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The combustion of aluminum particle dust in a laminar air flow is theoretically studied under fuel-lean
conditions. A wide range of particle sizes at nano and micron scales is explored. The flame speed and
temperature distribution are obtained by numerically solving the energy equation in the flame zone,
with the particle burning rate modeled as a function of particle diameter and ambient temperature. The
model allows for investigation into the effects of particle size, equivalence ratio, and chemical kinetics on
the burning characteristics and flame structures of aluminum-particle/air mixtures. In addition, the flame
behavior with ultra-fine particles in the sub-nanometer range is examined by asymptotically treating
particles as large molecules. Calculated flame speeds show reasonable agreement with experimental
data. As the particle diameter decreases from the micron to the nano range, the flame speed increases
and the combustion transits from a diffusion-controlled to a kinetically controlled mode. For micron-
sized and larger particles, the flame speed can be correlated with the particle size according to a d−m

relationship, with m being 0.92. For nano-particles, a d−0.52 or d−0.13 dependence is obtained, depending
on whether the d1.0- or d0.3-law of particle burning time is implemented in the flame model, respectively.
No universal law of flame speed exists for the entire range of particle sizes.

© 2008 Published by Elsevier Inc. on behalf of The Combustion Institute.

1. Introduction

Combustion of particle-laden flows is critical to the develop-
ment of energy-conversion systems using particulates as the pri-
mary fuel. Results can provide valuable information to guide the
design of particle injection, ignition, flame stabilization, and com-
bustor thermal management. Cassel [1] conducted experimental
studies of flame propagation in mixtures containing aluminum
dust and air by means of both Bunsen-type and flat-dust-flame
burners. Ballal [2] examined the burning behavior of the flat flame
in an aluminum–air mixture in a freely falling tube, simulating
a microgravity condition. In those two pioneering works, lean-
dust mixtures were tested, and the burning velocity was found
to increase with the dust concentration. Goroshin et al. [3] later
measured the flame speed of aluminum dust in various oxidizer
environments in a vertical Pyrex tube over a wide range of dust
concentrations of 0.13–0.60 kg/m3 (0.42 < φ < 2.0 for dust–air
mixtures). Goroshin et al. [4] also developed an experimental ap-
paratus capable of producing Bunsen-type premixed dust flames
of aluminum mixtures. The dust mass concentration, β , covered
a range of 0.25–0.60 kg/m3, corresponding to a range of equiv-
alence ratios, φ, of 0.81–1.9. Both experiments indicated a weak
dependence of the burning velocity on the dust concentration for
fuel-rich mixtures, a phenomenon that can be attributed to the
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insensitivity of the particle burning rate to the flame tempera-
ture in the diffusive regime. Shoshin and Dreizin [5] developed
a lifted-flame aerosol burner for measuring laminar flame speeds
of fuel-rich aluminum–air aerosols with particle mass concentra-
tions of 0.4–1.4 kg/m3 (1.3 < φ < 4.5). A decrease in the flame
speed with a very high mass concentration was observed. Com-
bustion of dual-fuel particle-laden flows was examined by Boichuk
et al. [6] and Goroshin et al. [7] for micron-sized aluminum–boron
and aluminum–manganese dust mixtures, respectively.

Risha et al. [8] recently examined the flame characteristics of
bimodal nano/micron-sized aluminum particle dust in air using
a Bunsen-burner type of apparatus, similar to the experiment of
Goroshin et al. [4]. The particle compositions ranged from 100%
micron-sized particles (5–8 μm) to 30% nano-particles (100 nm) by
mass in the fuel formulation. The overall fuel concentration varied
from 0.26 to 0.45 kg/m3 (0.81 � φ � 1.62). Results indicated that
the flame thickness of a bimodal nano/micron-sized particle/air
mixture was much wider than its counterpart for micro-sized par-
ticles. An increase in the percentage of nano-particles within the
mixture enhanced the flame speed. Detailed flame structures of
bimodal mixtures and mechanisms responsible for the increased
burning velocities by addition of nano-particles were theoretically
investigated in Ref. [9].

