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PREFACE

The U.S. Army Research Laboratory (ARL) has invested considerable resources in the development
of numerical techniques for the prediction of kinetic energy (KE) projectile accuracy. In particular, a
validated three-dimensional transient finite element (FE) model of the M256 120-mm M1A1 main weapon
system has been created from the trunnions up. This model considers for the first time the gun tube,
breech, piston, cradle and mount assembly, along with the associated boundary conditions. This enhanced
numerical approach provides new insight into occasion-to-occasion and round-to-round variability in the
M256 gun system. Numerical and experimental analysis techniques have been coupled to validate model

attributes including:

gun tube/breech pressurization,

« more accurate representation of both the gun tube profile and tube flexibility,

» a complete recoil assembly with clearances and sliding interfaces between associated parts,

trunnion supports and the elevation mechanism.

This report presents results substantiating these claims and demonstrating the robustness of the numerical

approach.

Using the enhanced M256 gun system numerical model, a detailed examination of normal propulsion
variations and projectile initial malalignment effects on projectile performance has been performed.
Additionally, the numerical model was used to enhance experimental findings by isolating discrete
components of variability within the scope of normal gun system attributes. For example, studies of
pressure variations on projectile impact locations have been coupled with possible occasion-to-occasion
and round-to-round permutations that occur within the recoil alignment and projectile initial seating,

respectively.
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1. BACKGROUND

Early numerical analytical studies concentrated on determining the structural integrity of improved
kinetic energy (KE) projectiles. These improvements have focused, to a large extent, on reducing the
sabot weight while increasing the subprojectile length and mass. As the mass of the sabot has been
gradually reduced, the complexity of the design has increased. In turn, as the complexity of the sabot/sub-
projectile system has evolved, so has the sophistication of the numerical analysis techniques employed to

analyze them. Examples of some of these techniques are given by Bums (1981).

This report presents analytical techniques that can be used to develop the in-bore structural design of
saboted KE projectiles with long, high-density rods. A number of important design issues regarding
saboted projectiles are also presented. For example, a methodology for the design of the sabot/rod
interface is presented. Additional information on the effective design of sabot ramps and the use of
two-dimensional (2-D) finite element (FE) methods for the verification of projectile structural streﬂgth is
also provided. The results of these numerical and analytical design techniques were subsequently
expanded for the development of very efficient projectile designs for both 105-mm and 120-mm tank guns.
The report also offers a fair compendium of work performed prior to 1981 on sabot/rod systems.

Using similar numerical techniques, Drysdale, Kirkendall, and Kokinakis (1980) showed insight into
how numerical modeling methods might be used to increase the performance of KE projectile designs.
In this study, the requirements for a modem long rod penetrator sabot were described in terms of analysis
techniques that could be employed to find the lightest possible sabot or an optimal sabot/rod configuration.
Another such paper on the structural design of projectiles defines some of the problems encountered when
the in-bore behavior of a projectile is considered (Drysdale and Burns 1988). These reports review many

of the analytical and numerical techniques that are currently being used to develop modermn projectiles.

Nonetheless, these reports point out that the techniques used thus far do not take into consideration
the projectile transverse loading during in-bore travel. Such loadings, as introduced by an unbalanced
breech, barrel drop due to gravity, tube heating, or a bent gun tube (gun tubes are never perfectly straight)
are not considered in the initial design of the projectile. In the past, a series of experimental tests has been
used for the final optimization of the KE projectile. Typically, the projectile would be designed based on
known numerical and analytical design techniques. The design would then be manufactured and tested
in groups of 5 or 10. Based on the results of these tests, slight modifications would be made, and the
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cycle of testing and modifying would continue until an acceptable design was derived (Bums and
Wilkerson 1990). Tested parameters are often evaluated from radiographs, high-speed and smear
photography, velocity and target impact data, proximity probes, and yaw cards. Data were collected using
these test results, which also helped to determine the structural integrity of the projectile and the sabot

discard characteristics.

With the availability of high-speed computers, three-dimensional (3-D) FE techniques that can take
traverse loadings into account have been applied to the study of in-bore projectile behavior (Rabern 1988,
1989; Rabemn, Parker, and McAfee 1990). It is now believed that these new techniques may be capable

‘of improving the initial and modified sabot designs of future projectiles. This ability would add
significantly to the existing collection of analytical and numerical techniques that are available to aid in
KE projectile design. Three-dimensional FE techniques might also reduce the number of iterations in the

current, costly cycle of testing and design modification.

Rabern’s early work (1988, 1989) introduced, for the first time, a methodology to characterize the
performance of a projectile that was subjected to lateral and axial loading. The methodology was
developed using a state-of-the-art 3-D FE approach. It was subsequently evaluated by direct comparison
with experimental results. The results indicated that the phenomena observed experimentally could be
accurately simulated using known numerical techniques. The experimental portion of the study involved
full-scale testing of two separate sabot/rod designs in a 120-mm launch tube that was slightly bent.
A 2.3-MeV x-ray unit was employed to determine the lateral displacements occurring in the sabot and rod
as they traveled down the launch tube and exited at a very high speed. Due to the relatively quick
‘ballistic cycle, on the order of 7 ms, the projectiles were subjected to significant lateral loads from the bent
gun tube. After the projectile exited the launch tube, the sabot separation and rod straightness were
recorded by four 150-keV x-ray units. These test results were then used to bench mark the numerical

analysis.

The numerical analysis involved a 3-D model of the sabot, rod, and gun tube using the DYNA3D FE
program (Hallquist and Whirley 1989, Brown and Hallquist 1984). The comparison of displacement
profiles of those recorded by radiographs in the experiment and those calculated by the numerical
simulations showed that this technique could yield good results. Based on that observation, it was not
unreasonable to conclude that the numerical predictions for stress and strain would track equally well.

The study also performed a series of calculations to determine the sensitivity of the mesh refinement.




These calculations revealed that the method was converging when more than 5,000 elements were used.
At this point in the mesh refinement, the calculations were within 1% of one another. The actual FE
model of the sabot and rod was made from a half-symmetrié or 180° slice. This half-symmetric model
was used for simplicity and enabled the isolation of the vertical displacements induced into the projectile
from the bent gun tube. Most importantly though, the study proved that parameters like the strength
profiles of bent gun tubes can be accurately simulated in a 3-D analysis. Moreover, the work provided
the opportunity for the various aspects leading to projectile lateral loads (e.g., unbalanced breech, bent

tubes, initial conditions, etc.) to be studied individually or collectively using modern numerical analysis.

In a subsequent study (Rabem, Parker, and McAfee 1990), it was shown that small differences in the
projectile initial seating could lead to significant changes in the projectile lateral velocity and rotational
rates at muzzle exit. This work concentrated on a comparison between various initial conditions for
105-mm XMBO900E1 projectiles. These included pitched-up, pitched-down, and aligned conditions as well.
Additionally, a nonrotating condition was analyzed to examine the effects of rifle-twist on the projectile
motion. The numerical simulation used a full 360° model of the projectile and gun tube to examine both
horizontal and vertical displacements, velocities, and rotational rates of the sabot/rod at muzzle exit. This

model does not discard the sabot from the rod at muzzle exit as would occur in reality.

