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ABSTRACT

A general theory of ignition and combustion of nano- and micron-sized aluminum particles is developed.
The oxidation process is divided into several stages based on phase transformations and chemical reac-
tions. Characteristic time scales of different processes are compared to identify physicochemical phenom-
ena in each stage. In the first stage, the particle is heated to the melting temperature of the aluminum
core. Key processes are heat and mass transfer between the gas and particle surface and diffusion of mass
and energy inside the particle. The second stage begins upon melting of the aluminum core. Melting re-
sults in pressure buildup, thereby facilitating mass diffusion and/or cracking of the oxide layer. Melting
is followed by polymorphic phase transformations, which also results in the formation of openings in
the oxide layer. These provide pathways for the molten aluminum to react with the oxidizing gas; the
ensuing energy release results in ignition of nano-aluminum particles. For large micron-sized particles,
ignition is not achieved due to their greater volumetric heat capacity. In the third stage, nanoparticles un-
dergo vigorous self-sustaining reactions with the oxidizing gas. Reactions typically occur heterogeneously
in the particle and the burning rate is controlled by chemical kinetics. For large micron-sized particles,
polymorphic phase transformations result in the formation of a crystalline oxide layer. The oxide layer
melts and particle ignition is achieved. In the fourth stage, the large micron-sized particle burns through
gas-phase or surface reactions, depending on the oxidizer and pressure. The burning rate is controlled by

mass diffusion through the gas-phase mixture.
© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Metal particles are attractive fuel candidates for various propul-
sion and energy-conversion applications. Of all metals, aluminum
is popular because of its high energy density, relative safety, and
low cost [1]. The enthalpy of combustion of aluminum particles
in oxygen at stoichiometric conditions is 84 k]/cm3, substantially
greater than those of monomolecular energetic materials such as
trinitrotoluene (~10-30kJ/cm3). Nascent aluminum particles are
pyrophoric and react spontaneously in any oxidizing environment
[2]. As a result, particles are passivated by exposing them to an ox-
idizing gas in a well-controlled manner. This results in the forma-
tion of an amorphous oxide (Al,03) layer of thickness in the range
of 2-4nm [3,4]. For micron-sized and larger particles, ignition is
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commonly associated with melting of the oxide layer at 2350K [5].
The molten oxide shell forms a cap on the particle surface under
the effect of surface tension, thereby exposing the aluminum core
to the oxidizing gas. The high ignition temperature and particle
agglomeration diminish energy-release rates in various practical
applications.

Nanomaterials have unique and favorable physicochemical
properties owing to the presence of large percentage of atoms on
the surface. The percentage of atoms on the surface layer of an
aluminum particle increases from 2% to 92%, when the particle
size decreases from 100 to 1 nm. Surface atoms have higher energy
than the atoms in interior regions of the particle. As a result, prop-
erties are size-dependent and substantially different from those of
bulk materials.

Figure 1 shows the effect of particle size on the ignition tem-
perature of aluminum particles [6]. Experimental data are taken
from Refs. [5,7-21]. The ignition temperature of aluminum par-
ticles decreases with decreasing particle size, from about 2350 K
at 100 um to about 1000K at 100 nm. Note that there is a con-
siderable scatter in the experimental data owing to differences in
experimental conditions including apparatus, sample type, heating

0010-2180/© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Nomenclature
a distance between energy barrier maximum and ad-
jacent minimum
A surface area
B transfer number
Bi Biot number
c molecular speed
C concentration
() constant-pressure specific heat
Cy constant-volume specific heat
D diameter, diffusivity
E, activation energy
h heat transfer coefficient
hm latent heat of melting
hy heat of reaction
Hyap heat of vaporization
i stoichiometric fuel-oxidant mass ratio
K bulk modulus
k chemical rate constant
kg Boltzmann constant
Kn Knudsen number
Ly latent heat of vaporization
m mass
M molecular weight
M, particle mass
n number of ions per unit area
Ny Avogadro’s number
p pressure
Pr Prandtl number
q energy per unit time
Qr heat of reaction
R particle radius, gas constant
Re Reynolds number
T temperature
t time
Vv velocity, volume
w energy barrier
X mole fraction
Y mass fraction

Greek letters

ST RNASXPHTNT DR LT 4 >

Knudsen layer thickness

thermal conductivity

time

viscosity

energy accommodation coefficient
adiabatic constant

Debye temperature

density

emissivity

oxide layer thickness

stress, Stefan-Boltzmann constant
volume per displaced ion
attempt frequency

Mott potential

Subscripts

¢

a
am
b
c

azimuthal
polar
ambient gas
amorphous
burn
critical, core

cond conduction
diff diffusion

frac fracture

gen generation
heat heating

melt melting

0 oxidizer

ox oxide

p particle

poly polymorphic phase transformation
r radial

rad radiation
Superscript

tr transformation

rate, oxide layer thickness and purity, and oxidizer composition.
Care must therefore be taken when comparing data from differ-
ent experiments. For example, Friedman et al.’s data [5] suggest
that ignition temperatures of micron-sized aluminum particles are
relatively near the melting point of the oxide film and are not a
strong function of particle size. Results of Gurevich et al.’s experi-
ments [15], on the other hand, indicate that ignition temperatures
of micron-sized particles are substantially lower than the oxide
melting point and decreases significantly with increasing oxidizer
concentration. Khaikin et al. [22] proposed that particle ignition in
experiments of Friedman et al. [5] is due to particle heating to the
melting point of the oxide film, while the trends obtained by Gure-
vich et al. [15] was explained by considering the crystallization of
the oxide layer and thermal inertia of particles. Furthermore, par-
ticle impurity (presence of magnesium in the particle) also affects
the ignition temperature. As MgO is a non-protective oxide layer,
ignition may occur at temperatures lower than the core melting
point, as observed by Bulian et al. [10].

Nonetheless, it is apparent that nanoaluminum particles ignite
at temperatures as low as ~1000K, substantially lower than the
bulk melting point of the oxide shell (2350K). This phenomenon
has been attributed to cracking of the oxide layer due melting
of the aluminum core [23] and polymorphic phase transforma-
tions in the oxide layer [4]. Upon melting, the density of the alu-
minum core decreases from 2700 to 2400 kg/m?3, an 11.1% change.
The molten aluminum core thus exerts tensile stresses and could
fracture the oxide layer. The cracks provide pathways for the ox-
idizing gas to react with the aluminum core. The ensuing en-
ergy release results in ignition of nanoaluminum particles. For
micron-sized and larger particles, the energy release is insufficient
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Fig. 1. Effect of particle size on ignition temperature of aluminum particles
(adapted from Ref. [6]).
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Table 1
Adiabatic flame temperatures of aluminum particles for differ-
ent oxidizers at 1atm pressure.

Reactants Adiabatic flame temperature (K)
2Al(s)+1.50, 3977.0
2Al(s)+1.5(0,+3.76N,)  3546.5
2Al(s)+3H,0 3052.8
2Al(s)+3C0, 31444
2Al(s)+3C0 2277.2

to ignite these particles due to their higher volumetric heat capac-
ity; ignition is thus achieved at temperatures as high as the melt-
ing temperature of the oxide shell (2350 K).

