000 psi.,

Piston Leakage

The various analyses of light-gas gun firings assume ideal operation
of some phases of the gun-firing sequence. Since each of the presently
available techniques has limited capability to predict the firing results
of light-pas guns, the possibility exists that some of these assumptions
arae not adequate. Two of the most common of these assumptions are
that no leakage of the driver gas occurs around the piston during its
compression stroke and that projectile bore friction is negligible. An
attempt has been made to evaluate these assumptions experimentally for
the case of a .830", .30° light-gas gun.

The experimental arrangement used to investigate piston leakage
is shown in Figures & and 9. The aim of this experiment is to obtain a
sample of the powder gas that was used to accelerate the compression

piston and determine the concentration of driver gas (helium) contained
in it.

101




NRL ACCELERATOR DEVELOPMENT
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Figure 9 - Fractometer sctup used for measuring gas leakage
arourd the compression piston of a light-gas gun
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After a test shot, a sample of gas is taken from Section A (Figurce 8)
and passcd through a vapor-phase {ractometer having a molecular-sicve
partitioning column and employing nitrogen as a carricer gas {Figure 9},
Any traces of helium in the sample gas is converted to the output voltage
of a resistance bridge, because of the differences in thermal conductivity
of the two gases. The bridge output is recorded on a standard time-vs-
voltage recorder in the form of a continuous curve. The arca under the
peak causcd Ly the helium is directly proportiocnal to the total amount of
helium which passed through the detection cell of the tractometer.

Oue of the problems encountered in this experiment was the presence
of large amounts of hydrogen as well as helium in the gas samples, which
the available fractomeler equipment was not able to separate. The use of a
copper=oxide furnace ahead of the column allowed the hydrogento rcact with
oxygen and form water, which was disposecd of casily.

Calibration curves showing the percent of helium in relation to total
volume can be obtained by sctting up a closed system in the aclual pump
tube, leading with predetermined pressures of helium and fiving the
standard charge of propellant into the helium without a separating piston.

The amount of helium present, in the calibration, is determined from the
cquation of state:

P, PT

where Pois the pressure, R is the gas constant in terms ol caergy per unit
mass, and 1 ois the absolute temperatare, Once the density , is computed,
the mass of helium can be computed from the known tube volume., A cal-
ibration curve is then made where the fractometer reading, in square
inches, is related to the computed mass of helium present. Fractegram
readings [rom shots may then be referred to this curve to determine Lhe
helinm present.,

In tests conducted with a .830", .30" gun and a piston of polycthylene
backed up with aluminum showed a 23% lecakage. Projectile velocity of
this shot was 18,000 fps. Another shot with a Lexan piston, in which no
significant leakage was detected, had the projectile velocity raised to
22,000 fps, Both tests were conaucted under identical conditions, except
for piston material and design.,

Projectile-Bore Friction

The projectile-bore friction forces generated during the early phases
of a gas-gun launch have been partially simulated under laboratory
conditions. Figure 10 shows the experimental setup. A test projectile is
placed in a short length of launch tube and is held in place with two lengths
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ol hardened drill rod., A calibrated clamp that engages the drill rods is
used to compressively load the test projectile to a predetermined pres-
sure. A calibrated press is then used to slowly force the test projectile
along the launch tube and the recuired force ¥ is related to the bore Iric-
tion during a projectile launch by the following analysis based on Figurce 10.

In the lipht-gas gun, pressurcs several times the yield strength of the
projectile arc developed. To simplify the problem, it is assumed that the
material retains its shear modulus, and that pressures developed in any
projectile lamina are transmitted undiminished to the bore wall.

Since the accelcration uscd to determine F is infinitesimally small, the
only pressure pradient in the projeciile is the result of the frici.on developed
in any projectile lamina of thickness Ax. The elemental friction force AF

in this lamina is given by utilizing the clementary definition ol u, the coef-
ficient of friction.

AF = P¢Xy;enDAX , where pois the diameter of projectile and bore. By
the assumptions about transmission of internal pressures P(X) to the wall,

M Xy 40F 42
S P(Xy. “)
ax MEA X M

Solving Equation {1) for pX) yiclds

Pexy - 1 i‘_(a,‘xm)J‘

(2)
where B is an arbitrary constant. By applying boundary conditions as shown

in Figure 10,

(Fe = clamping foree)

4F
P(X-0) -»52— B; (3)
nn
4(F4F.) _4F
P(X=CD) = ——— %" = £ e4ucC

D2 7n? ' )

1as
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The ratio of the ¢lamping Jerce to the total force is then

F .
p o= € - e 4”'C_ (5)
FaF,
Taking the logarithm of Equation (5),
1
ot ()
4C

Five sabot materials were tested in combination with five lubricants.,
The results for four of the combinations having the lowest coelficient of

friction arc plotted in Figure 10, The curves were computed from
Equation (6).

Dusting the projectile and bore with molybdenum disulphide powder
(MOLY) was highly effective in reducing friction at pressures above 10,000
psi when both steel and titanium projectiles were tested., With a 1020 steel
projectile in the 4340 steel bore (3,300 in. LD.), the cocfficient of friction
was reduced from 0,122 (no lubrication) to a minimurmn of U.034 at 145,300
psi with 1he nse af MOLY as the lubricant. The material having the lowest
cocefficient of friction {(0.016) with MOLY lubricant was titanium alloy CPDE-
Y-720 {(sp. gr., 4.0; hardness, Rockwell C 40-45).

A 2024-1T4 aluminum projectile coated with Leflon had a mininnam
cocfficient of {riction of 0.042 at 160,000 psi, the highest pressure used.
The nylon projectile, with half of the surface relieved 0,005 in, in the
center position, did not respond significantly to any of the lubricants which
were tested (MOLY-grease, MOLY-o0il, MOLY-powder, grease, or Teflon)
but exhibited a minimum cocfficient of friction of about 0.048 at about
125,000 psi, While the coefficient of friction is low compared to values
in standard determinations, it is in fair agreement with dynamic friction
studics made in hypervelocity firings of 0,30-in. (O.D.) Teflon-coated
aluminum projectiles {9).

Sabot Breakup Studics

Considerable difficulty was experienced during the development of
sabots with sabot fragments following the projectile along the trajectory
and destroying target impact data, It was first reasoned that the sabots
were functioning properly within the gun but were not separating ade-
quately after launch., This problem was investigated by placing a velocity
measurement port of a Hall optical system as close to the muzzle of the
gun as possible (5 ft for the 1.63* gun; 10 ft for the 3.25" gun), The Hall
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system is continuously scnsitive for 0.1 sce and generales shadowgram
images of all objects passing the port during tnat time. }hotographic
resulls showced that sabot fragments almost always preceded the launched
pellet in cases where the target was ruined by secondary impacts, This
result indicates the sabot fragment left the muzzle before the launched
pellet and therefore that the sabot mechanically failed during launch,

A flash x~ray source’ with a pulsc duration of less than 1077 sec
was then sel up to radiograph the sabot package as it 1¢ft the launch tube.
The x-ray source is triggered by placing a thin aluminum foil (.001”
thick) across the end of the launch tube and viewing the foil with a photo
pickup. The impact flash caused by the sabot package striking the foil
initiates a set time delay which triggers the x-ray source. The system
has worked reliably when the sabot package remains intact during the
launch but is triggered carly when the sabot fails due to carly rupture
of the aluminum foil by [ragments or escaping gas. Figurc 11 is a
radiograph of a successful sabot launch of a 5/16" steel sphere {(V = 4,95
km/scc), Measarements have shown that the sabot has been deformed
but not {racturved.

Figure 11 - Radiograph of a saboted steel sphere (5/16° dia) ncar
the muzzle of a 1,637, 60" gas gun (V - 4,95 km/scc)

Instrumentation to Support Computer Studies

Various instrumenlation clements have been installed on the light -
gas puns to provide information for the NAREC compuler program.
Powder chamber pressures are being measured with Ferrule and hot
strain gauge sensors developed at Ballistics Research Laboratory (6).
Piston velocitics and accelerations arc being measured with electrically

insulated pivbuefhal can withstand pressures over 30,000 psi, All pro-
jectile velocities are measured with the Hall velocity measuring system
using two independent sets of timing marks for measuring film velocity.
A 10-kc primary system with an accuracy of 10.1% is backed up by a 1-kc
system with an accuracy of 10.5%.

*Field Emision Corp. Mod 235,
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LIGHT-GAS-GUN COMPUTER ANALY SIS

In order Lo fully expleit tight-gas gun capability, it is necessary to
evaluate the intevrelation of the variables affecting pun performance,
These variables may be classified into two categovies, They are: (1)
the gun paramecters {(such as the length and diamceter of the compression
tube and of the launch tube), which relate to the geometry of the gun and
arve relatively fixed, and (2) the firing parameters (that is, piston mass,
projectile mass, powder load, type of gas, initial light-gas temperature
and pressurce, and the projectile release pressure), which can be veadily
varied from cach shot to the next, The gun performance is usually
determined by maximum projectile velocity and acceleration, maximum
fight-gas pressure and temperature, and piston motion (ecither bounce
or impact into the high pressure scction), The effect on the gun per-
formance of varying the firing and gun parameters could be determined
cmpirically, However, in most cases, this would be extremely costly
both in time and money. A much more reasonable approach is to simu-
Liite on a high-speed digital computer the processes of a light-gas gun
firing, Since the computer can “shool™ more frequently than a veal pun,
alarger number of gun configurations can be examined ind the gun
parameters con be altercd more readily, Also, the cost per shot is
venerally much lower thim for a real gun,

The purpose of a light-gas gun computer study is 1o enable the
determination of that guan coufiguration which will produce a desired per-
fommanee with the mininnnn possible stress on the gun and proicctile,

In other words, given a projectite mass and adesired velocity, the conn-
puter can deterrmine the fiving parameters which will achieve this with
the Least Hght-gas pressuce, projectile aceeleration, cte, This compuler
study is programmed for the NRL NARIKC high-speed digitad computor
and is o continuation of previous computer studies of light-gas guns (7,8,9)

Gun Simulation Program

The geometry of the theoretical gun is illustrated in Figure 14, The
program provides {or altering any of the dimensions of the gun, “The
most significant simplification made in the gun geometry is the elimina-
tion of a taper at the end of the compression scection, The presence ol @
taper at the end of the compression scction has been demonstrated experi-
mentally (10) to increase projectile velocity, This is probably duc to the
geoinetrical effect that deformation of the piston into the taper decreasces
the cross=-sectional arca of the piston, which decreases the total refard-
ing force on the piston for a given gas pressure, Consequently the piston
will have a higher velocity than it would in a flat-bottomed compressicn
section and will impart a higher velocity to the projectile, In any future

work with this program, provision will be made to include this effect of
the taper.
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Table III
List of Symbols

711‘)}14

7VD§ ‘4

projcctile acceleration

launch tube diamecter

compression tube diameter

incremental change

encrgy or work done

acceleration of gravity at the carih’s surface
ratio of specific heats

launch tube Tenglth

compression tube length (effective distance of
piston travel)

standard gun lengih = 78,8 r//\2
projectile mass

piston mass

light-gas molecular weight
light-pas pressure

average light-gas pressure
universal gas constant
light-gas temperature

time

/L,

piston velocity
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Table 111 {Continucd)
List of Symbols

W = average piston velocity

v = frce light-gas volume (in units of Ay L, ) = X+ —2—: Y -V,
V. = light-gas covolume (in units of A; L;) = bP, RT,

w = projectile velocity

w = average projectile velocity

x = piston position

X = piston position (in units of 1,) = Ti?

v~ projectile position

Y - projectile position (in units of Ly ) - y 1, (with the

important exception that in the computer output,y
is in amils ol )

0 annal condition

1 projectite or launch tube

2 = piston or compression tube
j beginning of interval

k- ond of interval

r = projectile release

p - powdcer gas

Constants
van der Waal's constants:
hydrogen - u = 2,48 * 10! dync-cm?*/{gm-molc)?
b

26,61 cm3/gm-mole
helium - a = 3,44 x 1010 dyne-cm4 /(gin-mole)?
b

23,4 cm?/gm-mole
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Table III {Continued)
List of Symbols

¥ = 5/3 (helium)

K, = powder gas pressurce constant = 0,376 (3.25-inch
gun)

"

980 cm/scc?

R =0,8315 x 10® crgs/mole Kk

POWDER COMPRESSION LAUNCH
CHARGE _ PISTON SECTION PROJECTILE TUBE
\ (MASS, M2) (MASS, M)

Dp- 3—1/4" J ‘?———*—*"' _Jtl
: -

D i ’ !
| B — -~y-—-( D, = 083" J

Lg=2I0" -~ —ea—— - L :168" -

Figure 12 - Theoretical gun geometry

Another hasic simplificalion is made in the treatment of the initial
piston motion and powder gas pressure, Uniil the powder burns out, the
piston motion is described by an empirical equation which relates the
instaatancous piston position and its {frec muzzle velocity, u, to its
instanlancous velocity, The {ree muzzle velocity of a piston is the veloc-
ity the piston would attain with the given powder load if fired into a
vacuum from a standard open-cended powder gun of the same diameter as
the compression section. The frece muszle velocity must therefore be
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empirically related to the powder load for a given gun., The powder is
considerced to have burned out when the piston is approximately 86% of

the way down the compression scction, At this point, the powder gas
pressure is empirically related to oy and is hercafter varied by adiabatic
cxpansion using » = 1,23, The use of these empirical approximations was
originally dictated by the limited storage capacity of the NAREC computer.
Whilce this is no longer the case, their continued usce is warranted by the
censiderable savings in computation time.,

In describing the light-gas gun, van der Waal's equations are usecd to
determine temperaturce and pressure, This takes inte account the effect
of the gas covolume (the volume cccupied by the gas molecules) and the
intermolecular potential encrgy, which becomes significant when the gas
is highly compressed, Except for the Mach correction to the pressure at
the base of the projectile, the light gas is assumed to have uniform pres-
surc and temperature throughout its volume, The value of the ratio of
specific heats, ¥, for hydrogen is obtained {from an empirical equation as
i function of temperature (111

y=1.28 (1 + exp (-2.27 - 1.581 x 1077 T}-8,],

This equation was obtained for a pressure of one atmusphere, While
pressures in the gun go considerably above Lhis, it is nevertheless the
best description of 1 available and is somewhal more realistic than keep-
mig o constant,

Tinally, it should be noted that in this progrium no provision is made
for shock waves in the Light gas or for the constriction of the gas flow
from the compression tube inlo the taunch tube, These effects are ungues-
lionably present, and perhaps significant, but are omitted mainly hecause
of the speed limitations of the NAREC computer,

The shot caleulations proceed in four, generally consccutive, phases:
(1) from the beginning of powder burning to powder burneut, (2) from
powder burnout to projectile launch, (3) from projectile launch Lo piston
bounce or impact, and {4) from piston bounce or impact until the projectile
leaves the muzzle, The calculations are done by a reiterative process in
which the variables arce altered by small increments. The cquations and
procedurcs of cach phasc arc as follows:

(1) A small increment of piston position AX;,, is arbitrarily selected.*
Using a Taylor expansion, the average piston velocity over the interval,

#The symbols are defined in Table 111,
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v 1s calcwated, The time increment is then e AXu . The empar -

. . N . . R k e Yk
ical cquation lor piston velocity is

2
w, = 1.02u 1 = exp "7 = (X, -1

k { 20 A

wheie the piston position, X,, initially cquals 1 and gocs (o zero at the end
of the compression scction, The gas volume is

where the projectile position, v, initially cquals zero, Then using van der
Waal's cquitions for adiabatic compression, the light-gas Lemperature and
pressure ave given by

T - VAR
T =T, (V[ Vi :

The total work done by the Light gas on the piston is

h )
B L LA

Tk
where '1’”( is the average light-gas pressure over the interval,

(2) At the point of powder burnout the piston cnergy is reduced by the
work donc on the light gas,

Pressure behind the piston is determinced by the empirical equation

M, u,2[ omer, |V

P, oK —— |
L7 Y [ AT )

where K, is an empirically determined constant and L, is the length of
the standard powder gun corresponding to the compression tube diameter;
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and is given by Ly~ 78.8 . A, The change in piston energy is now calcu-

? [
lated by

AE = (P

2k —ij)/\xw

pk

and the yvesulting piston velocity is
A
- ‘ 2 2 2 ! 2 A
B AT
2

Othcer calculations procceed as for phase (1),

(3) Once the projectile launches the time increment Ay ik is fixed and
the piston and projectile average velocities, U, ik and ke ardte \lmpolnh‘(l
nsing Tuylm l‘{]hln')lol’l‘. so thal the position increments are ARy 7 gy Ny
and Y A re smmhvvq . The incremoent of work done on the pr o~
jeatile )l()y thv llg,{(\i gas is caleulated using a Mach corrvection for the pres-
sure at the base of the projectile and is given by

r X III\\"’ “’ vl
O N PO A w
' |

The resnding projectile - clocity is

Toa
o 2 Al‘ 2 ,\‘
w \\’ 1 M 1k

1

and the projectile acceleration 18 ay, = (w=w;)/A7;L,. Other calculations
proceed as for phase (1),

(4) {(a) If the piston bounces, the piston velocity cquation is altered to

,f 2A L

. LTy
N V"- M I

(b) If the piston impacts into the end of the compression section,
then the piston position and velocity are set equal t¢ zero and further
piston calculations are eliminated, Increments of projectile position are
now chosen arbitrarily and the time increments are calculated by

Tix :A\"’k /;jk'
Other calculations proceed as for phase (1),

A0d
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The computer performs the calculations in cgs units; however, for

convenience, the input and output data are supplied in mixed units. The
input data consist of:

projectile mass® {(gm)

piston mass (lbs)

initial light-gas pressure (psia)

projectile release pressure (psia)

initial light-gas temperature (°K)

free piston velocity (km/scec)

light-gas molecular mass (gm)

compression tube and launch tube lengtht and diameter (inches).

