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The influence of initiation modes on the explosive dispersion process of the multi-layer composite charge
(MCC) was studied. Overpressure sensors and high-speed photography system were used to investigate
the energy release process of an MCC with a specific structure. The shock wave pressure and explosive
dispersion characteristics of the MCC under different initiation modes were compared. The forming and
expanding process of the shock wave of the composite charge under different initiation modes was
determined. The separation position of the shock wave and fireball interface was determined. The
calculation formulas of the shock radius and overpressure of the composite charge are presented. The
radius of the shock wave of the composite charge was significantly affected by the initiation mode.
Moreover, the development process of the composite explosive fireball under different initiation modes
was analyzed, the variation rules of the composite charge dispersion radius and fireball dispersion ve-
locity with time were obtained under the different initiation modes, the explosion energy release rate of
composite charge under simultaneous initiation modes was the highest, and the peak overpressure
under the simultaneous initiation mode was 1.61 times that of central single-point initiation.

© 2019 Production and hosting by Elsevier B.V. on behalf of China Ordnance Society. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the development of high-efficiency damage technology,
the increasing political complexity under asymmetric warfare
conditions requires that the damage effect of weapon systems can
be accurately controlled. Its precise concept does not only lie in
space, but also in the degree of damage energy release [1e3]. The
matching of the inner and outer ring composite charge structures
with different initiation modes is an approach toward achieving a
controllable warhead energy output. In 2012, the British company
QinetiQ proposed a multilayer annular composite charging struc-
ture [4]. The peak overpressure and quasi-static pressure were
tested for two modes of the composite charging structure in a
closed explosion chamber. The results revealed that there existed a
difference in the energy output of the mode for different initiation
stages. In 2016, the company investigated the fragmentation per-
formance of two different grooved shells under the composite
charge in two initiation modes. By recovering the fragments, it was
ce Society
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found that the two-stage detonation power output of the com-
posite charge with a shell had been preliminarily achieved [5].
Vittoria [6] selected a combination of inner and outer dual-agents
for different formulations, and a combination of formulations that
met the low vulnerability requirements in accordance with MIL-
SID-2105B. Held [7] conducted an in-depth investigation on the
detonation performance of the dual inner and outer charges,
analyzed the detonation characteristics of the dual charge, and thus
provided the theoretical foundation for charge design. Kato et al.
[8,9] investigated a composite charge comprising high-density
explosives with tungsten powder and high-detonation-velocity
explosives. They found that the detonation velocity of the com-
posite charge was improved, and that the burst pressure more than
doubled in comparison with the single-layer charge.

At present, most of the research on the explosion process of high
explosives adopts the central single-point initiation. Zheng et al.
[10] monitored the scattering process of the explosive product of a
composite thermobaric charge using a high-velocity motion anal-
ysis system and investigated the temporal evolution of the
dispersion radius of the explosive product. Hong et al. [11] inves-
tigated the explosive fireball temperature and dispersion process of
explosive products with an MCC under central initiation using
ce Society. This is an open access article under the CC BY-NC-ND license (http://
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overpressure sensors, an infrared thermal imager, and high-speed
photography, and compared the characteristics of the explosive
fireball temperature, throwing motion, and post-combustion of the
composite charge with different non-detonative materials. Addi-
tionally, they proposed to analyze the blast wave generated by the
explosion of the MCC and scattering process of the explosive
products to determine the dispersion radius, which has important
theoretical and engineering application value with regard to real-
izing the controllable output energy of the warhead. However, the
initiation mode also has a great influence on the energy output of
the charge. Aline C. Anastacio et al. [12] carried out an experimental
study on double ended initiation of the cylindrical charges. It was
found that the double ended initiation gives a peak overpressure
1.6 times that for single ended initiation, but the impulse for double
ended initiation was found to be the same as for single ended
initiated charges. Hong et al. [13] investigated a numerical simu-
lation method for the propagation of the blast wave of an MCC
under different initiation modes and simulated the formation,
propagation, and interaction of the shock wave for the composite
charge, and the results were verified by a test. Therefore, many
research results have been reported in relation to the shock wave
pressure and dispersion characteristics of the single-layer charge or
composite charge structure under the central single-point initia-
tion mode. However, the difference of the shock wave formation
process between the simultaneous initiation or external multi-
point initiation of the composite charge, and its impact on the
explosive dispersion characteristics, must be further studied to
investigate the energy release process in the MCC explosion and
dispersion. This will help reveal the explosion and damage mech-
anism of the MCC.