The ignition mechanism of nanoaluminum particles remains an
unsettled problem. Rai et al. [23] studied the thermomechanical
and oxidation behaviors of nanoaluminum particles using hot-stage
transmission electron microscopy (TEM) and single-particle mass
spectrometer over a temperature range of 293-1173 K. Particles
with an oxide layer thickness of about 3 nm and diameters in the
range of 20-30 nm were considered. Images of particles heated in
a hot-stage TEM suggest that the oxide layer cracked upon melt-
ing of the aluminum core. The tensile stress in the oxide layer was
estimated to be on the order of 10 GPa, significantly greater than
the measured tensile strength of alumina (0.25 GPa at 298 K [24]).
It was thus proposed that ignition of nano-aluminum particles is
caused by melting of the aluminum core. Trunov et al. [4], on the
other hand, attributed ignition of nano-aluminum particles to poly-
morphic phase transformations in the oxide layer. In their study,
oxidation of 3-14 um aluminum powders was studied using ther-
mogravimetric analysis. The powders were heated in oxygen up to
1500 °C at heating rates on the order of 10 K/min. Aluminum oxide
exists in different forms; the three major polymorphs of concern
are amorphous, gamma, and alpha alumina. At about 550 °C, the
amorphous oxide layer transforms into gamma alumina. The den-
sity of gamma alumina is 3660 kg/m3, greater than that of amor-
phous polymorph (3050 kg/m3) [4]. As a result, the newly formed
oxide layer does not completely cover the particle surface, thereby
facilitating ignition of nanoaluminum particles. It is unclear if ig-
nition of nanoaluminum particles is triggered by core melting or
polymorphic phase transformations in the oxide layer.

The combustion of micron-sized and larger aluminum particles
has been studied extensively. Upon ignition, chemical reactions can
occur homogeneously in the gas-phase or heterogeneously at the
particle surface. The mode of combustion depends on the com-
position of the oxidizer. Table 1 shows the adiabatic flame tem-
peratures of aluminum particles for different oxidizers at 1atm
pressure. With the exception of carbon monoxide, the adiabatic
flame temperature is greater than the boiling point of aluminum
(2700K). As a result, vapor-phase reactions occur in most oxidizers
at 1atm pressure. Pressure is yet another parameter that dictates
the mode of combustion. The flame temperature is a pressure-
dependent parameter and is typically greater than the boiling point
of aluminum for pressures lower than a threshold value. For wa-
ter vapor and carbon dioxide, the threshold pressure is ~5 atm.
Combustion of aluminum particles in water and carbon dioxide oc-
cur heterogeneously at the particle surface for pressures exceeding
5atm. Homogenous gas-phase reactions typically occur for oxy-
gen and air, since the flame temperature is greater than the boil-
ing point of aluminum over a broad pressure range of about 1-
100 atm.

The burning behavior of micron-sized aluminum particles is
well understood. The measured flame temperatures are approxi-
mately equal to the adiabatic counterparts [25-27]. The combus-
tion of micron-sized aluminum particles in air can be divided into
two stages [27,28]. In the first stage, the particle is surrounded by
a detached vapor-phase flame and undergoes steady and symmet-

ric combustion. As alumina decomposes during volatilization, gas-
phase sub-oxides (AlO and AlO,) are formed. The dissolution of
gas-phase sub oxides in the liquid droplet marks the onset of the
second stage. The second stage is characterized by unsteady and
asymmetric combustion, spinning of particles and/or oxide smoke,
and ejections of gas-phase sub-oxides from the particle surface.
Detailed discussions on the combustion characteristics of micron-
sized aluminum particles can be found in Refs. [27] and [28]. The
flame standoff ratio (Ds/Dp) is 2.0-3.0 in oxygenated environments,
but is as low as 1.3 in water vapor [29]. For aluminum particles
with diameters greater than 20 wm, the burning time is given by
(30]

18
ch

b = X PO 1102’ (M
where X is the effective oxidizer concentration, X = Co, +
0.6Cy,0 + 0.22Cco,, p the pressure in atm, Ty the initial temper-
ature in Kelvin, D, the particle diameter in wm, and ¢ a constant
(=7.35x107%). The burning time is quadratically proportional to
particle size and is weakly dependent on the temperature and
pressure of the gas. These suggest that the particle burning rate
is controlled by mass diffusion phenomena.

The combustion characteristics of nanoaluminum particles are
substantially different from those of micron-sized counterparts.
Bazyn et al. [31] studied the combustion of 80 nm aluminum par-
ticles in oxygen-nitrogen gas mixture using a shock tube. The gas
temperature varied in the range of 1200-2100K and the pressure
range of concern was 4-32 atm. The flame temperature was mea-
sured using pyrometry and the burning time was inferred based
on the temporal variation of the intensity of light emitted by
the particles. The measured flame temperatures were substantially
lower than the adiabatic counterparts. For example, at a pressure
of 4 atm, the flame temperatures of 80 nm particles were as low
as the ambient gas temperature (1200-2100 K). The burning time
was an exponential function of the gas temperature; the activation
energy was estimated to be 71.6 and 50.6 k]/mol at 8 and 32 atm,
respectively. Gas pressure exerted a strong effect on the burning
time of nano-aluminum particles. For example, at a temperature
of ~1400K, the burning time decreased by a factor of four when
the pressure increased from 4 to 32 atm. At nano-scales, the burn-
ing time has a particle size dependence of the form, t, ~ a Dp",
where the exponent n is as low as 0.3 [32]. It was speculated that
the particle burning rate is controlled by chemical kinetics or mass
diffusion across the oxide layers of the particles [31].

Park et al. [33] studied the oxidation of nanoaluminum particles
in air using single particle mass spectrometer for temperatures up
to 1373 K at low heating rates (< 103 K/s). The particle size range of
concern was 50-150 nm. The oxidation rate was controlled by mass
diffusion across the oxide layer of the particle rather than chem-
ical kinetics. Furthermore, the particles did not burn completely
even after 15s. These observations contradict those of Bazyn et al.
[31] obtained at higher heating rates (106-108 K/s) in a shock tube.
The measured burning times of Bazyn et al. were on the order of
100 s [31]. It is unclear if chemical kinetics or mass diffusion con-
trols the burning rate of nano-aluminum particles. The combustion
mode and flame structures of nano-aluminum particles need care-
ful examination as well.

In view of the uncertainties and conflicting notions in exist-
ing theories, development of a general theory accommodating var-
ious underlying physicochemical processes over a broad range of
particle sizes is much needed. In the present study, the oxidation
of aluminum particles in different stages is examined systemati-
cally. Key phenomena in each stage are identified based on their
respective time scales. Special effort is applied to consolidate ob-
servations and findings from different perspectives and establish a



D.S. Sundaram et al./Combustion and Flame 169 (2016) 94-109 97

Al core

ALO

Hot Oxidizing Gas

Fig. 2. Physical model of concern - a passivated aluminum particle in a hot oxidiz-
ing gas.

unified theory of ignition and combustion of nano- and micron-
sized aluminum particles.

2. General theory on oxidation of aluminum particles

The physical model of concern is a passivated aluminum parti-
cle in a hot oxidizing gas, as shown in Fig. 2. The aluminum par-
ticle is covered by an amorphous oxide layer of thickness in the
range of 2-4nm [3, 4|. The ambient gas temperature, T,, is taken
to be equal to or greater than the minimum ignition temperature
of the particle, Tig,. Table 2 shows the physicochemical properties
of aluminum and aluminum oxide. The properties of the particle
are size-dependent, especially for diameters lower than 10 nm. The
melting temperature of aluminum core increases with increasing
particle size, from 473K at 2nm to 933K at 10 nm [34]. A simi-
lar trend is observed for the oxide shell [35]. For aluminum par-
ticles in the size range of 5-10nm, the melting temperature of
the oxide shell is in the range of 986-1313 K over a shell-thickness
range of 0.5-2.0 nm. Note that these values are substantially lower
than the bulk melting point of 2350 K. The enthalpy of oxidation
of aluminum is also a function of particle size, decreasing from
~1690 kJ/mol at 10nm to 824 kJ/mol at 2 nm [36]. This was ob-
tained by considering size dependencies of the cohesive energy of
aluminum and lattice energy of aluminum oxide. The trend how-
ever needs to be verified experimentally. The ignition temperature
is size-dependent for particles smaller than 100 wm. It decreases
with decreasing particle size, from 2350K at 100 um to 1000K at
100 nm.

