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Abstract: Nano aluminum particles have received considerable attention in the combustion com-
munity; their physicochemical properties are quite favorable as compared with those of their
micron-sized counterparts. The present work provides a comprehensive review of recent advances
in the field of combustion of nano aluminum particles. The effect of the Knudsen number on heat
and mass transfer properties of particles is first examined. Deficiencies of the currently available
continuum models for combustion of nano aluminum particles are highlighted. Key physicochem-
ical processes of particle combustion are identified and their respective time scales are compared
to determine the combustion mechanisms for different particle sizes and pressures. Experimental
data from several sources are gathered to elucidate the effect of the particle size on the flame
temperature of aluminum particles. The flame structure and the combustion modes of aluminum
particles are examined for wide ranges of pressures, particle sizes, and oxidizers. Key mechanisms
that dictate the combustion behaviors are discussed. Measured burning times of nano aluminum
particles are surveyed. The effects of the pressure, temperature, particle size, and type and con-
centration of the oxidizer on the burning time are discussed. A new correlation for the burning
time of nano aluminum particles is established. Major outstanding issues to be addressed in the
future work are identified.
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INTRODUCTION

Combustion of metal particles is of interest in var-
ious applications, including space [1, 2] and underwater
propulsion [3], explosions [4], pyrotechnics [2], and hy-
drogen generation [5]. Among all elements of concern,
boron has the highest volumetric heat of its reaction in
oxygen, up to 138 kJ/cm3. Ignition of boron particles is,
however, significantly delayed due to the presence of an
oxide (B2O3) layer [6–8]. The ignition temperatures of
boron particles in oxygenated environments are in the
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range from 1500 to 1950 K, regardless of the particle
size [7, 8]. Furthermore, energy release is significantly
diminished in hydrogen-containing gases owing to the
formation of meta-stable HBO2 species [6]. Such dif-
ficulties of ignition and combustion of boron particles
have so far limited the utilization of boron in practi-
cal applications. Beryllium is not widely used due to
its extreme toxicity, relative scarcity, and high cost [9].
Aluminum, however, is the most abundant metal in the
Earth’s crust and is relatively safe to use [1]. One of
the main issues in the combustion of micron-sized alu-
minum particles is their high ignition temperatures [10].
For particles with diameters greater than 100 μm, igni-
tion is achieved only upon melting of the oxide (Al2O3)
shell at 2350 K [10]. The molten oxide shell forms a cap
due to the effects of surface tension and exposes the alu-
minum core, thereby allowing ignition of the particle.
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Fig. 1. Effect of the particle size on the melting tem-
perature of nano aluminum particles [11].

The fraction of atoms in the surface layer of the par-
ticle increases dramatically as the particle size decreases
below 1 μm. It increases from 6 to 47% as the particle
size decreases from 30 to 3 nm. The surface atoms have
smaller coordination numbers and greater energies than
the atoms in the interior regions of the particle. As a
result, nano aluminum particles have unusual physico-
chemical properties compared with their micron-sized
counterparts. Figure 1 shows the effect of the particle
size on the melting temperatures of aluminum parti-
cles. The results of molecular dynamics (MD) simu-
lations [11, 12], experiments [13, 14], and theoretical
studies [15, 16] are shown in Fig. 1. The melting tem-
perature Tm begins to deviate strongly from the bulk
value (933 K) below dp < 10 nm and attains a value of
673 K at about dp = 3 nm. There is a strong correlation
between the melting temperature and the cohesive en-
ergy [17], which is the energy required to break a solid
into a set of neutral free atoms. The cohesive energies
of surface atoms are lower than those of interior atoms
due to a smaller number of neighboring atoms. As the
fraction of surface atoms in the particle increases with
decreasing particle size, smaller particles melt at a lower
temperature.

Figure 2 shows the effect of the particle size on
the ignition temperature of aluminum particles Tign [18–
30]. The ignition temperature decreases with decreas-
ing particle size, from 2350 K at dp = 100 μm to 933 K
at dp = 100 nm. The oxide layer cracks due to ten-
sile stresses exerted by the molten aluminum core [31]
and/or polymorphic phase transformations in the ox-
ide layer [30]. The aluminum core is then exposed to
the oxidizing gas. The ensuing energy release results in

Fig. 2. Effect of the particle size on the ignition
temperature of aluminum particles.

ignition of nano aluminum particles. For micron-sized
particles, the energy release is insufficient to ignite the
particles due to their higher volumetric heat capacity;
ignition is only achieved upon melting of the oxide shell
at 2350 K. Nevertheless, micron-sized aluminum parti-
cles ignite at significantly lower temperatures in water
due to the formation of a weaker hydroxide layer [25]
and/or stabilization of the γ-oxide polymorph [28]. For
example, the ignition temperature of 3-μm particles in
water is as low as 933 K [28]. The burning time of
aluminum particles decreases by a factor of 4 as the
particle size decreases from 10 μm to 100 nm [10]. Sub-
stantial enhancement in the burning properties can be
obtained by substituting nano aluminum particles for
micron-sized counterparts.

Nano aluminum particles have been used in a wide
variety of combustion systems including nanofluids [32,
33], gelled propellants [34], solid propellants [35–38],
and thermites [39–43]. Nanofluids are fluids in which
nanoparticles are dispersed at very low concentrations
(<10 vol.%). Tyagi et al. [32] explored the effects of
nano-sized aluminum and aluminum oxide particles on
the ignition characteristics of a diesel fuel over a temper-
ature range of 688–768◦C. Two different particle sizes of
15 and 50 nm were considered. The volume fraction of
the particles varied in the range of 0–5%. The particle-
laden droplets were dropped on a hot plate, and the
ignition probability was calculated based on the num-
ber of droplets that ignited. The ignition probability
of the diesel fuel was found to increase due to addi-
tion of nanoparticles. For example, at a temperature of
708◦C, the ignition probability of the diesel fuel with
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0.5 vol.% of nano aluminum particles is about 50%,
which is greater than for a pure diesel fuel (15%). The
enhancement of the ignition probability was attributed
to the increase in the heat and mass transfer properties
of the fuel.

Metallized gelled propellants are attractive for
propulsion applications, because their energy densities
are comparable to those of liquid systems [44]. Gels
feature higher particle loading densities than nanoflu-
ids. Gelling reduces the risk of propellant leakages, but
allows pumping and throttling. Gelled propellants are
also less sensitive to the impact, friction, and electro-
static discharge than solid propellants and are not prone
to cracking [44]. Nano aluminum particles act as a
gelling agent due to their high specific surface area and
can replace conventional inert gellants such as fumed
silica. Sabourin et al. [34] measured the burning rates
of gelled nitromethane with nano aluminum particles.
The baseline particle size was 38 nm, and particle load-
ing densities up to 15 wt.% were considered. The burn-
ing rate of pure nitromethane was positively affected by
addition of nano aluminum particles. For example, at a
pressure of 5 MPa, the burning rate increased by a fac-
tor of 4 as the particle loading density increased from
0 to 12.5%. This was primarily attributed to the en-
hancement in the energy content and thermal diffusivity
of the mixture. The burning rate increased sharply at
a loading density of ≈13%, and the resulting value was
about an order of magnitude greater than the burning
rate of pure nitromethane. The rapid increase in the
burning rate corresponded to a change from a gel to
clay-like consistency.

The burning behaviors of solid propellants with
nano aluminum particles have also been studied with
interest in the recent past. Meda et al. [36] mea-
sured the burning rates of solid propellants with 30-μm
and 170-nm aluminum particles in a constant-pressure
bomb over a pressure range of 1–70 atm. The pro-
pellant consisted of 17% of the HTPB binder, 68%
of ammonium perchlorate, and 15% of aluminum by
weight. The burning rate nearly doubled when nano
aluminum particles were used instead of micron-sized
counterparts. A qualitatively similar effect was also ob-
served for thermites, which contain metal and metal
oxide particles [45]. A novel energetic material consist-
ing of nano aluminum particles and water is currently
being explored for propulsion and energy-conversion ap-
plications [46–50]. This mixture is especially attractive
due to its simplicity, low cost, and green exhaust prod-
ucts. The burning rates surpass those of many energetic
materials, such as ammonium dinitramide (ADN) and
hexanitrohexaazaisowurtzitane (CL-20). For example,
at a pressure of 1 MPa, the burning rate of a stoichio-

metric 38-nm Al–H2O mixture is 4.5 cm/s [46], which
is nearly twice that of ADN [51].

Nano aluminum particles are covered by an inert
oxide (Al2O3) layer 2–4 nm thick [46], which means
that their active aluminum content is relatively low. For
an oxide layer thickness of 3 nm, the mass fraction of
the oxide layer increases with decreasing particle size,
reaching a value of 52% at a particle size of 38 nm. The
energy density of the particle is thus substantially di-
minished. Attempts to enhance the aluminum content
have been marginally successful. For example, partial
replacement of the aluminum oxide layer with a nickel
coating increases the active aluminum content of nano
aluminum particles by as much as 4% [52]. Alterna-
tive coating materials such as perflouroalkyl carboxylic
acids [53, 54], triphenylphosphine [55], and oleic and
stearic acids [56] are also being considered to enhance
the energetics of nano aluminum particles.