In spite of the extensive use of aluminum particles to im-
prove the energy density and combustion stability characteristics
of propulsion systems [10–12], most existing studies have dealt
with micron-sized particles [13–16]. Information about particle
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Fig. 1. Aluminum melting temperature as a function of particle diameter.

burning behavior at nano scales remains limited [17–20]. As a
consequence of their high specific surface area and ensuing high
reactivities, nano-metallic particles exhibit many features distinct
from micron-sized or larger particles, including lower ignition tem-
peratures and faster burning rates. The surface-to-volume ratio
for a very fine particle may reach a level such that the surface
energy may qualitatively change the “bulk” properties of the ma-
terial, including the melting temperature, enthalpy of fusion, and
boiling temperature. Eckert et al. [21] experimentally studied the
melting behavior of nano-crystalline aluminum powders using dif-
ferential scanning calorimetry. The particles were synthesized by
mechanical attrition under different atmospheres with sizes rang-
ing from 13 to 40 nm. Alavi and Thompson [22] and Puri and
Yang [23] conducted molecular-dynamics (MD) studies of the melt-
ing of aluminum particles in the ranges of 1.0–3.4 nm and 2–9 nm,
respectively. Analytical models based on classical thermodynam-
ics theories were also developed for the size dependence of the
melting point of metal particles [24]. Fig. 1 shows the aluminum
melting temperature as a function of particle diameter. The melt-
ing temperature decreases gradually with decreasing particle size
up to 10 nm. When the particle size is smaller than this criti-
cal value, a drastic decrease in the melting temperatures occurs.
Molecular-dynamics simulations of [22,23] indicated that the melt-
ing temperature of a 1-nm aluminum particle could be as low
as 400 K, which is about 500 K lower than the bulk value of
933 K. Particle diameter also plays a significant role in determin-
ing the ignition and combustion mechanisms through its influence
on the characteristic transport (i.e., diffusion) times relative to the
chemical kinetics time. A large particle at high pressure may burn
under diffusion-controlled conditions, whereas a small particle at
low pressure may burn under kinetically controlled conditions [12,
25–27] (i.e., the diffusion rate of oxidizer is much faster than the
reaction rate at the particle surface). Bazyn et al. [28] studied the
combustion of 10-μm aluminum particles at an elevated ambient
temperature of 2650 K in the pressure range of 3–30 atm. The
particle burning time in oxygen was observed to be strongly de-
pendent on pressure, suggesting that surface chemical processes
exert a significant influence on the overall combustion behavior of
the 10-μm aluminum particles considered in their study.

The preceding studies have provided much useful information
about the combustion of aluminum particles. The current under-
standing, however, is far from complete, especially in terms of the
effects of particle size on dust-flame characteristics. In our pre-
vious work [9], the flame properties of aluminum particle-laden
flows with a bimodal distribution of particle size were studied ex-
perimentally and analytically. The present study provides a further

investigation of the combustion of mono-dispersed aluminum par-
ticle dust in air. A wide range of particle sizes is considered, with
special attention given to nano-particles, whose combustion behav-
ior is kinetically controlled, as opposed to the diffusion-controlled
combustion of micron-sized particles. In addition, the flame behav-
ior of ultra-fine particles in the sub-nanometer range is examined
in an asymptotic limit by treating particles as large molecules. The
influence of chemical kinetics is also analyzed.

2. Theoretical framework

A theoretical model is established to describe steady, one-
dimensional, planar flame propagation in a mono-dispersed alu-
minum particle dust with air. Both diffusion- and kinetically con-
trolled combustion of micron- and nano-sized particles is consid-
ered. The present analysis extends the analytical model described
in Ref. [9] for treating the combustion of bimodal aluminum parti-
cles to include the coupling effects between the particle burning
time, ambient flow conditions, and two-phase transport, which
usually prevail in flames with nano-sized particles. The major ap-
proximations and assumptions adopted in the analysis are: (1) the
dust cloud consists of uniformly distributed aluminum particles
with air; (2) gravitational effects and heat transfer by radiation are
neglected; (3) collisions and interactions between burning parti-
cles are neglected; (4) the particle velocity is approximately equal
to the gas velocity, considering that the Stokes number is small;
and (5) the particle temperature is approximately equal to the sur-
rounding gas temperature, considering that the particle thermal
relaxation time is much smaller than the flow residence time in
the flame zone.

The governing equations for mass and energy conservation can
be written respectively as follows:

ρν = ρu SL, (1)

ρν
d

dx
(C T ) = d

dx

(
λ

dT

dx

)
+ w F · Q , (2)

where SL is the flame speed, w F the mass consumption rate
of particles, Q the heat of reaction per unit mass of fuel, and
ρ , ν , T the mixture density, velocity, and temperature, respec-
tively. The subscript u denotes the value related to the unburned
mixture. The heat capacity of the mixture, C , is defined as C =
C p + 4πr3

p Csρpnp/3ρg , where C p and Cs are the values for the gas
and particle, respectively, ρp the material density of aluminum, ρg

the gas density, and np the number density of particles (i.e., the
number of particles per unit volume).

