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Experimental Demonstration and Simulation of a Dual-Stage
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A novel method for the acceleration of projectiles to hypervelocity is presented. The method utilizes two solid
grain propellant charges which are operated in tandem in a dual-stage mode. The second charge is encapsulated
into a massive case which is placed adjacent to the projectile. This stage is ignited at a time delay, after the
first charge. Experiments done on a 13-mm barrel demonstrate the feasibility of this acceleration scheme. Zero-
dimensional simulations predict significant improvement over single-stage gun, using the same maximal pressure
as imposed by conventional barrels. A specific calculation of a 0.48-kg projectile accelerated in a 4.4-m-long,

60-mm barrel predicts velocities over 2500 m/s.
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P1-P7 = measured préssures in successive locations
: along the barrel, P1 = at the breech

P,, P, = average pressures in the two gas media,
1 = main, 2 = moving charge

P,,, P,, = pressures,behind the dynamic breech and at the
projectilebase '

P,., P,. = breech pressures i

¥i» Vi» 4; = coordinate, velocity, and acceleration of m,,
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I. Introduction

HE quest for ever faster projectiles has driven genera-

tions of engineers since the invention of ballistics. In
terms of kinetic energy, the efficiency of current guns is very
close- to the theoretical limits and any improvement requires
a significant upgrading with only diminishing returns. In the
last decade it has become widely accepted that it will be
very hard to accommodate future needs using conventional
ballistics.

The major limitation of conventional ballistics that prevents
attaining high velocities is rarefaction. It stems from the fact
that while accelerating the projectile the propellant gases ac-
celerate foo. As a result, significant pressure gradients de-
velop along the barrel’s axis and the pressure at the projectile
base becomes significantly smaller than that at the breech.
The maximal velocities that can be efficiently attained using
conventional ballistics are therefore limited to somewhat higher
than the speed of sound in the accelerating medium.

In the last few years several alternative acceleration tech-
niques have been extensively investigated. Some of them, like
the rail-gun,' need to overcome major technological gaps.
Others, like the one presented here, involve minor techno-
logical improvements that are made within the framework of
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conventional ballistics. In this class we shall mention two
schemes that are related to ours. Both are based on a dual-
stage operation.

The first one is the traveling charge (TC) method originally
described by Langweiler® during World War II. The TC con-
cept tries to overcome rarefaction by attaching a second, very
fast burning solid propellant charge to the projectile base.
The TC is to be ignited after the main charge has almost
exhausted its potential to accelerate the projectile and the
pressure at the projectile base has dropped. The TC will then
burn like a rocket, giving the projectile additional thrust.

Extensive efforts have been made in several laboratories
to realize this idea (a recent comprehensive review of the
subject is given in Ref. 3). Two main problems exist:

1) The TC propellant requires a very high burning rate in
order to burn completely, prior to the exit of the projectile
from the muzzle. Such propellants gave low reproducibility.

2) It is very difficult to control the ignition moment of the
TC. Fluctuations in the ignition timing resulted in a wide
spread of the muzzle velocities. These severe inherent diffi-
culties have led to inconclusive results, and the prospécts of
realizing the TC concept remains doubtful.

Another dual-stage gun concept is the light-gas-gun, where
a conventional charge accelerates a massive projectile, which
compresses an inert light gas to high pressures. The light gas,
in turn, accelerates a low-mass projectile. Due to its light
molecular mass the light gas has a high speed of sound, hence
it is capable of accelerating efficiently the projectile to hy-
pervelocity. Velocities of the order of 10 -km/s have been
reached in thi$ technique using projectiles having a mass of
the order of 1 g. The light gas-gun has proven to be of great
scientific value, yet. it is far from being a real candldate for
an operative weapon system.

A 'third dual-stage concept named wave gun* was brought
to our attention by the referee. However, further information
was not available to us.