The output data ave:

piston and projectile position (in units of compression tube and
launch tube length respectively)

piston and projectile veloeity (kim/scc)

projectile acceleration (108 y)

light-gas pressure {pein) ond teapecature (PK)

time (v sec) (sce Figure 13 for sample input /foutpul data),

The computer also produces tapes Tor antamalicatby plotting the biston
and projectile velocities, the projectile acceleration, and the light-gas
pressure vs time from the beginning of the projectile Fvunch until the ond
ol the shot, A sample of these curves is presented in Figure 14,

Systematic Vinrialion of Pavameters

The specific study considered here is of the 3.25" NRL light-gas gun,
This gun has a compression scction 2107 long and 3,25" in diameler, and
a launch tube 168" long and 0.83” in diamcter, These gun parameters
were constant throughout the study, While the program is capable of taking
into account shinple frictionid offects and radiation heat losses, friction
has been omitted for the sake of simplicity and clarity, and radiation heat
losses have been omitted because recent computations showed them to be
negligible, Also, in order to reduce the number of variables, preheal was

not considered ot this time, The initial Tight-gas temperature for all shots
was taken as 300°K,

*Projectile mass means the entire mass of the package accelerated down

the laumch tube, This includes any sabot and shear disk masees as well
as the actual projectile,

fCompression tube length means the effective distance of piston travel,
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Figure 14 - Gun performance curves

The remaining firing parameters were given the following range of
valucs:

projectile mass - 7, 14, 21 gm

piston mass - 4,5, 9, 13,5 lbs

free piston veleeity - 2500, 3000, 3500 {ps

projectile releasge pressure - 5,000, 10,000, 20,000 psia
initial light-gas pressure - 150, 200, 250, 300, 350 psia
light gas - hydrogen, helium,

These particular valucs and ranges were sclected as a compromise
between the requirements of a thorough, systematic study and the current
practical operation of the 3,25" gun, Taking all the possible combinations
of these parameters results in 405 shots for each gas, or 810 shots total.
In order to reduce this to a manageable number for a preliminary analysis,
attention is focused on the shot whose parameters lie at the center of the
ranges studied, The effects of variations away from this central shot are
then examined, The conditions of this central shot are 14 gm projectile,

9 1b piston, 3000 fps free piston velocity, 10,000 psia projectile release
pressure, and 250 psia initial light-gas pressure,
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Results of Firing Parameceter Variation

The analysis emphasizes maximum projectile acceleration and maxi-
mum light-gas pressurce as a function of maximum projectile velocity, and
the variations in these relationships as the firing parameters ave vavied,
These relationships can be readily examined by such curves as Figurces 15
and 16, From these and similar graphs, one can decide on the gun config-
uration necessary to achieve a desired projectile velocity with the lowest
nmaximum projectile aceeleration and light-gas pressure,
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Figure 15 - Maximum projectile aceceleration
v maximum projectile velocity as a function
of initial and projectile release pressures

The effect on the maximum projectile velocity of the variations in
projectile mass, piston mass, and free piston velocity is also examined.
The initial light-gas pressure and projectile release pressure are held
constant at 250 psia and 10,000 psia respectively.
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Figure 16 - Maximum light-gas pressure vs
maximum projectile velocity

The following discussion will refer Lo the resulls for the hydrogen
shots unless otherwise noted, Any discussion of the cffccl of the variation
of a paramcter presupposces that all other parameters remain constant,
This requires somce caution in regard to the {ree piston velocity and the
piston mass as they relate to the powder charge, For example, as the
piston mass is decreasced, in order to maintain the same [ree piston
velocity, the powder load must be decreased accordingly,

1. Initial Light-Gas and Projectile Releasce
Pressure Variation

From Figure 15 it can be seen that changing the projectile release
pressure has virtually no effect on the maximum projectile velocity and
has a emall effect on the maximum projectile acceleration, The acceler-
ation increases slightly as the launch pressure increases. The initial
light-gas pressure, however, has a marked effect on both the maximum
projectile velocity and acceleration, These both increase as the initial
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light-gas pressure is decreased., The lower the initial light-gas pressure,
the more rapid the ratc of increase of maximum projectile acceleration,
Thesc trends hold generally throughout the range of parameters, For a
heavy, fast piston, however, the trend is inverted so that the projectile
rclease pressure strongly affects the maximum velocity and has little
cffect on the maximum accleration. The trend for the cffects of the initial
light-gas prcssurc remains the same,

The results are essentially the same for helium, The absolute values
of both velocity and acceleration are lower and the acceleration does not
increase as rapidly as it does for hydrogen.

The maximum light-gas pressure shows the same trends as the maxi-
mum projectile acceleration (see Figurc 16),

2. Piston Mass and Free Piston Velocity Variation

Figures 17 and 18 show that as the pisdton masa or the free piston
velocity increases, the maximum projectile velovily, maximum projectile
acceleration and the maxirnum light-gas pressure are incrcased, It is
preferable, however, Lo increasce the piston mass rather than the frec
piston velocity in order to achieve higher maximum projectile velocity.
‘I'his will produce a velocity increase with a lesser increasc in projectile
acceleration and light-gas pressure. This is also morce or less the casc
as onc deviates away from the central ghot configuration.

The same gun configuration for helium shows a reversal of this
relationship, For the central shot using helium, it is apparcently preferable
to increase the free piston velocity rather than the piston mass in order
to achieve higher projectile velocitics,

3a, Projectile Velocity vs Projectile Mass

Maximum projectile velocity changes lincarly decreasing by 0,5 to
1 km/sec as Lhe projectile mass increases from 7 to 21 gm (Figure 19).
For helium, this deerecase is nonlinear and is most pronounced for
the heavy, slow piston, The decrease is very slight for either the heavy,

fast piston or the light, slow piston, For the light, fast piston the velocity
shows a maximum for a projectile mass of approximately 14 gm,

3b. Projectile Velocity vs Piston Mass

Maximum projectile velocity increases by abcut 2 km/sec as the
piston mass is increased from 4,5 to 13,5 1bs, The increase becomes
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progressively less forv the higher piston massces (Figure 20), Helium
shows similar trends, except that the absolute values of the velocity and
the increases in the velocity are smaller than for hydrogen,

3¢, Projectile Velocily vs Free Piston Velocity
Maximum projectile velocity increasces lincarly by as much as 1 to

2 km/scec as the free piston velocily is increased from 2500 to 3500 fps
(Figurc 21), Helium produces cssentially the same trend,

4a, Projectile Acceleration vs Projectile Mass

The heavier and faster the piston, the more rapidly the maximum
projectile acceleration increases as the projectile mass increases, As
the piston becomes light and slow, however, this increase becomes less

213




NRL ACCELERATOR DEVELOPMENT

rapid, until for the 4.5 1b 2500 fps piston the maximum projectile accel-
cration actually decrcascs slightly as the projectile mass increascs
(Figurc 22),

4b, Projectile Acceleration vs Piston Mass

The maximum projectile acceleratlion also increascs as the piston
mass is increased, The rate of this increase is lower for the lighter
projectiles (Figurce 23},
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4c, Projectile Acceleration vs Free Piston Velocity
The maximum projectile acceleration increascs even more rapidly
with an increasc in the free piston velecity than with an increasc in the

piston mass {Figure 24).

The variations indicated in 4a Lo 4c are generally the same for
helium,
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5. Maximum Light-Gas Pressurc

The maximum light-gas pressure increasces with an increase in pro-
jectile mass, piston mass, or free piston vclocity throughout the range of
the other firing parameters, The rate of this increasce becomes progres-
sively greater for the larger valucs of lthese parameters (Figurces 25 to27),
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Comparigon with Experimental Results

In most cases, the projectile velocity is the only point of comparison
between the computer output and an actual light-gas-gun shot, In con-
junction with the computer study of the 3.25" NRL light-gas gun, however,
provision was also made to measure the piston velocity just before the
high pressure catcher section, and to obtain a time history of the powder
gas pressure behind the piston. Preliminary results of these latter meas-

urements indicate that the computer results agree with the actual dynamics
of the piston to within 5% or better,
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Comparison of the actual and compuled projectile velocity in the pre-
liminary testing procedures showed discrepancics on the order of 5 o
10%. More recent evidence, however, indicated that the sabot package in
those shots had broken up in the launch tube, which would invalidate com-
parison with computed results, Recent shots made with unsaboted pro-
jectiles have been compared with the computer study by interpolation
between the sclected values of the firing paramecters, The results are

shown in Table IV and indicate deviations between actual and computed
velocities on the order of 20%,

Table IV
Comparison of Experimental and Theorctical
Results for Hydrogen

iy " . Proj. Proj.

Initial ; . Free Proj. L R RYE

Loading i;:tsz“ Pislon | Release f/lla?s. Ecloec.l.ty V;%:L(;:}y Ervor
Pressure ‘ Velocity | Pressure xperi- "

! mental | retical
[ (psia) (1b) {{ps) (psia) ' {gm) | (km/sec)|(km/sec)] (%)
! ) ;
| 315 8.91 3150 24,700 | 9.6 1.69 ‘ 6,15 ‘ -20.0 ‘
t 1 H i
! 235 FRUY 2150 3,950 l 15,5 6,90 | 9,03 -17,0
1235 9.00 2750 3,950 | 15,61  6.91 ‘ 5.73 -17.0
! 238 a,00 2750 3,950 | 11,3 706 . b,T5 -18.6
I

b3 9.00 | 2750 3,950 ’ 19| 7.36 | 585 | -205
(- | R . [

Future Development

Two improvements which can quite readily be included in the com-
pater program are the effects of the taper, and piston and projeclile
friction, Previous studics have shown light-gas preheating to be effec-
tive in increasing projectile velocities; hence this cffect too will be
studied in detail. Introduction of shock effects will require the usce of a
much faster computer, This will be considercd if other improvements
in the program do not sccure sufficiently accurate rcsults,

Once the computer program is deemed satisfactory, it can then be
used to evaluate and optimize the operation of the NRL light-gas guns,
In addition, by examining the effects of variations in the gun parameters,
it may be possible to improve light-gas-gun design,
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ELECTROBALLISTIC STUDIES

One important phase of the hypervelocity gun development program
at NRL is the study of mecthods for clectrically heating the gas used to
accelerate projectiles, It is generally agreced that the overall firing
efficiency and peak performance of gas guns arc strongly affected by
the maximum temperature reached by the driver gas, Recent incrcases

in peak gun performance have been achieved Ly increasces in maximum
driver gas temperature,

The use of clectrical cnergy for increasing gas tumperature has
several very attractive features: (1) there is no fundamental limit to the
amount of electrical energy that can be added to a gas reservoir, and
therefore very high gas temperaturces can be readily attained; (2) elec-
trical heating of a gas rescrvoir cnables peak temperatures to be directly
controlled and varied over a wide range for studying the coffects of gas-
temperature increases on gun performance; (3) the rate of gas heating
and the time of encrgy inscrtion arce conlrollable (12).

Thus far, clectrical pulses have been used to enevgize three types
of ballistic accelerators, Constant-volumec guns have been constructed
such that electrical pulses are used to are heat small reservoirs of light-
gas to temperatures and pressures needed for ballistic launches, Elec-
trical piobics have been installed in standard light-gas guns and usced to
preheat the driver gas in order to veach very high operating temperatures,
Thin plates have also been launched by exposing them to the high tempera-

ture and pressnre plasma generated durving the electrical explosion of thin
metallic foils.

Constant-Volume-Gun Development

Because of its basic simplicity, the constant-volume clectric gun was
chosen for initial development, The basic form consists of a high strength
gas chamber separated from a launch tube by a diaphragm and a projectile,
After initially charging the chamber with a low-molecular-weight gas, ie,,
H, or He, the energy storcd in a capacitor bank is discharged into the
chamber through a high-intensity clectrical are, The resultant heating of
the chamber gas increases the chamber pressare which causes the diaphragm
to rupture and the projectile to be accelerated down the launch tube,

A variety of gun designs has been tested with chamber volumes vary-
ing between 10 ¢cm? and 30 cm3 at electrical encrgy levels as high as 10%
joules, Initial gas loading pressure haas been held at 100 atmospheren.
Projectiles weighing between 0.1 and 0,5 gm have been fired in .22* and
.30 launch tubes at peak velocities of 5,4 km/sec,
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The most successful design for a constant-volume gun is shown in
Figure 28, It consists of a massive steel breech block enclosing the
chamber with an insulated hot clectrode at one ond and a threaded launch
tube at the other, A fixturce mounted in the chamber sidewall is used to
admit the light-gas charge through a check valve, The front of the

chamber consists of a grounded ring clectrode and a transition scction
between the chamber and launch tube,
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Figure 28 « Electrically powered gun with a constant
volume gas reservoir

Electrical energy is transmitted from a parallel-plate transmission
line to the shaft of the hot electrode, by which it is conducted into the
chamber, A lengih of a 0,02-inch-wide, 0,002-inch-thick aluminum foil
is stretched between the hot and ground electrodes, During the initial
phase of the discharge, the foil explodes, thercby generating an ion path
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for the main energy surge. The large gas pressure increasc caused by
the encrgy transfer from the electrical arvc to the chomber gas causes
the hot electrode to move back into its insulating sheath, thercby gen-
erating a gas scal, The scal is strengthened as the gas pressurce increasces
in accordance with the Bridgman principle. The increased gas pressure
also causes the forward diaphragm to ruptuve, allowing the driver gas to
flow through the transition section into the launch tube, where it accelerates
the projectile,

The extreme gas-dynamic conditions within the transition section,i,c,,
high gas density, temperature, turbulence, and velocity, have caused very
severe crosion of all transition scction matcrials tested, Erosion at the
transition scction is especially critical to gun performance because the
resulting gas mixes with the driver gas and increasces its mean molecular
weight. Such an increase substantially reduces the effectivencess of the
driver gas as a hypervelocity projectile accelerant, All metals tested,
including high strength steel, various tungsten-copper alloys, and molyb-
denum, have proven unsuccessful for this application, Teflon has shown
marginal erosion properties, but it lacks sufficicnt mechanical strength
to withstand the pressurce impulse. Several other materials including
hard fluoroplastics and machinable ceramic materials failed under the
severe mechanical forces developed during a firing, A satisfuctory
transition scction material must be composed of [airly low atomic weight
constifuents and have o high initial phase-change point, low therial con-
ductivity, and high impact strength,

Two conclusions have been drawn from the constant-volume-gun
study, First, it 1o possible Lo transfer stored ciccurical encergy from a
citpaciitor banik 1o & low-molecular-weight gas in a small chamber with
reasonably high officiency and successfully contain the gas until it has
accelerated a projectile, decond, all present light-gas guns totally
powered by clectirical encergy arve limited in performance by driver-gas
contamination causcd by the erosion of their clectrodes and transition
clements, Unless a significant breakthrough in the gas-conltamination
problem arca is achieved, it is doubtful that peak projectile velocities
above 0.5 kmi/scee to 7 km/see can be achieved using such devices, For
thesc reasons, the constant-volume-gun program has been suspended
and emphasis has been placed upon other clectroballistic techniques,

IElectrocompression Gun Development

The extreme gas dynamic conditions that led to the scrious erosion
problems associated with the constant-volume-gun firings were brought
about by the need for very high electrical-energy input densities, Large
energy densities are required because the peak gas pressures needed
for hypervelocity ballistic acceleration can be achicved only through large
temperature increases of the fixed-density driver gas. The requirement

¥
(39
J




NRL ACCELERATOR DEVELOPMIENT

for high elcctrical-energy densities can be largely eliminated, and with
it miuch of the contamination problem, if the clectrical energy werce added
to a low density gas reservoir which is then compressed until ballistically
usable pressurcs and temperatures are achieved, These conditions can
be realized in a standard light-gas gun in which the electrical cnergy is
added to the driver gas by an arc initiated in the pump tube carly in the
compression cycle, In this way, the electrical ¢cnergy can be added to a
large volume of gas at rclatively low pressurces without generating extreme
temperatures, As comprcession continues, the gas teinperature increases
at a slower rate than the pressurce until maximum pressurces are reached
when the driver gas is near liquid density, The final gas temperaturc-
to-pressure ratio can be rcadily controlled over a very wide range, and
higher values of this ratio can be reached than arc possible using gas
compression alone by judicious choices of initial gas density and encrgy
input level, Both basic gun analysis and detailed studics with the NAREC
ballistic computer program have demonstrated that very high ratios of
driver gas temperature to pressurce are required for incrcasing the
velocity capabililies of gas guns beyond presently attainable values., A
related advantage is that high temperaturc-to-pressurce ralios signifi-
cantly reduce the peak accelervation level experienced by a model as it is
launched to a particular velocity,

The above concepts were used in the design of an clectrically hug-
mented 1,637, 227 gas gun of Lhe capendablc cential bicech Lypo, A
clectrical energy insertion scction (Figure 29) may be inscrted cither at
the center of the compression tube or at the junction between the com-
pression tnbe and the central breech, The section is a heavy-walled
extension of the compression tube with an clectrical probe installed flush
with the bore, The probe is held in place with a nut, and an overall gas
seal is penerated by drawing the probe tightly against its clectrical
insulator with a sccond nul that engages threads at the upper end of the
probe {not shown in Figure 29), A capacitor bank is connccted between
the insulated probe and the body of the insertion scction and is discharged
through an cxploding wire that electrically connects the probe face to the
inner wall of the inscrtion section,

The insertion of the bank energy into the exploding wire arc cz sjes
intense localized heating of the metallic vapor, and some mecchanio.n must
be provided for efficiently transferring this energy to the remainder of
the light-gas reservoir, An operating hypotheses concerning this process
has becn cstablished after reviewing the possible phenomena responsible
for transmitting the energy. The release of a pulse of electrical energy
within the compression tube creates a strong shock disturbance which
propagates in both directions along the barrel. Initially, the wave is
cylindrical and hence the maximum pressure associated with it decreases
linearly with distance as it moves away fromthe arc channel, The wave
rapidly becomes planar, however, as it propagates down the cylindrical
pump tube because of the constriction of the walls and undergoes no more
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veduction in intensity due to peonmetric factors, For this reason, the shock
waves can propagate up and down the compression tube several times
while their energy is slowly absorbed by the driver gas, which is therceby
heated, Shock wave heating is advantageous for the electrycompression
experiment because it generates a relatively uniform temperature rise of
the driver gas, Experimental evidence to substantiate the shock heating
hypotheses is to be presented in a later section. The operation of the
gas-gun proceeds in a normal manner after the insertion of the electrical
energy and may be examined directly with the NAREC computer program,
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Analysis

An analysis of the energy inscrtion mechanism must be made in order
to determine the operating criteria of an energy storage and delivery cir-
cuit that would be cffective for preheating the gas reservoir of the 1,637,
22" gas gun, The first step is Lo delermine the amount of encrgy that
musl be added to the gas reservoir to effect a particular temperature
incrcasce, The computations were carried out using idcal monatomic and
diatomic gas assumptions which were justificd by the relatively low gas
densities existing in a gas gun prior to compression, The derived cxpres-
sions arc as follows:

2F

. =1.4, AU=
for y=1.4 4 R
2F

. —_— G-
for y 7 1.66, A R

where A is the increasce in the gas temperature, £ is the energy input to
the gas, n i the nuumber of moles of gas, R is the iniversal gas constant
and  is the ratio of the specific heat of the gas at constant pressure to

that ot conetant valume,

A plot of NV'vs E for the range of values of o likely to be encountered
during gas gun {irings is presented in Figure 30, The temperature increase
experienced by other quantities of gis lying within the range of the values
presented ean be interpolated in a straightforward manncer,

The next problem to be considered is the rate of heat loss suffered
by the gas after eleetrical healing and compressica. The following
assumptions were made in computing the gas cooling cffects: (13)

1, The gas is a pevfect diatomic gas.

