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The combustion-wave propagation of nickel-coated aluminum particles is studied theoretically for pack-
ing densities in the range of 10–100% of the theoretical maximum density. Emphasis is placed on the
effect of packing density on the burning properties. The energy conservation equation is solved numer-
ically and the burning rate is determined by tracking the position of the flame front. Atomic diffusion
coefficients and reaction rate of isolated nickel-coated aluminum particles are input parameters to the
model. The burning behaviors and combustion wave structures are dictated by the heat transfer from
the flame zone to the unburned region. Five different models for the effective thermal conductivity of
the mixture are employed. The impact of radiation heat transfer is also assessed. As a specific example,
the case with a particle size of 79 lm is considered in detail. The burning rate remains nearly constant
(<1 cm/s) up to a packing density of 60%, and then increases sharply toward the maximum value of
11.55 cm/s at a density of 100%. The Maxwell–Eucken–Bruggeman model of thermal conductivity offers
the most accurate predictions of the burning rate for all loading densities.

� 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Aluminum particles with diameters greater than 100 lm ignite
only upon melting of the amorphous aluminum oxide (Al2O3) layer
at 2350 K [1]. The particle ignition characteristics can be signifi-
cantly enhanced by substituting a nickel coating for the oxide layer
[1]. For example, the ignition temperature of �2.5 mm nickel-
coated aluminum particles is �1600 K, which is substantially
lower than the melting point of aluminum oxide [2]. This phenom-
enon is attributed to the presence of exothermic reactions between
nickel and aluminum atoms [2,3]. The flame speed of micron-sized
particle dust clouds can be quadrupled by employing nickel-clad
aluminum particles [4]. At nano scales, nickel coating may be used
to enhance the active aluminum content of the particle [5]. As a
result, nickel-coated aluminum particles have been studied for
propulsion and energy-conversion applications [1–5].

Combustion synthesis is an attractive method for manufactur-
ing nickel aluminides (NixAl1�x), which are advanced structural
materials for a variety of engineering systems [6,7]. The adiabatic
reaction temperature of a nickel–aluminum system is as high as
1910 K [8], considerably greater than those achieved in conven-
tional methods. The high temperatures drive out volatile impuri-
ties, producing relatively pure materials. The process can be
operated in two modes. In the propagation mode [9,10], the pow-
der is ignited at one end and a self-sustaining combustion wave
propagates through the unburned mixture. The thermal explosion
mode, which is applicable for systems with low exothermicity,
involves heating the entire sample to the ignition temperature
[11,12]. The reactant pellet is typically obtained by compacting
the powder in a die using a hydraulic press [13].

Recently, the cold spray method has been employed to synthe-
size fully dense energetic materials [13]. The particles were
entrained in a carrier gas and accelerated through a de Laval nozzle
and directed to a substrate. The primary advantage of this method
is the low process temperature, which helps to minimize reactions
during deposition. Unlike a cold pressing technique, the product
density is relatively uniform in both radial and axial directions
[13]. The starting material may consist of nickel and aluminum
particles or nickel-coated aluminum particles [12,13]. Understand-
ing their burning properties is thus of paramount importance for
material synthesis applications.

The physicochemical behaviors of nickel–aluminum systems
has been extensively studied by means of experiments [2,10,11–
14] and molecular dynamics (MD) simulations [3,15–17]. The
materials of interest include multi-layered foils [11,15], core–shell
structured particles [3,12–14,16], and consolidated blends of nickel
and aluminum particles [10,12,13]. The reactivity of Ni–Al systems
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Nomenclature

c burning-time constant
Cp specific heat
D pellet diameter, diffusion coefficient
dp particle diameter
EA activation energy
h heat transfer coefficient
k imaginary part of refractive index
K0 frequency factor
L pellet length
l0 optical thickness
n real part of refractive index
Qa absorption efficiency
Qconv convective heat transfer rate
Qgen heat generation rate
Qr heat of reaction
Qrad radiative heat transfer rate
Qs scattering efficiency
r core radius
R particle radius, universal gas constant
T temperature
t time
tb burning time
x spatial coordinate

