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Explosion Temperature and Dispersion Characteristics of
Composite Charges Based on Different Non-detonative
Materials
Xiao-wen Hong,[a] Wei-bing Li,*[a] Xiao-ming Wang,[a] Wen-bin Li,[a] and Rui Li[a]

Abstract: The explosion fireball temperature and scattering
process of explosive products of annular composite charges
were investigated to guide the selection of non-detonative
materials with controllable composite charge output. Over-
pressure sensors, an infrared thermal imager, and a high-ve-
locity photography system were used to compare the ex-
plosive fireball temperature, scattering movement, and
post-combustion characteristics of composite charges with
different non-detonative materials. The fireball temperature
distributions of the active non-detonative materials (rubber
containing various proportions of aluminum powder) were
not uniform, and the heat radiation power, heat flux, and
overpressure were relatively high and first decreased and
then increased with increasing aluminum powder content.

The active non-detonative materials had two high-temper-
ature regions in the lateral direction. Oxygen-free ex-
plosions, anaerobic combustion, and post-combustion
processes occurred during the energy-release reaction of
the composite charges. The temporal evolution of the
throwing radius of the explosion products of the composite
charges was investigated, and the rate of scattering of the
non-detonative materials was analyzed. The rate of scatter-
ing was higher than that of an inert non-detonative materi-
al (polyurethane) and first increased and then decreased
with increasing aluminum powder content. Based on the
explosion-proof performance and heat radiation energy
output characteristics, rubber containing 50 % aluminum
was selected as the optimal non-detonative material.

Keywords: Composite charge · Non-detonative material · Explosive fireball temperature · Dispersion radius

1 Introduction

The modern battlefield environment is becoming increas-
ingly complex. For tasks with very strict rules of engage-
ment, such as combating targets in urban areas or provid-
ing fire support to areas close to friendly forces,
conventional ammunition has high damage power and can
easily inflict collateral damage, making its use unsuitable.
Therefore, a new ammunition system concept is needed
that allows different energy outputs to be selected for dif-
ferent target types to achieve accurate damage to the tar-
get. With the strong demand for modern warfare, research
on the controllable output of warhead power has received
extensive research attention [1–4]. In 2012, QinetiQ pro-
posed a multi-layer annular nested composite charge struc-
ture, which consists mainly of an aluminum-containing ex-
plosive layer, a middle explosive layer, and an internal high-
detonation layer. The center charges detonate for partial
detonation of a warhead, whereas the internal and external
charges simultaneously detonate for full detonation [5].
Haskins [6] proposed a similar charge structure for a war-
head; he described the composition of the composite
charge structure, material formulation, and detonation as-
sembly and verified the feasibility of the energy output of
the charge structure. The above studies mainly focused on
the composite charge structure of fixed components and

compared the differences in the energy output of the war-
heads under different modes, with less focus on the effect
of changes in the material used for the mid-level blasting
layers on the energy output of warheads.

Research on composite charges is concentrated on dual
composite charges or thermobaric charges with highly ex-
plosive internal cores. Trzciński et al. [7] used shock wave
overpressure sensors and photodiodes to study the ex-
plosion characteristics of multi-layered warm-pressure ex-
plosives in closed, incompletely sealed explosion chambers,
and the extent of reaction of the outer explosive was de-
termined using thermogravimetric/differential thermal anal-
ysis (TG/DTA) and X-ray diffraction (XRD) analysis of the ex-
plosive products. In addition, these researchers used X-ray
photography to track the curvature of the outer charge
shock wave and showed that the detonation phenomenon
does not occur in the outer charge [8]. Paszula et al. [9]
studied the explosion parameters of explosive mixtures of
ammonium nitrate (AN) and aluminum powder (Al) compo-
site phases and tested the shock wave overpressure and
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specific impulse. The results indicated that the peak over-
pressure of the shock wave of AN/Al explosives was lower
than that for the same mass of thermobaric charges with
internal RDXph core. Zheng et al. [10] monitored the scat-
tering process of the explosive product of a composite ther-
mobaric charge using a high-velocity motion analysis sys-
tem and investigated the temporal evolution of the
dispersion radius of the explosive product. Currently, re-
search on the structural form of a controlled multi-layer
charge remains in the exploration stage, with few reports
available in the literature. Achieving controllable output of
warhead power requires that the damage be characterized
by both point and surface killing. The explosion of compo-
site-charge explosives in central detonation mode differs
from that of thermobaric charges, and the damage should
be characterized by point killing to reduce collateral dam-
age. Therefore, analyzing the explosion temperature of fire-
balls and scattering process of explosive products with the
detonating mode of the center, determining the dispersion
radius, and optimizing non-detonative materials have im-
portant theoretical guidance and engineering application
value for achieving controllable output energy of warheads.

