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Abstract

The combustion of bimodal nano/micron-sized aluminum particles with air is studied both analytically
and experimentally in a well-characterized laminar particle-laden flow. Experimentally, an apparatus capa-
ble of producing Bunsen-type premixed flames was constructed to investigate the flame characteristics of
bimodal-particle/air mixtures. The flame speed is positively affected by increasing the mass fraction of nano
particles in the fuel formulation despite the lower flame luminosity and thicker flame zone. Theoretically,
the flames are assumed to consist of several different regimes for fuel-lean mixture, including the preheat,
flame, and post flame zones. The flame speed and temperature distribution are derived by solving the ener-
gy equation in each regime and matching the temperature and heat flux at the interfacial boundaries. The
analysis allows for the investigation of the effects of particle composition and equivalence ratio on the
burning characteristics of aluminum-particle/air mixtures. Reasonable agreement between theoretical
results and experimental data was obtained in terms of flame speed. The flame structure of a bimodal par-
ticle dust cloud may display either an overlapping or a separated configuration, depending on the combus-
tion properties of aluminum particles at different scales. At low percentages of nano particles in the fuel
formulation, the flame exhibits a separated spatial structure with a wider flame regime. At higher nano-par-
ticle loadings, overlapping flame configurations are observed.
� 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Aluminum particles have long been employed
as a fuel ingredient in various energetic materials
to enhance the energy density and stability charac-
teristics of propulsion systems [1–3]. Most previ-
ous works were focused on micron-sized
particles [4–7], with very limited efforts devoted
to the particle behavior at nano scales [8,9].
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Nano-metallic particles feature lower ignition
temperature, faster burning rate, and consequent-
ly shorter burning time because of their high spe-
cific-surface area (high reactivity), compared with
micron- or larger-sized particles. For very small
nano particles, the surface-to-volume ratio may
reach a level that the surface energy may qualita-
tively change their interior ‘‘bulk’’ properties of
the material, such as the melting and boiling tem-
peratures. A recent study based on molecular-
dynamics simulations indicated that the melting
temperature of an aluminum particle of 1 nm
can be as low as 400 K [10], which is about
ute. Published by Elsevier Inc. All rights reserved.
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Fig. 1. Schematic diagram of aluminum dust-cloud
experimental setup.
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500 K lower than the bulk value (933 K). In addi-
tion, particle diameter plays a significant role in
determining combustion mechanisms through its
influence on the characteristic transport (diffu-
sion) time relative to the chemical kinetic time.
A large particle at high pressure may burn under
diffusion-controlled conditions, whereas a small
particle at low pressure may burn under kinetical-
ly controlled conditions [11–13].

The studies on combustion of particle-laden
flows is critical in the design and optimization of
combustors for propulsion systems using particu-
late aluminum as a primary fuel, and results pro-
vide valuable information about particle injection,
ignition, flame stabilization, and combustor ther-
mal management. Goroshin et al. [14] conducted
measurements of flame propagation of aluminum
dust in various oxidizer environments in a vertical
Pyrex tube. The particle diameter was around
5.4 lm. The flame propagation speed obtained
from these tube experiments might not properly
represent the actual burning velocity due to the
difficulties in defining the flame shape and particle
velocity upstream of the flame. Goroshin et al.
[15] later established another experimental appa-
ratus capable of producing Bunsen-type premixed
dust flames. The dust mass concentration, b, cov-
ered a range from 0.25 to 0.60 kg/m3, correspond-
ing to the equivalence ratios, /, of 0.81–1.9. The
burning velocity was shown to be a weak function
of dust concentration for rich aluminum mixtures,
a phenomenon that can be attributed to the weak
dependence of particle burning rate on the flame
temperature in the diffusive regime. Shoshin and
Dreizin [16] developed a lifted-flame aerosol burn-
er (LLFAB) for measuring laminar flame speeds
of metal–air aerosols over a wide range of particle
mass concentrations of 0.4–1.4 kg/m3 (1.3 < / <
4.5). Two different aluminum powder sizes (11
and 20 lm) were examined in their experiments.
A decrease in the flame speed at very high mass
concentration was observed.