Greek
a volume fraction
q density
k thermal conductivity, wavelength
e emissivity
r Stefan–Boltzmann constant
_x reaction rate
/ volume fraction
b extinction coefficient
g fraction of burned reactants

Subscripts
a ambient
f fluid, flame
ign ignition
m mixture
P preheat zone
p particle
R reaction zone
r radiation
u unburned
1 Maxwell–Eucken structure
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is facilitated by melting of aluminum [2,11,12], although reactions
have also been observed to occur at temperatures substantially
lower than the melting point of aluminum (933 K) [18,19]. The
predominant reaction pathway is the dissolution (or diffusion) of
nickel atoms in liquid aluminum, formation of various inter-metal-
lic phases at the interface, and precipitation of NiAl, a highly exo-
thermic process [2,11]. Table 1 shows the heat of formation of
several Ni–Al compounds [6]. NiAl has the highest heat of forma-
tion on a per mol-atom basis. Ignition may be caused by melting
of eutectic mixture (Al–NiAl3) [12], intermediate product (e.g.
NiAl3 or Ni2Al3) [12] or formation of NiAl [2]. The melting temper-
atures of different Ni–Al alloys are also given in Table 1. For nickel-
coated aluminum particles, mechanical fracture of nickel shell may
further assist the ignition process [12,16]. It is important to recog-
nize that the ignition behavior of isolated particles could be differ-
ent from that of powder compacts, due to the effects of heat losses
and collective phenomenon [2]. The reactivity can be enhanced by
both thermal and mechanical stimuli [14].

The flame propagation characteristics of Ni–Al multi-layered
foils [20–22] and particulate systems [10,13,23,24] have been
widely studied, while those of nickel-coated aluminum particles
are yet to be understood. Dean et al. [13], recently, measured the
burning rates of pressed and cold sprayed nickel–aluminum sam-
ples over a density range of 55–100% of the theoretical maximum
density (TMD). For pellets containing nickel and aluminum parti-
cles, the burning rate decreases with increasing pellet density. An
opposite trend was, however, observed for nickel-coated
Table 1
Heat of formation and melting point of Ni–Al inter-metallic compounds [2,6].

Species Heat of formation, kJ/mol Melting point, K

NiAl3 �150.624 1127
Ni2Al3 �282.42 1406
NiAl �118.4 1910
Ni3Al �153.134 1668
aluminum particles. Samples with densities lower than 55% of
the theoretical maximum density (TMD) were not considered,
since they were mechanically unstable. It is apparent that the
effect of packing density on burning properties of nickel-coated
aluminum particles needs to be further explored. The present work
aims to address this issue for densities in the range of 10–100%
TMD. Five different models for the effective thermal conductivity
of the mixture are employed. The model that accurately captures
the measured variations of the burning rate with packing density
is then determined.

2. Theoretical framework

The theoretical analysis treats one-dimensional and planar
flame propagation of a uniformly packed pellet of nickel-coated
aluminum particles in an argon environment. In reality, non-uni-
form packing of particles often takes place and results in density
Fig. 1. Schematic of the physical model of flame propagation of nickel-coated
aluminum particles.
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gradients in both the radial and axial directions [13]. Furthermore,
degassing of particles causes the pellet to expand and deform dur-
ing combustion. The velocity of the flame front may thus not be
constant throughout the burning process. To good approximation,
nonetheless, particles are assumed to be uniformly packed and
degassing is neglected. Figure 1 shows the physical model consid-
ered in the study. The particles are assumed to be uniformly sized
and their agglomeration is neglected. The interstitial spaces
between the particles are filled with argon gas. Following common
practice, the entire region of interest is divided into preheat, reac-
tion, and post combustion zones. The presence of chemical reac-
tions is neglected in the preheat zone. The particles begin to
react only when the local temperature reaches the ignition point,
Tign. Heat losses to the ambient environment by convection and
radiation are taken into account. Mass and energy balances are
enforced for a differential element and the resulting conservation
equations are solved to obtain the burning rate and temperature
distribution. Table 2 summarizes the thermophysical properties
of different species at 1 atm. The initial temperature is 298 K. The
properties of argon are taken from Ref. [25], while those of Al, Ni,
and NiAl are given in Refs. [6,26–31]. They are calculated at a mean
temperature in each zone. In the reaction zone, the properties of
particles are equal to the average of their respective values of the
reactant and product species. The properties of the mixture in
the preheat and reaction zones are averaged, respectively, to obtain
the mean properties of the pellet. To facilitate comparison with
experimental data [13], the particle size is chosen as 79 lm.