In this study, overpressure sensors and high-speed photography
were used to study the energy release process of the MCC explo-
sion. The shock wave pressure and explosive dispersion charac-
teristics of the composite charge under the central single-point,
external three points, and simultaneous initiation modes were
analyzed and compared. Additionally, the variation rules of various
characteristic parameters in the processes of shockwave formation,
extended propagation, and dispersion were determined. Moreover,
the energy output characteristics of the composite charge were
preliminarily investigated.

2. Experimental design

2.1. Test sample and scheme

The charges used in this research was composed of three parts:
the internal cylinder was composed of pellets of 8701, which
included cyclo-1,3,5-trimethylene-2,4,6-trinitramine (RDX) 95wt%,
(C7H6N2O4) DNT 3 wt%, polyvinyl acetate (CZ) 2 wt% with a diam-
eter of 35 mm. The pellets had a density of 1.70 g/cm3 and were
glued together; the 8701 cores weighed 130 g. The non-detonative
material [14] polyurethane with a thickness of 15 mm in the mid-
dle, which had a density of 1.05 g/cm3 and the weight was 198 g.
The external aluminized charge with a thickness of 15 mm that
included a combination of RDX 76 wt%, aluminum powder
(10.5 mm) 20 wt% and wax 4 wt%, the weight of the outer layer was
518 g. The detonation of the inner core was initiated using a stan-
dard electrical detonator. The MCCs were 80 mm long and each had
a total mass of about 846 g. Three types of initiation modes were
used in the test; namely, single-point initiation, external three
points initiation, and simultaneous initiation. The single-point
initiation involved a standard electrical detonator; the other initi-
ation methods were realized using a multi-point initiation
network, which consists of three same length detonating cords
with amplifying detonation (energy amplification devices,
Please cite this article as: Hong X-w et al., Experimental study on explosion
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including two-stage detonation transmitting charge) and a deto-
nator. Two tests were conducted in each group, the initiation
modes and MCCs are shown in Fig. 1.
2.2. Testing system and experimental setup

Fig. 2 shows a schematic illustration of the experimental setup.
The MCC was placed on a wooden platform with a height of 1 m.
The end face of the pressure sensor was flush with the ground
surface at a distance of 2 m and 3 m away from the grain. The blast
wave overpressure data were recorded using four shock wave
storage testers. The internal sensor was an 113B21 piezoelectric
pressure sensor (PCB Piezotronics, Inc., USA), and the sampling
frequency was 1 MSa/s.

A high-speed photographic system was used to record the
process of shock wave formation, growth process of the explosive
fireballs, and dispersion process of the explosive products with
composite charges under different initiation modes. A FASTCAM
Ultima APX high-velocity camera (Photron, Japan) was used with a
shooting frame rate of 3000 fps, and a maximum frame resolution
of 1280 (H) � 960 (V). The high-speed photographic-testing col-
umn was located 24 m away from the platform.
3. Blast wave overpressure characteristics of composite
charge under different initiation modes

3.1. Measured overpressure value of shock wave with composite
charge

The ideal air shock wave pressure time history can be described
by a functional relationship:

P¼ PSe
� t

tþ

�
1� t

tþ

�
(1)

where P is the overpressure at a fixed location, PS is the peak
overpressure immediately behind the primary shock, t is the time
after the arrival of the primary shock at that location and tþ is the
positive duration.

But when the peak overpressures above about one atmosphere,
the Friedlander equation is no longer able to describe accurately the
pressure time-histories, and it is necessary to introduce another
coefficient, a, in a modified version of the Eq [15].

P¼ PSe
�at
�
1� t

tþ

�
(2)

Fig. 3 is a modified shock wave pressure curve obtained by least
square method for the measured pressure time history curves un-
der different initiation modes by Eq. (2), and the peak overpressure
DPm of shock wave under different initiation modes is also
obtained.

From Fig. 3, it can be seen that the shockwave pressure curves of
the same initiation mode at 2 m are relatively consistent, and the
shock wave pressure time history curves of different initiation
modes are obviously different. The peak pressure of the shock wave
under the central single-point, the external three points and the
simultaneous initiation mode are 219.93 kPa, 315.80 kPa and
354.96 kPa, respectively, which obtained by using the modified
Friedlander equation. The simultaneous initiation is 1.61 times and
1.12 times of the central single-point and the external three points
initiation respectively.
dispersion process of a multi-layer composite charge under different
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Fig. 1. Initiation modes and the MCCs.

