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1. IntroductIon
Detonation in condensed explosives has been important 

to the scientific community for many decades, and there have 
been numerous publications on theoretical, experimental, and 
numerical investigations1,2. Detonations in solid explosives are 
believed to be facilitated by the presence of defects, known as 
‘hot spots,’ because of enhanced chemical reactivity when a 
shock wave passes over and possibly interacts strongly with 
them3.

Experiment impacting explosive sample with a drop 
weight is a standard approach in China. Pores in explosive 
have a significant effect on its sensitivity under impact of a 
drop weight. The sensitivity under impact of a drop weight 
here is referred as the probability initiating explosion. It is 
used to examine safety performance of explosive charged 
in a warhead under launching process4,5. In the experiments 
impacting explosive samples with a drop weight, it is difficult 
to observe the dynamic responding and igniting process of 
pore. The effect of pore in Composition B explosive on the 
sensitivity under impact with a drop weight was investigated 
in this work by using numerical simulation.

Under impact of drop weight, the pore deforms and the 
local temperature around the pore increases. This process is 
commonly called into hot spot growth.  About shock initiation 
and ignition models, there are a large number of document 
reports6-8. Tran and Udaykumar performed simulation of void 
collapse in an energetic material9. Tarver, et al. estimated 
critical hot spot to initiate detonation for HMX and TATB10.

Compared with shock initiation, the load generated by drop 
weight is less and the action duration is longer. Therefore, the 

ignition model used in shock initiation should be revised to carry 
out numerical simulation on initiation explosion in explosive 
under impact from a drop weight. The result obtained in study 
of shock initiation cannot used to understand the phenomenon 
initiating explosion of explosive sample under impact from a 
drop weight. The process initiating explosion around pore in 
explosive under impact from a drop weight was simulated by 
using numerical method to examine the factors and condition 
affecting ignition in this work. Mechanical impacts are a main 
cause of ignition of explosive atmospheres in the industry11. 
This research can be applied to estimate the risk of ignition 
of explosive under impact with other drop weights instead of 
conduct of experiments also.

2. numerIcal model
2.1 Geometry 

The geometry for calculation is shown in Fig.1. The 40 
mm diameter by 40 mm long explosive cylinder is charged 
in a shell made of steel, shown in Fig.1. When a weight at a 
height drops the explosive cylinder will be impacted. The load 
strength depends on the weight and its drop height. The mass 
of drop weights commonly used in the experiments are 200 kg 
and 400 kg respectively. 

    
2.2 material model and Parameters 

A 5 mm thick PMMA shim was placed on the top end of 
the explosive cylinder. The material density for PMMA was 
1.18 g/cm3 and its shear modulus and yield strength were 1.5 
GPa and 0.5 GPa respectively.
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For	PMMA	shim,	Mie-Gruneisen	 equation	of	 state	was	
used	in	the	numerical	simulation:
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where 0/ -1µ = r r ; r  and 0r  are the current and initial 
densities of material respectively; ET is the thermal energy, 
C,S1,S2,S3,  0g , and a are the constants listed in Table 1.

The drop weight and the shell were made of gun steel. For 
gun steel, Plastic-Kinematic model was used in this numerical 
simulation:				
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where σ0  is the yield stress; ε  is the stain rate; C and P  
are the parameters for strain ratio; eff

Pε is the effective plastic 
strain; PE  is the plastic hardened modulus. 
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where E is the elastic modulus, tanE  is the tangent modulus. 
Because	 the	 effect	 of	 ε  was ignored in this numerical 
simulation C and P  were taken as the omitted values. 

The	 ignition	 and	 growth	 reactive	 flow	model	 uses	 two	
Jones–Wilkins–Lee	 (JWL)	 equations	 of	 state,	 one	 for	 the	
un-reacted explosive and one for its reaction products, in the 
temperature dependent form

1 2
gR V R V TP ae be
V

− −= + +                                      (4)

where p is pressure, V is relative volume, T is temperature, 
g=wCv,	w	is	the	usual	Gruneisen	coefficient,	Cv is the average 
heat capacity, and a, b, R1, and R2 are constants (listed in Table 
3).