2.1. Energy balance

The experimental setup for nickel-coated aluminum particles
does not include an enclosing surface [13]. The energy conserva-
tion takes the form [32]:

qmCp;m
@T
@t
¼ km

@2T
@x2 þ _Q gen � _Q conv � _Qrad; ð1Þ

where q is the density, Cp the specific heat, T the temperature, t the
time, k the thermal conductivity, x the spatial coordinate, _Qgen the
heat generation rate, and _Qconv and _Qrad are the rates of heat loss
by convection and radiation, respectively, to the ambiance. The sub-
script m refers to the mixture. The heat generation rate, _Qgen, is
expressed as

_Q gen ¼ qmQr _x; ð2Þ

where Qr is the heat of reaction and _x the reaction rate. The rates of
heat loss by convection and radiation from the pellet to the ambient
gas are given by

_Q conv ¼
4h
D
ðT � TaÞ; ð3Þ

_Q rad ¼
4er

D
ðT4 � T4

aÞ ð4Þ
Table 2
Thermophysical properties of different species in preheat and reaction zones.a

Species Thermal conductivity (W/m K) Specific heat (J

P R P

Al 220 130 1060
Ni 66 80 440
NiAl alloy – 115 –
Ni-coated Al 137 108 613
Ar 0.016 0.055 520

P: preheat zone; R: reaction zone.
a Particle diameter is 79 lm, Ni shell thickness is 7 lm, and gas pressure is 1 atm.
where D is the pellet diameter (=6.35 mm) [13], e = 0.25 the particle
emissivity [33], r the Stefan–Boltzmann constant. The subscript a
refers to the ambient environment. Based on the Nusselt number
correlation reported in Ref. [34], the heat transfer coefficient, h, is
calculated to be 19.68 W/m2 K.

The following initial and boundary conditions are specified to
close the formulation:

t ¼ 0 : T ¼ Tu;

x ¼ 0 : T ¼ Tf ;

x ¼ L :
@T
@x
¼ 0;

ð5Þ

where L = 6.35 mm is the pellet length. The subscript f refers to the
flame. The energy equation is solved numerically by an explicit
finite difference method. The grid size and time step are chosen
as 12.7 lm and 10 ns, respectively. Negligible improvement in the
results is obtained when a smaller grid size or a lower time step
is employed. The temperature of the first grid point (x = 0) is taken
to be equal to the adiabatic flame temperature of nickel–aluminum
system (1911 K) [32].

The ignition temperature and burning time must be specified as
input parameters in the present analysis. Dean et al. [13] con-
ducted differential scanning calorimetry (DSC) testing of 79 lm
nickel-coated aluminum particles. The samples were heated in an
argon atmosphere at a rate of 20 �C/min. For uniaxially pressed
pellets, reactions began upon melting of aluminum at 933 K. The
cold sprayed sample, however, exhibited reactivity at a lower tem-
perature of �800 K. For simplicity, the ignition temperature is
taken to be 933 K in the present analysis. Note that reactions
may occur at temperatures lower than the melting point of alumi-
num, depending on the microstructure and morphology of the
materials, heating rate, ambient conditions, and composition
([18,19]). Furthermore, at higher loading densities, the oxide layer
could be damaged during compaction. As a result, the actual igni-
tion temperature could be lower than the melting point of alumi-
num (933 K), especially for dense mixtures.