In this article we describe a novel dual- -stage gun concept
which bears some resemblance to the previously described
concepts, yet, it has its own unique features that may allow
it to be successfully implemented. In this scheme, which we
refer as the dual-stage dynamic breech (DSDB) gun, two solid
grain propellants are placed in the breech in tandem. The two
propellants are separated by a massive buffer that serves as
a dynamic breech. We expect this method to allow the ac-
celeration of relatively heavy projectiles to velocities in the
range of 2.5-3 km/s. This can be done by minor changes on
conventional guns.

Naturally, our scheme has its problems, but as our prelim-
inary experimental results show, they are less difficult to solve.
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In Sec. II we describe the scheme and discuss its possible
advantages and problems. Section III describes a simulation
code that has been developed and its predictions. Experiments
performed on a test-bed of a 13-mm-diam barrel are described
in Sec. TV. Finally, in Sec. V, the conclusions and future
research possibilities are presented.

II. Principles of Operation

The basic configuration of the gun is presented in Fig. 1.
Two conventional solid grain propellants are sequentially used
to accelerate the projectile in two stages. The first stage is
purely conventional. The second-stage charge, termed moving
charge (MC), is encapsulated in a sealed case attached to the
projectile base and stays inert while the first charge accelerates
the combined MC and projectile along the initial part of the
barrel. At a certain predetermined position or timing, the MC
is ignited, creates a large pressure immediately behind the
projectile, and accelerates it along the final part of the barrel.

An important role is played by the mass of the MC case in
the dynamics of our system. The case separates the volume
between the breech and the projectile into two different cham-
bers. The motion of the case is determined by the pressure
difference between the two chambers.

While the case’s mass is an extra load during the first stage
of the acceleration, and can thus be regarded as an unnec-
essary burden, it serves a good purpose during the second-
stage operation. When the MC is ignited, the case’s inertia
prevents the MC from quickly expanding. Thus, quick and
efficient burning of the propellant can be achieved, resulting
in the production of a high pressure. This favorable situation
would not have occurred if the MC had the possibility to
expand freely into the lower pressure gas behind. Later, the
case is decelerated by the MC gas. If the case mass is chosen
properly, the case reaches the muzzle with diminished veloc-
ity, i.e., not much energy is delivered to this parasitic mass.
Therefore from the viewpoint of the MC stage the MC case
functions as a dynamic breech (DB).

The DB must be massive enough so its inertia may confine
the MC while it burns. But, on the other hand, it ought to
be light enough in order to let the first stage accelerate the
system.
~ The overall dependence of the acceleration process on the
DB mass was investigated in the simulations. It was found
that the dependence on the DB mass is weak.

At the time of the MC ignition, the projectile is already in
motion at a high speed. The time left for the completion of
the MC burning and the subsequent expansion of the pro-
pelling gas is, therefore, short. Consequently, a very fast gas
generation rate-is requlred In our scheme this high rate is
achieved due both to the large surface area of the propellant
grains and to the fast burning rate. Thus, the need of an exotic
very high burning rate (VHBR) propellant that is necessary
for the TC scheme is eliminated. ’

The timely ignition of the MC is of prime importance for
a correct and efficient acceleration process, and the majority
of the experimental development effort was dedicated to this
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Fig. 1 Schematic description of the dual-stage gun system.

end. As will be shiown in the simulations, premature ignition
can lead to the development of high pressures in both charges,
which might cause the damage to the barrel. Furthermore,
the overall efficiency is reduced relative to the properly syn-
chronized process. Late ignition, on the other hand, may
result in an imcomplete burning of the MC, and therefore
lower the total efficiency. Between these two extremes there
exists an optimal ignition location that maximized the effi-
ciency of the overall process, i.€., results in a maximal muzzle
velocity. This optimum is, however quite broad due to the
interplay between the two acceleration stages, as will be shown
in the following section (this behavior was also observed in
the experiments, although no systematic work has been done
yet in this direction).