2. All heat-loss fror the gas to the barrel wall is radiative,

3. The barrel wall is a blackbody.

4, The temperature change of the barrel wall is small with respect
to.the temperature change of the gas,

5. The gas heating time is short with respect to gas cooling times,

6, The energy reradiated from the walls to the gas is negligible,
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Figure 30 - Temperature increase of various amounts of ideal
gas v8 input encrgy

Experience with the NARECG ballistic computer program indicates
that these assumptions are good for temperatures up to 3000°K, These
assumptions will be better as the gas temperature is increascd because
of the : 4 term in the expression for blackbody radiation,

The computations were carried out in a standard manner and an
equation relating gas cooling time to temperature reduction was derived:
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where + is the time clapsed after gas heating, ¢, is ihe apecific heat of the
gas at constanl volume, o is the Stefan- Boltzmann constant, A is the arca
of the gas radiation surface, ¢ is the initial gas temperature, 72 ise

..0 )
and - is the gas temperature at time t .,
”Cv
L t .
k
AL g
73
(IR L7 (8)
723

Foere, t is the time required for the gas to cool to the charactervistic
fraction of its original temperature, i,c,, the time required Lo cool te
7947 of its initinl temperature,

A graph of Equation {8) is prescnicd in Figure 31, The time taken
for the gas to reach 1/2 its initial temperature, i,0, (2 = 0.5) can readily
be scen to be 71, The half-temperature times for a number of initial gas
conditions have been computed, and the results indicate that these times

oogrentor than 0,1 Goc tor gas densitios novimally wsed in gas- gun firing,
with initial temperatures less than 10 times roow temperature, Thus a
very wide latitade of bamk-triggering techniques can be utilized without
Serians loss i overall efficieney since precise synchronization bhetween
the bhank-discharge and piston-motion parameters is not necded to pre-
vend sorions pos hoat-loss,

The nest quistity to evaluate as the efficiency of energy transler
between the capacitor banic and the gas, In order to analytically study
The encergy transfer phenomena between the capacitor bank and the gas-
healing arc, the high curvent discharge circuil must be treaded as an
RLC circuit. The differcntial cquation for the current in an RLGC circuit
has been sel up and solved using an analog computer (14), The initial
conditions were a charged capacitor that is switched into the remainder
of the circuit at time = 0, A family of curves vas constructed that
represent the current variation vs time for 48 different valucs of
resistance ranging from 0 to ten times the critical damping resistonce,®
Curves of power input to the resistance vs time were then generated for
rach of the 48 cases by forming 1?2R and plotting the results vs time,
Finally curves of encrgy input to the total circuit resistance vs time were
generated by electronically integrating the power vs time curves,

#The critical damping resistance of an RLC circuit is the resistance
required to just prevent oscillations. It was chosen for normalizing the
resistance values since it may be readily computed, g = 2/T7<C.
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Figurce 31 - Radiative cooling curve for
a rescrvoir of ideal gas

Partial results of all the energy input curves are presented in
Figurc 32, The ordinate is time presented in units of , TC = t, and the
abscissa is the total circuit vesistance presented in units of the critical
damping resistance 201 C: R., The lines represent the {raction of
vnergy initially stored in the capacitor that has been expended in the
resistance. For example consider the time required for 90% of the
energy stored in a capacitor to be expended in the resistive elements of
an RLC circuit if the circuit is critically damped, Move along the 0.9E
line from left to right until the abscissa R 'R, =1 i8 reached, The ordinate
of this point shows the time to be 2.7viC. This time can be evaluated if
both L and € are known.
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This analysis may be used to evaluate the energy input 1o the arvc
within a gas gun if R, L, and C of the discharge circuil can be cevaluated
and the ralio of total ¢ircuit resistance lo arc resistance is known, In
addition, it must be assumed that R, L, and € remain constant throughout
the discharge. The parameters of the discharge circuit are determined
for cach clectroballistic shot by recording oscillograms of current vs
Lime during cach clectroballistic {iring (inductive pickup techniques have
been used at NRL), Circuit inductance is determined by the frequency of
the discharge, and total circuit resistance is computed from the damping
rate of the oscillations., These paramcters are sufficient to determine
the energy delivery rate to the total resistance in the discharge circuit,
The encrgy is divided between the various resistance clements as
E=B,  R/R, . where R is the rcsistance of an element and R,,, is the total
circuit resistance., The ratio of the arc resistance to the total resistance
is evaluated by discharging the circuit several times and measuring the

change in total resistance caused by insertion and removal of the arc from
the discharge circuit.
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Results of these stndies show that considerably morce than 50% of Lhe
stored encrgy in a capacitor bank may be delivered to the gas-heating arc
when exterior switching is used and that 70% to 80% efficiency can be
achieved using internal switching, It was alsc found that arc resistance
often varies over a factor of two during a discharge; therefore the above
analysis can yicld only approximate results,

A modification of the above analytical technique has madece it possible
to determine the energy input rates to the gas-hcating arc and to establish
the variation of arc rcsistance with time. Dasically, the oscillogram of
the discharge current vs time is used to determine the local damping
rate of successive pairs of positive and negative current peaks. These
damping values are then used to determine average valucs of the total
circuit resistance for each succceding half cycle of the oscillation,

Plots of these values vs median time yield smooth curves that arc taken
as reprcscentations ~f total circuit resistance vs timce, Similar curves
generated with no avc in the circuit arce used to determine arc resistance
vs time by sublracting them from the curves obtained with the arc in the
circuit, Incremental power and encrgy inpul curves arc then gencerated
as before, Figurc 33 is a summary of such an analysis performed for
an clectroballistic firing, Notc that slightly over 50% of the energy was
inscrted into the arc (load) in 186 jiscc, iw., 3,710,

The problem of predicting the officicney of energy transfer Ly shocic
waves belween the pas-heating arce and the driver gas has not yet been
solved; therefore, an experimental program is being set up Lo deterimine
this value by measuring gas pressure within the compression tube before
and after cnergy insertion. I the volume remains constant (the piston is
not launched) and perfect gas agsumptions arce applicd, the following expres-
sion for energy input to the gas may be deriveds

=
'

g % VAP for monatomic gns
s . .
E 5 VAP for dintomic gas.

where E is the energy input, v is the chamber volume, and Ar is the pres-
sure change, Studies of clectrically powered constant-volume guns and
initial electrocompression results indicatc that these cfficiencies should
exceed 50% for most cases of interest,

The above analysis was used to choose tentative initial operating
parameters for the 1,63, .22" augmented gun., The compression tube of
the gun has a volume of approximately three liters and NAREC computer
results indicated that initial gas loading pressures between 4 and 8
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atmospheres would be needed for high performance launches, Such loads
would require betwecn 0.5 and 1,25 moles of gas, It was estimated that
the minimum advantageous temperaturce increases would be 300°K (twice
room temperaturce) which would require approximately 8 kilojoules of
cenergy to be added to hydrogen or 4,3 kilojoules to helium, The analysis
presented above indicates that overall efficiencies of 25% might be
expected when exterior switching is used, and 35% to 40% efficiencies
might be obtained by using internal.switching, Thus, a 20-kilojoule
capacitor bank should produce marginal results, Since such a bank was
available, initial experiments were carried out at this energy level,
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Experimental Resulls

A series of firings was madc with the 1.63", .22 “ light-gas gun to |
determine its maximum performance capability without cleetrical encrgy
addition, The maximum velocity achiceved was 9,55 krm/scc with an 0,1-
gram Lexan cylinder, The firing conditions were:

Round 88 1,637, ,22"-¢cal Gas Gun
Datc 8/10/62

Firing Parameters Gun Paramecters

Powder - IMR 8436, 285 gm Compression Tube - 10’ (effective
length) x 1,625" diam
Piston - Stecl with Forward Nylon Transition Secfion - 6" -diam
Scal-960 gm expendable unit with 30° conical

transition scction between the com-
pression and launch tubes

Driver Gas - Hydrogen, 100 psia

Projuectile Release - Quick opening Launch Tube - 0,217" ID x 41" long
valve release, 65000 psin (189 calihers)

Projectile - Lexan ¢ylinder
0,217" diam x 0,136* long
M = 0,100 pin

V<'10Cily - 9,38 ](lr\/b‘['(“,

The clectrical augmentation unit was then installed and the 20-kilojoule,
20-kv capacitor bank was connccted to it using a minimum inductance con-
figuration, Test discharges showed that 90% of the electrical energy could
be dissipated in 7 psec when a piston triggering mode was used, The gas
gun was then fired using firing paramecters cqual to thosce used when 9,55
km/scc was achicved, The resulting projectile velocity was 4,1 ki fsec.
The compression piston bounced and was retrieved from the compression
tube 4 feet from the transition scclion, Optimized shots where clectrical
energy was not added resulted in the piston being lodged in the transition
section, A comparison of these results showed that a large amount of
energy had been added to the gas during the avgmented shol since it had
changed the gas pressure profile enough to strongly affect piston motion,

Both theory and experimaental results show that the performance of a
light-gas gun is reduced when the driver-gas pressure is increased to the
point where piston bounce occurs, Therefore a series of electrically aug-
mented shots was fired with the initial gas pressure systematically reduced
until piston bounce was eliminated, Projectile velocity increased steadily
during these firings but reached a maximum value of only 6,1 km/ sec.

-
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several of the shots fired during this scquence had to be repeated because
of shattering of the projectile, it is felt that the shattering was caused by
shock waves in the driver gas,

At this point, a hypothesis was proposcd thal the shock waves gencerated
by the arc propagated back and forth along the pump tube and were succes-
sively reflected at the ends during gas compression, Reflections from the
face of the oncoming piston increascd the wave amplitude as compression
continucd until it reached a valuc capable of fracturing the projectile-
release mechanism when the average gas pressure was considerably
bLelow that required for maximum gun performance,

An experimental study was set up to test the above hypothesis, A
closed bomb was constructed for studying wire explosions under conditions
closely simulating thosce in the gun, The closed bomb uscd for the explod-
ing wire study is a slight modification of the central portion of the gns gun.
An cxpendable connector and the cicetrical insertion section have ¢ n
coupled and the two ends of the section arce scaled with plugs to ma: - a
gas-tight chamber, It was planncd to charge the bomb with light gaz (I,
or He) until the density is the samme as that in an operational gun at a point
in the firing scquence when the clectrical discharge occurs {i,e., when the
piston is aboul to enter the cnergy insertion section), Thus, all the operat-
mg conditions of the gun except Lthe piston velocity cowdd be reproduced in
A closed bomb system, Several attempts were miade to discharge the
bank into the bomb, In all casces the clectrical arc was quenched before
the energy stored in the bank could be delivered, It was then decided to
reproduce these shots in the gun since there was obviously some difference
between the bomb and the gun experiments.  The augmented gun was
assembled, as if to fire, and charged with driver gas Lo the same pres-
surce as was uscd in the bomb (this was considerably more pressure than
is usable for firing), A scries of five discharges were fired without evi-
dence of arc-quenching, It appeavs that the plug covering the end of the
bomb (located 3 inches from the are) reflected an electrically generated
shock wave back onto the arc, thereby quenching it, For this effect to
vceur a shock-wave velocity greater than 12 km/scec (Mach 8) is required,
Such a shock wave is extremely powerful and potentinlly capabie of
generating the effects atiributed to it by the original hypothesis,

The sceond phasc of this study is an attempt to establish that pre-
malure release of projectiles was occurring in electrically augmented
firings. An cxperiment was conductced to measure the piston position at
the time of projectile relecasce, The average pressure within the gas can
be computed from loading parameters and the piston position; thercfore,
the piston position at projectile release can be computed by using the
design break-pressure if no significant shock waves are present, If the
piston has not yet reached its expected position when the valve opens,
the existence of a shock disturbance is strongly indicated, This pro-
cedure can also be checked out by firing the gun without electrical
augmentation and comparing the results with an augmented shot,
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A number. of technigees were comsiaered for the measurement of both
piston position and the time of projectile releasce, Piston position is now
being measured by placing a scries of probes in the barrel that are suc-
cessively short circuited by the oncomiint pistor. Small capacitors
(0.01 nf) at each probe are charged to 6 volts and are discharged across
50-ohm resistors as the piston passcs Lo produce shavp pulscs. Thesce
pulses arc presented on oscilloscopes and photographed to produce a
lasting record of the piston velocity and deceleraticr-, The NAREC
ballistic computer program was uscd to predict Jhe eag pressurce as a
function of time for pressurces up to the maximury -alues required for
projectile relear o,

Probe techniques for determining the time of prnj--aiie olen .~ are
not fecasible because peak pressures in the region of the projectile -
release mechanism are too lavge to be scaled by clectrically insulating
matcrials, For this reason an all opiical method has been developed for
determining projectile-release times. Since the Lexan project't- ‘s
optically clear, Lhe driver-gas chamber can be viewed by an optacal
instrument mounted in front of the gun and aligned with the laurch tubce
axis, The launch tube opening into the relatively tnrpe diameter high
pressurce section approximately satisfies Lhe conditions reguired for a
blackhody radiation source whose radiative power is easily computed,
With the assumption that the gas temperature at projectile releasce is
1500°K (i» minimal value) the power onipat of “1 e chamber in the visible
region as scen from the launch tube is appreoximately .03 watt, (The
oplicial power of the chamber will increase sharply as the gas tempera-
ture exceceds 1500°K.)  Such light sources can be radially detected at
daistances of up to several hundred feet by photomulliplicr tubes. Since
the light cutput of the gun is beamed along the trajectory, photomulliplicr
cquipment used Lo detect projectile release must be protected (rom the
projectile. This has been accomplished by using an optically clear target
(Plexiglas) and mounting the photomultiplicr unit behind it and oulside
the vacuum tank, A window assembly in the rear of the tank allows the
detector to view the muzzle of the gas gun,

Several gun firings have been made Lo date with both the piston-
position and projectile-release ingtrumentation functioning properly,
The results indicate that when electrical energy is added to the system,
the projectile release mechanism is activated before the gas has reached
its desired projectile release pressurc,

Since the cxperiments discussed above have provided at lcast a strong
indication that the shock-wave hypothesis is correct, a series of experi-
ments was devised for counteracting shock waves in the driver gas, The
simplest of these consisted of firing the gas gun with electrical augmenta-
tion, the arc being initiated by the pulse used to ignite the powder charge,
A 25 millisecond delay is thus generated between arc-initiation and the
passage of the piston over the energy insertion probe. It was reasoned

i~
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that arc-gencrated shock waves would be dissipated in the driver gas
belore the piston was accelerated to a sulficient velocity Lo maintain or
amplify them, Gas radiation computations discussed previously show
that conling lussces do nol become serious until at least 0,1 second has
pitssed,

Sceveral angmented firings have been made using extervior arc-
triggering, and the total efficiency of clectrical-energy transfer has not
sulfered appreciably, Poor gun performance and projectile shattering
have indicated, however, that the shock waves still exist after this
relatively long delay,

Another method for climinating augmentation of this shock wave at
the piston face is 1o reduce the peak pressure associated with the wave
Lo the point where attenution factors become dominant and the shock
wives are damped oul. The duration of the shock waves must be increasced
to miintain the total encrgy content of the waves, if such a mode of operi-
tion is attempted, Both of these effects can be realized by increasing the
duration of the gas heating ave by increasing the inductance associated
with the clectiien) dischavge i as is shown bhelow. The clectiical
prameters of the discharge circuit used for initial cleclrocompression
nents vhere cirvenit induer anee wos held 1o the soininiam feasible
value were as folloy

e

Dank Gapavitance N 100 ,.f

Bank Voltage v 20,000 v

Total Inductance L, 60 g h

Period of Oscillation oo 1R Lsee

Circuit Resistance K 3 milliohms
Critical Damping Res, e - 49 milliohims

R Ro ~ N N 0625

MMocitnum Cureent T hix 17 inegamps
Maximum Power Input to Puax = 1,67 billion watts

resistance clements

Time to dissipate 50% of T
bank vnergy

15,5 ;50

Time to rcecach maximum Tpy.. = 948 pscc
power
Characteristic Time (¢, = /IC t = 2.45 usec

The above quantities were computed from oscillograms of the dis-
charge current vs time taken during an actual firing as discussed above,

T~
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The RLC cguation was then solved for the conditions discusscd on the
previous page and the effect of inductance ingreasces upon the circuit
pavameters was investigated, The parameters, Ty, Py Tooqs and Thmax
were computed and ave presented in Figure 34 after being normalized
with respect to the given conditions, Presentation of resulis in this way
allows the curves Lo be used for many sther are discharge situations
once a sct of standard conditions has been determined,

The above results were used to design experiments to cvaluate the
offocts of various shock wave configurations on driver-gas heating and
projectile velease mechanisms, The peak pressure of an electrically
generated shock wave is controlled by the saximum power delivered to
the are channel and the vate of power risc as well as by various gas and
geometric parameters, Information about the above clectrical parameters

Toguy, - TIME TO DISSIPATL
50% OF 1R T1a1 ENERGY

Tpan TIME TO HEACH MAXIMUM / Pysy
DISSIPATIVE POWER

T gax - MAXIMUM DISCHARGE
CURRENT

Pax “MAXIMUM POWER DiSIPATED

PMGX
lygegvy ¢ Lty 1
00!

—

100 10

Figure 34 - Deviation of time, current,
and power of an RLC circuit vs increase
of inductance
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is contained in the Tpy,, and ry, , curves, The length of the shock waves,
as well as Lhe average energy density within them, s a function of the
time required to discharge half the energy into the chaunel (Tgoy), and
the clectrical resistance of the arc channcl is dependent upon 1,

An analysis technique is currently undesr development that will allow
the predietion of the cffects Tgoys Tpya,s 20d Py, upon shock-wave param-
cters, Inorder to test this technique, and to determine whether increased
inductance will remove the shock-wave difficultics a serics of experiments
was carvried out concerning the cffccts of inductance shifts on discharge
circuit performance and gun operation., A 300-mghenry inductor was
added to the circuit, which increases total circuit inductance by a factor
of six, The following Table V shows the computed new parameters and
thotr 1 ctationship to the original onces;

Table V
Deviation of Scleciced Parameters of an RLC Circuit
Occurring When tnductanceis Increasced bya
Facior of ©
= [ o v o
i Quantitios | Deviation Faclor From

.. s New Value
Given Conditions

I S

| T ! )

! Tt e : A2 OTR 106 o

R : 85 09 - 10 watrs

P ‘ - 10T e

3 Tson | 4,95 67,0 10 s
- ! g . 6 L

\i ll,M"‘ i 2,15 9,02 10 SUt

The shift of all parameters from original conditions is greater thian
a factor of two but less than a factor of six {or L = 6lg. The resulls of
this study have indicated that increased inductance within the RLC dis-
charge cireuit can reduce the effects ol shock-wiave prossure disturbances
without causing large reductions in gas heating officiency,

Avgmented firings were resumed at this point, but the 1,637, 22" pas
pun had to be fired at reduced piston encrgy bhecause faults had been dis-
sovered in the supply of transition scctions then on hand, Maximum pro-
juectike veloeity without augmentation was found to be 6.1 kmi/scc, When
20 kilojoules of encergy were added through the high inductance circuitry,
peak velogities were incieased to 6,5 km/see, It was decided to try to
exploit this small positive result by increasing the electrical energy input
to 42,5 kilojoules, Firings at this level resulted in maximum velocities
of 8,5 km/sec, clearly indicating that a substantial increase of gas gun
performance had been achieved by electrically heating the driver gas.

