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Abstract: In order to further understand the detonation characteristics of annular 
booster pellets, the energy convergence effect from the detonation wave on the 
central axis was investigated by using the segmentation and lower end surface 
output. The result shows that in the whole explosion process, the power exportation 
capability (N) of the converging energy flow into the central axis increases, then 
decreases, and then increases and finally decreases. When the collision incidence 
angle of the detonation waves (or shock waves) reaches a critical value (φcr), Mach 
reflection occurs at the position on the central axis from the upper end face, as 
expressed by the formula hc = Lg·tanφcr at time t. The pressure at the collision point 
rises abruptly to the maximum pressure with a maximum of the power capacity. 
The segmentation and lower end face output opens up a new test method for the 
optimal design of the special-shaped booster explosive.

Keywords: annular booster pellet, power capability, Mach reflection, 
overdriven detonation, energy convergence, shock to detonation transition

Central European Journal of Energetic Materials
ISSN 1733-7178; e-ISSN 2353-1843
Copyright © 2023 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland



303Study on the Trend in Evolution of the Energy Flow in the Axis of Annular...

Copyright © 2023 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland

Acronyms and abbreviations
at 	 ‒ Coefficient of the area effect
BASD 	 ‒ Booster pellet axial-steel-dent 
MASD 	‒ Main charge indirect axial-steel-dent
N 	 ‒ Power exportation capability
pCJ	 ‒ Theoretical detonation pressure [MPa]
pmax	 ‒ Maximum detonation pressure [MPa]
TP 	 ‒ Test point
φ	 ‒ Incident angle of a detonation wave
φcr	 ‒ Critical value of the collision incidence angle of a detonation wave

1	 Introduction

One of the ways is to improve the quality of the explosives by means of the 
improvement of the oxygen balance, introduction of the high energetic metal 
powder (such as aluminum) and optimization of the grain gradation of the booster 
particles [1-11], which can improve the initiating ability of the booster. Another 
way is to improve the effective power capability of the booster by changing the 
charge structure of the booster pellet [12], which is mainly realized in one of two 
distinct ways. s. One is to improve the effective charge of the booster pellet, for 
example by using a pellet with a hemispherical shape [13, 14]. The other method 
is to convert the divergent potential energy into the effective initiation energy 
through the energy convergence effect. When the mass of the charge is the same, 
the more potential energy converged, the higher the effective power capability 
and the greater the initiation capacity. One potential geometry to achieve this 
consists of a concave sphere, a conical outside and a concave spherical inside 
sphere, ring and conical ring [15-18]. It has been shown from a large number of 
investigations that there is little hope to synthesize explosives containing C, H, 
O and N elements with low sensitivity but energy higher than CL-20. Therefore, 
it is imperative to focus on the design of charging mode and develop the booster 
pellets that can output higher energy.

It has been shown from many experimental results [15-18] that the initiating 
ability can be significantly improved by the energy convergence effect produced 
by changing the structure of the booster pellet. Although high speed camera 
images can be obtained and analyzed through numerical simulation to establish 
an intuitive understanding of the evolution law, it is limited in the data that can 
be acquired which greatly hinders the optimization of design for shaped charges. 
It is very necessary to find a new way to investigate and understand the energy 
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accumulation process. Therefore, in this work, the energy convergence effect 
in the central axis of thane annular booster pellet was investigated by using 
segmentation and lower end surface output. 

2	 Experiment

2.1	 Geometric model
The test points (TPs) on the central axis of the annular booster pellet are shown 
in Figures 1 and 2.
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Figure 1.	 Geometry size of half the axial cross section with TP: 1 ‒ initiating 

point; 2 ‒ annular booster pellet and 3 ‒ main charge
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Figure 2.	 A quarter entities model with TP: 1 ‒ initiating point; 2 ‒ main charge 
and 3 ‒ annular booster pellet

2.2	 Experimental methods
It is difficult to directly measure the output energy on the central axis of an 
annular booster pellet. Therefore, it is obtained indirectly by using segmentation 
and using a lower end surface output method, that is, , it is estimated indirectly 
by examining the energy output from the lower end surface, with the length of 
the charge being varied to build up a complete picture.