The oxidation of aluminum particles can be divided into differ-
ent stages based on phase transformations and chemical reactions.
Figures 3 and 4 show the stages of oxidation of nano- and large
micron-sized aluminum particles, respectively. In the first stage,
the particle is heated to the melting temperature of the aluminum
core. Key processes are heat and mass transfer between the gas
and particle surface and diffusion of mass and energy inside the
particle. The second stage begins upon melting of the aluminum
core. Melting results in pressure buildup and facilitates outward
motion of molten aluminum by diffusion and/or flow through the
cracks in the oxide layer. Melting is followed by polymorphic phase
transformations, which also results in the formation of openings
in the oxide layer. The molten aluminum reacts with the oxi-
dizing gas and the ensuing energy release results in ignition of
nano-aluminum particles. For large micron-sized particles, ignition
is not achieved due to their greater volumetric heat capacity. In
the third stage, nanoparticles undergo vigorous self-sustaining re-
actions with the oxidizing gas. Reactions typically occur heteroge-
neously in the particle and the burning rate is limited by chemical
kinetics. For large micron-sized particles, polymorphic phase trans-
formations result in the formation of a crystalline oxide layer. The
oxide layer melts and particle ignition is achieved. In the fourth
stage, the large micron-sized particle burns through gas-phase or
surface reactions, depending on the oxidizer and pressure. In fol-
lowing sections, key physicochemical processes in each stage are
analyzed in detail.

2.1. Stage I - particle heating to core melting point

In the first stage, the particle is heated to the melting temper-
ature of the aluminum core. Key processes of concern are energy
and mass transfer between gas and particle surface, diffusion of
mass and energy inside the particle, and polymorphic phase trans-
formations in the oxide layer.

2.1.1. Heat and mass transfer regimes

Two important length scales of concern are the particle size and
mean free path of the gas molecules. The continuum assumption is
typically valid when the particle size is substantially greater than
the mean free path of the gas molecules. At nano scales, particle
size is comparable to the mean free path and the gas cannot be
treated as a continuous medium. The Knudsen number, Kn, often
used to characterize the situation, defined as the ratio of the mean
free path of the gas molecules to the particle size

B RT
~ V2aD2N4pD,’

where R is the gas constant, T the temperature, D, the diame-
ter of the ambient gas molecule, N4 the Avogadro’s number, p the

Kn (2)

Table 2
Physicochemical properties of aluminum and aluminum oxide.
Material Al Al,03 Remarks
Density (kg/m?) 2700 (s)? 3050 (am)? Al,05 can exist in five different forms
3660 (y)?
2377 (1)° 3900 («)?
3010 (1)
Specific heat (J/kg K)? 897 718 -
Melting point (K) 448-933 [34] 1000-2350 [35] Size dependent for D, <10nm
Boiling point (K)° 2740 4000 -
Thermal conductivity (W/mK)* 205 30 -
Ignition temperature (K) 933-2350 [6] - Size dependent for D, < 100 um
Heat of reaction (kJ/mol)d 824-1690 [36] - Size dependent for D, <10nm

2 298K.

b Melting temperature.
¢ 1atm pressure.

4 2A14150, —Al,0;.
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Fig. 3. Three stages of oxidation of nanoaluminum particles.

pressure, and Dy the particle diameter. The continuum hypothesis
breaks down for Kn > 0.01 and the free-molecular regime prevails
for Kn > 10 [37]. Figure 5 shows the particle diameters correspond-
ing to the Knudsen numbers of 0.01 and 10 as a function of gas
temperature for three different pressures of 1, 10, and 100 atm. At
a pressure of 1atm and temperature of 3000K, the critical parti-
cle size at which continuum approximation ceases to be valid is
70 wm. It decreases by a factor of 10 when the pressure increases
from 1 to 10 atm and temperature decreases from 3000 to 300 K. It
is apparent that continuum models are not adequate to character-
ize the ignition and combustion characteristics of nanoaluminum
particles.

2.1.2. Heat transfer between particle and gas

The duration of the first stage is the time taken for the particle
to be heated to the melting temperature of the aluminum core.
The heating process involves two steps: (1) energy transfer from
the ambient gas to the particle surface; and (2) diffusion of energy
inside the particle. The rate-controlling step can be determined by
calculating the Biot number, Bi, [38]

_ hD
Bi = G_)LP’ (3)
p
Aq 12 2/3\p..0.4 1/4
h— D_[z + (0.4Rer +0.06Re?/ )Pr (1er, /117, ] 4)
p



D.S. Sundaram et al./Combustion and Flame 169 (2016) 94-109

Evolution

Key processes

and mechanisms

Time scales

1.
Solid core 2.
Al

(0]

Particle heating to core melting point
(Stage I)

Molten core

Al

Al droplet

ALOL(1

Phase transformations and ignition

(Stages II and IIT)
Al droplet Al droplet
N
Al X o

/

Diffusion
flame

@)

Vapor-phase or surface combustion

(Stage IV)

Heat and mass
transfer from gas to
particle

Heat and mass
diffusion inside

particle

Melting of aluminum
core

Phase transformations
in the oxide layer
Cracking of oxide layer
and outward flow of
aluminum

Mass diffusion across
the oxide layer
Heterogeneous chemical
reactions

Diffusion of oxidizing
gas and aluminum
vapor to the flame
zone

Chemical reactions
between aluminum and
oxidizing gas in the
flame zone

Heat transfer from the
flame zone to particle
and gas

2
_P» CpD P
Thear =
454,
52
“ur ~ 6D
r _ Pox! ox
poly = . i
m,,
o
Tﬁ‘ac ~
crack
2
PoltnDy

2-melt ~ 12/1[1 (]—; _Tm)

f o P
b.chem ~—
2M pkan -

2
pPDP

b o =
"M 8p,Dlog(1+B)

Fig. 4. Four stages of oxidation of large micron-sized aluminum particles.

99



100 D.S. Sundaram et al./Combustion and Flame 169 (2016) 94-109

a 4000
Free 1 atm
Molecular
30001
M
% Transition regime
s 20007
& ~
g S
e
= 1000} @//
0 . - - Continuum
10° 107 100 10 100 10
Particle Diameter, um
b 5000
4000
M
g 3000}
g
—
[
Q_( -
g 2000
o
=
10001
ok : : Qontinuum
10° 10 10" 10° 10'
Particle Diameter, pm
€ 50005<
T 100 atm
4000 g
M
g 3000
:
£ 2000}
g
Q
=~
10001
Continuum
0 . . .
10° 107 10" 10° 10'

Particle Diameter, pm
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function of temperature for three different pressures of 1, 10, and 100 atm.

where h is the heat transfer coefficient, A the thermal conductivity,
Rep, the Reynolds number based on the particle diameter, Pr the
Prandtl number, and p the viscosity. The subscripts p and a refer to
the particle and ambient gas, respectively. The Biot number is the
ratio of the heat transfer resistance inside the particle to the coun-
terpart at the particle surface. Figure 6 shows the effect of particle
size on the Biot number of aluminum particles in air for different
gas velocities. The temperatures of particle and gas are 300 and
1000 K, respectively. For the particle size range of concern, the cal-
culated Biot numbers are orders of magnitude lower than unity. As
a result, resistance to energy diffusion inside the particle is negligi-
bly small compared to the surface heat-transfer resistance. Temper-
ature gradients inside the particle are thus negligible and the parti-
cle can be assumed to be in thermal equilibrium internally. This is
more so should free-molecular effects be considered, since the re-
sulting heat transfer coefficient is lower than the continuum coun-
terpart [39]. Furthermore, inclusion of radiation heat transfer does

107

T,=1000 K
T, =300 K

Biot Number, Bi
=

Particle Diameter, pm

Fig. 6. Biot number of aluminum particles as a function of particle size for different
gas velocities.