Fig. 2. Schematic illustration of experimental setup.
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3.2. Comparison of shock wave formation and expansion process

The data measured by the overpressure sensor can quantita-
tively compare the energy output difference of the composite
charge under different initiation modes. However, they cannot
qualitatively describe the growth and development process of the
shock wave of the composite charge under different initiation
modes. The aluminum powders in the outer aluminum explosive of
the composite charge will release a large amount of energy owing
to the continuous reaction. This can supplement the energy of the
formed frontier shock wave. The development state of the explo-
sive fireball and the associated shock wave formed by the different
initiation modes will also be different. Therefore, the processes of
generation, development, and propagation of the shock wave can
be clearly observed by processing the photographic images
captured at high-speed. Thus, the formation and expansion pro-
cesses of the shock waves of the composite explosive under
Please cite this article as: Hong X-w et al., Experimental study on explosion
initiation modes, Defence Technology, https://doi.org/10.1016/j.dt.2019.11
different initiation modes can be further investigated.
The increase in density, which was caused by the blast wave,

increased the refractive index of the air. This change of the refrac-
tive index at the shockwave edge visually distorted the background
image. Therefore, the extended traces of the explosive fireballs and
shock waves could be recorded using a high-speed photography
system. To capture the boundary between the explosion fireball
and the shock wave more accurately, a red and white sign post was
set at a distance of 1.2 m from the explosion center before the test;
the distance between the red and white sign posts was 20 cm, as
shown in Fig. 4.

To visually describe the expansion process of the explosion
shockwave of the composite charge, the high-speed camera images
were processed using an image processing software (Adobe Pho-
toshop CS6) to obtain the shock wave expansion trace, Fig. 5 shows
an image of 6.33 ms after the explosion of the composite charge. In
order to clearly show the shock wave expansion trace, the image is
dispersion process of a multi-layer composite charge under different
.002



Fig. 3. Measured pressure time history at 2 m and curve fitted with modified Friedland
equation.

Fig. 4. Schematic diagram of high-speed photography calibration.
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pre-processed, it was found that the shock front is nearly hemi-
spherical, with an ellipticity of ε ¼ 0.95. The location of the shock
wave front, Rs, is tracked along an angle of about 30� relative to the
ground. This line of observation was chosen as it provided the best
contrasted images for the greatest number of image frames. The
fireball cloud has now expanded to a radius of 2.64 m, and the
maximum radius of the fireball, Rf, is defined from the initiation
point of origin to the maximum extent of the fireball edge.

Fig. 6(a) shows the original image and Fig. 6(b) was generated by
subtracting the previous video frame. Hence, only the moving
features, such as the blast wave and interface of the combustion
Fig. 5. Shock wave radius and firebal

Please cite this article as: Hong X-w et al., Experimental study on explosion
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products, were clearly visible in the image. Additionally, Fig. 6(c)
shows a partially enlarged view of the shock wave trace.

The fireball diameter and edge trace of the shock wave obtained
using high-speed photography were interpreted using the Auto-
desk Computer Aided Design software (AutoCAD 2014). The fireball
boundary trace and shock wave expansion trace of the composite
charge under different initiation modes are shown in Fig. 7. From
the continuous high-speed photograph of the fireball and Fig. 7, the
growth of the fireballs had distinguishing characteristics. At first,
the growth was rapid, but subsequently retracted. Moreover, this is
simply an image of air particles. Next, the real radius of the
explosive fireballs reached 60%e70% of the maximum radius of
fireball within a short period of time. In this stage, the accompa-
nying blast wave and fireball developed simultaneously. Owing to
the cover of the explosive fire, the edge trace of the shock wave
cannot be seen in the high-speed photographs. When the explosive
fireball and shock wave extend to a certain radius simultaneously,
the explosive shock wave separated from the fireball boundary
surface and continued to move outward at a speed greater than the
growth speed of the fireball, until it decayed to the speed of sound.
The difference in the energy release of the composite charge under
different initiation modes was analyzed according to the charac-
teristic radius of the fireball growth, separation of the shock wave,
growth rate of the fireball, and velocity of the shock wave.

