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1. Introduction

An electrothermal research gun capable of firing small aluminum projectiles
(~0.25 g) up to 4 km/s has been developed at the US Army Combat Capabilities
Development Command Army Research Laboratory.!? Improvement and design
were directly guided by 3-D simulations performed using the multiphysics
hydrocode ALEGRA with magnetohydrodynamic (MHD) capabilities developed
by Sandia National Laboratories.®> The system consists of a high-voltage capacitor
bank, low-inductance copper leads, and a mechanical high-voltage switch
connected to the anode of the gun. The aluminum projectile and gun barrel acted as
the cathode. The mechanism for launch is an electrical arc and vaporization of a
pointed copper anode with voltages up to 20 kV, producing a rapidly expanding
gas. Chemical reactions and electromagnetic forces have little contribution.
Although small-caliber electrothermal accelerators and other electromagnetic
launch systems have been used for some years for laboratory hypervelocity impact
and other studies,*” this gun design focused on a simple, low-cost, reproducible,
and potentially disposable device to allow impact and MHD validation studies.

Two barrel configurations were used in this study. The initial barrel design (referred
to in this work as “standard barrel”) used 4340 steel with a 50.8-mm-long, 9.5-mm-
diameter chamber. The as-purchased steel rod had a measured Brinell hardness of
207 (equivalent tensile strength of 695 MPa). The copper anode, which provided
copper vapor as the working fluid during firing of the gun, consisted of a 6.35-mm-
diameter rod with a region of reduced diameter (nominally 3.2 mm) leading to the
vaporizing tip (total length of the reduced diameter region of 25.4 mm). The tip was
conical with a length-to-base-diameter ratio (L/D) ranging from 2 to 5. A
polyethylene sleeve insulated the copper electrode and epoxy was used to fill the
void surrounding the tip. Figure 1a depicts the assembled electrothermal gun with
a standard barrel design (capacitive power supply, switch, and gun mount omitted).
The other barrel design, shown in Fig. 1b, reduced the chamber diameter to the
barrel bore diameter (4.78 mm) with a length of 20 mm and was constructed of
hardened 4340 steel with equivalent tensile strengths of 1400 MPa to 1600 MPa
based on hardness testing (Brinell hardness of 415 to 477). The total barrel length
and location of the projectile—tip interface was kept constant. Thus, the effective
breech face or opening to the chamber was moved approximately 30 mm into the
steel barrel assembly.
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Fig.1  Illustration of cross section of barrel assembly for two barrel designs: a) standard
and b) reduced chamber

The electric launch used a 38-kJ capacitor bank charged to 20 kV. The main metric
for the gun was launch velocity, which was characterized using high-speed video,
magnetic sensing coils,!®!" and Photon Doppler Velocimetry (PDV)."?
Additionally, the current through the system and voltage across the gun mount were
monitored using a Rogowski coil and 40-kV high-voltage probes, respectively. An
electrode tip of L/D 4 was chosen as the standard based on earlier work and all
information presented here is based on L/D 4 tips. The standard barrel produced an
average peak velocity of 2988 m/s, while the reduced-chamber design resulted in
3850 m/s.

Three benchmarks were used for validation of the ALEGRA simulations. Direct
comparisons were made with the velocity profiles from PDV, the measured barrel
expansion, and projectile integrity. Guidance resulting from these benchmarked
simulations led to strengthening the barrel in the standard design and modifying the
chamber; both produced significant projectile velocity gains. While the initial
simulations reproduced and predicted the velocity profiles extremely well,
significant erosion of the projectile occurred in the simulations that was not
observed in the experiments. This was a direct result of Eulerian “welding” at the
projectile-barrel interface. Methods solving this interface issue have been
implemented in ALEGRA,'* but that capability is not available for the MHD
package required for simulating our electrothermal gun. Several modifications to
the simulations were implemented in this study to overcome erroneous erosion
issues, preserving projectile integrity, while maintaining the success observed in
earlier velocity predictions.