The reaction mechanism of nickel-coated aluminum particles is
not well understood. Thiers et al. [12] studied the reactivity of
nickel-coated aluminum powder compacts under a thermal explo-
sion mode. The core diameter was in the range of 40–60 lm and
shell thickness of 2–3 lm was considered. Cracking of the nickel
shell and ejection of aluminum atoms were observed. Shteinberg
et al. [35] measured the reaction kinetics of nickel-coated alumi-
num particles of diameter 30–40 lm using an electro-thermal
analysis. The burning process was divided into three stages based
on the measured activation energies. In the first stage, the particle
was heated from 1113 to 1250 K, due to dissolution of nickel
atoms. The corresponding activation energy was 50 kcal/mol. The
second stage (1250–1400 K) was marked by cracking of the oxide
layer and ejection of molten aluminum. In the third stage, changes
in reaction mechanism resulted in a significantly higher activation
energy of 125 kcal/mol. White et al. [36] conducted a similar
/kg K) Density (kg/m3) Melting point (K)

R P R P R

1176 2700 933
670 8908 1728
717 5900 1910
760 5430 –
520 0.89 0.37 –
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thermal analysis. The measured overall activation energy of 30–
40 lm nickel-coated aluminum particles was 84 kcal/mol, which
falls into the range reported by Shteinberg et al. [35]. Andrzejak
et al. [2] investigated the ignition of isolated nickel-coated alumi-
num particles of diameter �2.5 mm. The shell thickness varied in
the range of 7.6–147 lm. The proposed mechanism involves disso-
lution of nickel atoms and formation (and melting) of various Ni–Al
species at the interface. Recent MD simulations by Sundaram et al.
[3] and Henz et al. [17] predict the diffusion and mixing of nickel
and aluminum atoms. The fragmentation of the nickel shell was
considered by Delogu [16]. For simplicity, the reaction rate is
assumed to be controlled by species diffusion processes. The burn-
ing time (tb) of particles [37] can be expressed as

tb ¼ _x�1 ¼ r2

cD
; ð6Þ

where r is the core radius, D the diffusion coefficient, and c the
burning-time constant. According to the Einstein–Smoluchowski
equation, the constant c is equal to six for three-dimensional sys-
tems [37]. It may, however, be treated as an adjustable parameter
to accommodate the effects of several poorly understood phenom-
ena, such as temporal variations in the heat-release rate, cracking of
the shell due to core melting, and/or compaction, and ensuing
changes in the reaction mechanism. Alternatively, the following
reaction rate model [38] may be considered:

_x ¼ dg
dt
¼ K0ð1� gÞ exp

�EA

RT

� �
; ð7Þ

where g is the fraction of the burned reactants, K0 the frequency
factor, and EA the activation energy. For nickel-coated aluminum
particles, the activation energy is measured to be in the range of
50–150 kcal/mol ([35,36]), and the frequency factor should be trea-
ted as an adjustable parameter. Calculations indicate that K0 varies
in the range of 107–1013 s�1, depending on the chosen activation
energy.

2.2. Thermal conductivity

Thermo-physical properties are of paramount importance in
predicting the burning properties. The thermal conductivity of
nickel-coated aluminum particles, kp, is a function of the core
diameter and shell thickness. It is calculated as follows [39]:

kp ¼
k2

AlR

ðr � RÞ½2kAl ln a� 2kNi ln a� ðk2
Al=kNiÞ� þ rkAl

ð8Þ

where

a � b� kAlR
b� kAlðR� rÞ ; b � 2ðR� rÞkNi þ 2rkAl: ð9Þ

Here k stands for the thermal conductivity, r the radius of the Al
core, R the outer radius of the particle. The subscripts Al, Ni, and p
refer to aluminum, nickel, and particle, respectively. Several corre-
lations are available in the literature for calculating the effective
thermal conductivity of multi-phase mixtures. The following
benchmark models are considered in the present study.