Two goals have to be achieved in order to get a proper
timing of the MC ignition: 1) the MC case has to be well
sealed at all times, to prevent any possiblé contact between
the MC and the hot gas that is produced by the main stage;
and 2) a reliable ignition system has to be developed that will
ignite the MC at the proper instance.

In order to achieve the first goal, special care has to be
given to the longitudinal strength of the case. Since the case
is located between the high-pressure gas of the main charge
and the projectile, it has to transmit the force from the former
to the latter. If not properly designed, the case will yield to
the resulting longitudinal stress. Cracks will soon develop that
will allow leakage of hot gas into the case and premature
ignition will be inevitable.

Ignition of the moving charge can be achieved in several
possible ways. Ar ignitor can be placed inside the moving
charge. The ignition signal can either come from a transmitter
fixed on the barrel, in the required position, or calculated by
an electronic circuit inside the moving charge. The timing in
this case can be determined either by counting time from the
ignition of the main charge or by integrating twice on the
output of an accelerometer.

Although such methods may be the best way to achieve
controlled ignition in a real size ammunition, they divert con-
siderable efforts to the development of a smart ignitor. Such
efforts are not required for our small scale, proof-of-concept
demonstration experiment, where we use another technique
that may prove advantageous by itself. It is based on the
injection of an intense plasma jet into the moving charge.
The plasma jet is produced by a capillary discharge as de-
scribed in Ref. 5. The plasma injector is placed perpendicular
to the barrel. The plasma jet pierces the case and ignites the
moving charge.

Precise injection timing is achieved by real-time. detectlon
of the arrival of the projectile to the vicinity of the plasma
injector. This is done using a threshold detector on the output
of a piezoelectric pressure gauge. When the projectile passes
the pressure gauge, located a few centimeters before the plasma
injector, the pressure in the gauge suddenly rises and the
threshold detector issues an activation signal. A short time
delay, calculated from the geometrical constants and the pre-
dicted projectile velocity, is added to this signal, which then
starts the plasma injection. Since the MC has a finite size,
the probability that the plasma jet will miss the MC is neg-
ligible, even for large deviations from the expected projectile
velocity.

III. Simulation
A computer code was written in order to simulate the DSDB
gun. We used a lumped-parameter model (zero-dimensional)
and assumed the Lagrange model in order to calculate the
pressure profiles along the barrel. The specific system that
was simulated includes two conventional propellant charges
both ignited by plasma injection. We deliberately used small
amounts of plasma in order to minimize any possible differ-
ences between the simulated system and other systems (e.g.,
employing other types of ignitors) which are due to the nature

of the plasma— propellant interaction.
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A. Model Equations

In accordance with the general dual-stage nature of the
scheme, the simulation is also divided into two stages: before
MC ignition (stage 1), and after MC ignition (stage 2). The
first stage is basically a conventional one, and it is simulated
as such.® Ignition energy is very small, and therefore the exact
way in which we are treating ignition is not unequivocal.

In the second stage we assume that the entire mass of the
MC case is concentrated in the DB, located between the MC
and the gas of the main charge. The dynamics of the DB and
the projectile is calculated using the pressure difference be-

tween their two sides. The pressures are calculated using ad-

justed versions of standard models and assumptions that are
common in internal ballistic simulations.

In the following paragraphs we discuss the main features
of the model.

1. Propellant Burning and Ignition

For the propellant burning we use the conventional, ex-
ponential form

X =bxp" (1)

where X is the rate of regression of the grain surface, and p
is the average pressure. The parameters b and n are obtained
from the literature or from closed bomb experiments.

We assume that the plasma ignition does not alter the burn-
ing rate equation and that the temperature dependence is
weak. We treat the injection of plasma into the propellant as
an injection of mass and energy which does not alter the
properties of the propellant (e.g., its equation of state). This
assumption is justified by the small mass of the injected plasma
(typically less than 1% of the total mass) and its rapid dis-
tribution in the volume.

