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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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Fig. 2. Correlation between mesoscopic models and discrete

element material points.
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Fig. 3. Iterative solution process for the discrete element

macro-mesoscopic ignition model.
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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.

U A TR B, E 207 ps 22 AT BRI 2
40 pm AR EE 2R R A — 3, AR [
THRUE S E A B G TR EAL. 1
40 pm DM IR TG 05200, TRIHREREY .
FEE 2 e BT Y 40 pm kb T 04k, Bt
fRIX, 3 B A TR BT DD AR, BRIE TR A R
ICTF JREE A B, [ B T A e IR THRER AR,
TEZLS M B 35—50 pm 22 6] 2 H B IR I 42

1E— & ZHEH (P =150 MPa, v = 10—
100 m/s, h, = 5—50 pwm) A G531 5 K HEIR B [a]
P18 () Sy Jit JEE 42 4S50 303000 £14) A K A SR I ) == [
&1 8(b) Ay BYLI L AR AR AL TN () s, K AE SR 1sf 7] 2 ]
P 8(c) M AR R B4R AT K X ] AN R %
ML AR A AR TE SR 3 0 T 23 2k el b T o5 k.
AR IR BY DI A R T R Y, 5 M AR 2
FEFH IR P A K. LA P = 1 MPa, v = 60 m/s,
he= 3 pm A B, WK 9 iR, BibEBA i T 244
JEREER /N, H R 0N, FRIRI = TEL /N, e
TR AIEART, PRI (6) X AT BAKE Hy

= Bu() + (1 - PP —2
4= P hm s hc_hm'

(14)

130001-6


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

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 13 (2026) 130001

1000 1000 800
(a) : (b) — z=0pm --- z =35 pm [ (c) —t=0.2 ms
| ~--x=5pm -——x =40 pm * ---t=0.4 ms
: z =10 pm —-—- x =45 pm 700 N ---1t=20.6 ms
% 800F ) g 8001 z =15 pm =50 pm| ¥ T -——t=0.8 ms
' e _
% ; g % 600 [ ~\ —-=-t=1.0 ms
- / - pE}
5} , @ @
g 600 ’ g 600 g
a r s A r 2. 500
: : :
I I =
400 b --- Meso—fr.ictional model 400 | 400
—— Meso-viscous model
) ) ) ) ) ) ) ) 300
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 0 100
Time/ms Time/ms

K7 (a) P=10 MPa, v=>50 m/s, h, = 50 pm ZE .0 FIT IR BE I 2 X LU 1AL (b) 24400 MEE o0 B9 I BE- I 1] 285 (c) A
[ b 220 38 B2 - ¢ 1 2%

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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Fig. 10. Ignition delay time curve for narrow cracks.
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Fig. 11. (a) Temperature rise curve at narrow crack center; (b) temperature rise curve from heat source term at narrow crack cen-

ter; (c) temperature drop curve from diffusion term at narrow crack center.
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Fig. 12. (a) Temperature rise curves at crack center under different pressures; (b) temperature rise curves at crack center under dif-

ferent shear velocities; (c¢) temperature rise curves at crack center for different crack thicknesses.
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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

accumulation is used for melting until the latent heat of fusion is satisfied to complete the phase transition;
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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.
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