In the current analysis, we are primarily concerned with fuel-
lean mixtures, because of their broad applications. The flame is
assumed to consist of a preheat zone and a heat-release zone. In
the preheat zone, chemical reactions are neglected, and the flow
is heated by conduction from the flame zone. Particles are ignited
and then totally consumed in the heat-release zone. For a fuel-
lean mixture, the particle-burning time is assumed to be equal to
that of a single isolated particle, τb , which is a function of the
particle diameter, dp , ambient temperature, T , and local oxidizer
concentration, X . As will be shown later, the temperature depen-
dence of burning time is much stronger for nano-particles than
for micron-sized particles. Considering that the particle thermal
relaxation time is much smaller than the flow residence time in
the flame zone, the particle mass consumption can be modeled as
w F = Bu/τb , where Bu = np · M p0 is the initial mass concentration
of particulate fuel, with M p being the mass of a single particle.
The heat source term in Eq. (2) can be written as

w F Q = −Bu Q /τb. (3)



Author's personal copy

Y. Huang et al. / Combustion and Flame 156 (2009) 5–13 7

Substituting Eqs. (1) and (3) into Eq. (2), the energy equation for
the mixture in the heat-release zone becomes

ρu SL
d

dx
(C T ) = d

dx

(
λ

dT

dx

)
− Bu Q

τb
. (4)

To monitor the progress of particle burning and to close the for-
mulation, the following equation for the rate of particle mass con-
sumption is derived:

dM p

dt
= − M p0

τb
. (5)

Multiplying the above equation by ρν and rearranging the result,
we obtain

d(d3
p)

dx
= − Tu

T

d3
p0

SL · τb
. (6)

To facilitate analysis, the temperature and spatial coordinate are
normalized as follows:

θ = T

Tu
, η = dp

dp0
, y = x′

SLτ0
, (7)

where x′ is a density-weighted coordinate, x′ = ∫ x
0 (ρ/ρu)dx, and

τ0 is a reference time scale defined as the burning time of a par-
ticle based on its initial size. The location y = 0 is defined as
the ignition point of particles. To further simplify the model, the
thermal conductivity of the mixture, λ, is assumed to be linearly
proportional to temperature T , λ = λu · T /Tu . Substituting those
normalized parameters defined in Eq. (7) into Eqs. (4) and (6),
we obtain the following non-dimensional equations for the two
different regimes in the flame zone along with their respective
boundary conditions.

Preheat zone:

d2θ

dy2
− κ2 dθ

dy
= 0;

y → −∞: θ = 1. (8)

Heat-release zone:

d2θ

dy2
− κ2 dθ

dy
= −μκ2(θsi − 1)θ

τ0

τb
;

⎧⎨
⎩

y = 0: θ = θsi,
dθ
dy

∣∣
0+= dθ

dy

∣∣
0−,

y → ∞: dθ
dy = 0.

(9)

dη

dy
= − 1

3η2

τ0

τb
;

{
y = 0: η = 1,

y → ∞: η = 0.
(10)

Here θsi is the non-dimensional ignition temperature, and κ =
SL · √τ0/α the non-dimensional flame speed, with α = λu/(C ·ρu)

being the thermal diffusivity of the mixture. The non-dimensional
heat-release rate, μ, is written as

μ = −Bu · Q

ρu C · (T ign − Tu)
. (11)

As will be shown later, the particle-burning rate depends on the
ambient flow temperature and oxidizing species, a phenomenon
especially true for nano-sized particles. An analytical solution to
Eqs. (8)–(10) is usually not available and must be obtained us-
ing numerical techniques. In the present study, the temperature
and heat-flux distribution are first determined analytically in the
preheat zone in terms of the flame speed. Equations (9) and (10)
are then solved as a two-point boundary-value problem for the
heat-release zone, with the flame speed treated as the eigenvalue.

Fig. 2. Ignition temperature of aluminum particle as a function of particle diameter
in oxygen-containing environments.

The shooting technique along with the Newton–Raphson iteration
method is employed for root finding. The numerical integration of
Eqs. (9) and (10) is achieved by means of the Rosenbrock method
[29,30].