In this study, overpressure testing and infrared thermal
imaging temperature measurement of an annular compo-
site charge structure in central detonation mode were con-
ducted. High-velocity photography was used to monitor the
inert material, explosion of the fireball under the active ma-
terial, and cloud scattering process of the explosive prod-
uct. The temperature characteristics of explosive fireballs of
composite charges under two types of non-detonative ma-
terials were analyzed, and the temporal evolution of the dis-
persion radius of scattering of the exploding explosives of
the composite charges was investigated.

2 Experimental Design

2.1 Characteristics of Charges

The experimental charge used in this study was a circular
composite structure, as shown in Figure 1, with a diameter
of 95 mm, including a center JH-2 charge layer, middle non-
detonative material layer, and outer blunt aluminiferous ex-
plosive ring charge layer. The height of the structure was
80 mm, and the detonation was initiated at the center of
the upper end. The explosion characteristics of the ex-
plosive fireballs and explosion products of composite charg-

es under different non-detonative materials, polyurethane
and rubber containing different volumetric proportions of
Al (30 %, 40 %, 50 %, and 60 %), were investigated in a com-
parative study.

The aluminum-containing rubber used in this paper is a
non-explosive material. It may be any material that is itself
not capable of sustaining detonation; otherwise the high
explosive portions and the outer aluminum-containing ex-
plosive may all detonate simultaneously (i. e. sympathetic
detonation may occur), then the energy output of the com-
posite charge is not adjustable. For the selection of non-
detonative materials, it can comprise inert materials such as
polymers or rubbers, and it can comprise high energy mate-
rials (such as active metal powders), but this material itself
does not have an explosive property, forming a new form of
inert and high-energy materials through melting and press-
ing. The composite material can better combine the advan-
tages of inert materials and active materials. Ad-
vantageously, the non-detonative material can comprise a
high energy material so as to compensate for the reduction
in the total volume/mass of high explosive missing [6]. The
use of aluminum particles to enhance blast is well known
and is a highly preferred additive, then aluminum-contain-
ing rubber as a non-detonative material was studied in this
paper.

2.2 Experimental Site

Figure 2 presents a schematic illustration of the ex-
perimental layout. A grain was placed on a 1-m-high wood-
en platform. The end face of the pressure sensor was flush
with the ground surface and 2-m-away from the grain. Blast
wave overpressure data were recorded using a shock wave
storage tester. The internal sensor was an 113B21 piezo-
electric pressure sensor (United States PCB Company), and
the sampling frequency was 1 MSa/s.

Figure 1. Test charges. Figure 2. Schematic illustration of experimental layout.
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An infrared thermal imager and high-velocity photo-
graphic-testing column were located 23 m away from the
platform. The infrared thermal imager was used to monitor
the temperature characteristics of the explosive fireball. An
InfReC R500 series Avio high-resolution system (Europe and
Earth Technology Co., Ltd.) was used to record images of
the explosion fireball. Parameters of 640 (H) 3 480 (V) de-
tector pixels, a frame frequency of 30 Hz, and a temperature
range of �40 8C to 2000 8C were selected. The emissivity of
the infrared thermal imager was set to 0.42 based on pre-
vious experimental experience and the emissivity range of
the explosion products given in the literature [11].

To compensate for the disadvantages of the low sam-
pling frequency and unclear contours of the infrared ther-
mal imaging system, high-velocity photographic systems
were used to record the growth process of the explosive
fireballs and scattering process of the explosive products of
the different composite charges. A Fastcam nltima APX
high-velocity camera (Japan Photron Corporation) was used
with a shooting rate of 4000 frames/s and a maximum reso-
lution of each frame of 1280 (H) 3 960 (V).

