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ABSTRACT 
 
A multidisciplinary modeling approach is used to 

study the dynamic response of a notional telescoped-
ammunition projectile to gun chamber pressure dynamics 
generated by a densely packed solid propellant charge 
during gun launch. Since material stress imposed on the 
ammunition could potentially damage the projectile or its 
payload, a detailed knowledge of the peak stress is 
essential in the ammunition design process.  The 
modeling approach begins with the Army’s interior 
ballistics code ARL-NGEN3 predicting ignition, 
flamespreading and combustion of the solid propellant 
charge.  Following this, the structural mechanics code 
EPIC simulates the response of the projectile to the 
pressure dynamics computed by the ARL-NGEN3 code.  
The results are analyzed in order to develop a 
comprehensive understanding of the in-bore behavior of 
the projectile. 

 
 

1. INTRODUCTION 
 

Gun-launched projectiles currently being used by the 
objective force as well as being designed for the future 
combat systems include smart/guided projectiles utilizing 
an onboard electronics suite and an internal propulsion 
unit (e.g., rocket), and those carrying high explosive 
payloads.  In order to increase payload capacity, these 
ammunition configurations include long projectile 
afterbodies that intrude into the gun chamber or cartridge.  
Concurrently there is a requirement to maximize the 
muzzle exit velocity of these projectiles and therefore 
many charge designs call for densely packed solid 
propellant and the attendant high loading density 
(propellant mass divided by total initial volume of the 
chamber).  The combination of this afterbody intrusion, a 
potentially sensitive payload, and densely-packed 
propellant results in a complex system that challenges 
munition designers and theoretical interior ballisticians 
alike. 

 
A recent Army research effort involved development 

of a numerical methodology for studying these types of 
complex munitions systems using a multidisciplinary 
approach (Ray, et al., 2005).  The work brought together 
two numerical models with different yet complementary 
capabilities: the U.S. Army’s state-of-the-art interior 
ballistics (IB) code, ARL-NGEN3 (Gough, 1996; Gough, 
1997; Nusca and Gough, 1998; Nusca, 2004), and EPIC, a 
prominent computational structural mechanics (CSM) 
code (Johnson, et al., 2003). 

 
The ARL-NGEN3 code is a multidimensional, 

multiphase computational fluid dynamics (CFD) code 
capable of including the three-dimensional geometry of 
the charge, the gun, and the projectile in the interior 
ballistics simulation.  It uses a coupled Eulerian-
Lagrangian approach in order to capture the continuous 
and discrete components of the flowfield.  The continuous 
phase contains the gases generated by the reaction of the 
igniter and the propellant and is modeled using the 
Eulerian-based continuum flow solver (CFS).  The 
discrete components include the unreacted parts of the 
charge and are simulated using the Lagrangian-based 
large particle integrator (LPI). 

 
The EPIC code is a Lagrangian-based finite element 

solid mechanics code.  Among its many features include 
the ability to model a solid using elements or meshless 
particles for high-deformation problems (Johnson, et al., 
2000; Johnson, et al., 2002).  It has been used extensively 
in penetration mechanics applications because of its 
ability to compute damage done to a material and the 
phenomena resulting from the failure and breaking of the 
material (Holmquist and Johnson, 2005). 

 
In previous work (Nusca and Horst, 2003; Ray, et al., 

2005), the coupled modeling approach was used to study 
the flamespread of a notional telescoped-ammunition 
round and the dynamic response of the projectile.  Figure 
1 shows a sketch of the combustion chamber behind and 
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around the tail of the projectile tail. In the ARL-NGEN3
simulations, the use of propellant grains in the main
charge resulted in strong pressure waves moving axially
through the chamber, growing particularly strong when
they reflected off of the chambrage. Using the computed
pressure in the chamber as a driver, the EPIC simulations
showed the dynamic response of the projectile, including
the vibratory load on a notional payload.

