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Abstract: In solid propellants, the combustion of aluminum particles often occurs in a hydrocarbon
combustion atmosphere. In order to study the combustion energy release process of aluminum parti-
cles during propellant combustion, we carried out a study of the combustion behavior of aluminum
particles in the combustion atmosphere of hydrocarbon fuels and conducted experiments using a
plane flame burner to observe the combustion process of aluminum particles in a methane plane flame
combustion atmosphere. High-speed microscopy revealed a new special combustion phenomenon:
ejection combustion with the release of internal components from a point on the particle at high
speed, in addition to the already observed particle microexplosions. Both phenomena show faster-
than-normal combustion with short combustion energy release times. The experiments also showed
that the combustion behavior of aluminum particles changes with the combustion environment.
As the ambient effective oxidizer mole fraction increases from 13% to 29%, the basic combustion
behavior of aluminum particles changes from vapor evaporation combustion to multiphase surface
combustion. In addition, the percentage of aluminum particles burned by ejection increases from
18.2% to 49.2%, which becomes the dominant mechanism in the special combustion phenomenon
of aluminum particles. This paper argues that the multiphase surface combustion provides higher
heating rates due to the heat production collected on the particles and the diffusion combustion in
the air around the aluminum particles, compared with the evaporation combustion. Therefore, the
rate of temperature rise within the particle is affected by the ambient oxidant concentration, leading
to a transformation from microexplosion to ejection combustion. The effect of the temperature of
the combustion environment on this phenomenon has also been investigated through experiments
conducted under different conditions.

Keywords: aluminum particle; oxidizing gas flow; microexplosion; combustion process transformation

1. Introduction

Metal powder fuels have excellent mass and volume calorific values of combustion,
and therefore are widely used in solid rocket motors [1] and powder-fueled ramjets [2].
In many applications, the combustion of aluminum particles occurs in hydrocarbon fuel
combustion atmosphere. The combustion mechanism of aluminum particles is different
from gas combustion [3] and liquid combustion [4]. Compared to gas fuels, which are easily
mixed with oxygen, the combustion reaction of aluminum particles can only occur near the
surface of the particles, resulting in a huge difference in the combustion rate between the
two. Compared to liquid fuels, which burn as small droplets, the combustion process is
very different due to the presence of an oxide film on the surface of aluminum particles
that blocks the passage of reactants. The combustion characteristics of aluminum particles
are not only very different from those of common gas and liquid fuels, but the combustion
process is also characterized by agglomeration, which is unique to the combustion of metal
particles [5], leading to inadequate combustion and increased two-phase flow losses [6],

Energies 2023, 16, 4057. https:/ /doi.org/10.3390/en16104057

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16104057
https://doi.org/10.3390/en16104057
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-6908-7795
https://doi.org/10.3390/en16104057
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16104057?type=check_update&version=2

Energies 2023, 16, 4057

2 of 14

resulting in a large gap between the actual energy performance and the theoretical per-
formance. In order to solve this problem, a large group of researchers and scholars have
conducted studies on the ignition combustion characteristics of aluminum particles [7,8].
One of the microexplosion phenomena that occurs during the combustion of metal particles
can improve the combustion efficiency and reduce the two-phase flow loss [9], which
reduces the energy loss to a certain extent. Therefore, a comprehensive understanding of
the combustion behavior of aluminum particles in a hydrocarbon combustion atmosphere
is very important for understanding the combustion behavior of aluminum particles in a
real combustion environment.

With regard to the combustion phenomena of metal particles in a hydrocarbon fuel
combustion environment, the main focus is on the conventional gas-phase/diffusion
combustion behavior of the particles, as well as the special combustion phenomenon of
microexplosions, which has now been widely observed.

Various studies have investigated the combustion behavior of aluminum particles
in different atmospheres. For example, M. Soo et al. [10-12] found that the combustion
behavior of aluminum particles differs in different atmospheres. They observed a gas
diffusion flame around the aluminum particles and high concentrations of aluminum vapor
in the space around the particles when burning in air. However, in a methane/air flame, the
concentration of aluminum vapor around the particles was low and no elevated diffusion
microflame was formed, proving that the combustion process is kinetically controlled.

