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Fig. 1. Velocity distribution in solid-liquid two- phase post melting: (a) Non-sliding state of the shear band; (b) sliding state of the

shear band; (c) non-shear failure state of the matrix; (d) shear failure state of the matrix.
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Table 1. HMX explosive parameters.
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Fig. 5. Explosive temperature field with 50 m/s: (a) 40 ps; (b) 90 ps; (c¢) 180 ps; (d) 286 ps.
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Fig. 7. (a) Comparative plot of temperature curves at crack center under conditions: P = 10 MPa, v = 50 m/s, h, = 50 pm;

(b) temperature-time curve of element near the crack center; (c¢) temperature-position curves at different times.
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Fig. 8. (a) Ignition delay time contour of the original friction model; (b) ignition delay time contour of the shear rheology model;

(c) premature ignition interval without considering viscosity (marked in blue).
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A macro-mesoscopic model for shear ignition on explosive
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crack surfaces incorporating viscous flow
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Abstract

Under low-velocity impact, ammunition may suffer damage, fracture, and localized heating ignition, which
can further induce combustion, deflagration, explosion, or even detonation with different intensities. Previous
studies have shown that the explosive impact ignition process is a multi-scale and multi-physical field coupling
problem, which is jointly determined by macro-scale explosive fragmentation and meso-scale processes such as
shear crack interface friction and slip, endothermic melting, viscous rheology, thermal decomposition, and heat
conduction. However, existing impact ignition models fail to effectively connect macro-scale and meso-scale
processes; especially in meso-scale interface effects, there exists a problem that the fluid after explosive melting
is still calculated according to solid friction, making it difficult to accurately predict the ignition time and
location. To solve this problem, a meso-scale crack interface force-thermal-chemical coupling ignition model
considering viscous rheology after melting was proposed in this study. First, the model improved the classical
Frank-Kamenetskii model by introducing the endothermic effect of explosive melting and the viscous shear

rheology of the fluid phase after melting: when the explosive temperature reaches the melting point, the heat
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accumulation is used for melting until the latent heat of fusion is satisfied to complete the phase transition;
after complete melting, the viscous shear rheology of the fluid replaces solid friction as the main heat source,
and the velocity distribution of the solid-liquid two-phase after melting is determined by the balance between
viscous shear stress and frictional stress. Furthermore, the meso-scale model was secondary developed and
connected with the discrete element model to realize the iterative solution of the macro-mesoscopic ignition
model. The proposed model was verified by simulating the Steven experiment, and the results showed that the
ignition threshold predicted by the model was 48 m/s; the ignition delay time at 50 m/s was 286 ps (error about
5.92% compared with the experimental value of 270 ps), and the ignition delay time at 100 m/s was 55 us (error
about 8.33% compared with the experimental value of 60 ps), indicating good experimental comparability.
Meso-scale parameter analysis showed that: compared with the traditional friction model, the model considering
viscous rheology delayed the ignition time in most cases, but accelerated the ignition in the specific range of low
pressure and high shear; for narrow cracks, the ignition delay time first advanced and then delayed with the
increase of crack thickness due to the competitive relationship between heat generation and heat dissipation; the
increase of pressure and shear velocity shortened the ignition delay time, while the increase of crack thickness
prolonged the ignition delay time. The research results provide a new method for accurately predicting the non-
impact ignition time and location of explosives, and offer a new understanding of the crack friction ignition

mechanism.

Keywords: explosive safety, crack surface melting and rheology, macro-mesoscopic ignition model, ignition

delay time

DOI: 10.7498 /aps.75.20260228 CSTR: 32037.14.aps.75.20260228

130001-11


http://doi.org/10.7498/aps.75.20260228
https://cstr.cn/32037.14.aps.75.20260228
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

B BRA R R AR B XEZBI U] R KB - AR R
EIAE HE R

A macro-mesoscopic model for shear ignition on explosive crack surfaces incorporating viscous flow

WANG Benxin  HAN Fei YU Yin

51 Ff5 B Citation: Acta Physica Sinica, 75, 130001 (2026)  DOI: 10.7498/aps.75.20260228
CSTR: 32037.14.aps.75.20260228

TELR T2 View online: https://doi.org/10.7498/aps.75.20260228

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

URLIF RS A 24 R SR A 1) i MR L P 57 i
High signal-to—noise—ratio ultrasonic imaging of crack defects in particles filled composite explosives

WyFEEEAR. 2023, 72(15): 154301 hitps:/doi.ore/10.7498/aps.72.20230522

PR T A RE R DU EIIT 05 B b A o7 SR Y 7 A

Proton beam energy deposition in fast ignition and production of protons on Shenguang Il upgraded device

YrE2E 4. 2023, 72(9): 095201  https:/doi.org/10.7498/aps.72.20222005

SRR TR A8 25 S TR P A DR KRB S MR e
Formation of fast—ignition hotspots and propagartion of burning waves in pre—compressed isochoric plasmas

YIBR2AHR. 2024, 73(5): 055204  https://doi.org/10.7498/aps.73.20231474

i o B AR A A DL

Ignition mechanism of near o high temperature titanium alloy

YHE2E 4. 2024, 73(8): 086103  https://doi.org/10.7498/aps.73.20240003

XoF 5 P 1R 2 R B 201 04F USRS 36 e R e 64 70 H

Analysis of design principles of the experiments on the National Ignition Facility since 2010

WAL 2022, 71(13): 135202 https://doi.org/10.7498/aps.71.20220199

XUHE RS K S5 v ) S SORRE B RS 15 1] 32000 LR IR

Cross beam energy transfer and backward stimulated Brillouin scattering in double—cone ignition experiment

WAL 2023, 72(17): 175203 https://doi.org/10.7498/aps.72.20230442


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.75.20260228
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230522
https://doi.org/10.7498/aps.72.20230522
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20222005
https://doi.org/10.7498/aps.72.20222005
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231474
https://doi.org/10.7498/aps.73.20231474
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240003
https://doi.org/10.7498/aps.73.20240003
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220199
https://doi.org/10.7498/aps.71.20220199
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230442
https://doi.org/10.7498/aps.72.20230442

	1 引　言
	2 模型方法
	2.1 考虑熔化后黏性流变的点火模型构建
	2.2 模型离散
	2.3 宏-介观点火模型的衔接

	3 结果与讨论
	3.1 基于Steven实验的计算结果对比
	3.2 介观剪切流变对点火机制的影响
	3.2.1 剪切流变对点火时间的影响
	3.2.2 窄裂纹情况对点火时间的影响
	3.2.3 各参数对温升曲线及点火时间的影响


	4 结　论
	参考文献

