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Abstract . 

In order to shed some light on the response of explosives to the attack of small-diameter 
projectiles such as shaped-charge jets, a computational study using the 2DE code and the Forest 
Fire explosive initiation model for Composition B was conducted. In our computations we 
modeled the jet as a cylindrical projectile with a flat end that moves without stretching. Jet attack 
simulations were run in order to determine modes of initiation and critical velocity for initiation 
as a function of jet diameter. The diameter of the jet was varied between 0.3 and 12.0 mm The 
velocity of the jet was varied between 0.8 and 15.0 km/s. The target diameter was at least three 
times the jet diameter, and the target was between 4 and 60 jet diameters deep. Two modes of 
initiation associated with shaped-charge jet attack were observed. Prompt impact-mode initiation 
occurred for both subsonic and supersonic penetration. Delayed penetration-mode initiation 
occurred only for supersonic penetration. The velocity threshold for large subsonic jets agreed 
with the Jacobs-Roslund fit. For jets with diameters smaller than the failure diameter of the 
explosive they attack, higher velocities than predicted by Jacobs-Roslund were required for 
initiation. A critical boundary between impact- and penetration-mode initiation was determined 
over the entire supersonic range. A similar boundary between penetration mode initiation and 
initiation failure for 0.3-mm and 1.5-mm-diameter jets was found, but the initiation failure 
threshold for other jet diameters has not yet been determined. 
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1. INTRODUCTION 

The response of high explosives to projectile impact is of considerable importance in assessing 

the vulnerability of munitions. Their response, when impacted by small high-speed projectiles 

such as shaped-charge jets, is of particular interest. The diameters of these jets are usually smaller 

than the critical diameters required for propagation of detonation in the energetic materials they 

might be expected to attack. Conditions required for shock-to-detonation transition following the 

impact of projectiles having diameters larger than the explosive's failure diameter have been well 

characterized [1] and are described by an empirical relationship commonly known as the Jacobs- 

Roslund formula. Studies by Chick et al. [2] indicate that alternate modes of response may 

prevail under other conditions. In some cases, they observed delayed initiation emanating from 

the bow wave produced by supersonic jet penetration, rather than prompt initiation associated 

with the initial impact of the jet. 

The basic mechanism for shock initiation of detonation in heterogeneous explosives is shock 

interactions at density discontinuities that produce local hot spots leading to decomposition. The 

shock magnitude and duration are very important in controlling buildup to detonation. Once an 

explosive has been initiated, the detonation wave will continue to propagate throughout the 

charge only if the diameter of the initiated region is sufficient If it is smaller than that required to 

maintain a propagating detonation, rarefactions will dominate the flow and restrict reaction to that 

directly driven by the projectile. This suggests that jet diameter and penetration velocity are the 

main parameters controlling the initiation process. Larger jet diameters produce broader bow 

waves that are less susceptible to rarefactions and, therefore, more effective in initiating the 

explosive. 

In order to shed some light on the response of explosives to the attack of small-diameter 

projectiles and to explain some of Chick's observations, a computational study was conducted 

using the 2DE code and the Forest Fire explosive initiation model for Composition B. The results 

reported here are limited to attack against bare explosive. The response of covered explosive is 

somewhat different and has been discussed by Frey et al. [3] using nonreactive computations. 



2. DESCRIPTIONS OF 2DE AND FOREST FIRE 

The 2DE code is a two-dimensional Eulerian finite-difference hydrocode for solving 

continuum mechanics problems [4]. It was developed at the Los Alamos Scientific Laboratory for 

application to explosive initiation problems. The code makes use of the HOM equation of state, 

the C-J Volume Burn model for detonation propagation, and the Forest Fire explosive initiation 

model [5], which may also be used for detonation propagation. Chemical reaction is described by 

a single-reaction progress variable, the unreacted mass fraction, which varies from 1 in the 

unreacted state to 0 in the completely reacted state. Shock and detonation waves are treated 

using the method of artificial viscosity. 

Forest Fire is a reaction-rate model that predicts the response of explosives to loading by 

sustained shock waves. The reaction rate is given as a function of the pressure. The model is 

empirical and relates each explosive's reaction rate to simple sensitivity data characterizing that 

explosive collected in the wedge test Wedge-test data is typically summarized in a plot of 

distance of run to detonation as a function of initial shock pressure known as the "Pop plot" [6]. 

Forest Fire is derived so as to reproduce this behavior. 

This work represents our last use of 2DE. Future investigations will be carried out using the 

CTH code with the History Variable Reactive Bum (HVRB) explosive initiation model because it 

offers more versatile problem configuration options, more realistic constitutive models, and a 

more accurate reaction model. 

