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Abstract. We use an Arbitrary-Lagrange-Eulerian (ALE3D) hydrodynamics code to
calculate the reflection of a spherical, high explosive (HE)-driven blast wave from an
ideal plane surface. For the high explosive, we assume a C4 charge. We use a finely
resolved 2-D mesh (50 zones/cm) to capture the blast wave propagation and its interaction
with the air as well as its subsequent reflection from the ideal planar surface. The
propagation is followed for a distance to 43.0 cm. We use both an Eulerian scheme and a
2" order advection scheme that maps from a Lagrangian to an Eulerian mesh. We use an
equilibrium (program) burn Cheetah model for the detonation, as well as a JWL equation
of state (EOS). We first employed a Livermore Equation of State (LEOS) for the air. This
EOS for the air is valid to kilo-volt temperatures and includes effects of ionization.
However, we found that using an equilibrium Cheetah model for air gave a more accurate
representation of the pressures in the temperature range of interest (T ~ 5000K to 8000K).
We perform experiments in a 506 liter barometric calorimeter with fourteen pressure
gauges spaced at two inch intervals along the top of the calorimeter. Our model results
agree quite well with the responses of the pressure gauges for a C4 explosive charge.

Introduction

One could say that the scientific framework of
explosions began in 1950 with Sir G. 1. Taylor’s
seminal publication' on similarity solutions for
planar and spherical Chapman-Jouguet detonation
waves in condensed explosives. This methodology
was codified by Zel’dovich and Kompaneets in
their book on the Theory of Detonation®, first
published in 1955. It was Hal Brode who in 1955-
1959 first computed the one-dimensional blast
wave generated by the detonation of a spherical
TNT charge in air’ using a 1D Lagrangian finite
difference code. It was Anisimov and Zel’dovich*

who first pointed out the growth of Rayleigh-
Taylor instabilities on the detonation products-air
interface in 1977. The transition of these
instabilities into a spherical turbulent mixing layer
was studied by Kuhl® in 1996 via direct numerical
simulations with a three-dimensional (3D)
gasdynamics code based a high-order Godunov
scheme®’ with adaptive mesh refinement (AMR)®
to capture the mixing structures. This same
technique was used to study the reflection of a
blast wave from a spherical PBX-9404 charge’ in
the high-pressure (~ 1 k-bar) regime.

By now, the subject of air blast effects is quite
mature—as evidenced by the books by Kinney'’
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and Baker'', as well as the applications handbooks
by Swisdak'? and Petes' to name just a few.

More recently, Kuhl and Reichenbach have
developed a barometric calorimeter'® technique to
study combustion effects in confined explosions'’
from 1.5 gram TNT charges and 1.5 gram
aluminized-fuel charges. Evolution of combustion
in those experiments has been successfully
modeled'® "7 with a two-phase version of the
previously mentioned AMR code.

This barometric calorimeter technique has
been scaled up from 6.6 liters to a 506-liter
chamber, which can accommodate 100-g charges.
Here we report results of pressure measurements
of the reflected blast wave from 50-g C-4 charges,
and the numerical simulation of those experiments
performed with our ALE3D hydrocode'®.

Experiments

Experiments were performed in our
barometric calorimeter. The chamber was a right
circular cylinder (Fig. 1) with 5 cm thick steel
walls and interior dimensions of D = H = 86 cm,
and a volume of 506 liters. The lid was secured to
the chamber body with twenty-four 5 cm diameter
steel bolts; a rubber gasket was used to create a
sealed pressure vessel. In this way the chamber
was designed to accommodate steady state
pressures of 12 bars (~100 g charges, including
afterburning  effects). During testing, the
calorimeter was placed inside our 1-kg tank, and
the chamber door was closed for safety
considerations.

The principal diagnostic consisted of eight
Kistler 603B piezo-electric pressure gauges
located on the chamber lid at: at » =0 and at » = 5,
10, 15, 20, 25 and 30 cm. Signals were recorded
on a Yokogawa DL-750 digital storage system at
10 mega-samples per second and 12-bit resolution.

Figure 1. 506-liter barometric calorimeter installed
in the 1-kg tank.

In this test series, 50-g C4 charges were used
as the explosive source. The putty-like charge was
filled in a plastic bag to serve as a container, and
then formed into a spherical shape. It was securely
strapped to a plastic supporting bracket (Fig. 2)
containing an SE-1 detonator (similar to RP-1).
The charge center was located in the center of the
chamber (43 cm from the reflecting lid).

Figure 2. 50-g C4 charge and mounting bracket.

First, two calibration tests were fired with the
RP-2 detonator to check the electronics system.
Then two tests were conducted with 50-g C-4
charges detonated in an air atmosphere. Pressure
histories will be presented in the Results section,
and compared with the numerical simulations.