From the analysis of the fireball boundary and the expansion
trajectory of the shock wave shown in Fig. 7, it can be seen that the
separation positions of the blast wave and fireball interface were
2.6 m, 2.25 m, and 2.5 m, respectively, under the central single-
point and external three points initiation modes, and the simulta-
neous initiation mode. This demonstrates that the central charge
was attenuated by the non-detonative material after detonation
under the central single-point initiation mode, while the fireball
expanded slowly and the separation time of the associated shock
wave followed. The charge reacted faster under the external three
points initiation and the simultaneous initiation mode. Therefore,
the fireball expanded faster and the separation from the associated
shock wave occurred earlier. In Fig. 7, the expansion of the shock
wave under external initiation occurred earlier than that of the
simultaneous initiationmode. However, owing to the release rate of
explosive energy, the expansion speed of the shock wave was lower
than that of the simultaneous initiation mode. Additionally, the
difference between the previous overpressure data at 2 m and 3 m
can be explained by the separation position between the fireball
boundary and the extended boundary of the shock wave. At 2 m,
because the sensor was still inside the explosive fireball, the com-
posite charge, which was initiated by the external three points and
the simultaneous initiation, formed an overdriven detonation, and
the strong compression wave accumulated rapidly inside the fire-
ball. At this time, the intensity of the shock wave was greater than
that of the central single-point initiation, and the pressure
l radius of the composite charge.

dispersion process of a multi-layer composite charge under different
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Fig. 6. Shock wave trace and local magnification under different initiation modes.

Fig. 7. Fireball boundary trace and expansion trace of shock wave.
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increased in the negative pressure zone. Owing to the farthest
separation between the boundary of the explosive fireball and the
shock wave when the composite charge detonated at the center,
and the longer time when the fireball and shock wave moved
together, the post-combustion reaction of the aluminum powder
contributed substantially to the energy of the frontal shock wave,
the pressure increase in the negative pressure zone was higher at
3 m, and the duration of the positive pressure was longer than that
of the other initiation modes.
3.3. Calculation of shock wave propagation distance and free field
overpressure

According to the calibration results shown in Fig. 4, the locations
of the explosion centers at other times were determined. Addi-
tionally, the arrival locations of the shock waves at different times
Please cite this article as: Hong X-w et al., Experimental study on explosion
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are marked on the high-speed photographs. Here, the orientation is
30� counter-clockwise along the horizontal direction of the charge
centers. The specific processing results of the single-point initiation
are shown in Fig. 8. The arrival location information of the shock
wave at different times can be obtained by measuring the length of
each line segment shown in Fig. 8.

The arrival location information of the shock wave with
different initiation modes can also be obtained by the same
method. Table 1 lists the arrival time data of the shock waves based
on high-speed photographic image processing.

From Table 1, it can be understood that the arrival time of the
shock wave is longer than that of the external three points, and the
simultaneous initiation, when the composite charge occurs under
the central single-point initiation caused by the different explosive
energy release rates of the composite charges with different initi-
ation modes. For the arrival position Rs (i.e., shock radius) of the
shock wave, this is typically expressed as follows [16]:

Rs ¼Aþ Ba0t þ C lnð1þ a0tÞ þ D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnð1þ a0tÞ

q
(3)

where Rs is the shock radius, t is the time-of-arrival of the shock at
Rs, a0 is the speed of sound in the ambient air, and A, B, C, and D are
the least-squares-fitted coefficients.

By calculating the time derivative of Eq. (3), the shock wave
velocity u can be obtained as follows [16]:

u¼dRs
dt

¼ B

 
a0 þ

C
Bð1þ a0tÞ

þ D

2Bð1þ a0tÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnð1þ a0tÞ

p
!

(4)

Moreover, the Mach number M of the shock wave can be ob-
tained as follows:

M¼ u
a0

¼ 1
a0

dRs
dt

(5)

The least squares method was used to process the data listed in
Table 2. By fitting the measured time-of-arrival data to Eq. (4), the
dispersion process of a multi-layer composite charge under different
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Fig. 8. Shock wave arrival position at different times for central single-point initiation.

Table 1
Arrival position and time of shock wave under different initiation modes.