Nanoparticles pose serious safety issues during par-
ticle synthesis, handling, and storage. Nascent alu-
minum particles are inherently pyrophoric and can react
with the oxidizing gas at room temperature. For 1-μm-
sized and larger particles, the chemical reactions result
in the formation of an oxide layer 2–4 nm thick. At
nano scales, the energy release could be sufficient to ig-
nite the particle due to its low volumetric heat capacity.
The critical particle size below which aluminum parti-
cles are pyrophoric is 32 nm [57]. Therefore, great care
must be taken when handling nano aluminum particles.

The objective of this paper is to review recent
progress on combustion of nano aluminum particles and
identify the major outstanding issues.

1. HEAT AND MASS TRANSFER REGIMES

1.1. Validity of the Continuum Assumption

Ignition and combustion of aluminum particles are
typically studied by using continuum heat and mass
transfer models [30, 58–60]. Two important length
scales of concern are the particle diameter and the mean
free path of the oxidizer molecules. The continuum
assumption is valid if the mean free path of the gas
molecules is substantially smaller than the particle di-
ameter. At nano scales, the particle diameter is compa-
rable to or even smaller than the mean free path. The
particle behaves like a large molecule, and the gas can-
not be treated as a continuum medium. It is commonly
accepted that the continuum assumption breaks down
for Knudsen numbers Kn>0.01, and the free-molecular
regime prevails for Kn>10 [61, 62]. The Knudsen num-
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Fig. 3. Critical particle size for the transition from
the continuum to the free-molecular regime as a func-
tion of pressure for two different temperatures: 300
and 3000 K.

ber is the ratio of the mean free path to the particle size
[63]

Kn =
RT√

2πd2aNApdp
, (1)

where R is the universal gas constant, T is the temper-
ature, da is the diameter of the ambient gas molecule,
NA is the Avogadro number, p is the pressure, and dp is
the particle diameter.

The transition regime concerns intermediate Knud-
sen numbers in the range from 0.01 to 10. Figure 3
shows the particle sizes corresponding to Knudsen num-
bers of 0.01 and 10 as a function of the pressure p for
two different temperatures of 300 and 3000 K. At a pres-
sure of 1 atm and combustion temperature of 3000 K,
the particle size at which the continuum approximation
ceases to be valid is 70 μm. It decreases by a factor of
10 as the pressure increases from 1 to 10 atm and the
temperature decreases from 3000 to 300 K. Continuum
models fail to give accurate predictions of the heat and
mass transfer processes for nano aluminum particles.

1.2. Heat and Mass Transfer Rates
at Nano Scales

The rates of heat transfer between the particle and
gas in the continuum (Q̇cont) and free-molecular (Q̇free)
regimes are given by the following formulas [64]:

Q̇cont = 2πdpλa(Tp − Ta), Kn < 0.01, (2)

Q̇free=απd2p
pa
8

√
8kBTa

πma

(
γ + 1

γ − 1

)(
Tp

Ta
− 1

)
, Kn>10. (3)

Here λ is the thermal conductivity, α is the energy ac-
commodation coefficient (the ratio of the actual average
energy transferred during a collision to the theoretical
value under complete energy accommodation), kB is the
Boltzmann constant, ma is the average mass of the gas
molecule, and γ is the ratio of specific heats. The sub-
scripts a and p denote the ambient gas and particle,
respectively.

In the continuum regime, the heat transfer rate is
linearly proportional to the particle size and depends
on the thermal conductivity of the gas. This is because
collisions between gas molecules control the rate of heat
transfer between the particles and the gas. In the free-
molecular regime, the heat transfer rate is dictated by
collisions of gas molecules on the particle surface. Con-
sequently, it is strongly dependent on the particle sur-
face area, energy accommodation coefficient, molecular
speed, and gas pressure. Note that a closed-form ex-
pression for the heat transfer rate cannot be obtained
for particles in the transition regime, and a numerical
analysis is required [62].

The mass flow rate of the oxidizer to the parti-
cle surface is also a function of the Knudsen number.
For diffusion-controlled conditions, the following expres-
sions for the particle mass consumption rate are ob-
tained by enforcing continuity of the mass flow rate of
the oxidizer [44, 65]:

ṁp,cont = 2πdpρaDox log(1 + iYox,a), Kn < 0.01, (4)

ṁp,free = d2ppaYox,aMai

√
π

2RTaMox
, Kn > 10. (5)

Here ρ is the density, D is the diffusivity, i is the stoi-
chiometric fuel-oxidizer mass ratio, Y is the mass frac-
tion, and M is the molecular weight. The subscript
“ox” refers to the oxidizer.

In the continuum regime, the particle mass burn-
ing rate is independent of pressure, since the pressure
effects on diffusivity and density cancel each other. The
mass burning rate is, however, linearly proportional to
pressure in the free-molecular regime. Figure 4 shows
the effect of the particle size on the heat transfer rate
Q̇ and particle mass burning rate ṁp in the continuum
and free-molecular regimes. The temperatures of the
particle and the gas are taken to be 300 and 1000 K,
respectively. Continuum models substantially overesti-
mate the heat and mass transfer rates at nano scales.

An implicit assumption in the previous analysis is
that the particle is not vaporizing and reactions occur
on the particle surface. For vaporizing particles, the
particle mass burning rate takes the following form [44]:

ṁp,cont = 2πdpρaDox

× log

(
1 +

iYox,aHr + cp(Ta − Ts)

Lv

)
. (6)
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Fig. 4. Effect of the particle size on the heat trans-
fer rate and the particle mass burning rate in the
continuum and free-molecular regimes.

Here Hr is the reaction heat, cp is the specific heat, and
Lv is the latent heat of vaporization.

The mass burning rate of a vaporizing particle is
nearly twice the counterpart of a condensed-phase par-
ticle.

1.3. Deficiencies of Continuum Models

Recent works have highlighted the deficiencies of
continuum models in predicting the ignition properties
of nano aluminum particles. Sundaram et al. [57] stud-
ied pyrophoricity of nano aluminum particles in air at
a pressure of 1 atm, based on a transient energy bal-
ance analysis. The study considered conduction and
radiation heat losses to the ambient gas. The heteroge-
neous oxidation process was modeled by means of the
Mott–Cabrera kinetic theory. Based on a free-molecular
heat transfer model, nascent aluminum particles smaller
than 32 nm were predicted to be pyrophoric. Rea-
sonably good agreement with experimental data was
achieved [57]. The continuum model, however, signif-
icantly overestimated heat losses to the ambient gas;
the resulting critical particle size was 18 nm.

A similar analysis was conducted to investigate the
ignition delay of metal nanoparticles in air at a pres-
sure of 1 atm [62]. The particle size range of concern
was 10 nm to 50 μm. The study was also based on a
transient energy balance analysis and considered heat
losses to the ambient gas. An Arrhenius-type reaction
rate model was employed to model particle oxidation.
The initial temperatures of the particles and the gas
were taken to be 300 and 2000 K, respectively. The
ignition delay of nanoparticles turned out to be lin-

early proportional to the particle size, in contrast to
the quadratic size dependence observed for micron-sized
particles. This was attributed to the transition from the
continuum to the free-molecular heat transfer regime as
the particle size decreased from micron to nano scales.
Experimental data also suggested that the ignition de-
lay of nano aluminum particles was only weakly depen-
dent on the particle size [19]. For example, the ignition
delay decreased only by a factor of about 2 as the par-
ticle size decreased from 1 μm to 100 nm. For micron-
sized aluminum particles, the ignition delay quadrupled
as the particle size was doubled [58]. Further studies are
necessary to understand why the actual particle size ef-
fect on the ignition delay is weaker than the predictions
of the models.

The free-molecular regime is prevalent during com-
bustion of nano aluminum particles. The adiabatic
flame temperature of aluminum particles in oxygenated
environments is as high as 4000 K. At such high tem-
peratures, the mean free path is about an order of mag-
nitude greater than the particle size. Allen et al. [66]
conducted a transient energy balance analysis and cal-
culated the flame temperature and the burning time of
80-nm aluminum particles in an oxygen–nitrogen gas
mixture at a pressure of 20 atm and a temperature of
1500 K. The molar concentration of oxygen in the gas
was 20%. The reaction rate was assumed to be con-
trolled by collisions of gas molecules on the particle
surface. Shock tube experiments were also performed
under similar conditions; the flame temperature and
the burning time were inferred by monitoring the in-
tensity of light emitted by the particles. The measured
flame temperature of 80-nm particles was about 3200 K
and the burning time was on the order of 100 μs at a
pressure of 20 atm [66]. The continuum heat transfer
model underpredicted the burning time approximately
by three orders of magnitude. Reasonable agreement
with experimental data was achieved by using the free-
molecular heat transfer model only.