At present, there are many experimental methods to determine the initiation 
energies of the booster explosive. In this paper, the following two methods are 
selected [16]: 
(i)	 Booster pellet axial-steel-dent (BASD) method. The booster pellet is 

in contact with a witness plate, and the booster pellet is detonated with 
a detonator. The initiation energy is estimated by the axial steel-dent 
produced by the explosion of the booster pellet. 

(ii)	 Main charge indirect axial-steel-dent (MASD) method. The main charge is 
detonated directly by the booster charge, and the initiation energy is estimated 
by the axial steel-dent produced by the explosion of the main charges. 

2.3	 Experimental condition
The high-energetic explosive PBXN-5, with a density of 1.658 g/cm3, is used 
as the booster charge. Five booster pellets of different heights were used (see 
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Figure 3with corresponding measurements in Table 1). The structures in Figure 1 
correspond to those of Figure 3. For example, the length from the vertex to 
each measuring point in Figure 1 corresponds to the height of each booster in 
Figure 3, and “TP.1-TP.5” in Figure 1 represents the position of the center point 
of the lower end surface of each booster in Figure 3. Superfine HMX is used in 
a four-point-synchronous explosive initiation system and is shown in Figure 4., 
This initiation system is pressed and formed, with a density of 0.98-1.10 g/cm3 
and the corresponding sizes are in Figure 5 [17]. 

Figure 3.	 Annular booster pellets

Table 1. Results of the initiation capacities of annular booster pellets by the 
BASD and MASD methods

Shape ρ
[g/cm3]

ɸout 
[mm]

ɸin 
[mm]

H 
[mm]

Mass 
[g]

The dent 
of BASD 
method 
[mm]

The dent 
of MASD 
method 
[mm]

Number 
of tests

Ⅰ

1.66 29 19

23 14.40 4.32 0.58

5
Ⅱ 20 12.50 4.53 0.72
Ⅲ 15 9.40 3.58 0.37
Ⅳ 12 7.50 4.24 0.54
Ⅴ 8 5.00 3.05 ‒

  
Figure 4.	 Four-point-synchronous explosive circuit
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Figure 5.	 The size of four-point synchronous circuit (in mm)

The components of the main charge include nitroguanidine (NQ), 
polytetrafluoroethylene (F4) and graphite (G), with the component ratio of 
NQ/PTFE/G = 51/48/1. Among them, NQ is the explosive component, F4 is the 
insensitive agent, and G is used as the lubricant and reagent for eliminating the 
static electricity. The charge density is 1.28 g/cm3, with a diameter and height of 
42.30 and 36.50 mm, respectively. When used with the booster pellets the main 
charge changes corresponding to the size of the annular booster pellets, so its 
diameter is 19.00 mm. The material of the witness plate is 45# steel and the size 
is 120 (diameter)×50 mm.

2.4	 Experimental equipment 
The experimental equipment of the initiating ability of the annular booster pellets 
are shown in Figures 6 and 7. 
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Figure 6.	 Experimental set-up for BASD method: 1 ‒ detonator, 2 ‒ plastic 
holder, 3 ‒ circuits cover plate, 4 ‒ circuits substrate, 5 ‒ annular 
booster pellet and 6 ‒ axial steel witness plate
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Figure 7.	 Experimental set-up for MASD method (annular booster pellet under 
four-point-synchronous explosive circuit): 1 ‒ detonator, 2 ‒ plastic 
holder, 3 ‒ circuits cover plate, 4 ‒ circuits substrate, 5 ‒ annular 
booster pellet, 6 ‒ small main charge, 7 ‒ larger main charge and 
8 ‒ axial steel witness plate 
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3	 Results

For both BASD and MASD methods, the initiating abilities of the annular booster 
pellets with the different heights are presented in Figures 8 and 9, and Table 1.

