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Combustion Characteristics of Solid Sustained-
Release Energetic Materials

Bingxu Qiao, Zengyou Liangg, Fudi Liang, Tongtong Zhou

Abstract: A solid sustained-release energetic material sample, an eruption device and a complete
test system were prepared further to analyse the combustion characteristics of solid sustained-
release energetic materials. The high-temperature heat flux generated by the combustion of the
samples from the eruption device was used to penetrate the Q235 target plate. In addition, the
meaning and calculation formula of energy density characterising the all-around performance of
heat flux were proposed. The numerical simulation of the combustion effect of samples was carried
out. According to the data comparison, the numerical simulation results agreed with the experimen-
tal results, and the maximum deviation between the two was less than 8.9%. In addition, the struc-
ture of the combustion wave and high-temperature jet was proposed and analysed. Based on theo-
retical analysis, experimental research and numerical simulation, the theoretical burning rate for-
mula of the sample was established. The maximum error between the theoretically calculated mass
burning rate and the experimental results was less than 9.8%. Therefore, using the gas-phase
steady-state combustion model to study the combustion characteristics of solid sustained-release
energetic materials was reasonable. The theoretical burning rate formula also had high accuracy.
Therefore, the model could provide scientific and academic guidance for the theoretical research,
system design and practical application of solid sustained-release energetic materials in related
fields.
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1 Introduction

Due to the high-energy density and adiabatic
flame temperature, solid sustained-release ener-
getic materials are widely used in incendiary
agents, solid propellants and pyrotechnics, which
is a hot topic in the field of national defence sci-
ence and technology [1]. Energetic materials are a
class of compounds or mixtures containing explo-
sive groups or oxidants and combustibles, which

can independently carry out chemical reactions
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and output energy [2]. Energetic materials are
metastable materials with high-energy density.
After being excited by a specific stimulus, it
quickly releases energy to damage the surround-
ing objects. Based on this principle, energetic
materials are designed and applied in many
industrial fields [3-5]. The solid sustained-release
energetic materials studied in this paper refer to
a class of energetic materials that are solid at the
usual temperature. It can stably burn to produce
energy after being excited. The combustion
energy release process is controllable.

Its components mainly include main rea-
ction agents and auxiliary agents [6]. It can pro-
duce a high temperature of about 2000°C-3000C
and a large amount of heat energy after being

ignited. It is also often called a high-heat agent
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[7]. Solid sustained-release energetic materials are
mainly used to destroy waste ammunition, cut
metal materials, and simulate the thermal effect
of high-energy continuous laser irradiation on
metal shells.

Chen Z Y investigated the effect of doping
La,O, on the reactive characteristics of Al/CuO
thermite. The combustion results indicated that
doping La,O, will alter the flame propagation
mode of Al/CuO thermite. The combustion state
was observed to be changed from deflagration to
slow combustion with the increase of La,O,. The
inclusion of La,O, in Al/CuO thermite is sug-
gested to be used as a means to control the prop-
agation velocity and energy release [8]. Wang S
designed the cutting device and experimented
with cutting Q235 steel plates with solid sus-
tained-release energetic materials. The results
show that when the mass fraction of the primary
reaction agent is 13.6% —22.8%, the combustion
time, erosion depth, and diameter of the steel
target are optimised [9]. Wu Y Y verified that
the solid sustained-release energetic material is
about 80 mm long, the working time can reach
4.5 s, and it can be used to cut the steel plate
with a thickness of 20 mm. When the charge
diameter of the solid sustained-release energetic
material is 32 mm, the working time can also
reach 4.5 s [10,11]. Song J X conducted a similar
test. The test used different doses of MnO, ther-
mite to conduct a melt-through test on A3 steel
plates. The results show that the aluminother-
mic agent has a significant penetration effect on
the A3 steel plate, which can be applied in actual
ammunition destruction and improve the safety
of ammunition destruction [12].