The	density	for	Composition-B	is	1.717gcm-3, the tangent 
modulus 0.035 (100GPa) and the yield strength 0.2GPa. The 
equation	of	state	for	the	air	in	the	pore	is	

( )2 3 2
0 1 2 3 4 5 6 0p C C C C C C C E= + + n + n + + n + n

        

             
 (5)

The initial density of air is 0.00129gcm-3. C0, C1, C2, C3, 
C4, C5, and C6	 are	 the	 coefficients	 in	 the	 equation	 of	 state:

0 1 2 3 0C C C C= = = = , 4 5 0.4C C= = . 0/ 1n = r r −
( r  and 0r  are the current and initial densities of the air in 
the pore) ; E0	is	the	initial	inner	energy	for	the	air	in	the	pore:	

6
0 2.50 10E −= × J.	 Ignition	 and	 growth	 reactive	 flow	 model	

parameters have been developed for SDT in many solid 
explosives. Much progress has been made in study on shock 
initiation in recent years. The investigation aiming at the effect 
of	pore	on	sensitive	of	Composition-B	under	 impact	of	drop	
weight is nevertheless scarce in the published literature. The 
detailed information of igniting process induced by a pore 
in the explosive cylinder under impact with a drop weight is 
investigated by numerical simulation in this paper.

In the numerical simulation of igniting process for 
explosives it is a key to determine the ignition and growth 
reactive	flow	model	suitable	for	the	explosive	examined	under	
the impact of drop weight. The ignition and growth reactive 
flow	model	of	shock	 initiation	and	detonation	has	been	used	
to model many shock initiation and detonation studies of solid 
explosives.	But	the	previous	parameters12 of ignition and growth 
reactive	flow	model	were	calibrated	on	the	high	pressure	and	
short	load	duration.	Therefore,	the	parameters	in	the	equation	
of reaction rate for shock initiation need to be revised to adapt 
to the low pressure and long load behavior in this study.

Based	on	the	previous	report12, the binomial expression of 
reaction rate is suitable for lower pressure with long action duration. 
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Figure 1. Schematic of geometry for calculation.

0r , gcm-3 C, cm S1 S2 S3 0g a

1.18 0.25661 1.595 0 0 1.000 0

table 1. gruneisen equation of state parameters for PmmA 

0r , 
gcm-3

E/100gPa Poisson’s 
ratio

yield 
stress/100gPa tanE

/100gPa

7.83 2.1 0.284 0.0053 0.1

table 2. material parameters for gun steel

Parameter Unreacted  JWL Product JWL

a,102GPa 778.1 5.42
b,102GPa 0.0531 0.07678

R1 11.3 4.2000

R2 1.13 1.1000
g 2.2390×10-5 3.4×10-6

table 3. Equation parameters of state for Composition-b
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The	main	factor	influencing	initiation	process	is	G1. The 
parameter G1 can be calibrated by the result of experiments 
(13). G1=110×1015 Pa s-1 is suitable in this study14. The other 
parameters	in	the	chemical	reaction	equation	were	taken	as:	I	
= 44.0×106 s-1; a = 0.010; b = 0.222; c = 0.222; d = 0.667; x = 
4.00; y = 2. 

3. EFFECt OF grId SIzES ON CALCULAtION 
ACCUrACy 
Grid	sizes	in	the	numerical	simulations	have	a	significant	

contribution to the calculated results. In the trial calculations 
three	grid	sizes	(0.05	cm,	0.025	cm,	and	0.01	cm)	were	taken.	
The	calculated	results	for	 the	 three	grid	sizes	were	shown	in	
Fig. 2. The comparison of the calculated results shows that the 
pressure at the initiating location for 0.025 cm was very near 
that	for	0.01	cm.	Therefore,	the	grid	size	was	taken	as	0.025	cm	
in the numerical simulation of this work. 