3 Experiment Results and Analysis

3.1 Overpressure and Temperature Distribution
Characteristics of Explosive Field in Composite Charge

The radiation thermometer is used in this paper is different
from the spectral temperature measurement in literature
[12–13]. The spectrum method sometimes can only get the
temperature of some places of the explosion source, the
maximum temperature changes with the time in the re-
action process and the temperature measurement of the
oxygen free combustion stage. The composite charge ex-
plosion has a characteristics of cloud explosion. The infrared
thermal imaging technology used in this paper can get the
time and space distribution of the explosive temperature
field of the composite charge. Thus, the infrared thermal
imaging technology is more suitable for measuring the
large area high temperature in the cloud cluster explosion.
The temperature measured by the infrared thermal imager
is mostly the phase of the oxygen combustion of the ex-
plosive, due to the sampling frequency limitation. The en-
ergy output difference of the composite explosive with dif-
ferent non-detonative materials can be compared and the
non-detonative material with better performance be found
by using the infrared thermal imager. Therefore, it is feasible
using the infrared thermal imager to measure the temper-
ature.

3.1.1 The Theory of Measuring Temperature

The thermal radiation of the object is mainly in the infrared
band (0.76~1000 m), when the infrared thermography was

used to detect ground targets, the temperature of ground
background is usually 300 K and the maximum contrast
wavelength is approximately 8 mm. The wavelength interval
was taken between 8 and14 mm as the detection band
without other factors. When the infrared thermal imager is
used to measure the temperature, the temperature meas-
urement lens receives the radiation ability from the target,
and the detector converts it to the voltage signal, that is,
the detector responds to the gray value [14]. There is a cor-
relation between pixel response gray value and actual tem-
perature, and the theory of temperature measurement is
given in Figure 3.

The distance between the radiant source and the ther-
mal imager is R1, the distance between the lens to the radi-
ation source image plane is R2 and the detector area is Ad,
then the output voltage of the infrared thermal imager sys-
tem can be expressed as:

Us ¼ G

Z
l2

l1

RðlÞ pLeAd

4ðf=#Þ2ð1þMÞ2 tsðlÞtaðlÞdl ð1Þ

Where the system gain is G, the system spectral re-
sponse is band limited from l1 to l2, R(l) is the detector’s
responsivity, Le is the spectral radiant responsivity, (f/#) is
the system’s optical F-number, tsðlÞ is the system’s optical
transmittance, taðlÞis the atmospheric transmittance, and
M = R1/R2 is the magnification. The equations (1) indicates
that the output of the infrared thermal imager is related to
the characteristics of the radiant source, the characteristics
of the thermo imager itself and the atmospheric correlation
between the radiant source and the thermal imager. When
the emissivity of the target and the distance R1 are de-
termined, the result of the temperature measurement is
only related to the atmospheric characteristics between in-
frared thermal imager and the target. The accuracy of infra-
red thermal imager can be improved by calculating taðlÞ
accurately.

It is obvious that the atmospheric transmittance is not
only related to the surroundings temperature, humidity,
background temperature and measuring distance, but also
to wind speed, air pressure, atmospheric quality and chem-
ical component. At present, correction functions of environ-
mental parameter can be set by most infrared thermal
imaging devices, but the calibration process is mostly car-
ried out under standard atmospheric pressure or laboratory

Figure 3. Infrared imaging system directly viewing a source.
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environment. For complex environments such as explosion
fields, the software can only partially restore its atmospheric
parameters. If the accurate temperature measurement of
the target is to be achieved in the explosion field, the at-
mospheric transmittance must be modified. In this paper,
the atmospheric transmittance is corrected by the temper-
ature of a standard blackbody, which can correct the tem-
perature displayed in window by the infrared thermal imag-
ing devices [15].

3.1.2 Calibration Procedures for Infrared Thermometers

The composite charge for non-detonative materials com-
posed of polyurethane was used as the target of radiation
to be tested. The measuring theory of the radiant temper-
ature for the composite charge in field is shown as Figure 4.