3. JET AND TARGET DESCRIPTION 

Shaped-charge jets have a very complicated structure. They may be continuous or 

discontinuous (particulated). The material velocity in continuous jets generally decreases from tip 

to tail producing a stretching jet. Particulated jets consist of numerous fragments with velocities 

decreasing from very high values at the jet tip. In our computations, we represented the jet as a 

flat-tipped, cylindrical projectile that does not stretch. We used jets with diameters varying from 



0.3 mm to 12.0 mm and velocities varying from 15.0 km/s to 0.8 km/s. The target was always 

bare Composition B, simulated as a cylinder of varying depth and diameter. The jet and target 

configurations were varied in accordance with a scheme designed to limit the total number of 

zones required by a computation while observing a previously determined zone-size constraint 

based on convergence of solutions for critical diameter. The length of the jet was adjusted in 

order to conform to the requirements of the scheme. 

4. INITIATION OF COMPOSITION B BY JET ATTACK 

Jet-attack simulations were run in order to determine modes of initiation and critical velocity 

for initiation as a function of jet diameter. We observed two modes of initiation in the 

computations: impact and penetration. The impact mode is typical of large-diameter jets at 

subsonic penetration velocities. In this case, initiation appears promptly at the impact shock front 

and detonation spreads from the impact point. If the jet velocity is too low to produce initiation, 

the impact shock wave propagates away from the subsonic jet tip. In the case of supersonic 

penetration, a bow wave develops after impact. The ambient sound speed in inert Composition B, 

as given in the equation-of-state hugoniot, is about 2.3 km/s, and the jet velocity producing sonic 

penetration in bare Composition B is about 3.3 km/s. With small-diameter jets penetrating at 

supersonic velocities, we observed impact-mode initiation at the highest jet velocities and 

penetration-mode initiation at somewhat lower velocities. When the jet velocity was further 

reduced, no initiation was observed. However, in the case of supersonic penetration, we have 

classified such responses as indeterminate either because the jet was fully consumed or because it 

appeared that further penetration might still produce initiation. Impact-mode initiation is not 

affected by the assumption of a nonstretching jet. However, penetration-mode initiation can be 

further delayed or eliminated by the decrease in penetration velocity with depth of penetration 

associated with a stretching jet. 

Visualization of the results is facilitated by plotting contours of reactant mass fraction at 

various times. Detonation is identified as a region of closely spaced contours. These plots also 

show the interfaces between the air, solid explosive, and reaction products. Pressure histories at 

Lagrangian stations are also useful. 



Impact- and penetration-mode initiation have been observed for a 1.5-mm-diameter jet and are 

shown in Figures 1-3. Figure 1 shows a sequence of mass fraction contour plots for an impact- 

mode initiation. After a short distance of run, the mass fraction contours become closely spaced 

near the axis, indicating that buildup to detonation has occurred. As the jet penetrates, the 

diameter of the burned explosive region increases, briefly decreases, and then increases again, 

spreading across the entire charge. Pressure histories were also computed at various locations in 

the explosive. A pressure history for 1.5-mm-diameter jet impacting Composition B at a velocity 

of 5.2 km/s at one location is shown in Figure 2. This figure shows a peak pressure of more than 

37 Gpa. This is much more than the pressure required to detonate Composition B. Figure 3 

shows a sequence of similar plots for a delayed or penetration-mode initiation. The mass fraction 

contours remain spread out for a long period of time. They gradually converge and become 

closely spaced only after the jet penetrates some 30 mm into the explosive (about 6 us after 

impact). The detonation then propagates away from the jet tip into the remainder of the charge. 

Pressure histories in the explosive, at various locations along the axis of symmetry, are presented 

in Figure 4. This figure shows that the growth of the bow shock to detonation started between 

5 us and 6 us. Indeterminate responses were observed when the jet velocity was decreased to 

4.9 mm/us and lower. Figure 5 shows a sequence of mass fraction contour plots for impact of a 

4.7-mm/us jet in which the jet is entirely eroded by the end of the computation. 

Figure 6 shows a sequence of mass fraction contour plots for the impact of 0.3-mm-diameter 

jet at 12.0 mm/us. The explosive started to detonate immediately on impact and the diameter of 

the front increased with penetration. This is characteristic of an impact-mode initiation. When 

the velocity of the same jet was decreased to 10.0 mm/us, the explosive did not detonate prior to 

complete erosion of the jet and nearly complete penetration of the target as shown in Figure 7. In 

this case, it appears that the mass fraction contours are broadening and that deeper penetration 

might still produce initiation. These problems can better be handled by a more modern code like 

CTH, which allows mass to be fed in at the boundaries. 