3. Ignition temperature and particle burning rate

The particle ignition temperature and burning rate must be
specified as input parameters in the present analysis. Fig. 2 shows
the experimentally observed aluminum-particle ignition tempera-
ture as a function of particle size in oxygen-containing environ-
ments [31–40]. For particles with diameters greater than 100 μm,
the majority of experimental studies have shown that ignition
takes place at a temperature near the melting point of aluminum
oxide (i.e., 2350 K). Since each aluminum particle is covered by an
impervious oxide shell, it was argued that the particle does not
ignite until the oxide shell melts or breaks up near its melting
temperature under the effect of aluminum thermal expansion. For
particles with diameters of 1–100 μm, however, ignition could be
achieved over a wide range of temperatures from 1300 to 2300 K.
For nano-sized particles, ignition has been reported to occur at
temperatures as low as 900 K [20,38]. Such a low ignition tem-
perature may be attributed to the aluminum oxidation and poly-
morphic phase transformation of the alumina shell [27,41], or to
the rupture of the oxide layer due to thermal expansion [42]. In
the present study, results from curve-fitting of the experimental
data, as shown by the dashed line in Fig. 2, are used for the parti-
cle ignition temperature.

Numerous experimental studies have been conducted to deter-
mine the particle burning time for micron-sized and larger par-
ticles. The size dependence of the burning time usually does not
follow the classical d2-law, but a more general dn-model, with
n ranging from 1.5 to 2.0. It was suggested that the oxide lobe
accumulated on the particle surface during the burning process
leads to a reduced exponent. In Ref. [43], almost 400 data points
for single-particle burning times in various oxidizer environments
were collected from more than ten different sources. The following
particle burning-time correlation was established:

τb = C1d1.8/(
T 0.2

0 p0.1 Xeff
)
, (12)

where Xeff is the effective oxidizer mole fraction, Xeff = CO2 +
0.6CH2O + 0.22CCO2 , p the pressure in atmosphere, T0 the initial
temperature in Kelvin, d the particle diameter in μm, and C1 a con-
stant (= 7.35×10−6). The burning time τb is measured in seconds.
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The d1.8-law is employed herein for micron-sized and larger par-
ticles. It is worth noting that micron-sized particles usually burn
under diffusion-controlled conditions. Recent studies of Bazyn et
al. [28,44] and Huang et al. [9], however, indicate that the transi-
tion from a diffusion-controlled to a kinetically controlled burning
mode may take place at particle diameters on the order of several
micrometers.

For nano-sized or small micron-sized particles, which burn un-
der kinetically controlled conditions, it is theoretically expected
that a d1.0-model with dominant surface reactions may be more
suitable for modeling the particle burning time [25]. Parr et al. [20]
examined the combustion characteristics of aluminum particles in
the diameter range of 24 nm to 30 μm using a hydrogen–oxygen–
argon burner. Particles ignited and burned in the post-combustion
gases of the burner flame. The flame temperature was controlled
between 900 and 2400 K by varying the amount of argon. The
experimental setup allowed measurements of the burning times
of individual particles, or the ensemble burning time under low
loading density if the particles were very small. The effects of par-
ticle agglomeration were not detected. It was observed that the
burning times of nano-particles are strongly dependent on the
burner flame temperature, in contrast to the burning times for
micron-sized particles, which are only weakly dependent on the
environmental gas temperature, as suggested by Eq. (12). This dif-
ference results from the absence of an enveloped flame in the case
of nano-particles, whereas one would exist for micron-sized parti-
cles. For the particles considered in [20], a d0.3-law is established
below instead of a d1.0-law (see Fig. 4 of Ref. [9]),

τb = d0.3

C2e−Eb/RT · Xeff
, (13)

where C2 = 8.72 × 105, Eb = 73.6 kJ/mol, d the particle diameter
in μm, and R the universal gas constant. The burning time τb has
a unit in second. It should be noted that agglomeration of small
particles could occur in the experiments of Parr et al. [20]. The
measured data might actually be the burning time of agglomerated
particles with a larger size. More recently, Bazyn et al. [44] exam-
ined the combustion of aluminum particles in a well-controlled
environment at a temperature of 2650 K and a pressure of 8 atm
behind a reflected shock in a shock tube. Burning times were mea-
sured for two different particle diameters of 2.8 and 10.0 μm by
observing the light emission of AlO. Results were globally corre-
lated using a d1.0-law. In the present work, both the d0.3- and
d1.0-laws were examined, and the particle burning-time model was
switched from the d1.8-law to either the d0.3- or the d1.0-law at a
particle size of around 12 μm.

As the particle gets even smaller, its diameter d becomes com-
parable to the mean free path, l, of the surrounding gas phase. The
Knudsen number, defined as Kn = 2 · l/d, is on the order of unity.
Under such conditions, the continuum hypothesis for the gas-phase
flowfield around an individual particle breaks down, and the d1.0-
model, based on the assumption that surface reactions prevail,
may not be valid, since the transfer of heat and mass to/from the
particle exhibits different characteristics. Further investigations by
means of molecular-dynamics simulations are required to gain in-
sight into the combustion mechanisms of ultra-fine particles.

