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1. Introduction
In advancing the field of terminal ballistics, it is helpful to understand the effects of
a warhead’s detonation velocity on the resulting speed and thermodynamic state of
shaped charge jets. Historically, jet speed and state has been investigated in simula-
tions (and experiments) by placing a conditioning plate of varying thickness at some
point near the warhead to erode a certain amount of jet tip such that a lower velocity
remains. However, this method creates additional debris that can affect certain types
of armor simulations. Another approach in simulations is to delete material. While
also successful for solid dynamics-based calculations, the thermodynamic state for
each of these approaches remains that of a faster jet, rather than one generated un-
der lower pressures. As such, temperatures may be inaccurately higher, which can
affect other important jet properties as well.

The current work extends our recent 2D simulation-based thermodynamic charac-
terization of jets.1 Previously, we demonstrated good agreement with experiment
for the jet’s state when using an LX-14 explosive fill (detonation velocity, vd = 8.8
km/s) and resolution of 5 cells/mm. Specifically, we found that the 3337 SESAME2

copper equation of state (EOS) and Steinberg-Guinan-Lund (SGL) models3,4 gener-
ate results matching experiment in terms of jet tip speed and morphology,5 bulk jet
tip temperature,6 and evidence of melt along the jet axis.7 The new 3337 EOS8 “has
been compared to numerous data sets examining the behavior of the EOS both in
expansion and compression and found to be in excellent agreement. Additionally,
the new equation of state is superior to the previous SESAME equation of state
3336, in thermal expansion, heat capacity, and treatment of the melt. In all other
comparisons, the two equations of state are comparable.”

In this report, I use a 65-mm, bare, shaped charge jet, generated from explosives
that feature detonation velocities ranging from 6.84 to 9.11 km/s. In all cases, the
geometry remains fixed. Figure 1 displays a typical radiographic flash of a 65–mm
shaped charge jet5 at 45 µs .
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Fig. 1 Experimental X-ray flash of a 65-mm shaped charge jet5 at 45 µs

Calculations are performed using Sandia National Laboratories’ multiphysics code,
ALEGRA9 v.7.7. Again, the shaped charge jet is modeled with the 3337 copper
EOS and SGL strength model. In all cases, explosives use the Jones-Wilkins-Lee10

EOS with default detonation velocities. Simulations are run with a dry air back-
ground using SESAME 5030.

2. Results and Discussion
Table 1 lists the explosive models used, their default detonation velocities vd, and
data sample times (used in later figures). LX-14 is emphasized since it is a com-
monly used baseline.

Table 1 Explosive fills and detonation velocities

Explosive Detonation velocity, Sample time
vd (km/s) (µs)

HMX 9.11 37
LX-14 8.8 37
PETN4 8.3 37

PBX-9407 7.91 37
PBX-9502 7.71 37

PENTOLITE50/50 7.53 38
PENTOLITE 7.36 38
EL-506AA 7.2 39
EL-506CA 7.0 39

LX-01A 6.84 40

Figure 2 illustrates the predicted temperature profile (left) and liquid phase (right)
for jets as a function of detonation velocity. For slower detonation velocities (vd <
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7.71 km/s), I allowed the jet to evolve another 1-2 µs to capture enough of the neck
during visualization. This had no discernible effect on the results. Additionally, jets
were translated in order to align tip positions. An expanded view of temperature
profiles is illustrated in the Appendix.

Fig. 2 Temperature (left) and melt (right) profiles
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Simulations indicate that the temperature distribution near jet tip surfaces changes
considerably with detonation velocity. Here, the tip is defined as the region with
larger radius. At high vd, temperatures exceeding 1100 K are common. Below
vd = 8.3 km/s, the spatial extent of temperatures below 1100 K increases. In all
cases, the temperature along the axis is much higher than the surrounding regions—
suggesting copper material along the axis may be melted (recall its ambient melt
temperature is about 1358 K). Jet formation, however, creates density extremes,1

so the SGL model is particularly appropriate since it has a density-dependent (Lin-
demann11,12) melt curve and the jet axis consists of densities smaller than ambient
copper.

I use ALEGRA’s “phase control” capability which turns off the strength model
when a material melts or vaporizes. It also offers new variables to inspect mate-
rial phase—in our case, locations where copper may be liquid. The right-hand side
of Fig. 2 plots the liquid copper isovolume (orange) over jet material (white). A
continuous melt region along the axis is visible for jets with vd > 7.91 km/s. This
may be why we see a proboscis similar to the experiment in Fig. 1. In the LX-14
simulation, we found that the proboscis begins to lead the jet after about 30 µs (not
pictured).

Currently, SGL is the only strength model that captures this seemingly correct
temperature and melt state of jets.1 We found that this is due to SGL’s pressure-
dependent yield strength. If the pressure-dependence is turned off or another strength
model is used, the phase change vanishes and all jet material becomes solid. This
was only evaluated for LX-14; however, it is unlikely that smaller vd would produce
higher temperatures leading to a phase change. Additionally, the default melt tem-
perature for copper in the SGL model—along with other metals—is higher, about
1790 K. This is due to volume change with increasing temperature, consistent with
a density-dependent melt, inherited from SGL’s predecessor, GRAY (a three-phase
EOS for metals).13

Below vd = 8.3 km/s, the melt continuity begins to break up inside the tip. This
is coincident with the proboscis’ disappearance. Below vd = 7.36 km/s, the melt
region is substantially reduced and by vd = 6.84 km/s, the jet tip and trailing neck
appears as solid copper.