In both the works of Goroshin et al. [14,15]
and Shoshin and Dreizin [16], micron-sized parti-
cles were used. Risha et al. [17] recently examined
the flame characteristics of bimodal nano and
micron-sized aluminum particle/air laden flows
using a Bunsen-burner type apparatus, similar to
the experiment of Goroshin et al. [15]. The parti-
cle compositions ranged from 100% micron-sized
particles (5–8 lm) to mixtures with 30% nano par-
ticles (100 nm) by mass. The overall fuel concen-
tration varied from 0.26 to 0.45 kg/m3 (0.816 /6
1.62). Tests indicated that an increase in per-
centage of nano particles within the mixture
enhanced its flame speed. The flame thickness of
bimodal-particle/air mixtures, however, was much
wider than that of a micron-sized particle/air
mixture.

Although much useful information has been
obtained from the preceding studies, the current
knowledge about the combustion of aluminum
dust cloud is far from complete. In particular,
the effects of particle size and its distribution on
the flame characteristics remain to be explored.
In the present work, the combustion of aluminum
particles in air is theoretically and experimentally
studied in a well-characterized laminar flow. Var-
ious parameters, such as particle composition and
equivalence ratio, on the burning behavior of
bimodal aluminum particles/air mixtures are
examined in detail.
2. Experiments and observations

The experimental setup consists of a linear
actuator, an aerosol generation assembly (AGS),
and an aerosol delivery system, as shown schemat-
ically in Fig. 1. Briefly, dry aluminum particles are
loaded into a cylindrical cartridge to form a
packed bed with a loading density ranging from
21% to 42% (depending upon the fuel composi-
tion). The aluminum bed is fed into the particle/
air mixing region of the AGS at rates ranging
from 13.5 to 30.2 cm/min by a piston. The piston
is driven by the linear actuator located at the bot-
tom of the AGS. At these feed rates, the equiva-
lence ratio can be adjusted from 0.81 to 1.62. As
the packed bed enters the mixing zone, a high-ve-
locity air flow emerging from an 75-lm thick
annular slot impinges on the surface of the alumi-
num particle bed, removes a thin layer of material,
and disperses the aluminum particles into the
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incoming air flow to form a homogenous particle
laden flow. Immediately above the mixing zone, a
high-flow particle ejector was used to divert a por-
tion of the particle-laden flow to bypass the main
tube exit. The ejector allows fine tuning of the par-
ticle-dust flow rate to stabilize the flame at the
nozzle exit. More detailed information about the
experimental setup and test conditions can be
found in Ref. [17].

Bimodal particle mixtures were formed by mix-
ing nano particles (100 nm) with micron particles
(5–8 lm). The particles were dried at 413 K for
24 h before each experiment to improve their dis-
persion characteristics. The particle-laden flow
was ignited by a hydrogen/air pilot flame atop
the tube exit. Once steady combustion of the alu-
minum dust cloud was achieved, the pilot flame
was removed. Photographs of the aluminum dust
flames were captured by a digital video camera,
using three neutral density filters to obtain a clear
picture of flame structures. The flame speed was
determined based on the total flow rate and mea-
sured surface area at the inner edge of the flame
zone. Similar to conventional premixed hydrocar-
bon Bunsen-type flames, our experimental study
[17] indicates that the flame can self-adjust by
changing its height (surface area) in response to
a change in burner flow velocity to maintain a
constant laminar flame speed at each equivalence
ratio.

Figure 2 shows images of the 100% mono-dis-
persed micron-sized and bimodal (20% nano-par-
ticle addition) aluminum particle dust flames in
air. Micron-sized particle mixtures produce a very
luminous thin flame zone. Bimodal flames, howev-
er, have a thicker reaction zone, which contains
two burning regimes (small and larger particles).
In addition, flames with nano particles have a
smaller cone region with less luminosity, which
suggests that nano particles ignite at a lower tem-
perature and burn out quickly. The flame speed is
positively affected by the addition of nano parti-
Fig. 2. Images of mono-dispersed (left, 100% micron
particles) and bimodal (right, 20% nano particles)
aluminum dust flame in air.
cles despite the lower flame luminosity and thicker
flame zone. Bimodal mixtures have been success-
fully stabilized on the burner with mixtures con-
taining up to 30% nano particles by mass. A
further increase in the nano-particle mass loading
was unsuccessful with the current design of the
aerosol generation system.
3. Theoretical analysis