In a connected effort, Hopkins (1990) related the importance of gun tube pressurization while, for the
first time, demonstrating methodologies to include pressurization effects in the FE analysis of a gun system
launching of a bullet. Afterwards, Rabern and Lewis (1992) incorporated a traveling pressure front into
a full 3-D model and examined the dynamic response of the projectile and gun together. In addition,
Hopkins and Wilkerson (1993) examined the accuracy of various methods to incorporate traveling pressure

fronts in 3-D FE models of gun systems.

Although some gun and projectile interaction problems are beginning to be addressed with 3-D FE
techniques, questions pertaining to the effects of the gun system recoil mechanism have just recently begun
to be studied. Using a series of small scale experiments (Wilkerson, Fulton, and Thiravong 1993;
Wilkerson, Burman, and Li 1993) and some numerical studies (Wilkerson 1993; Wilkerson and Hopkins
1994), simulations of the recoiling motion of the M1A1 main weapon system have been conducted. In
these recent models, an M256 120-mm gun system was modeled from the gun tube to the trunnion, which
mount the gun and recoil system to the M1A1 turret.




Figure 1 shows a cutaway view of the M256 120-mm gun system. As shown in the figure, the system
consists of a complicated series of components that have varying clearances which can slide relative to
one another during the recoil and counter-recoil strokes. To model these parts using FE techniques
required careful scrutiny of the drawings and actual hardware. Observing the assembly and disassembly
of parts during routine maintenance provided additional insight about clearances between associated parts.
The primary parts (labeled in Figure 1) were first modeled using a Computer-Aided-Design (CAD)
package (Autodesk Inc. 1987). These CAD models served as the basis for the FE representation of the
M256. Figure 2 shows the CAD approximations of the M256 major components. The FE model of thése

parts was constructed primarily from eight nodded brick elements as well as linear spring elements.

Bolls tastening piston to breech.

BREECH

Bolt hole location for bolt which
locks the gun tube from rotation
within the breech.

Engaging threads between
the gun tube and breech.
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Shown as shaded
supports the piston,
gun tube and breech.
The piston, gun tube
and breech all recoil
during firing.

Mounting boit attachments for
trunnion mount. The trunnion
mount (not shown here) is the
interface between the M1A1
tank turret and the M256 gun
system.

BEARING

“THRUST NUT

KING NUT

Mount for elevation
mechanism support.

SPRING

ADAPTOR

Figure 1. Cutaway view of the M256 120-mm gun recoil system.




The first two pieces modeled were the gun tube and breech. In the actual assembly, these two parts
are engaged with an interrupted thread. The gun tube slides inside the breech and is then rotated 45°.
The opposing threads on the breech and gun tube tightly connect the two parts. Finally, a bolt is threaded
through the upper portion of the breech and into a corresponding notch in the gun tube to limit relative
rotation between the two parts. While these components have some clearances between them for ease of
installation, their axial movement is heavily coupled. The relative vertical and horizontal motion between

the parts is also very closely coupled.

Being unable to ascertain the relative movement between the piston and gun tube along the rear
contact point, it was assumed that these components respond as if they were rigidly connected. In
addition, the piston bolts to the breech at two locations across its rear face, which adds rigidity to this
connection. Just forward of that location on the gun tube, the piston radially supports the gun tube at two
contact points. To simplify the model, these two axial locations are merged. Along the forward end of
the piston, a series of parts are used to secure the gun tube to the piston. This clamping device consists

of the adapter, bearing, king nut, and thrust nut (Figures 2 and 3).

These parts form a fairly rigid clamp between the piston and gun tube. In addition to the piston and
gun tube attachment, the piston is supported inside the cradle. The cradle allows the gun, breech, and
piston to recoil during firing. Creating a model of the cradle attachment points, particularly at the front
of the piston, is non-trivial.” Therefore, a series of static load experiments were conducted to determine
how to best model the supporting interfaces between the piston and cradle. The results of these
experiments are reported in Wilkerson, Fulton, and Thiravong (1993). These experiments validated the
assumption that the piston and gun needed to be modeled as two parts using rigid attachment points
between them. Measurements confirmed that when transverse forces are applied to the gun tube, the gun
and piston essentially move together. However, the measurements also indicated that the same
out-of-plane forces produced relative motion between the piston and cradle. This series of static load
experiments confirmed that the gun tube, breech, and piston interfaces could be modeled, at least initially,
as rigid contact points. Finally, the FE model of the piston which includes the adapter, bearing, king nut,
and thrust nut was modeled as a single component. In the model, these parts connect the gun tube and
piston at the same location as the actual contact points on the M256. The assumption of a rigid contact

undoubtedly makes the overall system stiffer than the actual gun. The effect of this approximation

*
These parts are not, in most cases, rigidly attached to one another.
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Figure 2. CAD drawing of M256 main components.

will be further investigated in future models. Nonetheless, for the purpose of this study, the effects of this
assumption are negligible. Figure 4 shows the FE model developed for these three primary parts.

The gun tube, breech, and piston are supported in the tank turret by the cradle. The cradle connects
to the tank turret through the mantlet that has a pair of trunnions supported by the turret and the elevating
mechanism. The trunnions allow free rotation of the cradle while the elevating mechanism controls that
rotation. The cradle sliding support for the piston also allows the gun tube, breech, and piston to recoil




EM of Piston Assembly
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Nut Arrangement

Front Contact Between
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Figure 3. FE representation of gun tube breech and piston assembly.

during firing. Therefore, it was necessary to model these interfaces using the sliding contact capabilities
in DYNA3D (Hallquist and Whirley 1989). The clearances between these sliding contacts, which were
observed to influence movement of the system during the static load experiments, are of paramount
importance in estimating the changes in response between the balanced and unbalanced systems. The
incorpm:ation of this important attribute is discussed in detail in Wilkerson and Hopkins (1994).

The recoil consists of a large spring and damper that absorb the gun recoil energy. The gun tube,
breech, and piston recoil approximately 11 in during gun firing. A number of simpler beam element
models have been used to determine the best method to model the recoil behavior. During the recoil

stroke, considerable energy is absorbed from the system through damping. Therefore, to model the
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Figure 4. DYNA3D FE model with cutaway view of chamber area.

entire stroke, it is necessary to include a preloaded spring, as in the actual system, and a damper unit.
However, since the gun recoils only about 1.5 in before the bullet exits the gun, and this study is primarily
interested in the gun system motion while the bullet is still in-bore, the entire recoil stroke was not
modeled in the simulation. Consequently, this model utilized only a simple undamped spring to simulate
the recoil system behavior while the bullet remained in-bore. The validity of these assumptions was
ascertained by comparing axial recoil motion predicted by the model with experimental data from an
actual firing cycle. This comparison confirms that neglecting damping during early time motion

(approximately the first 7 ms) has little effect on model accuracy.