Y. Feng et al. investigated the combustion of some metallic fuels in a propellant
combustion atmosphere and conducted experiments on the combustion of aluminum
single particles [13,14] and aluminum-magnesium alloy single particles in a methane
flame [15], and found that the combustion time of micron-sized aluminum particles was
greatly reduced with the increase of the effective oxidation concentration in the combustion
environment, and the ignition delay time of the particles was significantly reduced with the
increase of the combustion environment temperature, but the effect of temperature increase
on the combustion time of the particles is limited.

Huan Liua et al. [16] found that the agglomerate size showed an increase followed
by a decrease with increasing particle size of the initial metallic aluminum powder. A.
Braconniera [17] conducted a combustion study of aluminum particles under different
oxidizing mixtures and found that, with the increase of oxidizing agent in the environment,
aluminum oxide on the droplet surface could form and accumulate rapidly, which eventu-
ally led to a shorter duration of symmetric combustion. Hongqi Nie et al. [18] found that
aluminum-magnesium alloys have a shorter ignition delay time and higher combustion
temperature than pure metallic aluminum particles. Jiarui Zhang et al. [19] experimentally
studied turbulent jet flames of aluminum particles using high-speed photography and Mie
scattering techniques to obtain turbulent jet flame structures and found that increasing the
oxidation capacity of the environment could significantly increase the flame temperature
and reduce the height of lift and visible length of the jet flame.

As for the combustion model of aluminum particles, Xiangrui Zou developed a pre-
dictive model for the ignition of nano- to micron-sized aluminum metal particles [20,21].
This model is based on the coupling of heat transfer and aluminum metal oxidation,
which can obtain more accurate ignition parameters of aluminum metal particles in a high-
temperature environment, and the ignition of micron aluminum metal particles is affected
by gas flow rate, ambient radiation and oxygen concentration. Jinyun Wang [22] established
a combustion model for prolate and oblate spheroidal aluminum particles to study the effect
of nonspherical particles on the combustion behavior, and the results of numerical simu-
lation are consistent with the experimental results. Paul E. DesJardin et al. [23] developed
a model for the ignition combustion of aluminum particles in an air atmosphere, which
models the ignition process and combustion process of aluminum particles separately
and considers the transition from kinetically controlled surface reaction combustion in the
ignition phase to diffusion-controlled evaporation combustion in the combustion phase as
the combustion process proceeds. Ephraim B. Washburn [24] added the transition mecha-
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nism from diffusion control to chemical reaction kinetic control to the model and explored
the effects of environmental parameters such as gas pressure, components, and ambient
temperature on the combustion behavior of aluminum particles, and found that the com-
bustion mechanism of aluminum particles changed to surface reaction kinetic-controlled
combustion when the diameter of aluminum particles was less than 10 pm.

Microexplosion is a special type of combustion behavior that can occur during the
combustion of liquid droplets or metal particles. Microexplosions have been extensively
studied for multicomponent liquid hydrocarbon fuels [25-27], and it has been shown to
reduce fuel consumption, improve air-fuel mixing and reduce emissions. However, similar
work has not been properly investigated for metal powder fuels. Microexplosion of metal
particles would shorten the combustion time, prevent the reduction of aluminum powder
agglomeration, and allow adequate combustion while obtaining smaller-sized combustion
products and reducing two-phase flow losses.

For microexplosion of particles, M.A. Rubio [28], who studied the laser ignition com-
bustion performance of polymer-coated aluminum particles, found that for Al/PTFE
particles, the laser fluence required for microexplosion to occur under laser heating
decreased as the mass fraction of PTFE contained increased. Under the same heating
conditions, Al/PTFE particles produced smaller combustion product fragments than
Al/LDPE particles.

B.C. Terry [9] proposed a kinetic mechanism for the combustion of mixed /alloy metal
droplets. For metal alloy fuels with different component volatilities, such as aluminum—
lithium alloys, a diffusion layer begins to form near the droplet surface as the more volatile
component begins to burn/evaporate. As the diffusion layer forms and the internal
temperature of the molten droplet continues to rise, the temperature of the aggregated
droplet at the diffusion layer interface will eventually reach the superheat limit and nu-
cleation and vaporization will begin within the particle, resulting in dispersive boiling or
crushing microexplosions.

