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A Study of the Detonation Behavior of an Annular Booster Pellet
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ABSTRACT
An annular-shaped booster pellet has been developed in order to study the
capability of such a design to initiate the detonation of insensitive high
explosives (IHE). The detonation characteristics of an annular booster design
were studied theoretically by numerical simulation and experimentally.
Results showed that if the annular booster pellet were detonated simulta-
neously at four symmetrical points, the detonation wave collision could be
achieved within the pellet. The pairs of impacts of the four detonation
wavefronts generated enhanced shock pressures in four radially symmetric
directions. The tangential energy flow from the collision of detonation plays
a major part in improving the initiation capability of an annular booster
pellet. The numerical simulation is qualitatively consistent with the experi-
mental results.
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Introduction

The initiating capability of boosters needs to be increased due to their wide chemical reaction zone,
long reaction time, and high critical initiating pressure of insensitive high explosives (IHE).
Traditional cylindrical booster pellets have had to be modified to ensure the reliable initiation of
IHE. There has been a gradual emergence of specially shaped structures, initiation mode diversifica-
tion, and converging output energy (Chou, Roslund, and Liang 1993; Ferm and Hull 1993; Grattan
et al. 2006; Mader 2007; Hu et al. 2014a, 2014b; Kozlov, Ol’khov, and Shuvalova 2015) in booster
design. In 1978, a system was described that required three detonation trains to be freed simulta-
neously to detonate a PBX 9407 acceptor charge (Goforth 1978). In 1980, the flow resulting from the
interaction of three spherically diverging detonation waves was examined by using the three-
dimensional Eulerian hydrodynamic computer code (Mader and Kershner 1980). In 1981, the
heterogeneous explosive shock initiation processes by single-wave (Bowman and Mader 1981) and
triple-wave interaction from three initiators (Mader and Kershner 1981a) were described by using
the two-dimensional Lagrangian code or three-dimensional Eulerian hydrodynamic code with the
Forest Fire rate. The effect of multipoint initiation of an explosive on the motion of a thin metal
plate was investigated in two-dimensional geometry. Four spherically diverging detonation waves
were modeled by using the three-dimensional reactive hydrodynamic code consisting of four
detonators (Mader and Kershner 1981b).

Recently, our group has designed annular booster pellets based on the analysis of shock initiation
theory of explosives, and the initiation processes were simulated using ANSYS/LS-DYNA software
(Livermore Software Technology Corporation [LSTC]). Experimental measurements were performed
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to test the initiation capacities. The results showed that the annular structures can increase the initiation
capability of boosters (Hu, Hu, and Cao 2012, 2013).

Head-on collision and oblique collision will occur when two detonation waves collide with each
other. The oblique collision is formed when an incidence angle is not equal to zero. In this case, the
pressure at the collision point would increase sharply (Dunne 1964; Pratt, Humphrey, and Glenn
1991). When the oblique collision occurs, a beam of waves that pass through the initiation point and
collision point can be divided into two orthogonal vectors: normal and parallel (see Fig. 1). The
former means that the vector is perpendicular to the impact boundary and the latter that it is parallel
to it. Because the parallel vector is parallel to the tangent at the head-on collision point, the energy
transmitted by the detonation products along this tangential direction was defined as the tangential
energy flow in this work.

There have been many earlier studies on the initiation capability of annular booster pellets.
However, to our knowledge, no theoretical or experimental investigations into the effect of tangential
energy flow on the initiation capability of annular booster pellets were performed.

In this work, the annular booster pellet was chosen as a research subject in order to evaluate the
effect of tangential energy flow on the initiation capability. Different sections of the detonation
waveform and its associated pressure changes in the whole shock-to-detonation transition were
simulated using ANSYS/LS-DYNA software. The mechanical behavior of the tangential energy flow
was studied using a steel witness plate.

Numerical simulation

Detonation wave collision 2D model

Throughout the whole shock-to-detonation transition, it is assumed that the detonation waveform in the
booster is similar to that in themain charge and that the wave is spherical. The radial 2D section is shown
in Fig. 2. In Fig. 2, the hatched area means the booster, the shaded area means the main charge, and the
arrow means tangential direction at the head-on collision point.

Building of solid model

Three-dimensional, co-node, and quarter-symmetry models were developed with meshing techni-
ques using a finite element preprocessor module of ANSYS14.5. To reduce the effects of grid
precision on the accuracy of simulation results (Short and Quirk 1997), the grid size was chosen
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Figure 1. Oblique collision of two identical detonation waves.
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to be 1.25 × 10–4 m. The dimension was kilogram, meter, and second. The grid and geometric
models are shown in Figs. 3 and 4:

In Fig. 4, Part 1 is the primary explosive pellet. Part 2 is the annular booster pellet, and the material
is LX-10. Part 3 is the main charge, and the material is TNT. The inner diameter, outer diameter, and
height of the annular booster pellet are 1.90, 2.90, and 2.00 cm, respectively. The diameter and height of
the main charge pellet are 1.90 and 2.00 cm, respectively. The element from point O to point O′ is
represented by O→O′. Points E and E′ are the midpoints of the arcs AC and A′C′, respectively. Points
F and F′ are the midpoints of the arcs BD and B′D′, respectively.