Helms invented a solid sustained-release
energetic material for metal cutting and impro-
ved the formulation. The formula comprises alu-
minium powder, metal oxide and combustible
metal powder, including iron, copper, silver, nio-
bium and tungsten. Fluorocarbon compounds are
added as gas-generating agents [13,14]. Hart

invented a metal cutting device that can be used

underwater. The solid sustained-release energetic
material filled in the device adopts the formula of
Helms [15]. Christopher invented a tubular
device for cutting metal. Aluminium, magnesium,
niobium and titanium can be used as reducing
metal powder in the formula. Iron oxide, ferric
oxide, copper oxide and chromium oxide can be
oxidants. Polytetrafluoroethylene is selected as
the gas-producing agent [16]. The solid sustained-
release energetic material used in the patent pub-
lished by Hal-comb can produce high-pressure
and high-speed gas after combustion. The gas-
generating agent in this formula is metal nitride
or metal carbide [17]. In the 2004 patent,
Vladimir pointed out the defects of samples in
metal cutting. He believes that the metal slag
produced by the combustion of thermite will
block the material from being cut, which is not
conducive to further cutting. He used a polyvinyl
chloride or polytetrafluoroethylene casing to
equip the eruption device, which can be used to
cut metal and non-metallic materials such as
rock and concrete [18].

In 2006, the U.S. Navy Air Combat Center
Weapons Department conducted a new study on
the technology of heating the metal material of
the warhead shell. The combustible gas propane
is atomised at a certain pressure, ejected from
the nozzle while blowing into the air, and ignited
to heat the warhead metal shell material in the
combustion chamber. The maximum energy den-
sity of the flame jet on the surface of the metal
shell of the warhead is only 40 W/cm? which is
significantly different from the energy density of
the object surface irradiated by high-energy laser
and far from the thermal effect of the simulated
high-energy laser irradiation [19]. Zhao S W
developed a rapid heating device for simulating
the thermal effect of a metal shell irradiated by a
laser. A small-scale solid sustain- ed-release ener-
getic material eruption device was invented to
heat a steel plate. The temperature peak of the
centre point of the temperature field on the back
of the steel plate reached 1196 °C, the corre-
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sponding peak time was 8.5 s, and the tempera-
ture rise rate reached 140°C/s. However, the
device has not achieved high-energy density and
large heating diameter. High-temperature heat
flux acting on metal targets can effectively simu-
late the thermal effect of high-energy continuous
laser irradiation on metal materials. Although
the current research results have not yet
achieved high-energy density and large heating
diameter, after studying and improving the com-
bustion energy release characteristics and the for-
mulations of energetic materials and the struc-
ture of the eruption device, the thermal effect of
continuous laser irradiation on metal target
plates with high-energy density and large heat-
ing diameter can be simulated [20-22]. In the
future, solid sustained-release energetic materials
will have enormous development and application
potential in destroying spent ammunition, emer-
gency rescue, metal cutting and laser irradiation
effect simulation.

To improve the comprehensive performance
of solid sustained-release energetic materials, it is
necessary to investigate the steel target’s dam-
age under high-temperature heat flux. Among
them, the combustion characteristics are crucial
but have yet to be studied. Therefore, the com-
bustion of solid sustained-release energetic mate-
rials was studied to obtain the combustion char-
acteristics, combustion wave structure and mass
burning rate of the samples. Combining the
experiment and numerical simulation, we
obtained the theoretical burning rate’s mathe-
matical model of the samples, which is expected
to provide academic guidance for the formula-
tion design, production and application of solid

sustained-release energetic materials.

2 Experiment

Fig. 1 displays the 45# steel eruption device.
Fig. 2 shows the experimental apparatus. In the
SYC quartz pressure sensing system, the mea-
surement error is 2 200 000 pC. R5300 infrared

camera, the error is 0.015 K. Motion Xtra high-
speed camera, relative error 0.9% — 1.5%. WRN
thermocouple, the relative error is 0.75%.

(b)

Fig. 1  Eruption devise: (a) top view; (b) main view

@ target plate, @ high-speed photography, 3 thermojunction,
@ put-in manometer, & infrared photography, ® eruption
device, @ igniter, recorder, © host machine

Fig. 2 Experimental apparatus

The samples contain three main components:
Al powder, Fe,0, powder and Ba(NO,), powder.
They are, respectively, combustible metal pow-
der, metal oxide and oxidiser. In tests 1-5, the
content of Fe,O, was kept unchanged, and the
influence of the content of Al and Ba (NO,), pow-
der on the combustion performance of the sam-
ple was explored. In tests 6-10, kept the sample’s
formula unchanged and adjusted the throat
diameter of the eruption device to explore the
influence of throat diameter on the combustion
performance of the samples. Tab. 1 shows the ini-
tial parameters of the tests.