E.R. Wainwright [29] used X-ray phase-contrast imaging to study bubble nucleation
and growth within particles during combustion of Al/Zr particles in solid propellants,
characterizing heterogeneous nucleation, slow bubble growth and coalescence, and rapid
bubble growth leading to microexplosions, and found that microexplosions of Al/Zr
molten droplets generated from the propellant surface lead to much higher combus-
tion rates and can contribute to a reduction in two-phase flow losses and an increase
in combustion efficiency.

When Huang [30] et al. studied laser-induced ignition combustion of Al/Mg alloy
powders, they found that the combustion process involved decomposition of the inter-
metallic compound phase, overflow of the metal boiling gas phase inside the particle, and
multiple microexplosion processes of the same particle with microexplosion time intervals
of about 300-600 us.

H. Belal [31] found that the microexplosion tendency of Al/Mg alloy particles added to
the propellant decreases at higher pressures due to reduced bubble growth, and monitored
the microexplosion phenomenon during combustion by burning individual alloy particles
in an oxidizing atmosphere, and found that Al/Mg alloy particles had superior performance
in terms of combustion rate and product size compared to pure aluminum particles in the
same environment.

In response to the various combustion mechanisms and special phenomena observed
in aluminum particles during combustion, this paper investigates the combustion mech-
anism of aluminum particles in methane flames. Through experiments, a new special
combustion behavior, ejection combustion, was observed in addition to the previously
observed microexplosion combustion phenomenon. Unlike microexplosion combustion,
ejection combustion involves the ejection and burning of liquid metal in a specific direction
without complete rupture of the oxide layer or crushing disintegration of the particles. This
paper examines both the microexplosion behavior of monolithic aluminum particles and
the factors that influence ejection combustion behavior.
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2. Material and Methods

The aluminum particles were obtained from Shanghai Shuitian Materials Technology
Co., Ltd. (Shanghai, China), with a nominal particle size of 50 um, and the particle size d50
obtained by laser particle size analysis was 38.639 pum, as shown in Figure 1.

d(0.1)=18.925um
d(0.5)=38.639um
d(0.9)=80.402um

Frequency (%)

T
0.1 1 10 100 1000
Particle Size (um)

Figure 1. Particle size distribution and SEM results.

The methane cone flame is generated as the combustion atmosphere for aluminum
particle using the Central South University flat-flame combustion system, and the oxidation
concentration and temperature of the aluminum particle combustion environment are
controlled by controlling the flow rate of the methane air oxygen component supplied to
the flat-flame furnace.

During the experiments, a high-speed camera (Photron FASTCAM MINI UX50, Pro-
duced by Photron Corporation, Japan and provided by CSU, Changsha, China) equipped
with a Nikon AF-S 50mm f/1.8G fixed focal length lens was used to capture images of
the burning aluminum particles in the combustion environment and to monitor the mor-
phological changes of the particles during the combustion process. The camera was set to
record in color mode at a resolution of 1280*488 with a frame rate of 5000 fps.

Aluminum powders are placed in a fluidization chamber and blown into the com-
bustion environment using nitrogen fluidization with a controlled nitrogen flow rate of
10 L/min.

In this study, assuming adequate combustion of premixed fuel gas, the definition of
effective oxidizer mole fraction, Xe, proposed by M.W. Beckstead [32] was used to describe
the ambient oxidant concentration for combustion, and CEA was used to calculate the
adiabatic flame temperature of premixed fuel gas at atmospheric pressure as the reference
temperature T. Two sets of tests were designed and conducted. The first set of tests
T1-T4 controls the ambient effective oxidizer mole fraction X, at 21% and changing the
reference temperature from 1600 K to 2200 K. The second set of tests O1-O5 was designed
to control the reference temperature at 2000 K and changing the ambient effective oxidizer
mole fraction from 13% to 29%. Both sets of tests are shown in Table 1. The T3 and O3
operating conditions were the same in both sets of tests and were not repeated, and a total of
8 operating conditions were tested.