Knudsen
layer

Conduction
heat transfer

Radiation
heat transfer

Ambient gas

Fig. 7. Heat transfer between particle and ambient gas.

not change the result of the analysis. The particle can be treated as
a lumped system and a single temperature variable is sufficient to
analyze its ignition and combustion properties.

It is apparent that the heating time is dictated by energy trans-
fer between the gas and particle surface. Figure 7 shows the
particle-gas energy exchange mechanism. Heat transfer between
the particle and ambient gas occurs by conduction and radiation.
Following Fuch’s approach [40], the gas volume is divided into two
regions: (1) the Knudsen layer in which collisions between gas
molecules are negligible; (2) the region outside the Knudsen layer
in which molecular collisions are significant. Free-molecular effects
are thus confined to the Knudsen layer and continuum laws gov-
ern physicochemical processes outside the Knudsen layer. The par-
ticle heating time is calculated by solving the energy conservation
equation.

ar . .
mpCpE = (cond t rad- (5)

where m is the mass, C, the specific heat, and ¢ the time. The
rate of conduction heat transfer between the particle and Knudsen
layer, Gcong, iS given by [37]

,/8kBTﬁ/nma(y+1><1 B T)

. , Pa
Qeond = O”TDp

(6)

where « is the accommodation coefficient, kz the Boltzmann con-
stant, my the mass of ambient gas molecule, y the specific heat
ratio, and Tg is the temperature in the Knudsen layer. Outside the
Knudsen layer, the heat transfer rate is calculated using the con-
tinuum model [37]

Geond = 270 (Dp + 2B)Aa (Ta - Tﬂ), (7)
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where f is the thickness of the Knudsen layer, which is approxi-
mately equal to the mean free path of gas molecules [37]

3k y -1 [8mwm,Ty
ﬁ_ﬁpa9y—5v kg ®

The temperature in the Knudsen layer (Tg) is obtained by en-
forcing the continuity of the heat transfer rate. The thermal con-
ductivity is evaluated at an average temperature, T* = (Tq+Tg)/2.
Radiation heat transfer rate is calculated using the Stefan-
Boltzmann law; the particle emissivity is taken as 0.1. In contin-
uum and free-molecular regimes, the conduction heat transfer rate
can be expressed as

m<y+l><1 _ 1),1<n> 10 (9)

8 )/—] Ta

. 5 Pa
Qeond = O”TDp

Geond = 271 Dpha(Ty — T).Kn < 0.01 (10)

Ignoring the contribution of radiation and integrating Eq. (5),
the following closed-form expressions for the particle heating
times in continuum and free-molecular regimes are obtained:

C,D,?
Thoat ~ %,Kﬂ <001 (11)
a

Thoat PpCp Dp ()/ -1
®Pa /8kpT,/rmg \ ¥ +1

where p is the density. Note that it is not possible to obtain
closed-form expressions for the characteristic time scales in the
transition regime. A numerical analysis of the energy conservation
equation is thus employed. Figure 8 shows the effect of particle
size on the heating time of aluminum particles. The initial particle
temperature is 300K and the gas pressure is 1 atm. The heating
time increases with increasing particle size, from 10 s at 100 nm
to 10 ms at 100 pm for a temperature of 3000 K. In the continuum
regime, the heating time is quadratically proportional to particle
size, while a linear relationship is observed in the free-molecular
regime. Furthermore, the heating time is a function of the accom-
modation coefficient. The accommodation coefficient is the ratio of
the actual energy transfer during collision to the counterpart un-
der complete accommodation. Altman [41] proposed the following
upper limit for the accommodation coefficient

02
¢ = QG R+ LT,
where 6 =428 K is the Debye temperature of aluminum and C, the
molar specific heat of the gas. The accommodation coefficient is

significantly lower than unity, decreasing from about 0.33 at 300 K
to 0.03 at 1000 K.

)Ta,Kn> 10 (12)

(13)

Table 3
Parameters of the polymorphic phase
transformation model [4].

Parameter Value

Eamy 458 kJ/mol
Ey-a 394 kJ/mol
Kam—y 102 J/mol/m
Kysa 108 J/mol/m
Famosy 2 x 10" m/s/K
Fyoa 5 x 1016 m/s/K

Note that heating times obtained in this study should be
treated as estimates; in some cases, the actual heating times are
expected to be lower than the predicted values owing to the ef-
fects of radiation heat transfer and chemical reactions preceding
ignition of aluminum particles. For example, for an accommoda-
tion coefficient of 0.01, the heating time of a 100 nm particle de-
creases by a factor of about ten when both radiation heat trans-
fer and chemical energy release are considered. The heating time,
on the other hand is negligibly affected for accommodation coeffi-
cients near unity and for micron-sized particles in the continuum
regime.

2.1.3. Mass diffusion vs. polymorphic phase transformations

Particle heating facilitates mass diffusion inside the particle.
The diffusion process is promoted by the presence of an electric
field in the particle [42]. When an aluminum particle is exposed
to the oxidizing gas, gas molecules are adsorbed on the particle
surface. Furthermore, metal electrons transverse the oxide layer by
thermionic emission or tunneling. These electrons ionize the ad-
sorbed oxidizer molecules to create an electrostatic potential be-
tween the metal-oxide and oxide-oxidizer interfaces. The electric
field significantly lowers the energy barrier for diffusion. The char-
acteristic time scale for mass diffusion, 7 g, is given by

2

Tyiff ~ é% (14)

where § is the oxide layer thickness and D the species mass dif-
fusivity. The mass diffusivity is not a well-known parameter. For
nano-particles, it falls in the range of 10-12-10-8 m?/s, depending
on the temperature and phase of the oxide layer [43, 44].
Polymorphic phase transformations could also be of concern in
the first stage. The characteristic time scale of polymorphic phase
transformations in the oxide layer, Ty, is given by

T ~ poxvox
poly ~ T tr
mOX

. (15)

where V is the volume and the subscript ox refers to the oxide.
The rate of polymorphic transformation of the oxide layer, mt}, is
written as [4]

. Ex_ Ky,
iy = D3 p1FeyT, exp ( I;‘T”>{1 —exp ("RTJ’S"> } (16)
P p

where the subscripts x and y refer to existing and new polymorphs,
respectively. Table 3 lists the parameters of the polymorphic phase
transformation model [4]. Figure 9 shows the comparison of the
particle heating time with characteristic time scales of mass dif-
fusion and polymorphic phase transformations in the oxide layer.
The initial temperature of the particle is 300 K. The diffusion co-
efficient is taken to be 10~ m2/s based on the results of molecu-
lar dynamics (MD) simulations of mass diffusion in 7-12 nm alu-
minum particles with an oxide layer thickness of 1-2 nm [43]. Note
that the diffusion coefficient is a temperature-dependent parame-
ter; it increases from about 10~ m2/s at 600K to 108 m?/s at
2000K. In the first stage, characteristic time scales of polymorphic
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Fig. 9. Comparison of particle heating time with characteristic time scales of mass
diffusion and polymorphic phase transformations in the oxide layer.

phase transformations in the oxide layer are orders of magnitude
greater than those of heating and mass diffusion. Mass diffusion
across the oxide layers of the particles is thus more important in
the first stage. Note that the diffusion coefficient used in the anal-
ysis corresponds to nano-particles. It is likely that the diffusion
coefficient is a size-dependent parameter and it takes a greater
value for micron-sized and larger particles. Micron-sized particles,
on the other hand, are associated with longer heating times. As a
result, mass diffusion is thus expected to be more important than
polymorphic phase transformations over the particle size range of
concern. Note that empirical correlations [4] and well-established
theories [42, 45] are available to treat the heterogeneous oxidation
processes prior to ignition.