2. Initial ALEGRA Simulations

A cylindrical trisection mesh with one-fourth symmetry was used in the 3-D
ALEGRA MHD simulations. The cell edges were less than 0.1 mm in the region
of the electrode tip, and a simple elastic—perfectly plastic model with varying yield



strength was used for the steel barrel. The yield strength was chosen based on
Brinell-hardness measurements made on the barrels. An external circuit was
applied to the mesh comprising a 191-puF capacitor, 10.4-Q resistor, and 340-nH
inductor with electrical input going to the copper anode and zero potential at the
barrel. The electrical parameters were chosen in the simulation to produce current
output similar to nominal experimentally measured current from the standard barrel
shots and were not modified throughout the study. The magnitude of the current
density, JE, observed in the simulations is shown in Fig. 2 for the standard barrel at
1,5, 15, and 20 ps.
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Fig.2  ALEGRA simulations of the electrothermal gun showing the path and progression
of the current density at 1, 5, 15, and 20 ps; pseudocolor of the current density is on a log scale



Observed in the simulation is the evaporation of the tip at current densities on the
order of 10'* to 10'! A/m? followed by rapid plasma expansion in the chamber area
causing a gradual deformation and outward expansion of the chamber and initial
bore region of the barrel. The insulating sleeve and epoxy were replaced by a single
material (polycarbonate) in the simulations for simplicity. Simulations show the
insulation is initially compressed by the large pressures, opening a cavity and
reducing the accelerating force on the aluminum pellet. After 6 us, some insulation
material begins to be eroded/vaporized, mixing in with the copper-vapor plasma.
However, it is uncertain to what extent it contributes as a working fluid for
propulsion. While the mass of the copper in the plasma is much greater, the total
volume fraction of low-density insulator material in the cavity—plasma region
increases throughout the launch process. For example, in the reduced-chamber
design the insulator volume fraction reaches approximately 40% by 10 us.
Additionally, the simulations capture the deformation of the lower-strength barrels.
Profiles of sectioned barrels from experiment match the final chamber and bore
expansion of the simulation at 40 us extremely well and scales with the yield
strength of the barrel.!”?

Velocity had a strong dependence on barrel strength. The simulations matching the
measured barrel hardness with equivalent yield strength (and thus barrel expansion)
followed the velocity profile from PDV as shown in Fig. 3 with final velocity
matching to within 2%. The predicted and measured current pulses are also shown
in the figure for comparison. Typical peak currents are on the order of 350 kA.
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Fig.3  Comparison of ALEGRA simulations of the standard barrel with experimentally
acquired data; PDV for velocity (red) and applied current (blue)



At early times, the current density is sufficient in the projectile to cause
vaporization at the back of the pellet, and some current continues with it during
acceleration. Nevertheless, the current density in the pellet rapidly decreases below
levels that will cause further vaporization. Yet, continued erosion in the simulations
occurs. The projectile in the 20-us simulation frame is circled in red and 48% of its
mass has been lost. For comparison a black square of the original size and location
of the pellet is also shown in the frame.

The simulations had a one-cell layer of air inserted between the projectile and barrel
to allow free movement of the projectile. However, during acceleration the back of
the projectile expands to fill the bore, creating direct contact and “welding” of the
material interfaces due to the nature of Eulerian mesh. Because the aluminum pellet
is much softer than the barrel, it yields along the pellet sides and the pellet
accelerates smoothly. While high-speed video of experiments shows a strong
plasma cloud following the projectile, which might indicate the emission of
aluminum vapor from the back of the projectile, the substantial mass removed in
the simulations (larger than 50% for some simulations) is not observed
experimentally. A soft-captured aluminum cylinder launched at 3100 m/s had an
eroded back end (see Fig. 4) and a reduction in mass from 0.24 g to 0.19 g (20%).
The projectile was stopped in 1.92 m of 0.05 g/cm® shaving cream. The machining
marks were still clearly visible on the front of the pellet, signifying that any damage
to the pellet occurred during launch and not during capture. Thus, while the
simulations depicted the barrel expansion and velocity very well, the velocity was
not necessarily valid due to the excess erosion (and thus mass reduction) of the
pellet.