The microstructure of the composite was
characterised by field emission scanning electron
microscopy (SEM), and the results are shown in
Fig. 3. It can be seen that many spherical Fe,O,
particles (about 2-5 pm) and their aggregates
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Tab. 1 Initial parameters of 10 tests

Serial number 1 2 4 5 6 7 8 9 10
Ba(NO,), content 22% 24% 26% 28% 30% 26% 26% 26% 26% 26%
Throat diameter (mm) 50 50 50 50 50 40 45 50 55 60

(about 1-3 pm) are located on the surface of Al
balls and between Al balls, which are closely
combined with Al balls, and Al balls are embed-
ded in Fe,O, particles. To further confirm the ele-
mental composition of the composites, the sam-
ples were analysed by EDS, as shown in Fig. 4.
The analysis results in Fig. 4 show that the com-
posite material mainly contains three elements,
consistent with the XRD analysis results. XRD

results are shown in Fig. 5. As can be seen from

5.0kV 5.3m

Fig. 3 SEM results of the samples

Al

Fe Fe

E (keV)

Fig. 4 EDS results of the samples

Fig. 5, compared with the data on the PDF card,
the diffraction peaks of the obtained solids are
consistent with the characteristic diffraction
peaks of Al (standard card number: 89-4037)
and Fe,O, (standard card number: 89-0691) .
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Fig. 5 XRD results of the samples

3 Results and Analysis

3.1 Combustion of Samples

Fig. 6 shows test 3’s high-speed and infrared pho-
tography images. The timing starts after the igni-
tion device is triggered. At 1 s, a weak fire light
is generated. Then, as the combustion intensifies,
the maximum temperature jumps. The high-tem-
perature heat flux begins to act on the surface of
the target plate. Between 2 s and 3 s, the sam-
ple burns to produce much smoke. At about 4 s,
a high-temperature particle splash is accompa-
nied by a sharp explosion. Between 5 s and 7 s,
the combustion eruption of the target compos-

ites is the most intense, and the highest tempera-

Fig. 6 The sample combustion in test 3
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ture is 2 429 K. The target plate is penetrated by
high-temperature heat flux at about 8 s. From
9 s to 10 s, the intensity of the sample combus-
tion shows a decreasing trend. At about 13 s, the
flame is extinguished. The contact time between
heat flux and steel target is about 12 s.

Fig. 7 shows the images of the most violent
burning moments of the samples in tests 2 and 5.
The maximum temperature, pressure, and veloc-
ity are marked as T,.,, P... and V..., respectively.
Taking the oxidant content as the independent
variable, the change curves of the three depen-
dent variables of tests 1-5 (T, P.. and V,.)
are shown in Figs. 8-10.

When the oxidant content is 22%, 26% and
30%, T..is 1 845 K, 2 429 K and 1 987 K,
respectively. The value recorded in Ref. [22] is
about 2 000 K, comparable to the temperature
obtained by the experiment. Correspondingly,
P, is 101 305 Pa, 108 535 Pa and 99 265 Pa,
respectively. V... is 345.3 m/s, 430.8 m/s and
190.5 m/s. Under certain conditions and ranges,
when the oxidant content in the formula of the
target composites increases, the intensity of the

combustion reaction will be strengthened. In

(d)
Fig. 7 High-speed and infrared photographic images of sample

combustion when T, appeared in tests 2 and 5: (a)
high-speed image of test 2; (b) infrared image of test 2;
(c) high-speed image of test 5; (d) infrared image of
test 5

2500

V4 Kt

% 2000 ¢ _/
o
E
s
;,11 500
Q
£ 2 42
E ) D 21
E1ooofr | P103
% 845
=
500

21 22 23 24 25 26 27 28 29 30 31
Ba(NO,), content (%)