Parallel

km ¼ /pkp þ /f kf ; ð10Þ

where / stands for the volume fraction. The subscript f denotes
fluid.

Maxwell–Eucken [40–42]

km ¼
/f kf þ /pkp

3kf

2kfþkp

� �
/f þ /p

3kf

2kfþkp

� � ; ð11Þ
Ticha et al. [43]

km ¼ kp exp �
1:5/f

1� /f

 !
; ð12Þ

Bruggeman [40,44]

/p
kp � km

kp þ 2km

� �
þ /f

kf � km

kf þ 2km

� �
¼ 0; ð13Þ

Eq. (13) can be solved to obtain the following expression for
thermal conductivity:

km ¼
kf

4
ð3/p � 1Þ kp

kf
þ ð2� 3/pÞ þ

ffiffiffiffi
D
p� �

;

D ¼ kp

kf

� �2

ð3/p � 1Þ2 þ ð2� 3/pÞ
2 þ 2kp

kf
ð2þ 9/p � 9/2

pÞ: ð14Þ

The parallel model is based on simple volume averaging of the
properties of the two phases, assuming that the layers of the com-
ponents are aligned parallel to the heat flow. According to the Max-
well–Eucken model, the particles are greatly dispersed and their
interactions are neglected. Bruggeman’s theory, on the other hand,
assumes random distribution of the individual components. Ticha
et al.’s expression [43] was obtained for materials with internal
porosities.

In real materials, the interactions between particles cannot be
neglected, especially at high particle loading densities. Further-
more, the distribution of constituent materials in a multi-phase
mixture is not completely random. It is thus important to unify
the Maxwell–Eucken and Bruggeman theories. The methodology
developed by Wang et al. [40] has been adopted in the present
study. The complex material structure is approximated as a mix-
ture of Bruggeman and Maxwell–Eucken structures. The thermal
conductivity of the mixture is given by [40]

km ¼
Dþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ 2kpkf

q
2

;

D ¼ ð2kp � kf Þ/pð1� ap;1Þ þ ð2kf � kpÞ/f

2/f þ 2/pap;1 � 1
2/f

 !
;

ð15Þ

where / is the component volume fraction and a the volume frac-
tion of each component with a specified structure. The subscript 1
refers to the Maxwell–Eucken structure. The thermal conductivity
is determined iteratively, since the parameter ap,1 is not known a
priori. Figure 2 shows the effect of particle volume fraction on the
fractions of fluid and particle phases with the Maxwell–Eucken
structure for various ratios of thermal conductivity. The parameter
ap,1 increases with increasing particle volume fraction, reaches a
maximum value, and decreases with further increase in the volume
fraction. Note that the particle volume fraction corresponding to the
peak value of ap,1 is greater for a mixture with a higher thermal con-
ductivity ratio. The parameter af,1, on the other hand, decreases
monotonically with increasing volume fraction of the particles.
For a thermal conductivity ratio of 2000, af,1 is negligibly small
for volume fractions exceeding 0.65. Note that the thermal conduc-
tivity of the mixture is equal to that of particle in the limit of van-
ishing af,1. Figure 3 shows the variation of effective thermal
conductivity with particle volume fraction for various thermal con-
ductivity ratios. For kp/kf = 20, the effective thermal conductivity
increases gradually toward the maximum value. A sharp increase
at /p = 0.65 is, however, observed for kp/kf = 2000. For lower volume
fractions, the thermal conductivity of the mixture is nearly equal to
that fluid. Note that such a high thermal conductivity ratio is



Fig. 2. Effect of particle volume fraction on the fractions of fluid and particle phases
with Maxwell–Eucken structure for various ratios of thermal conductivities.

Fig. 3. Variation of effective thermal conductivity with particle volume fraction for
different ratios of thermal conductivities; Maxwell–Eucken–Bruggeman model.

Fig. 4. Variations of thermal conductivity with particle volume fraction as
predicted by different models.
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representative of conditions encountered in the present study, in
which gaseous argon is seeded with highly conducting metallic
particles.

