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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
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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
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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.

28




CRITIQUE OF ACCELERATOR TECHNIQUES

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

31



CRITIQUE OF ACCELERATOR TECHNIQUES

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,

37




CRITIQUE OF ACCELERATOR TECHNIQUILS

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.

573




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.




BALLISTICS OF LIGHT GAS GUNS

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

79



Symbol

=1

BALLISTICS OF LIGHT GAS GUNS

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

116




COMPRESSION HEATER PERFORMANCE

= 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,