Single-point initiation External three points initiation Simultaneous initiation

Rs/m Time/ms Rs/m Time/ms Rs/m Time/ms

3.075 5 3.105 4.33 3.15 4
3.287 5.33 3.375 4.66 3.425 4.33
3.4 5.66 3.53 5 3.6 4.66
3.51 6 3.62 5.33 3.74 5
3.585 6.33 3.705 5.66 3.785 5.33
3.64 6.66 3.795 6 3.82 5.66
3.67 7 3.805 6.33 3.94 6
3.69 7.33 3.845 6.66 4.01 6.33
3.796 7.66 3.96 7 4.09 6.66
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coefficient B was held constant at one. This ensured that, as the
primary shock and the corresponding time t in Eq. (4) increased to
infinity, the shock speed asymptotically approached the ambient
speed of sound. Finally, the relationship between the shock radius
and the arrival time of the shock wave was obtained as shown in
Fig. 9. The fitting coefficient and fitting accuracy under different
initiation modes are presented in Table 2.

From Fig. 9, it can be seen that there are obvious differences in
the radius of the shock wave of the composite charge under the
three initiation mode types. When the same radius of the shock
wave was reached, the simultaneous initiation mode required the
shortest time, and the time of the central single-point initiationwas
the longest. However, for the same amount of time, the simulta-
neous initiation mode was the largest, the central single-point
initiation was the smallest, and the external three points
Table 2
Fitting coefficients and accuracy of shock radius under different initiation modes.

Initiation modes Fitting coefficients

A B

Single-point �96454 1
External three points �102555.2 1
Simultaneous �108548.6 1

Please cite this article as: Hong X-w et al., Experimental study on explosion
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initiation mode was between them.
From the fitting coefficients listed in Table 2, it can be seen that

for different initiation modes, with the exception of the fitting co-
efficients B, the fitting coefficients essentially exhibited a trend of
monotonous increase or monotonous decrease, which is consistent
with the overall change of the three initiation modes shown in
Fig. 8. Additionally, the fitting accuracy of the different initiation
modes was over 96.5%. Thus, it was reasonable to use Eq. (3) to fit
the shock radius data because this satisfied the requirements of the
engineering calculation.

Because the overpressure measured in this study was the
ground reflection overpressure, it was difficult to calculate the free
field overpressure using the existing formula for the composite
charge structure with a non-detonative layer. According to the
relationship between the propagation distance of the shock wave,
Fitting accuracy/%

C D

�15804.5 77858.7 97.15
�16678 82475.6 96.73
�17529.6 86993.9 96.56

dispersion process of a multi-layer composite charge under different
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Fig. 9. Shock radius versus arrival time under different initiation modes. Fig. 10. Overpressure curves with time.

Fig. 11. Overpressure curves with distance.
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the velocity of the shock wave, and the Mach number obtained
from the test, the free field overpressure was calculated indirectly
to obtain the overpressure of the composite charge in the air of the
free field.

According to the Rankine-Hugoniot equations for a blast wave
shock, the following relationship holds.

P
P0

¼2gM2 � ðg� 1Þ
gþ 1

(6)

where P is the shock wave pressure, P0 is the ambient atmospheric
pressure, g is the adiabatic index, and the relationship between the
peak overpressure of the shock wave and P can be expressed as
follows:

DP
P0

¼ P � P0
P0

¼ 2g
gþ 1

�
M2 �1

�
(7)

For air, the adiabatic index g is equal to 1.4 over a wide tem-
perature range, and can be substituted into Eq. (7), as follows:

DP
P0

¼ P � P0
P0

¼ 7
6

�
M2 �1

�
(8)

According to the relationship between the distance of the shock
wave propagation and Eqs. (6)e(8) obtained by fitting, it is easy to
obtain the variation curve of the shock wave overpressure of the
composite charge with time and the propagation distance under
different initiation modes. The shock wave overpressure curves
versus time, and the propagation distance of the composite charge
after the calculation are shown in Figs. 10 and 11.

As can be seen in Figs. 10 and 11, the shock wave overpressure of
the composite charge under different detonation modes changed
monotonously with time and distance, which is consistent with the
pressure decay characteristics of the air shock wave. Owing to the
cover of the explosion fireball, the shock wave position in the high-
speed photograph cannot be easily observed. Thus, the over-
pressure is incomplete. Therefore, the peak overpressure of the
simultaneous initiation mode shown in Fig. 10 was lower than that
of the central single-point initiation mode. As can be seen from the
curves of overpressure with distance, the overpressure was still the
largest in the attenuation process of the simultaneous initiation.
Please cite this article as: Hong X-w et al., Experimental study on explosion
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4. Development process and dispersion characteristics of
composite charge fireball