Ermoline et al. [65] developed a theoretical model
of heterogeneous combustion of metal particles in the
transition heat and mass transfer regime. The anal-
ysis considered the mass and energy balances for the
particle and gas phases. The particle was assumed to
be non-volatile, and the burning rate was dictated by
diffusion of the oxidizing gas to the particle surface.
To facilitate comparisons with experimental measure-
ments, the model was employed to calculate the burn-
ing times of zirconium particles in air at a pressure of
1 atm. Qualitatively similar results were expected for
aluminum particles. The particle size range of concern
was 1–200 μm. For particles smaller than 10 μm, devi-
ations from the classical d2 law became significant, and
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Fig. 5.Key physicochemical processes in combustion
of nano aluminum particles in oxygen.

the burning time was linearly dependent on the parti-
cle size. This is in qualitative agreement with experi-
mental data. Note that continuum models suggest that
the burning time should be quadratically proportional
to the particle size, which contradicts experimental ob-
servations. The disparity between the predictions and
experimental data was attributed to the effect of finite-
rate kinetics. It is apparent that continuum models fail
to accurately predict the ignition and combustion prop-
erties of nano aluminum particles.

2. PARTICLE COMBUSTION
MECHANISMS

Combustion of nano aluminum particles involves
an array of physicochemical processes such as heat
and mass transfer between the particle and the gas,
phase transformations in the oxide layer, and exother-
mic chemical reactions. Figure 5 shows the key phenom-
ena during combustion of nano aluminum particles in
oxygen. The particles are covered by an oxide (Al2O3)
layer 2–4 nm thick [46]. Combustion of nano aluminum
particles occurs heterogeneously on the particle surface.
The oxidizer gas molecules diffuse toward the particle
surface and react with aluminum atoms. The ensuing
energy release heats up the particles and the heat is
transferred to the ambient gas by conduction and ra-
diation. The three important processes that typically
control the burning rate are: (1) mass diffusion through
the gas-phase mixture; (2) mass diffusion across the ox-
ide layer of the particle; (3) chemical reactions [67].

2.1. Mass Diffusion through
the Gas-Phase Mixture

For diffusion-controlled conditions, the reaction
rate is much faster than the rate of diffusion of reac-
tant species. The particle burning rate is dictated by
the mass flow rate of the reactants. Equations (4) and
(5) are integrated to obtain closed-form expressions for
the burning time of aluminum particles:

tb,diff,cont =
ρpd

2
p

8ρaDox log(1 + iYox,a)
, Kn < 0.01, (7)

tb,diff,free =
ρpdp

ipaYox,aMa

√
πRTaMox

2
, Kn > 10. (8)

In the continuum regime, the burning time is
quadratically proportional to the particle size and is
independent of the gas pressure, because the pressure
effects of density and diffusivity cancel each other. In
the free-molecular regime, the burning time is linearly
dependent on the particle size and is inversely pro-
portional to pressure. For temperatures of concern
(≈3000 K), the continuum assumption is valid for par-
ticles larger than ≈70 μm at a pressure of 1 atm. The
free-molecular regime prevails for particles smaller than
100 nm. For intermediate particle sizes, closed-form ex-
pressions for the burning time are not available.

The diffusion coefficient of oxygen in air is given
by [68]

Dox = k1

(
T

T0

)k2 p0
p
, (9)

where T [K] is the temperature, p [atm] is the pres-
sure, T0 is the reference temperature (1 K), and p0 is
the reference pressure (1 atm). The constants are
k1 =1.13 · 10−9 m2/s and k2 = 1.724, respectively.

The resulting burning time of 80-nm aluminum
particles is on the order of 10−8 to 10−7 s at a pres-
sure of 8 atm. Bazyn et al. [69] measured the burning
times of 80-nm aluminum particles in a shock tube in
oxygen–nitrogen gas mixtures at two different pressures
of 8 and 32 atm and over a temperature range of 1200–
2200 K. The burning time was obtained by monitoring
the temporal variations of the intensity of the visible
light emitted by the particle. The time period between
10% and 90% of the total integrated intensity was taken
as the burning time. The measured burning times are
on the order of 10−4 s, orders of magnitude greater than
the theoretical counterparts for diffusion-controlled con-
ditions. It is likely that mass diffusion through the gas-
phase mixture does not control the burning rate of nano
aluminum particles.
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2.2. Mass Diffusion across
the Oxide Layer

If mass diffusion across the oxide layer of the parti-
cle is the rate-controlling process, the burning time can
be expressed as [70]

tb =
ρpd

2
p

32D1Cox,a
, (10)

where Cox,a is the molar concentration of oxygen in the
gas and D1 is the oxygen diffusion coefficient through
the oxide layer, which is not a well-known quantity.

Henz et al. [71] conducted molecular dynamics sim-
ulations of mechanochemical behaviors of nano alu-
minum particles of diameters 5.6 and 8.0 nm. Two dif-
ferent oxide layer thicknesses of 1 and 2 nm were consid-
ered. The particles were heated from 300 to 3000 K at
a heating rate of 1012 K/s. Particle oxidation was char-
acterized by the species diffusion process. The mass dif-
fusivity in the oxide layer was 10−9 to 10−7 m2/s over
the temperature range of 1000–2000 K. With the dif-
fusion coefficients being substituted into Eq. (10), the
burning times were calculated to be 10−6 to 10−4 s,
which were comparable to the measured burning times
of ≈10−4 s. Note that MD simulations did not treat the
presence of defects in the oxide layer. In reality, defects
facilitate cracking of the oxide layer upon core melting
and/or polymorphic phase transformations in the oxide
layer [30, 31]. The existing cracks heal upon oxidation,
whereas new cracks are continuously created. It is thus
possible that the oxide layer offers negligible diffusion
resistance during combustion of nano aluminum parti-
cles. Further studies are necessary to fully understand
the role of the oxide layer in particle combustion.

Mass diffusion across the oxide layer is of
paramount concern at temperatures lower than the
core melting point (933 K) and/or low heating
rates (<103 K/s). Park et al. [70] studied the oxida-
tion of nano aluminum particles by using a single parti-
cle mass spectrometer (SPMS) for temperatures up to
1373 K at low heating rates (<103 K/s). The particle
size range of concern was 50–150 nm. The particles did
not burn completely. For example, at a temperature of
1373 K, only about 40% of the particle mass oxidized
after 15 s of its heating. Experimental data suggests
that particle oxidation was controlled by species diffu-
sion across the oxide layers of the particles. These ob-
servations contradict those of Bazyn et al. [69], which
were obtained at higher heating rates (106–108 K/s) and
temperatures (1200–2200 K) in a shock tube. The mea-
sured burning times of 80-nm particles were on the order
of ≈10−4 s, orders of magnitude smaller than those ob-
tained by Park et al. [70]. It is likely that the study

of Park et al. [70] dealt with reactions preceding igni-
tion, while Bazyn et al. [69] treated combustion of nano
aluminum particles. Eisenreich et al. [72] also investi-
gated the mechanism of low-temperature oxidation of
passivated nano and micron-sized aluminum particles
by using a thermogravimetric analysis. The particle
size varied between 100 nm to 25 μm. The initial oxide-
layer thickness based on the weight gain of the particles
due to chemical reactions (oxidation) was estimated as
3.6 nm. A two-stage behavior was observed during par-
ticle heating. The first step was the buildup of a oxide
layer 6–10 nm thick, which was dictated by chemical ki-
netics. The second step was much slower and involved
both mass diffusion through the oxide layer and chemi-
cal reactions.

Aita et al. [73] developed a theoretical model of
combustion of nano aluminum particles in pure oxy-
gen. The burning rate was assumed to be controlled by
mass diffusion across the oxide layer. The results sug-
gested that the burning time should be quadratically
proportional to the particle size, which contradicts ex-
perimental data. In reality, the particle size exerts a
much weaker effect on the burning time; the exponent
of the burning time curve as a function of the particle di-
ameter is significantly smaller than unity. This appears
to support the idea that mass diffusion across the oxide
layer is not the rate-controlling process in combustion
of nano aluminum particles.

2.3. Chemical Kinetics

It is likely that chemical kinetics controls the burn-
ing rate of nano aluminum particles. Empirical evidence
that support this hypothesis will be presented in Sec-
tion 4.3. For kinetically controlled conditions, the rate
of diffusion of the reactant species is much faster than
chemical kinetics. The mass burning rate of the parti-
cles takes the form [44]

ṁb,chem = πd2pMAlkpaXox,a [g/s], (11)

where k is the reaction rate constant,MAl is the molecu-
lar weight of aluminum, and Xox,a is the molar fraction.