2. INTERIOR BALLISTICS SIMULATIONS

Recent work (Nusca and Horst, 2005; Williams, et
al., 2005) began a coordinated experimental and
computational effort focusing on validation of the coupled
modeling approach and subsequent exploration of the
capabilities of this combined experimental/numerical IB
research. The experimental effort (Williams, et al., 2005)
involves a series of experiments being conducted at the
U.S. Army Research Laboratory using a highly
instrumented projectile mounted in a clear-chamber
ballistics simulator. Figure 2 shows a schematic of the
test fixture. The geometry of the combustion chamber is
axisymmetric, and the ignitor is located along the
centerline. The points labeled “P” and “S” indicate the
location of pressure and strain gauges, respectively. The
focus of the experimental tests is the flamespread and
projectile response during the early part of the firing
cycle, so the projectile is pinned to prevent motion during
the tests. Part of the chamber wall is designed to rupture
at a prescribed pressure to end each test.

Included in the experimental tests are two different
propellant configurations, shown in the top two sketches
in Figure 3. The propellant used in each configuration is
19-perforation, partially-cut JA2 stick propellant. In the
“rear loading” configuration, only the region behind the
projectile tail is filled with propellant, while in the “shell
loading” configuration, propellant is placed only the
annular region between the projectile and the chamber
wall extending to the chamber base. In each of the
configurations, an identical amount of propellant, about
3 kg, is used.

The ARL-NGEN3 simulations looked at the two
configurations from the experimental tests plus a third in

which all of the combustion chamber is filled with the
same JA2 stick propellant, called the “full loading”
configuration. The code cannot currently model the
partially-cut stick propellant geometry directly but can
approximate it quite well by assuming that all of the
propellant is 19-perforated JA2 grain with the axial
interphase drag nulled (i.e. the gas can move unobstructed
in the axial direction).

Figure 4 shows the computed pressure from the
ARL-NGEN3 simulations at three axial locations along
the chambers’ outer wall: near the breech, midway along
the chamber, and near the barrel end of the chamber,
6 cm, 28 cm, and 50 cm respectively from the chamber
breech face. In each picture in Figure 4, the blue line is
the pressure difference between the forward and rear
locations; the oscillations in these lines indicate the
formation of pressure waves of moderate amplitude
moving axially through the chamber. The oscillations
first appear especially early in the shell-

Figure 2. Geometry used in the simulations. In the
experiment, the green material is polymethyl
methacrylate, which ruptures before projectile motion
(projectile shown in red). In the simulations, this surface
is assumed never to rupture, in order to study the effects
of projectile motion (Williams, et al., 2005).

Figure 3. Sketch of the shell loading configuration (top),
rear loading configuration (middle), and full loading
configuration (bottom). The thatched area signifies the
location of the propellant charge (Nusca and Horst, 2005).

Projectile

Projectile

Projectile

Figure 1. Sketch of the chamber and projectile tail in the
notional round (Nusca and Horst, 2005).



Figure 5. Pressure computed at three axial locations in
the combustion chamber by ARL-NGEN3: rear loading
(top), shell loading (middle), full loading (bottom). The
positioning of the propellant closer to the igniter in the
rear-loading and full-loading configurations cause faster
pressure rise in those cases (Nusca and Horst, 2005).

Figure 4. Pressure computed at three axial locations in
the combustion chamber by ARL-NGEN3: rear loading
(top), shell loading (middle), full loading (bottom). The
blue line shows the difference in pressure between the
forward station and the rear station (Nusca and Horst,
2005).



loading configuration. The focus of the experimental
effort is the early part of the firing cycle, and so Figure 5
shows, for each picture in Figure 4, a blow up of the time
and pressure range of interest (0-3 ms and 0-25 MPa).

The line plots shown in Figures 4 and 5 do not show
the highest pressure occurring in the combustion chamber.
Referring again to the sketches in Figure 3, the thick
black lines indicate the chamber wall in each sketch.
When the pressure waves strike the chambrage (shown as
the right end of the thick black lines), the convergence of
the chambrage and the projectile surface causes the
highest pressure in this region. Figure 6 shows the
pressure at 1 ms into the shell-loading simulation. The
three axial locations used for the line plots of Figures 4
and 5 are denoted “R”, “M”, and “F”. Figure 6 shows
that the highest pressure at that time instance is fore of the
“F” location and under the chambrage.

