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1. Introduction

The explosive near field for detonating high explosives is poorly defined. Most often, the
explosive near field is given as covering the distance from the charge center of mass to a distance
of many charge initial diameters, and/or covering the time from t = 0 to the time when the
leading shock separates from the detonation product gases, or in more strict regimes, covering
the time from t = 0 to the time when the detonation product gases reach a fixed composition
“freeze out” prior to mixing with ambient air (1).

This region is often overlooked from an experimental point of view because the destructive
nature of the environment in the explosive near field makes measurement difficult. Specifically,
peak pressure and impulse measurements in the explosive near field are expensive and often
suffer from poor repeatibility because of gauge thermal effects, the need for fast gauge response,
and the tendency for transducer-type gauges to exhibit degradation in performance with repeated
exposure to high blast loadings (2).

Experience indicates that the most important information regarding blast performance of
explosives is available exclusively in the near field. Since virtually all explosives exhibit some
degree of non-ideality (3), the rate of detonation product expansion, temperature, and finite rate
chemistry that occurs in the explosive near field determines all effects demonstrated downrange.
Any ability to tailor energy delivery on target, to alter explosive impulse, peak shock, and
thermal effect, is determined by the chemistry that occurs in the near field. This effect is most
important for metallized explosives. The release of energy by metallized explosives, and how
this energy release may alter the chemical makeup of detonation product gases has a significant
effect on energy deposition on target (4). This report describes one aspect of quantifying the
peak shock pressure in the explosive near field.

2. Background

Figure 1 shows a sequence of laser-illuminated shadowgraphs illustrating the evolution of the
explosive near field for a 2-kg charge of TNT (trinitrotoluene, CsH2(NO2)3CH3) (4). In this
figure, the near field is defined (somewhat arbitrarily) as the time from detonation to the time
when the shock leaves the detonation products, shown in figure 1 as the fourth image from top,
labelled as occurring for this test at 391 ps after initiation. For many explosives, it is during this
time that chemical reactions (mostly anaerobic), occurring within the detonation product gases,
can influence the leading shock. Therefore, it is during this time that chemical tuning of the
explosive for post-detonation performance must occur. For example, figure 2 shows a
thermochemcial calculation (5) of detonation product gas distribution for a TNT/AIl mixture
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Figure 1. The evolution of the explosive near field.
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Figure 2. A thermochemical calculation of detonation product gases for TNT/AL composite
explosive—varying Al reactivity.

(80:20 by weight), where the Al has been made inert, or fully reactive. The significance here is
that early Al participation in the near field chemistry of the detonation product gases alters their
makeup, relative to the case of addition of non-reactive Al. Figure 2 shows that the most
significant change due to early Al reactivity is increased H; gas in the near-field detonation



product gases. It has been shown previously that addition of H; gas to near field detonation
product gases can have a significant effect upon afterburn ignition times (4). The implication
being that afterburning times can be tuned to bring detonation product afterburning into
proximity of the leading shock, influencing brisance, and explosive impulse on target.

3. Approach

As previously described, real tuning of explosives for post-detonation performance will ideally
measure output power in the explosive near field. The approach used in what follows
concentrates on measurements of the peak shock pressures in real time for exploding, center
detonated, 450-g spheres of Composition C-4 (92% trimethylenetrinitramine, RDX, C3HgNgOs,
milspec). Figure 3 shows a sequence of high-speed framing camera images (2.5 million frames
per second [Mfps], 300-ns exposure duration) of center-detonated C-4 speheres. A
thermochemical calculation (5) indicates that detonation product gas species cease to change in
composition when the detonation product gases for C-4 have expanded to approximately twice
their initial volume. For the four frames shown in figure 3, the change in volume across the four
frames is approximately a factor of 19. The approach used here relies on an analysis of high-
speed images of the type shown in figure 3, obtained with a framing camera and with streak-
camera techniques, to measure optically in one shot the peak shock pressures of exploding C-4 in
the near field.