Equation (11) can be integrated to obtain a closed-
form expression for the burning time under kinetically
controlled conditions:

tb,chem =
ρpdp

2MAlkpaXox,a
. (12)

The reaction rate constant takes the form

k = A exp

(
− Ea

RT

)
, (13)

where A is the pre-exponential constant and Ea is the
activation energy.
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Fig. 6. Comparison of the aluminum particle burn-
ing times in air under diffusion-controlled and ki-
netically controlled conditions at pressures of 1 and
100 atm: curves 1 show the effect of chemical kinetics
(at 3000 K); curves 2 and 3 show the effect of dif-
fusion in the continuum (2) and free-molecular (3)
regimes.

For kinetically controlled conditions, the burning
time is linearly proportional to the particle size and is a
strong function of the pressure and temperature of the
ambient gas. The chemical rate constants can be ob-
tained from experimental data of Bazyn et al. [69]. The
particle size is 80 nm, and the gas consists of oxygen and
nitrogen (both with the molar fractions of 50%). The
activation energy is obtained by fitting the burning time
versus temperature curves. At the pressure p = 8 atm,
the activation energy is 71.6 kJ/mol and the burning
time is 0.29 ms at 1400 K [69]. With these values being
substituted into Eqs. (12) and (13), the pre-exponential
constant is estimated to be 1618.5 mol/(m2· s · atm).

Fig. 7. Schematic of the melt-dispersion mechanism
of combustion of nano aluminum particles at a high
heating rate (>106 K/s) [74]: (a) aluminum core cov-
ered by the initial alumina shell; (b) fast melting of
aluminum leads to spallation of the alumina shell;
(c) unloading wave propagates to the center of the
molten core of the Al particle and generates tensile
pressure, which disperses small Al clusters.

The diffusion and chemistry times can be compared
to ascertain the critical particle size at which the tran-
sition from diffusion-controlled to kinetically controlled
conditions occurs. Figure 6 shows the particle burn-
ing times under diffusion-controlled and kinetically con-
trolled conditions at pressures of 1 and 100 atm. Mass
diffusion is faster than chemical reactions for particle di-
ameters smaller than the critical value, which is 100 μm
at p = 1 atm. The burning rate of particles larger
than 100 μm is controlled by the mass diffusion pro-
cess. The critical particle size decreases from 100 to
1 μm as the pressure increases 1 to 100 atm. The anal-
ysis suggests that combustion of nano aluminum parti-
cles is kinetically controlled over the pressure range of
concern (1–100 atm).

2.4. Alternative Mechanisms

Alternative theories have been proposed to explain
the combustion mechanism of nano aluminum parti-
cles. Levitas et al. [74, 75] proposed the melt-dispersion
mechanism, which becomes operative at high heating
rates (>106 K/s). Figure 7 shows the schematic of the
melt-dispersion mechanism for nano aluminum parti-
cles. Melting of the aluminum core creates pressures of
1–4 GPa, which causes spallation of the oxide shell. The
ensuing pressure imbalance between the core and the
exposed surface results in an unloading wave and dis-
perses small liquid aluminum clusters. The liquid alu-
minum clusters react with the oxidizing gas. Lynch et
al. [76] employed absorption spectroscopy to detect the
presence of the aluminum vapor for 80-nm aluminum
particles in argon with the help of a shock tube. The
pressure of the ambient gas was 7 atm. The gas tem-
perature was decreased from 3000 K in increments of
about 100 K until the aluminum vapor was not seen in
the absorption spectrum. The aluminum vapor was not
present at temperatures lower than 2275 K. If aluminum
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Fig. 8. Snapshots of the central slice of a 26-nm
aluminum particle covered by an oxide (Al2O3) shell
3 nm thick: the images are obtained by means of
molecular dynamics simulations; the snapshots show
core Al atoms (black points), shell Al atoms (dark
gray points), and shell O atoms (light gray points).

clusters were present, the measurements would have de-
tected the aluminum vapor corresponding to the equi-
librium partial pressure. This suggests that spallation
of the oxide layer and dispersion of aluminum clusters
do not occur upon melting of the aluminum core [76].
Further studies are necessary to shed light on the melt-
dispersion mechanism for nano aluminum particles.

Molecular dynamics simulations provide a detailed
insight into the combustion mechanisms of nano alu-
minum particles. Li et al. [77, 78] conducted MD sim-
ulations of combustion of nano aluminum particles for
three different particle sizes of 26, 36, and 46 nm. The
oxide layer thickness was taken as 3 nm. Ignition was
achieved by heating the particles to a temperature of
1100 K. Figure 8 shows the snapshots of the central slice
of a 26-nm aluminum particle at various times. Alu-
minum atoms of the core reacted with oxygen atoms
of the shell, thereby heating the particle beyond the
melting temperature of the shell. Shattering and frag-
mentation of the shell were not observed. Melting of the
shell was followed by ejection of aluminum atoms into
the ambient gas. The onset temperature of ejection is
independent of the particle size, whereas the onset in-
stant and the time delay to the peak rate of temperature
changing decrease with decreasing particle size. This is
consistent with the fact that the reactivity of the parti-
cle increases with decreasing particle size, but empirical
evidence that would support the proposed mechanism
is yet to be found.

Table 1. Thermophysical properties of aluminum
and aluminum oxide

Property Value

Tm,Al, K 933

Tboil,Al, K
∗ 2791

Tm,ox, K 2350

Tboil,ox, K
∗ 4000

ΔHf,ox, kJ/mol∗∗ −1676

HTboil,ox
−H298 +ΔHboil,ox, kJ/mol 2550

Notes: ∗1 atm; ∗∗298 K.

3. MODES OF COMBUSTION
AND FLAME STRUCTURES

3.1. Gas-Phase versus Surface Combustion

Aluminum particles can undergo gas-phase or sur-
face reactions, depending on the particle size, pressure,
and type of the oxidizing gas. Table 1 shows the prop-
erties of aluminum and aluminum oxide. The melting
and boiling temperatures of aluminum are lower than
those of aluminum oxide. For example, at a pressure of
1 atm, the boiling temperatures of aluminum and alu-
minum oxide are 2791 and 4000 K, respectively. The
heat of formation of aluminum oxide is lower than the
amount of energy required to heat the oxide to its boil-
ing temperature and vaporize the oxide. Consequently,
the adiabatic flame temperature of aluminum particles
in pure oxygen cannot exceed the boiling temperature
of the oxide. The possibility of gas-phase combustion
exists because the boiling temperature of aluminum is
lower than that of the oxide [79, 80]. Table 2 shows the
adiabatic flame temperatures and reaction products for
aluminum particles in different oxidizers at the pres-
sure p = 1 atm. The calculations were performed by
using the NASA Chemical Equilibrium with Applica-
tions (CEA) program [81]. In most cases, the adiabatic
flame temperature is lower than the boiling tempera-
ture of the oxide (4000 K). An exception is the Al–F2

system, which is characterized by a flame temperature
of ≈4400 K. Combustion of aluminum particles in fluo-
rine is similar to burning of hydrocarbon droplets due to
sublimation of AlF3. Except for the carbon monoxide,
the adiabatic flame temperatures are greater than the
boiling temperature of aluminum. Gas-phase reactions
are, thus, expected for most oxidizers at p = 1 atm.

The gas pressure exerts a significant effect on the
mode of combustion of aluminum particles. Figure 9
shows the effect of pressure on the adiabatic flame tem-
perature of aluminum particles for different oxidizers
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Table 2. Adiabatic flame temperature and product composition for combustion of aluminum

with different oxidizers at 1 atm

Reactants Tad, K Products (molar concentration above 1%)

2Al(s) + 1.5O2 3977.0 Al, AlO, Al2O, Al2O2, O, O2, Al2O3(liq)

2Al(s) + 1.5(O2 + 3.76Ar) 3624.8 Al, AlO, Al2O, Ar, O, O2, Al2O3(liq)

2Al(s) + 1.5(O2 + 3.76N2) 3546.5 Al, AlO, Al2O, NO, N2, O, Al2O3(liq)

2Al(s) + 3N2O 3746.9 Al, AlO, Al2O, Al2O2, NO, N2, O, O2, Al2O3(liq)

2Al(s) + 3H2O 3052.8 H, H2, H2O, AlOH, Al2O3(liq)

2Al(s) + 3CO2 3144.4 CO, CO2, Al2O3(liq)

2Al(s) + 3CO 2277.2 Al, Al2O, CO, Al4C3, Al2O3(a), C(gr)

2Al(s) + 1.5F2 4414.5 Al, AlF, AlF2, F

2Al(s) + 1.5(F2 + 3.76Ar) 3873.5 AlF, AlF2, AlF3, Ar, F

Note: The solid, liquid, amorphous, and graphite states are indicated by s, liq, a, and gr, respectively.