The M256 cradle and recoil assembly is bolted to a metal mount with trunnions. The gun system is
free to rotate about the trunnions. Only the elevation mechanism restricts movement in this plane. The
elevation mechanism is a hydraulic actuator used to aim the weapon in the vertical plane. The model
includes approximations for these important boundary constraints. Figure 4 shows the trunnion and

¢levating mechanism as represented in the FE model. As can be seen in the figure, the model is supported




by trunnions whose axis of rotation in the x-y plane is at the same approximate location as the actual
system. The cradle rotation is controlled via a spring element located in a position that closely mimics

the actual system.

While it is recognized that the dynamics of the elevation mechanism are nonlinear, they were modeled
using linear approximations based on results from the static load experiments (Wilkerson, Fulton, and
Thiravong 1993). Furthermore, this assumption seems reasonable since the system displacements are on
the order of one-tenths of a millimeter, before the projectile exits the muzzle, while the nonlinear attributes
of the elevating mechanism are evident only for much larger displacements. Therefore, the assumption
of linearity for the cases represented here seems reasonable. The components of the final model have the
same approximate thickness, weight, moments of inertia, and CG as the actual parts in the M256
(Wilkerson, Berman, and Li 1993). The DYNA3D FE program was used to run the simulation, while the
PATRAN and PATDYN translators were used to post-process the results (Hallquist and Whirley 1989;
PDA Engineering 1987a, 1987b).

The centerline profile of gun tube No. 5064 was used in the analysis presented here in accordance with
the techniques discussed by Wilkerson (1993). Basically, the techniques used to incorporate a particular
gun tube centerline profile correlate the technologies used to measure gun tube centerline with FE
calculation of gravity droop. In particular, gun tubes are measured while being supported in a fashion that
is similar to the actual gun tube support in the gun mount. However, when the gun is fired, there are
devices attached at various locations along the gun tube (such as the bore evacuator, thermal shrouds, and
muzzle reference system) that change the tube centerline profile from that originally measured. The
rﬁethods discussed in Wilkerson (1993) make allowances for additional mass to be included in the model
of the gun tube by recalculating the change to the centerline profile accordingly. For this study, tube
No. 5064 was chosen because it was also one of the tubes used during the balanced breech experiments

(Held and Erline 1991).

The projectile model was a simplified version of the DM13 projectile (Figure 5) because it was one
of the KE projectiles used during the balanced breech experiments. The procedures used in the projectile
model were similar to the procedures used by Kaste and Wilkerson (1992) for the XM900E1 projectile.
The one notable difference was how the treatment of interferences between the sabot petals was handled.

In this study, the motion of the gun system was of primary importance; with the projectile motion and its
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Figure 5. Model of the DM13 KE projectile.

interactions with the gun system being of secondary importance. Hence, to reduce run times, the
interfaces between the sabot petals are not modeled. In other words, the sabot itself is modeled as a one-
piece component. However, the rod, wind screen, tail fins, and interfaces between the sabot and rod were
also included in this model as was done for the XM900E1 projectile by Kaste and Wilkerson (1992). In

particular, the wind screen and tail fins are approximated using a lumped mass approach as described in

Kaste and Wilkerson (1992).

To simulate the proper ballistic environment inside the 120-mm gun during a firing event, pressure-
time estimates based on an actual shot were made using the IBHVG2 interior ballistic (IB) code (Anderson
and Fickie 1984). The calculations provided pressure-time histories as a function of projectile travel along
the axial length of the gun tube. In the model, the inside face of each axial row of elements comprising
the gun tube received a unique pressure-time curve to simulate the actual pressure across the inside wall
of the gun tube. Additionally, the inside breech face, which is exposed to the chamber pressure, also had
a distinct pressure loading history. Finally, an estimate of the pressure along the rear surface of the
projectile was included. The rear surface of the projectile is considered to be any portion of the projectile
that would be exposed to the burning propellant gasses. In all, 70 unique pressure-time load curves were

used in the FE model simulations.
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It has been shown that calculations made using the DYNA and NIKE (Brown and Hallquist 1984)
family of codes for projectile displacement, velocity, and acceleration, using the above assumptions, very
closely duplicate the predictions from an IB code (Wilkerson 1991). Results are typically within 1-2%
of more accurate modeling approaches (Hopkins and Wilkerson 1993). Noting that the pressure at any
axial location of the tube is primarily dependent on the projectile position, and that this attribute has been
shown to be accurately predicted by the DYNA and NIKE codes, the pressurization of the gun barrel is
also reasonably accurate. As a check of this assumption, calculations were made on a generic gun tube
to estimate the influence of axial grid spacing. Calculations were made using the unique pressure-time
curve at each axial location and compared to a coupled calculation where the FE and IB codes are linked
together. In the latter calculation, DYNA results for projectile displacement, velocity, and accelerations
were fed back into the IB code and the pressure at every location was calculated based on this information
at each time step (Hopkins and Wilkerson 1993). Without this coupling, the IB code uses a lumped mass
approach to model the projectile and its equations of motion. When the codes are coupled, the pressure
along the interior gun tube wall can be calculated very accurately as the projectile moves down the tube,

exposing the surface to the propellant gas pressure.

It was found that for any reasonably finite discretization, the FE model and its associated set of load
curves resulted in reasonable estimates for displacements, stresses, and strains. The current process of
applying individual pressure curves at various axial locations along the tube length was adapted for its

simplicity in application, although future models may include the more accurate coupled approach.
2. ANALYSIS

The sophistication and flexibility of the 3-D model allow issues pertaining to occasion-to-occasion
and/or round-to-round variability to be examined independent of one another or in combination. For this
particular analysis, the variations in exit shot conditions are used as a gauge of the round-to-round
variation. One typical parameter that can change from round to round of a given ammunition type is the
pressure variations in the propellant bed (Robbins 1994). A typical example of pressure variations was
accomplished by changing the pressure on the back of the projectile by 4% the norm (Robbins 1994)."

The results from these calculations are given in Table 1.

