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1. Introduction

The characterization of explosive performance has historically concentrated on the detonation
wave within the material and the blast wave generated in the far field. The far field is defined
here as any distance after which the air shock wave has separated from the detonation product
cloud. By this point, the energy within the explosive can no longer contribute to the air shock,
and further air shock propagation depends only on the local properties of the ambient air. An
alternate criteria for delineating the far field is the position of the air shock/fireball interface at the
time the detonation products "freeze out" and no longer react (/). The freeze-out temperature is
chosen by comparison of calorimetry experiments (2, 3) and thermoequilibrium calculations
using CHEETAH (4). The near field is defined here as the region between the original charge
surface and the position of the air shock wave when it has separated from the fireball surface.
Little information is available concerning the near-field region of an explosive event mainly due to
the experimental difficulty in measuring its characteristics (5). Standard blast gauge data suffers
from thermal loading and slow response times making mechanical measurements unreliable (6).
Before the shock wave has decoupled from the fireball, the motion in different density fluids,
detonation products and air, lead to instabilities that distort the contact surface between the
products and undisturbed air. The Richtmyer-Meshkov (7) and Rayleigh-Taylor (8) instabilities
have been identified (9) as the two main mechanisms at work. These mechanisms can

significantly affect the pressure profile when measured along any one particular radial direction.

Munition case fragmentation and subsequent fragment acceleration behaviors are mainly a
function of the detonation wave characteristics and early expansion (/0) and are reasonably
described by the Gurney theory (/7). For ideal explosives, defined by instantaneous chemical
kinetics at the detonation front (/2), the detonation wave is driven by the residual thermal energy
contained by the detonation products. Because all explosives show some degree of nonideality,
(13) the detonation wave is affected by the finite-rate chemistry that can occur later in the
explosion process. The after-burning process, enhanced when incorporating the surrounding
oxygen in the atmosphere, can significantly affect the blast performance of explosive materials
(14).

The near-field, far-field demarcation can be seen in the series of high-brightness (/) shadowgraph
images from a detonation of a 2-kg cylinder of TNT (trinitrotoluene), depicted in figure 1.
Before approximately 391 ps, the air shock cannot be seen as it is integrated with the fireball.

After 391 ps, the air shock pulls away from the product cloud as the shock enters the far-field



region. At this point, the explosive chemistry no longer plays a role in determining the air shock

strength as that wave travels farther away from the event.
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Figure 1. TNT blast field.

To determine the fidelity of the various modeling tools available, the ALE3D (/5) and CTH (/6)
hydrocode families are used to model the detonation of a 450-g sphere of the plastic-bonded
explosive (PBX) Composition 4 (C4) (92% cyclotrimethylenetrinitramine [RDX] and remainder
plasticizer/binder). These results are compared to experiments and the semi-empirical
one-dimensional blast code CONWEP (/7). The CONWEP code attempts to determine the
shock wave pressure as a function of distance from a charge based on a set of equations and
empirical curves of explosives developed in the 1940s. Because the data was collected in the far

field limit, caution should be exercised when extrapolating to the near field regime.

2. Models

Two Department of Energy hydrodynamic simulation codes were used in this study. The CTH
(16) code is from Sandia National Laboratory and is based on a pure Eulerian mesh model. The
ALE3D (15) code from Lawrence Livermore National Laboratory can also use an Arbitrary
Eulerian/Lagrangian mesh model (the ALE in ALE3D), but for consistency, it was restricted to
pure Eulerian mode in this study. The model parameters used in the simulation are given in table
1. The solid C4 was treated hydrodynamically (no strength), and the Jones-Wilkins-Lee (JWL)



model (/8) was used for the detonation products equation of state (EOS) in conjunction with the
programmed-burn detonation model. The programmed-burn model assumes instantaneous
kinetics by implementing the product JWL EOS at the appropriate time calculated strictly as a
function of the distance from the initiation point. The mesh had axisymmetric geometry and
showed reasonable convergence with a (square) cell resolution of 20 nodes/cm as evidenced by

stable solution with mesh refinement.

Table 1. JWL model parameters.

Parameter Value

A 6.098 Mbar

B 0.1295 Mbar

Ry 4.5

Ro 1.4

w 0.25

Density, p 1.601 g/cm?

Detonation Velocity, D | 0.8193 cm/us

3. Experimentation

The peak shock wave pressure was measured from the surface of a top-detonated sphere of C4
and is depicted in figure 2 (/9). In figure 2a, experimental images from a 450-g sphere that is
detonated directly with an RP-83 detonator are shown. In figure 2b, images of pressure contours
from an ALE3D calculation are shown for comparison. The pressure map of the event can be
directly determined from the calculation as it is one of the fundamental quantities tracked by the
codes. As figure 2b represents a two-dimensional map, the pressure inside the charge itself can
also be determined giving a clearer picture of the detonation wave behavior. To measure the
pressure experimentally, the shock wave position was mapped in time and converted to velocity.
Based on the Rankine-Hugoniot theory (20) in which the conservation equations (mass,
momentum, and energy) must be satisfied, the peak shock pressure can be related to the velocity
of the air shock by (/2):



P=F() (M -1)P

1
F(y) = % v = % @
where M is the shock wave Mach number defined as the ratio of the shock velocity to the ambient
speed of sound, and C,, and C, are the heat capacities at constant pressure and volume,
respectively. For peak pressures less than ~4 MPa, the use of the gamma law equation of state
with 7 = 1.4 can be reasonably used giving F as 7/6 or 1.17 (12). Because F is a slowly varying
function of gamma, equation 1 predicts shocks traveling within the explosive products (y ~ 1.23
— F =1.10) at the equivalent velocities, will have peak pressures approximately 5% lower than
that from the purely air shocks. Once the shock wave has separated from the fireball, the shock is
readily apparent from the optical data and gamma can be safely held constant at 1.4. Equation 1
also assumes that there is no chemical energy release at the shock front, and that assumption is
satisfied in the far field after shock separation. Before this time, however, the shock is assumed
to coincide with the leading edge of the fireball (27). Based on thermochemical calculations (4)
the energy release from the C4 detonation is complete when the fireball diameter reaches ~1.26
of the original charge diameter as this explosive is near-ideal. Except for very near the charge
surface, the assumptions behind equation 1 as used here (no energy release, constant -y, assumed

ambient sound speed) are reasonable approximations.