This set of assumptions is used in the simulation of single-
stage, plasma-ignited propellant experiments. Good agree-
ment is obtained between simulation and experimental re-
sults.”

2. Equations of Motion
Here, we use Newton’s second law resulting in

Plh - Puir (2)

a,=A X ———MmMM™—
! m, + m, + C,

for the acceleration of the whole system during the first stage,
and

™ 3)

for the acceleration of the two masses during the second stage.
Note that the total load mass for the first stage includes the
masses of the projectile, the MC, and the DB. Motion starts
only when the projectile base pressure is higher than the static
friction per unit cross-sectional area, which is taken to be 5
MPa. The transition from joint motion of the projectile and
the MC to separated motion occurs when the condition a, >
a, is satisfied. As we show later [in Eq. (9)], when the two
masses move separately, a connection exists between P,, and
P... This connection makes the transition into separated mo-
tion a little more complicated than it seems at first glance. In
some systems this transition may take a considerable time to
occur after the ignition of the MC, sirice the MC has to build
enough pressure.

Air pressure in front of the projectile is taken from Ref. 8.
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Fig. 2 Schematic description of the dual-stage gun dynamics.

3. Thermodynamics and the Equation-of-State
The gas average pressure is determined by

_(y-DE
V, — mm

E4

P 4

where E is the total gas internal energy, vy is the ratio of
specific heats, V, is the gas volume (the total volume minus
the volume occupied by the solid propellant), m, is the gas
mass, and 7 is known as the covolume per unit mass.

The gas temperature is calculated using the well known
Abel-Nobel equation-of-state which is customary in internal
ballistics calculations

P(V, — mm) = nRT 5)

where R is the gas constant and # is the number of gas moles.
The ratio of specific heats and the covolume are usually
supplied by the propellant’s producer, and are typically 1.25
and 1.1 x 10~* m¥/kg, respectively.
Heat losses to the barrel are obtained from the Nordheim
model,” using an experimentally matched heat transfer factor
of 0.3 for the 60-mm gun and 0.8 for the 13-mm gun.

4. Pressure Profile Along the Barrel

Since we use a lumped parameter model (zero-dimen-
sional), we need a way to calculate—at least approximately—
the pressure profile along the barrel axis. The simplest and
most widely used model is the Lagrange model,'" which as-
sumes a constant density along the barrel. Let us extend this
model to a more general case of a gas enclosed between two
moving masses, as shown in Fig. 2.

Using the continuity equation in one dimension and the
Lagrange assumption (p = const) we obtain that at any given
moment the velocity profile is linear. Using the boundary
conditions at both ends of the gas column we obtain the fol-
lowing velocity profile:

v(y) = v, (1 - y;) vy 6)

where the y axis is directed along the barrel’s axis from m;,
and /is the total length of the gas column. The pressure profile
can be found using the Euler (force) equation

oP .
P 7

and the acceleration of the bodies, as given by Newton’s law
in Eq. (3).

Combining Egs. (3), (6), and (7), integrating for P(y), and
using the boundary condition P(0) = P, we find

P, — P, y 1y ’
P(y) = P, — C, x {—"—"F x |7 - = |7
(y) = Pa GX{ m [1 2(,”

Py, — Py, Ly ’
+ ——i p— - » )
ms 8 2 <l> } ®)
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We can now use this result to find an expression for P,, by
substituting y = /, and an expression for P, by integrating
over y and dividing by /. From these expressions we can finally
extract expressions for P,, and P,. as a function of P,, P,
and P,,.