*
This value was estimated as "typical” of what could occur; not necessarily the largest or what happens every time a 120-mm
gun is fired with a KE projectile. In other words, this value represents a typical high value.
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Table 1. Gun Tube Tilted With Clearances, Unbalanced

Pressure Average y Average z
Percent Velocity Velocity Pitch Rate Yaw Rate
(Maximum) (in/s) (in/s) (rad/s) (rad/s)
0.96 39.2 11.6 .15.9 4.7
1.00 40.4 11.5 14.8 4.1
1.04 37.3 12.6 13.6 4.1

Table 1 is labeled as: "Gun Tube Tilted With Clearances, Unbalanced" —in reference to the recoil
conﬁguration.* This particular scenario is what is currently believed to be standard, or normal,
configuration for the M256 120-mm mounted in the MlAl tank.” Then, applying +4% pressure variation
to the back of the projectile, variations in shot exit conditions can be used to quantify the effect of normal
pressure deviations. Table 1, column 1, gives the percent of the total pressure on the base of the
projectile. Columns 2 and 3 give the vertical and horizontal velocities in inches per second, respectively.
Columns 4 and 5 give the pitch (vertical) and yaw (horizontal) rates in radians per second. As can be

seen in this table, the variance is small between the associated pressures.

Initially, when the balanced breech experiments (Wilkerson and Hopkins 1994) were analyzed, several
different configurations for the recoil of the gun were examined. One such variance is presented in
Table 2. Table 2 contains the same pressure variations as in Table 1 only for the case of a balanced
breech. For the balanced breech block, the change in exit state conditions between the various pressures
was of similar magnitude as for the unbalanced breech. However, the change between the balanced and

unbalanced breech results, particularly in the vertical components of velocity and pitch rate, were

substantial.

* wUnbalanced" refers to the fact that the breech block on the M256 120-mm gun system is slightly offset from the gun tbe’s
centerline. That is, the top of the breech is cut at an angle so the gun can be aimed downward without having the breech hit
the top of the turret. This design results in an asymmetric breech block.

T Within the gun recoil, there exists small clearances between parts. They are on the order of several thousands of an inch.
In the current analysis, the clearances between the cradle and piston are included in the model (see Figures 1 and 2).
However, in the M256 recoil, there are kick blocks that engage the breech block as it returns into battery, and forces it to sit
in the cradle the same way every time. These blocks push the breech and piston toward the top of the cradle. This position,
and the resulting motion caused when the gun is fired, were thought to be the cause of puzzling experimental measurements
of the breech movement during the balanced breech experiments (Held and Erline 1991). Later, this theory was tested with
the current model, which showed this to be the case (Wilkerson and Hopkins 1994).
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Table 2. Gun Tube Tilted With Clearances, Balanced

Pressure Average y Average z
Percent Velocity Velocity Pitch Rate Yaw Rate
(Maximum) (in/s) (in/s) (rad/s) (rad/s)
0.96 214 11.8 6.6 3.7
1.00 19.6 10.8 5.8 3.0
1.04 17.1 10.7 52 29

Two other configurations that were examined numerically during the balanced breech simulations are
presented in Tables 3 and 4. In these two cases, the clearances between the cradle and piston were
eliminated, and the recoiling parts were no longer allowéd to sit at an angle inside the cradle mechanism.
Table 3 represents the unbalanced breech with no clearances between the cradle and piston and Table 4

represents the balanced case.

Table 3. Gun Tube Without Clearances, Unbalanced

Pressure Average y Average z
Percent Velocity Velocity Pitch Rate Yaw Rate
(Maximum) (in/s) (in/s) (rad/s) (rad/s)
0.96 20.1 44 7.4 1.0
1.00 21.0 6.2 7.0 1.1
1.04 19.8 7.5 6.6 1.0
Table 4. Gun Tube Without Clearances, Balanced
Pressure Average y Average z
Percent Velocity Velocity Pitch Rate Yaw Rate
(Maximum) (in/s) (in/s) (rad/s) (rad/s)
0.96 10.6 55 4.2 1.3
1.00 10.3 6.1 3.8 1.2
1.04 10.5 8.6 3.4 1.0
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Another parameter that is believed to affect fall of shot is the initial orientation of the bullet as it sits
inside the weapon chamber. Modern day KE rounds consist of a double ramped sabot with the rear ramp,
or bulkhead, sealing off the propellant gas. The forward bell, or front ramp, typically has several
thousands of an inch clearance between its outer diameter and the inner diameter of the gun tube. This
clearance allows the bullet to cock slightly inside of the gun tube when it is loaded. Table 5 gives the
results from a series of simulations that examine differences in bullet initial seating. For the DM13 bullet,
this allowed the projectile to tilt up to 0.134°. Row 1 in Table S presents the exit state differences for a
bullet tilted upward the maximum amount. Row 2 presents the results when the bullet is tilted only half
that amount, and row 3 presents the norm when the bullet is not titled. Rows 4 and 5 tilt the bullet
downward initially. Inrow 4, the tilt is one-half, and in row 5, the tilt is the maximum amount that would
be possible. As can be seen in the table, the initial conditions of the bullet have a much larger effect on

exit shot conditions than pressure variations.

Table 5. Projectile Initial Seating

Projectile Average y Average z
Tilt Velocity Velocity Pitch Rate Yaw Rate
© (in/s) (in/s) (rad/s) (rad/s)
0.134 T 35.2 20.6 7.2 4.7
0.067 T 429 14.0 10.9 3.2
0.0 40.7 11.3 -3.6 4.0
0.067 4 56.8 19.1 12.9 2.0
0.134 1 69.3 19.1 11.2 2.6
3. SUMMARY

The numerical model developed during this study allows the examination of subtle nuances of gun
and bullet designs and their effects on projectile performance to be studied in detail. These techniques
can also be coupled with experimentation to improve the numerical approximations and expand or

otherwise help explain observed projectile gun tube interaction. Although the use of these elaborate
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techniques to solve ballistic problems are in their infancy,* efforts are underway to utilize this technology
to streamline the design and test procedures currently in practice for developing new tank munitions. One
such step that is underway is to examine changes in KE projectile design and fabrication by evaluating
their exit state conditions using techniques similar to the ones presented herein. Figure 6 shows a KE
projectile that includes many of the bullet details which were overlooked in this preliminary study.
Models such as the one shown in Figure 6 will allow the examination and analysis of future materials and
new geometries to help optimize a bullet prior to testing. Hence, near future efforts will include an
emphasis to improve and streamline the numerical methodologies presented here, allowing a more timely

and accurate assessment of gun and projectile performance.

* Far more needs to be done to quantify and correlate the numerical results from this type of analysis.
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Figure 6. Detailed model of a modem KE projectile.

.




4. REFERENCES

Anderson, R., and K. Fickie. "IBHVG2 A Users Guide." BRL-TR-2829, U.S. Army Ballistic Research
Laboratory, Aberdeen Proving Ground, MD, July 1984.

Autodesk Inc. AutoCAD release 2.6 Reference Manual, 1987.

Brown, B., and J. Hallquist. "TAURUS: An Interactive Post-Processor for The Analysis Codes NIKE3D,
DYNA3D, TACO3D." UCID-19392, rev. 1, Lawrence Livermore National Laboratory, Livermore, CA,
May 1984.

Bums, B. "Medium Caliber Anti-Armor Automatic Cannon (MC-AAAC) In-bore Projectile Technology."
BRL-TR-02364, U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground, MD, September
1981.