-
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Transition scctions without faults have become available, and aug-
mentation experiments have recently been initiated at maximum gun
performance levels, Thus far 0.15-gram plastic cylinders have been
fired at 8,85 km/sce, It appears that the amount of energy added to the
driver gas ol a gas gun is quite critical (note the reduced enevgy firing
results) and therefore more encrgy may deliver significantly increascd
results, Experimeoents at still higher energy levels (60 to 120 kilojoules)
are planned for the near future. In addition instrument studics will be
carricd on to complete the efficiency evaluation of the energy insertion
mechinism and to study the effects of clectrically generated shock waves
in the driver gas,

Elcctrical Plate Accelorator

The clectroballistic group al NRT, has initiated a project Lo extend
a technique previously developed at AFSWC for Launching thin plates of
plestivs and Tow density nnctals Lo hypervelocities using the plasima from
clectrically exploded foi) s (15). The plate launcher (Figure 35) consigls
of a sheet of thin aluminum foil (,00025”) which 18 contained in a plastic
holder that supports it massively on one side, A thin plate is held against
the free surface of the aluminum foil and is Launched by the violent foil
explosion causced by an electrical pulse from a low inductiance capacilor
bank, The resulting plasma expands against the rear of the plate and
accelerates it (o hypcrvelocities, The motion of the plate is inherently
unstiable bul the (otal trajectory is made sufficiently short (1 inch or less)
to prevent instabi],u_y effeets from becoming important, Inilial experi-
ments utilized a 4700-joule capacitor bank to launch 1" x 2* x 0075
Mylar sheets to 2,03 kim/see (6670 fi/scec), yielding an overall efficiency
of 2%, Similar cxperiments performed at AFSWC resulted in efficiencics
of up to 50%, It was determined that this discrepancy was duce to the fact
that iess than half the energy stored in the NRL capacitor bank was
expended in the plate cxplosion before the sheet left the gun, while vir-
tually all the energy in the AFSWC bank was expended prior to plate exit.

*Pulse Power Laboratory, Air Force Special Weapons Center, Kirtland
AFB, N, M.
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Fipure 35 - Exploding foil Llauncher used to
accelerate thin plates

The effects of various parameters upon plale launching velocities
arce being studicd, A sccond capacitor bank has been employed that can
store 17,600 joules at 20 kv for conducting experiments al higher encrgy
levels, and experiments were carried oul wsing 17 x 2% x ,0075* and
1/2" x 1/2" x ,0075” launched sheets, Earlicr experiments had
demonstrated that considerable difficulty exists in measuring sheet velocity
by observing the sheet motion with a high-speed framing camera since the
shecet may be obscured by the rapidly expanding plasma moving around its
cdges. Two alternative velocity measurement technigques have been utilized
to insure that quoted velocily values are accurale. A series of figures (x)
were typed onto Mylar sheets before they were inserted into their launching
holders and were viewed during launch through an optically clear target
{Plexiglas) using a mirror system and the framing camera., The figures
were clearly visible throughout the sheet motinn but abruptly disappeared
upon impact between the sheet and target. A second mirror system used the
luminosity of the expanding plasma from the foil explosion to provide back-
lighting of the Plexiglae target, which was also viewed edge on by the framing

~
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canera. This technique allowed the shock wave generated in the target by
the irmpact tu be pholographed and it motion plotted. The time of sheet
impeet was determined by extrapolating the shock wave position te the

front surface of the target. Shect velocity was then computed from the pun-
target spacing and the time-of-flight measurements. The velocity measure-
ments irom the three techniques are in agreement within experimental error,
which irdicates that the sheet remains at, or very near, the top of the
plasma curing its launch and flight to the target.

"he foring results for the 19 < 2% « .6075" and /27~ 1/2" » ,0075"
Myl © shee s are presented in Figure 36, A maximum velocity of 5.0 km/
$eC voed ach cved with 19 x 27 x ,0075" sheets and 9.2 km/sec with 1/2"
1/27 % 375 ~<heets. Note that two sets of data are presented for cach set
of firing pora teters, One scl represents the resulis of firing with gas
vents in the tders and the other without vents. Vents were alace’ in the
holders near d front surface (o allow the plasma 1o escape which adds in
taking clear phe graphs of the moving sheet. it has been noficed that these
vents significantl, sdoce accelerator performance, indicating that sipnili-
cant sheet aceeter i 2 occurs aflter the sheet leaves the holder, The total
Launch efficiency d ¢resses slowly as energy densily is inercased, which is
probably atteibutaby s in p et to carly projectile oxit from the halder as is
dincusned above, In oy ea o peako velncities o excens of 10 hin/sec shonki
e attainable with My v sheeo oo Attempts aore being mide to acecterane
thickor plotes poade B b plaate s oand low dendily metals to currently altain-
able velocitios wsing booeer capae o bankos,
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THREE STAGE GAS GUN

ABSTRACT

The design, operation, perfo-~sacce and internsl ballistics are
described for a caliber 0,000 light gas gun with are discharge heating
of the driver gas.

The complete development of the launcher 14 dvtalled, This includes
the 300,000 joule cepacitor bank construct! 1 the effect of discharge
time on performance, the effect of discharging at different times during
the compression stroke, discharge chamber design and switching technique,

In this paper, it is shown that improved leuncher performance was
obtained by arc discharge heating over the unheated configuration for the
same mass projectile at the same maximum reservoir pressures.

The interior ballistics analysis presented for this type of modified

adisbatic compressor follows the procedure »f Char'zrs, Denardo and Rossow.

The computation given i1s generalized to include variation of the discharge

energy as well as the discharge-compression cycle,
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THREIX STAGE GAS GUN
Improvement of gun performance lLas been a task which has occupied

the attention of ballistic laboratories for many years. The problem

can be summarized by considering the relation between velocity gradient

du and pressure pradient ap

ax ey along a pgun barrel
1dp.~(8) @ {¥yM a
p dx RT dx RO T ax

Thus the pressure drop betlween the reservoir and projectile base is pro-

portional. to the velocity of the projcctile. The magnitude of the pressure

Y ¥m
drop varies as R where: 15 the ratic of specific heats, Ro the
o)

universal fas constant, n the gas molecular weight, T the yus Lenperalurc.

Ultimote launcher performonce iy limited by Lue strength of either the
model or the pun componenis., Thus at the maximum (limiting) pressure in
the rescrvoir, or eyuivolently hipgh pressure on the projectile, higher
projectile velocity can be achieved by (a) drcreasing the molecular weight
of the gas, (b) increasing the reservoir tempurature, or, (c) both.
Historically, the New Mexico School of Mines (NMSM) developed the first
light gas gun usin; hydrogen. That is, higher performance was obtained by
decreasing the molecular weight.l A similar approach to tlie NMSHM was
adopted. by the Naval Research Laboratoriese group and the Ames Research
Center NASA-3 In both these launchers, & heavy subsonic piston is emp;oyed
to adiabatically compress hydrogen or helium. The high pressure, high

temperature Lydrogen is then employed as the gas which drives the projectile,
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The Naval Ordnancc Laboratory ballistics group was the proponent or
two techniques to improve performence: (i) heating of driver gas by
maltiple reflection of & shock wave as in a reflected shock tube configuration,
(i1) inecrease initinl terperature of the driver by the addition of heat from
the reaction of hydrogen and oxyjen. The increuse din the molecular weighs

£ the driver pas by the addition of oxyuen reduces somewhat the effective-
ness of Llie heat addition.

At NASA, the NOL shock heating principle was further improved by
eddition of a light piston to drive the shock wave within the driver
section. This configuration was also employed in the launchers developed
at Avco RAD.h and more recently at Arnold Engineering and Developmenl

-

Center (AEDC).}

The use of electrical encryy by eleclrical discharpge to meeheat, the
driver gas without incressing mo]qcular veighl was sugeested by the Utah
Rescarch and Development Compuny.6 This design involved addition of the
clectrical energy at the end of the piston stroke. Partial preleating
{ 7~ 500°K) of the driver has been successfully employed at AEDC7,

The laur-.her %o De described in this paper employs arc discharge
heating of the driver gas before compression. This desipgn was selected
to muximize the performance of fragile (acceleration limited) models,
since the reservoir sound speed (temperature) will be higher than for a
similar discharge et any other time during the pump cycle.

The light gas gune currently in use at Avco RAD“ operate consistently

at hypervelocity speeds (20,000 4o 25,000 feet per second), These iwo-Btage
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light gas guns utilize & supersonic piston in the pump tube. This generates

a shock wave in the driver pas which undergoes multiple reflection from the
base of the projectile. The steep pressure pulse applied to the model dur~
ing shock reflection caused clthier tip or interface failurc of double ele-
ment models,

Using & new technique for ruggedizing model construction, titanium —
base, steel-tipped slender cones (half angle 100) have been leunched to
velocities in excess of 17,000 feel per second ot RAD. However, these
models failed at higher loading conditions.

In order to launch cone models at velocities greater than 20,000 feet
per second, a shock-free compression stage was considered mandatory. This
requires adiabatic compressor type pump stage. The launcher described in
this paper ic such an ndisbatic compressor. However, by consianb volume
heal addition before~conpression, a much shorter compression stroke is
required to achleve the smme temperature and presswre as an sdiabatic com-
pressor which operates with 3000}( hydrogen prior to compression. In
Appeadix (I) of this paper, it is shovn that a one mile long pump tube
would be necessary to adiabatically achieve the same conditions as the dis
charge-then=-pump cycle.

The three stage arc discharge gun was fabricated by modification of
an existing caliber 0.60 piston compression gun to nceept an arc heating
stages A capacitor bank capsble of delivering 300,000 Joules of energy in
40 microseconds was constructed and used to heat the gas.

In the following sections, ectual launcher design, operation, and per-
formance will be discussed as well as theoretical internal ballistics calcula-

tion of performance.
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i. LAUNCHER OPERATION AND DESICN
The lsuncher described in this paper is illustrated in figure I.

The sequence of operation is listed below for iwo types of compression

cycles.

(A) FAST DISCHARGE

1) An electric signal fires an electric primer which ignites the

powder charge. Upon reaching a predetermined pressure, the piston shear
dise releases and the piston begins acceleration.

2) After about four feet of travel, (midway in pump tube) the piston

enters the electrode assembly. The conductive face of the piston shorts

the gap and the clectrienl energy storcd in the capacitor bank is discharged

into the hydrogen. The discharre time is npproximately U0 microseconds.

3, The piston then continues onward, Tfurther compressing the hydrogen.
The gate valve opens or projectile hold-back device then releases, Fur-
tier compression by the piston conlinues.

h) Projectile acceleration down gun barrel begins,

(B) LONG DURATION DISCHARGE
1) Seme as for fast discharge.
2) Soon after the piston begins accelerating, the compression waves

propasated by its motion errive at the electrode assembly. A thin, netailic

strip suspended from the upper electrode is pushed against the lower electrode.
This is called a "wind" switch by our engineers, since as the etrip flaps,
it closes the interelectrode gep and initiates the discharge. When this

4+rigger mode 1s used, a large inductance is used to slow down the discharge
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to 500 microseconds. The switch components sre voporized.
3) The piston completes the compression stroke, acting against
higher hydrogen pressure. Since the gas being compressed is heated,
(T = lSOOOK) the compression is unearly adiabatic,
L) Same as in mode (A).
A detailed description of the separate components design and opera-

tion follows.

Iz. The following table gives the geomeiry of the gun end the materials

used in the different sections.

TARLE

Component Material Length Dianeter
(1) Powder Chamber  h3h0 Steel(R-"C"-42) 16.75" 2.30" Ip
550" OD

(?) Pump Tube W3k Steel (R-"("-h2) 96" 1.50" 1D
(two N=foot sections) hos" oD

(3) High Pressure L340 Steel (R-"C"~-42) g,5" 1L.5" ID
Section 6.0" 0D

(4) Launch Tub L14o steel (R-"C"-42) 72" 0.60" D
2.0" oD

(5) Arc Chamber Liner-Teflon 75" 1.5" ID x 3/8"thick

Body 4340 Steel (R-"C"-42) T.5" 7.25" 0D

In the original arc chamber design an alumina liner was shrink-fitted
into the body of the chamber after which it was finish machined. This liner
was later replaced by teflon which was much more economical and just as

cfficient. Two electrodes are housed in this chamber; one is grounded to




THRER STAGE GAS GUN
the chamber, the o.oser Lstscwea 0w e chadber By mweans 0F o Ledloe s
sleeve and c« inected to a vollector plate. Doth electrodes pre vipped
with Avcomet {vopper impregnated tungsten) Lo winimize erosion and thereby
gas contaminan%s. 'The chamber is clamped to the pump tubes bty means of a

tie-bolt assemoly as shown in Fig. 2. The nating erds of the pump tuv--

and arc chamber are “esisane Lt tnise Loup.. alignment of the borec.

The collector plate which feeds the arc chamber by collecting the
energy from the individual capacitors is mnde up of two 1/8" thick copper
sheets three feet square with several mylar sleets between them for
electrical insulation. Bokelite clamps are used to hold this asscembly
torether. Double shielded coaxial cables from the bank are connected to
the cdges of the coupper plates.

e clectrien) energy for Lhe discharge is stored in s 50C-kilojoulc
capacilor bonk.  The Lonk consisis of 100, Lu-mierofwrad, Wo-kilovedt
Acrovon copacitors boused in % racks.  The twenty capocltors In each rnck
are inter-connected vy peans of o parallel plate wonsmission line. Bach
rack is connected by 20 low-impedance cables to a flat collector plate
ritted to the are chamber ag shown in Fig. 3. The ringing froquency fov
a dead short at the collector plate is 25 kilocycles. ‘Theclarging supply
is capable of delivering full energy to the bonk in 3 minutes, Approx-
inately 50 microseconds ore required to dischiarge the eneryy across &
1-1/2" gep of 500 pei of hydrogen, the actuel firing conditions.

At present the collector jlate is provided with a 0.5 micrchenry
inductor to reduce the ringing frequency to 5.8 kilocycles. The inductor

consiste of two parallel single loops of 5/8" diameter copper rod lying in
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o common plane, Fig. . The magnetic force tending to open the loops are
thus balanced, and the mutual inductance between the loops is at a minimum.

For these parameters, the calculated critical demping resistance is Ra=36.5 x 10'%1 .

. . - s P -3
The actual average arc resistance under firing conditions is § x 10

This indicates that the discharge circuit is underdamped causing a damped
oscillation. The oscillation lasts for two or three cycles baefore the arc
extinguishes, resulting in a discharge time of approximately 500 microseconds.
The peak currcnt is reached in 30 microseconds efter the initiation of the
discharge. 1In all cases approximately 90% of tlie stored energy has been
dissipated in the discharge.

T™wo techniques have been used to switch the bank. The first utilizes
two pleces of .Ohd'diameter copper bus wire extending {rom the electrode
approximately it inches toword the piston end of the chamber, IMg. Y. The
bus wire is pegged into holes in the eleelrodes aud suspended 1/2 Inch away
from the walls of the chamber, A one-half inch pap is maintoained between
the ends of the wires. The gap is clcsed Ly the piston which consists
of & plastic cylinder with a metallic face. When contact is made, the wires
cxplode 1resulting in a conductive path through which the discharge is com-
pleted. In the second technique the discharge is initiated by means of an
exploding loil trigger placed between the electrodes, Fig. 6. A small strip
of brass foil is attached to the high voltage electrode and beni away from
the gound electrode extension toward the piston. The separation between the
foil and the ground electrode is sufficient to hold off the maximum voltage to
be used. When the piston begins to move, it compresses the driver gas caus-
ing a flow past the switch, The foil moves with the gos , due to aero=-

dynamic drag, thereby reducing che gap. When the pap becomes sufficiently
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smeell, an arc is struck to vhe ground electrode exploding the foil, The
resulting metal vplesma provides current carriers between the elecirudes

which maintain the arc within the chamber. Initiation of the discharge

occurs almost simulteneously with the start of the piston as determined

from direct measurements.

The switching mode determines tle discharge dwration which can be
used, The piston-contact switch is used exclusively with the short dise
charge time, since the time of initiation to the mrrival of the piston at
the electrodes is very short. The wind switch, on the other hand, may be
vsed with either the long or short discharge, alihough it wus designed

primarily to be used with the former.
The launcher has been designed co that the arce chamber may be placed

al Lhe beginning, toe midale, or the end of the compression stroke. Firings

to date have been made with the chember in the intermediate position. The
operating seguence begins with the ignition of thie gun powder propellant

whicl ruptures a diaphragm releasing the piston, The ignition of the arc

may occwr at this point or at the Lalf-way position depending on the switch
being used. The point at which the ar¢ ls struck determines the pressure

and temperature histery of the reservoir. When a predeternined pressure

is reached, a diaphregm is ruptured releasing the projectile. The piston

velocity must be adjusted to maintain the necessary reservoir conditions to
sugtain pressure on the projectile base. The piston generally extrudes
into the expendsble section at the end of its sroke.

In the following section, results of firings made with this launcher

will be discussed.
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I% «  LAUNCT™? PERFORMANCE
A, Exper-mental Results

A program 0 exposiacatal firings was carried out to determine the effect
of .. ious parameters on gun performance. The variable parameters are listed
below:

1, Electrical discharge enevgy (300,900 joules-maximaum)

2. Powder propellent energy (limited by existing powder chambzr)

3. Projectile releasc pressure

=

. Piston mass

+ Bydrogen loading presswre

A1)

Five groups of firings were made. In each group a single parameter was
varied throupghi a range of values sufficient to indicate a mnximum, The
resulting empirical performance curves ore iven in Pig. 7 (n-c). Since
the parameters were treated independentiy, thedr dnterrelation is not
1tully accounted for; however, one could qualitatively predict the effect
of multiple variotions on the performance based on the above results,
The performance curves therefore established the firing conditions neccsaary
to obtain the maximum projectile veloeity for the launcher geometry dis-
cussed in section I and the projectile mass used throughout this program,
3.2 grams. The resulting conditions are as follows:

1., 120,000 joules of electrical enerty added ut the beginning of
the piston stroke,

2, 225 grams 4895, gun powder propellant,

3, 90,000 psi, projectile releamse pressure.

4, 2,000 gram piston.

¢, 54C psi or 10 grams of hydrogen, initial loadin; pressure.
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Using the above loading conditions, e projectile velocity of 21,000 feet
per second ves obtained at a peak reservoilr pressure of 150,000 psi.

rhe results of Lhe above sludy indicated two major limitations in
the existing launcher,

1. The launch tube was too short.

2, The size and strength of the existing powder chamber was in-
sutficicnt.

An indication that the launch tube was tco short was obtnlned when, for

a piven rescrvoir pressure,the projeetile velocity decreused wo tie dis-
charge cnergy was raised above 120,000 joules., As o result, several pressurc
venmvener b yere med L e Tepre of Lo Siaand P onees e muele end,
ROLALIVOLY T4l PICSHUNCH, (1D WU (0 Ay Pl were ttlew vl abe a0 puind

1o inches from the impzles  Pis peessire dacreased e Le didselar, o
Coersanerenstd, The guaditelive cemid by Uieretore, was Lol opoe nociien
dinener e eneryy bhere exisls an opbiinen Lengbi of Jaineh brbe, The ox=-"
joting oo borvrels are 120 calilers long, whice nppenes Lo be optihram for
120,00C joulcs discharee ener,y. Appendiz T discusses the effective pump
tube lenth alter the addition of clectrical energy. It is the clfective
panp tube lewrth Lo which the lmuich tube must be metched.