The gas supply parameters used in this study were as follows:
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Table 1. Experimental conditions.
Effective Oxidizer Reference
Case Methane Oxygen Air (L/min) Carrier Gas Mole Fraction of Temperature
(L/min) (L/min) (L/min) Post-Combustion
T (K)
Gas Xeff
T1 2.30 9.94 28.76 10 21% 1600 K
T2 2.74 10.20 28.06 10 21% 1800 K
T3 3.21 10.47 27.32 10 21% 2000 K
T4 3.75 10.79 26.46 10 21% 2200 K
o1 3.18 717 30.65 10 13% 2000 K
02 3.19 8.82 28.99 10 17% 2000 K
o3 3.21 10.47 27.32 10 21% 2000 K
O4 3.22 12.12 25.66 10 25% 2000 K
05 3.23 13.76 24.01 10 29% 2000 K

3. Results and Discussion
3.1. Gas-Phase Combustion Flame and Combustion Behavior Transition of Aluminum Particles

The combustion of aluminum particles has been experimentally observed with the
following basic combustion behavior.

The combustion test images of aluminum particles at 13%, 17%, and 21% of the
effective oxidizer mole fraction and combusting ambient temperature at 2000 K were
analyzed and compared in turn, as shown in Figure 2, and it was found that there was a
gas-phase flame around the aluminum particles when they were burned in the methane
combustion atmosphere. Since the brightness of the gas-phase flame around the particles in
the original image is weak, the brightness and contrast of the original particle combustion
image were increased by using the same parameters to increase the brightness and contrast
of the original particle combustion image, so that the particle combustion spot and the
gas-phase flame can be more visually observed. In the enhanced image, the particle burn
spot itself appears white, while the color of the gasOphase flame is red. It can be seen in
the figure that, as the oxygen concentration of the burning environment of the particle
increases, its gas-phase flame gradually shrinks. When the oxygen concentration increases
to 21% and 25%, the gas-phase flame disappears and is replaced by the particle’s own
luminescence, that phenomenon is consistent with the absence of gas-phase microdiffusion
flames in aluminum-methane-air flames observed previously [10].

0.5 mm

0.5 mm 0.5 mm 0.5 mm [} 0.5 mm

Figure 2. Burning particles and their gas-phase flames under different X¢ at 2000 K: (a—d): particles
combustion at 13%, 17%, 21%, and 25% of X.g; (e—h): particle combustion after image enhancement.

The reduction and even disappearance of the gas-phase flame of aluminum particles
burning in a methane flame is shown in Figure 3. This is because, on the one hand,
the evaporation rate of aluminum at a certain temperature is not affected by the oxygen
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concentration and is relatively fixed, and on the other hand, as the effective oxidizer mole
fraction of the environment increases, the oxidation capacity of the atmosphere around
the aluminum particles and the diffusion capacity of oxygen increase. When the oxidation
concentration increases, the aluminum-oxygen reaction surface is pushed to the side near
the aluminum particles, so that the gas-phase flame area is reduced. When the reaction
surface is pushed to the surface of the aluminum particle, the reaction mechanism changes
from evaporation of aluminum vapor from the particle to diffusion of oxygen through
the oxide film on the surface of the aluminum particle into the particle to react with its
aluminum, i.e., from vapor combustion to multiphase surface combustion.

¥

¥

1 Ambient X_g Increased

Figure 3. The transformation process of combustion process when X, increased. The black layer,
pink layer, blue arrow, and gray arrow indicate the surface oxide film, the Al-O reaction surface, the
oxidant diffusion, and the Al (g) diffusion, respectively.

3.2. Special Combustion Phenomenon of Aluminum Particle

The use of a larger fluidized gas flow rate can prevent the complete and continuous
single-particle combustion process of aluminum particles, which helps to investigate
the special combustion mechanism of aluminum particles. The combustion phenomena
observed in the experiments are basically special combustion phenomena, and it is rarely
observed that the aluminum particles undergo a complete and continuous single-particle
combustion process. This is because the experiments were designed taking into account that
the conventional gas-phase combustion flame of aluminum particles affects and blocks the
special combustion signal, and the particles cannot maintain the conventional combustion
in a high fluidized gas flow environment, and because the special combustion is fast
and short, and the fluidized gas flow rate has little effect, so the special combustion
phenomenon was separately screened by using a high flow rate fluidized gas method and
used to conduct the study. The experimental results also show that most of the captured
combustion phenomena are special combustion phenomena, indicating the effectiveness of
the high flow rate fluidized gas method.