Fig. 9. Effect of pressure on the adiabatic flame tem-
perature for different oxidizers and particle sizes.

and particle sizes under stoichiometric conditions. The
flame temperature is lower than the boiling tempera-
ture of aluminum for pressures over a threshold value.
The threshold pressure is around 2, 5, and 100 atm for
water vapor, carbon dioxide, and air, respectively. Sur-
face reactions are, thus, more important for oxidizers
such as water and carbon dioxide, especially at higher
pressures. The particle size may also affect the mode
of combustion at a given pressure. For example, the
cut-off pressure decreases from ≈2.0 to 0.2 atm as the
particle size decreases from 1 μm to 38 nm. This can
be attributed to the fact that the inert oxide layer con-
stitutes a greater portion of the particle mass at nano
scales; a 38-nm aluminum particle, for example, con-
tains 47 wt.% of the oxide [46]. The adiabatic flame
temperature in water decreases by about 500 K as the

particle size decreases from 1 μm to 38 nm. Combustion
of nano aluminum particles in liquid water must, there-
fore, occur heterogeneously on the particle surface over
the pressure range of practical concern (1–100 atm).

For micron-sized and larger particles, numerous
experimental studies substantiate the fact that gas-
phase reactions occur in oxygen-containing gases [82–
85], whereas surface reactions are more prominent in
water and carbon dioxide [84, 86, 87]. Yetter and
Dryer [84] studied combustion of a 210-μm aluminum
particle burning in air, carbon dioxide, and water vapor
at 1 atm. The particles were ignited by a laser and fell
under the effect of gravity. The presence of a detached
diffusion flame in air implies that reactions occur away
from the particle surface. This is consistent with the re-
sults of the chemical equilibrium analysis. Planar laser-
induced fluorescence (PLIF) and electron probe micro-
analysis (EPMA) were used to measure the profiles of
temperature and species concentrations. Peak concen-
trations of AlO and Al2O3 were at df/dp = 2.0–2.8 and
df/dp =2.4–3.5, respectively. The temperature attained
its maximum value of 3800 K at df/dp = 5.0–6.0. The
measured peak temperature is approximately equal to
the adiabatic flame temperature of the aluminum–air
system at 1 atm (≈3500 K). A similar result was ob-
tained by Dreizin [88] for 90-μm and 250-μm aluminum
particles burning in oxygenated environments at a pres-
sure of 1 atm. For oxygen concentrations greater than
10%, the flame temperature was 3273 K.

The concentration of the oxidizer in the gas is an
important parameter that dictates the flame standoff
distance. Wilson and Williams [85] studied combus-
tion of 50-μm aluminum particles in oxygen–argon gas
mixtures. The particles were ignited by a focused laser
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beam and observed by cinephotomicrography through-
out the entire burning history. The flame diameter was
inferred by monitoring the extremes in the radial in-
tensity distribution. The measured flame standoff ra-
tio (df/dp) increased from 2.8 to 5.9 as the oxidizer
concentration increased from 10 to 50%. This further
corroborates the fact that gas-phase reactions occur for
micron-sized aluminum particles in oxygen-containing
gases.

Surface reactions are more important for such ox-
idizers as carbon dioxide and water vapor. For carbon
dioxide, the measured flame temperature (≈3200 K) is
approximately equal to the adiabatic counterpart [89,
90]. The peak concentration of AlO takes place at
df/dp = 1.3. The flame standoff ratio is as low as ≈1.5
in water–vapor-containing environments [91].

Legrand et al. [86] investigated combustion of 60-
μm aluminum particles in carbon dioxide over a pres-
sure range of 0.1–2.0 MPa. The particle was levitated
electrodynamically and ignited by a laser. The radia-
tion intensity (or brightness) decreased monotonically
with increasing distance away from the particle sur-
face. Glumac et al. [87] measured the flame temper-
atures of aluminum particles 5–10 μm in diameter in a
shock tube in carbon dioxide environments at elevated
pressures (>1 atm). The flame temperatures were cal-
culated based on the intensity of the light emitted by
the particles. They were in the range of 3000–3100 K,
close to the boiling temperature of aluminum at ele-
vated pressures. These results support the idea that
combustion of micron-sized aluminum particles in car-
bon dioxide occur on (or near) the particle surface.

3.2. Flame Temperatures
of Nano Aluminum Particles

The actual flame temperatures of nano aluminum
particles are significantly lower than the adiabatic coun-
terparts due to heat losses to the ambient gas. Figure 10
shows the measured flame temperatures of aluminum
particles in oxygenated gases as a function of the par-
ticle size for different pressures and oxygen concentra-
tions [66, 69, 82, 88, 92, 93]. The measurements at
1 atm correspond to laser-ignited particles, and those
at higher pressures correspond to shock-ignited parti-
cles. The flame temperature is calculated based on the
intensity of light emitted by the particles. For micron-
sized aluminum particles, the measured flame temper-
atures are nearly equal to the adiabatic counterparts.
For example, at a pressure of 1 atm, the flame temper-
atures of 210–250-μm particles in air are in the range of
3273–3800 K, around the adiabatic flame temperature
of 3500 K [82, 88]. The flame temperature of ≈20-μm
particles increases from about 2200 to 3100 K as the

Fig. 10. Measured flame temperatures of aluminum
particles as a function of the particle size for different
pressures and oxygen concentrations.

oxygen concentration increases from 10 to 21%. This
trend agrees with the results of the chemical equilib-
rium analysis [81]. Note that there is a considerable
scatter (as high as 500 K) in the measured flame tem-
peratures [93], but the results do indicate substantial
reduction in the flame temperature with decreasing oxy-
gen molar fraction.

For nano aluminum particles, the flame tempera-
ture is substantially lower than the ambient gas tem-
perature, especially at lower pressures. For example,
for an oxygen concentration of 50%, the measured flame
temperatures of 80-nm particles are as low as 1630 K
at p = 8 atm. The scatter in the measurements can
be attributed to the differences in the temperatures of
the ambient gases [69], which was varied in the range
of 1200–2100 K. The flame temperature increases with
increasing pressure and attains a value of 3450 K at
p = 32 atm. The boiling temperature of aluminum
is also a function of pressure, and it takes a value of
3800 K at p = 32 atm. Surface reactions are important
even for higher pressures in oxygenated environments.
The flame temperature of nano aluminum particles is
a weak function of the particle size. Further measure-
ments are, however, necessary to ascertain the validity
of this trend.

The flame temperature is a size-dependent quantity
for other oxidizing gases. Figure 11 shows the measured
flame temperatures of aluminum particles as functions
of the particle size in carbon dioxide environments for
different pressures and oxidizer concentrations [69, 84,
92]. For particle sizes greater than 1 μm, the flame tem-
perature reaches a value of ≈3000 K. The data of Yetter
and Dryer [84] correspond to pure CO2 at p = 1 atm,
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Fig. 11. Measured flame temperatures of aluminum
particles as functions of the particle size for different
pressures and carbon dioxide concentrations.

while the measurements of Bazyn et al. [69, 92] were ob-
tained for lower oxidizer concentrations of 20 and 50%
and higher pressures of 8.5 and 32 atm. The flame
temperatures of 80-nm particles vary in the range of
1345–2151 K, depending on the ambient gas tempera-
ture. These values are significantly lower than the adi-
abatic flame temperature and boiling temperature of
aluminum. Combustion of nano aluminum particles in
carbon dioxide must occur heterogeneously on the par-
ticle surface over the pressure range of concern.

It is apparent that heat losses to the ambient gas
have a significant effect on the flame temperature of
nano aluminum particles. Allen et al. [66] studied com-
bustion of nano aluminum particles with the help of a
shock tube in oxygen–nitrogen gas mixtures at a pres-
sure of 20 atm and temperature of 1500 K. The parti-
cle size varied in the range of 18–110 nm. The molar
concentration of oxygen was 20%. The measured flame
temperatures of 80-nm particles in oxygen-containing
gases were ≈3169 K and 2375 K at 20 and 3.5 atm,
respectively. The particle burning time was on the or-
der of 100 μs. A companion theoretical study was per-
formed, where the burning time and flame temperature
were calculated by means of a transient energy balance
analysis. The burning rate was assumed to be controlled
by collisions of oxidizer molecules on the particle sur-
face. Heat losses to the ambient gas by conduction and
radiation were considered. The particle energy conser-
vation equation is written as

mpcp
dT

dt
= Q̇gen − Q̇rad − Q̇cond, (14)

where mp is the particle mass. The rate of chemical
heat generation is given by the formula

Q̇gen = ApϕNox
vq

4
, (15)

where Ap is the particle surface area, ϕ is the sticking
probability, Nox is the number concentration of oxidizer
molecules, v is the molecular speed, and q is the heat of
the reaction.