Fig. 8 The change curve of T, in tests 1-5
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Fig. 9  The change curve of P, in tests 1-5

addition, when the oxidant can decompose to
produce gas at high temperatures and pressure,
the energy release and combustion characteris-
tics of the solid sustained-release energetic mate-
rials will be optimised to a greater extent. The
part of Ba(NO,), that plays the role of oxidant
first reacts with Al powder. When Al powder
completely reacts, Ba(NO,), acts as an oxidant
in the sample and a gas producer. When the oxi-
dant overdoses, the remaining oxidant will
decompose in a high-temperature and high-pres-
sure environment, generating a large amount of
gas such as O, and N,. What’s more, the combus-

tion of Al powder needs to absorb much heat
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Fig. 10

central axis in tests 1-5; (b) change curve of V.. in tests 1-5

from the surrounding environment and consume
much oxygen. Therefore, when the Al powder is
excessive, the high temperature and pressure gen-
erated by the sample combustion will be reduced.
Since the total amount of Ba(NO,), and Al pow-
der is fixed in the formula, the smaller the pro-
portion of Al powder, the smaller the tempera-
ture and pressure decrease. Therefore, when
Ba(NO,), is lower than 26%, T.., P... and V..
were positively correlated with Ba(NO,), con-
tent. With the increase of Ba(NQO,), range from
26% to 30%, the three main performance parame-
ters negatively correlate with Ba(NO,), content.
Through experiments, we found that the sample’s
combustion effect was optimal when the mass
fraction of the primary reactants Al powder and
Ba(NO,), was 26% and 24%, respectively. This

conclusion is supported in Ref. [23].

3.2 High-Temperature Heat Flux Energy Density
Due to the need for more specific concepts to
characterise the intensity of high-temperature
heat flux, we propose the term energy density in
combination with academic and practical needs.
Energy density refers to the internal energy in
the heat flux acting on the unit area per unit of
time. The following expression calculates the
energy density:

2, P xA+P,

v 1
Qin 5 (1

500
400 | k'

Q)

£

2300}

2

54

£ 200/ 430.8

E 345.3

= 288.9

= o0t

O 1 1 1 1 1 1 1 1 J
21 22 23 24 25 26 27 28 29 30 31
Ba(NO;), content (%)

(®)

.....

where gq;, is the density of energy; S is the area
of action surface; P, is the liquid or solid prod-
ucts’ power; A, is the liquid or solid products’
mass fraction; and P, is the gaseous products’

power.
The Vi, T Puw and g, of 10 tests are

shown in Tab. 2.

Tab. 2 V.., Twws P., and g;,, of 10 trials

Test

aumber Ve m/s) T, ®K) Po. Pa)  gin(W/cm?)
1 345.3 1845 101305 7321
2 400.9 2103 105218 8266
3 430.8 2429 108535 9125
4 288.6 2212 103548 6611
5 190.5 1987 99265 4031
6 424.4 2117 106162 9591
7 433.9 2283 106813 9413
8 454.7 2359 107574 9817
9 405.6 2006 104976 8997
10 400.1 2136 104543 8704

4 Numerical Simulation of Combus-
tion and Eruption of Samples

The secondary development of Fluent was
realised by combining Fluent and Visual Studio
software. The high-temperature heat flux was
regarded as a liquid-gas-solid three-phase flux
dominated by molten metal fluid. The energy,

momentum and mass exchange between the con-
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tinuous and discrete phases were considered. The
user-defined function was redeveloped based on
the Volume of the Fluid model and the Discrete
Particle Method. Based on the experimental
data, the initial and boundary conditions of the

simulation are shown in Tab. 3.

Tab.3 Original parameters and boundary conditions of
numerical simulation
pa of heat flux 5.16 g/cm?®
A of heat flux 282.4 °C-W/cm
Cp of heat flux 0.54 J/(g'K)
Turbulence model K-¢
Turbulence intensity 4.9%
X of target plates (solid phase) 261 C-W/cm
X of target plates (liquid phase) 398 C-W /cm
Cyp of target plates (solid phase) 0.58 J/(g'K)
C, of target plates (liquid phase) 0.66 J/(g-K)
Mass flow rate of solid particles 3.4 ¢g/s
A numerical simulation was carried out

based on the data from test 9. Fig. 11 shows the
simulation’s temperature contour. The test 9
sample adopted the progressive combustion mode
of setting a fire transfer hole in the charging cen-
tre and igniting it with magnesium powder, as
shown in Fig. 11. When ¢=1.2 s, the tempera-
ture around the fire transfer hole is higher. The

700 K high-temperature zone is evenly  dis-

t
Static temperature(mi...
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(K]
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3.00e+02 3.00e+02
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t . i t . .
Static temperature(mi... Static temperature(mi...
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. 9.23e+02
. 6.93e+02
. 4.02¢+02
2.32e+02
1.00e+00
(K K]
(d)

Fig. 11
(e) t=5.1s; (f) t=6.3 s

t
Static temperature(mi...