Two special combustion phenomena are distinguished and defined: shattering mi-
croexplosion and ejection, and gas-phase combustion of particles and surface reaction
combustion are called basic combustion phenomena. In this paper, the special combustion
phenomena captured by high-speed photography are categorized according to the follow-
ing bases: the combustion behavior that satisfies particle breakage and releases internal
molten aluminum in a non-single direction is called shattering microexplosion; the com-
bustion behavior that releases several smaller droplets in one direction is called dispersion
boiling; the combustion behavior that generates an ejection of aluminum particles with a
eject velocity much higher than the original particle motion velocity is called ejection.

3.3. Microexplosion Phenomenon of Aluminum Particles

The process of microexplosion is as follows, which is mainly characterized by the
rupture of the entire aluminum particle and the release of the internal liquid-phase molten
aluminum component.
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Figures 4 and 5. are the complete microexplosion combustion records of two cases
of aluminum particles. The microexplosion combustion process is illustrated in Figure 6.
Aluminum particles glow, while its surrounding gas-phase flame glows; then the spot
area increased significantly, the central brightness increases, and the release of internal
components in all directions, smoke-like, is thus called microexplosion.

400 ps 1 mm

Figure 4. Continuous images of the microexplosion process of aluminum particles with a particle
size of 50 um at X of 13%, 2000 K, At =200 ps.

Figure 5. Continuous images of the microexplosion process of aluminum particles with a particle
size of 50 um at X of 17%, 2000 K, At =200 ps.

Of>O¢>

Figure 6. Diagram of the particle microexplosion process. The black layer indicates the surface
oxide film, the gray layer indicates the internal aluminum, and the red layer indicates the oxidation
reaction surface.

The microexplosion mechanism of monolithic metal particles is as follows: metal
particles with a surface oxide film in a high-temperature oxidation environment, due to
their own heat and their own oxidation heat generation and heating, internal aluminum
melting and even evaporation, volume increase; surface oxide film for the melting point
boiling point higher metal oxide phase, at the temperature is still a solid phase and relatively
rigid, difficult to deform, will prevent the internal components of the volume increase,
while the volume of internal components by Tension is generated in the oxide film by the
internal component volume stress. When the surface oxide film can withstand the stress,
continues to increase, so the tension on the oxide film to reach the limit of the oxide film
can withstand, the oxide film broken, the internal aluminum components to the direction
of the spray, thus microexplosion occurs.

3.4. Ejection Combustion Phenomenon of Aluminum Particles

The process of spraying is as follows, the main feature of which is that the aluminum
particles break from a point on the surface and eject the internal molten aluminum compo-
sition in a bundle.

Figures 7 and 8 are the complete ejection combustion records of two cases of aluminum
particles. The ejection combustion process is illustrated in Figure 9: the aluminum particle
glows, then ejects the hot material inside at high speed in a particular direction, then the
ejected material slows down.
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400 ys 1 mm

Figure 7. Ejection combustion process at X of 17% and 2000 K with a shot interval of At =200 ps.
Downstream is image after enhancement of upstream image.

400 s 1mm 600 us

Figure 8. Ejection combustion process at X of 21% and 2200 K with a shot interval of At =200 ps.
Downstream is image after enhancement of upstream image.

) y

Figure 9. Diagram of the particle ejection process. The black layer indicates the surface oxide film, the
gray layer indicates the internal aluminum, and the red layer indicates the oxidation reaction surface.