An analytical model was constructed to
describe a one-dimensional, freely propagating
flame in an aluminum particle-laden flow with a
bimodal distribution of particle size. The analysis
largely follows the approaches of Goroshin et al.
[18], but is extended to include the effect of parti-
cle size distribution and variable ignition temper-
ature on the flame behavior. The heat loss of gas
to particles is also considered. The major approx-
imations and assumptions are: (1) the dust cloud
consists of uniformly distributed aluminum parti-
cles at two different sizes with air; (2) the gravita-
tional effects and heat transfer by radiation are
neglected; (3) the particle velocity is approximate-
ly equal to the gas velocity; (4) collisions and
interactions between burning particles are neglect-
ed; (5) the Biot number is very small, suggesting a
uniform temperature distribution within each par-
ticle; (6) the thermal conductivity of the gas, k, is
taken to be constant for simplicity.

The gas-phase governing equations for mass
and energy conservation can be written as follows.

qv ¼ quSL ð1Þ

qvCpdT=dx ¼ kd2T=dx2 þ
X2

i¼1

wF ;i � Q�
X2

i¼1

np;i � qi

ð2Þ

where q, v, and T are the gas density, velocity, and
temperature, respectively. The subscripts 1 and 2
denote the properties of small and large powders,
respectively, and the subscript u the value related
to the unburned mixture. SL denotes the flame
speed, Cp the specific heat of gas at constant pres-
sure, wF,i the mass consumption rate of particle
group i, Q the heat of reaction per unit mass of
fuel, and np,i the number density of particle group
i (i.e., the number of particles per unit volume).
The heat transfer between each particle and sur-
rounding gas, qi, is given by

qi � Nu � 2prikðT � T s;iÞ ð3Þ

where the Nusselt number is taken as a constant
equal to 2 [19], and Ts is the particle temperature.
The equation of state for an isobaric system is

qT ¼ constant ð4Þ
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The energy conservation equation for the particle
phase is

ðqs;ivCsÞ dT s;i=dx ¼ np;iNu � 2prikðT � T s;iÞ;
i ¼ 1; 2 ð5Þ

where Cs is the specific heat of particles,
qs;i ¼ np;iqa4pr3

i =3 is the bulk density of particles
(mass of particles per unit volume), and qa is the
material density of aluminum.

In the present analysis, we are primarily
concerned with fuel-lean mixtures. In a mono-
dispersed aluminum particle-laden flow, the flame
usually consists of three distinct zones: the pre-
heat, flame, and post flame regimes [20]. In the
preheat zone, the reaction rate is negligibly small.
Particles are heated by the surrounding gas until
their temperature reaches the ignition point. In
the flame zone, particles are ignited and totally
consumed. In dual-sized aluminum-particle/air
suspensions, the flames have a complex multistage
structure, mainly due to the disparities of the igni-
tion temperature and burning time between parti-
cles with different sizes. Two possible scenarios
exist, as illustrated in Fig. 3. In the overlapping
flame configuration, the heat release from the
combustion of small particles heats up and ignites
Fig. 3. Structures of bimodal-particle dust flames at
fuel-lean conditions, (a) overlapping flame, and (b)
separated flame.
large particles before complete burn-out of the
former. Thus, the flame zones associated with
the small and large particles overlap (Fig. 3a). In
the separated flame configuration, the heat release
from the burning of small powders is not sufficient
to ignite large particles, and there exists two sepa-
rated flame zones (Fig. 3b). Whether the flame
exhibits an overlapping or a separated configura-
tion depends on the mass concentration, particle
size, ignition temperature, and burning time of
each group of aluminum particles.