4. Asymptotic behavior at molecular limit

The general analysis established in the preceding sections is
valid for both nano- and micron-sized particles. As the particle
shrinks to the sub-nano range, its behavior can be treated asymp-
totically as a big gaseous molecule. For example, the number of
atoms in an aluminum particle decreases from 32×103 to 32 when
the particle diameter decreases from 10 to 1 nm. The intermolec-
ular bonding force in the bulk of a particle diminishes rapidly, as

Table 1
Al/O sub-mechanisms, k = A × T n exp(−E/RT ).

No. Reactions A (cm3/mol s) n E (cal/mol)

1 Al + O2 = AlO + O 9.72E13 0. 159.95
2 Al + O + M = AlO + M 3.0E17 −1.0 0.

3 AlO + O2 = OAlO + O 4.62E14 0. 19885.9
4 Al2O3 = AlOAlO + O 3.0E15 0. 97649.99
5 Al2O3 = OAlO + AlO 3.0E15 0. 126999.89
6 AlOAlO = AlO + AlO 1.0E15 0. 117900.

7 AlOAlO = Al + OAlO 1.0E15 0. 148900.

8 AlOAlO = AlOAl + O 1.0E15 0. 104249.94
9 OAlO = AlO + O 1.0E15 0. 88549.86

10 AlOAl = AlO + Al 1.0E15 0. 133199.94

11 Al = Al(l) 1.0E14 0. 0.

12 Al2O3 = Al2O3(l) 1.0E14 0. 0.

k = A × T n exp(−E/RT ), provided by L. Catoire, University of Orleans, France, De-
cember 2004.

reflected by the melting temperature shown in Fig. 1. Two scenar-
ios, passivated (preoxidized) and nascent (non-preoxidized) parti-
cles, are considered herein. The first case assumes that an oxide
layer forms once the particle is exposed to air, as in the situa-
tion with finite-sized particles. The thickness of the oxide layer
largely depends on the manufacturing process, and is normally on
the order of several nanometers. Sanchez-Lopez et al. [45] studied
the passivation of nano-sized aluminum particles prepared by the
gas-phase condensation method. For particles in the range of 12–
41 nm, an oxide layer with a 4 nm thickness is developed indepen-
dent of oxygen dosage. A similar observation was made by Campell
et al. [46] in their molecular-dynamics simulations of oxide-layer
formation for a particle of 20 nm diameter under room conditions.
Based on these experimental and computational results, particles
in the sub-nanometer range are fully composed of inert oxide in
a normal oxidizing environment. The associated flame speed of a
particle dust in air goes to zero due to the lack of exothermic re-
actions.

The second case deals with nascent particles by neglecting the
presence of an oxide layer. Such a scenario exists if naked parti-
cles can instantly mix and react with the surrounding air in the
flame region prior to the formation of any passivating layer on
the particle surface. Under this condition, particles at sub-nano
scales can be assumed to behave as large molecules. The associated
particle-laden flow is modeled as a one-dimensional laminar, pre-
mixed system. The resultant flame speed represents the theoretical
limit that an aluminum particle dust can possibly achieve in air. In
the present study, the Al/O gas-phase kinetic mechanism of Catoire
et al. [47–49], consisting of 8 species and 10 reactions, as listed
in Table 1, is employed to simulate the chemical process. Thermo-
chemistry data is adopted from the JANNAF table supplemented by
Swihart and Catoire [50]. Transport properties are obtained either
from Svehla [51] or calculated using molecular kinetics theory. The
overall formulation is numerically solved with the CHEMKIN soft-
ware package and the PREMIX subroutine [52].

In the model described above, ultra-fine nano-particles are as-
sumed to be initially in the liquid state, a condition consistent
with the low melting temperature of small particles, and then
evaporate and react with the oxidizer in the gas phase. A par-
tial equilibrium phase-transition process is presumed with a high
rate constant. The hypothesis is further corroborated by chemical
equilibrium calculations, indicating that replacing solid-phase alu-
minum with its liquid counterpart in the initial condition has very
minor effects on the final combustion products and flame tem-
perature. Thus only liquid and gaseous aluminum are considered
to simplify the analysis. It is worth mentioning that the chemical
kinetic mechanism listed in Table 1 includes gas-phase reactions
of Al2O3. According to Ref. [53], Al2O3 does not exist in the gas
phase, as aluminum oxide volatilizes exclusively by decomposi-
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tion to gaseous sub-oxides and elements such as O2, or by dis-
sociation to species such as O. An equilibrium transition reaction
was thus presumed for Al2O3. Finally, the transport properties of
condensed-phase aluminum and alumina are taken to be those of
their gas-phase counterparts. Obviously, with these assumptions,
an idealized flame is constructed, and it may not exist in reality.
The present analysis, however, does provide valuable information
about the aluminum-aerosol flame in the sub-nanometer range.
The work provides the maximum flame speed that can be achieved
when the particle size is reduced to its molecular limit. Inves-
tigation of the effects of detailed chemical kinetics on the flame
behavior in the molecular limit also sheds light on the processes
of micron- and nano-sized aluminum particle combustion.