The Mikron M330 high temperature black body furnace
was used as the standard black body. The temperature
range is 300~1700 8C, and the effective emissivity is 0.99.
The operator only needs to input some parameters of envi-
ronment which can be used to calculate the atmospheric
transmission coefficient with the convergent way or LOW-
TRAN 7model in software. Then, the operator focuses the
temperature measuring system to finish the measuring
process. The M330 blackbody furnace was placed at the
blasting position, the blackbody furnace temperature was
set at 600 8C, 800 8C, 1000 8C and 1200 8C respectively, and
the measured temperature of the infrared thermal imager
at the set temperature was also recorded, then the atmos-
pheric transmittance in setup bars is adjusted to make the
displayed temperatures in window equal to the set temper-
ature of the blackbody. The atmospheric transmittance in
setup bars of system is the numerical value which will be
used of the subsequent temperature measurement of the
composite charge, here, the displayed temperature in win-
dow of the infrared thermal imaging devices is the true
temperature of the composite charge. The atmospheric
transmittance of the environment calculated by the LOW-
TRAN 7 software is 0.893, the true temperature of the black
body and the corrected atmospheric transmittance meas-
ured by the infrared thermal imager are shown in Table 1.

The 8 observation points were taken from the surface of
the fireball temperature, which were measured by the infra-
red thermal imager within 140 ms and the average value
was obtained. According to the result of Table 1, the tem-
perature average value within 140 ms is divided into the
corresponding temperature range. The temperature results
measured by infrared thermal imaging of the transmittance
and the unmodified atmospheric transmittance were fitted
by least squares method, and the results are shown in Fig-
ure 5.

The temperature obtained by the modified atmospheric
transmittance after calibration by the blackbody furnace are

Figure 4. Flow chart of testing temperature in field.

Table 1. Measuring result for the second atmospheric transmission.

Setpoint
Temperature
[8C]

True
Temperature
[8C]

Calculative
Atmospheric
Transmission

Corrected
Atmospheric
Transmission

600.0 558.4 0.893 0.803
800.0 732.6 0.893 0.781
1000.0 900.1 0.893 0.776
1200.0 1068.3 0.893 0.770
1400 1196.6 0.893 0.751

Figure 5. Modified and unmodified average temperature curve of
fireball surface.
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better than the results of the unmodified temperature,
which can be seen from Figure 5, and the accuracy of the
test is improved to some extent. The subsequent parallel
tests are all tested by the calibrated atmospheric trans-
mittance.

3.1.3 Overpressure and Temperature Results

The overpressure and blast fireball of the different non-det-
onative materials were determined, and the results are pre-
sented in Table 2. Tmax is the highest temperature on the
surface of the explosive fireball, TAvg is the average temper-
ature of the explosive fireball surface when the explosive
fireball reached the highest temperature, D is the diameter
of the fireball, H is the height of the fireball rise, W0 is the
thermal radiation power per unit area of the fireball, and Q
is the heat flux (the total radiated power of the entire fire-
ball surface at a given moment) per unit time.

The principle of the infrared thermal imager is based on
Planck’s law of blackbody radiation. The measured data W0

is the radiation intensity of the blackbody, which can be cal-
culated using Boltzmann’s law:

W0¼W � T 4 ð2Þ

where W is the Boltzmann constant = 5.67 3 10�8 W/(m2 K4).
However, the general measured object is not an ideal black-

body and can be considered a gray body. The thermal radi-
ation power is related not only to the temperature but also
to the surface emissivity. The radiant power of a grey body
can be calculated using the following formula:

W0¼X �W � T 4
0 ð3Þ

where T0 is the reading of the thermal imager; T is the ac-
tual temperature of the gray body; and X is the specific
emissivity of the gray body surface, which is the emissivity
of the infrared thermal imager. After calculating W0, Q can
be determined by multiplying W0 by the surface area of the
explosive fireball:

Q¼W0 � S ð4Þ

S can be calculated by processing the infrared thermal
image using graphic processing software.

To ensure that the parallel contrast only lists the param-
eters of the maximum temperature of the explosive fireball
surface and sets the lower temperature limit of the infrared
thermal imager to 200 8C, the overpressure values in Table 2
were averaged over three sets of test data.