For fuel-lean mixtures, the burning time of a
given particle group i is assumed to be equal to
that of a single particle sb,i. The overall burning
rate of particle group i is thus considered constant
with an averaged value, Bu,i/sb,i, where Bu,i is the
initial mass concentration of particle group i.
The heat-source terms in Eq. (2) can be written as

wF ;iQ ¼ �Bu;iQ=sb;i; i ¼ 1; 2 ð6Þ
By substituting Eqs. (6) and (1) into Eq. (2), the
energy equation for the gas phase in the flame
zone becomes

quSLCpdT=dx ¼ kd2T=dx2 �
X2

i¼1

Bu;iQ=sb;i

�
X2

i¼1

np;iNu2prikðT � T s;iÞ ð7Þ

The energy equation for the particle phase, Eq.
(5), is not considered in the burning zones. It is
only applied in the preheat regimes to solve for
the temperatures of the gas phase at the ignition
points of particles, which is prespecified as an in-
put parameter. Because chemical reactions are
neglected in the preheat zones, particle concentra-
tion remains unchanged, and the term in the
parentheses on the left-hand side of Eq. (5) can
be written as

qs;ivCs ¼ /iðmF =moÞstquSLCs

� ðBu;i=BstÞðmF =moÞstquSLCs ð8Þ

Equation (5) thus takes the form

ðBu;i=BstÞðmF =moÞstquSLCsdT s;i=dx

¼ np;iNu2prikðT � T s;iÞ ð9Þ

To facilitate analysis, the temperatures and spatial
coordinate are normalized as follows.

h ¼ T=T u; hs;1 ¼ T s;1=T u;

hs;2 ¼ T s;2=T u; y ¼ x=ðSLsb;1Þ ð10Þ

The location y = 0 is defined as the ignition point
of small particles, and y = Z = Z0/(SLsb,1) the
ignition location of large particles. The parameter
P = sb,2/sb,1, represents the ratio of the combus-
tion times of large to small particles. Substituting
the above parameters into Eqs. (7) and (9), we
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obtain the following non-dimensional equations
governing the temperature field in each regime,

d2h=dy2 � j2dh=dy ¼
X2

i¼1

j2giðh� hs;iÞ

�
X2

i¼1

lij
2ðhign;i � 1Þ ð11Þ

dhs;i=dy ¼ ðh� hs;iÞ=ni; i ¼ 1; 2 ð12Þ

where hign,i is the non-dimensional ignition temper-
ature for particle group i, j ¼ SL=

ffiffiffiffiffiffiffiffiffi
sb;1a
p

the non-di-
mensional flame speed, with a = k/(Cpqu) being the
thermal diffusivity of the gas. The non-dimensional
heat releases li (i = 1,2) can be determined from

l1 ¼ �Bu;1Q=ðquCpðT ign;1 � T uÞÞ ð13Þ

l2 ¼ �Bu;2Q=ðquCpðT ign;2 � T uÞPÞ ð14Þ

Finally, the non-dimensional thermal relaxation
times of the particle and gas phases, ni and gi

(i = 1,2), are defined, respectively, as

n1 ¼ ðmF =moÞstr
2
1qaCs=ð3aCpsb;1BstÞ ð15Þ

n2 ¼ ðmF =moÞstr
2
2qaCsP=ð3aCpsb;2BstÞ ð16Þ

g1 ¼ 3Bu;1sb;1a=ðr2
1qaÞ ð17Þ

g2 ¼ 3Bu;2sb;2a=ðr2
2qaP Þ ð18Þ

By solving the energy conservation equation for
each zone and matching the resultant temperature
and heat flux at the interfacial boundaries, an alge-
braic equation for the flame speed can be obtained,

k1 ¼ fl1½1� expð�j2Þ� þ l2½1� expð�j2P Þ�
� expð�j2ZÞðhign;2 � 1Þ=ðhign;1 � 1Þg
=ð1þ k1n1Þ ð19Þ

where

k1 ¼ 0:5

�
j2 � 1=n1

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðj2 � 1=n1Þ2 þ 4j2ðg1 þ 1=n1Þ

q �

Equation (19) is general and valid for the both the
overlapping and separated flame configurations.
If l2 is set to 0 and the second group of particles
are removed from the fuel formulation, the equa-
tion for a mono-dispersed mixture is recovered
[20],

k1 ¼ l1½1� expð�j2Þ�=ð1þ k1n1Þ ð20Þ
Equation (19) is supplemented by an expression
relating the ignition temperature of large particles,
hign,2, to its location Z,
hign;2 ¼ fiðhign;1; j; l1; l2; n1; n2; g1; g2; Z; PÞ;
i ¼ 1; 2 ð21Þ