4. SImULAtION rESULtS ANd ANALySIS
4.1 Effect of Pore Size on Process Initiating 

Explosion
To	 examine	 the	 characteristics	 of	 Composition-B	

explosive with a pore against impact of a drop weight at given 
height, numerical simulations were performed in this work. A 
spherical pore was located at x = 0.3 cm, y = 3.5 cm (shown in 
Fig.1).	The	following	condition	was	taken	to	calculate:	Weight	
mass is 400 kg, and drop height 3 m; Shell thickness is 1.8 cm; 
Height and radius of cylindrical explosive are 4 cm and 2 cm 
respectively. The location of pore in the explosive sample is at 
(0.3 cm, 3.5 cm), as shown in Fig. 1. 

The effect of pore in the process of initiation was examined 
by	 using	 numerical	 simulation.	The	 four	 sizes	 of	 pore	were	
used in the calculation. The processes initiating explosion for 
various	pore	sizes	are	shown	in	Figs.	3-6.	For	the	three	cases	
with pores the explosion was initiated also around the pore. 

From	 Figs.	 3-6,	 we	 can	 find	 that	 before	 the	 chemical	
reaction is initiated the values of local pressures in the explosive 
sample	are	approximately	equal.	When	explosion	is	imitated,	
the local pressures are different clearly. This is because the 
impact load from a drop weight is far less than the explosion 
load from chemical reaction of explosive.  Minimum loads in 
Figs.3-6 are the original pressures initiating explosion and the 
corresponding locations and times are the original locations 
and times initiating explosion.    

Figure 2.  Pressure time histories at initiating location in explosives 
or three grid sizes.
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Figure 3. Pressure history initiating explosion for 0.0 cm 
diameter of pore.
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Figure 4. Pressure history initiating explosion for 0.03 cm 
diameter of pore.

Pr
es

su
re

/G
Pa

Time,	μs

Diameter of 
pore/mm

Original locations 
initiating explosion/cm

Original times initiating 
explosion/μs

0.0 2.9 415.5

0.3 3.5 412.8

0.7 3.4 386.8
1.0 3.3 352.2

Table 4. Comparison of original locations and times initiating 
explosion for various pore sizes
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The original location initiating explosion for 0.0 cm 
diameter of pore is at (0.3 cm, 2.9 cm), as shown in Fig. 3. 
Similarly, the original locations initiating explosion for  
0.03 cm, 0.07 cm, 0.1 cm diameter of pores were obtained. The 
original locations and times initiating explosion are shown in 
Fig. 7 and listed in Table 4.

To compare, the pressure time histories at the initiating 
locations were shown in Fig. 7. 0.0 mm, 0.3 mm, 0.7 mm, 
and 1 mm in Fig. 7 represents the diameters of the pores in 
composition-B	 explosive	 respectively.	 Fig.	 7	 shows	 that	 the	
histories for the 0.0 mm and 0.3 mm pores are coincident. 

This	result	illustrates	that	when	the	size	of	pore	is	less	than	
0.3	mm	the	effect	on	initiation	of	composition-B	explosive	can	
be ignored, which agrees with the experiential data12. 

Table 4 shows that the original time initiating explosion 
decreases	 as	 the	 pore	 size	 increase.	 Meanwhile,	 pore	 in	
explosive sample has an impact on the original location 
initiating explosion.

4.2 minimum height Initiating Explosion
For given drop weight, the probability initiating explosion 

increases	with	the	drop	height.	When	the	height	is	less	than	a	
critical value, explosion cannot be initiated by the impact of 
the drop weight. The critical value is called into the minimum 
height in this work.  Through the numerical simulation, the 
minimum heights of the 400 kg drop weight were obtained for 
the	pores	with	various	sizes	which	were	0.0	mm,	0.3	mm,	0.7	
mm,	and	1.0	mm.	For	Composition-B	explosive	with	the	0.0	
mm pore under impact of the 400kg drop weight the minimum 
height is 1.9 m. In this case the pressure time histories at the 
various locations on axis Y are shown in Fig. 8. In Figs. 8 and 
9,	units	of	X-axis	(time)	is	given	as	ms.	The	pressure	histories	
in Fig.8 show that explosion was not initiated. 

