
Research Paper

A comparative study of different burning time models for the
combustion of aluminum dust particles

Mehdi Bidabadi a, Alireza Khoeini Poorfar a,⇑, Shaobin Wang b, Sunden Bengt c

aCombustion Research Laboratory, School of Mechanical Engineering, Iran University of Science and Technology (IUST), Narmak, 16846-13114 Tehran, Iran
bDepartment of Chemical Engineering, Curtin University, GPO Box U1987, Perth, WA 6845, Australia
cDepartment of Energy Sciences, Lund University, P.O. Box 118, SE-22100 Lund, Sweden

h i g h l i g h t s

� A new thermal model was generated
to calculate the flame speed of
aluminum dust cloud.

� As the particle size increases, the
value of flame speed decreases.

� With the increase of the oxygen mole
fraction, the value of flame speed
tends to rise.

� The value of flame speed in carbon
dioxide is the lowest than the other
oxidizers.

g r a p h i c a l a b s t r a c t

The spatial distribution of particles in dust cloud: Layer n� 1 (burned particles), layer n (burning parti-
cles), and layer nþ 1 (preheating particles).
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a b s t r a c t

In the present paper combustion of micron-sized aluminum dust cloud has been studied in a quiescent
reaction medium with spatially discrete sources. A new thermal model is generated to estimate the flame
front speed in a lean reaction environment in different oxidizer concentrations. Different burning time
models for aluminum are utilized in the generated thermal model to compare their applicability by using
the existing experimental data. The model is based on conduction and radiative heat transfer mecha-
nisms using the heat point source method. The combustion of single-particle was first studied and the
solution is presented. Then the dust combustion was investigated using the superposition principle to
include the effects of inter-particles. The flame propagation speed as a function of aluminum dust con-
centration for various particle diameters is studied and the effects of radiation heat transfer are taken into
account in the governing equations. In addition, flame speed in different types of oxidizers such as air,
carbon dioxide, and water vapor is investigated and nitrogen is considered as the inert gas. A reasonable
agreement between the results of the numerical solution of combustion of an aluminum dust cloud and
the experimental data was obtained in terms of flame propagation speed. It is found that the value of
flame speed of combustion of aluminum dust particles in carbon dioxide reaction medium in a consid-
ered dust concentration and particle size, is the lowest compared to the other oxidizers.
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1. Introduction

Combustible dusts are fine particles that present an explosion
hazard when suspended in air in certain conditions. Dust explo-
sions are common and costly in a wide array of industries such
as petrochemical, food, paper and pharmaceutical. Hence, an accu-
rate knowledge of the origin, development, prevention and mitiga-
tion of dust explosions is essential. Natural and synthetic organic
materials, coal, peat and metals are the materials that can cause
dust explosions [1]. Many studies have been done regarding com-
bustion of organic and inorganic dust particles within the last few
years. Li et al. [2] studied the effects of particle concentration vari-
ation in the primary air duct on combustion characteristics in a test
facility with pulverized coal swirl burners. Wang et al. [3] deter-
mined the optimum coal concentration in a general tangential-
fired furnace with rich-lean burners.

Combustion of inorganic particles is an important field of
research. Aluminum powder is widely used in various applications,
such as propulsion and pyrotechnic aluminum compounds because
of the high burning rate of dust particles and enhanced combustion
efficiency. But combustion of dust particles in air has been a seri-
ous safety concern for the mining, manufacturing, and energy pro-
duction industries. Several large-scale accidents have occurred that
resulted in loss of life and substantial property damage. Lembo
et al. [4] discussed several aluminum dust explosions in the indus-
trial centers at Italian Verbano Cusio Ossola region’s during the
years of 1990–2000 period. Aluminum powder is a very reactive
metal and its oxidation can occur in either thermite or dust explo-
sions [5]. Some important studies have been done during the 1960s
and 1970s shortly after the effects of aluminum were conceived
[6]. In the early studies, Glassman [7] recognized that metal com-
bustion would be similar to droplet combustion, and therefore the
D2-law should be applied. Many researchers have done experi-
ments to study the burning time and the ignition temperature of
aluminum particles.

Belyaev et al. [8] investigated the combustion of aluminum and
introduced an equation to estimate the burning time of aluminum
as stated below:

s ¼ 0:67
D1:5

P

a0:9k

ð1Þ

where DP is the particle diameter in micrometer and s is the burn-
ing time in millisecond and ak is a constant parameter.

Friedman and Macek [9] and Macek [10] reported burning time
data for combustion of aluminum particle. Their results suggest an

exponent of 1.2–1.5 for the particle diameter in Eq. (1). Davis [11]
found that an exponent of 1.8 fits his experimental well. Dreizin
and Trunov [12] studied combustion of aluminum with a particle
diameter of 150 lm in air at room temperature and standard pres-
sure of 1 atm. Their report shows a significant decrease in the alu-
minum burning time with the increase of oxygen concentration. To
consider the effect of different oxidizers, Brooks [13] suggested an
effective oxidizer Eq. (2) which includes the concentrations of O2,
CO2 and H2O.

Xeff ¼ CO2 þ aH2OCH2O þ aCO2CCO2 ð2Þ
Beckstead [6] suggested that, with the coefficients of aH2O and

aCO2 at 0.6 and 0.22 respectively, an agreement between different
studies can be observed. The Beckstead burning time equation
for combustion of aluminum particles has been used in this inves-
tigation, and it is stated as follows:

s ¼ mDn
P

Xeff P
0:1T0:2

o

ð3Þ

where
m = 0.00244 for n = 1.5,
m = 0.00735 for n = 1.8,

DP is the particle diameter in micrometer and s is the burning time
in millisecond. Shoshin and Dreizin [14] suggested that the burn-
ing time of aluminum particles is a function of particle diameter.

s ¼ 310DP ð4Þ
where DP is the particle diameter in meter and s is the burning time
in second. This equation has also been used in the present study in
the generated thermal model for the estimation of flame propaga-
tion speed of combustion of an aluminum dust cloud by employing
different burning time models. Previous investigations have focused
on calculating the burning time and flame temperature of alu-
minum particle. Brzustowski and Glassman [15] suggested that alu-
minum burns in the vapor phase.

In the present study, the effects of particle size, oxygen molar
fraction and dust concentration on the flame propagation speed
of micron-sized aluminum dust cloud have been studied. The dis-
crete heat source method provides the dust combustion model,
from the ignition process to final state which includes steady flame
propagation, flame quenching or even explosion. This developed
method is powerful. Besides the wide range of models generated
for dust particle combustion involving mass transfer and chemical
kinetics, the present thermal model uses a novel approach for

Nomenclature

A area (m2)
Cd dust concentration (kg=m3)
D diameter (m)
H Heaviside function
i, j,k components of Cartesian coordinate
kp conduction coefficient (W/m K)
L distance of two adjacent particles or layers (m)
r radial distance (m)
t time (s)
T temperature (K)
P pressure (Pa)
Q energy released from igniter (J)
Ta relative temperature (K)

Greek symbols
a thermal diffusivity (m2/s)

q density (kg=m3)
s particle burning time (s)
u equivalence ratio

Subscripts
f adiabatic flame temperature
g ambient gas
ig ignition
p particle
1 ambient property
n the layer counter
CO2 carbon dioxide
H2O water vapor
O2 oxygen
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