(b)

(e)

tributed on both sides of the axis. A small high-
temperature area is formed at the ignition posi-
tion of the charge. Due to the precompression of
the Laval nozzle structure, high-temperature heat
flux is strongly compressed near the throat, and
the internal pressure of the eruption device also
increases sharply. The high-temperature wave-
front reaches the nozzle at 4.5 s. When ¢=5.1 s,
the wavefront leaves the nozzle, and the influ-
ence area expands rapidly. Between t=5.1 s and
1=6.3 s, the more extensive the sweep range of
the wavefront, the more serious the temperature
attenuation. Fig. 12 shows the simulation’s pres-
sure contour.

When t=1.2 s, there are two high-pressure
areas near the wall of the eruption device that
are approximately parallel to the central axis.
Then, the high-pressure areas on both sides con-
verge to the axis and close around 2.7 s. High-
pressure products gather at the bottom of the
eruption device, forming a high-pressure area,
and then transfer to the throat area. Between
t=4.5 s and t=6.3 s, the size of high-pressure in
the throat expands dramatically. In the process,
that is, between t=3.4 s and t=6.3 s, the numeri-
cal simulation of the Group 9 test shows that the
highest temperature is about 2594 K, and the

I3
Static temperature(mi...

(K]

©

t
Static temperature(mi...

[K

)

Temperature contour at different times of test 9’s numerical simulation: (a) t=1.2 s; (b) t=2.7 s; (c) t=3.4 s; (d) t=4.5 s;
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P
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Fig. 12
t=5.1s; (f) t=6.3 s

maximum pressure is about 1154 Pa. From the
eruption of heat flux to the contact of the steel
target, the high-energy density region along the
central axis extends continuously. A high-temper-
ature jet with high-energy density is formed
before the heat flux acts on the target plate. And
the extreme value region is distributed in the
wavefront and the throat. Based on the central
axis, the energy density in the diameter range of
nozzle size was high, and the attenuation ampli-

tude was slight with the increasing distance.

27501 [ Test results
[ Simulation results
2594 2575
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2500 24535 433 2476
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Fig. 13
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Pressure contour at different times of test 9’s numerical simulation: (a) t=1.2 s; (b) t=2.7 s; (c) t=3.4 s; (d) t=4.5s; (e)

However, the energy density of the high-tempera-
ture jet outside the nozzle diameter decreases
more obviously with the increased distance.

To verify the accuracy of numerical simula-
tion, test results and numerical simulation results
were compared, as shown in Fig. 13.

The simulation results agree with the test
results with a maximum error of less than 8.9%.
Therefore, the algorithm and model used in the

numerical simulation had high accuracy and reli-
ability [24].

[ Test results 1.16
| [ Simulation results
1.15
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2
$ 1.06
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Comparison of numerical simulation results and test results: (a) temperature comparison between test results and numerical

simulation results; (b) pressure comparison between test results and numerical simulation results
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5 Combustion Wave Structure and

High-Temperature Jet Structure

5.1 Combustion Wave Structure

According to the experiment’s high-speed cam-
era results, the combustion wave structure of the
target composites can be divided into three
regions. It includes the solid heating, oxidiser,

and diffusion flame regions, as shown in Fig. 14.

Solid slow-release
energetic materials

Fe,O, powder Combustion
Al powder product

Oxidizer flame region Oxidizer bubble

Fig. 14 The combustion wave structure of solid-sustained ener-

getic materials

A solid heating zone was formed by the large
amount of feedback heat generated by the com-
bustion of samples. The oxidiser flame zone was
formed by thermal decomposition and combus-
tion of Ba(NQ,),. After igniting the target com-
posites, the oxidant created an ‘air bag’ to over-
flow the surface of the samples through thermal
decomposition. Near the combustion surface, the
oxidiser first burned to form the oxidiser flame
zone and mixed with air and Al powder in sam-
ples to create the diffusion flame zone. Ba(NO,),
begin to decompose when the temperature
reaches about 120°C, and its decomp- osition
product Ba(NO,), will further decompose into
final products BaO, NO, and O, when the tem-
perature reaches 600°C. The gaseous exothermic
reaction will be carried out near the surface of
samples to form an oxidant flame and oxygen-
rich flow. The diffusion flame zone is the direct
diffusion combustion of the oxygen-rich flow pro-
duced by Ba(NO,), combustion, Al particles,
Fe,O, powder, products of thermite reaction and

air in the gas phase of the original combustion

surface. The final combustion products are pro-
duced during this period, releasing much heat.
According to the above analysis, the combustion
flame of the target composites is composed of
numerous small flames burning around oxidiser
Ba(NO,), crystal particles. The tiny flame
around each oxidiser grain is composed of the ini-
tial, oxidiser, and final flame, and its structure is

shown in Fig. 15.