Figure 4 shows a comparison of the predictions of the Maxwell–
Eucken–Bruggeman (MEB) model with the other models consid-
ered in the present study. The Parallel model predicts a linear
dependence of the thermal conductivity on the particle volume
fraction. The Maxwell model, on the other hand, suggests that
the thermal conductivity is constant up to a volume fraction of
0.95. Since the Maxwell analysis does not treat particle–particle
interactions, the results are not expected to be accurate for large
particle volume fractions. The models of Ticha et al. and Brugg-
eman produce almost identical results, with a sharp increase in
the thermal conductivity at a volume fraction of 0.3. The former
expression is much simpler and has been employed in the combus-
tion analysis of metal–water systems [45,46].

2.3. Diffusion coefficient

The diffusion coefficient must be specified as an input parame-
ter in the present analysis. It takes the form

D ¼ D0 expð�EA=RTÞ; ð16Þ

where D0 = 9.54 Å2/ps is the pre-exponential constant and
EA = 26 kJ/mol the activation energy [47]. Several other researchers
have obtained the diffusivities of the Ni–Al system [48–51] and
significant disparities exist between the values in the literature.
For example, the diffusivities obtained by Alawieh et al. [49] are
at least an order of magnitude lower than those of Du et al. [47].
Further studies are warranted. Note that the diffusion coefficient
at a specified temperature may not be a constant during mixing
due to the formation of inter-metallic phases [51].
Fig. 5. (a) Time evolution of temperature distribution in a pellet of nickel-coated
aluminum particles (b) position of the flame front as a function of time; particle
loading density of 100%.
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3. Results and discussion

The theoretical framework described in Section 2 is employed
to analyze the flame structure and burning rate of nickel-coated
aluminum particles for a wide range of pellet densities. The parti-
cle diameter is 79 lm and shell thickness is 7 lm. The aluminum
content is 27.8 wt.%. Figure 5 shows the temperature distribution
in a pellet of nickel-coated aluminum particles for a loading den-
sity of 100%. The temperature increases from the initial value of
298 K in the preheat region and attains a maximum value of
�1900 K. Note that the reaction temperature is approximately
equal to the adiabatic flame temperature of an equimolar nickel–
aluminum system (i.e., 1910 K [6]). The burning rate is determined
using a curve fit to position vs. time, as shown in the figure. The
model predicts the burning process to be steady, which is in rea-
sonable agreement with experimental data. The actual velocity of
the flame front is strictly not constant throughout the burning pro-
cess, due to the presence of density gradients in the pellet and
degassing of the particles [13]. These phenomena could be consid-
ered in a more comprehensive model in order to describe the tem-
poral variations of the burning rate. It should be noted that the
measured burning rates were obtained using a curve-fit to the
flame position vs. time. The coefficients of determination of these
fits were greater than 0.95 for all loading densities [13].

Thermal conductivity plays a critical role in dictating the pellet
burning behaviors. Figure 6 shows the variation of the burning rate
with the pellet density based on five different thermal conductivity
models. For the parallel model, the thermal conductivity varies lin-
Fig. 6. Effect of particle loading density on burning rate of nickel-coated aluminum
particles using different thermal conductivity models; particle diameter is 79 lm
and nickel shell thickness is 7 lm.

Fig. 7. Effect of particle loading density on burning rate of nickel-coated aluminum
particles; thermal conductivity calculated using the Maxwell–Eucken–Bruggeman
model; particle diameter is 79 lm and nickel shell thickness is 7 lm.