2.2. Stage Il - phase transformations and ignition of nano-aluminum
particles

2.2.1. Core melting vs. polymorphic phase transformations in the
oxide layer

Melting of the aluminum core marks the beginning of the sec-
ond stage. The particle energy balance during melting can be writ-
ten as

dm

hm d[’l = QCond + Cirad’ (]7)

where hp, is the latent heat of melting and T, the melting tem-
perature. Analytical expressions for the melting time of aluminum
particles are obtained as follows:

pphmDy”

Tinelt ~ m,l(n < 0.01, (18)

N 4pphwD, T, y -1 |mTmg
Tmelt ¥ 3 T Ty y 71\ 8Ty <7 10 (19)

Figure 10 shows the comparison of the time scales of core melting
and polymorphic phase transformations in the oxide layer. The ox-
ide layer thickness is taken as 2 nm. At temperatures near the core
melting point, time scales of polymorphic phase transformations
are substantially greater than those of core melting. As a result,
most of the oxide shell is likely to remain amorphous upon melt-
ing of the aluminum core. Note that the situation is likely to be
different at a different heating rate.

2.2.2. Stresses in the oxide layer

Melting of the aluminum core results in volume dilatation,
since the density of liquid aluminum is 2.37 g/cm3, lower than
the solid-phase counterpart at the melting point (2.54 g/cm?). This
leads to the buildup of compressive and tensile stresses in the core
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Fig. 10. Comparison of time scales of core melting and polymorphic phase trans-
formations of the oxide layer.

and oxide shell, respectively. The core pressure can be calculated as
follows:
K
Apc=—-Apc—, (20)
Pec
where K is the bulk modulus of bulk aluminum, which is 50 GPa
at 933K [46]. The core pressure is calculated to be 3.35 GPa. The
interfacial stresses in the oxide shell can be calculated using the
following equations [47]:

Oy = _ps (2])

D, —28)* +D3/2
0y =0y = pu, (22)
D} — (Dp —26)

where o is the stress. The subscripts r,6, and ¢ refer to the ra-
dial, azimuthal, and polar directions, respectively. The radial stress
is calculated to be 3.35 GPa, regardless of the particle size. The po-
lar and azimuthal stresses are substantially greater than the ra-
dial counterpart, especially for larger particles. The measured ten-
sile strength of bulk alumina is on the order of 0.1 GPa [24], an
order of magnitude lower than the calculated tensile stresses in
the oxide layer. The shell is thus likely to fracture for the stress
values obtained in this study. Note that the fracture time, tsc, is
given by

Tfrac ~ Vi (23)

crack
where V. is the crack propagation velocity. To a good approxi-
mation, the crack speed can be taken as the speed of sound, which
is about 10 km/s for bulk alumina [48]. The resulting fracture time
is ~0.1 ps, substantially lower than the melting time of aluminum
particles. Cracking of the oxide layer is thus instantaneous upon
melting of the aluminum core.

2.2.3. Cracking vs. mass diffusion

The mechanical properties of oxide shell are not completely
understood. Ceramic materials are known typically to be brittle,
but deformation is possible for amorphous materials and at high
temperatures [49-51]. Firmansyah et al. [52] explored the mi-
crostructural behavior of nano-aluminum particles before and af-
ter melting of the aluminum core. The particle diameter is 100 nm
and oxide layer thickness is 2 nm. High-temperature X-ray diffrac-
tion analysis, hot-stage transmission electron microscopy, and
high-resolution transmission electron microscopy were employed.
When the particle was heated beyond the core melting point,
the aluminum core expanded under almost no constraint. Further-
more, the shell fractured with sharp crystalline edges and molten
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aluminum flowed out through the cracks. These findings suggest
that the amorphous oxide shell is ductile at temperatures near
the core melting point and cracking of the oxide layer is aided by
polymorphic phase transformations of the oxide shell. Note that
the heating rates employed in the study were on the order of
10 °C/min, which facilitated local polymorphic phase transforma-
tions of the oxide shell.

Zhang and Dreizin [53] investigated heterogeneous oxidation of
aluminum powders. Thermogravimetric analysis was performed for
two sets of powders with nominal size range of 3.0-4.5 and 10-
14 wm, respectively. For each powder, the measured weight gain
was distributed among particles under the assumption that the ox-
idation rate is proportional to the reaction surface area. The result-
ing temporal variations of the particle mass gain obtained from
two different powders were compared for a specific particle size.
Three different oxidation models were employed, corresponding to
ductile and rigid shells and reactions occurring at the core-shell
interface and the outer particle surface. Results suggested that re-
actions occurred at the outer surface of the rigid oxide shell. In a
similar study [54], oxidation of aluminum powders in water vapor
was characterized by thermogravimetric analysis. The rigid oxide
layer fractured multiple times and reactions occurred at the inter-
face or outer surface of the particles. It is apparent that the na-
ture of the oxidizer dictates the integrity of the oxide layer. Note
that the heating rate employed in these studies was 5 K/min, or-
ders of magnitude lower than the heating rates of concern to most
practical applications (~10° K/s). It is well-known that the mechan-
ical properties of the oxide shell depend on the heating rate, shell
thickness, and temperature [55]. Further studies are warranted
to understand the properties of the oxide shell at high heating
rates.

Puri and Yang [35] conducted MD simulations of the thermo-
mechanical behavior of passivated nano-aluminum particles dur-
ing melting. The heating rate was on the order 10'3 K/s. The parti-
cle size range was 5-10 nm and the oxide layer thickness varied in
the range of 1.0-2.5 nm. The oxidation process was characterized
by mass diffusion across the oxide layers of the particles. Crack-
ing of the oxide layer was not observed. Similar observations were
made by Li et al. [56] and Henz et al. [43] in their MD simulations.
The melting temperature of the oxide shell varied in the range
of 986-1313 K. These values are substantially lower than the bulk
melting point of 2350 K. Results of MD simulations are consistent
with the experimental observation that the outward diffusion of
aluminum atoms is more significant than inward diffusion of oxi-
dizer molecules [35,43].

It is apparent that there are three possible burning scenarios
for nano-aluminum particles. This is shown in Fig 11. If the oxide
layer is rigid and brittle, it fractures due to the tensile stress ex-
erted by the molten aluminum core. The molten aluminum reaches
the particle surface by flowing through the cracks/openings in the
oxide layer. The ensuing reactions and heat release can result in
ignition of nano-aluminum particles due to their low volumetric
heat capacity. On the other hand, if the oxide layer is ductile and
the pressure is relaxed, particle oxidation will be characterized by
mass diffusion across the oxide layer. Depending on diffusion co-
efficients of aluminum and oxidizer molecules, reactions occur at
the core-shell interface or outer surface of the particle. Note that
the interfacial oxidation results in new tensile stresses on the oxide
layer. The particle mass nearly doubles upon oxidation, while the
product density increases only by about 50%. As a result, the oxide
layer is under tensile stress and could crack continuously due to
geometrical constraints. No such behavior is expected to occur if
reactions occur at the outer surface of the particles. Note that the
diffusion process speeds up upon melting of the aluminum core
and oxide shell. For example, the diffusion coefficient increases by
two orders of magnitude, when the temperature increases from
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Fig. 11. Three different burning scenarios for nano-aluminum particles: (a) eruptive
burning due to fracture of the oxide layer; (b) diffusion burning with reactions at
the core-shell interface; (c) diffusion burning with reactions at the particle surface.