4.1. Chemical kinetics of aluminum/air reactions

The general behavior of the Al/O reaction was first examined
using the SENKIN program [54], which numerically integrates the
mass and energy conservation equations for a homogeneous mix-
ture in a closed system. The purpose of the analysis is to iden-
tify the dominant chemical reaction pathways and heat-release
mechanisms. In the following, the combustion of stoichiomet-
ric gaseous and liquid aluminum–air mixtures in an adiabatic,
constant-pressure environment is investigated.

Fig. 3a shows the temperature evolution of a stoichiometric
gaseous-aluminum/air mixture with five different initial temper-
atures of T0 = 300, 1000, 2000, 2300, and 2800 K. In all the
cases, reactions are completed on a time scale of ∼0.1 μs with
the final temperatures ranging from 3811 to 3964 K. The small
difference in the maximum temperature may result from the
vaporization–dissociation of the aluminum oxide [53]. For many
metal–oxygen systems, the final flame temperature is usually lim-
ited by the vaporization–dissociation temperature of condensed
oxides. This phenomenon may be attributed to the fact that the
heat of vaporization–dissociation of the metal oxide exceeds the
energy available for raising the temperature of the condensed-
phase oxide above its ‘boiling point.’ Fig. 3b shows the evolution
of species concentrations with T0 = 2300 K. The final temperature
is 3930 K. The dominant product species are O, AlO, AlOAl and
Al2O3(l), with mole fractions of 0.150, 0.053, 0.031 and 0.028, re-
spectively.

Calculations were also conducted for mixtures consisting of
liquid aluminum and air. The phase change between liquid and
gaseous aluminum is treated using a non-equilibrium analysis, as
listed in Table 1. Fig. 4a shows the temperature evolution for
four different initial temperatures of T0 = 1500, 2000, 2300, and
2800 K. The ignition time decreases from 25 μs for T0 = 1500 K to
0.5 μs for T0 = 2800 K. The slight decrease in temperature during
the early stage of each case results from the evaporation of liquid
aluminum. The final equilibrium temperature ranges from 3742 to
3833 K. Fig. 4b shows the temporal evolution of species concentra-
tions with T0 = 2300 K. The final product temperature of 3803 K is
lower than its gaseous counterpart by 127 K. The mole fraction of
liquid Al2O3 in the products reaches 0.064, and the mole fraction
of O reduces to 0.10.

Fig. 5 shows the dominant reaction pathways for a gaseous-
aluminum/air system. The reactions proceed in a sequential, par-
tially overlapping manner. The steps outlined herein are deter-
mined from analysis of reaction flux (defined as the net rate of
forward and reverse reactions), which characterizes the dominant
production and consumption mechanisms of reactant of interest.
Two primary mechanisms for the direct consumption of gaseous
aluminum are

Al + O2 = AlO + O, (R1)

AlOAl = AlO + Al. (R10)

(a)

(b)

Fig. 3. Temporal evolution of temperature and species concentrations of a stoichio-
metric gaseous-aluminum/air mixture with various initial temperatures; particles
treated asymptotically as molecules.

The dominant production mechanism of Al2O3 is

Al2O3 = AlOAlO + O. (R4)

The reactions contributing to the formation of AlOAlO are

AlOAlO = AlO + AlO, (R6)

AlOAlO = AlOAl + O. (R8)

It can be observed that O atoms play an important role in the cur-
rent reaction system. Oxygen atoms are required for the formation
of Al2O3 and are also very active in the production of intermedi-
ate species AlOAlO. The production rates of these two species are
directly related to the overall reaction rate. The primary reaction
pathways for a liquid-aluminum/air mixture follow largely those
of the gaseous-aluminum system described above and will not be
discussed herein.