The results are

1
P,=P, X =+ P, X —=+ P, X —
2b 2 1| air 11 16 11

1 J 2
P, P2><I—7+Pz,i,x1—;+P,,,><—1:

‘where

1+¢ C1+ 3¢
= + —
2 m, 12 (10)
_1+6 C1+3¢
T2 m, 12

1

L,

G 1+ 3¢
m, 12 (11)
C,1-30

m, 12

C 1 -3¢
m, 12
G, 1+ 38
m, 12

(12)

IJN
I

1+ (Col6m,)
1 + (C2m,)
1 + (Cy/6m,)
1+ (C2m))

6

(13)

¢

This general result can readily be reduced to the case of a
single-stage, static breech gun. Using the appropriate replace-
ments: C, —> C, m, — m, m;—> %, P, — 0, P, — 0, P,, —
P,.and P,.— P, we obtain the known Lagrange expressions:

1
Py =P T hm) 14
1+ (CPm)
P, = P x —em)
‘ 1T (CBm)

Using similar replacements we also found expressions for
P,, and P, in the case of a dual-stage gun. These expressions
are used in the simulation and establish a coupling between
the two gas media. Note that the coupling parameters /, .-
K, - depend only on mass ratios. These parameters are con-
stant throughout the ballistic process and do not depend on
the velocity.

The use of the Lagrange assumption of a constant density
is justified in the same way as in normal gun simulations where
the Lagrange model is extensively used: it is simple and it
works fine when simulations are compared to experiment in
a wide range of systems. In our case, the situation is much
more complicated than in a’single-stage gun, hence, any at-
tempt to go beyond this simple approach will require very
complicated one-dimensional simulations which are beyond
the scope of this work.

Qualitatively, this model correctly accounts for the inter-
play between the two gas media. For example, as the MC is
ignited and the two masses start moving with different ac-
celerations, a compression wave is observed, starting at the
dynamic breech base. The compression is due to the fact that
the dynamic breech is decelerated while the rear stage gas

tends to inertially continue at its former velocity. This effect
is accounted for in our equations.

Finally, the reasonable agreement between our experiment
and the simulation, as shown in Fig. 11, indicates that in our
case the approximation is not very crude.

B. Simulation Results

Simulation of a MC experiment on a 60-mm gun was per-
formed. This type of gun is presently the main technology
test-bed in our laboratory. The system parameters used in
this simulation are shown in Table 1.

Simulated average pressure curves, in both chambers, as a
function of time are shown in Fig. 3. The projectile’s velocity
at the ignition of the MC was 1400 m/s and the muzzle velocity
was 2595 m/s. As can be seen from the figure, the peak pres-
sures of both stages is kept below 500 MPa, the barrel’s max-
imum pressure (in the main charge the breech pressure, which
is not shown, reaches 500 MPa). In Fig. 4 the projectile ve-
locity curve along with the dynamic breech velocity are pre-
sented.

In this figure we also give, for comparison, the velocity
curve in a case where the MC was not ignited (i.e., a con-
ventional shot with a heavier projectile of mass'm, = m, +
m, + C,). As a reference, we also show in the same figure
the velocity curve in an equivalent, optimized single-stage
shot. The reference shot uses the same barrel and projectile
parameters, the same propellant with optimized dimensions,
the same total energy input, and an optimized initial volume.
The muzzle velocity in the reference shot was 2160 m/s, slower
by 435 m/s than the optimized MC shot.

Table 1 Simulation parameters for 60-mm MC gun

Barrel diameter 60 mm

Barrel length 4.4 m

Projectile travel 4.0m

Projectile mass 0.48 kg

Dynamic breech mass 0.3 kg

Main charge mass 1.6 kg

Main charge propellant  M30P7 (L = 8, D = 3.5,d = 0.15 mm)
MC mass 465 g

MC propellant
Chamber volume
MC volume
Ignition location

Winchester 860 (ball, D = 0.74 mm)
2260 cc

500 cc

2.2 m (from breech)

Ignition energy, main
Ignition energy, MC

200 kJ @ 0.5 ms
250 kJ @ 0.25 ms

Peak pressure, main
Peak pressure, MC
Muzzle velocity

500 MPa
500 MPa
2595 m/s

5000

4000

3000

Pressure (bar)

2000

1000

Fig. 3 Simulation results: average pressure curves in the two cham-

Time (msec)

bers. Run parameters are given in Table 1.
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Fig. 4 Velocity curves of the projectile and the dynamic breech for
the same run shown in Fig. 3. Also shown is the velocity for the case
that the MC is not ignited, and a reference velocity curve of an op-
timized conventional run (see text).
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Fig. 5 Simulation results: muzzle velocity dependence on the ignition
location.