Bums, B., and S. Wilkerson. Private communication. U.S. Army Ballistic Research Laboratory, Aberdeen
Proving Ground, MD, September 25, 1990.

Drysdale R., and B. Bumns. "Structural Design of Projectiles." Gun Propulsion Technology, vol. 109,
pp. 133-159, 1988. '

Drysdale, W. H., R. D. Kirkendall, and L. D. Kokinakis. "Structural Design Considerations for Minimum
Weight Sabots." Presented at the Fifth International Symposium on Ballistics, Taulouse, France, April
1980.

Hallquist, J., and R. Whirley. "DYNA3D Users Manual (Nonlinear Dynamic Analysis of Structures in
Three Dimensions)." UCID-19592, rev. 5, Lawrence Livermore National Laboratory, Livermore, CA,
May 1989.

Held, B., and T. Erline. "Dynamics of the Balanced Breech System for the 120-mm Tank Main Gun.”
BRL-TR-3186, U.S. Army Ballistics Research Laboratory, Aberdeen Proving Ground, MD, January
1991.

Hopkins D. A. "Predicting Dynamic Strain Amplification by Coupling a Finite Element Structural
Analysis Code with a Gun Interior Ballistic Code.” BRL-TR-3269, U.S. Army Ballistic Research
Laboratory, Aberdeen Proving Ground, MD, July 1990.

Hopkins, D., and S. Wilkerson. "Modeling of Gun Systems Including Pressurization Effects.” Poster
Paper 14th International Symposium on Ballistics, Quebec, Canada, September 1993.

Kaste, R., and S. Wilkerson. "An Improved Sabot Design and Analysis for the XM900E1 Kinetic Energy
Projectile.” BRL-TR-3359, U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground, MD,
June 1992.

PDA Engineering. "PATRAN Plus User’s Manual Release 2.4." Patran Division, Costa Mesa, CA,
1987a.

PDA Engineering. "PAT/DYNA Interface Guide." Patran Division, Costa Mesa, CA, 1987b.

17




Rabern, D. "Axially Accelerated Saboted Rods Subjected to Lateral Forces." Ph.D. Thesis. Dept. of
Civil Engineering and Material Science, University of Arizona, AZ, 1988.

Rabern, D. "Axially Accelerated Saboted Rods Subjected to Lateral Forces." LA-11494-MS, Los Alamos
National Laboratory, Los Alamos, NM, March 1989.

Rabern D., R. Parker, and J. McAfee. "A Numerical and Experimental Evaluation of the XM900E1
Sabot/Rod System During Launch.” LA-11866-MS, Los Alamos National Laboratory, Los Alamos,

NM, 1990.

Rabern D. A., and M. W. Lewis. "Two and Three Dimensional Simulations of Moving Pressure Fronts
in Gun Tubes." Journal of Pressure Vessel Technology, vol. 114, pp. 181-188, May 1992.

Robbins, F., and S. Wilkerson. Private communication. U.S. Army Research Laboratory, Aberdeen
Proving Ground, MD, November 1994.

Robbins. F., and S. Wilkerson. Private communication. U.S. Ammy Ballistic Research Laboratory,
Aberdeen Proving Ground, MD, 25 September 1990.

Wilkerson, S. "An Analysis of the In-bore Axial Loads on A generic Slug using the NIKE2D/DYNA2D
Finite Element Programs.” BRL-MR-3910, U.S. Amy Ballistic Research Laboratory, Aberdeen
Proving Ground, MD, May 1991.

Wilkerson, S. "A Consistent Method for Determining Gun Tube Straightness on the M256 120-mm Gun."
International Symposium on Gun Dynamics, Newport, RI, April 1993.

Wilkerson, S. A., M. Berman, and T. Li. "A Modal Survey of the M1A1 Main Weapon System."
Proceedings of the Seventh U.S. Army Symposium on Gun Dynamics, pp. 401-418, New-Port, RI,
11-13 May 1993.

Wilkerson, S. A., V. Fulton, and J. Thiravong. "M256 Static Load Test." ARL-TR-182, U.S. Army
Research Laboratory, Aberdeen Proving Ground, MD, August 1993.

Wilkerson, S. A., and D. A. Hopkins. "Analysis of a Balanced Breech System for the M1A1 Main Gun
System Using Finite Element Techniques." ARL-TR-608, U.S. Army Research Laboratory, Aberdeen
Proving Ground, MD, November 1994.

18




NO. OF
COPIES

ORGANIZATION

DEFENSE TECHNICAL INFO CTR
ATTN DTIC DDA

8725 JOBN J KINGMAN RD

STE 0944

FT BELVOIR VA 22060-6218

DIRECTOR

US ARMY RESEARCH LAB
ATTN AMSRL OP SD TA
2800 POWDER MILL RD
ADELPHI MD 20783-1145

DIRECTOR

US ARMY RESEARCH LAB
ATTN AMSRL OP SD TL
2800 POWDER MILL RD
ADELPHI MD 20783-1145

DIRECTOR

US ARMY RESEARCH LAB
ATTN AMSRL OP SD TP
2800 POWDER MILL RD
ADELPHI MD 20783-1145

ABERDEEN PROVING GROUND

DIR USARL
ATTN AMSRL OP AP L (305)