Ba(NO,), flame

Ba(NO,),
decomposition

Fig. 15 Schematic diagram of combustion wave structure

around an oxidiser

A solid heating zone is formed by the feed-
back heat generated by the combustion of sam-
ples. The oxidiser flame zone is formed by ther-
mal decomposition and combustion of Ba(NO,),.
After igniting the target composites, oxidants
form “air bags” overflowing the energetic materi-
als’ surface through thermal decomposition. The
oxidiser is first burned near the combustion sur-
face to create the oxidiser flame zone, then mixed
with air and Al powder to form the diffusion
flame zone. Ba(NO,), begins to decompose at
120°C, and its decomposition product Ba(NO,),
further decomposes to BaO, NO, and O, at
600°C. These substances undergo exothermic
reactions in the gas phase near the surface of
samples, forming oxidant flame and oxygen-rich
flow. The oxygen-rich flow, Al particles, Fe,O,
powder, products of the thermit reaction and air
are directly subjected to diffusion combustion to
form a diffusion flame and generate the final
combustion product. According to the above

analysis, the combustion flame of samples is com-
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posed of numerous small flames burning around
Ba(NO,),
around each oxidiser grain comprises the initial,

crystal particles. The tiny flame

oxidiser, and final flame.

5.2 High-Temperature Jet Structure

The high-temperature heat flux generated by the
combustion of samples was ejected from the noz-
zle of the eruption device, which broke away
from the binding constraint of the eruption

device and interacted with the environmental

le————— Main part

i Initial phase —><— Transitory stage —>|

Molten metal

Fig. 16

The initial phase consists of the central zone
and the mixed region. The centre zone has no
momentum and mass exchange between the heat
flux and the external environment. The parame-
ters are consistent with those at the nozzle out-
let. The mixed region is the initial contact
between the heat flux and the external environ-
ment. The momentum and mass exchange
between the high-temperature heat flux and the
external environment form a mixed flux zone in
this region. The velocity and temperature differ
slightly from those at the nozzle outlet. Since the
speed of high-temperature heat flux is higher
than that of air, air will be involved and form
vortex zones. After the heat flux and air are
thoroughly mixed, the entire development stage
of the flame jet is formed. In the jet’s transition
and full development stage, the velocity and tem-
perature will significantly differ from that at the
nozzle outlet.

Because the heat flux generated by the sam-
ples’ combustion at the nozzle outlet has high

flow stability and strong resistance to external

Central zone MM

fluid (air) to form a jet flux. The structure could
be divided into the initial phase, main section,
molten metal, and high-temperature flux zones.
The molten metal zone comprised molten prod-
ucts whose temperature could reach about 2273
K-2773 K. There was a high-temperature flux
zone outside the metal melting zone. The main
component is the gas produced by Ba(NO,),
decomposition with temperatures between 1773 K
and 2073 K, as shown in Fig. 16.

High-temperature
heat flow area

<~ Full development stage —1

Schematic diagram of high-temperature jet structure

interference, there is no mass and momentum
exchange with the external environment in the
initial phase of the jet. Hence, the length of the
initial phase of the jet is enormous. However,
momentum and mass exchange exist between the
jet and the environment in the transition stage,
and the eddy current region appears. In the
entire development stage of the jet, it is thor-
oughly mixed with the air, and a large flame
appears. The-high-tempera ture jet structure of

test 9 is shown in Fig. 17.

6 Theoretical Burning Rate Formu-

la for Samples

6.1 Derivation of Theoretical Burning rate For-
mula

Many factors affect the burning rate of the tar-

get composites, such as initial temperature, pres-

sure, physicochemical properties of oxidants, etc.