The powder chamber strength and size were determined to be inadequate
when the meximum powder charge at maximum discharge energy was only capable
of compressing the hydorgen to approximately 100,000 psi. As a result,
for a given powder charge,the projectile velocity decreased with increasing
.disch‘a.rse energy. The pressure records shown in Fig. & (e,b) illustrate this

effect, The reason for the above lies in the fact that the higher hydrogen
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pressure resuluing Irom constunt volune heat addition requires a greater
piston erergy in order to obtnin the came pressure without heat addition.
A lorger powder chamber will be reguired if the moximum discharpe energy
is to be used. The above phenomenon is discussed more quantitatively in
scetion IV and Appendix IX.

The projectile relemse pressure vwas controlled by a shear disc in
all cases., The addition of weight to the payload by increasing the re-
lcase pressure was compensated by reducing the weipht of the projectile.
A release pressure of 90,000 psi was necessary to achieve maximum
veloeity when the electrical energy was added to the gas. Without the
addition of ener:y, a LO,000 psi shear disc could be tolerated. In general,
Lhe release pressure Increasced with inercasing electrlceal energy. The
basls for this can be seen in Fig, 9. For a gdven piston velocivy the
presowe 1rise 18 slower ol a given roleasce pressuese b the enerrs is die
creased.  In order Lo conpensale for this, lhe release presswre must be
inereased,

The piston mass determines the pressure-time history in the
reservolr and therefore ut the base of the projectile., If the piston is
too iight, it will come to the end of its stroke and reverese direction
while the projectile is accelerating. On the other hand, if the piston
is tou heavy, the projectile will Lave left the barrel while the piston
has a considerable amount of energy. Both extreme cases result in low
efficiency of energy transfer between the gas and the projectile. An
optimum piston mass of 1800 grams was obtained from these firings.

The hydrogen losding pressure determines the temperature rise of the
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sas after constant volume heat addition. A reduction in loading pressure

results in an increase in temperature, Appendix II. (he effect of loading
pressure on the pun performonce was relatively small over the range of
values covered in these firings., A value of 540 psi or 10 grams of hydrogen
was selected as the optimum.

A list of the firings, results and conditions dis given in Table I. It
should be noted Lint all rounds from #28 on employed the inductance or
long dwation discharge mudes, The instrumentation failure experience in
many of the rounds was a result of the RF noise generated by the discharpe
and picked up by the downronge instrumentation. It is noteworthy here to
cormwent that these rounds were not o totnl loss since the pressure history
was still obtained.

In conclusion, it showld he noted Lhat the above-mentioned conditions
are optimm for this lowncher georetiry only. An improved performance is
expeeted with the longer launch tube and heavier powder chamber.

B. Prescwe Measwements

In the majority of firings the reservolr pressure was monitored ot
o point one inch from the cntrance to the launch tube. As a result, the
time of projectile release coan be seen on mohy of the pressure treces. In
severnl Tirings the presswre in the bore of the launch tube was mensured;
however, because of the deleterious effect of the pressure port on the pro-
Jectile, this was done only a few times. The presswre records on the vhole
enabled us to determine the effect of various parameters on the pressure
history and projectile velocity. For the most part, the results were vhat
one would intuitively predict.

Kistler piezo-eleciric pressure transducers were used to monitor the
pressuce,  he basic Ristler

S0l balidstics pressure Lransducev is cupulble
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of measuring pressure pulses from O to 5,000 psi with a maximum frequency
regponse of 200 kc. Adapters were used to extend the range up to 300,000 psi

vith a correspending reduction in frequency response to 100 ke as the ranpge

increaces to the maximum. The adopuer selected for a given pressure measure-

ment was determined by the position on the launch system where it wes to he
used, For instance, the 0-5,00C psi adapter was used al the arc charber
position to measure heating efficiencies, the 0-35,000 psi adapter at

positions greater than 4 feet down the launch tube, the 0~100 ,000 psi adopter

e Y

at the entrance to the expendeble section, and the 0-300,000 psi adapter &b

the entrance to the launch tube,

Several pressure rccords ore riven in Pigp. 9 (a-f). These records
indicate more or less chranolopdcally the sleps toaken Lo tadilovr the pressure
puloe Lo o shovk-free or werk shock condibion,  Tve alld cases, except (2,
the e was docoted onc dnel from the progjeetile.  In the latter cose, the
ciue was locuted near the arve chanber Lo measure heating efficlency.

Fisure 10a illustrates the pressure history resulting from comprecsion
of the hydrogen by & subsonic piston in which no electrical energy was added
Lo the ;as.  The scope was adjusted to tripper when a 5,000 psi level was
reached at the gege. The step-like increments in pressure are the result
of o weok shock wave generated by the piston and reflected btack and forth

8,9
between it and the projectile, It can be shown from shock tube theory  that

a shock wave is generated as long as the piston is moving. e.g. the shock

P,
strength § = r‘; —» 1 when the piston velocity M;=* 0. The piston velocity
in this case 1s 1,000 feet per second end the projectile velocity is 8,700

feet per second. The purpose of this test was to obtain a comparison between

e Uneasn” and

no aat" cases,
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In Fig., 10b an attempt was made to deterwane Lhe shock strenpgth
generated by the short duration discharge and 19 detormine if it was
suflficient Lo ruplure the sheeor disce In this case, the rear section of
pump tube was plugped up to the arc chamber, therevy simulating the actual
chiamber volume when the arc is struck by the piston (piston contact switch),
This volume was then charged with hydrogen to a pressure corresponding to
actual condilions. The bankt was charged to maximum voltage in an effort to
break down the gop and discharge the bank, It was necessary to reduce
the hydrogen pressure to 800 psi before the ¢ap conducted. The resulting
shock wave was traveling at 10,000 feet per second ond had a peuk of
10,000 psi, The reflected shack wave can be seen al the end of the trace,
wenkelsd as the contact surface decelerates and equilivrivm is appronched.
The shear disc, designed Lo rupture at h0,000 poi, Aid not shenr when
subjected to tuis snorl dvealion dupulse.

Ao attenpt was made to deleruine the omount of cleclrical eneryy
which goes into raising the temperature ond, specifically, the pressurc of
the ¢as. TFrom the messwrement of the pressure rise, one can cslculate the

efficiency

) .

(Pr - P1) V3 _ _P mesasured
Qst (¥ -1) " p colculated

where
Pp-F = the measured pressure rise
V, = volume at discharge
Rt a gtored energy

1 = 1,3 for heated hydrogen.
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In Fige 10c the sweep was initialed by the discharpge of the bank. Approx-
imately 1 millisecond from tO an equilibrium pressure of about 4,000 psi
is reached. The shock waves moving past the pace arepnerated by the piston
and somewhat confuse tht equilibrium presswee measurement. In order to

calculate the efficiency, one must correct for the pressure cise due to the

novement of the piscton, in this case 100 psi. The presswre rise after dis-

chorge (App. IT) end compression is calculated to be 5,340 psi. The efficiency
is

I neasured . hooo } _
Footomstea | F -

1t is interesting to observe from this trace the recompression of the
powder as by piston reversal., In Pig. 10 (4 ~ ) steps were taken to
eliminate the strony: shocks ;enernted by the discharge. Figs 104 illustrates
Lae nost severe case of shock healing in which ihe short dwration discharie
i used with the piston contact switch. A variation of this'ki(p e
utilized the short duration discharge with the wind switeh theorizing thot
il the jas were allowed to cxpond exially in both directions,the shock
strength would be reduced. Very little, if any, improvenent resulted.
Pige 1Of is the closest approach tc a shiock-free compression and heating ob-
{tained to date. This was achicved by increacing the discharge +ime by o
factor of 10 and allowing it to expand oaxially in both directions by employ-
ing the wind switch trigger.

In summary, one can see that pressure records are invaluable pleces of
date in analyzing the performance of & gun, A considerable reduction in the
number of experimental firings have resulted from these pressure records.

Fron the pressure records obtained from this parametric study, one can
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cssentially tailor the pressure pulse to sult a given required launch

condition,

C. Theoretical Performance

A procedure for computing the nerformence of the arc heated three-
stage launcher is discussed in detail in Appendix II of this report. Several
calculations were made to determine optimum operating conditions as well as
to asgist in the evaluation of the pgun performance., Figs. 11, 12 and 13
indicate the computational predictions for the lawncher geowetry discussed
in this paper. Figure 12 illustrates a case in which no arc heating occurs,
A projectile mass of 5 grams was used in all computations.

1, Comparison of theoretical performances of the adiabatic compressor
with the three stage (heat-conmress) launcher. Let us determine, using
Iigse 11 through 13, the conditions necessary to achieve a projectile velocity
of 10,000 fecl per sceond for each case.

(a) Compression only (Flg. 13)
The mass of gas required is 18 grams as given by the
upper curve, The pressure obtained from the lower
cwrve at 18 prams of hydropen is approximately GO ,000 psi.
(b) Three stage (heat then compress) (Figs. 11 and 12)
In this casc there are several loading conditions which
can be used to nchieve 10,000 feet per second. Using
3 grams of hydrogen and referring to Fig. 11, it can be
seen that a pressure Py = 25,000 is required. From
Fig. 12 the required discharge energy, Q = 160,000 joules
is cbtained, Using 18 grams of hydrogen, = 40,000 joules

and P, = 45,000 psi.
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The lower P2 resulting in the case of the three-stage launcher

is desirable from the standpoint of accelerating two-piece models.

2., Comparison of theoretical performance of the three-stage launcher
with the observed peirformance.

The empirical performance curves for the two cases (with and with=-
out heating) are given in Fig. 14, In this graph the messured reservoir
pressure is plotted apgainst the measured projectile velocity. An initial
hydrogen pressure of S4O psi or 10 grams was used in all cases. The dis-
charge energy was 120,000 joules.

The actual conditions reguired Lo uwchieve 20,000 feet per second
with the above londing values were

() D, . 220,200 pal

(») 4 = 120,000 joules

Referring, to pigse 11 and 12 one obtnins the followving conditions to
obtain 0,000 feet per sceond at n londing, pressure of 10 grouns,

(a) Pr = 150,000 psi

() Q@ = 270,000 Joules
Lt is diflicult to oblain o jood comparison in this euner since the pro-
jectile weight and cxact loading conditions are not duplicated. However, a
reasonable agreement is obtained,

In order to determine more rigorously the accuracy of the predicted per-

formance,the loading conditions for several actual firings were substituted
into the equations of Appendix II. The results showed agreement within 15%.

Analzsis

The primary concern in the design of the three stage arc heated launcher
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wae to provide a srmooth shock-free acceleration of the projectile, 1In
the early firings where a short discharge was used to heat the gas, large
amplitude short duration pressure pulses vere observed, Fig. 10d. It was
later determined by means of a static firing of the bank that these pulses,
Fig. 10b, were generated by the discharge, The explanation [cr this
phenomena 1s given in the following discussion.

The occurrence of the pressure pulses may be attributed to the shock
tube effect caused by the rapid dischorge of energy in the volume between the
piston and the clectrodes, A discontinuity occurs from the local short dura-
tion heating thereby creatin & sluy of hot gas which acts as a piston (or
contact swlace in a shock tube) whicl. expands into the unleated volume.

Mhe cypansion velocity v enfficient to penerate a strong shoek wave in

tlie unheated gas.  The shoels wave noves into the wnheated goas at o greater
velocity than the conlacl swrface, raisiug; the temperaturce ohd pressure us
it passcs.

The shock heating process proceeds throwsh o series of veflections be-
tueen the projectile and the contact surface until the contoct surtace is
sulficicntly siowed downs The presswre record in Fig. 10L shows bwo posccs
of a shock wave generated by & chort duration discharpe.

From this pressurc history in the pump tube, shock velocity and
strengti were measured. The calculated values, using shock tube theory8’9
correlated well with the measured values. The high shock strengths caused
pressure overshoots on the projectile base equal to or greater than those
obtained in the supersonic (light piston) two stage launcher, vithout dis-

charge. The addition of inductance into the eircult stretched the discharge
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iime and decreased the pressure overshoot effect, Fig., 10f. This long
duration discharge required switching earlier in the cyclc. A simple
"wind" switch was installed which closed the gap when the first weak com-
pression waves arrived at the electrode assembly from the accelerating
piston. This type discharge was more effective since not only was the gas
heated more slowly, but the plasma was free to expand both toward the piston
and in the direction of the projectile.

Two further advantages were gained from the long duration discharge:

The heat loss due to radiation was reduced as a result of the lower peak
tempersture and the amount of contaminent produced by the erosion of the
clectrodes was decreased. However, by heating early in the compression
cyele, the gos is at on elevated temperature for o longer time thereby
increasing the conductive heat losscs.

Phe elevibion ol Lhe initiud gas pressure at the beginning ot the
compression cycle increases the work which must bLe done by the pilston dwing
the compression stroke, This elfect is demonstrated in figure 8 (a,b) where
the pressure records taken at several values of the discharge energy are
shown. Inereasins the discharge energy increases the hydrogen pressurcs
For a fixed mass of gun powder, Lhe piston decelerates earlier along the
siroke. The Tinal hydrogen pressure which drives the projectile is then
lower. Consequently, the powder mass and volume must be adjusted carefully
or the launcher performance will degrade under that obtained without discharge.
The following equation illustrates this principle and enables one to calculate
the piston velocity at a civen position in the pump tube as a function of

the initial hydrogen pressure (or pressure after discharge) and powder
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£as presoure,

T
2 Ap

1- 1-% .
TR ) P % [(“i—c) 1] ‘Plxp[l'(l";) ]){ (2)

P

A typical example illustrating the piston velocity {calculated) with and

without heating is given in Fige 9. This correlates the observed and pre-

dicted results.

Conclusions

The arc augmented light gas gun has proven to be an ideal launcher
for accelerating projectiles to velocitles in excess of 20,000 feet per
sceond as van Le scen in Fig. lh. The high sound speed has enabled us to
luunch projectiles using o lower base presoure for a pglven velociiy.than wilh
the shock heated type light piston launclier.

A longer launch tube is expected to increase the performance of' this
gun,

The versetility of this launcher lies in the fact that the chamber
can be placed at virtually any position alony the puap stroke and its
energy dissipated over any duration from 50 microsecond to many milliseconds.

It can thereforc be used as an ultra-high velocity particle launcher as

well as fragile projectile launcher. Msny combinations of reservoir pressure

and termperature can be obtained in small geometry launchers which forrmerly required
long adiabatic compressors.

The ultimate application of this lsuncher to the fragile cone nodel

has not yet been accomplisked. However, many of the problems e.g. cycle
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selection, clectrode desipn, insulation erosion, electrode high pressurs
seals, projectile hold back, etc. are essentially solved, This method
appears to us to hold great promise for the next cncration of nypervelocity

launchers.

The authors are the representatives of a ballistics researcn team. As
such this paper represents the collective contributions from many individualc,
¥r. George Theophanis deserves the najor credit for his £ole in arc ¢hamber,
capacitor bank, switching techniques, bank charging and discharging circuitry,
collector plate design, etcs Mr., Robert Gagnon painstekingly helped in
naking these clements an operation syster.

Willime Galeazzi, Walter Johnson and Albert McNaney were invaluable
in carrving out their ranje operations tacks.

Georpge Ckodn was responsible for the interior ballistics cowputations.
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ARFENDIX I

THE IENGTH OF THE EQUIVALENT ADIABATIC COMPRESSOR

The heat addition in the arc discharge configuration occurs at constant
volume, while heat conduction to the walls and radiation are neglected. I%
is instructive to determine the length of adiabatic compression which would
produce the same conditions. The compression by the piston in the heat addi-
tion case is also adlabatic, thus the complete arc discharge cycle can be inter-
preted in terms of & single adiabatic stroke from an initial length Yl at game
intermediate point in the cycle, the piston is a distance Xl from the end of the
tube., Where Xl ia the length of the arc discharge pump tube. At this instant,

the pressure and temperature as well as the mass of hydrogen is the same in both

cycles.,
¢
Y
Pressure in Ad, Comp, P, =P — = 1
1 1" )(1
— Q¥ - 1)
Pressure in Arc, Discharge - 27/ 4 IX
X 1 v
1 1
Mass of Gas Ad. Comp., = Mnss of Gas Arc Discharge
Y. = ¥
Pl \ 7l 1 )(l 11T
Equating (I) and (II) amd substitution from 1II yields
1
Q -1 P -1 .
- 1l + -—LZ— v

Y Ty %

Tha relation for the tempersturs at xl also satisfies equation IV which
is the desired equation for the ratio of the two strokes. Application of {IV)
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to the launcher considered in this peper:

Qmax) = 3(105) Joules

Y o X

3

X

Vl ~ 3000 cc.

1 =~ 600 psi ('4»::107 dyna/cm2>
. S 0% R
X
or, Yl = 5832 feet.

So that a simple adiabatic stroke over one mlle in length would be required

to obtain the same gas conditions as ln iLhe discharge-then~compress eight foot
stroke,
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APPENDIX II

CALCULATTON OF LAUNCHER PERFORMANCE

1. General Adiabatic Compression

An excellent interior ballistics analysis of the adiabatic compressor type
light gas launcher has been carried out by Charters, Denardo, and Rossowl. A
procedure will be developed here which builda upon their results. In reference
Newton's second law is integrated to provide velocity-time and distance-time re-

lationships for the projectile within the launch tube which are

\ - $- 1
u 31-(1-——\"11) el (1)
8 -1 /
-2 .
- - ~ . S\ el
z..v._l_[l-__z__t-(l-.x_;_l_t> @
2 ¥ - ¥ -1
- w - tL
vhere u = + is the dimensionless volocity; t = ———oe—— 18
52 )
- z
the dimensionless time; and 2 = W is the dimensionless distance. n‘
—2
B, 8
c
is the projectile mass; aa = —iﬁl- H § . -ci— the ratio of specific heats;
- v

is the ressrwoir scund speed; P, is reservoir pressure} 8 is the eross-sectional
b 2
ares of the laumch tube.

Then,
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2
o = %2 (4)
2 ¥ .1

The subscript 2 denotes conditions at the start of launch,

In reference 1, the position X2 of the piston in the pump tube at the
start of launch is given as

41

R e

PSP Sy T T

(5)
§ -1

It was sssumed that as the projectile leaves the launch tube, the piston arrives

al the end of the pump tube.