19




NO. OF

COPIES ORGANIZATION

1

HQDA

ATTN SARD TT DR F MILTON
PENTAGON

WASHINGTON DC 20310-0103

HQDA

ATTN SARD TR DR R CHAIT
PENTAGON

WASHINGTON DC 20310-0103

HQDA

ATTN SARD TR

MS K KOMINOS

PENTAGON

WASHINGTON DC 201310-0103

DIRECTOR

USARL

ATIN AMSRL CP CA D SNIDER
2800 POWDER MILL RD
ADELPHI MD 20783

COMMANDER

US ARMY ARDEC

ATIN SMCAR FSE T GORA
PICATINNY ARSENAL NI 07806-5000

COMMANDER

US ARMY ARDEC

ATTN SMCAR TD

R PRICE

V LINDNER

C SPINELLI

PICATINNY ARSENAL NI 07806-5000

US ARMY TACOM
ATTN AMSTA JSK S GOODMAN
WARREN MI 48397-5000

COMMANDER

US ARMY ARDEC

ATTN F MCLAUGHLIN
PICATINNY ARSENAL NJ 07806

COMMANDER

US ARMY ARDEC

ATIN SMCAR CCHT

S MUSALLI

P CHRISTIAN

R CARR

N KRASNOW

PICATINNY ARSENAL NJ 07806-5000

20

NO. OF

COPIES ORGANIZATION

1

COMMANDER

US ARMY ARDEC

ATTN SMCAR CCH V

E FENNELL

PICATINNY ARSENAL NJ 07806-5000

COMMANDER

US ARMY ARDEC

ATTN SMCAR CCH

J DELORENZO

PICATINNY ARSENAL NJ 07806-5000

COMMANDER

US ARMY ARDEC

ATIN SMCAR CC

J HEDDERICH

COL SINCLAIR

PICATINNY ARSENAL NJ 07806-5000

COMMANDER

US ARMY ARDEC

ATTN SMCAR CCH P J LUTZ
PICATINNY ARSENAL NJ 07806-5000

COMMANDER

US ARMY ARDEC

ATTN SMCAR FSA M

D DEMELLA

F DIORIO

PICATINNY ARSENAL NJ 07806-5000

COMMANDER

US ARMY ARDEC

ATTN SMCAR FSA

A WARNASH

B MACHAK

PICATINNY ARSENAL NJ 07806-5000

COMMANDER

ATTN SMCWYV QAE Q C HOWD
BLDG 44 WATERVLIET ARSNL
WATERVLIET NY 12189-4050

COMMANDER

ATTN SMCWV SPM

T MCCLOSKEY

BLDG 25 3 WTRVLT ARSNL
WATERVLIET NY 12189-4050




NO. OF

COPIES ORGANIZATION

11

DIRECTOR

BENET LABORATORIES
ATTN AMSTA AR CCB
C KITCHENS

J KEANE

J BATTAGLIA

J VASILAKIS

G PFLEGL

G FRIAR

V MONTVORI

D PORTER

J WRZOCHALSKI

R HASENBEIN

AMSTA AR CCB T S SOPOK
WATERVLIET NY 12189

COMMANDER

WATERVLIET ARSENAL

ATTN SMCWYV QA QS K INSCO
WATERVLIET NY 12189-4050

COMMANDER

PROD BASE MODERN ACTY

US ARMY ARDEC

ATTN AMSMC PBM K

PICATINNY ARSENAL NJ 07806-5000

COMMANDER

US ARMY BELVOIR RD&E CTR
ATTN STRBE JBC

FT BELVOIR VA 22060-5606

US ARMY COLD REGIONS RSCH &
ENGINEERING LABORATORY
ATTN P DUTTA

72 LYME RD

HANOVER NH 03755

DIRECTOR

USARL

ATTN AMSRL WT L

D WOODBURY

2800 POWDER MILL RD
ADELPHI MD 20783-1145

US ARMY RESEARCH OFFICE

ATTN A CROWSON

J CHANDRA

PO BOX 12211

RESEARCH TRIANGLE PARK NC 27709-2211

21

NO. OF

COPIES ORGANIZATION

3

COMMANDER

US ARMY MISSILE COMMAND
ATTN AMSMI RD

W MCCORKLE

AMSMI RD ST P DOYLE
AMSMI RD ST CN

T VANDIVER

REDSTONE ARSENAL AL 35898

US ARMY RESEARCH OFFICE
ENGINEERING SCIENCES DIV

ATTN R SINGLETON

G ANDERSON

K IYER

PO BOX 12211

RESEARCH TRIANGLE PARK NC 27709-2211

PROJECT MANAGER
SADARM
PICATINNY ARSENAL NJ 07806-5000

PROJECT MANAGER

TANK MAIN ARM SYS

ATTN SFAE AR TMA

COL BREGARD

K KIMKER

PICATINNY ARSENAL NJ 07806-5000

PROJECT MANAGER

TANK MAIN ARM SYS

ATTN SFAE AR TMA MD

R KOWALSKI

PICATINNY ARSENAL NJ 07806-5000

PEO FIELD ART SYS

ATTN SFAE FAS PM

D ADAMS

T MCWILLIAMS

PICATINNY ARSENAL NJ 07806-5000

PEO FIELD ART SYS

ATTN SFAE FAS PM

H GOLDMAN

PICATINNY ARSENAL NJ 07806

PROJECT MANAGER AFAS

ATIN G DELCOCO

J SHIELDS

PICATINNY ARSENAL NJ 07806-5000




NO. OF

COPIES ORGANIZATION

2

NASA LANGLEY RESCH CTR
MS 266

ATTN AMSRL VS

W ELBER

F BARTLETT JR

HAMPTON VA 23681-0001

NAVAL SURFACE WARF CTR
DAHLGREN DIV

CODE G33

DAHLGREN VA 224488

OFFICE OF NAVAL RESCH
MECH DIV CODE 11328M
ATTN YAPA RAJAPAKSE
ARLINGTON VA 22217

NAVAL ORDNANCE STATION
ADVANCED SYS TECH BR
ATTN D HOLMES

CODE 2011

LOUISVILLE KY 40214-5245

DAVID TAYLOR RSCH CTR
ATTN R ROCKWELL

W PHYILLAIER

BETHESDA MD 20054-5000

DEFENSE NUCLEAR AGENCY
INNOVATIVE CONCEPTS DIV
ATTN DR R ROHR

6801 TELEGRAPH RD
ALEXANDRIA VA 22310-3398

EXPED WARF DIV N85

ATTN DR FRANK SHOUP
2000 NAVY PENTAGON
WASHINGTON DC 20350-2000

OFFICE OF NAVAL RESEARCH
ATTN MR DAVID SIEGEL 351
800 N QUINCY ST
ARLINGTON VA 22217-5660

NSWC

ATTN JOSEPH H FRANCIS
ATTN CODE G30
DAHLGREN VA 22448

22

NO. OF

COPIES ORGANIZATION

1

NSWC

ATTN JOHN FRAYSSE
ATTN CODE G33
DAHLGREN VA 22448

DEFENSE NUCLEAR AGENCY
INNOVATIVE CONCEPTS DIV
ATTN LTC JYUJI D HEWITT
6801 TELEGRAPH RD
ALEXANDRIA VA 22448

CDR NAVAL SEA SYSTEMS CMD
ATIN D LIESE

2531 JEFFERSON DAVIS HWY
ARLINGTON VA 22242-5160

NAVAL SURFACE WARFARE
ATTN MARY E LACY CODE D4
17320 DAHLGREN RD
DAHLGREN VA 22448

DIRECTOR

L LIVERMORE NATL LAB
ATTN R CHRISTENSEN

S DETERESA

F MAGNESS

M FINGER

PO BOX 808

LIVERMORE CA 94550

DIRECTOR

LOS ALAMOS NATL LAB
ATTN D RABERN

MEE 13 MS J 576

PO BOX 1633

LOS ALAMOS NM 87545

LOS ALAMOS NATL LAB
ATTN J REPPA MS F668
PO BOX 1663

LOS ALAMOS NM 87545

OAK RIDGE NATL LAB
ATIN R M DAYVIS

PO BOX 2008

OAK RIDGE TN 37831-6195




NO. OF
COPIES ORGANIZATION

6 DIRECTOR
SANDIA NATL LAB
APPLIED MECHANICS DEPT
DIVISION 8241
ATTN C ROBINSON
G BENEDETTI
W KAWAHARA
K PERANO
D DAWSON
P NIELAN
PO BOX 969
LIVERMORE CA 94550-0096