All the influencing factors should have been con-

sidered when deducing the theoretical burning

rate of samples. To simplify the calculation pro-
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Eddy part
Extended zone
\ Central zone
Velocity magnitude(mi...
28e+03
2.05e+03
1.82e+03
1.60e+03
1.37e+03
1.14e+03
9.12e+02
6.84¢+02
4.56e+02
2.28e+02
9.006+00 Full development zone
[m/s] Mixed zone

(a)

(b)

Initial phase

Fig. 17 High-temperature jet structure of test 9: (a) simulation image; (b) infrared image; (c) high-speed image

cess, the following assumptions were put forward
according to the actual situation.

1) The combustion wave structure of the
target composites was divided into three regions:
solid heating, oxidiser, and diffusion.

2) The gas reaction rate and diffusion mix-
ing rate controlled the burning rate. The con-
densed phase reaction only occurred on the com-
bustion surface and only played an energy bal-
ance role in the thermal effect of the combustion
surface.

3) In the calculation process, the flame
thickness of the oxidiser was ignored; only the
flame thickness of diffusion combustion was con-
sidered.

4) The combustion reaction of Al powder
had a negligible effect on the burning rate of
samples.

5) In the case of gas phase reaction, heat
transfer was carried out to the surface of solid
sustained-release energy-containing materials in
heat conduction.

The energy conservation relation- ship
existed on the surface of the target composites as
follows: the heat obtained in the solid phase was
equal to the sum of the heat transferred in the
mixed phase region and the heat released on the

combustion surface

dT dr
k, | — =k|(— — PTG, 2
(dy)s (dy>s+ g

where k, is the thermal conductivity of solid
phase; k is the thermal conductivity of gas phase
in the mixed-phase region; ¢, is the net heat from

the surface of samples; p, is the density of solid

phase of samples, 7 is the average burning rate
of the sample.

Eq. (2) was used to obtain the relationship
between the heat transfer on both sides of the
combustion surface of samples, and the burning
rate expression could be obtained. In this process,
the governing equation of one-dimensional flow

with constant section was also used

dr kdzT
pucpdw T U da2

+w (Hy 1) fu (3)

where p is the sample density; u is the flow veloc-
ity; ¢, is the specific heat capacity at constant
pressure; w is the chemical reaction rate; H, , is
the combustion enthalpy of the sample.

The energy control equations of the solid

phase region and the gas phase region are

T *T
(a) p,,?'"csd— - kd =0
dx dx? (4)
dr T
(b) PoVC o k@ —w,'q, =0

where ¢, is the specific heat capacity of con-
densed phase on combustion surface; w, is the
total reaction rate in the diffusion flame region.
The energy control equation on the solid side
of the combustion surface was integrated on the
interval [—o0,0]. The boundary condition: when
y=0,T=1T,; when y=—o00,T=1T,, dT'/dy=0.

The following formula could be obtained

(a) k(i)s = pyic. (T, = T)

(b) k(‘g) — e (T~ T) + ¢

(5

It was assumed that the temperature was
linearly distributed and the thickness of the
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flame zone was L, then

dr T, —T.
k(— ) =k-1— 6
(dy)s+ L ©

Combined with Eq. (5), we have

k(T, - T.)

VD)
L [Cs (Ts - TL) + qa]

T = Pyt =

The gas phase chemical reaction of samples
was regarded as a second-order reaction. The sec-
ond-order chemical reaction rate was expressed
by the reaction degree of the chemical reaction.
The reaction rate of the fuel (Al powder and
Fe,0, powder) in the target composites could be
obtained

p? B
We, = myqu,oKm,ofAe RoTy (2)

_B_
(1—¢)* = p?Ae RoTy (1 —¢)*

where p is the density of mixed gas at average
temperature T, = (T, + 1}) /2; w,, Y;, and Y, are
the initial mass fractions of fuel and oxidant in
samples, respectively; f, isthe collision fre-
quency between molecules that undergo chemi-
cal reactions; E is the activation energy of chemi-
cal reactions; R, is the ideal gas constant; € is the
reactivity of chemical reactions.

The chemical reaction thickness per unit vol-
ume of reactants consumed in the gas phase

region could be obtained as follows

k(T, = T.) 1
c. (T, —T))+q. py/Ae F/RoTq

Substituting (9) into (7) and combining the
ideal gas thermal state equation p = pR,T,, the

L, = D)

mass burning rate expression of the target com-
posites could be obtained as

r.,, = BP

m

k(T, — T,)Ae—/RoTy
B:\/ (I —T)Ae™™n  pr (10)

c. (T. - T;) + q.