The method of determining shock peak pressures from shock velocities in air is based upon
Rankine-Hugoniot theory and may be found in texts on the topic (6). The equations used here
are developed using normal (planar) shocks, but are a reasonable approximation for the spherical
shocks produced by the C-4 explosions because of the narrow thickness of the shock front (6).
Figure 4 is a schematic of a gas travelling through a stationary shock front. In this model,
supersonic gas at ambient pressure py at flow velocity uy enters normal to the shock plane. At
the shock plane the gas is decelerated to velocity uy and compressed to pressure py. According
to Rankine-Hugoniot theory, the shock overpressure, P, is given by:

P=[(7M\>-1)/6]px, (1)

where My is the Mach number corresponding to the flow velocity of gas (air) entering the shock
plane (6). The approach employed here is to assume the leading shock is at the surface of the
expanding detonation product gases (1). High-speed imaging (framing and streak cameras) is
used to measure position of the edge of the detonation product gases, and to measure shock
velocities, convert the measured shock velocities to Mach number, and use equation 1 to
calculate peak shock overpressures. This approach has been previously employed by the U.S.
Army Reasearch Laboratory (ARL) (1) to measure peak shock overpressures in the explosive
mid-field (see figure 1, “Late Time”) for TNT charges.



Figure 3. Several images (300-ns exposure) of the explosive near
field for 450-g C-4 sphere.
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A comparison of peak pressures measured using piezo-electric transducers (PCB, pencil-type)
and using equation 1 is shown in figure 5 for the explosive mid-field. For each test, the optical
method yields a considerably higher peak pressure. This is presumed to be caused by the
actuation required by the mechanical transducer. For the explosive near-field measurements
described here, Mach numbers higher than ~10 require a modification to the Rankine-Hugoiniot
formulation shown in equation 1, necessary because at these higher blast loadings the perfect gas
assumption for air is not accurate (7). Figure 6 shows a comparison of optically based peak
shock pressure measurements for perfect and imperfect gases. At the higher Mach numbers
encountered for near-field measurements, figure 6 shows error associated with use of equation 1
may approach 10%.
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Figure 5. A comparison of optical and mechanical peak shock pressure measurements
in the explosive mid-field for several TNT charges.
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Figure 6. Error in optically based peak pressure measurements at higher Mach number
(higher blast loading) when using the ideal gas assumption in Rankine-Hugoniot
theory.

4. Experimental

Figure 7 shows a photograph of a C-4 sphere (450 g) positioned within an indoor blast chamber
at ARL’s facility located at Aberdeen Proving Ground, MD. The C-4 sphere was center
detonated (RP-83 detonator). A mirror positioned above the charge provided a non-direct line of
sight for streak-camera imaging. For framing camera imaging, a direct line of sight was
employed. Figure 7 also shows a transducer-equipped blast wall and a blast bar gauge used to
measure pressure for these experiments. Results from the blast wall and bar gauge diagnostics
are not reported here.

The streak camera method was somewhat unique in that an addressable digital framing camera
(Photron SA-5) was used. By defining the active pixel area to be 8 x 768 pixels, streak-type
images were obtained at 700,000 fps at an exposure time of 370 ns. For each shot the maximum
number of frames was many thousands, exceeding the number required to image the gases and
leading shock within the field of view. Figure 8 shows a photo and schematic of this setup. A
speckled backing board placed immediately behing the focal plane of the camera provided
contrast to enable visualization of the leading edge of the explosive gases and the point at which
the leading shock separated from these gases.



Figure 7. A 450-g C-4 sphere positioned within an indoor blast chamber at the ARL
for one of the tests described here.
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Figure 8. Photo and schematic of the streak camera rig, which employed a Photron SA-5 framing camera with
the chip addressed to 8 x 768 pixels.

Framing camera images were obtained using a Cordin Co. Model 570 digital framing camera
operating at 2.5 Mfps, with an exposure time of 300 ns. Each recorded image was 4 megapixels
in size. For each shot, the maximum number of frames was 74. An example of the output from
this camera is shown in figure 3.