1 BATTELLE
ATIN C R HARGREAVES
505 KING AVE
COLUMBUS OH 43201-2681

1 PACIFIC NORTHWEST LAB
ATTN M SMITH
PO BOX 999
RICHLAND WA 99352

1 L LIVERMORE NATL LAB
ATTN M MURPHY
PO BOX 808 L 282
LIVERMORE CA 94550

2 NORTH CAROLINA ST UNIV
CIVIL ENGINEERING DEPT
ATTN W RASDORF
L SPAINHOUR
PO BOX 7908
RALEIGH NC 27696-7908

1 PENNSYLVANIA ST UNIV
ATTN RICHARD MCNITT
227 HAMMOND BLDG
UNIVERSITY PARK PA 16802

1 UCLA
MANE DEPT ENGR IV
ATTN H THOMAS HAHN
LOS ANGELES CA 90024-1597

2 UNIV OF DEL
CTR FOR COMPOS MAT
ATTN J GILLESPIE
M SANTARE
201 SPENCER LABORATORY
NEWARK DE 19716

23

NO. OF
COPIES ORGANIZATION

1 UNIV OF TEXAS AT AUSTIN
CENTER FOR ELECTROMECH
ATTN J PRICE
10100 BURNET RD
AUSTIN TX 78758-4497

1 AAI CORPORATION
PO BOX 126
HUNT VALLEY MD 21030-0126

1 JOHN HEBERT
PO BOX 1072
HUNT VALLEY MD 21030-0126

1 ARMTEC DEFENSE PROD
ATTN STEVE DYER
85 901 AVE 53
PO BOX 848
COACHELLA CA 92236

1 SAIC
ATTN DAN DAKIN
2200 POWELL ST
STE 1090
EMERYVILLE CA 94608

1 SAIC
ATTN MILES PALMER
2109 AIR PARK RD S E
ALBUQUERQUE NM 87106

1 SAIC
ATTN ROBERT ACEBAL
1225 JOHNSON FERRY RD
STE 100
MARIETTA GA 30068

1 SAIC
ATTN DR G CHRYSSOMALLIS
3800 W 80th ST
STE 1090
BLOOMINGTON MN 55431

4 ALLIANT TECHSYSTEMS INC
ATTN C CANDLAND
J BODE
R BECKER
K WARD
600 2ND ST NE
HOPKINS MN 55343-8367




NO. OF

COPIES ORGANIZATION

1

CHAMBERLAIN MANUF CORP
RSCH & DEV DIV

ATTN M TOWNSEND

PO BOX 2545

550 ESTHER ST

WATERLOO IA 50704

CUSTOM ANLYTCL ENG
SYSTEMS INC
ATIN A ALEXANDER

- STAR ROUTE BOX 4A

FLINTSTONE MD 21530

PROJECTILE TECHNOLOGY INC
515 GILES ST
HAVRE DE GRACE MD 21078

NOESIS INC

ATTN ALLEN BOUTZ

1110 N GLEBE RD

STE 250

ARLINGTON VA 22201-4795

ARROW TECH ASSO
1233 SHELBURNE RD STED 8
SOUTH BURLINGTON VT 05403-7700

CIVIL ENGR RSCH FOUND
ATTN H BERNSTEIN PRES
C MAGNELL

K ALMOND

R BELLE

M WILLETT

E DELO

B MATTES

1015 15TH ST NW STE 600
WASHINGTON DC 20005

GENERAL DYNAMICS
LAND SYSTEMS DIVISION
ATIN D BARTLE

PO BOX 1901

WARREN MI 48090

INST FOR ADV TECH
ATIN T KIEHNE |

H FAIR

P SULLIVAN

4030 2 W BRAKER LN
AUSTIN TX 78759

24

NO. OF

COPIES ORGANIZATION

1

INST FOR ADV TECH
UNIV OF TX AT AUSTIN
ATTN DR W REINECKE
4320-2 W BRAKER LN
AUSTIN TX 78759-5329

INTERFEROMETRICS INC
ATIN R LARRIVA VICE PRES
8150 LEESBURG PIKE
VIENNA VA 22100

KAMAN SCIENCES CORP
PO BOX 7463
COLORADO SPRINGS CO 80933

PM ADVANCED CONCEPTS
LORAL VOUGHT SYSTEMS
ATIN R TAYLOR

PO BOX 650003 MS WT 21
DALLAS TX 76265-0003

LORAL VOUGHT SYSTEMS
ATIN G JACKSON

K COOK

1701 W MARSHALL DR
GRAND PRAIRIE TX 75051

BRIGS CO

ATTN JOE BACKOFEN
2668 PETERBOROUGH ST
HERDON VA 22071-2443

SOUTHWEST RSCH INST
ENGINEERING & MAT SCI DIV
ATTN JACK RIEGEL

PO DRAWER 28510

SAN ANTONIO TX 78228-0510

ZERNOW TECHNICAL SERV
ATTN DR LOUIS ZERNOW

425 W BONITA AVE SUITE 208
SAN DIMAS CA 91773

ROBERT EICHELBERGER
CONSULTANT

409 W CATHERINE ST
BEL AIR MD 21014-3613

DYNA EAST CORPORATION
ATTN PEI CHI CHOU

3201 ARCH ST
PHILADELPHIA PA 19104-2711




NO. OF

COPIES ORGANIZATION

2

MARTIN MARIETTA CORP
ATTN P DEWAR

L SPONAR

230 EAST GODDARD BLVD
KING OF PRUSSIA PA 19406

OLIN CORPORATION
FLINCHBAUGH DIV
ATTN E STEINER

B STEWART

PO BOX 127

RED LION PA 17356

OLIN CORPORATION
ATTN L WHITMORE

10101 9TH ST NORTH

ST PETERSBURG FL 33702

RENSSELAER POLYTECH INST
ATTN R B PIPES

PRES OFC PITTSBURGH BLDG
TROY NY 12180-3590

SPARTA INC

ATIN J GLATZ

9455 TOWNE CTR DRIVE
SAN DIEGO CA 92121-1964

UNITED DEFENSE LP

ATTN P PARA

G THOMAS

1107 COLEMAN AVE BOX 367
SAN JOSE CA 95103

ABERDEEN PROVING GROUND

DIR USARL
ATTN AMSRL SC
C MERMAGEN 394
AMSRL SC
W STUREK 1121
AMSRL IS TP
R KASTE 394
AMSRL SC S
A MARK 309
AMSRL SL B
P DIETZ 328
AMSRL SL BS
D BELY 328