Eq. (10) explicitly related the mass burning
rate of samples to the characteristics, gas phase
reaction kinetic parameters, diffusion mixing and
combustion chamber pressure. When the propor-

tion of each component, the physical and chemi-

cal properties in the samples were determined,
the value of B could be determined. That was,
the mass burning rate of samples was linearly
related to the pressure of the combustion cham-
ber. On the premise of knowing the composition,
density and combustion reaction temperature of
the sample, the B value can be calculated. Fur-
ther, when the pressure of the combustion cham-
ber is obtained, the mass burning rate of the

sample can be predicted using the formula.

6.2 Verification of Theoretical Burning Rate For-
mula
When the theoretical burning rate formula was
verified, the temperature of the solid phase heat-
ing zone, the oxidant flame zone and the diffu-
sion flame zone could be determined by the value
of coefficient B on the premise that the formula
and combustion mode of the solid sustained-
release energetic material were known. The den-
sity, specific heat capacity and other parameters
of samples were calculated by multiplying the
corresponding parameters of the components by
the average value of the mass fraction of the
components. Tab. 4 shows the calculation results.
Fig. 18 shows the comparison between the experi-
mental and theoretical data on mass burning

rate.

Tab. 4 Performance parameters of high-temperature heat flux

Test B
Fe304 : Al : Ba(NO3), Combustion method

number (10° m-s)
constant surface
1 50:28:22 . 0.694
burning
constant surface
2 50:26:24 . 0.752
burning
constant surface
3 50:24:26 . 0.875
burning
constant surface
4 50:22:28 . 0.834
burning
constant surface
5 50:20:30 . 0.681
burning
constant surface
6 50:24:26 . 0.875
burning
7 50:24:26 progressive burning 0.978
constant surface
8 50:24:26 . 0.875
burning
9 50:24:26 progressive burning 0.978
10 50:24:26 progressive burning 0.978
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Fig. 18 The comparison between the theoretical value and the

experimental value of the mass-burning rate

It can be analysed from Tab. 4 that increas-
ing the mass fraction of Ba(NO,), and using the
progressive combustion method can increase the
value of the mass burning rate coefficient B. The
combustion character- istics of the target com-
posites align with the gas-phase steady-state
combustion model. The burning rate is mainly
affected by the gas-phase exothermic reaction.
Therefore, increasing the content of Ba(NO,), in
the formula and using the progressive combus-
tion method can increase the gas phase exother-
mic reaction rate. When the average collision fre-
quency between the molecules in the combustion
reaction increases, coefficient B’s value will also
increase.

From the calculation results in Fig. 18, the
maximum error between the mass combustion
rate’s theoretical and experimental test results is
less than 9.8%. Therefore, using the gas-phase
steady-state combustion model to study the com-
bustion characteristics of the target composites is
reasonable. The derived theoretical burning rate
formula also has high credibility.

7 Conclusions

1) When the mass fraction of the primary reac-
tants Al powder and Ba(NO,), was 26% and
24%, respectively, the solid sustained-release
energetic material’s combustion and energy
release effect was optimal.

2) The secondary development of Fluent was
realised by combining Fluent and Visual Studio

software. The user-defined function was redevel-

oped based on the Volume of Fluid and Discrete
Particle Method. The maximum error between
the experimental and numerical simulation
results was less than 8.9%. Therefore, the algo-
rithm and model used in the numerical simula-
tion had high accuracy and reliability.

3) According to the chemical reaction of the
solid sustained-release energetic material during
combustion, combined with the pictures and data
collected from the experiment, the structure of
the combustion wave of the samples was given,
which was divided into three regions: solid phase
heating region, oxidant flame region and diffu-
sion flame region. Combined with the experimen-
tal and simulation results, the structure of the
high-temperature jet ejected from the samples’
burning was divided into the initial and the main
sections.

4) The theoretical calculation formula of
mass burning rate was derived. It showed that
the burning rate was proportional to the combus-
tion chamber pressure. The proportional coeffi-
cient B was related to the formulation of the tar-
get composites and the ignition and combustion
mode. The experimental data were compared
with the theoretical data, and the maximum
error was less than 9.8%. The accuracy of the
theoretical calculation formula of mass burning

rate was high.
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