Note that the explicit forms of fi (not shown here)
are different for the overlapping and separated
flame configurations. Equations (19) and (21)
must be solved simultaneously for the flame speed
SL and the parameter Z, which falls in the range
of 0 < Z < 1 for an overlapping flame and Z > 1
for a separated flame.
4. Aluminum particle ignition temperature and
burning time

The current analysis requires the particle igni-
tion temperature, Tign,i and burning time, sb,i, be
specified as input parameters, both of which are a
function of particle size. For large particles
(>100 lm), most experimental studies [21,22] indi-
cated that ignition is achieved at a temperature
near the melting point of aluminum oxide (i.e.,
2350 K). It was conjectured that the particle is cov-
ered by an impervious oxide shell, and aluminum
does not ignite until the oxide shell melts or breaks
up near its melting temperature under the effect of
aluminum thermal expansion. For nano-sized par-
ticles, however, ignition has been observed to occur
at temperatures as low as 900 K [9]. Recent studies
[24] also indicate that aluminum particles with
diameters of 1–100 lm could be ignited over a wide
range of temperatures from 1000 to 2300 K. Tru-
nov et al. [13] suggested that aluminum oxidation
and polymorphic phase transformations of the alu-
mina shell are responsible for these diverse ignition
temperatures. They developed an ignition model
based on such concepts and their results are adopt-
ed in the current analysis.

For micron and larger-sized particles, which
usually burn under diffusion-controlled condi-
tions, numerous data exists on their burning
times. Several dn-models, with n ranging from
1.5 to 2.0, have been proposed. In Ref. [23],
almost 400 datum points for single particle burn-
ing times in various oxidizer environments were
collected from over ten different sources. Correla-
tions were established and the following particle
burning-time model was proposed,

sb ¼ C1d1:8=ðT 0:2
0 p0:1X effÞ ð22Þ

where Xeff is the effective oxidizer mole fraction,
X eff ¼ CO2

þ 0:6CH2O þ 0:22CCO2
, p the pressure

in atmospheres, T0 the initial temperature in Kel-
vin, d the particle diameter in lm, and C1 a con-
stant (=0.00735). This d1.8-law model is
employed herein for micron and larger-sized
particles.

Information about the burning time of nano-
sized particles is limited, and no suitable model
is currently available. Since nano particles usually
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burn under kinetically controlled conditions, it is
theoretically expected that a d1.0-model based on
the dominant surface reaction rate may be more
suitable for the particle burning time [11]. Recent-
ly, Parr et al. [9] examined the combustion charac-
teristics of aluminum particles using a hydrogen–
oxygen–argon burner. The particle size ranged
from 24 nm to 30 lm in diameter. The particles
ignited and burnt 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. Figure 4 shows the mea-
sured particle burning time as a function of parti-
cle size at burner flame temperatures of 1500 and
2000 K. For nano-sized particles, a d 0.3 model is
observed instead of a d 1.0 law. In the experiments
of Parr et al. [9], agglomeration of small particles
could occur, suggesting that the measured data
might actually be the burning time of agglomerat-
ed particles with a larger size. In addition, it was
found that the burning times of nano particles
were strongly dependent on the burner flame tem-
perature. For example, the burning times at
1500 K are much greater than these at 2000 K.
In contrast, the burning time of a micron-sized
particle is only a weak function of the environ-
mental gas temperature, as suggested by Eq.
(22). Micron-sized particles burn with a detached
diffusion flame, whose temperature is predeter-
mined by the vaporization–dissociation tempera-
ture of aluminum oxide [11]. The surrounding
gas temperature thus exerts a limited influence
on the particle burning time. For nano-sized par-
ticles, however, heterogeneous surface reactions,
which heavily depend on the environmental tem-
perature, play a very important role. Based on
the above observations, a kinetically controlled
burning time model was proposed as follows,
Fig. 4. Experimentally observed aluminum particle
burning time as function of particle diameter. (see
above-mentioned references for further information)
sb ¼
d0:3