In the similar way the minimum height was obtained for 
composition-B	explosive	with	the	0.3	mm	pore	under	impact	of	
the 400 kg drop weight. It is 1.85 m. The pressure time histories 
in	composition-B	explosive	at	the	various	locations	on	axis	y	
in this case are shown Fig. 9. Fig. 9 shows that explosion was 

Figure 5. Pressure history initiating explosion for 0.07 cm 
diameter of pore.
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Figure 7. Pressure histories at initiating location for 400 kg 
weight at 3 m height.
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Figure 8. Pressure histories in Composition-b with 0.0 mm 

pore under impact of 400 kg weight at 1.9 m.
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Figure 6. Pressure history initiating explosion for 0.1 cm 
diameter of pore.
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diameter of 
pore, mm

minimum 
height, m

maximum 
pressure/gPa

0.0 1.9 0.84742

0.3 1.85 0.81457

0.7 1.6 0.78413

1.0 1.3 0.72916

table 5. minimum heights for composition-b explosive with 
various size pores under impact of 400kg drop 
weight  

diameter of 
pore, mm

minimum 
height, m

maximum 
pressure/gPa

0.0 3.55 0.86884

0.3 3.4 0.85984

0.7 2.8 0.82821

1.0 2.1 0.78704

table 6. minimum heights for composition-b explosive with 
various size pores under impact of 200 kg drop 
weight  

Figure 9. Pressure histories in composition-b with 0.3mm pore 
under impact of 400 kg weight at 1.85 m.
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Figure 10. Pressure histories in composition-b with 0.7 mm pore 
under impact of 400 kg weight at 1.6 m.
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Figure 11. Pressure histories in composition-b with 1.0 mm pore 
under impact of 400 kg weight at 1.4 m.
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not	 initiated	 in	 composition-B	 explosive	 with	 0.3	 mm	 pore	
under impact of the 400 kg drop weight at 1.85.  

In the similar way the minimum height is 1.6 m for 
composition-B	explosive	with	the	0.7	mm	pore	under	impact	
of the 400 kg drop weight. The pressure time histories in 
composition-B	explosive	at	the	various	locations	on	axis	y	in	
this case are shown Fig. 10.

In the similar way the minimum height is 1.4 m for 
composition-B	explosive	with	the	1.0	mm	pore	under	impact	
of the 400 kg drop weight. The pressure time histories in 
composition-B	 explosive	 at	 the	 various	 locations	 on	y-axis	
in this case are shown Fig. 11.The comparison between the 
minimum heights for the four cases is listed in Table 5. 

  In the similar way, the minimum heights were obtained 
for	composition-B	explosive	with	the	various	size	pores	under	
impact of the 200 kg drop weight. The comparison between the 
minimum	heights	for	the	four	size	pores	is	listed	Table	6.		

Under impact of 400 kg and 200 kg drop weights, the 
minimum	 heights	 for	 the	 composition-B	 explosive	 with	 the	
0.3 mm pore are very close to those with the 0.0 mm pore. 
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Therefore,	 when	 the	 sizes	 of	 pore	 in	 the	 composition-B	
explosive are less than 0.3 mm, the effect of pore on impact 
sensitivity can be ignored. 

5. CONCLUSION 
This work developed an approach to predict the effect of 

pore in explosive on sensitivity under impact with drop weight. 
The sensitivity under impact with drop weight represents the 
safety performance of explosive in launching process. The 
numerical	results	in	this	work	showed	that	when	the	sizes	of	
pore	in	composition-B	explosive	are	less	than	0.3	mm,	its	effect	
on sensitivity under impact of a drop weight can be ignored. 
This result agrees with experimental data. 

The detail information in the process initiating explosion 
in explosive sample under impact from a drop weight can be 
obtained by using numerical simulation. The numerical result 
shows that pore in explosive sample has an impact on the 
original locations and times initiating explosion. The original 
time	initiating	explosion	decreases	as	the	pore	size	increase.
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