600 to 2000K [43]. This corresponds to a tremendous increase in
the oxidation rate of aluminum particles.

2.2.4. Ignition delay

Ignition delay is an important property of concern which can be
determined by means of energy balance analysis. The thickness of
the oxide layer is taken as 2 nm. The energy conservation equation
can be expressed as

dar . . .
mPCpE = {gen — qcond — Grad» (24)
The rate of energy generation, qgen, is expressed as
dD.
dt’
where h; is the heat of reaction. The Mott-Cabrera kinetics has

been employed to characterize the oxidation of aluminum particles
[42]

2
dD, D, - 268 W
T 2(Q21 + QZ)<DP nv exp (k,TT)

—qagDy
x eXp (kBT(Dp - 28)8)’ (26)

. 1
Qgen = iﬂDgpAlhr (25)
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Table 4
Constants in the Mott-Cabrera oxi-
dation model [42].

Constant Value

n 10 nm—2

v 10251

a 0.12nm

7 -1.6V

w 2.6eV

q 3e

Q4 —0.0166 nm?>
Q, 0.023 nm?

1 @® Friedman et al. [5]
10"t @ Pokhil et al. [57]
10°L@ Parr et al. [8] o
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Fig. 12. Effect of particle size on ignition delay of aluminum particles.

2
ds D, — 28 -w
T (21 + Qz)<DP> — Q1 |nvexp (’QTT)

—qagDy
X exp (I(,;T(D,,—Z(S)(S)’ (27)

where €2, is the core volume vacated per ion displacement, €2, the
volume of the oxide shell formed per displaced ion, n the number
of ions per unit area jumping over the energy barrier, W the en-
ergy barrier, v the attempt frequency of the jump, a the distance
between the energy barrier maximum and adjacent minimum, and
¢ the Mott potential. Table 4 shows the parameters of the Mott—
Cabrera kinetics model.

Ignition delay is defined as the time taken for temperature run-
away to occur. Figure 12 shows the effect of particle size on the
ignition delay of aluminum particles. The gas temperature is taken
to be 2500 K. Model predictions are compared with experimen-
tal data. For micron-sized and larger particles, ignition delay is
quadratically proportional to the particle size [5,57]. Predictions
of the continuum model are in good agreement with experimen-
tal data. At nano-scales, particle size exerts a weak effect on the
ignition delay. Note that the continuum model significantly under-
predicts the ignition delay and overestimates the size dependence
of ignition delay of nano-aluminum particles. Better agreement
with experimental data is achieved using a free-molecular model
and treating the effect of incomplete energy accommodation. In
the present analysis, the accommodation coefficient is treated as a
size-independent parameter. It is not yet understood how the ac-
commodation coefficient varies with particle size. Furthermore, in
the experiments of Parr et al. [8], particles could agglomerate and
measured ignition delays may thus correspond to agglomerates as
opposed to original particles. These information are necessary to
completely understand the size-dependence of ignition properties,
especially in the transition regime. Furthermore, the analysis does
not address complexities associated with cracking of oxide layer
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Fig. 13. Comparison of characteristic times scales of heating and polymorphic
phase transformations in the oxide layer.

Table 5
Threshold pressure for transition from vapor-phase to surface
combustion regime.

System Threshold pressure (atm)
Al-CO, (g) 45

Al-H,0 (g) 44

Al-H,0 (1) 1.6

Al-H,0 (1) (D, =38 nm) 0.16

Al-air >100

[58] and sintering and agglomeration of particles [59]. These phe-
nomena can be considered in a more advanced model of ignition of
aluminum particles. The present analysis provides reasonable esti-
mates of time scales associated with ignition of an isolated alu-
minum particle using a thermal model based on Mott-Cabrera ki-
netics. It also offers an explanation for the change in the size de-
pendence of the ignition delay of aluminum particles.

2.3. Stage Ill - combustion of nanoaluminum particles

In the third stage, nanoaluminum particles react vigorously
with the oxidizing gas and an aluminum oxide particle is formed.
For micron-sized particles, the particle temperature increases grad-
ually toward the bulk melting temperature of the oxide shell
(2350K). The heating time can be calculated using Eqgs. (5)-(8).
Figure 13 shows the comparison of particle heating times with
characteristic time scales of polymorphic phase transformations in
the oxide layer. It is apparent that polymorphic phase transforma-
tions in the oxide layer are significant in the third stage and a crys-
talline alumina layer is formed. The oxide layer melts and ignition
of micron-sized and larger aluminum particles is achieved.

2.3.1. Vapor phase vs. surface combustion

The mode of combustion depends on various parameters in-
cluding the particle size, pressure, and type of oxidizer. The adi-
abatic flame temperature is typically lower than the boiling point
of aluminum for pressures greater than a threshold value. Table 5
shows the threshold pressures for different oxidizers under sto-
ichiometric conditions. Calculations were performed using the
NASA chemical equilibrium with applications (CEA) program [60].
The threshold pressure is greater than 100atm for air and is
around 2 and 5atm for water and carbon dioxide, respectively.
Surface reactions are thus more important for water and carbon
dioxide environments. Note that the particle size in the nano-scale
range may also affect the mode of combustion. For example, the
threshold pressure for water is about 0.1 atm for a particle size of
38 nm. This can be attributed to the fact that the inert oxide layer
constitutes a greater portion of the particle mass at nano-scales; a
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Fig. 14. Comparison of rates of heat generation due to chemical reactions and heat
losses to the ambient gas.

38 nm aluminum particle, for example, contains 47 wt% oxide [3].
Combustion of nanoaluminum particles in water and carbon diox-
ide therefore occur heterogeneously at the particle surface over the
pressure range of practical concern (e.g., 1-100 atm).

Results of chemical equilibrium analysis suggest that vapor-
phase reactions occur in oxygenated environments for nano-
aluminum particles. In the previous analysis, effects of heat losses
to the ambient gas were neglected. In reality, the flame tem-
perature is dictated by the competing effects of heat generation
due to chemical reactions and heat losses to the ambient gas
[61]. Figure 14 shows the comparison of rates of heat generation
and heat losses to the ambient gas. Both radiation and conduc-
tion heat transfer modes are considered. To facilitate the analy-
sis, the particle is assumed to be heated to a temperature greater
than the ambient gas temperature by 200K due to energy release
from chemical reactions. As the continuum model is applicable for
micron-sized and larger particles, the corresponding gas tempera-
ture is taken to be 2000 K, which roughly correspond to the igni-
tion temperature of micron-sized aluminum particles. For the free-
molecular model, the gas temperature is taken to be 1300 K, which
is roughly the ignition temperature of nanoparticles. The choice of
these temperatures is somewhat arbitrary and does not affect the
outcome of the analysis. For simplicity, the characteristic time scale
of heat generation is assumed to be equal to the single-particle
burning time. If the rate of heat generation is greater than that
of heat loss to the ambient gas, the particle could be heated to
the boiling point of aluminum (T, =2740K at 1atm), thereby fa-
cilitating vapor-phase reactions. This is the case for micron-sized
and larger particles. For nanoparticles, heat losses becomes more
important and comparable to heat generation. The particle temper-
ature is thus likely to be lower than the adiabatic flame tempera-
ture. Note that the above result is not surprising since the surface-
to-volume ratio of the particle increases with decreasing particle
size. As a result, rate of energy loss to the ambient environment
becomes comparable or greater than that of the energy release
rate. In the analysis, the accommodation coefficient was about two
orders of magnitude lower than unity. Under these conditions, ra-
diation heat transfer becomes more important than the conduc-
tion counterpart. The radiation heat transfer rate is independent of
pressure, while the heat generation rate is directly proportional to
pressure. Deviations from thermal equilibrium conditions thus be-
come significant at higher pressures (> 1 atm). Furthermore, as the
heat generation rate is a function of the oxidizer composition, ther-
mal equilibrium conditions are more prevalent for carbon dioxide
and water vapor and in dilute oxygenated environments.