Figure 8.	 Results of the BASD method

    
Figure 9.	 Results of the MASD method

Since the booster charges, main charges and witness plates selected in each 
of the experiments are similar (see para 2.3) in detail), the influences of the 
contact surfaces of each other are similar. Therefore, the relationship between the 
steel dents and heights of the booster pellets in Figure 10 can be approximately 
transformed into that between the steel dents and depths of the central axis of 
annular booster pellet after removing the influences of the interfaces by means of 
moving the same unit vertically up or down, and thus the law will not be changed. 
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Figure 10.	 Graph showing the relationship between the dent in steel witness 

plates and the height of annular booster pellets

4	 Discussion 

For a traditional cylindrical booster pellet, the value of the maximum detonation 
pressure (pmax) is often equal to or less slightly than the theoretical detonation 
pressure, according to Chapman-Jouguet conditions, (pCJ) for the given charge 
density. However, a case of pmax > pCJ is often found for the shaped charge 
structures, such as the annular charge studied here. In the case that the insensitive 
main charge is detonated by the annular booster pellet, there are two kinds of 
the detonation waves: one is the annular detonation wave that travels axially 
down the cyclinder, the other is the convergence effect of the radial detonation 
wave that travels inwards towards the centre. Among them, the detonation wave 
convergence from the radial output is dominant. 

When the insensitive small main charge inside of the annular booster pellet 
is detonated by the shock, convergent detonation waves will be generated due 
to the overdriven detonation from outside to inside of the annular booster pellet 
[18]. The main characteristic of the convergent detonation waves is that the 
wavefront of the detonation wave is shrinking, while behind detonation wave is 
strengthening, and the wave velocity is accelerating, which gradually leads to 
the overdriven detonation. Thus a pressure will form which is higher than that 
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from the normal Chapman-Jouguet detonation of the explosive[19, 20]. In the 
case of a given charge, with the continuous reduction of the distance between 
the wavefront and axis, the pressure of the convergent detonation waves in the 
insensitive small main charge increases sharply, and the strongest detonation 
wave forms at the central axis and propagates downward.

The process of the downward energy flow (shaped energy flow) generated by 
the convergent detonation waves can be described looking at the wave collision. 
Compared with the general wave collision, the number of superimposed waves 
of the convergent detonation waves are more and the abrupt changes of the 
energies are more significant. According to the collision theory of detonation 
or shock waves [21, 22]: when two detonation waves (or shock waves) interact 
head-on, a collision will occur, and the pressure at the collision point increases 
sharply, as shown in Figure 11. When the incident angle is φ, the detonation waves  
(or shock waves) will collide obliquely, and two reflected shock waves propagate 
back to both sides at a certain angle, as shown in Figure 12. For a detonation wave 
(or shock wave) with a certain Mach number, a normal oblique collision occurs 
when φ is less than a certain critical angle (φcr), and the initial incident angle is 
consistent with the reflection angle, as shown in Figure 13. With the continuous 
increase of the initial incident angle, the reflection angle of the detonation wave 
(shock wave) increases. When the incident angle φ reaches φcr, the incident angle 
is converted into a “turned incident angle”, which forces the reflected shock wave 
to move up to a certain distance from the collision point, leading to an irregular 
oblique collision, i.e. Mach collision (see Figure 14). 

Initiation
point

Initiation
point

Impact boundary

Figure 11.	 Head-on collision
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Figure 12.	 Oblique collision
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Figure 13.	 Regular oblique collision (φ < φcr)
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Figure 14.	 Irregular oblique collision (φ > φcr)
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Here, the formula used to evaluate attenuation pulse power [12] is introduced 
and adopted to analyses the impact initiation process of the booster (Equation 1). 