25

NO. OF
COPIES ORGANIZATION

AMSRL WT P

A HORST 390A

E SCHMIDT 390A
AMSRL WT PA

T MINOR 390

C LEVERITT 390

D KOOKER 390A
AMSRL WT PB

P PLOSTINS 390

D LYON 390A

M BUNDY 390

P WEINACHT 3%
AMSRL WT PC

R FIFER 390A
AMSRL WT PD

B BURNS 390

W DRYSDALE 390

J BENDER 390

R MURRAY 390

R KIRKENDALL 390

T ERLINE 390

D HOPKINS 390

S WILKERSON 390

D HENRY 390

R KASTE 390

L BURTON 390

J TZENG 390

R LIEB 390

G GAZONAS 390

M LEADORE 390

C HOPPEL 390
AMSRL WT PD ALC

A ABRAHAMIAN

K BARNES

M BERMAN

A FRYDMAN

TLI

W MCINTOSH

E SZYMANSKI
AMSRL WT T

W MORRISON 309
AMSRL WT TA

W GILLICH 390

W BRUCHEY 390
AMSRL WT TC

K KIMSEY 309

R COATES 309

W DE ROSSET 309




NO. OF
COPIES ORGANIZATION

AMSRL WT TD

D DIETRICH 309

G RANDERS PEHRSON 309

J HUFFINGTON 309

A DAS GUPTA 309

J SANTIAGO 309
AMSRL WT W

C MURPHY 120
AMSRL WT WA

H ROGERS 394

B MOORE 39%4
AMSRL WT WB

F BRANDON 120

W D AMICO 120
AMSRL WT WC

J BORNSTEIN 120
AMSRL WT WD

A ZIELINSKI 120

J POWELL 120
AMSRL WT WE

J LACETERA 120

J THOMAS 394

26




NO. OF

COPIES ORGANIZATION

1

PETER N JONES

DRA FORT HALSTEAD

W7 DIVISION BLDG A20
SEVENOAKS KENT TN 147BP
UNITED KINGDOM

FRANCOIS LESAGE

DEFNS RSCH ESTAB
VALCARTIER

PO BOX 8800

COURCELETTE QUEBEC COA IRO
CANADA

ROYAL MLTRY COLL OF SCI
SHRIVENHAM

ATTN DR DAVID BULMAN
BRIAN LAWTON

SWINDON WILTS SN6 8LA
UNITED KINGDOM

SWISS FED ARM WORKS
ATTN WALTER LANZ
ALILMENDSTRASSE 86
3602 THUN
SWITZERLAND

PROFESSOR SOL BODNER
ISRAEL INST OF TECH
FACULTY OF MECH ENG
HAITFA 3200

ISRAEL

DSTO

MAT RSCH LAB

NORBERT BURMAN
NAVAL PLATFORM VULN
SCHIP STRUCT & MAT DIV
PO BOX 50

ASCOT VALE VICTORIA |
AUSTRALIA 3032

PROF EDWARD CELENS
ECOLE ROYAL MILITAIRE
AVE DE LA RENAISSANCE 30
1040 BRUXELLE

BELGIQUE

27

NO. OF
COPIES ORGANIZATION

1 DEF RESEARCH ESTAB
VALCARTIER
ALAIN DUPUIS
PO BOX 8800
COURCELETTE QUEBEC COA IRO
CANADA

1 INST FRANCO ALLEMAND DE
RECHERCHES DE SANIT LOUIS
CLAUDE FAUQUIGNON
5 RUE DU GENERAL CASSAGNOU
BOITE POSTALE 34
F 68301 SAINT-LOUIS CEDEX
FRANCE

1 INST FRANCO ALLEMAND DE
RECHERCHES DE SANIT LOUIS
DE MARC GIRAUD
5 RUE DU GENERAL CASSAGNOU
BOITE POSTALE 34
F 68301 SAINT LOUIS CEDEX
FRANCE

1 TNO PRINS MAURITS LAB
ROB IISSELSTEIN
LANGE KLEIWEG 137
PO BOX 45
2280 AA RIISWIK
THE NETHERLANDS

1 FOA NAT L DEENS RSCH ESTAB
BO JANZON
DIR DEPT OF WEAP & PROT
S 172 90 STOCKHOLM
SWEDEN

2 DEENS TECH & PROC AGCY GRD
GERHARD LAUBE
GENERAL HERZOG HAUS
3602 THUN
SWITZERLAND

1 ROYAL MLTRY COLL OF SCI
J D MACKWORTH
SHRIVENHAM
SWINDON WILTS SN6 8LA
UNITED KINGDOM




NO. OF

COPIES ORGANIZATION

1

MINISTRY OF DEFENCE
RAFAEL

MEIR MAYSELESS
ARMAMENT DEV AUTH
PO BOX 2250

HAIFA 31021

ISRAEL

AKE PERSSON
DYNAMEC RESEARCH AB
PARADISGRND 7

S 151 36 SODERTALIJE
SWEDEN

ERNST MACH INSTITUT EMI
GUSTAV-ADOLF SCHRODER
HAUPTSTRASSE 18

79576 WEIL AM RHEIN
GERMANY

DRA
DAVE SCOTT TECH MGR
LAUNCH SYSTEMS

FT HALSTEAD
SEVENOAKS

KENT TN14 7BP
ENGLAND

ERNST MACH INSTITUT EMI
ALOIS STILP
ECKERSTRASSE 4

7800 FREIBURG

GERMANY

IR HANS PASMAN

TNO DEFENSE RESEARCH
POSTBUS 6006

2600 JA DELFT

THE NETHERLANDS

BITAN HIRSCH
TACHKEMONY ST 6
NETAMUA 42611
ISRAEL

MANFRED HELD
DEUTSCHE AEROSPACE AG
DYNAMICS SYSTEMS

PO BOX 1340

D 86523 SCHROBENHAUSEN
GERMANY

28




USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your comments/answers
to the items/questions below will aid us in our efforts.

1. ARL Report Number _ ARL-TR-895 Date of Report _ November 1995

2. Date Report Received

3. Does this report satisfy a need? (Comment on purpose, related project, or other area of interest for which the report
will be used.)

4. Specifically, how is the report being used? (Information source, design data, procedure, source of ideas, etc.)

'5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved, operating costs
avoided, or efficiencies achieved, etc? If so, please elaborate.

6. General Comments. What do you think should be changed to improve future reports? (Indicate changes to
organization, technical content, format, etc.)

Organization

CURRENT Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address above and the
Old or Incorrect address below.

Organization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this sheet, fold as indicated, tape closed, and mail.)
(DO NOT STAPLE)




DEPARTMENT OF THE ARMY

OFFICIAL BUSINESS

BUSINESS REPLY MAIL
FIRST CLASS PERMIT NO 0001,APG,MD

POSTAGE WILL BE PAID BY ADDRESSEE

DIRECTOR

U.S. ARMY RESEARCH LABORATORY

ATTN: AMSRL-WT-PD

ABERDEEN PROVING GROUND, MD 21005-5066

NO POSTAGE
NECESSARY
IF MAILED
IN THE
UNITED STATES