The experimental protocol was to use the streak-camera rig (Photron SA5) to record images from
the charge over the entire explosive near field, and use the faster framing camera (Cordin 570)
for measurements of the explosive near field immediately adjacent to the charge, where the gas
expansion velocity was highest.



5. Results: Streak-Camera Rig

For the streak-camera measurements, each record was analyzed using the Photron PFV software.
Prior to each shot, a test image was obtained with a meter stick positioned at the focal plane of
the camera. From this image, a calibration of millimeters per pixel was obtained, and used in the
analysis of the experimental data. In the Photron software, the position of the leading edge of the
detonation product gases was given a pixel location, which was converted to a distance from
charge center in millimeters. Resolution was ~1.35 mm per pixel. Consecutive images were
used to determine distance per unit time, and a peak pressure calculated based upon Mach
number from measured shock velocities. Figure 9 shows the result of peak shock pressures
calculated using data from the streak-camera rig employing a direct numerical differentiation,
and results calculated using the blast peak pressure simulator CONWEP (8). Agreement is
reasonable over all, but is poor in regions of high peak pressure/high Mach number. This
disagreement at high pressure/Mach number is likely due to the framing rate of the streak camera
rig being limited to 700,000 fps.

In an attempt to minimize the noise inherent in a direct numerical differentiation of the streak
data, a third-order polynomial was fit to raw distance-vs.-time data (figure 10), and the best-fit
equation was then differentiated to provide a smoother velocity-vs.-time record. This is shown
in figure 11. As with the results of direct numerical differentiation, the results agree best with
CONWERP predictions at peak pressures below ~20,000 kPa (3000 psi).
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Figure 9. Peak shock pressures calculated using data from the streak-camera rig employing a direct
numerical differentiation, and results calculated using the blast peak pressure simulator
CONWEP.
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6. Results — Framing Camera

Framing camera (Cordin Model 570) images were recorded in a direct line of sight. Consecutive
images were analyzed similar to methods employed for the streak camera images, using the
Photron PFV software. Figure 12 shows leading shock position and differentiation of a best fit
to position data resulting in a peak pressure vs. distance for a C-4 sphere similar to the spheres
used in the streak camera measurements. It is worth noting that, although the C-4 spheres were
prepared using hemispherical molds, the malleable nature of the C-4 caused each sample to vary
in sphericity. The line of sight along which the framing camera data was analyzed was chosen to
coincide with that used for the streak-camera data. Physical limitations of mirror placement
prevented the simultaneous use of the two cameras. Figure 12 shows that the higher framing rate
of the Cordin camera relative to the streak-camera rig (~3.5%) provides data in reasonable
agreement to CONWERP at distances immediately adjacent to the charge. Figure 13 shows the
results of both measurements of optically based peak shock pressure and predictions based upon
CONWEP. The results overall are in reasonable agreement with CONWEP predictions. Error in
the measurements is believed to be less than 10%, with the main source of error being the
duration of exposure for each camera.
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Figure 12. Peak shock pressure and position vs. time for spherical C-4 charges. Measured using the Cordin Model
570 camera.
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Figure 13. Optically based peak shock pressure measurements using the framing camera (Cordin Model 570) and

the streak-camera rig, and predictions based upon CONWEP. Error is believed to be within 10% of
actual, with the largest source of error being the exposure duration of each camera.

7. Summary and Conclusions

The results shown here indicate that high-speed, high-fidelity imaging (framing rates greater than
1 MHz at resolution approaching high definition) can make a significant contribution to analysis
of the near-field behaviour of high explosives. For extremely high-fidelity records, direct
numerical differentiation of position versus time data may be possible, but for noisy data (e.g.,
figure 12) a fit to position data, followed by differentiation of the resulting equation, yields
smoother data for measurements reported here. However, fitment of position versus time data to
a physically realistic function (e.g., Friedlander equation [6]) may also be useful. A real
possibility here, and currently under pursuit by us in another test series, is the use of high-fidelity
imaging to create pressure maps, providing a full cross section of the near-field explosive

behaviour in a single test. ARL is currently pursuing an extension of this technique to create
temperature and chemical species maps in the explosive near field.
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