Figure 15 shows the effect of particle size on the measured
flame temperatures of aluminum particles in oxygenated and car-
bon dioxide environments The measurements at 1atm pressure
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Fig. 15. Measured flame temperature of aluminum particles in different oxidizing
gases (adapted from Ref. [6]).

correspond to laser ignited particles [26, 29, 62| and those at
higher pressures correspond to particles ignited in a shock tube
[31, 63]. The flame temperature was determined by monitoring the
intensity of the light emitted by the particles. For micron-sized
aluminum particles, the measured flame temperatures are approx-
imately equal to the adiabatic counterparts. At nano-scales, flame
temperatures are substantially lower than the adiabatic counter-
parts over a pressure range of 4-8 atm. This trend is in agreement
with the results of the heat transfer analysis. The scatter in the
experimental data stems from the fact that the ambient gas tem-
perature was varied in the range of 1200-2100 K. The flame tem-
perature is, however, as high as ~3400 K at 32 atm, suggesting that
deviations from thermal equilibrium conditions are substantial at a
pressure of 32 atm. Note that the boiling temperature of aluminum
is also a pressure-dependent parameter and it takes a value of
3800K at 32atm. As a result, combustion of nanoaluminum par-
ticles occur heterogeneously at the particle surface over the pres-
sure range of concern. This is more so should size dependence of
boiling point be considered. Dreizin [64], for example, studied the
effect of Laplace pressure on the boiling point of aluminum par-
ticles. At 1atm pressure, the boiling point of 100 nm aluminum
particles is ~3700K, substantially greater than the bulk value of
2740 K. Transition from continuum to free-molecular heat transfer
regime is yet another factor that drives the flame closer to the par-
ticle surface [65].

2.3.2. Mass diffusion vs. chemical kinetics

2.3.2.1. Characteristic time scales. The combustion mechanism of
nano-aluminum particles can be determined by comparing the
characteristic time scales of mass diffusion and chemical reactions.
Note that diffusion can occur through the gas-phase mixture and
the oxide layer covering the particle. If mass diffusion through the
gas-phase mixture is the rate-controlling process, the burning time
of aluminum particles is given by [66,67]

A PpD%J
bdiff = 8 paDo 10g (1 + iYo.q)

_ ppD,  [mRT,Mp
Cb.diff = ipaYoaMq 5 ,Kn > 10, (29)

where i is the stoichiometric fuel-oxidant mass ratio, Y the mass
fraction, and M the molecular weight. The subscript O refers to the
oxidizer. In the continuum regime, the burning time is quadrati-
cally proportional to the particle size and independent of the gas
pressure, since the pressure effects on the density and diffusivity
counteract each other. The burning time is however a linear func-
tion of the particle size and inversely proportional to gas pressure
in the free-molecular regime. The diffusion coefficient of oxygen in

,Kn < 0.01 (28)
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air is given by [68]

ky
T
Do = k; (%) % (30)

where T is the temperature in Kelvin, p the pressure in atm, T, the
reference temperature (1K), and pg the reference pressure (1 atm).
The constants k; and k, are 1.13 x 1079 m?/s and 1.724, respec-
tively. The resulting burning times of 100 nm aluminum particles
vary in the range of 10-7-10°s at a pressure of 1 atm.

If mass diffusion inside the particle is the rate-controlling step,
the particle burning time can be expressed as

Ry

tp diff & = 31
bdiff ~ 5 (31)

where D is the mass diffusion coefficient in the particle. If parti-
cle combustion is limited by chemical kinetics, the burning time is
given by [66]

PpDp

_— 32
IMpkpaXos (32)

Lh.chem =
where k is the rate constant and X the mole fraction. The resulting
burning times are strongly dependent on temperature, since rate
constants for chemical reactions and mass diffusion are exponen-
tial functions of temperature.

The diffusion coefficient and chemical rate constants are poorly
known parameters. Henz et al. [43] conducted MD simulations of
mechanochemical behaviors of nano-aluminum particles of diam-
eters 5.6 and 8.0 nm. Two different oxide layer thicknesses of 1
and 2 nm were considered. The mass diffusivity in the oxide layer
was on the order of 1072—10-7 m2/s over the temperature range
of 1000-2000 K. Substituting these values in Eq. (31), the burning
time of 100 nm particles is estimated to be 10-2-10~7 s. Note, how-
ever, that diffusion coefficients obtained using MD simulations cor-
respond to particles with diameters lower than 10 nm. Park et al.
[33] studied the oxidation of 50-150 nm aluminum particles using
a single particle mass spectrometer (SPMS) for temperatures up to
1373 K. The diffusion coefficient was estimated to be on the order
of 10-13-10-12 m2/s over a temperature range of 873—1173 K. Ex-
trapolating these values to a higher temperature of 2000 K, the dif-
fusion coefficient is obtained as 10~!! m2/s. The resulting burning
time is on the order of 10— s.

2.3.2.2. Comparison with experimental data. The combustion mech-
anism of nano-aluminum particles can be determined by compar-
ing the measured and calculated burning times. The dependence
of burning time on particle size, pressure, and temperature can
be used to gain insight on the combustion mechanism. Figure 16
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Fig. 16. Comparison of measured burning times of aluminum particles with theo-
retical counterparts under diffusion-controlled conditions.

shows the comparison of measured burning times with theoreti-
cal counterparts under diffusion-controlled conditions. Experimen-
tal data on measured burning times of aluminum particles are
available in Refs. [8, 62,69-76]. For nano-aluminum particles, the
calculated gas-phase diffusion times are several orders of magni-
tude lower than the measured burning times for nano-aluminum
particles. As a result, mass diffusion through the gas-phase mix-
ture does not control the burning rate of nano-aluminum particles.

As the chemical rate constant and mass diffusion coefficient
in the oxide layer are poorly known parameters, comparison of
characteristic time scales of mass diffusion and chemical kinetics
is not possible. It is however apparent from Fig. 16 that particle
size exerts a weak effect on the burning time of nano-aluminum
particles. The burning time has a size dependence of the form
Tp=aD,", where the exponent n is ~0.3 [6]. The diameter ex-
ponent is lower than unity due to the presence of cracks in the
oxide layer [58] and/or sintering and agglomeration of particles
[59]. The cracks in the oxide layer increase the fractal dimen-
sion of the particle surface, while the particle volume is negligi-
bly affected. The resulting diameter exponent is significantly lower
than unity under kinetically-controlled conditions. Moreover, par-
ticles tend to aggregate during combustion and the resulting burn-
ing time may not correspond to the initial particle size. Further-
more, gas pressure and temperature exert strong effects on burn-
ing time of nanoaluminum particles. The burning time is an ex-
ponential function of temperature, with activation energies in the
range of 50-144 kJ/mol [6]. It decreases by a factor of four when
the pressure increases from 8 to 32atm [31]. Note that, in the
free-molecular regime, gas-phase diffusion time scale is propor-
tional to the square-root of temperature, whereas time scales of
mass diffusion through the oxide layer and chemical kinetics are
exponential functions of temperature. These, together with the ob-
served size dependence of burning time, not only substantiate the
fact that mass diffusion through the gas-phase mixture is not the
rate-controlling process, but also suggest the burning rate of nano-
aluminum particles is controlled by chemical kinetics. Note that
the chemical rate constant is a poorly known parameter and needs
further investigation. Furthermore, several important phenomena
such as sintering and agglomeration of particles and cracking of
the oxide layer must be considered before a comparison can be
drawn between predictions and experimental data. These phenom-
ena can be considered in a future work to develop a rigorous
model of combustion of nano-aluminum particles.