C2e�Eb=RT � X eff

ð23Þ

where d is in cm, C2 = 5.5 · 104, Eb = 73.6 kJ/
mol, and R is universal gas constant. The model
results are also shown in Fig. 4 for comparison.
It was observed that the curve of the d1.8 model
for micron-particles intersects with that of the
d 0.3 model for nano particles with a flame temper-
ature of 2000 K at a particle diameter of 20 lm.
The same curve intersects that of the d 0.3 model
for nano particles at 3500 K at particle diameter
of 6.0 lm. These results suggest that particles with
diameters on the order of several micrometers
could be in a transition region from diffusion- to
kinetics-controlled combustion, where either
model is applicable.
5. Results and discussions

The analytical model described in Section 3 is
employed to analyze the flame characteristics of
bimodal-particle laden flows. Particle diameters
are 100 nm and 6.5 lm. The corresponding igni-
tion temperatures are 1350 and 2100 K, respec-
tively. For aluminum particles at both sizes, the
estimated Stokes number St is much less than uni-
ty, confirming the validity of the assumption (3)

adopted in the theoretical modeling. The d 0.3

and d1.8 burning-rate laws are employed to deter-
mine burning times. Note that as a nano particle
passes through the flame, its surrounding environ-
mental temperature gradually increases. Thus, the
burning rate of nano particles is taken from the
data at a mean temperature around 2000 K.
Figure 5 shows the predicted flame speed as a
function of the nano-particle mass fraction in
the fuel formulation, pn, at the equivalence ratio
/ = 0.85. Also included in the figure is the
experimental data for an equivalence ratio of
Fig. 5. Effect of mass percentage of nano particles in
fuel formulation on flame speed.



Fig. 7. Flame speed as function of equivalence ratio at
different nano-particle mass fractions in fuel
formulation.
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1.2. The calculated flame speed increases with
increasing nano-particle loading, pn, a trend con-
sistent with the experimental observation. For
mixtures with pn < 75%, the flame displays a sep-
arated structure with Z > 1. This result explains
the observed thicker flame zone of the bimodal
mixture (pn = 20%) shown in Fig. 2. The distance
between these two separated flame zones, Z,
reaches a maximum at about pn = 40%. For mix-
tures with pn > 75%, overlapping flame structures
were observed (Z < 1).

Figure 6 shows the temperature profiles for dif-
ferent values of pn. It is obvious that a separated
flame is much wider than an overlapping flame.
For a separated flame with a small pn, the combus-
tion of micron-sized particles provides the major-
ity of the heat release for heating and ignition of
all the particles. With an increase in pn, the heat
release in the micron-sized particle flame zone
decreases, and consequently the heating rate of
micron-sized particles slows down and ignition is
delayed. The flame zone of larger particles thus
moves away from that of smaller particles (see
the temperature profiles for pn = 10%, 30%, and
40%). As pn further increases, the heat release
from nano particles begins to play an important
role in the heating and ignition processes. The
flame zone of larger particles moves toward that
of smaller particles (see the temperature profile
for pn = 60%). For an overlapping flame with a
large pn, the combustion of nano particles produc-
es a large amount of heat to ignite the micron-size
particles, and soon increases the gas temperature
above 3000 K. The larger-sized particles continue
to burn and gradually increase the gas tempera-
ture to its maximum value around 3500 K (see
the temperature profiles for pn = 80% and 95%).

Figure 7 shows the predicted flame speed as
a function of equivalence ratio for various pn.
Fig. 6. Temperature profiles with different mass frac-
tions of nano particles in fuel formulation, / = 0.85.
The flame speed increases with increasing equiva-
lence ratio. At a higher value of pn, the flame dis-
plays a separated structure for very lean mixtures,
and exhibits an overlapping configuration for near
stoichiometric mixtures. At a lower value of pn,
however, the flame remains as a separated config-
uration for all mixtures at lean and near-stoichi-
ometric conditions.
6. Conclusions