The process of ejection combustion of aluminum particles at 2200 K in the diagram is as
follows: the aluminum particle first heats up and glows, performing the basic combustion
behavior, and then when the temperature reaches the ejection critical temperature for that
particle, the internally molten aluminum is ejected from a point in the burning aluminum
particle. After ejection, the ejected portion decelerates and burns rapidly, and the original
aluminum particle disappears from view. The ejection mechanism of the monolithic metal
particles is similar to that of a microexplosion, except that as the stress on the oxide film
continues to increase due to expansion of the internal constituents, the internal aluminum
constituents are ejected from the fracture, and combustion occurs due to localized fracture
of the oxide film at a defect in the aluminum oxide organization on the film or at a reduced
thickness due to stress concentration.
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The phenomenon photographed here is an ejection of tissue within the particle, rather
than a mere particle motion resulting in a trailing shadow, since the ejection beam speed
was calibrated to reach an average of 20 m/s and a maximum of over 40 m/s, while the
average motion speed of aluminum particles in the current environment is only 1-2 m/s.
The speed of the ejection beam is an order of magnitude greater than the original speed
of particle motion, which rules out the possibility that the ejection beam image is simply
a trailing shadow of the particle’s own motion. The possibility of a trailing shadow of
the particles themselves can be ruled out. The velocity of the ejected beam is suddenly
accelerated from a low velocity to a high velocity, and then decelerated back to a low
velocity due to the sudden acceleration caused by the ejection of the internal components
of the particles, after which the velocity of the ejected material is much greater than the
velocity of the air stream and is subject to the drag of the air stream in the opposite direction
to that of the motion, resulting in a deceleration to the pre-ejection velocity level.

3.5. Factors Influencing the Unique Combustion Phenomenon of Aluminum Particle

The root cause of particle microexplosion and ejection of two special combustion
phenomena with the same particle heating, but there are differences in the phenomenon. In
order to investigate the causes, the following study was conducted.

Statistics in a period of time (1000 frame, 200 ms) appeared in the high-speed camera
field of view of all special combustion phenomena, according to certain rules to distinguish
their combustion phenomena and categorize the count, in order to study the dominant
mechanism of aluminum particles in different environments when burning.

When the oxidation concentration of the combustion environment is 13%, the presence
of gas-phase flame on the particle surface is seen when the sprayed aluminum particles are
burned before spraying. This indicates that, at low oxidation concentrations, the aluminum
particles are ejection-burned according to the heat-evaporation combustion-breakout ejec-
tion process. The intensity of the gas-phase flame decreases when the oxidation concentra-
tion of the combustion environment increases to 17%. When the oxidation concentration
increases to 21%, the gas-phase flame disappears. The phenomenon that the gas-phase
flame becomes weaker and finally disappears as the effective oxidizer mole fraction of
the combustion environment increases indicates that the basic combustion mechanism of
aluminum particles changes from vaporization combustion to diffusion combustion as the
oxidation concentration increases.

Observing and counting the combustion phenomenon of aluminum particles in each
working condition, it was found that, with different combustion environments, the pro-
portion of aluminum particles combusted according to the microexplosion combustion;
dispersive boiling combustion and ejection combustion mode has changed.

First, the temperature of the combustion environment was set at 2000 K. The effect
of the effective oxidizer mole fraction of the combustion environment on the composition
of the peculiar phenomenon of aluminum particle combustion was studied. With the
change of effective oxidizer mole fraction, the change of percentage of special combustion
of aluminum particles is shown in Figure 10.

At the effective oxidizer mole fraction of 13%, according to the microexplosion mecha-
nism for the combustion of aluminum particles accounting for 77.3% of all special combus-
tion of aluminum particles, while the ejection and the phenomenon accounted for 22.7% of
the total, the ratio of the number of the two is 0.29, indicating that the microexplosion is the
main special combustion phenomenon under the oxidation concentration. With the increase
of oxidation concentration of the combustion environment, in all aluminum particles of
special combustion phenomena, the proportion of microexplosion decreased, and the pro-
portion of ejections increased. Oxidation concentration increases to 25%, microexplosions
accounted for 47.3%, while the proportion of ejections accounted for 52.7%, more than
microexplosions, so the ejections become the main special combustion phenomenon under
high oxidation concentration. When the effective oxidizer mole fraction of the environment
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reaches 29%, the ejection phenomenon accounts for 62.8%, and the ratio of the number of
ejections to microexplosions reaches 1.69.
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Figure 10. Relationship between the effective oxidizer mole fraction and the percentage of two
combustion phenomena.