In Fig. 5 we show the dependence of the acceleration pro-
cess on the ignition location. Each point on the curve gives
the result of a run that is optimized for a given ignition lo-
cation. The optimization was done by varying only the charge
weights, keeping all other parameters constant. The peak
pressures in all optimized runs were 500 * 0.5 MPa. The
reason for the existence of an optimum ignition location is
the competing effects that the ignition location has on the two
stages, as discussed previously. The simulation shows that this
optimum is quite insensitive, over a wide range, to the ignition
location: we can change the ignition location by as much as
+(.5 m and lose only 35 m/s from the optimum velocity. The
second curve also shows the dependence on ignition location,
but this time without any optimization: the same system, with
the same charges, is ignited at different locations. The results
tend to be higher at ignition locations closer to the breech
and lower farther away from the breech. However, the main
behavior is the same and the dependence is not very strong.
In these runs, peak pressures were not limited and the MC

peak pressure was higher than 500 MPa for ignition locations
shorter than 2.2 m.

In Fig. 6 we show the dependence of the muzzle velocity
on the dynamic breech mass. Similar to Fig. 5, one curve
represents the simulation of the same system varying only the
dynamic breech mass, whereas in the other curve, an opti-
mization was done for each mass separately, varying the pro-
pellant charges and keeping the pressures within 500 = 0.5
MPa. As can be seen from the figures, while the total accel-
erated mass, m, = m, + C, + m,, changes by a factor of 2
the muzzle velocity is reduced only by about 8%. This weak
dependence is due to the positive effect of the dynamic breech
mass on the MC stage. Again, in the unoptimized curve the
pressures are higher than 500 MPa for m, > 0.3 kg, resulting
in higher velocities than in the optimized case.

IV. Experiments

We present the results of a proof-of-concept experiment on
the 13-mm-diam, 1-m-long barrel. The experimental setup is
shown in Fig. 7. The main experimental effort was dedicated
to the development of a controlled, reliable ignition method,
since this is the key to the successful implementation of the
dual-stage gun. Dual-stage operation was repeatedly dem-
onstrated and studied. In these experiments we used the plasma
ignition method, and the plasma jet source was a capillary
discharge injector.” In this method the MC case has to con-
form to two requirements that are usually contradictory: 1)
it has to prevent premature ignition of the MC and 2) it has

2700
-------- Optimized to 500 MPa
Fixed conditions
8 2600 —
£
>
Z
[=} N
) S
> S
o
3 ~,
= 2500 —
2400 l I | |
0 0.2 0.4 0.6 0.8 1.0

Dynamic breech mass (kg)

Fig. 6 Simulation results: muzzle velocity dependence on the dynamic
breech mass.

Pulsed
power
system

Fig. 7 Experimental setup on a 1-m-long, 13-mm-diam barrel. The
locations of several Kistler pressure gauges and the ignition plasma
injector are indicated.
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to allow controlled ignition using the plasma jet. These con-
flicting requirements impose stringent limitations on the de-
sign of the MC case.

Premature ignition occurs when hot gases from the main
charge reach the MC. In order to avoid such contact it is
necessary to ensure good sealing of the MC case. However,
sealing is not enough since the MC case is placed under a
heavy longitudinal stress when the system accelerates. If the
case is not strong enough to withstand this stress, cracks soon
result, the case breaks down and any small amount of hot gas
will cause premature ignition. However, if the case is made
too strong, it might not allow the plasma jet to penetrate and
ignition would not be achieved at all.