The aluminum-containing explosive in the outer layer of the
composite charge is similar to the high-energy component of the
thermobaric explosive. The high-calorific value metal powder can
not only provide the shock wave energy in the explosion stage but
can also improve the thermal effect after the explosion of the
composite charge. Under the transient action of the high temper-
ature and high pressure in the explosion shock, the aluminum
powder will vaporize and liquefy, and will even result in high-
speed burst combustion [17]. Moreover, the high-speed move-
ment of the aluminum powder in the air will make the energy
release more efficient. The different initiation modes will lead to
the change of the reaction state and energy release of the
aluminum powder during the explosion process. Therefore, it is
necessary to analyze the dispersion characteristics of the detona-
tion products resulting from the composite charges under the
different initiation modes so as determine the variation law of the
dispersion velocity and dispersion radius.
4.1. Development process of composite charge’s explosion fireball
under different initiation modes

To investigate the development process and dispersion
dispersion process of a multi-layer composite charge under different
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characteristics of the MCC’s explosion fireball, the development
process of the explosion fireball of the MCCwith different initiation
modes was recorded using a high-speed photography system.
Table 3 presents the development process of the dispersion
explosive products and the fireball of the MCC at a typical time.

From the analysis presented in Table 3, it can be understood that
the fireball growth and release reaction process of the composite
charge under the different initiation modes can be approximately
divided into three processes: (1) the initial oxygen-free explosion
reaction of mainly themiddle 8701 explosivemolecular compound.
This reaction did not require the participation of oxygen in the air,
and the duration was as short as less than 1 ms. (2) The anaerobic
combustion reaction of CO2, CO, and H2O in the first stage explosion
products had a high temperature. At this stage, the reaction was
also free of external air, and the duration was less than 1000 ms. (3)
The explosion after the aerobic combustion reaction, which was
mainly the rapid combustion reaction of the aluminum powder in
the blunt black aluminum explosive: C, H, and CO in the explosion
products and oxygen in the air. The duration was a few tens of
milliseconds. The table only shows the stage of free diffusion for the
fireball, but essentially contains the three stages of the fireball’s
growth and release process. After 30 ms, with the post-combustion
stage of aluminum, the energy released by the burning fireball
gradually spread to the surroundings, the temperature gradually
decreased, the brightness became dim, and white smoke formed
and dispersed.

In different initiation modes, the first two processes ended at
approximately 1666 ms. Under the central single-point initiation
mode, the reaction time of the external charge was delayed owing
to the attenuation of the non-detonative material after the deto-
nation of the central charge. The fireball grew and stabilized for an
extensive period of time, as was determined by comparing the size
and brightness of the explosion fireball (Table 3) at 16.65 ms and
29.97 ms.
4.2. Effect of different initiation modes on dispersion characteristics
of composite charge

The AutoCAD software was used to process the high-velocity
photographic data of the explosive cloud expansion process, read
the two-dimensional plane image of the explosive fireball, and
record the expansion radius of the explosive fireball. An
Table 3
Development and dispersion process of composite charge’s explosion fireballs under dif

Initiation modes 0 ms 333 ms

Single-point

External three points

Simultaneous

Please cite this article as: Hong X-w et al., Experimental study on explosion
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exponential function was used to fit the data of the radius R and
time t, and the following relation was deduced between the
expansion radius and the time for the explosion product of the
post-combustion stage, as follows [10]:

RðtÞ¼K
h
1�B exp

�
�Ct2

�i
(9)

where K, B, and C are constants; t is the explosive product dispersal
time (ms); R is the corresponding dispersal radius (m). According to
the property of exponential functions, as t/∞, the final dispersal
radius is K. Table 4 presents the fitting coefficients of the expansion
radius of the composite charge’s explosive products under different
initiation modes and gives the fitting precision. The accuracy of the
first fittingwas determined using an exponential relation algorithm
based on the test data, while the precision of the second fitting was
determined by the exponential fitting method with fixed B and C
after K, B, and C were averaged.

The second-order fitting of the data listed in Table 4 was used to
characterize the effect of the different initiation modes on the
change of the expansive radius of the cloud of the explosive
products. The final value of C was 0.031. The value of K and B
differed depending on the nature of the initiation modes.