The parameters of the explosion fireball under different
non-detonative materials are compared in Figure 6. As ob-
served in Figure 6a, the temperature and average temper-
ature of the explosive fireball for the inert non-detonative
material (polyurethane) were low, and the surface temper-

Table 2. Blast wave overpressure and explosion fireball parameters at maximum temperature.

non-detonative
material

DPm Tmax [8] TAvg [8C] D [m] H [m] Q/W W0 [W · m�2]

Polyurethane 0.237 2225.17 1252.60 2.89 3.84 834441.20 103769.44
30 %Al/Rubber 0.284 2956.96 1289.35 2.97 3.69 1716182.61 186239.96
40 %Al/Rubber 0.246 2735.97 1240.96 2.99 3.91 1154167.48 123608.27
50 %Al/Rubber 0.237 2735.65 1332.05 2.97 3.66 1740231.42 179146.74
60 %Al/Rubber 0.26 2822.92 1419.40 3.03 3.58 2360700.88 222049.86

Figure 6. Comparison of a) temperature and b) diameter and height of explosion fireball for different non-detonative materials.
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ature of the explosion fireball for the active non-detonative
material was higher than that for the inert non-detonative
material because of the addition of aluminum powder to
the active non-detonative material. As observed in Fig-
ure 6b, the radial restraint effect of the non-detonative ma-
terial led to the explosion of fireballs with smaller heights
and larger diameters with increasing aluminum content.

As shown in Figure 6a, the surface temperature of the
explosive fireball for the rubber containing 30 % aluminum
was the highest; however, the maximum temperature of
one point in the explosive fireball temperature region does
not reflect the overall thermal condition of the fireball.
Therefore, the thermal radiation power and heat were cal-
culated from the average temperature of the surface of the
fireball. The flux better reflects the heat radiation energy
output of the composite charge. Figure 7 presents the nor-
malized heat radiation power, heat flux data, and shock
wave overpressure data. The thermal radiation power and
heat flux of the aluminum-containing rubber solution were
higher than those of the polyurethane solution, indicating
that the aluminum powder of the non-detonative materials
contributed to the energy release of the post-combustion
reaction. With increasing aluminum content, the thermal ra-
diation power and heat flux of each scheme first decreased
and then increased, and the law of change was consistent
with that of the shock wave overpressure. Improved ex-
plosion-proof performance of the non-detonative material
led to the reaction of the outer charge being more in-
complete and, therefore, lower thermal radiation power and
heat flux.

Figure 7 presents the thermal radiation data. The ther-
mal radiation power and heat flux of polyurethane were the
smallest, and those for the non-detonative material contain-
ing 60 % aluminum were the largest. The values for the ma-
terials containing 30 % and 50 % aluminum were also rela-
tively high, with those for the material containing 40 %

aluminum being smaller. The blast wave overpressure data
indicate that with increasing aluminum content, the over-
pressure of the blast wave first decreased and then in-
creased. The blast wave overpressure for aluminum powder
ratios of 30 % and 50 % were 15.4 % and 19.8 %, respectively,
and the change trend of the overpressure data of the blast
wave was consistent with those for the thermal radiation
power and heat flux.

Scanning electron microscopy (SEM) images of the rub-
ber materials containing different proportions of aluminum
powder were obtained in the early stage, as shown in Fig-
ure 8. When aluminum powder was added to the rubber as
a reinforcing agent, the aluminum powder particles evenly
filled the rubber. Natural rubber does not have an obvious
network structure; however, when the aluminum powder
was added to the rubber, the powder began to accumulate
in the rubber in the form of a network structure, as ob-
served in Figure 8, and had a buffering effect on the shock
wave. With increasing aluminum content, this buffering ef-
fect became more significant and the overpressure meas-
ured by the sensor gradually decreased. However, after the
aluminum powder content reached a certain level, the
spherical aluminum particles began to contact each other
and became crowded, making the gap between them very
small. The aluminum particles thus became tightly stacked
into a multi-level three-dimensional network structure, with
the extruded spherical particles “floating” on the material
surface, as shown in Figure 8b. The high elasticity of the
rubber was gradually reduced, and the material became
easy to break, with a reduction of its shear strength and
shock wave attenuation effect and increase of the meas-
ured shock wave overpressure. Considering the energy loss
of the non-detonative material occupying the explosive
space and the need to reach the energy output of the war-
head, the non-detonative material in the compound charge
must not only effectively attenuate the shock wave but also
release sufficient energy; therefore, the non-detonative ma-
terial of rubber containing 50 % aluminum is considered op-
timal for this application.