2.4. Stage IV - combustion of large micron-sized aluminum particles

The fourth stage involves combustion of large micron-sized par-
ticles. As discussed is Section 2.3, vapor-phase combustion is ex-
pected in oxygenated environments, while surface reactions are
more important for water vapor and carbon dioxide oxidizers, es-
pecially at higher pressures. It is apparent from Figs. 14 and 15 that
the flame temperatures are approximately equal to the adiabatic
counterparts. For a particle burning under diffusion-controlled con-
ditions, the burning time is given by

oD}

thagiff = =—————. 33
b.diff = 8 p,Dg log (1 + B) (33)
The transfer number is given by
. iYo oHg + Cp(T; — T,
Vapor — phase combustion : B = Hoa7R +Lp( 2~ Tp) , (34)
v
Surface combustion : B = iYp 4. (35)

Note that these time scales should be treated as estimates
rather than being accurate representation of the particle burn-
ing time. As evident from Fig. 16, the measured burning times
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Table 6
Modes of ignition of aluminum particles.

Length scales Shell type Ignition mechanism

Core Shell

Nano Thick Rigid/brittle Fracture due to core melting and/or polymorphic phase changes
Thin Rigid/brittle Fracture, melting, and polymorphic phase changes of the oxide shell

Nano Thick Flexible Mass diffusion across oxide layer and polymorphic phase changes
Thin Flexible Melting of oxide shell and polymorphic phase changes

Large micron Thick/thin Rigid/flexible Melting of oxide shell

Table 7
Modes and mechanisms of oxidation of aluminum particles.

D, T p Oxidizer Primary reaction mode Rate controlling mechanism
Nano, micron T < Tigy - 0,, H,0, CO, Heterogeneous Mass diffusion across oxide layer
Nano - 0,, H,0, CO, Surface (Heterogeneous) Chemical kinetics
Small micron Low 05, H,0, CO, Vapor-phase (Homogeneous) and Mass diffusion through the gas-phase mixture
surface (Heterogeneous) and chemical kinetics
T> Tigy High 0, Vapor-phase (Homogeneous) and
surface (Heterogeneous)
H,0, CO, Surface (Heterogeneous)
Large micron Low 0,, H,0, CO, Vapor-phase (Homogeneous) Mass diffusion through the gas-phase mixture
High 0, Vapor-phase (Homogeneous)
H,0, CO, Surface (Heterogeneous)

are in reasonably good agreement with theoretical counterparts
under diffusion-controlled conditions. Furthermore, experimental
data suggests that the burning time is weakly dependent on the
pressure and temperature of the ambient gas [77]. These corrobo-
rate the fact that the burning rate of large micron-sized aluminum
particles is limited by mass diffusion through the gas-phase
mixture.

2.5. Modes of ignition and combustion of aluminum particles

The ignition and combustion mechanisms of aluminum parti-
cles depend on various parameters including the particle size, ox-
ide layer thickness, oxidizer, pressure, and temperature. Table 6
shows different modes of ignition of aluminum particles. For
nanoparticles with thick, rigid, and brittle oxide layers, ignition
is caused by the fracture of the oxide layer. The oxide layer
cracks due to the tensile stress exerted by the molten aluminum
core. Furthermore, polymorphic phase transformations can result
in openings in the oxide layer. The cracks/openings provide path-
ways for the aluminum particle to react with the oxidizing gas. The
ensuing heat release facilitates the ignition of small particles due
to their low volumetric heat capacity. For nanoparticles with thin
oxide layers, ignition could also be triggered by melting of the ox-
ide shell. The melting temperature of the oxide shell is a function
of the shell thickness; it takes a value as low as ~1000K for a shell
thickness of 1 nm [78]. Melting promotes mass diffusion across the
oxide layer, thereby facilitating particle ignition. For particles with
flexible oxide layers, the core pressure is relaxed upon melting due
to unrestrained expansion. As a result, ignition is caused by mass
diffusion across the oxide layers of the particles and polymorphic
phase transformations. For large micron-sized particles with high
volumetric heat capacities, ignition is achieved only upon melting
of the oxide layer.

The oxidation behavior of aluminum particles depends on the
particle size, oxidizer, pressure, and temperature. Table 7 shows
the oxidization scenarios of aluminum particles. For all cases, reac-
tions preceding ignition occur heterogeneously at the particle sur-
face. The oxidation rate is controlled by mass diffusion across the
oxide layers of particles. For nanoparticles, combustion is charac-
terized by heterogeneous surface reactions and the burning rate
is dictated by chemical kinetics. For large micron-sized particles,

the mode of combustion depends on the gas pressure and type of
oxidizer. Vapor-phase reactions occur in oxygenated environments,
while surface reactions are important for water vapor and carbon
dioxide, especially at high pressures. The particle burning rate is
controlled by mass diffusion through the gas-phase mixture. For
particles in the intermediate size range, both vapor-phase and sur-
face reactions are important and the burning rate is controlled
by chemical kinetics and mass diffusion through the gas-phase
mixture.

3. Conclusions

A general theory of ignition and combustion of nano- and
micron-sized aluminum particles was proposed. The oxidation pro-
cess was divided into different stages based on phase transfor-
mations and chemical reactions. Characteristic time scales of dif-
ferent processes were compared to identify physicochemical phe-
nomena in each stage. In the first stage, the particle was heated
to the melting temperature of the aluminum core. Key processes
were heat and mass transfer between the gas and particle surface
and diffusion of mass and energy inside the particle. The second
stage began upon melting of the aluminum core. Melting resulted
in pressure buildup and facilitated outward motion of molten alu-
minum by diffusion and/or flow through the cracks in the oxide
layer. Melting was followed by polymorphic phase transformations
in the oxide layer. If the oxide layer was rigid and brittle, it frac-
tures due to the tensile stress exerted by the molten aluminum
core, thereby igniting the nanoparticle. On the other hand, if the
oxide layer is flexible/ductile and the pressure is relaxed, parti-
cle oxidation will be characterized by mass diffusion across the
oxide layer. Depending on diffusion coefficients of aluminum and
oxidizer molecules, reactions occur at the core-shell interface or
outer surface of the particle. For nanoparticles with thin oxide lay-
ers, melting of the oxide layer could also be of concern to ig-
nition. Furthermore, polymorphic phase transformations could as-
sist in ignition of nanoparticles due to creation of openings in the
oxide layer due to differences in densities of oxide polymorphs.
For large micron-sized particles, ignition was not achieved pos-
sibly due to their greater volumetric heat capacity. In the third
stage, nanoparticles underwent vigorous self-sustaining reactions
with the oxidizing gas. Reactions occurred heterogeneously inside
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the particle and/or on the particle surface. Experimental data sug-
gested that the burning time of nanoparticles is weakly dependent
on particle size, but strongly dependent on pressure and temper-
ature of the ambient gas. Comparison of characteristic time scales
and evaluation of functional dependence of burning time on parti-
cle size, pressure, and temperature suggested that the burning rate
of nanoparticles was controlled by chemical kinetics and not mass
diffusion processes. For large micron-sized particles, polymorphic
phase transformations resulted in the formation of a crystalline
oxide layer. Melting of the oxide layer resulted in particle igni-
tion. In the fourth stage, the large micron-sized particle burned
through gas-phase or surface reactions, depending on the oxidizer
and pressure. The burning rate was controlled by mass diffusion
through the gas-phase mixture.
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