Material models

The primary explosive was characterized by the model of the detonation of a generalized high
explosive and the Jones-Wilkins-Lee equation. The booster detonation was modeled using a trino-
mial approximation to the initiation growth model widely used in fluid dynamics calculations (Lee
and Tarver 1980). The properties of LX-10 (Tarver et al. 1993; Vandersall et al. 2007) were used for
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Figure 2. Radial 2D model of an annular booster pellet shock initiation process.

Figure 3. Entities grid model.
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simulation of the booster. In order to obtain a better waveform in the whole detonation wave
propagation, TNT was used for the Part 3 material. The trinomial approximation to the ignition
growth model was also used for TNT and its parameters are available in the literature (Lee and
Tarver 1980).

Simulation results and discussion

LS-DYNA/v971.exe solvers (LSTC) were used for the solution, LS-PrePost-4.0 postprocessing soft-
ware (LSTC) was used for data acquisition, and Origin 9.0 Data analysis software (OriginLab
Corporation) was used to organize the data. The results of the numerical simulation are shown in
Figs. 5–9.

In Fig. 8, curve (1) means the maximal pressures of all elements of the booster, and the
pressures in the detonation state in the Chapman-Jouguet plane were determined using curve
(2). In the annular booster pellet, curve (1) shows a gradual rise in pressure from 1.0 to 1.6 μs.
This trend is obvious because when the detonation wave propagated toward the center, the
unreacted explosive was compressed gradually in front of the wavefront. In the state after the
wave was strengthened, the wave velocity accelerated and gradually transformed to a wave of

Figure 4. Geometric model.

Figure 5. Pressure change in a radial section.
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detonation state above the Chapman-Jouguet detonation point (overdriven detonation; Kineke
and West 1970; Fritz et al. 1996; Tang 1998). Indeed, from 0.9 μs, curve (1) is obviously above
curve (2). At about 1.7 μs, curve (3), which denotes the pressure of the collision surface EE′F′F,
increased rapidly and overlapped with curve (1), indicating that collision occurred between two
detonation waves. The maximal pressure at the head-on collision point reached about 60 GPa at
about 1.7 μs. Then and oblique collision occurred. The pressure in the oblique collision was
higher than that at the head-on collision point, consistent with previous investigations (Mader
and Venable 1979; Mader 2007). From Fig. 8, curve (3) is continuously increasing after 1.7 μs.

Figure 6. Pressure change in the section through the initiation point and the central axis.

Figure 7. Pressure change in the section through the collision point and the central axis.

Figure 8. Pmax − t plot for the annular booster pellet: (1) all elements of the booster, (2) element AA′B′B of the booster, (3) element
EE′F′F of the booster, (4) all elements of the charge, (5) element OO′A′A of the charge, (6) element OO′E′E of the charge, and (7)
axis OO′ of the charge element.
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From 1.7 to 3.0 μs, the average pressure on the collision surface EE′F′F is about 65 GPa, which is
nearly 25 GPa more than that on surface AA′B′B.

As can be seen from Fig. 9, in the main charge, at 1.7 μs the pressure on collision surface OO′
E′E is about 50 GPa, which is about two times of that on surface OO′A′A. From 1.7 to 2.4 μs,
the average pressure on collision surface OO′E′E is about 55 GPa, which is nearly 29 GPa more
than that on surface OO′A′A. At 2.4 μs the waves arrive at the axis. It is evident from Fig. 5 that
the velocity of tangential energy flow is higher than that of the detonation wavefront and thus
the energies taken by the collision surfaces and detonation wavefronts are translated into the axis
at the same time and the pressures are greatly enhanced at the axis.

In summary, in the annular booster pellet, the pressures on the collision surface are greater than
that on the initiation surface after 1.7 μs, as is also found in the main charge. Therefore, the
tangential energy flow from the collision of the detonation waves played a notable part in improving
the initiating capability of the annular booster pellet. In other words, the presence of the overdriven
detonation state is vital in explaining agreement between theoretical and experimental results.

Experimental

Experimental conditions

1. Preparation of the booster pellets: Plastic-bonded explosive LX-10 was used as the booster.
The annular booster pellets were pressed by external positioning of the mold, and the density
was 1.658 g/cm3. The inner diameter, outer diameter, and height of the annular booster pellet
were 1.90, 2.90, and 2.00 cm, respectively. The annular booster pellet is shown in Fig. 10.