The design we have implemented is shown in Fig. 8. This
design includes a threaded polycarbonate case, which encloses
the MC and prevents any contact between the MC and blowby
hot gases from the main charge. The copper seal serves to
keep blowby to the MC area to a minimum. The projectile
is designed such that its rear part, the spine, is in direct contact
with the copper seal. Such contact allows direct momentum
transfer from the seal to the projectile during first-stage ac-
celeration, significantly reducing the longitudinal stress on the
polycarbonate case. Note that the projectile was not opti-
mized as far as intermediate or terminal ballistics are con-
cerned. This design successfully prevented premature ignition
in a large number of shots while allowing the plasma jet to
pierce through the case and ignite the MC.

In our experiments the first acceleration stage was not con-
ventional, but an electrothermal (ET) acceleration process,!!
using water as the working fluid. This difference is of no
significant importance since our main interest is in the con-
trolled operation of the MC stage, and we believe that a
similar experiment can be performed, with equal success, us-
ing a conventional first stage. The ET stage was not optimized,
and we know from other experiments that in the configuration
used the typical efficiency of the process is only about 20%,
much lower than that of conventional acceleration. The pa-
rameters of a typical experiment are listed in Table 2.

Understanding of the process is gained by looking at the
pressure curves measured by the gauges distributed along the

Table 2 Experimental parameters for the 13-mm dual-stage gun

Barrel diameter 13 mm
Barrel length 1.15m
Projectile travel 1.05 m
Projectile mass 36g
Copper seal mass 26 g
MC case mass 12g
Water mass 6g
MC mass 748
MC propellant Winchester 860 and 231 (ball D = 0.74 mm)
Chamber volume 16 cc
MC volume 8§ cc
Ignition location 0.55 m (from breech)
ET energy 44 kJ @ 1.0 ms
MC ignition energy 9.4 kJ @ 0.1 ms
Peak pressure, main 360 MPa
Peak pressure, MC =550 MPa
Muzzle velocity 1070 m/s
Steel Moving Charge Pol)x;‘grf:sneare Copper

projeciile

chamber Spine

seal

155 mm
I 1

Fig. 8 Sample integrated projectile design for 13-mm barrel exper-
iments, using a metal spine to prevent longitudinal breakdown. The
copper seal significantly reduces gas blowby to the MC. (Design con-
siderations did not include external or terminal ballistics.)
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Fig. 9 Experimental results: pressure curves measured in the main
charge (P1), prior to the plasma injector (P4) and in the TC (P7).
* indicates the appearance of a compression wave as the dynamic
breech is decelerated.

6000 ——— P1 - Expeniment
""" P7 - Experiment
= P1 - Simulation
se00 f\— e emmmen P7 - Simulation
P1
N . P7
4000 — (Main Charge) :.':", (Moving Charge)
3
=
g
a 3000 [—
[
4
n' "
2000 }— :
1000 — :
J : Tl
0 l T & [ -
0 2 3 4

Time (msec)

Fig. 10 Experimental results: pressure curves measured on the gauges
P7-P10. The curves of P8—P10 are shifted downward for clarity.
* indicates the secondary peak which is due to the passage of the
dynamic breech.

barrel, as shown in Fig. 7. Pressure curves from a typical shot
are shown in Figs. 9 and 10. From the measured pressure
curves we can reconstruct the pressure profile along the barrel
and the locations of the projectile and the DB at different
times.