Infrared images of the explosive fireball of the compo-
site charge for non-detonative materials composed of poly-
urethane and rubber containing 50 % aluminum powder are
compared in Figure 9. The distributions of the explosive
fireballs of the inert non-detonative materials and active
non-detonative materials can be clearly distinguished.
When polyurethane was used as the non-detonative materi-
al (Figure 9a), the surface temperature distribution of the
fireball was more symmetrical and the temperature dis-
tribution on both sides was more consistent. When the
non-detonative material was rubber containing 50 % alumi-
num (Figure 9b), the explosive fireball distribution was
clearly asymmetric, with the temperature on the right side
being higher than that on the left. The reason for this differ-
ence is that the natural rubber matrix and aluminum pow-
der were evenly mixed; however, during the static deto-
nation process, the tensile strength of the molecular chain

Figure 7. Heat flux, radiant power ratio, and overpressure for ex-
plosive fireball of different non-detonative materials.
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of the viscoelastic polymer provided resistance to external
deformation of the tensile stress. The non-linear fracture of
this polymer molecular chain was caused by the rupture of
the non-detonative materials and lateral dispersal.

To further compare the effect of the inert and active
non-detonative materials on the explosive fireball temper-
ature, the emissivity was adjusted to 1, and the relative
maximum temperature was used. At the highest temper-
ature, the fireball surface was painted with four lines, with
two horizontal lines crossing two vertical lines. The temper-
ature distributions along these lines were analyzed. Com-
parison of Figure 10a and Figure 10b reveals that the non-
detonative fireballs of the active non-detonative materials
were larger in diameter and smaller in height. The max-
imum temperature of the active non-detonative body was
greater than that of the inert non-detonative body. The
temperature of the surface of the inert non-detonative ma-
terial fireball appeared as a single peak in the horizontal di-
rection, whereas that of the active non-detonative material
appeared as a double peak. These results indicate that after
being detonated by the central charge, the active non-deto-
native material cracked and reacted first, and this energy
was coupled with that of the outer aluminum-containing
explosive. In the longitudinal direction, the center-left C-line
passed directly from the edge through the higher temper-
ature region and thus formed a single peak, whereas the D-
line in the center position passed from the outer edge first
through the high-pressure cloud and jetted upward from
the center position and then through the center. In the
high-temperature region, the high-pressure region reflected
by the ground finally passed through the low-temperature
region, thus forming three peaks. For the rubber containing
50 % aluminum, the maximum temperature in the trans-
verse direction increased by 23.08 % compared with that for
polyurethane, and the maximum temperature in the longi-
tudinal direction increased by approximately 16.67 %. These
results indicate that in the central detonation mode, the use
of an active non-detonative body as a non-detonative ma-
terial can effectively improve the damage efficiency in the
killing area.

Figure 8. SEM micrographs of rubber containing different proportions of aluminum.

Figure 9. Temperature distribution of fireball surface at various
stages after explosion of composite charge at different times for
non-detonative materials of a) polyurethane and b) rubber contain-
ing 50 % aluminum.
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3.2 Analysis of Growth and Reaction Process of Explosive
Fireball with Composite Charges

High-velocity photographs were recorded for comparative
analysis of polyurethane and rubber containing 50 % alumi-
num as non-detonative materials for explosion of the prod-
uct and fireball ball expansion process, as shown in Fig-
ure 11. Based on the characteristics of the reaction of the
thermobaric charges, the explosion process of the compo-
site charge explosive fireball was analyzed. The energy re-
lease reaction of the composite charge can be roughly div-
ided into three processes: (1) The initial oxygen-free
explosion reaction, mainly of the middle JH-2 explosive mo-
lecular compound. This reaction did not require the partic-
ipation of oxygen in the air, and the duration was as short
as less than 1 ms. (2) The anaerobic combustion reaction af-
ter the central charge explosion; for the active non-deto-
native materials, CO2, CO, and H2O in the first stage ex-
plosion products were at high temperature. The aluminum
powder in the active material first reacted under high pres-
sure and then reacted again with the aluminum powder in
the outer aluminum-containing explosive. The reaction at
this stage was also free of external air, and the duration was