The combustion of bimodal nano/micron-sized
aluminum particles with air was studied theoreti-
cally and experimentally in a well-characterized
laminar particle laden flow. Experimentally, a
Bunsen-burner type apparatus was constructed
to investigate the flame characteristics of bimodal
particles/air mixtures. The flame speed is positive-
ly affected by increasing the mass fraction of nano
particles in the fuel formulation despite the lower
flame luminosity and thicker flame zone. Theoret-
ically, the overall fuel lean flames were assumed to
consist of several different regimes, including the
preheat, flame, and post flame zones. An analyti-
cal model for the flame speed and temperature
distribution was established by solving the energy
equation in each regime and matching the temper-
ature and heat flux at the interfacial boundaries.
Recent research results on the ignition tempera-
tures and burning rates of nano particles were
incorporated into the analysis. Reasonable
agreement between theoretical results and experi-
mental data was obtained in terms of the flame
speed. At a low percentage of nano particles, the
predicted temperature profile exhibited a separat-
ed flame structure. The phenomenon is consistent
with the experimental observation of a thicker
flame zone with two different burning regimes
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associated with small and large particles. At a
high percentage of nano particles, an overlapping
flame configuration was observed.
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Comment
Samuel Goroshin, McGill University, Canada. The
results presented here are based on a model [1] that
requires input of external parameters such as ignition
temperatures and combustion times for both particle
sizes. As you correctly stated, it is most likely that
nano-sized particles react in the flame in the kinetic
regime. However, kinetically reacting particles do not
have an ignition temperature. Particle ignition actually
means transition to the diffusion combustion regime
and therefore is not defined for a kinetically controlled
particle. What is more, the combustion time for kineti-
cally reacting particles also cannot be treated as an exter-
nal parameter and is an eigenvalue of the problem
together with the flame speed and the flame temperature
profile. Thus, it seems that this model is not adequate for
kinetically reacting particles.
It is most likely that a considerable fraction, if not all,
of the nano-sized powder is dispersed in the form of
agglomerates. Agglomerates can also form in the flow
after dispersion. Have you performed any experimental
measurements that allow estimation of the agglomerated
mass fraction and the size of agglomerates?

Reference

[1] S. Goroshin, M. Kolbe, J.H.S. Lee, Proc. Combust.

Inst. 28 (2000) 2811.

Reply. Following common practice, the ignition
temperature is defined as the temperature at which the
particle rapidly heats up and undergoes vigorous exo-
thermic reactions. For micron- and larger-sized alumi-
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num particles, such a temperature usually corresponds
to the melting point of aluminum oxide (i.e., 2350 K).
For nano-sized particles, ignition has been observed to
occur at temperatures as low as 900 K ([9] in paper),
due to high specific area and phase transformations of
the surface layer. We disagree on the notion that kinet-
ically reactive particles such as nano particles do not
have an ignition temperature.

We appreciate the comment that the combustion time
for nano particles, in a strict sense, cannot be pre-speci-
fied as it is a function of particle diameter and tempera-
ture (Eq. 23). To address this issue, a more complete
analysis has been conducted taking into account the
variations of ambient temperate and particle size. For
a separated flame with a low loading density of nano-
sized particles, the calculated flame speed and spatial
structure appears to be insensitive to the environmental
temperature. For an overlapped flame with a high load-
ing density of nano-sized particles, the qualitative trend
of the flame behavior remains identical to that predicted
by the present analysis, although the quantitative values
change modestly. Thus, we feel that the current model
based on a simplified assumption is valid and capable
of capturing the main features of bimodal particle dust
combustion. The reasonable agreement between experi-
mental data and model predictions further supports this
conclusion.

It is likely that particles may agglomerate in the flow
path, and thus special attention was given to preventing
particle agglomeration in the experiments. The burner
was carefully designed to provide high-intensity,
fine-scale turbulence throughout the entire mixer, and
to minimize stagnation regions if there are any. Re-
gions with high shear flows in which particles may coa-
lesce were also avoided. In spite of those efforts to
maximize particle dispersion, no measurement was con-
ducted to assess the degree of particle agglomeration in
the flowfield due to obstacles in performing diagnostics
at nano scales. This issue should be addressed in the
future.
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