Fig. 8. Scanning electron micrographs of pellets containing nickel-coated alumi-
num particles (a) mean particle diameter of 49 lm and loading density of 80% (b)
mean particle diameter of 79 lm and loading density of 70% (courtesy of Mr. Steven
Dean and Dr. Richard Yetter).
early with the pellet density. As a result, the effects of thermal con-
ductivity and density counteract each other, leading to a constant
burning rate. The Maxwell model gives rise to a burning rate which
remains nearly constant up to a density of 90% and then increases
sharply toward the maximum value. The models of Bruggeman and
Maxwell–Eucken–Bruggeman, on the other hand, indicate that the
burning rate increases suddenly at loading densities of 30% and
60%, respectively. The model of Ticha et al. significantly under-pre-
dicts the burning rate for packing densities lower than 20%. The
above results clearly indicate that heat transport in a heteroge-
neous system must be treated properly, so that burning rates can
be accurately predicted for all loading densities.

Figure 7 shows the burning rate calculated using the Max-
well–Eucken–Bruggeman model. Reasonably good agreement
with experimental data [13] is achieved. This thermal conductiv-
ity model offers the best predictions for a packing density in the
range of 10–100%. For a loading density of 100%, the model pre-
dicts a burning rate of �70 mm/s when the parameter c is taken
to be six. This is lower than the experimental data by about 20%.
This is more so should the diffusion coefficients of Alawieh et al.
[49] be employed. Better agreement with experimental data is
achieved when the burning-time constant is greater than six.
Further studies elucidating the diffusion process in a pellet of
nickel-coated aluminum particles is warranted. Carson et al.
[52] define the thermal conductivity bounds for various hetero-
geneous systems. For systems in which the thermal conductivity
of the dispersed phase is lower than that of the continuous
phase (such as gas-filled internal pores in a solid matrix), the
effective thermal conductivity is greater than the predictions of
the Bruggeman model. For other cases (such as metal particles



Fig. 9. Effect of particle volume fraction on optical thickness and radiative thermal
conductivity of nickel-coated aluminum particles; particle diameter is 79 lm and
nickel shell thickness is 7 lm.
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dispersed in fluids), the effective thermal conductivity is
bounded by the limits prescribed by the Maxwell–Eucken and
Bruggeman models. The Maxwell–Eucken model assumes that
the particles are dispersed and do not form a continuous med-
ium. The Bruggeman model, on the other hand, treats random
distribution of the components.

Figure 8 shows scanning electron micrographs of nickel-
coated aluminum pellets at loading densities of 70% and 80%.
It is apparent that the particles are in close contact at several
instances. As a result, the Maxwell–Eucken model is not
expected to give accurate predictions for these loading densities.
The distribution of components is also not completely random.
The Maxwell–Eucken–Bruggeman model is thus more suitable
for heterogeneous systems such as particle-laden fluids. It is
interesting to note that a qualitatively similar trend was
observed for aluminum-molybdenum trioxide (Al/MoO3) pellets
[53]. The diameter of aluminum particles is 3–4 lm and the
MoO3 powder consists of rectangular particles with thickness
on the order of 5–10 nm and lengths varying from 0.5–1.0 lm.
The initial temperature is 298 K and pressure is 1 atm. The burn-
ing rate remained nearly constant at �1 m/s for loading densities
lower than 50% and increases sharply toward a value of �40 m/s
at a loading density of 70%. Note, however, that Al/MoO3 is a
gas-generating system and convective propagation is likely to
occur, especially for lower packing densities. As a result, the
effect of gas generation on the burning rate must be considered
to facilitate comparison with experimental data. For pellets con-
taining separate nickel and aluminum particles, the burning rate
decreases with increasing pellet density [13]. Optical micro-
graphs indicate that the nickel particles have agglomerated sig-
nificantly [13], thereby hampering the interactions between
nickel and aluminum atoms. As a result, it is likely that the reac-
tion rate decreases with increasing loading density. For nickel-
coated aluminum particles, the core–shell structure helps to pre-
serve the interface for all particle loading densities. The variation
of the burning rate with pellet density is thus only attributed to
the changes in the thermal diffusivity of the mixture.