3. PROJECTILE DYNAMIC RESPONSE

3.1 Rear-Loading Configuration

The top pictures in Figures 4 and 5 show the pressure
in the rear-loading simulation. With no propellant loaded
between the projectile tail and the chamber wall, no
reaction takes place in that region to strengthen pressure
waves. While pressure waves move axially to and from
the chambrage, they remain relatively weak. A result of
that can been seen in Figure 5, where the difference
between the pressure at the rear tap and the pressure at the
front tap remains non-negative until past 3 ms and does
not go strongly negative until 8 ms, by which time the
projectile is well down the gun barrel. During this and the
other simulations presented in this report, only the first
4.8 ms of the firing cycle were simulated, because the
experiments to be run will end well before that point in
time.

Figure 7 shows the pressure on the projectile at three
times in the simulation. Since the ARL-NGEN3
simulations were run assuming axisymmetry, the pressure
driving the EPIC simulation is also axisymmetric. The
sharp change of the projectile color to blue partway along
the projectile indicates the location where the chambrage

Figure 6. Pressure and velocity vectors in the simulation
of the shell-loading configuration. Note that the radial
axis is expanded for clarity (Nusca and Horst, 2005).

Figure 7. Pressure on the projectile at 1.0 ms, 1.25 ms, and
1.5 ms into the rear-loading simulation. The bands of
varying colors are indicative of pressure waves moving
axially through the chamber. The maximum and minimum
pressures in these pictures are 0 and 24 MPa.

Figure 8. Von Mises stress in the projectile at 1.0 ms,
1.25 ms, and 1.5 ms into the rear-loading simulation. The
light blue band in all three pictures shows that high stress
occurs at the same axial location as the chambrage.

1 MPa 204 MPa



meets with the projectile surface. This is an effect of the
assumption that no hot gas goes between the projectile
and the gun tube wall. In the bottom picture of Figure 7,
notice that the highest pressure on the surface of the
projectile is at the barrel end and is caused by the
reflection of a pressure wave off of the chambrage.

Figure 8 shows the resulting von Mises stress in the
projectile at the same time instances as those in Figure 7,
i.e. 1.0 ms, 1.25 ms, and 1.5 ms. As was expected, there
is a strong correlation between the locations of regions of
high pressure in Figure 7 and the locations of regions of
high stress in Figure 8. The highest stress that can be
seen on the outer surface is in the center of the tail face.
This high stress is caused by a combination of the
pressure imposed on the back face pushing axially, and
the pressure pushing on the outer edge of the back face,
compressing the face radially.

Some stress waves are also seen moving fore of
where the chambrage meets with the projectile surface.
This can be seen more clearly in Figure 9, which shows
the pressure and stress at 4.8 ms into the simulation. The
von Mises stress is shown on the inside surface of the
hollow projectile; the stress is higher on the inner surface
because the projectile is in compression. There are
several high-stress bands fore of the chambrage showing
stress waves moving axially and indicating that the
pressure input excited several modes of vibration of the
projectile, causing it to “ring.” The highest stress is about
1.4 GPa, which is in the neighborhood of the yield stress
for a number of high-strength steels.

A fast Fourier transform (FFT) of the pressure
imposed midway between the chambrage and the end of
the projectile during the first 4 ms of the firing cycle
shows that there is a very low-frequency oscillation in the
input pressure, which is the overall rise and fall of
pressure during the firing cycle. Beyond that, there are a
large number of peaks in the FFT graph, none of them
very high, perhaps indicating that there are a lot of small
oscillations in the input pressure arising from small
combustion instabilities as opposed to a pressure mode of

the chamber being excited. In fact, although it is not
obvious from Figures 4 and 5, the pressure arising from
this loading configuration is far richer in terms of pressure
oscillations than the other two cases. While the shell-
loading and the full-loading cases have strong pressure
oscillations in the neighborhood of 1 kHz, they have no
other strong oscillations to speak of.