Combining Equations (3) amd (5) yields

Yo+l
_ . 2(¥-1)
T . & ( .l_%..>(__a_> (6)
m 28 S+1
8
From the definition of z 1is cbtained
- 2
2 & n
P [ —g_.— (7)
2 sL

P
2
The of 4art = 0 co—— . Wilizing thi
mas of Griver g My = g R Ty = i M Ty etlining wis
relation, equation (3) oan be rewritten as

(§- 1)2 SL M,
X =
2

(8)
1‘ t APE l!lB
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The adiabatic expansion equations will be useful in this derivation. They are

A b1 AR Y
P X T 7%\ a X 2
(a) 2 _ (_._> o) 2 L) o) 22 (_1_) (9)
1 % T A% & X,
By definition “
= Q. ; . 10
us 02 8 ( )
Then,
- X 2 28 u
N T Lo ()
3 2 AX § -1

2., Mcdification of the Gemeral Case to Ineclude Arc Discharge

The discussion of the arc-heated driver section requires ancther equation
which is derived from the first law of thermxiynasmics for constant rolume heat

addition.

a bd M C (12)

Here Q is the energy sdded to N‘ graas of gas. Subscripts "bd" dencte before

discharge, "d4" at discharge. The equation of state can be written

Py Vg = M RTy. (13)
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Combining liquations (12) and (13) an expression for p the pressure after dis-
charge iz obtained,

QR
= - . 1k
P By + v (14)

For the case where the discharge occurs after the piston is accelerated by the

burning powder, Equations (12) and (13) can be rewritten as

. £
VIS, ( et + 8 ; (12+)
= El
4 1 X, Mg G
¥

X

[ QR
P = P + . (14)

The adiabatic relations (9) are now used to determine the final state (2) after

the piston compresses the arc heated driver gas from Py to P2

, \
P Xa
-}
—— k-3 S — . 1

5 L X (15)

Or, using (14') in (15) there 1s obiained

NIRRT

Using vy = \Il (-%) Equation (16) becomes
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THREE STAGE GAS GUN

[Pa <‘;3_)I "R (%‘] & N (%‘)

[ a
Q =
R
and also
X {-12
. X "1
‘[-Pa <-—-x-i-) - PI\J Cv Vl (—x-d—> (17)
Q =
R

The mass of the piston is determined from Newton's law of motion

. 2
(B, -7, ¢
. - el el S T (18)

2%

amd the piston velocity

5 ry . (19)

The initial powder pressure Pi required is given by

2 -1
ST T SRLLL \/xl\ -;J+Q)_(——> ] (20)
» . (e 2 -1
-

Pl

2
n-%
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Bere 77 is the ratio of spacific heats of the powder gas, yl = the
length of the powder chamber if it were the same cross-sectiopal area as the

pump tube, Final powder pressure

-l
Y1
Pa = Py [ ] (21)

ntH-%

The mass of powder to be used mc is determined from the following equation:

(kg) .« (22)

vhere

[
K = 11.8 (10 ) em, and U 1s the chamber volume.
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F. NOMENCLATURE

Ap = srea of pump tube

S = ares of launch tube

L = length of launch tube

X = distance along pump tube from the projectile to piston face

KP = initisl length of pump tube
X, = adjusted length of pump tube

Xs = initial length of powder chamber

m = projectile mass

M = light gas mass

h = mass of bhydrogen

v = mass of powder

h =number of moles of hydropen

h = molecular weight of hyd-ogen
vh = specific heat of hydrogen

ug = muzzle velocity

':\5 = dimensionless velocity

:12 e efflux velocity

t, = launch time

o
"

dimensionless time
2 = length

dimensionless length

a, = initial sound speed
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sound spced after electrical discharge

sound speed at the beginning of the launch

original charging pressure of light gas

pressure just after electrical discharge in light gas

pressure at the beginning of launch

distence from the front face of piston to the projectile at
the instant of launch
distences along pump tube of equivalent adiabatic compression

volune uf pwnp tube ahiead of piston

bydrogen gas consiant 42.1 x 103 cm

universal gas constant
electricnl energy acrocs clectrodes
room temperature %K

vemperalure of light gas after discharge %k
temperature at beginning of launch angle %k

specific heat of hydrogen taken at 2.6 cal/gr

efficiency of discharge

C

CP for hydrogen = 1.4 or room temperature at 1000°¢
v

CV = 2,75 and = 1,358

ratio of specific heats for powder propellant gas
powder chember volume

piston mass

piaton velocity




THREE STAGE GAS GUN

powder gas pressure at burn-out

povder gas pressure at beginning of lauuch

powder charge

1. Subscripts
1

"

conditions at the instant of piston release

e RN

the instant of projectile releage

conditions o

ct

d = conditions at the time of electrical discharge
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/— HOT ELECTRODE

/] PISTON
// N SWITCH
L 1 —_
N
——
GROUND
ELECTRODE

|

Figure 5 PISTON CONTACT SWITCII
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(o)

W ARRIVAL OF 15T COMPRESSION
WAVE

~—TIME

NG ARC HEATING
PMSEC. (M
25,000 PSI/CM

REFLECTED SHOCK
CONIACT SURFACE

—ARRIVAL OF SHOCK WAVE AT GAGE

15 — PICVIIR T ROM DISCHARGE

e (b udry -
<+—TIME

ARC HEATING, NO COMPRESSION

200 SLC CM

10,000 PS1CM

DISCHARGE TIME 50 pSEC

HANGF IRE CONDIT IONS

120,000 JOULES DISCHARGE ENERGY

POWDER GAS PRESSURE
ARRIVAL OF PISTON

/— DISCHARGE PICKUP
EQUILIBRIUM
A. 4——— PRESSURE

-—TIME
ARC HEATING PLUS COMPRESSION
! MSEC/CM
15,000 PSI/CM
DISCHARGE ENERGY - 500 uSEC
PRESSURE GAGE IN ARC CHAMBER
WIND SWITCH TRIGGER

Figure 10 Pressure Records
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%

PUMP PRESSURE _,,
AT DISCHARGE

& I T P

ARC HEATING PLUS COMPRESSION

500 ;(SEC/CH

14,200 PSI/CM

DISCHARGE ENERGY ~ 120,000 JOULES
DISCHARGE TIME - 50 1SEC

PISTON CONTACT SWITCH TRIGGER

PROJECTILE
{e) 3] / RELEASE

««_DISCHARGE

i PICKUP
- TIME ~—TiME

ARC HEATING PLLS COMPRESSION ARC HEATING PLUS COMPRRESSION

500 1 SEC/CM 1 KSEC/CM

25,000 PS1/CM . 25,000 PSI/CH

DISCHARGE ENERGY = 180,000 JOULES  DISCHARGE ENERGY = 300,000 JOULES
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Firpe 10 (continued)  Pressure Records
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HYPERVELOCITY AUGMENTATION TECHNIQUES

by
William G. Howell, Research Engineer; Rodney F. Recht, Research

Engineer; and Thomas W. Ipson, Materials Specialist; Denver
lesearch Institute, University of Denver, Denver 10, Colorado

ABSTRACT

This paper presents analytical and experimental results from

an initial investigation of a light gas gun projection system

which shows promise of providing a break-through into the 35,000

to 50,000 f.p.s., velocity range. In this projection system a

third stage is added to the end of the launch tube of a conven-
tional two-stage light gas projector. This third stage is desirned
Lo make use of the kinetic energy which is available in the sabot

ot the time that a sobot-projectile combination is normally fired
from the launch tube. It has a convergent section which acts as

an acceleration chamber leading into a final launch tube having a
smallor bore. The projectile 1s carried centrally on the face of
the sabot and fits the vore of the final launch tube. It is obvious
that this method of acceleration has many problems, but the analyses
and experimental resultg presented lend support to the conclusion

that these problems may be satisfactorily solved by optimization
of this launch technique.
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HYPERVELOCITY AUGMENTATION TECHNIQUES

by
William G, Howell, Research Engineer; Rodncy F. Recht, Research
Engineer; Thomas W. Ipson, Materials Speclalist; Denver Research
Institute, University of Denver, Denver 10, Colorado.

Introduction

The Denver Research Institute has, for several years, been engaged
in & research effort aimed toward the development of an electrically
augmented hypervelocity projector capable of launching discreet
particles at velocities in the 30,000 to 50,000 fps range. This
program, sponsored by the Air Force and monitored by personnel of
the Aruold Engineering Development Center, is in the final stages
of development and evaluation; the work to date is adequately
covered in a previous paper. 1 We have also been involved in
hypervelocity impact research and it was in our studies of impact
work that we evolved the idea leading to the investigation reported
herc. In impacl studics, o sabot cupports the projectile nnd
provides a gas seal during the launch cycle. Once out of the
launch tube, the sabot becomes an unwanted missile which often
impacts the target and clouds the data for which the test was run.
Yet the kinetic energy of this sabot may be many times that of the
projectile because of the mass difference. In stripping the sabot
from the projectile, it should be possible to devise a means for
imparting some of this excess kinetic energy to the projectile.
Having observed the fluid-like effect exhibited by polyethylene

in the Ames accelerated reservoir, it was concluded that a similar
effect might be expected at the end of a launch tube. This 1is the
approach used in the program discugsed here.

A third stage was added to the end of a conventional two stuge
light gas gun. This third stage had a conieal convergent section,
or accelerator, leading into a smaller final bore as illustrated
in Figure 1. The final launch tube wis only three inches long in
all tests except round 13. A short test program was planned in
which there would be two geometric variables in the accelevator;
the convergent angle, (@), and the final bore, (d). For most of
these tests a solid polyethylene sabot, as shown in Figure 2B,
was used. A spherical projectile sized to fit the final bore was

* JSuperscripts refer to Bibliography.
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HYPERVELOCITY AUGMENTATION TECHNIQUES

carried centrally on the face of tTlhe sabot. It was correctly assumed
that the front face of the sabot would be accelerated as the sabot
passed thru the convergent section, imparting kinetic energy to the
projectile. All tests were run with a five foot long pump tube
having a bore of .75 in., & caliber .30 second stage launch tube,

and with loading conditions which should have produced approximately
15,000 fps without the third stage accelerator. Experimental
results obtained are shown in Table I.

Theoretical Analysis

The transient form of the Euler differential equation of flow would
probably represent the process being considered here in a rigorous
fashion. Pressure, density, and time are extremely important var-
iables; viscous and friction forces would not be expected to bhe
highly influential. Thus, a rigorous mathematical model would
congsider transient compressible flow relative to & short cylinder
of frictionless fluid passing through & convergent section. The
lack of pertinent equations of state and other information required
10 evaluate the Buler equation and the associated boundary conditions
preclude such an snalysis at the present time. A non-rigorous
mathematical model was developed to partially explain the process
by which the energy exchange takes place, The following derivation
serves to identify some parameters which influence the increase in
velocity due to the convergent section.

—

-

(0)

Figure 3

In Figure 3, a plastic cylinder (at position 0) moving st hyper-
velocity, Vg, in a bore of diameter, D, passes through a convergent
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scetion into a smaller bore of diameter, d. The time required to
pass through the convergent section is very short. It is assumed
Vit Lhe change in length, L, 1s negligible during thils time. Shear,
vicceous, and friction energy losses are assumed to be very small
compared to the initial kinetic energy and are ignored. The plastic
is thereby considered to be a compressible non-viscous fluid.
Homentum transferred to the tube in the convergent section reduces
the velocity of the center of the mass to Vi. The plastic cylinder
of diameter, d, and length, L, is highly compressed at position (1).
Release waves progress inward from each free end of the compressed
cylinder, increasing the velocity of the front surface, and decreas=-

ing the velocity of the rear surface by a value AV: as illustrated at
position (2).

A projectile, whose mass is small when compared to that of the
cylinder, placed upon the front surface, will achieve a velocily
approaching V; +AV. IT AV is preater than({V, - V;) the projectile
will be accelerated to & higher velocity than V,. A plastic sabot
moving at hypervelocity could, in this manner, transfer kinetie
rnericy o a hypervelocity projectile.

Homentum Loss. ‘I'he maximum impulse transferred Lo the gun barrel

in the convergent scction can be approximated. 3Since no energy is
added to the initial kinetic energy of the plastic cylinder, the
average veloeity in the convergenl seclion cununol exceed Vgr The
maximun average velocity normal to the wall is, thercfore, v, sin &.
Compression waves will move into the plastic from the walls.

Pressure at the wall can be approximated from,

p=rRCV (1)

where p 1is pressure - psi

1b sec2

P is initial mass density - :

in
¢ 1is wavefront velocity - in/sec
Vv 1is particle velocity - in/sec

Sinece the compression process is taken to be frictionless, only &
normal force is transmitted to the wall. Substituting V Ko for

C and V, (3in@) for V, equation (1) becomes, g

p=\V.lKp Sir @ @)
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where K, i3 the bulk modulus - psi

€ 1is the convergent half angle

The surface area of the convergent section is:

(R r™)
A PN (3)
where R is D/2
r is 4/2

The average time for a given particle to get through the convergent
sectlon at & maximum velocity of v, is,

< -r
= (M)
ACS t' V@ 277)7 69

The impulse transferred to the wall will be euunl to the product
of equations (2), (3), and (4); however, only the impulse transfer
in the direction of motion will effect the momentum of the center
of mass. Thus, this product is multiplied by sin& to obtain the
impnlse which changes Vg to V,,

Amv) = pAlat)sine
=77 ‘//?;,, (/f’i re)(R-v)Cos 8 (%)

Initial momentum is,

MVe = 77/?2[/0,[/, (6)

The ratio of momentum loss to initial momentum is obtained by
dividing equation (5) by equation (6); hence,

Vo'v' - V7/;? [(/‘%'i)(gir)]eose‘
3 Ve

When YV, is a hypervelocity, the right side of equation (7) bas a
very low value; hence an assumption that there ig no loss in
momentum, and that Vy = V,, is reasonable for determining the
feasibility of using a convergent section to deform and thus
pressurize a sabot and accelerate a projectile to higher
hypervelocitics.

n
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Increase in Velocity. Bulk compression is related to pressure by,
dp - A/"/"”

K i3 a function of density. The relationship is not known for
plastics which are subjected to such high changes in pressure and
density as those associated with this process. Assume that Lhe
relationship is of the form,

/(c({)n (9)

This asgumed function permits evaluation assuming & constant value
of X, a value of K which is proportional to density, a value of X
proportional to the square of the density, and values of K which
are proportional to any other power, n, of the density.

(8)

Using this function for ¥ in equation (8), and integrating between
the limits of p = O to p = B, and /.f to .~ , the pressures within
Lhe compressced cylinder becomes,

Y 50 2
/O - i" A - /‘f 7 (10)
7 »n

AL

Trom cquation (1), the wavefront veloecity resulting {rom the
relence of this pressure is,

Av = L Ko [ 7] (1)
Y " /?hf,)r ¢,

2
<, (2)

>

but

AR

and since C, = _KP-_ , the veloeity may be expressed as
(for 71> 0),

VAR /(u [D)hl (D)n-u )

For o value of n = 0, equation ( is indeterminant. If n = O,

the bulk modulus, K, is conbtant. Integratlon of equation (&)
and substitulion for Py as before ylelds,
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AV - % /g» n f._/_: (1)

{for n = 0).

Equations (13) and (1k4) are plotted as a function of -$- on
Figure 4 using values of n equal to 0, 1, and 2. The physical
constants used are those approximated for polyethylene. The
experimental test results are also shown on this figure. The
use of n = 2 in equation (13) results in the best correlation
with the experimental data.

Tesl Results

Up to this point in the discussion we have ignored some of the
more obvious problems such as the acceleration which the projectile
must undergo in this process. As might have been expected, the
projectile was broken up in all tests and many pleces of the sabot
usually came downrange bchind the fastegt particles launched.
However, it is the belief of the authors that this technique which
hag been proven to have great potential for veloeity increase,
may be optimized to produce useful results. To bear this out,

a sabot as shown in Figure 2A was used in rounds 5, 6 and 13.

The central portion of the main sabot was loaded with a plastic
explosive which was intended to provide a gas cushion behind the
smaller sabot, designed to fit the final launch tube. Tests 5
and 6 vere run with a very short final Jaunch tube with the purpose
of determining that the C-h explosive could withstand inltial
acceleration without detonation. Detonation at the third stage
acceleration was definitely accomplished in these tests. Further,
in these tests the smaller sabot was broken up, but not severely.
Algo, the main sabot appeared to be completely eliminated and
only the smaller gabot impacted the target. In round 13, a
twenty~four inch long final launch tube was used to extract some
of the additional energy from the C-4 gas. As can be seen from
comparison with round 12, an additional increase of approximately
2400 fps was obtained, apparently due to work done by this
expanding gaas. In this test the small sabot was observed to be

in two pieces which impacted the target almost simultanecusly.

Conclusions

Tests have conclusively demonstrated the usefulness of a convergent
section in the launch tube of a light gas gun to deforn a plastic
sabot 80 as to further accelerate a hypervelocity projectile
carried by the sabot. This technigue is especially attractive
since it tends to increase velocity by an smount independent of
the initial value of the hypervelocity.
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PHYSICAL CONSTANIS

= 7.5 x 100 PSI
A< 1.0 x 10°% 1B-snc2/mv*
Y= 0.4
E= k.5 x 107 PSX
[ "o EXPERIMENTAL DATA
Eq. 13 O-TAN @ =0,03

+ . TAN @ = 0,052
Vo = 15,000 FFS
D =0,30 IN,

Tnercace in Velocity (A V)
due to the passpge thru a
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TABLE I

RESULTS OF TESTS WITH THIRD STAGE ACCELERATOR:

Accelerator Dameged
by Previocus Test

sabot, Loaded with
C-4 Explosive

Sabot Loaded with
c-h Explosive

(Vo = 15000 £.p.s.)

Final
Velocity AV
Round Tan © d (in.) (f.p.s.) . (f.p.s.) Remarks
1 0.031 .125 23,800 8,800
2 o .125 21,400 6,400
3 v 87 19,500 L, 500
L " .187 19,250 4,250
5 " . 187 19,700 4,700
6 " .187 19,800 1,800
7 " .300 15,000 -- Control Test
8 0.052 .125 25,000 10,000
9 " .125 26,000 11,000
10 " . 187 20,250 55250
11 " 187 19,300 4,300
12 " 217 17,600 2,600
13 " 217 20,000 5,000

3abot Loaded with
C=k Explosive., Final
Launch Tube 24" Long
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During feasibility analyses, momentum loss in the convergent
section has been neglected; the projectile mass has been ignored
and an assumpbtion has been made that the length of the projectile
does not change while passing through the convergent scction.

Internal dynamic effects within the deforming sabot are not
considered.

Momentum loss was shown to be relatively insignificant; however,
other assumptions and neglected effects are not so readily
defended. Even so, it appears that an equation of the form of
equation (13) will be useful in the design of sabots and tapers
and for the correlation of data.
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ABSTRACT

A magnetohydrodynamic hypervelocity projector system is described
which is potentially capable of accelerating a 0.1 gm mass to a
velocity of 27 kilometers/second. The energy for compressing the
accelerating magnetic field to megagauss values is derived from high
explosives. A containment tank is included in the system so that the
explosive can be detonated in a regular laboratory building, Theo-
retical and experimental work hos been done, and 9.5 kilometers/

second has been achieved to date.




The Magnetohydrodynamic Hypervelocity Gun

R. L. Chapman, D. E, Harms, and G, P. Sorenson

MB Associates
Walnut Creek, California

Int-oduction
In order to properly simulate the effects of micrometeorite bombardment in the labor-
atory, different acceleration techniques than those currently operational are required,
This paper describes o magnetohydrodynamic hypervelocity gun system capable of ac-
celerating projectile masses up to 0.1 gm rozvelocities up to 27 kilometers per second,
The accelerating force is provided by the B4/8%r pressure cf a magnetic field which is
compressed to megagauss values by an explasively driven conductor, The system in-
cludes a containment tank so that high explosives may be fired in the laboratory and o
condeniser bank for providing the energizing magnetic field. Experimental work to

date has been encouraging, and o total mass of 0.21 gm has been accelerated to 9.5
kilometers per second.