4.2. Flame characteristics of aluminum/air mixtures

Fig. 6 shows the calculated species-concentration and temper-
ature distributions in a one-dimensional laminar flame of a stoi-
chiometric mixture of liquid aluminum and air. The initial temper-
ature T0 is set to be 300 K. The flame propagates at a speed of
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(a)

(b)

Fig. 4. Temporal evolution of temperature and species concentrations of a stoi-
chiometric liquid-aluminum/air mixture with various initial temperatures; particles
treated asymptotically as molecules.

Fig. 5. Dominant reaction pathways for gaseous-aluminum/air systems.

5.82 m/s, about 15 times of its counterpart for a methane/air mix-
ture under the same conditions. The flame temperature is 3634 K,
and the condensed phase Al2O3(l) is the main reaction product.
For comparison, the burning velocity of a hydrogen/air mixture at
the stoichiometric condition is 2.45 m/s. The corresponding flame
temperature of 2364 K is over 1000 K lower than the value of an
aluminum/air mixture.

Fig. 7 shows the adiabatic flame temperature and flame speed
of a liquid-aluminum/air mixture as a function of the equivalence
ratio. The mixture is preconditioned at a temperature of 300 K.
For fuel-lean mixtures, both the adiabatic flame temperature and
flame speed increase gradually with the equivalence ratio. A tem-
perature plateau exists near the stoichiometric condition; this can
be attributed to the limiting-temperature phenomenon caused by
the evaporation and dissociation of condensed aluminum oxide
Al2O3 [53].

Fig. 6. Distribution of species concentrations and temperature in one-dimensional
stoichiometric liquid-aluminum/air flame; particles treated asymptotically as mol-
ecules.

Fig. 7. Adiabatic flame temperature and flame speed in liquid-aluminum/air mixture
as functions of equivalence ratio; particles treated asymptotically as molecules.

Fig. 8. Sensitivity of flame speed to reaction-rate constants for one-dimensional stoi-
chiometric liquid-aluminum/air flame; particles treated asymptotically as molecules.

Fig. 8 shows the sensitivities of the flame speed to reaction-
rate constants for a stoichiometric mixture of liquid aluminum
and air. The most sensitive elementary reactions are the initia-
tion reaction Al + O2 = AlO + O (R1), the Al2O3 formation reac-
tion, Al2O3 = AlOAlO + O (R4), and three intermediate reactions:
AlOAlO = AlO + AlO (R6), AlOAlO = AlOAl + O (R8), and AlOAl =
AlO + Al (R10). Fig. 9 shows the sensitivities of the temperature
field to reaction-rate constants. The most influential reaction, (R1),
is identical to that found in the flame-speed sensitivity analysis
shown in Fig. 8.
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Fig. 9. Sensitivity of temperature field to reaction-rate constants for one-dimen-
sional stoichiometric liquid-aluminum/air flame; particles treated asymptotically as
molecules.

Fig. 10. Flame speed as a function of equivalence ratio in mixture of aluminum
particle dust and air.

5. Combustion of aluminum particle dust in air

The overall analysis described above is employed to investi-
gate the flame characteristics of fuel-lean mixtures of aluminum
particles and air. A broad range of particle size at nano and mi-
cron scales is considered. Fig. 10 shows the predicted flame speed
as a function of the equivalence ratio for a micron-sized particle
dust/air mixture. The initial particle diameter is 6.5 μm, and the
mixture is preconditioned at 300 K and 1 atm. The flame speed
increases slightly with increasing particle concentration. Several
sets of experimental data, from Goroshin et al. [4], Boichuk et
al. [6], and Risha et al. [8], are plotted for comparison. Consid-
erable scatter is observed in the experimental data due to the
use of different experimental apparatuses. The predicted result
falls in the upper range of measured values, around 0.2 m/s,
mainly due to the neglect of heat losses to the ambient environ-
ment in the analysis. The predicted flame temperature is around
3500 K.

Fig. 11 shows the calculated flame speed as a function of par-
ticle diameter at a fuel-lean condition of φ = 0.85. The solid lines
represent the calculated flame speed, the black solid symbols the
experimental data, the red filled circle the flame speed at the
molecular limit, and the dashed lines the projected or conjectured

Fig. 11. Flame speed as a function of particle diameter in mixture of aluminum
particle dust and air (solid lines: calculated flame speed; black solid symbols: ex-
perimental data; red filled circle: flame speed at molecular limit; dashed lines:
projected or conjectured flame speed).

