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Fig. 1 General research framework
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Fig. 2 Schematic diagram of the experimental principle: 1—

Electric detonator; 2—Detonator holder; 3—Booster
charge; 4—Shaped charge; 5—Energetic material
liner; 6—Support plate; 7—Standoff tube; 8—Steel

target; 9—Backing plate
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Fig. 3 Experimental setup for Zr-based energetic jet pene-

tration into steel target: 1—Shaped charge war-

head; 2—Standoff regulation device; 3—Q235 steel

target plate
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Table 1 Penetration depth predictions and their deviations across models

FE #mE HRE EAER Model 1 Model 2

G BRIEE WIE (g/em’)  HRJE(GPa) ) L, (mm) 8 (%) L,, (mm) 8 (%)
1 Zr 6.83 0.9 355. 5 267. 6 24,73 207. 8 41,55
2 10%W/Zr 8.07 1. 60 401. 3 245. 8 38.75 176. 4 56. 04
3 15%W/Zr 8. 69 1.69 418.9 264. 9 36.76 194.9 53.47
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Fig. 4 Damage morphology of steel target by

metal-based energetic jet
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Fig.5 Schematic illustration of metal-based energetic jet penetration process
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Fig. 6 Theoretical model analysis of metal-based energetic

jet penetrating steel targets
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Fig. 7 Illustration of the contribution of metal-based

energetic jet to borehole enlargement
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Fig. 8 Radial distribution of jet velocity
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Table 2 Calculated and measured rise time in jet

impact energy-release test

ZiAE W E# u.(m/s) r.(ms) . (ms)  6,(%)
0% 2685 24,61 25. 67 4,31

10% 2990 16.21 17. 28 6. 60
15% 2771 22.17 22.96 3.56
P2 4.82
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/
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o
n

2.5 L L L
\ 0.01 0.02 0.03 0.04
Time (s)

s Contain 10% W
s Contain 15% W
Doesn’t contain W

Overpressure (MPa)
N

0.00 0.02 0.04 0.06 0.08 0.10
Time (s)

&9 - ] £

Fig. 9 Overpressure-time curve
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Table 4 Comparison between model predictions

and Cxpcrimcntal measurements

FEHS L, (mm) Ls(mm) Li(mm) L.(mm) §,(%)
1 127.5 202.0 329.5 355.5 7.31
2 132.8  287.6  420.4  401.3 4.76
3 138.3  304.8  443.1  418.9 5.78

Table 3 Initial parameters required for model validation
WIES
vo(m/s) v, (m/s) 1 (ps) almm) o(GPa) . (ms)
ETRE
1 6637 2677 —2.05 —13.63 0.75 24.61
2 6054 2982 —1.90 —11.52 2.01 16.21
3 5973 2790 —2.58 —15.42 2.15 22.17
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Study on the Engineering Model of Penetration Depth
of Metal-Based Energetic Jet Acting on Steel Targets

Jian Wang' Qiang Li Zaicheng Wang”® Peihan Wang' Qiyun Wang' Hao An'
(! School o f Mechanical and Electrical Engineering s North University of China , Taiyuan, 030051)

(*State Key Laboratory of Ex plosion Science and Technology . Beijing Institute of Technology, Beijing, 100081)

Abstract To address the limitations of existing engineering models for penetration depth that inade-
quately account for the coupling between the impact-induced energy release reaction of metal-based ener-
getic jets and penetration behavior, a novel engineering model for penetration depth was developed. The
model was based on a detailed analysis of the physical process of energetic jet penetration into steel targets,
combined with the dynamic features of the impact-induced energy release. The model aimed to improve
prediction accuracy for steel targets under impact conditions encountered in shaped charge applications.
The quasi-steady theory of ideal incompressible fluid mechanics was adopted to describe fluid-like jet be-
havior. A jet transient reaction time was introduced as a key parameter to capture the timescale of chemical
energy release relative to the penetration event. The model systematically incorporated the staged effects of
peak overpressure arrival time and the evolving strength of both jet and target materials. Analytical ex-
pressions were derived to link penetration depth with jet properties, jet transient reaction time, and target
resistance, providing a quantitative framework for performance prediction. Model parameters were calibra-
ted using experimental measurements. Based on this framework, the influence of jet transient reaction time
on penetration depth was investigated. Results show that penetration depth first increases and then decrea-
ses as reaction time extends. This nonlinear trend indicates that neither very short nor excessively long re-
action time is favorable for maximizing penetration. Experimental validation was performed; results show
that model predictions deviate by less than 10% from measured penetration depths under multiple test con-
ditions, confirming the model’s accuracy. The proposed model provides new theoretical insight into the
coupling between penetration mechanics and impact-induced energy release of metal-based energetic jets, It
also offers practical guidance for the structural optimization of shaped charges and supports the quantitative
assessment of damage to armored targets, showing potential value for both defense applications and engi-
neering design.

Key words metal-based energetic jet, steel target, penetration depth, impact dynamics