Before

Fig.4  Aluminum projectile prior and after launch; image shows cratering occurs at the
back of the soft-captured pellet

While the initial simulations proved extremely useful in gun design, increasing both
efficiency and peak velocities of the launch system, erroneous erosion of the
projectile rendered them less useful for impact studies and created uncertainty in
the simulation validity. Thus, several modifications were made to the simulations
in order to preserve pellet integrity.



3. Modified Simulation Approach

The amount of pellet erosion was even more pronounced in hardened barrel
simulations. Figure 5 shows the projectile velocity for a standard barrel design that
was hardened to a yield strength of 1400 MPa with a pellet having material
properties set for aluminum 7075-T6. A pseudocolor image of aluminum density
just before muzzle exit shows the loss of projectile material along the barrel wall
and the pellet nearly breaking apart. Artificially hardening the pellet to a strength
greater than that of the barrel preserves the pellet, but friction at the
projectile—bore interface stops the projectile before it exits the barrel. Methods
creating multiple cell layers (up to four) of very soft material just at this interface
to allow low friction motion proved unfruitful as excessive expansion of the barrel
occurred for greater than one layer, slowing the projectile, while a single layer did
not prevent projectile breakup.

Aluminum 7075

Velocity (mm/s)

Artificially Hardened
Aluminum Pellet

0 10 20 30 40
Time (us)

Fig.5  Simulations of the standard barrel design with steel yield strength of 1400 MPa with
velocity and density profiles for two aluminum pellets, one with aluminum 7075-T6 properties
and one artificially hardened

Replacing a portion of the barrel with a frictionless mesh boundary along the length
of the bore successfully corrects the excessive projectile erosion. The mesh was
split into two regions. One region from 7.5 mm beyond the electrode—pellet
interface (i.e., the first 7.5 mm of the bore or 1 1/2 lengths of the pellet) to the back
of the electrode and hot plate was left unchanged from the previous simulations,
while the mesh in the second region (beyond the 7.5 mm of barrel bore) was reduced
to the diameter of the bore, as depicted in Fig. 6. Thus, the bore—projectile interface
in that region was at the mesh boundary and allowed motion to occur after the initial



acceleration without Eulerian “welding”. Boundary conditions were set in this
region to prevent the outflow of material and maintain the pressures observed in
the chamber. The ground plate was placed on the outer portion of the barrel near
the chamber—bore interface, which allowed current flow similar to the experiments
and previous simulations.

1 cell soft
layer on bore
1 cell soft
layer on pellet

No —7

Displacement

\

Fig. 6  Layout of the modified simulation mesh in the region of the pellet—electrode interface

The yield strength and shear modulus were then varied in an elastic—perfectly
plastic model to produce pellet deformation that matched the experimentally
captured pellet. A resulting 3-D isovolume of the projectile compares very
favorably with the soft-captured pellet and is shown in Fig. 7a. Figure 7b shows the
resulting projectile (green) with only 20% mass reduction and a comparison with
the projectile from the original simulation method (black outline), both at 40 ps.
The simulated pellets shown have a yield strength and shear modulus double that
of the standard 7075-T6 aluminum used in the experiment, to match the electrically
eroded crater depth at the back of the pellet and the slight erosion along the sides.
The isovolume is somewhat inaccurate at the “tail” of the projectile, showing
material at larger diameters than the original pellet diameter. Figure 8 shows the
temperature of the projectile material for a simulation of the reduced-chamber
barrel design at 10, 20, and 32 ps. The temperature profiles indicate the material in
the expanded region at the back of the projectile is melted and would not be present
in the final state, just as the soft-captured particle evidence suggests.