The pressure curve measured in P1 is that of the first stage
and it does not show any interesting features prior to 2-ms
time. The irregular peaks are a result of the uncontrolled
nature of the plasma-fluid mixing in the ET gun, and also
appear in single-stage ET shots. The high pressures measured
by the P7 pressure gauge, S-cm downstream from the plasma
injector, prove that the MC was indeed ignited on time. Other
pressure gauges located farther downstream from the plasma
injector also show exceptionally high pressures, much higher
than the ones measured close to the breech at the same time.
These high pressures are the result of the ignition of the MC.
Looking at P1 and P4 we can see a compression wave heading
backward, after ignition of the MC, which is the result of the
deceleration of the dynamic breech. At later times we can
also trace the motion of the dynamic breech on P7-P10 as a



BRILL ET AL.: DUAL-STAGE SOLID PROPELLANT GUN 285

6000

5000 —

4000

3000

2000

Pressure (bar)

1000

[} 1 2 3 4
Time (msec)

Fig. 11 Simulation and experimental results on 13-mm barrel: pres-
sure curves measured on gauges P1 and P7.

secondary pressure pulse. These pulses allow us to measure
the muzzle velocity of the dynamic breech.

The projectile muzzle velocity in this experiment was 1070
m/s, almost twice the velocity measured in a reference ex-
periment in which the MC was not ignited. The projectile
kinetic energy was 20 kJ and the overall efficiency was 24%.
This relatively low figure can be largely attributed to the low
efficiency of the first ET stage and the large heat losses typical
to small caliber guns. The DB velocity measured was 300
m/s, amounting to a kinetic energy of only 1.4% of the total
input energy.

In Fig. 11 we show the result of a simulation run that closely
reconstructs the measurements of P1 and P7 and the mea-
sured projectile velocity. The simulation uses the available
experimental parameters. However, three parameters—fric-
tion and the two MC burning rate coefficients—were varied
in order to well reproduce the experimental data. We had to
use this procedure because of the lack of reliable data for the
fast propellant. The first, electrothermal stage is taken in an
approximate way as the burning of a nonenergetic propellant
that completes its burning at the end of the injected plasma
pulse.

V. Conclusigns

We have presented a novel acceleration scheme based on
the successive operation of two conventional propellant charges.
The main charge can be fully conventional (or other), while
the second stage charge is carried behind the projectile, in a
suitable casing, and is ignited only at a later time.

The second—or MC—is placed close to the projectile base,
thus avoiding the rarefaction effect and increasing the effi-
ciency over conventional ballistics. The additional parameters
of this scheme allow many new degrees of freedom (DOF)
and thus an optimization of the process can yield better re-
sults.

A zero-dimensional simulation code of the ballistic process
was written using conventional assumptions. An expanded
version of the Lagrange model was developed in order to
account for the pressure profile between two moving masses
in the barrel. The dependence of the muzzle velocity on the
ignition location and on the dynamic breech mass was inves-
tigated. We found that an optimum ignition location existed,

allowing the first stage to be well exploited prior to the ignition
of the MC, and giving the MC stage enough time to burn out
completely and transfer its energy to the projectile. The sim-
ulation shows weak dependence of the velocity on the ignition
location, therefore making its accurate determination less im-
portant than in other dual-stage schemes. The dependence of
the muzzle velocity on the dynamic breech mass was found
to be weak as well.

The simulation of a particular system shows that a 0.48-kg
projectile can be accelerated to beyond 2500 m/s on a 4.4-m-
long, 60-mm gun, compared to a maximum of ~2160 m/s that
can be achieved using conventional ballistics with similar pres-
sure restrictions.

In a proof-of-concept experiment on a 1-m-long, 13-mm-
diam barrel we have demonstrated controlled MC ignition
and the expected dynamics of a dual-stage gun. The use of
off-the-shelf propellants and the good timing control allows
for reliable operation of the presented design.

Upgrading of the experiment to larger calibers may allow
us to demonstrate acceleration to hypervelocities using this
scheme. In larger caliber guns we would be able to utilize
several ignition and casing techniques that were impossible
to apply at the small scale of the present experiments.

The appearance of significant wave phenomena due to the
ignition of the MC obviously calls for at least a one-dimen-
sional simulation, since the lumped-parameter simulation pre-
sented can only crudely take these effects into account.
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