less than 1000 ms. The non-detonative material directly re-
acted with the aluminum powder in the outer explosive.
The difference between the two is clear from the sizes of
the fireballs at 750 ms in Figure 11a and 11b. (3) Explosion
after the aerobic combustion reaction, which was mainly
the rapid combustion reaction of the rubber and aluminum
powder in the active non-detonative material after the cen-
tral charge explosion; C, H, and CO in the explosion prod-
ucts; and oxygen in the air. The duration was a few tens of
milliseconds. The first two processes of the inert and active
non-detonative material ended at approximately 1500 ms
(third frame of Figure 11); in addition, the combustion of
the composite charges with the inert and active non-deto-
native materials lasted a certain amount of time. For the
combustion effect, the post-combustion time of the active
non-detonative material was longer than that of the inert
non-detonative material. The post-combustion of the inert
non-detonative material was mostly completed after ap-
proximately 30 ms (Figure 11a, frame 10), whereas that of
the active non-detonative material was not yet finished af-
ter 60 ms.

Figure 10. Maximum temperature of explosive fireball and corresponding temperature line profiles for emissivity of 1.
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Figure 11. Dispersion process of explosive product of (a) inert non-detonative material (polyurethane) and (b) active non-detonative material
(rubber containing 50 % aluminum).
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3.3 Distribution of Explosive Products of Composite
Charge

AUTOCAD software was used to process the high-velocity
photographic data of the explosive cloud expansion proc-
ess, read the 2D plane image of the explosive fireball, and
record the expansion radius of the explosive fireball. An ex-
ponential function was used to fit the data of the radius R
and time t, and the following relation was deduced be-
tween the expansion radius and time for the explosion
product of the post-combustion stage:

RðtÞ ¼ K ½1� B expð�Ct2Þ� ð5Þ

where K, B, and C are constants; T is the explosive product
dispersal time (ms); and R is the corresponding dispersal ra-
dius (m). According to the property of an exponential func-
tion as t!1, the final dispersal radius is K. Table 3 presents
the fitting coefficients of the expansion radius of the ex-
plosive products of the different non-detonative materials
and gives the fitting precision. The accuracy of the first fit-
ting was determined using an exponential relation algo-
rithm based on the test data, and the precision of the sec-
ond fitting was determined using the exponential fitting
method with fixed B and C after the K, B, and C were aver-
aged.

The second-order fitting of the data in Table 3 was used
to characterize the effect of different non-detonative mate-
rials on the change of the expansive radius of the cloud of
explosive products. The final values of B and C were 0.41
and 0.05, respectively. The value of K differed depending on
the nature of the non-detonative material.

The relationship between the expansion velocity and
time of the explosion clouds was determined from the dif-
ferential equation of the expansion radius:

VðtÞ ¼ 2KBCt expð�Ct2Þ ð6Þ

The relationships between the expansion radius, dis-
persal velocity, and time for the explosive products for the
different non-detonative materials were determined using
the fitting coefficients for the second fitting:

VðtÞ ¼ 0:041Kt expð�0:05t2Þ ð7Þ

The relationship between the experimental data, fitting
curve, expansion radius of the fireball, dispersal velocity,
and time t of the fireball in the post-combustion stage are
shown for the non-detonative material of rubber containing
50 % aluminum in Figure 12 and Figure 13. Figure 12 shows
that the trend of the dispersal radius described by the fit-
ting function with time is consistent with the test data, and
the fitting accuracy is 97.90 %. Figure 13 shows the relation-
ship between the fireball expansion radius R, scattering ve-
locity v, and time t in the post-combustion phase. In the
post-combustion phase, the expansion radius of the ex-
plosive fireball increased more rapidly and then slowly
changed and tended to stabilize within 3–9 ms. The fireball
velocity began to stabilize and then showed a decreasing
trend; this behavior is indistinguishable from that of the
scattering process of a single thermobaric charge [9]. The
dispersal velocity of a single thermobaric charge gradually
decreases, and the expansion radius slowly increases. The
reason for this behavior is that the non-detonative material
with the composite charge structure hindered the ex-
pansion of the fireball.

The other non-detonative materials showed similar reg-
ularity in the expansion radius and dispersal velocity of the
fireball, as observed in Figure 14.