The experimental setup is detailed elsewhere (/9) and will only be outlined here. The C4 charge
was placed within the indoor blast chamber at the U.S. Army Research Laboratory facility located
at Aberdeen Proving Ground, MD. The charge was top detonated using an RP-83 detonator with
no booster. Optical diagnostics as well as wall and bar gauges were used to measure the pressure
with only optical measurement results being reported here. The one-dimensional high-speed
streak camera (Photron SA-5) used to measure the shock velocity was operated at 0.7 million
frames per sec (Mfps) with an exposure of 370 ns. This was compared to a framing camera
(Cordin Co. Model 570) that was operated at 2.5 Mfps with an exposure of 300 ns. The
high-speed camera had a field of view that would encompass most of the expansion of the blast,
whereas the framing camera was trained on the region close to the charge surface. The optical
techniques used here were restricted to measuring the shock wave position along one radius. The
calculations performed in this work, experimental measurements (22), and calculations of others
(9) agree that there are variations in the temporal position of the shock front as a function of
azimuthal angle mainly due to nonconcentric initiation points and inherent instabilities as

mentioned in the introduction.



~
\ 4

104
| Time: 7.01212 us

tance (cm)

Time: 11.0031 us | Time: 16,0073 us

tance  (ca) Distance (cm)

(b)

Figure 2. Experiment (a) and ALE3D model (b) of 450 g of C4.

4. Results

Measurement of the shock position as a function of time using the streak camera instrument is
shown in figure 3. The Photron camera software was used to determine the distance from the
charge surface with an image resolution of 0.2 mm per pixel. Results for the CTH and ALE3D
models are shown in figure 3 for comparison. Excellent agreement can be seen between the two
model packages with reasonable agreement with experiment. However, to use equation 1, the
derivative of the position data is required. Simple differencing of the distance-time curve in
figure 3 proved noisy, so a third-order polynomial was fitted to the experimental distance vs. time
data. This polynomial function, with parameters given in table 2, was then differentiated
following a standard Savitzky-Golay scheme (23) to obtain the velocity data. Figure 4 shows the
velocity results in one radial direction from the two optical instruments, the empirical calculation
CONWERP (77), and results from the two hydrodynamic codes. The experimental data and the
hydrocode model sampling were taken in a direction 90° from the detonation point. The Photron
camera diverges significantly from the Cordin imaging technique at the higher pressures
corresponding to higher shock velocities. This is attributed to the lower resolution (spatial and

temporal) of the Photron instrument. Farther out from the charge surface, the three models agree



reasonably well with the data from the Photron camera. Near the original charge surface, the
ALE3D and CONWERP calculations appear to support the higher velocities measured by the
Cordin system. The discrepancy between ~50 mm and 100 mm from the charge surface from the
ALE3D calculations and the Cordin optical data could be attributed to the resolution of the model
mesh in this region and is the subject of future refinement. This is the region in which the shock
wave is transitioning from the driven detonation wave from the solid to gas phase propagation, as
evidenced by the higher deceleration in this region as compared to further out. The rarefaction
wave that has been generated at the solid-air interface will also contribute to the decrease in shock

pressure and subsequent velocity decrease.
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Figure 3. Shock distance from surface of a 450-g C4 charge.

Table 2. Third-order polynomial

parameters.
Term Coefficient
t3 5.0 x 10~° mm?/us
t2 —2.27 x 1072 mm?/us
t 5.30 mm/ps
constant 16.71 mm

The experimental velocities in figure 4 were then converted to pressures using equation 1 and
plotted in figure 5 along with direct pressure calculations using the hydrocodes. The pressure

region, corresponding to the region in which the velocity profiles had less agreement (figure 4



50 and 100 mm) shows similar disagreement in pressure. This may be due to the the resolution of
both the experiments and models and/or effects from the flow instabilities mentioned earlier in the
introduction. The three models compare favorably with each other and, except for this transition
region, were in reasonable agreement with the experimental data.
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Figure 4. Shock velocity comparison.

5. Conclusions

Modeling of the near-field blast pressures from 450-g spheres of the explosive C4 have been
conducted using three modeling packages: CONWEP, ALE3D, and CTH. The calculations were
compared to experimental optical measurements of the pressures obtained by application of the
Rankine-Hugoniot theory (20). For most radial distances, very good agreement has been
obtained between the models and the models with experiments. Both experiments and models
suggest that close to the original charge surface, a transition from one propagation scenario to
another is taking place and this region needs further study. The overall agreement leads credence
to the notion that optical pressure measurements can be used to map out the shock pressure fields
of an explosive event from near the charge surface where traditional gauges are less effective to

far-field distances where comparison with gauges are a reasonable check on the model



parameters. Better differentiation techniques would enhance the velocity resolution and hence

the pressure fidelity.
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Figure 5. Shock peak pressures. Pressure error estimated at &= 10%.
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