Desciiption of Operation

A diagram of the velocity amplifier system utilizing electrochemical propulsion is
shown in Figure 1. !In the diagram are shown the magnetolhydrodynamic compression
foop called the "transducer loop"; the launch tube with sabat and projectile 1n place;
the coils which provide the initial magnetic field; the explosive charge with a line
wave genesator for uniform initiation of the explosive; and the piston which compresses
the magnetic field by convergence towards the taunch tube corner of the loop.  The
operation of the system is as follows:

The condenser bank is discharged into the coils, The detonator which starts the line
wave generator is fired ot such a time that when the explosive has sheared off the
piston, thus closing the loop, the current from the condenser bunk hos reached its peak
discharge. Thus the maximum possible magnetic field is trapped. This time is typic-
ally 50 «s, The average peak fields in the center of the loop are between 35 and 70
kilogauss, depending on the experiment. The sabot region is shaped to increase the
current density, so that the field strength there can be as high as 200 kilogauss. As
the piston continues to move inward ot the velocity of approximately 4 mm/microsecond,
the magnetic field is compressed to high density and the resulting mechanical pressure
on the back of the sabot accelerates it down the launch tube. Acceleration times are
generally several tens of microseconds, and magnetic fields of o few megagauss are
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MAGNETOHYDRODYNAMIC GUN

reached. The pedak pressure is of the order of 5 million psi. Up to 500 grams of com~
position C-3 explosive are used. Five hundred grams of composition C-3 has a stored

chemical cnergy of about 2.5 megajoules. This energy is extracted from the explosive
by the performance of PdV work on the magnetic field.

Analysis
The magnetic energy of the system is given by W~ where
] 2
W, = [Pdv == LI (N
L = inductance of circuit
i = current

YV = volume of magnetic field 9
P = pressure of magnetic field (H*/8™ dynes/cmz)

Due to volume compression, work is done on the field, and for adiabatic compression

d / 2 g2 ;
- W - - Pv +d5S (2)
dt m A
where
v~ velocity of compressing conductor
A = cross sectional area

Equations (1) and (2) combine to yield

d =
—aT(LI) =0

or
Ll = constant

which is merely the conservation of flux in @ lossless magnatic system,
Ll = ¢ 3)

where
7‘ = magnetic flux

Since the circuit has resistance, there are losses and Kirchoff's law opplies. Thus,
the sum of the voltages around the circuit must be zero, or, from Fareday's Law and
Ohm's law,

ot (4)
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which, in an elementary form, is the idealized circuit equation for a closed Flux con-
taining loop with moving boundaries.

Substituting Equation (3) into Equation (4), we have
QF L, RP
(5 t * -—L v

(5)
_ /R
The solution of Equation (5) is (7& = ¢°€ _/T dt

- (R
or LE=11,e ./Tdf (6
Thus, | increases essentially linearly with decreasing L if the collapse time of the

system + KT = L/R. The magnetic energy of the system W = 1/2 L12 will then
increase exponentially.

e &l

From this expression, the current can be calculated for any loop motion once the in-
ductance and resistance are known. The axponential term in Equation (6) is the loss
term duc to resistance heatring of the conductor, This heating couses a corresponding
increase of recistance, thereby loss of magnetic field. [n equation form the heating

is given by

Vi szt - oedT 7)
where
7 = resistivity
J = current density
A = mass density
¢ = specific heat
dT - temperature change

T
Using the approximation that 7 = 7o T (good for most metals up to the melting
point), the terms in Equation (7) can be rearranged to give
dT 70 2
= JAd t
T AT
which hos the solution

Iy =k [l ®
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here k = 7o k i N . -
wher —/o_c.'l: {k is nearly constant for most metals up to the melting peint)
Equations (6) and (R) can be used in an iterative process to calculate the performance
of the magnetohydrodynamic hypervelocity gun.

Once the sabot begins to move, a coirection must be appliied to the inductance pro-
file, which includes the inductance added by the sabot motion. Also, deceleration
of the piston aue to magnetic field pressure must be accaunted for. Because the loop
is @ converjing system, and the sectional density of the piston increases as it travels,
this effect is not serious. Although the temperature of the sabot rises to large values,
it can be shown from the equation of thermal canduction that in the times involved,
the temperature increase of the projectile is only a few degrees.

Numerous combinations of parameters were calculated to determine theoretical feas-
ibility of the magnetohydrodynamic hypervelocity gun, These were done not only for
the converging system just described, but also for loops of rectangular shape. Although
a satisfactory combination of parameters was found for the rectangular loop system, it
is ganerally conceded that the converging system offers the greatest potential of reach-
ing high velocity. This is primarily because piston deceleration in the converging loop
is much less than in the rectangular loop, thus higher peak field strengths ara attaine-
ble. The converging loops which have been used have an arc redius of 12 cm and @
piston thickness of 2 mm, and contain 500 gm of explosive. The caleculated profile of
Magnetic Ficld Strength vs. Time is shown in Figure 2a. Figure 2b is the caleuluted
Projectile Vclocity vs, Time for an accelerated mass area density of 0.5 gm/cm,

Design

Engineering design of the hypervelocity gun system is based primarily on hydrodynamic
considerations, A photograph of the assembly is shown in Figure 3. The material used
in loop und launch rail construction is copper. The design must provide tor proper
shearing of the copper piston, and good initial contact when the piston shears off and
closes the circuit. Because of the thickening action of the piston, it is necessary to
enclose the loop with side pieces of a relatively high density material which is also non-
conductive, Epoxy loaded with lead powder has been used for this and for tamping of
the explosive charge, An explosive efficiency of 20% is desired, so that 400 to 500

kilojoules of energy will be available to the sabot and projectile. This has been achiev-
ed in the laboratory,

Description of Experimental Facility

A stesl containment tank was designed so that the explosive could be fired in a build-

ing which 1s located in o populated area, This tank is shown in Figure 4, It is a cyl=
inder three feet in diameter and has a wall thickness of 3/4 inch. One end of the tank
is & one inch thick dome from which the evacuated barrel and target chamber projects.
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Figure 4
EXPLCSICGN CONTAINMENT TANK
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The other end is a two inch thick steel door which is attached to the tank by a ring

of close spaced one inch diameter bolts, The overall length of the tank is five feet.
Inside the tank are a 1/4 inch thick shrapnel liner and wood staves for slowing the
high velocity fragments which result from the explosion. Instrumentation cables are
lead out through a port in the side of the tank and the energizing current for the ini-
tial magnetic fie'd is lead in through another port. A 30 kilojoule condenser bank
provides the current for the initial magnetic field, Figure 5 is a plan view drawing
of the experimental facility, The tank and the condenser bank are enclosed in a con-
crete block room, Outside the room is a barrier wall with the control station on the
other side. A single rack cabinet houses the condenser bank charging and control
equipment, vacuum control, and timing and firing systems. Instrumentation and other
items of electronic equipment are housed in the additional racks. Mechanical and

electronic sequence timers automatically operate all functions of an experiment from
the closure of a single remotely located switch,

Results of Experiments

Fifteen experiments hove been conducted so far in the program. Several of these were
designed to check the theoty, Others were designed to achieve a particle impact on
a target, Seme have suffered from malfunctions of instrumentation or other equipment,
or failure to trap the initial magnetic field,

An important meosurement was the velocity of the piston.  Thit was necessary to con-
firm the predicted explosive uicrgy to pitton kinetic energy efficiency, Figure 6 is a
plot of Pisiun Pasition vs, Time as measured in a typical experiment.  This shows a ve-
locity of 4.2 mm/.«sec on a 62.3 gram piston, using 500 grams of explosive. The
measured efficiency was 22,3%, which compares well with the predicted value of 207,

Measurements of magnetic field strength and projectile velocity have also been made.
The maximum peak field which has been achieved is 2 megugauss (2.4 x 107 psi press-
ure). The highest velocity which has been reached is 9.5 kilometers/sccond, This is

shown in Figure 7, which is a plot of Projectile Position vs. Time as measured in that

experiment, The peck acceleration measured from this curve was 132 mega g.

The experiments ot high velocities have suffered from fragmentation of the projectile,
possibly because of acceleration forces, but most probably because of the method of
velocity instrumentation then used, A number of lower energy shots were fired to show
that single particle impact could be attained by this acceleration method. These ex-
periments were suecessful and craters have been produced in aluminum targets from
three shots, Diagnostics have been minimal ard odditional equipment is now being
acquired, Future experimental work will be detailed rather than exploratory in nature.
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Conclusions

The results of the experiments fired to date are encouraging. It is reasonable to be-
lieve that the desired objectives will be obtained. Sabot heating and acceleration
forces are serious, but not insoluble, problems. The current experimental program
concerns the acceleration of small single particle projectiles (of the order of 10 mg)
with average accelerations of about 20 mega g¢'s.
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INHIBITED JET CHARGE

ABRSTRACT

In order to predict damage effects from impactis on space
vehicles, a projection device capable of producing realistic
mass and velocity levels is reguired., To achieve the more realistic
impact conditions, an explosive projecticon device was developed
at the BRL that utilizes the Jet-forming properties of sheped charges.
This device has been named the Inhibited Jet Charge and is basically
» shaped chuarge in which the conventional non-steady state Jet is
Lnhibited such that only the lcading poerticlce is permltted tc strike
the tarpget,

By oppilcabion of o principics ol shopod chbrge cone agic
peometry wel of scaling laws, inhiblbed job charges bave boen deve oped
Lthal project sluminam pellots ol masscs ransing Crom 0.9 gram to 50
peams ol velocibios ranghng from 7.6 km/see Lo 11,7 km/sea, Pellet

messcs of scveral hundred greams are considercd feasible with this

device., Also preliminary tests have indicuted that copper and steel

pellets can ulso be provided.
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I. INTRODUCTION

The development of explosive projection techniques is continu-
ing at the Ballistlc Research Laboratories to provide more realistic
impect conditions for hyperveloclty studies. In earlier studiesl’2
such deslgns as the ptraight-cnded and air-cavity cherges were found
inadequate for providing ihe mass and velocity necessary for certain
aspects of hypervelocity research. To achieve more realistic impact
conditions, the exploslve projecction techniques under current develop-
ment exploit the high velocity Jet-forming properties of shaped
charpes.

One Lhaped churepe beebhnlgue wilic bhe potenblod for high mass~
veloeity projection 1o the inhiblted collapse charge. ‘This peinciple
wus flrst studled by o group at CIT In l9525. In the early studles,
atlempts woere made to tsolate o single Jet partlele by use of on
inert plug pleced within the conical liner. The plug was intended
to allow the upper portion of the liner to form a conventional jet
while inhibiting collapse of the remainder of the liner.

h single partlicle however was never achieved, however. TIn subse-
quent work at BRL, Zernow“ recognized the value of an inhibited jet
pellet for hyperveloclity application. Although several promising
approaches were tried, a fully succeasful charge design was not

evolved.

The success of the present inhibited-jet design was made possible
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in purt Ly additional Knowledge of the Jel-formation process
obtained from shaped charge resesrch based on radioactive tracer
studiesb. From thesc studdes, it has been possible to identify
various portions of the liner as the sources of corresponding Jet
elements. The studies indicated that, for an uncoulined charge,
ulmost ninety percent of the effective armor penetration is pro-
vided by the lower helf of the liner. The areu of the conc for
which the collapse must be iphibiled was thus more clearly defined

,X.
and a workuble inhiblted jot charge was designed . The charge

decign was used Lo sbwdlosn Lo debermine Lhe o v

Llons that can be effcetively produced.  Applicution of kiown
prineiples of shuped-charpe cone ungrle geomebry and of lincar scallng
luws has ylelded results consiobent with predictlons,  Preliminary
results have been oblalned indicating the Leasibllity ol using

various liner materiels us the source of pellets.

II. BASIC CHARGE DISIGN

The basic Inhibited charpe desipn is shown in Figure 1. The
speclal spit-back tube aluminum liner has the wivantage of producili,,
a Jet with & massive symmetrical leeding particle. The jet is
shown in Figure 2. The radiograph shows the Jet tlp after approxi-

mately 42 inches of travel indicsting that symmetry 1s maintained

* BRL report being prepared
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over on appreciable distance of travel. The entirc leading particle
of the jet or a portion oy the leading particle can be isolaled
Trem the jet by an appropriately designed lucite ring or Lablbltor.
he ring is lnserted at the base of liner ws shown in Figure 1.

The inhibitor controls the collapse of the liner such that cnly the
frount portion of the Jet is formed. Also by use of a sulieble siuc
hole Ln the luclte ring, & preseleccted portion of the Jet can be
obtained. The length of the leading particle, however, is morc
easily controlled by varyling the helght of the iphibitor and main-
Lulnlnge o constant hole dlamebor.  'Phe sembi-clreunlar inerement of
explosive lorated ab the base of the main charpe (Flowe 1) Ls used
Lo defloel olyg muterdol Yormed by the upper iner wall,  Dhe olaee
shown Ln Figure 5 have nn estbimated velocelby ol 1.9 wnd LeQ lun/:;m:.
In borget tmpact studles, the Jel 1o wllowed Lo pass Lhrough o

hole in & baffie plate designed to absorb the impacts of the deflected

slugs.  As Indicsled curiier, the length ol the lewdlng Jjel purtlele
can bhe controlled by varylng inhibltor heipght. The depree of con-
troll is i1llustrated in Figure # which shows the icading Jet partlcles
obtained with inhibitor heights ranging from 1.0 to 1.375 inches.
The 1.25 inch inhibitor height has been incorporated in the standard
design.

Other factors that influence the length of the leading particle

are ablation and an apparcnt reverse velocity gradient (deerease in
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velocity from tip to back). The gradient is suggested by the change
in pellet geometry during flight as shown in Figure 5. The two
successive radlographs cover a pellet travel distance of 17 inches.
The increase in pellet diameter coinciding with a reduction in

length suggests the presence of a reverse velocity gradlent. Ablation,
of course, is & primary cause of pellet shortening. As a consequence
or velocity gradients and ablation the pellet aspeet ratio will vary
with target dlstance. With the stundard design, a target distance of
L2 inches results in a pellet with an aspect ratic of approximately

2.5, The mass of the pellet is 3.7 pgrams and the average velocity

is 9.6 xm/sec.
Lil.  PELLET VELOCITY

The veloclty of the inhibited-Jet pellets can be controiled
over an appreciable range by varying Lhe Jiner cone angle. When
Lhe angle s varled, the pellet geometry remeains falrly uniform,
provided the inhiblior helght ls adjusted accordingly. ‘The pellet

veloclities measured for different cone angles are plotted in Figure

O, The liner was aluminws of ©.i2C Looh wall thickness with the
splt-back tube configuration shown in Figure 1. A constant explo-
sive head of 1.2% inches was muuntainc: fex c.l charges.

The pellet velocity of 7.6 km/sec obtained with the 60° 1iner
is oot cunsidered & lower limit, since it appears feasible to ob-
tain lower velocities with larger cone angles. At the upper velo-
city extreme, present evidence indicates that the 25° liner may be

a practical 1imit for the present charge design. Tests conducted

with a 20° liner produced the expected higher velocity; (11.7 km/

see) however, o usenble pellel was nol Cormed as indicated in

336
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Flgure [. I% may be possible by u suitable apex design, to exploil
the narrow angle cones ln order to extend the velocity raunge.
IV. PELLET MASS

For the velocity range shown in Figure 6, the pellet mass can
Le varied by scaling the besic charge dimensions, The jets produced
by half-scale and double-scale models are shown in Figure 8. The
standard scale Jet Ls included for comparison and the radliographs
vere taken nt distances scaled [or cach size. The expected velocity
of 9.6 km/scc wags obtained in all cases. It is scen thal the leading
Job poettetes seale Jineariy and inlilbiting bhese jeles wlll provide
pellet mosses ranging from 0.9 gram for the half-scale model Lo 50
grams or Ghe double-scale model. Pellet masses of soveral hundred
grams can be provided by larger charges.
V. PBELLET MATERIAL

The charge designs considered up to the present time have been
those providing sluminum pellets. Designs for projecting pellets
of other materialsg are hoing invostigoted. Ireliminary lLests with
copper and steel liners have indicated that pellets of thesc materials
can be produced provided the inhibitor design is modified. Figure 9
shows the copper and steel pellets obtained with astandard scale
liners. (37° spex angle, 0.12 in, wall thickness). For the pellets

shown in Pigure 9, the deflector charge was not used. A sketch of the
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modified inhibltor design used to obtain these pellels is in-
cluded in the figure. The copper pellet hos a veloeity of 7.5
km/sec and an estimated mass of 2.) grams; the steel pellet o
velocity of 7.8 km/sec ond the estimated mass ic 1.2 grams. It
is expected that cleancr pellets will be obtailned when Lhe de-

flector charge is used.