The sticking probability refers to the fraction of
collisions that result in chemical reactions. The radi-
ation and conduction heat transfer rates are expressed
as

Q̇rad = εpkBAp(T
4
p − T 4

a ), (16)

Q̇cond = απd2p
pa
8

√
8kBTa

πma

(
γ + 1

γ − 1

)(
Tp

Ta
− 1

)
, (17)

where εp is the emissivity of the particle.
Reasonably good agreement with experimental

data was achieved, provided that the accommodation
coefficient and sticking probability are taken to be
α = 0.0035 and ϕ = 0.0009, respectively. The former
value agrees with the Altman’s limit for the energy ac-
commodation coefficient α [94]

α <
θ2

[2(cv/R) + 1]TaTp
, (18)

where cv is the molar specific heat of the gas and
θ = 428 K is the Debye temperature of aluminum.

The conduction heat transfer rate is proportional
to the gas pressure, whereas the radiation counterpart
is independent of pressure. As the accommodation co-
efficient is significantly lower than unity, the actual con-
duction heat transfer is negligible, compared to the the-
oretical value under complete energy accommodation.
Radiation heat transfer is relatively more significant at
nano scales. As a result, the net heat transfer rate is a
relatively weak function of the gas pressure. It is, how-
ever, apparent from Eq. (15) that the reaction rate is
proportional to the gas pressure. Consequently, a higher
flame temperature is observed at a greater pressure for
nano aluminum particles. The theoretical analysis of
Allen et al. [66] explains the pressure dependence of the
flame temperature of nano aluminum particles.

3.3. Emission and Absorption Spectrum

Aluminum monoxide (AlO) is an important gas-
phase intermediate during combustion of aluminum par-
ticles. The presence of AlO is marked by a sharp peak in
the emission intensity at a wavelength of around 460–
530 nm in the spectrum [66]. AlO is present only in
the high-temperature region. The spectral behavior of
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AlO emission can, thus, be used to infer the flame tem-
perature. Lynch et al. [76] employed absorption spec-
troscopy to detect the presence of AlO during combus-
tion of aluminum particles in oxygenated environments
in a shock tube. The molar concentration of the oxi-
dizer was 40%, and the pressure of the ambient gas was
7 atm. Two different particle sizes of 2 μm and 80 nm
were considered. The gas temperature was decreased
from 2400 K in increments of ≈100 K until AlO was
not seen in the spectrum. AlO was detected down to
2083.4 and 1996 K for micron-sized and nano aluminum
particles, respectively. It is well known that the ignition
temperatures of nano aluminum particles are as low as
900 K. As a result, most of the experiments on combus-
tion of nano aluminum particles are performed at gas
temperatures substantially lower than 2000 K. The re-
sults of Lynch et al. [76] clearly suggest that AlO is not
present in the majority of experiments on combustion
of nano aluminum particles.

Recent studies [66, 69] indicate weak or negligible
AlO emission for pressures up to 20 and 32 atm in oxy-
genated and carbon dioxide environments, respectively.
Significant emission from AlO was, however, detected
in oxygen-containing gases at p = 32 atm (Fig. 12). At
a pressure of 32 atm and temperature of 1600 K, the
temperature obtained from spectral fitting of the AlO
emission intensity is 4159±200 K for the molar con-
centration of oxygen of 50%. The particle temperature
obtained by recording the thermal radiation from the
particle by using a pyrometer is ≈3500 K. As a result,
reactions may occur on (or very close to) the particle
surface at the pressure p = 32 atm. This is more so at
lower pressures. The intensity of light emitted by the
particles can be used to obtain the burning time. Fig-
ure 13 shows the temporal variation of the intensity of
light emitted by 80-nm aluminum particles in a gas con-
sisting of CO2 (50%) and N2 (50%) at a temperature
of 1760 K and pressure of 32 atm. The burning time is
defined as the time period between 10 and 90% of the
total integrated emission intensity.

3.4. Heat Transfer Effects
on the Flame Standoff Distance

The transition from the continuum to free-
molecular heat transfer regime drives the flame closer
to the particle surface [95]. Mohan et al. [95] conducted
a theoretical analysis of gas-phase combustion of alu-
minum particles in air, carbon dioxide, and water. The
particle was assumed to be surrounded by a gas-phase
flame, and the particle temperature was taken to be the
boiling point of aluminum. The energy released in the
stationary flame zone (Q̇c) must balance the heat losses
to the particle (Q̇p) and ambient gas (Q̇a):

Fig. 12. (a) Emission spectra during combustion of
80-nm aluminum particles in oxygenated and carbon
dioxide environments at p = 32 atm and T = 1900 K;
(b) comparisons of the measured and fitted spectra
for 80-nm particles in an oxygenated environment at
T = 1600 K and p = 32 atm [69].

Q̇c = Q̇a + Q̇p. (19)

The gas-phase flame is a spherical surface, and the flame
diameter was assumed to be significantly greater than
the mean free path of gas molecules. The rate of heat
losses from the flame to the ambient gas was expressed
as

Q̇a = 2πdfλa(Tf − Ta), (20)

where Tf is the flame temperature.
The rate of heat transfer between the particle and

the flame was calculated by using both continuum and
free-molecular models:

Q̇p,cont = 2π
dpdf

df − dp
λa(Tf − Tp), (21)

Q̇p,free =
α

8
πd2ppav

γ + 1

γ − 1

(
1− Tp

Tf

)
. (22)
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Fig. 13. Temporal variation of the intensity of light
emitted by 80-nm aluminum particles in a gas con-
sisting of CO2 (50%) and N2 (50%) at T = 1760 K
and p = 32 atm [69]: tb is the time period between
10 and 90% of the total integrated emission inten-
sity; the background emission is marked by the gray
color.

Fig. 14. Effect of the particle size on the maximum
value of the flame-to-particle diameter ratio for dif-
ferent oxidizers [95].

The accommodation coefficient was taken to be unity
in order to maximize the heat flux to the particle. The
vaporization rate of aluminum is controlled by the rate
of heat transfer from the flame to the particle surface.
As a result, the chemical energy release rate can be
written as

Q̇c = Q̇p
Hr

Lv
. (23)

For a given particle size, a large flame is harder to
sustain due to greater heat losses to the ambient gas and
reduced heat transfer to the particle. Figure 14 shows

Fig. 15. Flame structures of aluminum particles in
air: (a) micron-sized and larger particle (vapor-phase
combustion); (b) micron-sized particles (combustion
near the particle surface); (c) nanoparticles (surface
combustion) [92].

the effect of the particle size on the maximum value
of the flame-to-particle diameter ratio (D = df/dp) for
different oxidizers. The continuum model indicates that
the flame is detached from the particle surface, irrespec-
tive of the particle size. The calculated flame-to-particle
diameter ratio is in the range of 1.5–2.0, which agrees
with experimental data. The free-molecular model, on
the other hand, suggests that the flame is located closer
to the particle surface for smaller particles. The parti-
cle size corresponding to D = 1 represents the critical
value below which the flame is located at the particle
surface. The calculated critical particle diameters are
6.1, 7.2, and 15.1 μm for air, carbon dioxide, and water
vapor, respectively. The results suggest that combus-
tion of nano aluminum particles occurs heterogeneously
on the particle surface regardless of the oxidizing gas.

3.5. Flame Structures of Aluminum Particles

Results of experimental and theoretical studies can
be used to hypothesize the flame structure of aluminum
particles over a broad range of particle sizes (Fig. 15).
For micron-sized and larger particles, a detached gas-
phase diffusion flame is formed. The temperature in-
creases with increasing distance away from the particle
surface, attains its maximum value in the flame zone,
and then gradually decreases to the ambient gas tem-
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perature in the far field. The peak temperature is nearly
equal to the adiabatic flame temperature of the Al–air
system. For smaller particles, surface reactions become
important, and the flame front moves closer to the parti-
cle surface. The flame temperature can be significantly
lower than the adiabatic counterpart due to the effect of
heat losses to the ambient gas. For nano aluminum par-
ticles, reactions primarily occur on the particle surface.
The flame temperature is nearly equal to the ambient
gas temperature, especially at low pressures, and typ-
ically does not exceed the boiling temperature of alu-
minum (Tboil,Al). The temperature decreases with in-
creasing distance away from the particle surface.

4. PARTICLE BURNING TIME

4.1. Diffusion Regime
(Micron-Sized and Larger Particles)

One of the most important parameters that charac-
terize the reactivity of aluminum particles is the single
particle burning time. For micron-sized and larger par-
ticles, the burning time has a particle size dependence
of the form t = adnp , where n = 1.5–2.0 [85, 96–101].
The burning time is weakly dependent on the temper-
ature and pressure of the ambient gas [99, 102]. This
corroborates the fact that the burning rate is controlled
by mass diffusion through the gas-phase mixture. Beck-
stead [103] assimilated numerous experimental data and
obtained the correlation for the single particle burning
time

tb =
cd1.8p

Xeffp0.1T 0.2
0

, (24)

where Xeff is the effective concentration of the oxidizer,
Xeff = CO2 + 0.6CH2O + 0.22CCO2 , p [atm] is the pres-
sure, T [K] is the initial temperature, dp [μm] is the par-
ticle diameter, and c = 7.35 · 10−6 is a constant. Note
that Eq. (24) is valid only for micron-sized or larger par-
ticles that burn under diffusion-controlled conditions.