The relationship between the dispersion velocity and the time of
the explosion clouds was determined using the differential equa-
tion of the expansion radius, as follows:

VðtÞ¼2KBCt exp
�
�Ct2

�
(10)

The relationships between the expansion radius, dispersion
velocity, and time for the explosive products under different initi-
ation modes were determined using the fitting coefficients for the
second fitting, as follows:

VðtÞ¼0:062KBt exp
�
�0:031t2

�
(11)

Fig. 12 shows the fitting curve and the relationship between the
expansion radius of the fireball, the dispersion velocity, and the
time t of the composite charge explosive product under different
initiation modes based on the experimental data. As can be seen in
Fig. 12, the trend of the dispersion radius described by the fitting
function is consistent with time, and the fitting accuracy error is
within 7%.
ferent initiation modes.

3330 ms 16650 ms 29970 ms
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Table 4
Fitting coefficients of expansion radius of MCC’s explosive products under different initiation modes.

Initiation modes RðtÞ ¼ K½1 � B expð � Ct2Þ� The precision of one fitting/% Quadratic fitting/%

K1 K2 B C

Single-point 2.69 2.70 0.37 0.033 96.96 97.21
External three points 2.61 2.63 0.41 0.040 98.13 97.40
Simultaneous 2.79 2.79 0.37 0.034 98.29 98.37

Fig. 12. Test values and fitting curves of dispersion radius of explosive products with
time.

Fig. 14. Variation curves of fireball dispersion velocity as function of time.
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Fig. 13 presents the relationship between the fireball expansion
radius Rf, dispersion velocity v, and time t in the post-combustion
phase, wherein the expansion radius of the explosive fireball
increased more rapidly, then slowly changed, and finally tended to
stabilize within 3e9 ms. The dispersion velocity of the fireball
began to stabilize and then exhibited a decreasing trend.

The reason for this behavior is that the non-detonative material
with the composite charge structure hindered the expansion of the
fireball. When the internal and external initiation occurred simul-
taneously, the growth radius of the explosion fireball was similar at
1e3ms, but the dispersion velocity of the fireball decreased and the
rate of change was large. The dispersion velocity of the fireball
tended to zero within 1.5 ms.

The law of dispersion velocity of the composite charge under
different initiation modes is consistent with that of the previous
fireball expansion radius and time, as shown in Fig. 14. The figure
Fig. 13. Relationship between fireball expansion radius Rf, dispersion velocity

Please cite this article as: Hong X-w et al., Experimental study on explosion
initiation modes, Defence Technology, https://doi.org/10.1016/j.dt.2019.11
shows that the exterior initiation mode had the lowest dispersion
velocity, whereas the internal and external simultaneous initiation
mode had the highest dispersion velocity.
5. Conclusion

The following conclusions were drawn from this study:
The Friedlander equation was used to fit the measured pressure

time history at 2m, the peak overpressure under different initiation
modes was obtained. The simultaneous initiation was 1.61 times
and 1.12 times of that of central single-point and external three
points initiation, respectively.

The forming and expanding processes of the composite charge’s
shockwave under different initiationmodes were obtained. Among
them, the expanding speed of the fireball was faster in the external
three points initiation, and the internal and external simultaneous
initiation modes. The separation positions of the shock wave and
v, and time t in post-combustion phase under different initiation modes.

dispersion process of a multi-layer composite charge under different
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fireball interface are 2.6 m, 2.25 m and 2.5 m respectively under the
central single-point, the external three points initiation, and the
internal and external simultaneous initiation modes. The explosive
energy release rate of the composite charge under the simulta-
neous initiation modes is the highest, and the single-point initia-
tion mode is the lowest.

The formulas for calculating the shock radius and overpressure
of the composite charge under different initiation modes were
obtained by the least squares fit. Obvious differences were observed
in the radius of the shock wave. Under the same shock radius, the
shortest time required for the internal and external initiation mode
is about 4 ms, while the longest time for the single-point initiation
is about 5ms. Additionally, the calculated variation law of the shock
wave overpressure is consistent with the law of the shock wave
overpressure attenuation in the air of the free field.

The development process of the explosive fireball of the com-
posite charge under different initiation modes was analyzed, and
the dispersion law of the composite charge was determined. The
dispersion radius curve of the composite charge and the dispersion
velocity of the fireball with time under different initiation modes
was obtained by fitting. The initial process of the dispersal velocity
of the central single-point initiation fireball was stable and then
gradually decreased. The dispersion velocity of the explosive fire-
ball with simultaneous initiation exhibited a decreasing trend and
the changing time is less than 1.5 ms. Moreover, the dispersion
radius was the largest.
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