The graph of an FFT of the acceleration of one point
in the projectile tail also shows a large number of little
peaks, most of them forced frequencies from the
oscillations in the pressure. Several large peaks are seen
at about 5 kHz, 10 kHz, 12 kHz, 15.5 kHz, 20 kHz, and
21.2 kHz, and these likely are natural frequencies or
overtones of natural frequencies. This case shows far
more projectile vibration than the other two cases, owing
to the elevated level of pressure oscillations compared
with the other cases. This type of analysis is important
when studying the survivability of a vibration-sensitive
payload.

3.2 Shell-Loading Configuration

The middle pictures in Figures 4 and 5 show the
pressure in the shell-loading simulation. In this loading
configuration, the propellant is loaded between the
projectile tail and the chamber wall instead of behind the
projectile tail. Because the propellant on average is
further from the igniter, the pressure rise rate is lower, and
the overall shape of the pressure-time curve is shorter in
pressure but wider in time (compare the top and middle
pictures in Figure 4, noting that the scales of each plot are

Figure 9. Pressure (top) and von Mises stress (bottom) in
the projectile at 4.8 ms into the rear-loading simulation.
The peak pressure at this time is 195 MPa, and the peak
stress is 1.4 GPa.

Figure 10. Pressure imposed on the projectile at 1.0 ms
(top, 0-8.9 MPA shown), 1.5 ms (middle, 9-14 MPa
shown), and 2.0 ms (bottom, 17-20 MPa shown) into the
shell-loading simulation.



different). The difference between the pressure at the rear
tap and the pressure at the front tap first goes negative
before 1 ms and then does so repeatedly for much of the
firing cycle. An FFT of the pressure imposed midway
between the chambrage and the end of the projectile
during the first 4 ms of the simulation shows 1.2 kHz
oscillations, which are the strong oscillations visible
between about 2 and 6 ms in Figure 4, and no strong
higher-frequency signals. While there are small higher
frequency oscillations visible in Figure 5, there are no
strong high-frequency modes.

Figure 10 shows the pressure imposed on the
projectile by the shell-loaded propellant at three times.
The pictures show the motion of pressure waves as they
move axially in the annulus between the projectile and the
chamber wall. The presence of such waves is never
desirable but can especially be problematic when the
annulus is packed with propellant. A locally high
pressure results in a local increase in burn rate, further
strengthening the pressure front. That there is a constant
outer diameter of the projectile means that projectile
motion provides no local volume increase in the annulus
and so no release of the locally high pressure.

The top picture in Figure 10 shows the return of the
first pressure front after reflection off of the chambrage.
In all three pictures, the pressure is higher near the
chambrage than at any other point on the projectile

surface. At 2.0 ms, the pressure is also elevated at both
ends of the annular region.

In looking at the response of the projectile, an
analysis of the von Mises stress, pressure, and
acceleration at various points in the projectile shows a
number of vibrational modes. Vibrations near 1.2 kHz
are forced by the oscillations in the pressure input.
Natural modes with frequencies of 9.5 kHz and 18 kHz
are excited fairly strongly, while smaller vibrations near
5 kHz, 12 kHz, 15.5 kHz, and 25 kHz are also seen.

Figure 11 shows the von Mises stress at the same
three times as in Figure 10. Again, the location of areas
of higher stress track well with the higher input pressure
in Figure 10. It is interesting to note that the pressure
waves forward of the chambrage are weaker in this case
than in the rear-loading case. This can be seen by
comparing Figure 12 with Figure 9, both of which show
the von Mises stress at 4.8 ms into the simulations. In the
shell-loading case (Figure 12), not only is the peak stress
lower, but there are also no higher stress bands visible in
the front part of the projectile. This occurs because of the
absence in this case of high-frequency oscillations in the
computed pressure and thus no excitation of longitudinal
vibrational modes.