4.2. Transition Regime

For particles smaller than 10 μm, the effect of
chemical kinetics on the burning time is significant.
Bazyn et al. [92] measured the burning times of micron-
sized aluminum particles in oxygenated environments in
a shock tube. The particle size varied in the range of 3–
40 μm, and the pressure range of concern was 3–30 atm.
For a 10-μm aluminum particle, the burning time was
roughly inversely proportional to the gas pressure. This
trend is indicative of the kinetically controlled com-
bustion regime. For diffusion-controlled conditions, the

Table 3. Coefficients in the burning time model
for particles in the transition regime

Oxidizer a0 a1 a2

O2 200 0.5 −0.5

CO2 500 0.6 0.3

H2O 86 −1.7 0.75

burning time is weakly dependent on the gas pressure.
The transition from the diffusion-controlled to kineti-
cally controlled combustion regime was observed to oc-
cur at a particle size of 10 μm. Lynch et al. [104] simi-
larly measured the burning times of aluminum particles
3–11 μm in diameter in oxygen, carbon dioxide, and wa-
ter vapor oxidizers at high temperatures (2400–3000 K).
The pressure range of concern was 4–25 atm. The burn-
ing time had a particle size dependence of the form
tb = adnp , where the exponent n was significantly lower
than unity. In oxygenated environments, the burning
time was roughly inversely proportional to pressure,
which is consistent with the results of Bazyn et al. [92].
For carbon dioxide and water vapor oxidizers, the burn-
ing time of aluminum particles increased with increasing
pressure. This was attributed to the effects of radical
recombination reactions and the pressure dependence
of the boiling temperature of aluminum. Further mea-
surements are necessary to ascertain the validity of this
trend.

The following correlation was established for the
burning time of aluminum particles in the transition
regime [104]:

tb = a0Xox

(
p

p0

)a2

dnp ,

(25)

n = 2 exp(−4.3Xox)

(
p

p0

)−0.3

.

Here tb is the burning time given in microseconds,
p0 = 8.5 atm, Xox is the molar fraction of the oxidizer,
and dp is the particle diameter measured in microme-
ters. The constants are listed in Table 3. The exponent
n decreases with increasing oxidizer concentration from
≈2.0 at the zero concentration to ≈0 at the 100% con-
centration. For oxygen and carbon dioxide, the burning
time is roughly inversely proportional to the square root
of the oxidizer concentration. A stronger effect of the
oxidizer concentration on the burning time is observed
for water vapor. The burning-time pressure exponents
are −0.50, 0.30, and 0.75 for oxygen, carbon dioxide,
and water vapor, respectively. Note that the diameter
exponent is also a function of pressure. Clearly, sev-
eral aspects of combustion of aluminum particles in the
transition regime are not completely understood.
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Fig. 16. Variation of the burning time of nano alu-
minum particles with the ambient gas temperature.

4.3. Kinetic Regime
(Nano Aluminum Particles)

Experimental data on the burning times of nano
aluminum particles are scarce. The ambient gas tem-
perature has a pronounced effect on the burning proper-
ties of nano aluminum particles. Figure 16 shows the ef-
fect of the gas temperature on the burning time of nano
aluminum particles in water vapor [19] and oxygenated
[69] environments. Parr et al. [19] used a hydrogen–
oxygen–argon burner. The temperature was controlled
by varying the argon concentration, and the particles
were introduced into the hydrogen gas flow. Hydrogen
and oxygen were fed at the stoichiometric ratio, with
water vapor acting as an active oxidizer. The burning
time was calculated from the length of the burning re-
gion and the gas velocity. Bazyn et al. [69] studied
particle combustion in an oxygen–nitrogen gas mixture
by employing a shock tube, as discussed in Section 3.
The burning time was found to be an exponential func-
tion of the gas temperature. The activation energies fall
in the range of 50–144 kJ/mol. An unusual trend was
observed for the burning time of 80-nm aluminum par-
ticles in the carbon dioxide environment. At a pressure
of 32 atm, the burning time remained approximately
constant (≈400 μs) up to a temperature of ≈2000 K
and then decreased sharply to a value of ≈50 μs at
2100 K [69]. The visible light intensity signals were,
however, affected by changes in the ambient gas tem-
perature, even for temperatures lower than 2000 K.

The particle size exerts a weak effect on the burning
time of nano aluminum particles (Fig. 17). The burn-
ing time has a size dependence of the form tb = adnp ,

Fig. 17. Effect of the particle size on the burning
time of nano aluminum particles with different oxi-
dizers.

where n = 0.15–0.34. The observed trend suggests that
the burning behaviors of nano aluminum particles are
dictated by chemical kinetics. Note that the diameter
exponent is significantly smaller than unity. The phe-
nomenon may be attributed to sintering and agglomer-
ation of particles [105] and/or to the fractal nature of
the particle surface [106].

Chakraborty and Zachariah [105] conducted MD
simulations and examined sintering of two identical pas-
sivated nano aluminum particles. Two different parti-
cle sizes of 8 and 16 nm were considered. The oxide
layer thickness was 1.5 nm. The particles were heated
from 500 to 2000 K at a rate of 1013–1014 K/s, and
the temperature was then held constant. The particles
sintered completely, despite of the fact that the temper-
ature was lower than the bulk melting point of alumina
(2350 K). The oxide shell melted at a lower tempera-
ture of 2000 K, possibly, due to diffusion of aluminum
atoms and formation of an aluminum sub-oxide, which
has different physicochemical properties. Furthermore,
it is well known that the melting temperature of the
nano-scale oxide shell is substantially lower than the
bulk value of 2350 K. For example, Puri and Yang [107]
observed melting of an oxide shell 1 nm thick at tem-
peratures as low as 937 K. The time taken for the fusion
of two 8-nm particles was calculated to be 0.7 ns, while
the reaction time of nano aluminum particles was on
the order of 10–100 μs [19, 69]. Consequently, sinter-
ing and aggregation of particles are significant during
ignition and combustion of aluminum particles. The
measured burning times may fail to correspond to the
initial particle size.

In conventional models (for example, [66]), it is as-
sumed that oxidizer molecules collide and react on a
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Fig. 18. Effect of the oxygen concentration on the
burning time of 80-nm aluminum particles at p =
32 atm and T = 1500 K [69].

smooth spherical surface of an aluminum particle. In
reality, surface roughness and the presence of cracks in
the oxide layer [106] may alter the relationship between
the particle diameter and the surface area A available
for chemical reactions

A = Aref

(
dp
Dref

)Dfrac

, (26)

where the fractal dimension Dfrac varies in the range of
2–3.

Buckmaster and Jackson [106] conducted a theo-
retical analysis and studied the effect of cracks in the
oxide layer on the burning time of aluminum particles.
For kinetically controlled conditions, the particle-size
dependence of the burning time is expressed as

tb ∼ d3−Dfrac
p . (27)

For non-fractal surfaces, the burning time is linearly
proportional to the particle size. The burning-time di-
ameter exponent decreases from 1 to 0 as the fractal
dimension increases from 2 to 3. The weak effect of the
particle size on the burning time of nano aluminum par-
ticles may stem from the fractal nature of the surface
available for chemical reactions.

The oxidizer concentration is yet another param-
eter that dictates the burning behaviors of aluminum
particles. Figure 18 shows the effect of the oxidizer con-
centration on the burning time of 80-nm particles at a
pressure of 32 atm and temperature of 1500 K. The
work was conducted by using a shock tube, with the
burning time calculated from the temporal variations of
the intensity of light emitted by particles. The burning

Fig. 19. Measured burning times of nano alu-
minum particles (points) versus the curve-fitting val-
ues (curve) (H2O/Ar, 1 atm [19]).

time exhibits a concentration dependence of the form
tb = 0.07Cn

ox, where n =−0.4. The theoretical burn-
ing time is inversely proportional to the concentration
of the oxidizing gas. The actual concentration effect on
the burning time is, thus, weaker than the theoretical
counterpart.

Experimental data [19] and [69] are used to obtain
the correlation for the burning time of nano aluminum
particles at 1 atm:

tb =
d0.29p exp(Ea/RT )

A′C0.4
ox

, (28)

where Ea = 80 kJ/mol, A′ = 162127, and dp is given
in micrometers.

Figure 19 shows a comparison of the measured
burning times and the curve-fitting values. Reasonably
good agreement is obtained, thereby demonstrating the
validity of the proposed correlation. Note that the cor-
relation does not consider the effects of pressure and the
type of the oxidizer on the burning time, since they are
poorly understood.