2

0
( )ct taN p t dt

Z
� � �� � (1)

where N is the power exportation capacity, at is the coefficient of the area effect, 
t is the time, p is the shock pulse pressure, which is a function of the time t, and tc 
is the characteristic time for which the shock pulse pressure p decays to the value 
corresponding to the critical initiation of the sympathetic charge (propellant). 
Under the given experimental conditions, when the contact areas between the 
booster and contact material are the same and the materials are the same, the 
same shock impedances apply. Therefore, it can be concluded that the power 
exportation capacity N is mainly influenced by the shock pulse pressure p and 
effective work time tc. 

In the MASD method, the interior of the annular booster is filled with the 
insensitive small main charge, while as for the BASD method, the interior is 
only air. At the central axis, when the collision incidence angle of the detonation 
waves (or shock waves) reaches a critical value φcr, Mach reflection will occur, 
and the pressure at the collision point will rise abruptly to a higher value [23]. 
The position on the central axis can be expressed by Equation 2.

hc = Lg·tanφcr� (2)

where L is the distance between the initiation point and the frontal collision point, 
as shown in Figures 13 and 14. Since the shock pressure before Mach reflection 
is far less than that at the moment of Mach reflection formation, and the action 
time of the former is less than that of the latter (ts), there will be a maximum of 
the power exportation capacity N, which will translate into the pressure much 
higher than the pCJ, at the moment of the Mach reflection (see Figure 15). 
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Figure 15.	 The relation of pressure p and time t in the center axis of annular 
booster pellet

With the downward movement of the collision point (i.e. after Mach 
reflection), the shock pressure p decreases rapidly [23]. In addition, according 
to the effective charge theory [24], the action time t increases with the increase 
of the detonation depth before the charge height reaches the maximum effective 
charge value. When the initiation detonation occurs in the traditional booster 
pellet and the detonation pressure reaches pCJ, the power exportation capacity 
increases gradually with the increase of time t, until it reaches the maximum at 
the maximum effective time (tc). Since the converging flow of the energy output 
along the central axis, plays a dominant role in the shock initiation process (see 
Figure 15), there must be a maximum value of � �

ct p t td
0

2
( )  with pmax corresponding 

to the time ts. In other words, in the range of ts ~ tc, there must be a maximum 
point, in which N can reach a maximum, as is in agreement with the literature 
[25]. This proves that the overdriven detonation phenomenon of the shaped 
charge can be verified indirectly by using the segmentation and lower end face 
output method. 

It is worth mentioning that, the measured results of this experimental method 
have very high requirements for the synchronization of the detonating explosive 
network. In general, the initiation capacity of the annular booster pellet could 
be improved significantly by applying the multipoint synchronous circuit. In 
order to ensure that the deviation in the intitiation time is as small as possible 
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it was found that  an eight-point synchronous set-up was more effective than 
the four-point set-up. Due to the difficulty achieving the synchronization of the 
detonating explosive network, it is difficult to quantify scientifically the trend 
in evolution of the energy flow in the axis of annular booster pellet. Therefore, 
in this work, we have only provided the qualitative explanations.

5	 Conclusions 

For an explosion in air or shock initiation of the insensitive main charge of an 
annular booster pellet, the evolution laws of the energy convergence effect on 
the central axis of the internal small main charge (or air) was investigated by 
using a segmentation and lower end surface output technique. The conclusions 
are as follows: 
♦	 In the process of the annular booster pellet detonated (in air) or shocked to 

detonation transition, the power capability of the converging energy flow 
into the central axis increases, then decreases, and then increases and finally 
decreases. 

♦	 When the collision incidence angle of the detonation waves (or shock waves) 
reaches a critical value φcr, Mach reflection will occur at the position on the 
central axis from the upper end face expressed by the formula hc = Lg·tanφcr 
at time t. The pressure at the collision point will rise abruptly to the maximum 
pressure in the whole explosion process, and there will be a maximum of 
the power exportation capacity N.

♦	 Overdriven detonation can be obtained indirectly and conveniently by using 
the segmentation and lower end face output method, which opens up a new 
test method for the optimal design of the annular (special-shaped) booster 
explosive. 
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