3.3 Full-Loading Configuration

The bottom pictures in Figures 4 and 5 show the
pressure in the full-loading simulation. This simulation,
while not planned to be part of the series of experiments
to be performed at ARL, is closer in design to a fielded
round, in which the entire combustion chamber is initially
filled with propellant. Comparing the top and bottom
pictures in Figure 4, the initial pressure rise is comparable
to that in the rear-loading configuration, which is
expected because the propellant loading in the
neighborhood of the igniter is the same. The presence of
propellant between the projectile tail and the chamber
wall, however, strengthens the pressure waves moving to
the chambrage, so that when the first pressure wave
strikes the chambrage at about 0.8 ms, the pressure at the
forward pressure tap exceeds that at the rear pressure tap,
a condition that occurs repeatedly during the firing cycle.

An FFT of the pressure imposed on the projectile
shows oscillations near 1 kHz and 2 kHz, but the overall

Figure 11. Von Mises stress in the projectile at 1.0 ms
(top), 1.5 ms (middle), and 2.0 ms (bottom) into the shell-
loading simulation. In all pictures, the minimum and
maximum stress shown are 1 MPa and 128 MPa.

Figure 12. Von Mises stress in the projectile at 4.8 ms into
the shell-loading simulation. The peak stress at this time is
705 MPa and occurs at the center of the rear face of the
projectile.



plots of the FFT from this case and from the shell-loading
case look similar, perhaps indicating that the presence of
propellant in the annulus tends to prevent the excitation of
higher-frequency pressure modes in addition to
strengthening the 1 kHz mode.

Figure 13 shows the pressure imposed on the
projectile in the full-loading simulation at three times.
Again, the pictures show the motion of pressure waves
moving axially between the rear of the projectile and the
chambrage. The presence of propellant in the annulus
combined with the overall increase in the amount of
propellant in the system make the pressure waves very
strong.

Figure 14 shows the von Mises stress at the same
times as those used in Figure 13. The stress is much
higher is this case, reaching 238 MPa by 1.5 ms into the
firing cycle. There are waves moving axially through the
projectile, but the higher stress in Figure 14 makes them
difficult to see. Figure 15 shows the stress at 4.8 ms into
the firing cycle. The large red area shows where the
stress exceeds the yield stress of the steel and indicates
that the projectile likely would fail in a gun firing of this
charge configuration.

An analysis of the vibrational response of the
projectile shows, in addition to the forced frequencies,

strong frequencies near 5 kHz, 9.5 kHz, 12 kHz, and 25
kHz. There does appear also to be oscillations near 10.3
kHz; this is the only case that seemed to excite two
separate vibration modes near 10 kHz.

CONCLUSIONS

A multidisciplinary modeling approach was used to
study the dynamic response of a notional telescoped-
ammunition projectile to gun chamber pressure dynamics.
The approach used the ARL-NGEN3 code to predict the
interior ballistics phenomena. The results from ARL-

Figure 13. Pressure imposed on the projectile at 1.0 ms
(top, 3-12.7 MPA shown), 1.25 ms (middle, 14-20 MPa
shown), and 1.5 ms (bottom, 23-27 MPa shown) into the
full-loading simulation.

Figure 14. Von Mises stress in the projectile at 1.0 ms
(top), 1.25 ms (middle), and 1.5 ms (bottom) into the full-
loading simulation. In all pictures, the minimum and
maximum stress shown are 1 MPa and 238 MPa.

Figure 15. Von Mises stress in the projectile at 4.8 ms into
the full-loading simulation. The peak stress at this time is
over 3.3 GPa. The region in red shows where the stress
has surpassed 1.4 GPa, which is roughly the yield stress of
a number of high-strength steels.

0 MPa 1.4 GPa



NGEN3 were used as input by the EPIC code to drive a 
simulation of the dynamic response of the projectile.  The 
results of this modeling effort will be compared with 
experimental results to quantify the accuracy of this 
numerical approach.  Several test problems were 
simulated and analyzed, including a study of vibrations in 
the projectile. 
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