Considering the phenomenon that the combustion mechanism of aluminum parti-
cles changes from evaporation combustion to multiphase surface reaction combustion
when the ambient oxidation concentration increases, and the phenomenon that the parti-
cles change from microexplosion combustion to ejection combustion, changes that occur
with the increase of the ambient oxidation concentration, there should be a correlation
between them.

The basic reason for the occurrence of the special combustion phenomenon of alu-
minum particles is the heating of the particles. After the aluminum particles enter the
combustion environment, the special combustion of aluminum particles occurs mainly
according to the development of the process of heated heating-basic combustion-special
combustion—end of combustion cooling. In the process of heated heating, the source of
heat required for heating comes mainly from convection and radiation heat exchange in
the background of the ambient temperature higher than the temperature of the particles,
followed by the heat generated by the slow oxidation of the particles themselves; in the
process of basic combustion, the particles undergo intense combustion and glow when the
temperature of the particles themselves is higher than the ambient temperature, the heat
required for heating comes from the difference between the heat released by oxidation and
the heat lost by the action of the environment. At this stage, evaporation combustion and
surface reaction combustion result in the difference in particle heating rate. In evaporative
combustion, aluminum vapor leaves the particle and enters the environment, where the
oxidation reaction occurs. When the reaction occurs in the environment, only part of the
heat released is absorbed by the particles, causing the particles to heat up, while when the
particles are subjected to surface reaction combustion, the reaction occurs on the surface of
the particles, and the proportion of the heat obtained for the particles to the exothermic
heat of the reaction is greater than the proportion of the heat obtained by the particles to
the exothermic heat of the reaction when the aluminum vapor leaves the particles and
reacts in the environment. Therefore, the heating rate of the particles by the surface reaction
combustion process is faster compared to the combustion of the particles by the evapora-
tion combustion process. Thus, compared with the particles burned by the evaporation
combustion process, the particles burned by the surface reaction combustion process, the
heating rate of the particles is faster.

While the aluminum particles for evaporation combustion, because the rate of evapora-
tion combustion is subject to the evaporation rate, and the evaporation rate is only affected
by the particle temperature and the particle itself size composition and other factors, so the
temperature is a certain case, the rate of evaporation combustion of aluminum particles is
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constant. At this time, with the effective oxidizer mole fraction of the environment in which
the particles are located, the reaction surface of aluminum vapor and the oxidant in the
environment moves to the side of the particles, and the closer the reaction surface is to the
particles, the higher the proportion of reaction heat release absorbed by the particles, the
faster the heating rate. Therefore, when the particles are burned by evaporation, the heating
rate of the particles increases with the increase of the ambient oxidant concentration.

When the aluminum particles are burned by surface reaction, the reaction rate is
controlled by the reaction kinetics, and increasing the effective oxidizer mole fraction will
directly increase the reaction rate, resulting in the increase of the particle heating rate.

In summary, as the ambient oxidation concentration increases, the combustion process
of the particles themselves exists from evaporation combustion—evaporation combustion,
but the reaction surface moves to the side of the particles—the reaction surface moves to
the surface of the particles, the reaction mechanism changes to multiphase surface reaction
combustion—surface reaction combustion process, and the particle heating rate. In turn, the
rate of particle heating increases.

Particles of the special combustion phenomenon occur, because the thermal stress
during the heating process exceeds the degree of tolerance of the oxide film on the surface
of aluminum particles, so as the oxidation concentration increases, the special combustion
phenomenon from the ejection to microexplosion shifts, which is due to the different heating
rates of particles. The occurrence of ejections on the temperature sensitivity compared to
the occurrence of microexplosion on the temperature sensitivity is higher; with the increase
in oxidation concentration, the particle heating rate also increased, resulting in the particle
special combustion phenomenon from microexplosion to ejections.

In order to test this conjecture, a series of experiments was designed to keep the effec-
tive oxidizer mole fraction of the environment constant, only changing the temperature of
the combustion environment. Since the particle heating rate increases with increasing ambi-
ent temperature, and no other effects are introduced when only the ambient temperature is
increased, experiments T1-T4 were conducted to verify the effect of the heating rate on the
specific combustion phenomenon of aluminum particles. When the ambient temperature
increases, the particle combustion occurs when the ejection phenomenon increases; it can
be verified that the particle temperature rise rate leads to the particle special combustion
mechanism reason for the microexplosion to ejection transformation.