2. Preparation of the four-point synchronous explosive circuits: Ultrafine cyclotetramethylenetetra-
nitramine (HMX) was adopted for the circuit charge. The charge densities were in the range of 0.95–
1.10 g/cm3. The height was 0.3 cm. The other dimensions are shown in Fig. 11a. Its upper end

Figure 9. Pmax − t plot for the main charge: (1) all elements of the booster, (2) element AA′B′B of the booster, (3) element EE′F′F of
the booster, (4) all elements of the charge, (5) element OO′A′A of the charge, (6) element OO′E′E of the charge, and (7) axis OO′ of
the charge element.

Figure 10. Annular booster pellets.

6 Z.-Q. XUE ET AL.

D
ow

nl
oa

de
d 

by
 [

T
ul

an
e 

U
ni

ve
rs

ity
] 

at
 0

3:
08

 1
1 

A
pr

il 
20

16
 



surface (see Fig. 11b) was in contact with the detonator. Its lower end surface (see Fig. 11c) was in
contact with the annular booster pellet.
3. Selection of steel witness plate: Three structures of steel witness plates were selected. They were
made from general carbon steel (1045). The inner diameter, outer diameter, and height of the lateral
steel witness plate were 2.90, 10.00, and 2.00 cm, respectively. The lateral steel witness plate is shown
in Fig. 12. The diameter and height of the central steel witness plate were 1.90 and 1.35 cm,
respectively. The central steel witness plate is shown in Fig. 13. The diameter and height of the
axis steel witness plate were 10.00 and 5.00 cm, respectively.

Experimental device

An experimental device was used to measure the initiation capability of the annular booster pellet.
The details of this device are shown in Figs. 14 and 15.

Experimental results and discussion

The tangential energy flow from the annular booster pellet was studied by means of a lateral steel
witness plate, and the initiation point outside the lateral steel witness plate was labeled. The lateral
steel witness plate was cut into four parts by the shock impact of the detonation wave (see Fig. 16a),
and obvious cutting grooves were found inside of the plate (see Fig. 16b). The incisions were located
in between every two initiation points, and the angles between every two neighboring incisions were
about 90° (see Fig. 16a). This is perhaps because the temperatures and pressures from tangential

(a) (b) (c) 

Figure 11. Four-point synchronous explosive circuit (unit: centimeters).

Figure 12. Lateral steel witness plate.
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Figure 13. Central steel witness plate.

(a) Annular booster pellet
(c) Central steel 
witness plate

(b) Lateral steel
witness plate

(a) Annular 
booster pellet

(c) Central steel 
witness plate

(b) Lateral steel witness plate

Figure 14. Relative locations of the annular booster pellet, the central steel witness plate, and the lateral steel winess plate (cm).

Detonator

Four-point-synchronous
explosive circuits

Lateral steel witness plate

Annular booster pellet

Central steel witness plate

Axial steel 

Plastic holder

witness plate

Figure 15. Experimental device (annular booster pellet under four-point synchronous explosive circuit).
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energy flow in the overdriven detonation state are higher than those in the detonation wavefront,
leading to the formation of the cutting grooves. Then the explosion products expanded outwards and
the high-strain-rate tensile strength was exceeded in the cutting groove, leading to the formation of
four parts. This not only confirmed the simulation results but showed that the effect of the tangential
energy flow cannot be neglected in the structural design of booster pellets of this type.

The measurements of the central witness plate were as follows: the axis height was 1.13 cm, the
margin height was 1.66 cm, and the average diameter was 1.78 cm (see Fig. 17). When these
measurements were compared to those of the central witness plate before the experiment, it was
found that the axial height was reduced by 0.22 cm, the margin height was increased by 0.31 cm,
and diameter was reduced by 0.12 cm. The central steel witness plate was still cylindrical in shape
but had four grooves on its outside. This is perhaps due to the higher temperatures and pressures
in the tangential energy flow than those in the other directions, in agreement with the simulation
results.

(a) (b) 

Cutting Grooves

Figure 16. Experimental result for the lateral steel witness plate.

Figure 17. Experimental result for the central steel witness plate.
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Conclusions

In this work, the effect of tangential energy flow on the initiation capability of the annular booster
pellets was investigated using arbitrary Lagrange-Euler simulation and mechanical behavior of the
tangential energy flow in the steel witness plate. The results showed that after four-point detonation of
the annular booster pellet, collision of the detonation waves occurred inside the pellet and generated
tangential energy flow in the tangential direction at the head-on collision point. The tangential energy
flow from the collision of detonation waves played a notable part in improving the initiating capability
of the annular booster pellet. The effect of the tangential energy flow cannot be neglected in the
structural design of booster pellets. The description of qualitative features by the numerical simulation is
consistent with the experimental results.
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