V. CONCLUSIONS
It has been shown that the inhibited Jjet charpe 1s o useful

proJection device for hypervelocity studies. Its potential for

progecbing, seversd pelicl muborlods b o wide range ol n

Sl

voeloclly levels has been demonstrabed.
Studices are conblinublngg In order Lo incrveace pelleb velocelbles
by 1iner pgeometry variatlon.  Also under invesblemtion axe mebhiods

ol oblalnlng Lhe larpge pelleb masses I'rom relablvely smoller chuygeti.
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SIPHCIAL EXPLOSIVE PROJECTORS
I. SHAPED CHARGE ACCELERATOR

1. TARGET PI.ATE ACCELERATOR

K. N, Kreyenhagen
J. E. Ferguson
K. R. Randall
J. P, Joyce

Acrojet-General Corparation
Downey, California

SUMMARY

Iwo explosive accelerator techniques have heon devetoped tor patheving
hepervelocity torminal hallistic data. Both of these techniques are hased
upon existing explosive phenomenology, adapted or modified as necessary

for ballistic studices.  The Shaped Charge Accecelerator is currently being

veedl ta bnvestipate impaet phevomena for compact projeetibe shoprs ime-
pacting individually at velocities in the range from 30, 000 to 39, 000 fpe,
Individual tmpacts are obtained by jot dispersion achiceved through asiy=
panetrical initiation,  Individunl projectite characteristics (velocity, shape,
mass, orientation) are determined with nuadtiple flash radiographs ol the
projectiles just prior to impact, It appears possible to launch Shaped Charpge
Acccelerators with a large light gas gun, such as the 8=in, /2, 5-in, Atkins

pun at NRL, and thereby to achicve impact velocilies in the 20 kn /scc
range,  The Target Plate Accelerator projects a flat plate which is allowed
to impact a stationary "projectile’ in its path. Damage to the plate is
assoessed by observing the plate in flight with {lash radiographs subsequent
to impact. This technique provides a unique means for studying impact
ceffects of [ragile or sensitive projectiles. Gurrent ~cecelerator desipns
provide impact velocities up to 3.5 km/sec,
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I. SHAPED CHARGE ACCELERATOR

At the Rand Symposium in 1955, Zornow(l) described sonte methods by which
the inherent high velocity features of the explosive shaped charge might be
adapted to the gathering of discrete impact terminal ballistic data, thereby
providing a technique {or conducting investigations in a velocity regime 2-3
times higher than was possible by other techniques available at that tirme,
Over the past two-three years, under Contracts AF08(635)-975 and AF08
(635)-2809 with the Air Proving Ground Center, Eglin AFB, we have suc~
cessfully developed the technique, using one of the methods suggested, and
have becn utilizing it for terminal ballistic studies in the 30, 000-239, 000 fps
l'allp‘f‘-

The basic shaped charge is normally a conical metal liner around which a
cylindrical eaplusive charge is cast or pressced. Detonation is initiated at
As the detonation wave progressces
down (he charge, it exerts pressure on the liher, collapsing it to form a
high specd jet and a slower slug of Lhe finer material., With the normal
charpe design, this jet flies out as a plastically=deforining =ters of metat,
Upon inspact, the jet causes the well=known deep penetration of farpets

the end oppasite to the conical cavity,

To adapt the shaped charpge 1o the gathering of single impact ternvinal bhal-
Listic data, the following must be accomplished:

i the continuous jet mus! bhe separated into individuatl indestifiable
lragments or projectiles {or, alternatively, the rear af the jet
musl be cut off, o inhibiled)

b The individaul fragments must be laterally dispersed so as to pro=
duce separate impacts on the target, and

C. The velocity, mass, shape, and orientation of the (ragments prior
to impact must be determined.

1. Axial Sceparation

The jet which is formed by a conical shaped charge contains a welocity
gradient due to the non-steady-state process by which it is formed, The jet
therefore stretches until it breaks into fragments. These fragments, or
projectiles, continue to separate as they fly. Dispersion in an axial direc-
tion is thereby achieved. This process is illustrated quite well in Figure 1,
which shows a sequence of three radiographs, taken of an iron jet from a
normai shaped charge as it elongates, breaks up, and separates.
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Figure 1. Radiograph Series
Showing Breakup of Iron Jet
from Notrmai Shaped Gharge
{taken from aef. 1)
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2. Latcral Separation

For targets at short standoff, the fragments such as are shown in Figure 1
will all impact at nearly the same point. At long standoffs, the fragments
will gradually disperse laterally, due to smmall deviation in velocity vectors
caused by the breakup process, The dzsired individual impacts can there~
fore be expected on targets at long standoffs, However, this is not generally
satisfactory, first because the evacuated firing chamber size hecomes too
great, and second, because instrumentation synchronization problems in-
crease at longer standoffs.

As an alternative, we found that asymmetrical initiation was very effective
in causing lateral dispersion of the jet fragments, Figures 2 and 3 show
series of radiographs of asymmetrically~initiated aluminum and copper
cones, Note that the emerging jets are distinctly deflected from the axis
of the charge, Figure 4 shows a group of laterally dispersed fragments

in flight several feet down-range from a shaped charge accelerator. Fig-
vre 5 shows a pattern of impacts from such a charge on a tarcget plate at

a range of 17 feet from the accelerator., Several of the holes are suf-
ficiently separated so that they can he considered as individual impacts.

3. DProjectile Characteristics

The initial breakup of the jet occurs in a more or less random fashion,
with the gross characteristics being determined by the properties of the
liner material, Jets of ductile, face-centered-cubic metals such as
alurninum and copper fail by necking down at frequent intervals along the
stretching jet, The projectiles which result therefore tend to be ellip-
goids, or short cylinders with rounded cnds. For a given material, the
average mass of the projectiles will b determined by the cone angle and
thickness of the liner, The range of masses and shapes, however, is
relatively large, even for the fragments in one test. Hence it is manda-
tory that the characteristics of each projectile which is to be used in ob-

taining an impact data point must be accurately determined prior to
impact,

The projectile characteristics of interest are the velocity, mass, shape,

and orientation. High speed photography or radiography are auitable for
measuring these characteristics.

383
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Figure 2. Radiographs Showing Development of Almminun Jet

from Asviinetrically-Tnitiated Shaped Charge.
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Figure 4. Radiegraph of Disperscd
Projectiles in Flight.
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Figure 5, Dispersion of Impacts on Target Plate.
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The framine camera has the advantage of providing a large nmuber of ex-
posures so that the projectile cain be recorded at several points and the
impact itself can be obscrved,  The fellowing factors, howeser, must he
considered il a framing camera is used:

a. The projectiles must be intensely backlighted

PN To avold sclf-luninescence (from ivnization due to ablation)
the jets must be lired in a very low pressure environment,

c. A continuous writing camera {such as ihe Beckman and Whitley
Model 192) must be used in order to avoid serious synchroniza-
tion problems,

d, A sufficiently short exposure time must be available to assure
a clear image of projectiles moving at 10-15 km/sce,. To
illustrate the magnitude of this problem, at 12 kin/see, a
0, 5~cm long projectile moves a distance approximately equal
to 14 of it< tength in 00 Dandc rornccond, The resudbant poor
definition o projectile boundaries would introduce large crrors
in the determination of projectile mass

The alternative instmummentation techmque,. mualtiple fash radiopraphy,
woids some, but not all, of the framing cinnera probiems. In our vxperi-
ments, 100 ky Field Emission Model 730-4-C=231 Flash X=Ray Units are
nsed to obtain shadow-rvadiographs of the projectile in flighl,  These units
it x-rays over a duration ol approxtimately 0,03 microsceonds, At
ciach ol two stations uprange ol the target, a pair of g-ray tubes are so
arvranged as to obtain simultancous orthogonal views of the projectiles,
Correlation of target holes or cratetrs with corresponding x-ray shadow-
praph images is performmed on the apparatus shetehed  in Figure o,

The shape and mass of the individual projectiles are measured from the
lour profile views which arc obtained, Velocity is measured (rom the dis-
placement of cach projectile which oceurs during the time between stations,
Oreintation is observed on the radiographs taken closest to the target just
prior to impact.

On the basie of an error analysis, we belleve that this technique permits
determination of the mass of solid, simple-shaped projectiles to within
approximately®10%. Projectiles which are hollow, which have reentrant
sections, or which are otherwise irregular in shape are very difficult to
assess by this technique. We therefore examine the x-ray shadowgraphs
carefully for suspicious density gradients or other evidences of irregu-
Larity, and discard such projectiles.
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4. Over-All System

Figure 7 shows the over-all arvangement of our firing and instrumentation
system, The asymmetvically -initiated charges are fired through a thin
mylar diaphragm into an evacuated chamber, Preset timing triggers the
two x-ray tubes at the first instrumentation station to obtain the {irst or-
thogonal pair of radiographs. ‘I'he tubes al the scecond station (at the tar-
get) are triggered either by presct timing or by impact of the fastest pro-
jectile on the target surface.

A typical shaped charge for these experimenis is siown in Figure 8, This
i= a 42° cone, which accelerates projectiles to a maximum velocity of about
33,000 fps. For velocities up to 39, 000 fps, we use a 25° cone angle de-
sign,  Cone apples less than 25% should produce higher velocities, bul we
have generally found that the projectiles which are formed are not useful
from a terminal ballistic standpoint. Designs employing detonation wave
shapers show the greatest promise for achicving higher velocities in the
future,

Figure 9 illuslrates the over=all results which are obtamed 1rom 4 SUet ehne
ful test with his techmgue,  Shown are a pair of orthogonitl views of (e

projectiles in flight, together with the corresponding impacts on te target,

Approximately 76% of the tests porformed will yield at least one impaet
data point,  This means that the mass of ad least one of the projoctiles
could be confidently established, and that this projectile could be corres
lated with a crater or hole on lhe target which is sufficiently separatoed
from its neighbors to prevent significant interactiona,

5, Typical Data

To date, this technigue has been primarily utilized to study impact offects
on itia plate targets,  This wark is reported in references 2 and 3, and

also in another paper at this symposium 4. Some experiments have also
been performed against 4-inch thick aluminum targets at velocities from
29,000-33,000 fps, Data from thivse experiments are presented in one

form in Figure 10, where they are compared with other experimental data
and with Bjork's theoretical predictions. The observed scatter is primarily
due to the fact that the data includes impacts of various shaped projectiles
at various orientations.

A
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Figure 9, Orthogonal X-Ray Yiews and Target Photographs
‘from a Shaped Charge Accelerator Test,
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5. A Proposed Mcthod for Obtaining Data at 20 km/sec

Despite the optimistic assurances by many at the Fifth Symposium that
accelerators were available or would be available for obtaining uscful
impact data at 20 km/scc, it now appears that this velocity is far from
being achieved. Indeed, no significant amount of data is known te be
available beyond that obtained with the Shaped Clarge Accelerator at

12 km/sec, as reported in reference 3. It therefore seems appropriate
to propose a promising means by which large velocity increases can be
obtained through a combination uf two existing, proven accelerators.

Specifically, by a combination of the shaped charge accelerator and the
light gas gun, it is believed that 20 km/see velocities can be achiigvcd.
The large Atking light pas gun al the Naval Research Laboratory\’),
which has an 8~inch pump tube and a 2,5 or 3-inch launch tube, could
possibly be used to accelerate shaped charges to velocities of 20, 000-
25, 000 fps, Subscquent to leaviug the launch tube muzale, the cheorge
would be eleetrically initiated, functioning during free flight in the sdame
miaaner as deseribed previously,

/\tkin:i(h) cstimate s it the gun will accelerate 200 prams ta 28 000 fps,
or 00 grams to 23,000 {pa, or 600 grams to 20, 000 fps, Our current
shaped charge accclerator designs, such as s shown in Fipure 8, have
an over=all weipht of approximately 500 grams.  We have never sought
to decrease this weight, but we believe that both the cone and explosive
dimensions can be reduced substantially.,  For gun launching the explo-
sive would be contained in a metal cup with a heavy base, The initiating
system would be contained in the base, An external energy source would
fire the initiator after the charge left the launch tube muzzle.

The mass per unit arca for a 2, 5~inch launch tupe is 6.3 gms/cm? for a
200 gram projectile, and 12,6 and 18,9 gm/em? respectively for 400 and
60U gram projectiles, Certainly 18,9 pmi/en appears high enough for
the liner, explosive, and basce of a well=designed shaped charge,  Also
of importance will be the maximmum pressure in the column of explosive.
Assuming a maximum acceleration of 10°g, the base pressure in a 10-
crm long column of explosive pshing ahead of it a 0. 5-cm thick layer of
aluminum liner will be 16 kilobars, A pressed, laterally-contained ex-

plosive with no voids should be able to withstand such an acceleration
pressure.
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To assess the feasibilily of this combination, a design study should be
nwade ot the techniques required for initiation, bafflhing, [ragmentation
shiclding, and instrumentation  In addition, the ability of explosives to
withstand extreme acceleration should be asscssed with relatively small
quantities of explesives launched i« smaller guns,

II. PLATE ACCELERATION TECHNIQUE

The acceleration of flat plates has been developed Ly investigators furs the
purpose of introducing strong, planar shock waves in various materials to
permit determination of dynamic compressibilities (i. ¢, Hupgoniot cqua-
tions=ol~state), Under ARPA Orvder 149 and Contract AF08(635)-1382
with the Weapons Laboratory, Eglin AFB, we have adapled this technigue
to terminal ballistic studies by suspending stationary projectiles in the
path of the flying plate.

The general technigqus is illustrated by the schematic shown in Figure 110
The plate 1o be accelecated is plaved i contact with i slabh of explosive,
This exolosive s thea initinted along one edoe with a line wave generator,
As the detonation front progresses in a strarght line down the slab of ex-
plosive, the target plate is folded of f, ceventually reaching a flat conflig-
neration when th entire swlab has deltonated,  Due (o vl efleets, lhr:mpll.lh-
will not be perdectly flat, but a larpe contral arca of the plate is sulficiently
Hat to permit the gathering of uscful terminal ballistic data,  We achivve
vetocities up ta aboul 3, % kmi/see using this feehnique,

At these velovities, recovery ol the intact plates becomes impractical,
singe the deeelorating forces destroy the plates. The area of the hole
which o projectile will make in the plate, howover, can be determined
by Igh speed photographic or radiographic observation ol the plide i
flight immeaiately after impact. We have found either the 300 kv or
600 v Field Emizsion units (Model BS-300-1000-0, 15 or Model PS-
H00=2000-0, 2= 1200)t0 be suitable for this purposc,
setup is shown in Figure 12,

The experimental

Figure 13 shows a 6-in. x b=in. target plate in flight shortly after accel-
eration. The flat center area is apparent from this radiograph. Figure
14 shows a plate after impact with a 3/8-in, dia x 1/8<in, titanium disc.
The hole dimensions are distinctly shown, Residual fragments from the
titanium disc are also evident.
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Froeare 13, Radiowrapl Showing Side View of Plate i Wl o

S
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g

Fagure 4. Radiograph Showing Oblique Front View of Target
JPlate an Fhight Atter hupacting l-gm. Titanium
Pellet at 3obh kin/see.
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Acceleration ¢ atargetl piate against a stalionary projectile represents,
ol coursce, a reversal of the normal coordinate ¢ for laboratory 1impact
studics.  This reversil in no way affects the basic vmpact physics.  There
are some side effects, however, which must be considercd in evaluating
the validity of the technigue.  The effects involve the alferation of the
plate propertics during acceleration, and the build up of an air cushion

in (ront of the plate as it travels through the air,

The [uld-off of the plate during acceleration involves high strain rate
plastic deformatien. Subscquent flash radiographs show whether the

plate is fracturced as a result ot this deformation,  To minimize work
hiardening, we use plates of maximum hardness, icel aluminum iy a

T=0 condition.

The air tayer which builds up on the face of target plate mnay siightly cus-
hion the impact with the stationary projectile,  This effect is not believed
{o be too important; however, it can be avoided altogether by performing
experiments in an evacuated chamber,

To test the validite af ths techmmoe, coine v nde have Deen poerforimed
which results obtaine:l hy Tiring projectiles from a Hght pace pan nta g
stationary tarpet plate are compared with adeatical projectiles impacted
W tne sanne celor ity by the Plyingg plates The oo caperinacnts showed that
soaue produced in both sitaations,  In addition to these
conaparative cxperiments flying plues which had been projected and im-

pacted at lower velocities have been recovered intact; 10 was found tha

(the raine hole are

the hole stzes n the recovered plates inatched the sizes os delvrmined

by {lash radiography,

Primary apphcations of the flying plate technigque have heen for eviabuating
effeets of unusual projectiles impacting on thin target plates m the range
around 3,5 km/sec, Papers describing some of these results are b(,-in)g
prosented at this symposium for long=-rods, thin sheets, and \\'i\Hh('l'h‘(')
an-t for hollow sphl-rus(7). These are all shapes which are difficult or
impractical to launch using guns or other explosive techniques, It has
been possible, for example, to examine the impact effects of very thin
metal shoets or foils, and projectiles consisting of bare high explosives,
In addition to such applications to fragile or sensitive explosives, the
technique is also applicable to large projectiles of any type.
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A mohification of the technigne permits extension of the attainable velocity
revime,  This medification consists of a coumterfiving arrangement, in
which the target plate is projected towards anather type of accelerator,
such as a gas pun or explosive cavity charge,  In this manner, the inmpact
coroeity is the combined velocity of both aceclerators, We have atilized
thes technigue with the explosive cavity charge to attain inpact velocities
upr o 8 i/ see,
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SUMMARY REMARKS
By
H.F. Swift

Imposing arrays of hypervelocity accelerator tech-
niques are presently at tze disposal of terminal ballistic
research workers. Three basic groupings of hypervelocity
accelerators (light-gas guns, explosive accelerators and

special accelerators) have been significantly developead

during the past 18 months and are now largely complementary.

Gas guns have proven useful where precise control of ballistic
parameters such as model shape, mass, velocity, and possibly
orientation are required. Explosive accelerators are most
applicable to studies where large numbers of firings must be
made at velocities below 10 km/sec and are the only accelerators
currently avallable for launching macroparticles at velocities
above 10 km/sec., The special accezlerators have found use in
launching projectiles of extreme shapes and sizes such as

thin plates and microparticles, and son» may become important
for more general appllcations in the fucure.

The performance requircments placed upon light-gas
runs can only be met by launching saboted models. The
Increase in sabot-launching capability during the past
18 months has been greater than any other similar period in
the past., 7This increase is particularly striking in view
of the fact that no significant increase in maximum gun
velocity has been reported durins the same period. At
present, small %lass and plastic spheres may be launched at
9,5 km/sec, small steel and copper spheres (1/8'" dia)
can be fired at 8.25 km/sec and larger steel spheres
(1/4" dia) can be accelerated to 7,75 km/sec, These per-
formance capabilities have been brought about largely by
developing techniques for launching saboted packages at
the peak velocity-mass capabilities of various gas guns.
Careful sabot design, empirical optimization of firing
parameters and the application of realistic gun operation
theories have been responsible for these develupments.
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SUMMARY REMARKS

Present computational techuiques appear tc be :apable
of determining the optimum firing parameters of most
current light-gas guns and are also useful for the design
of new guns that use relatively familiar modes of operation.
They are not sufficiently reliable in their present form
to use as the sole justification for acceptance or re-
jection of new gun design concepts. Studies have demon-
strated the possibility that at least part of the present
difficulties with gun computational techniques avrise from
inaccuracies in some of the commonly made assumptions,

i.e., zero leakage of the driver gas and constant projectile
bore friction,

Future increases in gas-gun capabilities will probably
be brought about by the use of new methcds for increasing
gun performance, The most promising new techniques pre-
sented at this meeting Involve preheating the driver gas
elther before or during the compression stroke. Both
theoretical and experimental results show that heated gas
will produce significant increases in model velocities
provided that initinl temperatures above 600°K can be
achieved, Preheated gas has been shown also to reduce peak
acceleration levels required to reach particular velocitices
and this effeet should spoed the trend toward lTaunching
saboted models at the maximum veloclty-mass capabilities
of gas guns,

The theoretical treatments of explosive accelervators
have been developed to the point where the potential cep-
ability of many configurations can be predicted, This
fact has led to very rapld development of explosive ac-
celerator capabllity. The primary cmphasis in explosive
accelerator development during the past 18 months has been
placed upon the development of techniques for launching use-
ful pellets for terminal ballistic research., The most
striking advances reported during this session arc the
development of conical-liner charges that generate discrete
particges. Conical liner charges have the advantage that
pellet mass and velocity may be adjusted without drastic
changes of the charge geometry,

Studies were conducted during the past 18 months to

develop traveling-charge guns and electromagnetic ac-
celeractcrs into effective hypervelocity accelerators.
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SUMMARY REMARKS

Results of these efforts are promising but further work

is needed to make either device operational. The electrical
acceleration of thin plastic sheets at velocities up to

9.5 km/sec has been demonstrated. £ constricied-bore
velocity augmentor capable of substantially increasing the
velocity of malleable pellets launched from light-gas guns
also has been developed. Both of thete techniques are
highly specialized but useful for particular applications.

Although no significant increases have been reported
in the velocity capability of accelerators, the maximum vel-
ocities at which useful terminal ballistic. data are gathered
have been substantially increased by advances in projection
techniques., Further large increases in the velocity at
which terminal ballistic data may be gathercd must awalt
advances in overall acceleracor capability. These advances
should be achieved in the next 18 months.
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