Impact-mode initiation and initiation failure have also been determined for subsonic 

penetration projectiles. Figure 8 shows mass fraction contour plots for impact-mode initiation 

with a 5-mm-diameter jet at 1.65 mm/us. Pressure histories were computed inside the explosive 
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Figure 1. Mass fraction contour plots showing impact-mode initiation following the impact of 
1.5-mm-diameter jet at 5.2 mm/ps. 

at various locations along the axis of symmetry as shown in Figure 9. This shows that the shock 

pressure increased to detonation pressure immediately. In the case of subsonic penetration, 

initiation failure is easy to identify as the impact shock wave moves rapidly away from the jet tip 

and the region of reaction. Figure 10 shows this initiation failure for the same jet at 1.5 mm/us. 
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Figure 2. Pressure history for impact-mode initiation with 1.5-mm-diameter jet at 5.2 mm/us. 

Jet diameter, jet impact velocity, steady-state penetration velocity of the jet, and the modes of 

initiation of the explosive are given in Table 1. The computations for jets of different diameters 

and impact velocities were made, and the mass fraction contours are shown in the Appendix. 

Critical jet velocity for initiation of Composition B increases as the jet diameter decreases. 

Figure 11 shows a plot of the critical velocities vs. the ratio of jet diameter to Composition B failure 

diameter (~4 mm). Results for jet diameters greater than the failure diameter (dj/d^l.O) are from 

computations made a number of years ago [7]. The present computations extend these results to 

jets with diameters as small as 0.3 mm. For jets penetrating at subsonic speeds having diameters 

greater than the explosive's failure diameter, we have determined a critical velocity whose 

dependence on jet diameter agrees with the Jacobs-Roslund fit (Vj2dj -10.6 mm3/us2 effectively 
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Figure 3. Mass fraction contour plots showing penetration-mode initiation following the impact 

of 1.5-mm-diameter jet at 5.0 mm/us. 
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Figure 4. Pressure history for penetration-mode initiation following the impact of 1.5-mm- 
diameter jet at 5.0 mm/us. 

representing experimental data for projectile diameters larger than 6.0 mm). As the jet diameter 

decreases below the failure diameter, however, it becomes increasingly difficult to initiate the 

explosive. The critical velocity increases with decreasing jet diameter more rapidly than the 

Jacobs-Roslund formula suggests. Jets having diameters below about 2.0 mm must penetrate at 

supersonic speeds in order to produce initiation. In this case, a critical boundary between impact- 

and penetration-mode initiations has been determined. A critical boundary dividing penetration- 

mode initiation from initiation failure has not been determined. 

Lundstrom [8] reported results from similar computations with short projectiles. His results 

predict somewhat higher critical velocities, so a 2-mm-diameter projectile, for example, would 

require supersonic penetration to produce initiation. His computation for 2-mm-diameter 
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Figure 9. Pressure history for impact-mode initiation with 5.0-mm-diameter jet at 1.65 mm/us. 

projectile appears to have been carried to only 2.0 us. This is considerably shorter than the times 

we needed to observe penetration-mode initiation. Thus, he may have identified a threshold 

between impact- and penetration-mode initiations. 

5. CONCLUSIONS 

We observed two modes of initiation associated with shaped-charge jet attack against bare 

Composition B. Prompt impact-mode initiation occurs for both subsonic and supersonic 

penetration. These results are consistent with Chick's [2] observations. Velocity thresholds for 

large subsonic jets agree with the Jacobs-Roslund fit. For jets with diameters smaller than the 

failure diameter of the explosive they attack, higher velocities than predicted by Jacobs-Roslund 
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Table 1. Summary of Computational Results 

Jet Diameter 
(mm) 

Jet Velocity 
(km/s) 

Penetration Velocity 
(km/s) 

Initiation Mode 

0.3 10.00 F 

0.3 12.00 I 

0.6 8.00 5.5-5.7 P 

10.00 6.8 I 

1.0 7.50 5.1 P 

8.50 5.7 I 

1.5 4.70 F 

5.00 P 

5.20 I 

2.0 2.50 1.7 F 

3.10 2.1 I 

5.0 1.50 F 

1.65 I 

8.0 1.00 F 

1.15 P 

12.0 0.90 P 

0.80 F 

Note: Impact-mode initiation (I), initiation failure (F), penetration-mode initiation (P). 

are required for initiation. A critical threshold between impact- and penetration-mode initiation 

was determined, but a similar threshold between penetration-mode initiation and initiation failure 

has not yet been determined due to limitations of the code. As assessment of the effects of 

stretching jets on penetration-mode initiation and initiation failure using the CTH code is planned. 
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