Numerical Simulations

We used the Arbitrary-Lagrange-Eulerian
(ALE3D) hydrodynamics code'® to calculate the
detonation of the C-4 charge, the expansion of the
detonation products to form a blast wave in air,
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and the subsequent reflections of that blast wave
from the chamber lid and walls.

Initial Conditions

We assumed 2-D symmetry, so the
computational domain (0 <7 <43 cm by -2 <z <
43 cm) was only one quarter of the chamber
volume (Fig. 3); the cylinder axis of the chamber
is shown in the horizontal position in this and all
subsequent figures. A uniform finely resolved (50
cells/cm) fixed Eulerian mesh was used: 2,150 r-
cells by 2,250 z-cells. The left, right and top
computational boundaries (z = -2 cm, z = 43 cm
and r = 43 cm, respectively) were treated as ideal
reflecting planes; the » = 0 boundary was treated as
an axis of symmetry. The center of C-4 charge was
placed at r = z = 0, tangent to the left wall (z = -2
cm), which modeled the mounting bracket shown
in Fig. 2. The charge was initiated at its left
boundary (r = 0, z = -2 cm); a programmed burn
model®', with a detonation velocity of 7.9 km/s
was used to model the effects of the RP-2 initiator.
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Fiure 3. [Initial conditions showning the
computational domain and the C4 charge.

Equation of State (EOS)

As a baseline, we used the Cheetah code'’ as
subroutine to supply the thermodynamic properties
of the C-4 detonation products gases, which are
needed to define the equations of state (EOS) in

the ALE code simulations. The locus of
thermodynamic states of the C-4 detonation
products gases in the specific internal energy-
temperature plane and in the pressure-specific
volume plane are displayed in Figs. 4 and 5,
respectively. These loci come from Cheetah code'”
calculations, and are reported in a companion
paper” in this Symposium. Air was also modeled
with an equilibrium Cheetah model that takes into
account molecular dissociation of nitrogen to N
and NO, but not ionization.

Some simulations used the JWL equation of
state for the detonation products and a perfect gas
law for air (with y=1.4). By comparing pressure
histories from the two calculations, one can
determine quantitatively the influence of different
EOS models.
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Figure 4. Le Chatelier diagram depicting the locus
of states of the C-4 detonation products, starting at

the Chapman-Jouguet point (CJ) point and
expanding at constant entropy to one atmosphere®.
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Figure 5. Pressure-volume diagram depicts the
locus of states of the C-4 detonation products
gases as they expand down the CJ isentrope™.

Results
Flow Visualization

A cross-section of the material composition
field at 275 us is shown in Fig. 6. The detonation
products-air interface is unstable (as pointed out
by Anisimov and Zel’dovich*) and has developed
Richtmyer-Meshkov structures. Figure 7 depicts
the corresponding temperature field at 275 us. The
inteface region has evolved into a spherical mixing
layer shell’, bounded by the main shock and the
inner (imploding) shock’. The blast wave has
reflected from the surface, and a regular-reflection
structure is evident in the region 0 < r < 18 cm.
The temperature field at 593 us is presented in Fig.
8. By this time, shock reflections from the walls
have deposited baroclynic vorticity throughout the
chamber, so virtually all the flow is turbulent.
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Figure 6. Material composition field at 275 us.
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Figure 7. Temperature field at 275 us.
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Figure 8. Temperature field at 593 us.

Free Air Curve

The incident shock over-pressure was
sampled from the calculation as the blast wave
expanded. The results are shown as the free-air
curve of shock over-pressure versus scaled radius:
R (cm/g'?) in Fig. 10.
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Figure 9. Free-air curve for C-4 (from 2-D ALE
simulation along 45 deg. diagonal).

The curve was fit with the inverse power law
function:

Ap(atm)=-4.7+713/R"%° (1)

This gives an incident shock over-pressure of 13
bars at ground zero (z = 43 cm, r = 0); upon
reflection, ground zero will experience a peak
pressure of 40 bars.

Waveforms

The pressure histories from the calculation
were sampled at the seven gauge locations on the
wall (GR = 0, 2, 4,....30 cm), and stored. These
computed waveforms are compared with the
measured pressure histories in Figs. 10-16. ALE
results are shown as blue curves, while tests 3 and
4 are shown as black and red curves, respectively.