Figure 3 illustrates jet velocities as a function of vd. Only portions of the jet exceed-
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Fig. 3 Velocity profiles for jet segments exceeding 6 km/s

ing 6 km/s are shown. The data show that higher vd leads to larger jet velocities. For
vd > 7.2 km/s, regions near the axis appear to be 125–250 m/s faster. Again, this
is coincident with the threshold for a liquid axis from Fig. 2. Along the jet neck,
the left-pointing arrowheads are a result of higher axial velocities. In the vd = 9.11

km/s case, for example, the axial velocity, Vz = 6000–6125 m/s block (left-most,
light blue), has a slightly faster speed of 6125–6250 m/s along its faster section
of the axis. This is true for all faster sections of the jets down through vd = 7.36

km/s—except for the jet tips with vd < 8.3 km/s.

Figure 4 illustrates the approximate location for sampling radial temperature pro-
files in jet tips. The position was selected for consistency—to be approximately
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half-way along the jet tip and away from any interfering fragments.

Fig. 4 Location for sampling the radial temperature profiles in jet tips

Using the approximate sampling location from Fig. 4, Fig. 5 (left panel) illustrates
the temperature as a function of radial position for the various detonation velocities
(also listed in Table 1). In most cases, the temperatures converge to about 1400 K at
the axis. With increasing radii, temperatures decrease and diverge among the differ-
ing vd, where smaller vd leads to lower temperatures. The differing melt conditions
along jet axes, despite similar axial temperatures, are likely due to the differences
in pressure-driven densities early in the jets’ formation—since density influences
melt temperature.

The overall trend for differing vd is similar enough to form a general expression for
jet tip temperature as a function of radial position. Shown in Fig. 5 (right panel)
are the sample points from Fig. 5 (left panel) and a second-order polynomial inter-
polant. This work finds that the jet tip temperature decreases with radius as

T = 141.6r2 − 460.1r + 1419; (r ≤ 1.6) , (1)

where the radius, r, is in units of millimeters and temperature, T , is in Kelvin.

We can extend our analysis to look at radial temperature distributions of the jet
necks—the elongating section behind the tip. Recalling the velocity profiles in
Fig. 3, we can radially sample the temperature (as performed in Fig. 4) at differ-
ent axial positions (i.e., Vz = {6.0, 6.5, . . . , 8.5} ± 0.05 km/s for jets generated by
different explosives and detonation velocities). These results are detailed in Fig. 6.

As Fig. 3 illustrates, vd ∝ Vz, so there are fewer velocity profiles visible in Fig. 6
with decreasing vd. The cases are surprisingly similar and show a hot jet axis of
about 1400 K that slowly decreases to about 1375 K as vd gets smaller. We also
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Fig. 5 (left) Temperature as a function of radial position for detonation velocities and sample
times listed in Table 1, and (right) interpolated expression for temperature as a function of
radial position

see that, in all cases, as we move toward the front of the jet (i.e., larger Vz), we
see higher temperatures at the jets’ surfaces. In all cases, the temperature roughly
decreases similarly along the neck of the jet. At higher vd, differences emerge at
about r = 0.75 mm. This similarity increases to about r = 1 mm for vd ≤ 7.71
km/s. These temperature profiles are remarkably similar: minimum and maximum
detonation velocities indicate that, at r ∼ 1.25 mm, the surface temperature only
differs by approximately 25–50 K.

Interestingly, there does not appear to be a notable difference in the temperature
profiles between vd = 7.36 and 7.2 km/s, as we saw in Figs. 2 and 3, which show a
change in the prediction of liquid along the jets’ axes.
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Vd = 9.11 km/s Vd = 8.8 km/s

Vd = 8.3 km/s Vd = 7.91 km/s

Vd = 7.71 km/s Vd = 7.53 km/s

Vd = 7.36 km/s Vd = 7.2 km/s

Vd = 7.0 km/s Vd = 6.84 km/s

Fig. 6 Radial temperature profile for differing axial positions (velocities) and detonation ve-
locities, vd
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3. Conclusion
In this report, I evaluated the effects of a warhead’s detonation velocity on the re-
sulting speed and thermodynamic state of shaped charge jets using the multiphysics
code ALEGRA. Specifically, I investigate a 65-mm, bare, shaped charge jet, gen-
erated from explosives that feature detonation velocities ranging from 6.84 km/s to
9.11 km/s with a fixed geometry. Data for all jet tips showed a general trend: a hot
axis that cools off with increasing radius according to a second-order polynomial.
At higher detonation velocities, the jet axis is predicted to be liquid. This is coinci-
dent with copper material that is faster along the axis and leads the jet tip, forming
a proboscis. At slower velocities this phenomena vanishes and the jet appears to be
a solid.

Radial temperature profiles along the necks of these simulated jets were surpris-
ingly similar. Profiles indicate a hot axis (about 1400 K) that decreased several
hundred Kelvin with increasing radius. Temperature differences in any specific jet
manifested mostly at the jet surface, where higher axial velocities (i.e., a position
closer to the jet tip) lead to higher surface temperatures.
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Fig. A-1 Temperature profiles and detonation velocity for jet tips
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