Bazyn et al. [69] measured the burning times of
80-nm aluminum particles using a shock tube in oxy-
genated environments at two different pressures of 8
and 32 atm. The results are shown in Fig. 20. At
temperatures lower than 1600 K, the burning time de-
creases by a factor of 3 as the gas pressure increases
from 8 to 32 atm. The burning time, however, is a
relatively weak function of the gas pressure at temper-
atures greater than 1600 K. At 8 atm, the measured
flame temperatures are strongly dependent on the am-
bient gas temperature. The flame temperature, on the
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Fig. 20. Effect of pressure on the burning time of
80-nm aluminum particles in an oxygenated environ-
ment [69].

Fig. 21. Comparison of the burning time of alu-
minum particles obtained by using empirical corre-
lations (curves) with experimental data (points).

other hand, becomes relatively independent of the gas
temperature at 32 atm and has a value of ≈3500 K. The
effect of the type of the oxidizer on the burning time re-
mains unknown. For example, at a pressure of 32 atm
and temperature of 1500 K, the burning time of 80-
nm particles in carbon dioxide is nearly four times that
in oxygenated environments. At temperatures greater
than 2000 K, the burning times in oxygen and carbon
dioxide are comparable to each other. Further studies
are needed to elucidate the effects of the pressure and
the oxidizer type on the burning time of nano aluminum
particles.

Figure 21 shows the burning time of aluminum par-
ticles as a function of the particle size for different oxi-
dizers, temperatures, and pressures. Experimental data
from different sources [66, 69, 85, 92, 93, 97, 98, 104,
108–113] are shown. Various empirical correlations are
compared with experimental measurements.

As discussed in Section 2.4, the burning behav-
ior of aluminum particles may depend on the heating
rate. For heating rates greater than 106 K/s, the melt-
dispersion mechanism may become operative. A num-
ber of studies have been conducted to ascertain the va-
lidity of the proposed mechanism. Bockman et al. [114]
measured the combustion velocities of Al + MoO3 ther-
mites for three different aluminum particle sizes of 44,
80, and 121 nm. The packing density was roughly 5–
10% of the theoretical maximum density (TMD). The
MoO3 particles had a sheet-like structure, with a length
of 1 μm and thickness of 20 nm. The combustion veloc-
ity increased with decreasing particle size and attained
a limiting value (1 km/s) at a threshold particle size of
50–110 nm. The melt-dispersion mechanism was later
proposed to explain the unusual trend [115]. Ohkura
et al. [116] provided the first experimental evidence of
the melt-dispersion mechanism. The oxidation mech-
anism of aluminum particles 60–96 nm in size in air
at high heating rates (≈106 K/s) was studied by us-
ing a flash ignition method. Transmission electron mi-
croscopy (TEM) images suggested the rupture of the
oxide shell and the presence of small reacted Al clus-
ters. A more detailed review of various theoretical and
experimental studies on the melt-dispersion mechanism
can be found in [117]. It is important to note that
the melt-dispersion mechanism provides a new basis for
the design of nano-energetic materials. According to
the conventional diffusion theory, the particle reactivity
can be enhanced by decreasing the particle diameter or
the oxide layer thickness. The melt-dispersion mech-
anism suggests that the key parameter is the particle
radius-to-shell thickness ratio, which has a threshold
value R/δ = 19 [118].

CONCLUSIONS

This paper provides a comprehensive review of the
combustion characteristics and burning properties of
nano aluminum particles. The validity of the continuum
assumption is first examined by comparing the particle
size and the mean free path of gas molecules. At nano
scales, the continuum assumption breaks down, and the
ensuing heat and mass transfer rates are substantially
overestimated. The model deficiencies are highlighted.
Key physicochemical processes of particle combustion
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are identified and their respective time scales are com-
pared to determine the combustion mechanisms for dif-
ferent particle sizes and pressures. For particle diam-
eters greater than a critical value, the burning rate is
controlled by mass diffusion through the gas-phase mix-
ture. The critical particle size decreases from 100 to
1 μm, as the pressure increases from 1 to 100 atm. It is
possible that combustion of nano aluminum particles is
controlled by chemical kinetics over the pressure range
of practical concern (1–100 atm). Mass diffusion across
the oxide layer of the particle is of concern at tempera-
tures lower than the melting temperature of aluminum.
It is likely that the oxide layer fractures during ignition,
due to core melting and/or polymorphic phase transfor-
mations in the oxide layer. As a result, it does not pose
significant diffusion resistance during particle combus-
tion. Further studies are necessary to fully understand
the role of the oxide layer during combustion of nano
aluminum particles. Further empirical evidence is re-
quired to justify other theories, such as the proposed
melt-dispersion mechanism.

Experimental data from different sources are gath-
ered to elucidate the effect of the particle size on the
flame temperature of aluminum particles. For micron-
sized particles, the flame temperatures are approxi-
mately equal to those of their adiabatic counterparts.
Gas-phase reactions occur in oxygenated environments,
whereas surface reactions are more important for water
and carbon dioxide. The actual flame temperatures of
nano aluminum particles are substantially lower than
those of their adiabatic counterparts, due to heat losses
to the ambient gas.

Measurements indicate weak or negligible alu-
minum monoxide (AlO) emission for most cases. It
is likely that combustion of nano aluminum particles
occurs heterogeneously on (or very close to) the parti-
cle surface. The burning time of nano aluminum par-
ticles is found to be an exponential function of tem-
perature. The activation energies are in the range of
50–144 kJ/mol. The burning time has a particle size
dependence of the form tb = adnp , where the exponent
n is in the range of 0.15–0.34, significantly lower than
unity.

The gas pressure seems to exert a strong effect on
the burning time; the burning time decreases by a factor
of 3 as the pressure is quadrupled. These results support
the idea that the burning rate of nano aluminum parti-
cles is limited by chemical kinetics. The weak effect of
the particle size on the burning time may be attributed
to sintering and agglomeration of particles and/or to
the fractal nature of the particle surface. The effects
of the type and concentration of the oxidizer on the
burning time are also briefly discussed. A new correla-

tion for the burning time of nano aluminum particles
is established: tb = (A′)−1C−0.4

ox d0.29p exp(−Ea/RT ),
where Ea = 80 kJ/mol is the activation energy and
A = 162127.

Although a much newer insight has been gained
over the past decade, several outstanding issues remain
to be addressed. The ignition mechanism of nano alu-
minum particles is yet to be understood. It is believed
that the oxide layer fractures in the course of ignition of
aluminum particles, but it is not clear whether this phe-
nomenon is induced by melting of the aluminum core or
by the polymorphic phase transformation in the oxide
layer. Experimental data indicate that the flame tem-
perature of nano aluminum particles does not exceed
the boiling temperature of aluminum for pressures up to
32 atm. In most practical applications, however, pres-
sures as high as 100 atm are of concern. As a result,
measurements of the flame temperature for pressures
exceeding 32 atm are desired. The results can be used
to assess the possibility of vapor-phase combustion of
nano aluminum particles at higher pressures. Further-
more, the effect of the particle size on the flame tem-
perature of nano aluminum particles should be further
investigated.

Experimental measurements of the burning times
of nano aluminum particles are very scarce. The burn-
ing time is weakly dependent on the particle size. Per-
haps, because of the fractal nature of the particle surface
and/or sintering of particles, the burning time decreases
only by a factor of 4 as the particle size decreases from
1 μm to 10 nm. As a result of the weak dependence of
the burning time on the particle size, the potential ben-
efits of nano aluminum particles are not fully realized.
Further studies are warranted.

The pressure dependence of the burning time of
nano aluminum particles also remains to be fully under-
stood. For temperatures lower than 1600 K, the burn-
ing time decreases by a factor of 3 as the pressure is
quadrupled. At higher temperatures, the pressure ex-
erts a weak effect on the burning time. This issue should
be further investigated, especially for water and carbon
dioxide. The effect of the oxidizer type on the burning
time is also unclear. At a temperature of 1500 K, the
burning time of 80-nm aluminum particles in carbon
dioxide is nearly four times that in oxygen. At temper-
atures exceeding 2000 K, the burning times in oxygen
and carbon dioxide are comparable to each other. Di-
rect comparisons of the measured burning times of nano
aluminum particles in water and oxygen are impossible,
because they correspond to different pressures.

Finally, the kinetics of combustion of aluminum
particles is still poorly understood. Many of the theo-
retical studies on nano aluminum combustion treat the
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rate constant as an adjustable parameter and/or the
burning time as an input parameter. The predictive
capabilities of such models are, therefore, limited. Fu-
ture work must endeavor to establish both a significant
bank of experimental data and an in-depth theoreti-
cal understanding of the kinetics of aluminum particle
combustion in different oxidizing environments, so that
a predictive model could be developed.
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