flame speed. The mixture is initially at room condition. Experimen-
tal data obtained from different measurements is also included.
For micron-sized and larger particles, the flame speed increases
with decreasing particle size, following a d−m-law with m be-
ing 0.92. This value of m is about one half of the exponent n
(= 1.8) in the particle-burning time model of Beckstead [43] for
micron-sized particles given in Eq. (12). The theoretical predictions
agree reasonably well with experimental results. As the particle
size decreases to several micrometers, transition of the burning
mechanism from a diffusion- to a kinetics-dominated mode oc-
curs. A particle burning-time correlation which is different from
Eq. (12) should thus be used. In the size range of 130 nm–10 μm,
the flame speed follows the d−0.52-law if a kinetically controlled
d1.0-law of the particle burning time is implemented in the flame
model. When a d0.3-law of the burning time, derived from the
experimental data of Parr et al. [20], is used, the flame speed
follows a d−0.13-law. As the particle size is further reduced to
around 130 nm, the Knudsen number reaches unity. The contin-
uum hypothesis for the gas phase around the aluminum parti-
cle becomes invalid. A more advanced model is required to ap-
propriately describe the combustion mechanism of particles. The
maximum flame speed of 5.82 m/s is expected at the molecu-
lar limit of particles (i.e., d → 0), as discussed in Section 4. Since
SL ∼ √

α · ω̇ for a premixed flame, chemical kinetics play a domi-
nant role in determining the asymptotic value of the flame speed
at the molecular limit when the particle size shrinks to the sub-
nanometer range. The particle-size effect diminishes locally un-
der this limiting condition. No universal law of flame speed ex-
ists for the entire range of particle sizes. The exponent in the
flame-speed law varies between 0.0 and 0.92 in different size
regimes.

The above analysis neglects the passivation effect of the particle
oxidation layer and the resultant reduction of heat release in the
size range of several nanometers or smaller. A different scenario
exists for ultra-fine particles, for which the oxide layer occupies a
significant fraction of the particle mass, corresponding to the case
of preoxidated particles as described in Section 4. As the percent-
age of active aluminum and the energy content of the particle drop
below a critical point, the flame speed of the particle-laden flow
begins to decrease with decreasing particle size. In the extreme
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situation, the energy release from particle oxidation may not even
be able to sustain a flame.

In summary, as the particle size decreases, the flame speed of
a particle dust/air mixture increases, and the combustion transits
from a diffusion-controlled mode at micron scales to a kinetically
controlled mode at nano scales. Without particle pre-oxidation,
the flame speed may reach its theoretical limit of 5.82 ms if
particles are treated as gaseous molecules in the sub-nanometer
range.

6. Summary

A theoretical analysis has been established to study the com-
bustion of aluminum particles in air in a well-characterized lami-
nar particle-laden flow under fuel-lean conditions. Special atten-
tion is given to the effects of particle size at nano and micron
scales on the burning behavior and flame structure. The flame is
assumed to consist of a preheat zone and a heat-release zone.
Solutions of the flame speed and temperature distribution are nu-
merically obtained from the energy equation in the flame zone.
Experimental data on the ignition temperatures and burning rates
of nano- and micron-sized particles are incorporated into the anal-
ysis. In addition, the flame properties of ultra-fine particles in the
sub-nanometer range are examined by treating asymptotically par-
ticles as large gaseous molecules. Calculated flame speeds agree
reasonably well with experimental data. As the particle diameter
decreases from the micron to the nano range, the flame speed in-
creases and the combustion transits from a diffusion-controlled to
a kinetically controlled mode.

It is well established that the flame speed of a laminar flow
is proportional to the inverse of the square root of the chemi-
cal reaction time. For a particle-dust flame, the chemical reaction
time can be characterized by the particle burning time, which is
size dependent. The flame speed thus can be correlated with the
particle diameter through a d-power law, as long as the particle
burning time is expressed using the same law. For micron-sized
and larger particles, the flame speed follows the d−0.92-law. For
nano-particles, the d−0.52 dependence is obtained, if a d1.0-law
of burning time is implemented in the flame model. No univer-
sal law of flame speed is found to exist over the entire range
of particle sizes at both nano and micron scales. The exponent
in the flame-speed law varies between 0.0 and 0.92 in differ-
ent particle-size regimes. Without particle preoxidation, the flame
speed may reach its theoretical limit of 5.82 m/s when parti-
cles shrink to the sub-nano range. With particle preoxidation, as
the percentage of active aluminum and the energy content of the
particles shrink to below a critical point, the flame speed begins
to decrease with decreasing particle size. In the extreme situa-
tion, the energy release from particle oxidation may not even be
able to sustain a flame. Results of this kind provide valuable in-
formation about the combustion of a particle-laden flow in an
energy-conversion system using particulate aluminum as a primary
fuel.
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