At ground zero (GR = 0), tests 3 and 4
give remarkably similar waveforms for the first,
second and third blast waves. However, blast wave
from the simulation is much too strong (e.g. by a
factor of 2 in shock pressure), and quite noisy.
This enhanced peak pressure is due to artificial
(numerical) jetting along the » = 0 axis (see Fig. 6),
while the noise comes from shock reflections off
the turbulent mixing structures on the fireball
interface (see Fig. 7), and is qualitatively
realistic—although more pronounced than in the
experiments.
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Figure 10. Computed pressure history (blue curve)
vs. measured waveforms (GR=0).
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Stating at a ground range GR = 5 cm, the
effects of jetting along the axis have subsided, and
the computed waveform is similar to the
measurements; the double-shock structure evident
in the second and third blast waves in the
experiments is captured qualitatively in the
simulation. This qualitative similitude is also
observed at the larger ground ranges, as shown in
Figs. 12-16. However, some records (noteably GR
=10 cm, test 3; GR = 15 cm, test 3 and 4; GR =25
cm, test 3; GR = 30 cm, test 4) experienced
unphysical under-shoots (un-realistic negative
pressures) due to thermal effects on the piezo-
electric sensors. In future tests, we plan to use
more thermal shielding, and also use piezo-
resistive gauges (Kistler 4075A) to overcome this
problem.
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Figure 11. Computed pressure history (blue curve)
vs. measured waveforms (GR=5cm).
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Figure 12. Computed pressure history (blue curve)
vs. measured waveforms (GR=10cm).
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Figure 13. Computed pressure history (blue curve)
vs. measured waveforms (GR=15cm).
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Figure 14. Computed pressure history (blue curve)
vs. measured waveforms (GR=20cm).
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Figure 15. Computed pressure history (blue curve)
vs. measured waveforms (GR=25cm).
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Figure 16. Computed pressure history (blue curve)
vs. measured waveforms (GR=30cm).

Positive-Phase Impulse

The waveforms from Figs. 10-16 have been
integrated to evaluate the positive phase impulse,
I, , according to:

1,(GR)= f Ap(GR, 1')dt 2)
0

where 7, denotes the positive phase of the
primary (first) blast wave. Results are presented in
Fig. 17. The calculated impulse at ground zero is
2.5 times larger than the experiment, as a
consequence of the enhanced peak pressure (Fig.
10) caused by the numerical jetting on the axis
(Fig. 6). At other ground ranges, impluses from the
computed waveforms agree with the lower bound
of the experimental impulses.

—e— 50-g C4 (test 3 & 4)
—=— ale SB

I,(bar-ms)

0 5 10 15 20 25 30

GR (cm)

Figure 17. Positive phase impulse history versus
ground range: calculation vs. experiments.

Discussion

We have also performed ALE3D code
simulations of 3.3-kg spherical PBX-9404 charge
at 52 cm from the reflecting surface. This case is
much closer to the surface (HOB = 3.4 cm/g"?)
than the C-4 case (HOB = 11.7 cm/g"”) reported
here. The temperature field of the reflection
process is shown in Fig. 18 at 130 us. Peak
temperatures in the turbulent mixing layer reach
6,000 K; peak pressures of 1-kbar were measured
near ground zero’. Clearly one needs a complete
EOS (a function of two thermodynamic variables)
to properly characterize the thermodynamic
properties of the gases under such extremes in
pressure and temperature. Cheetah, employed as a
EOS subroutine, does precisely this.

Pseudocolor
Var: tkelv

6192,

Y Axis

10 20 30 40 50
X Axis

Figure 18. Reflection of an 3.6-kg spherical PBX-
9404 charge at 52 cm (HOB = 3.4 cm/g'?).
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Conclusions

The reflected blast wave environment was
measured in the 506-liter bomb calorimeter for 50-
g spherical C-4 charges suspended 43 cm from a
reflecting surface (HOB = 11.7 cm/gm). Peak
reflected pressures ranged from 40 bars at ground
zero to 20 bars at GR = 30 cm. The corresponding
positive phase impulses varied from 3 bar-ms
down to values of ~ 1 bar-ms over the same
ground ranges. There was considerable variation
(£50%) in the positive phase impulse at some
ground ranges; this was certainly not the case in
experiments with 1-g PETN spheres (x1-3%)'*, so
perhaps C-4 should not be used as a benchmark
standard.

The reflected blast wave environment of the
experiments was simulated with the ALE3D code.
The thermodynamic states were specified by the
Cheetah code, which was used as an EOS
subroutine. Neglecting ground zero (which
suffered from numerical jetting effects), the
computed waveforms were similar to the measured
waveforms; the computed positive phase impulse
agreed with the lower bound of the measured
impulse at various ground ranges.

As the charge is detonated closer and closer to
the reflecting surface, real gas effects become
more and more important. For example, at HOB =
34 cm/gm, peak pressures and temperatures can
reach 1 k-bar and 6,000 — 9,000 K. The JWL
function and y-law gas models are inadequate for
these circumstances. One needs a complete
thermodynamic description of the gas properties,
which are functions of two thermodynamic
variables™. The Cheetah code is ideally suited to
that purpose.
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