Fig.7  Projectile shape resulting from modified ALEGRA simulations as a) 3-D isovolume
and b) 2-D slice comparing the block suppression simulation (green) and original simulation

(black outline)
| | Density

— 2766,
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— 2516,

Time = 1.0e-05 sec

Time = 2.0e-05 sec Time = 3.2e-05 sec

Time = 3.2e-05 sec

Fig.8 a) Projectile temperature and b) clipped density to show only solid material for
simulations of the reduced-chamber barrel design

Aluminum vapor is also observed trailing the projectile in the simulations (not
distinguished from liquid in Fig. 8a due to the temperature clip), reinforcing
observations from high-speed video. The aluminum density shown in Fig. 8b is
clipped to show only solid material and render a better image of what the
projectile’s final state would be if soft captured. Simulations using aluminum
strength parameters from one to two times that of 7075-T6 aluminum had fairly
similar results with baseline 7075-T6 aluminum still slightly overeroding and
double the strength, producing nearly identical cratering (1.4-mm depth in the
experimentally captured pellet).

In the simulations, a single artificially softened cell layer for each material was
inserted at the steel-bore—projectile interface to reduce friction during the initial
acceleration before the pellet reached the reduced-block region of the mesh. This
region coincides with cavity expansion (especially in the softer barrels). In the
original simulations, barrel expansion was determined to have a direct effect on the



projectile velocity. Thus, this metric is also critical for the modified simulations
using the suppressed block. A direct comparison between the original simulations
that matched the measured barrel deformations extremely well and the suppressed-
block simulations is shown in Fig. 9. In this case the bore—projectile interface region
was reduced to 5 mm (the length of the pellet) as any observed differences would
be amplified with the shorter region. The original simulation is overlaid on the
modified simulation using a black outline. At 30 us the barrel expansion is
complete. While expansion occurs farther down the bore in the original simulations
because the no-displacement boundary conditions do not allow it in the modified
simulations, greater expansion in the initial pellet-position area occurs in the
modified simulations. This is a direct result of having the large pressures occur at
the artificial “end” of the steel barrel instead of closer to the center. These two
volumes nearly balance out and the resulting velocity still matches the
experimentally determined value (see Fig. 10). For the hardened barrels in the
reduced-chamber design, this is not an issue of concern because of the very small
deformations.

Fig. 9  Barrel expansion in original ALEGRA simulations (black outline) compared with
simulations with the suppressed block in the bore region of the barrel (color) at 0, 10, 20, and
30 ps.
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Fig. 10  Velocity-profile comparisons to PDV for a) the standard barrel with original and
modified ALEGRA simulations and b) the reduced-chamber barrel design with the modified
ALEGRA simulations

While the modified ALEGRA simulations do not follow the PDV results as closely
as the original simulations of the standard barrel design, the final velocity and barrel
exit are still within 2% of experiment (2930 m/s vs. average experimental peak
velocity of 2988 m/s). Additionally, the pellet is intact and the correct mass. Figure
10b shows the PDV results for a nominal shot using the reduced-chamber barrel
design compared with the modified ALEGRA simulation results. (In order to
reduce simulation time, the bore region of the barrel was reduced to 80 mm; thus,
the simulation ends at 33 ps, 4.5 us before barrel exit in experiment, marked with
a grey vertical line.) Based on an extrapolation of the data, the velocity at exit of a
100-mm bore simulation would be 3875 + 25 m/s compared with an average peak
velocity of 3851 + 102 m/s experimentally. Because the velocity is dependent on
the system inductance and energy delivered to the gun mount, variation in peak
velocities occurs. While no attempt was made to match individual shots with the
simulations, the predicted velocity for the reduced-chamber barrel design was
within 1% of two of the measured PDV results and within 5% for the other three
for the five launches attempted with that design and electrode configuration.

4. Conclusions

An electrothermal gun was designed and attained hypervelocities for impact
studies. Guidance resulting from benchmarked simulations using the ALEGRA
hydrocode with MHD led to significant projectile velocity gains. While the initial
simulations reproduced and predicted the velocity profiles and barrel expansion
extremely well, significant erosion of the projectile occurred in the simulations that
was not observed in the experiments. This was a direct result of Eulerian “welding”
at the projectile—barrel interface. Modifications including block suppression in the
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region of the barrel downstream of the chamber and the electric action allowed the
acceleration observed experimentally, while preserving projectile integrity, thus

overcoming the erroneous erosion issues and proving to be a useful tool in
predictive ballistic capabilities.
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