Combining Eq. (7) and Figure 14, it can be concluded
that the dispersal velocity of the active non-detonative ma-

Table 3. Explosion cloud expansion radius fitting coefficients for different non-detonative materials.

non-detonative
material

RðtÞ ¼ K ½1� B expð�Ct2Þ� The precision of one fitting [%] Quadratic fitting [%]

K1 K2 B C

Polyurethane 2.87 2.86 0.41 0.05 94.99 95.90
30 %Al/Rubber 3.03 3.04 0.44 0.06 96.44 96.76
40 %Al/Rubber 3.13 3.15 0.43 0.06 96.70 96.90
50 %Al/Rubber 3.07 3.04 0.43 0.05 97.95 97.90
60 %Al/Rubber 2.92 2.93 0.40 0.05 91.77 93.34

Figure 12. Dispersal radius as a function of time for 50 % Al/rubber.
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terial was higher than that of the inert non-detonative ma-
terial and that the value of the K characterizing the per-
formance of the non-detonative material was large. Because
the inert non-detonative material did not contain aluminum
powder, aluminum powder was not involved in the reaction
of the detonation material after detonation of the center
charge. In contrast, because the aluminum-containing rub-
ber contained aluminum powder, the reaction of aluminum
powder with the detonation products of the center charge
and the oxygen in the surrounding air generated Al2O3,
thereby releasing heat energy. This heat energy enhanced
the impulse to the external aluminum-containing ex-
plosives, resulting in a higher spraying velocity. In addition,
with increasing aluminum powder content in the alumi-
num-containing rubber, the explosion velocity of the ex-
plosion product cloud group first increased and then de-
creased. This behavior was observed because although the
amount of heat released by the aluminum powder and im-
pulse increased, the aluminum powder content also in-
creased. After further increase of the aluminum content, be-
cause of the high explosion temperature of the central
charge, the amount of Al2O generated from the reaction

with the aluminum-containing rubber aluminum powder in-
creased, the endothermic effect of the formation of Al2O3

was greater than the exothermic effect [16], and the
amount of released heat decreased accordingly. This phe-
nomenon reduced the intensity of the detonation wave
front and the throwing effect on the outer aluminum-con-
taining explosives, which in turn reduced the dispersal ve-
locity. Based on the analysis of the shock wave over-
pressure, infrared heat radiation, and dispersion radius and
scattering velocity, selection of 50 % aluminum-containing
rubber as the non-detonative material would be advanta-
geous in the design of a power-control warhead to increase
the energy release rate and reduce the incidental damage
radius.

4 Conclusion

(1) Measurements of the explosive overpressure and infra-
red thermal imaging temperature of composite charges re-
vealed that the inert non-detonative material (polyur-
ethane) and active non-detonative material (rubber
containing 50 % aluminum) both showed good explosion-
proof performance. The fireball temperature distribution of
the active non-detonative material was inhomogeneous. In
the lateral direction, because of the energy coupling be-
tween the aluminum powder and internal charge, two re-
gions with higher temperature were generated. In contrast,
the energy coupling between the inert non-detonative ma-
terial and external charge only produced one high-temper-
ature region.

(2) The explosion of the composite charge in the central
detonation mode was similar to that of a thermobaric
charge and consisted of three processes: an oxygen-free ex-
plosion process, an anaerobic combustion process, and an
aerobic combustion process (post-combustion reaction).
There were no clear differences between the active non-
detonative materials and the inert non-detonative material
for the first two processes; however, the duration of the
post-combustion process for the active non-detonative ma-
terials was much longer than that for the inert non-deto-
native material.

(3) The time-dependent curve of the dispersion radius
of the composite charge in the central detonation mode
obeyed the exponential relationship
RðtÞ ¼ K ½1� B expð�Ct2Þ�. In the post-combustion process,
the explosive fireball rapidly increased from 3 to 9 ms and
then slowly changed and tended to stabilize after 9 ms.
During the initial process, the fireball dispersion velocity
changed steadily. Consequently, the K value of the active
non-detonative material was higher than that of the inert
non-detonative material and first increased and then de-
creased with increasing proportion of aluminum powder.

(4) Comprehensive analysis of the effects of the non-
detonative materials on the inner high explosive detonation
wave attenuation performance, heat radiation energy out-

Figure 13. Expansion radius and dispersal velocity as a function of
time for 50 %Al/rubber.

Figure 14. Variation curves of fireball dispersal velocity as a function
of time.
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put, dispersion radius, and moving velocity suggest that
50 % aluminum-containing rubber should be preferentially
selected as the intermediate non-detonative material for
this application.
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