With the change in ambient temperature, the change in percentage of special combus-
tion of aluminum particles is shown in Figure 11.
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Figure 11. Relationship between the ambient temperature and the percentage of two combustion
phenomena.

At an ambient temperature of 1600 K, microexplosion aluminum particles accounted
for 75% of all special combustion aluminum particles for the current combustion tempera-
ture of the dominant combustion phenomenon with the ambient temperature increases, the
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proportion of ejections increases, and the proportion of microexplosion decreases. When
the ambient temperature reaches 2200 K, the proportion of ejection phenomenon reaches
50.7%, and the ratio of the number of ejections to microexplosion reaches 1.03. The change
in the pattern of ejections and microexplosion as the ambient temperature increases is the
same as in the conjecture, which confirms that the particle heating rate leads to a shift from
microexplosion to ejections.

In addition, comparing the special combustion ejection/microexplosion ratios at
equivalent oxidation concentrations from 13% to 17% and ambient temperatures from
1600 K to 2200 K shows a high correlation between the two (Figure 12). Statistical analysis
of the Pearson’s correlation coefficient between the two factors Pearson’s R reached 0.99582
with a p-value of 0.00418, indicating an extremely strong linear correlation between the two.
Thus, for the ejection/microexplosion ratio indicator, increasing the temperature alone and
increasing the ambient oxidant concentration alone have very similar effects in this range,
with oxidant concentrations of 13% to 25% for each 4% increase in the ratio of the number
of particle ejection/microexplosion combustion phenomena having essentially the same
effect as the temperature from 1600 K to 2200 K for each 200 K increase, indicating that, in
this interval, the temperature factor and the effect of the oxidation concentration factor on
the ratio of the special combustion phenomena of the two particles are in accordance with
a certain equivalence relationship, said equivalence relationship being T = 5000 Xqg + 950.

Temperature (K)

1600 1800 2000 2200
1-2 T T T T

1.0 - 1.03

0.87

0.87

Ratio of Ejection to Microexplosion

—m— Effective oxidizer mole fraction
0.2940.33 —u— Temperature

0.2 1 1 1 1
13 17 21 25

Effective oxidizer mole fraction (%)

Figure 12. Effect of oxidation concentration and temperature on combustion phenomena.

4. Conclusions

In this study, we focused on the combustion behavior of aluminum particles under
methane-air flame and observed the normal combustion phenomenon of single-particle gas-
phase combustion, as well as the special combustion phenomenon of microexplosion and
ejection by high-speed photography. The effects of combustion ambient temperature and
effective oxidant molar concentration on the combustion behavior of aluminum particles
were analyzed and obtained.

It was found that the gas-phase flame of aluminum particle combustion decreases as
the oxidation concentration of the combustion environment increases, and the gas-phase
flame disappears when the oxidation concentration increases to 21% at 2000 K. On the
other hand, as the oxidation concentration of the combustion environment increases, the
proportion of ejections in the special combustion phenomenon of particles decreases and the
proportion of microexplosion increases. The heating rate of aluminum particles increases
with the oxidation concentration of the environment, and the increase in the heating rate
leads to the occurrence of particle ejections, which are more sensitive to the heating rate,
in preference to microexplosion. Experiments with a single temperature variable have
verified that changes in particle heating rate lead to changes in particle-specific combustion
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phenomena, and that temperature and equivalent oxygen concentration have a similar
effect on the change in ejection/microexplosion ratio, and that the equivalent relationship
between these two factors is T = 5000X¢ + 950.

This research helps to better utilize the microexplosion and ejection behavior of alu-
minum particles, improve the combustion efficiency of aluminum particles, and take advan-
tage of the energy of aluminum particles, thus improving the thrust and specific impulse
performance of the engine. Due to the limitation of experimental conditions, this study
only investigated the effect of combustion environment parameters on the macroscopic
ratio of the two phenomena for the injection of aluminum particles and the micro-explosion
phenomenon, while the combustion energy release process of aluminum particles under
the two mechanisms was not studied deeply enough. Future research should start from the
visualization and quantification of the special combustion process of aluminum particles.
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