For a particle size of 79 lm, the maximum burning rate is calcu-
lated to be 115 mm/s. An analytical expression for the burning rate
can be obtained following the approach of Zeldovich, Frank-Kame-
netskii, and Semenov [54]

rb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
km

qCp

Q m

CpðTign � TuÞ
_x

s
: ð17Þ

Eq. (17) yields a value of 122.8 mm/s for the burning rate at a
loading density of 100%, which agrees reasonably well with the
results of the present analysis. The model of Zeldovich et al.
assumes that the propagation of the combustion wave is driven
by the heat conduction from the flame zone to the unburned
region.

It is important to analyze the effect of radiation on the burning
rate. The optical thickness of the medium is calculated as

lo ¼ b�1 ¼
2qpdp

3/pqmðQ a þ Q sÞ
; ð18Þ

where l0 is the optical thickness, b the extinction coefficient, Qs the
scattering efficiency, and Qa the absorption efficiency. The size
parameter (pdp/k) is of the order of 100, indicating that the particle
diameter is significantly greater than the wavelength of thermal
radiation. Under such conditions, the absorption and scattering effi-
ciencies, Qa and Qs, can be expressed respectively as [55]

Q a ¼ 2ð1� AÞGðBÞ ð19Þ

Q s ¼ 2� Qa ð20Þ
where

A ¼ Rþ ðA� 1Þ expð�BÞ; ð21Þ

B ¼ 2nð1þ 2=ðn2 þ k2ÞÞ
1� A

; and ð22Þ

R ¼ ðn� 1Þ2 þ k2

ðnþ 1Þ2 þ k2 : ð23Þ

The function G takes the form

GðxÞ ¼ 1
2
þ e�x

x
þ e�x � 1

x2 ; ð24Þ

where n and k are the real and imaginary parts of the refractive
index, respectively. For a wavelength of 1 lm, n and k are equal
to 3 and 5, respectively. Eq. (18) can then be used to calculate the
optical thickness for various loading densities. For optically thick
conditions (bL > 1), the diffusion approximation can be invoked.
The radiative thermal conductivity is given by [56]

kr ¼
16rn2T3

3b
; ð25Þ

where r is the Stefan–Boltzmann constant. Figure 9 shows the
effect of the particle volume fraction on the optical thickness and
radiative thermal conductivity for a pellet of nickel-coated alumi-
num particles. For loading densities greater than 40%, the medium
is optically thick. In this regime, the calculated radiative thermal
conductivity is orders of magnitude lower than the conduction
counterpart. The flame propagation is dictated by heat conduction;
the assumption invoked in the present study is thus justified. Note
that the diffusion approximation is not valid for optically thin con-
ditions. It over-predicts the radiative thermal conductivity for load-
ing densities lower than 40%. A more sophisticated analysis
considering a complete radiative transport equation is required to
elucidate the effect of thermal radiation on the burning behavior
for optically thin conditions. The present analysis does, however,
capture the main features of combustion of nickel-coated alumi-
num particles, with reasonably good agreement between the pre-
dictions and experimental data.

4. Conclusions

A theoretical analysis was conducted to investigate the flame
propagation characteristics of nickel-coated aluminum particles
for packing densities in the range of 10–100% of the theoretical
maximum density. Emphasis was placed on the effect of packing
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density on the burning properties of nickel-coated aluminum par-
ticles. The energy conservation equation was solved numerically
and the burning rate was determined from the temporal variations
of the position of the flame front. The diffusion coefficients and
reaction rate of nickel-coated aluminum particles were incorpo-
rated into the flame propagation analysis. As a specific example,
the case with a particle size of 79 lm was considered. Of the five
different thermal conductivity models considered in the present
work, the Maxwell–Eucken–Bruggeman model offered the best
predictions of the burning rate for all loading densities. The burn-
ing rate remained nearly constant (<1 cm/s) up to a density of 60%
and then increased sharply toward the maximum value of
11.55 cm/s at a density of 100%. Radiation heat transfer exerted a
negligible effect on the burning behaviors for packing densities
greater than 40%. A more sophisticated analysis considering a com-
plete radiative transport equation is required to elucidate the effect
of thermal radiation on burning behavior for optically thin
conditions.
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