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Mechanistic Model for Aluminum Particle
Ignition and Combustion in Air

Paul E. DesJardin,∗ James D. Felske,† and Mark D. Carrara‡

State University of New York at Buffalo, Buffalo, New York 14260-4400

A mechanistic model for the ignition and combustion of an isolated aluminum particle burning in air is presented.
The model consists of two stages, ignition and combustion. In the ignition stage, melting and heterogeneous surface
reactions (HSR) are assumed to occur until a predefined transition temperature of the oxide is attained. In the
combustion stage, a quasi-steady state diffusion flame is assumed, and a new conserved scalar formulation is
presented that accounts for the deposition of metal oxide on the surface of the molten aluminum. A system of
nonlinear ordinary differential equations that describes each stage self-consistently with the gas-phase analysis
is developed. Representative results are presented for a range of ambient temperature conditions and compared
to experimental measurements. Predictions of overall burn rates, particle velocity, and flame radius show good
agreement with experimental data. Also discussed is the extension of the conserved scalar approach to include a
more generalized oxidizing environment as well as HSR from nitride reactions during the quasi-steady burning
stage.

Nomenclature
A = surface area
A1 = preexponential constant
B = transfer number
Bi = Biot number
C = specific heat
CD = drag coefficient
D = diameter
Dl + s = particle diameter from liquid and solid phases
Dm = diffusivity coefficient
Ea = activation energy
f = ratio of metal-oxide surface sink to total mass flux
h = convection coefficient, total enthalpy

(i.e., sensible plus chemical)
hlg = heat of vaporization
hr,gs = heat of reaction for homogeneous gas-phase reactions
hr,ls = heat of reaction for heterogeneous surface reactions
k = thermal conductivity
m = mass
ṁ lg = mass evaporation rate of liquid aluminum from

evaporation
ṁ ls = mass consumption rate of liquid aluminum

to form solid aluminum oxide (Al2O3)
ṁsl = mass transfer rate from solid to a liquid during melting
Nu = Nusselt number
P = pressure
Pr = Prandtl number
Q̇conv = energy source/sink term from convection
Q̇HSR = energy source term from heterogeneous combustion
Q̇melt = energy sink term from melting
q̇ ′′

c = heat-conduction flux
q̇ ′′

rad = radiative heat flux
R = universal gas constant
Re = Reynolds number
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Sc = Schmidt number
Sh = Sherwood number
T = temperature
Tb = boiling temperature
TM = melting temperature
Ttrans = transition temperature
t = time
u = velocity
Yox = mass fraction
α = ratio of the particle liquid mass to liquid plus

solid mass, i.e., α = ml/(ml + ms)

µ = molecular viscosity
νi = stoichiometric ratio of mass of i th species

consumed/produced per unit mass of metal
(Note, the sign convention chosen is νi > 0 for
consumption and νi < 0 for production for
convenience in defining the coupling functions.)

ρ = density

Subscripts

g = gas property
l = liquid metal property
m = vapor metal property
mox = metal-oxide property
ox = oxidizer property
P = mass weighted particle property
p = product gas property
s = solid metal property
slg = surface property at liquid–gas interface
sls = surface property at liquid–solid interface
T = mixture weighted property for gas and

metal-oxide particles
∞ = far-field gas-phase property

I. Introduction

E XTENSIVE research on the burning of aluminum particles has
been conducted since the early 1960s. Aluminum powder ad-

ditives have found use in applications ranging from enhancing the
specific thrust for propellants in rocket motors to the formulation of
advanced energetic materials for the design of explosives. A sum-
mary of the present understanding of aluminum combustion can be
found in the review by Williams.1

The ignition of aluminum particles begins with a relatively
short heterogeneous combustion stage and quickly transitions to
a quasi-steady diffusion flame with a detached spherical flame
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positioned off the particle surface at two to five radii.2,3 In addi-
tion to gaseous products from the flame, solid oxide condensates
accumulate on the leeward side of the particle, forming a cap. This
cap reduces the overall surface area of the aluminum and in some
cases results in violent surface gas ejections caused by both the dilu-
tion of molten aluminum with oxides and the participation of nitride
reactions.4−6 These events are especially severe in water vapor en-
vironments and result in particle cracking and fragmentation.6

Early semi-analytical theoretical models of aluminum combus-
tion have focused on the quasi-steady burning stages.7−9 These mod-
els employ flame sheet approximations and decompose the transport
of heat and mass into two zones: a region between the particle sur-
face and the flame and a region beyond the flame. Results using
these models have been shown to provide reasonable predictions
for burning rates for a variety of oxidizing environments.9,10 Liang
and Beckstead and Widener et al. investigated a more detailed de-
scription of the flame and flow around the particle but found that
many of the aspects of the flame structure and overall burning rates
are close to that obtained using flame sheet assumptions.11,12 Most
recently, Babuk and Vasilyev have devised a five zone model that in-
cludes a more complete description of oxide cap formation, growth
and movement.13 They demonstrate that their model is capable of
capturing many of the observed dynamics of agglomerate motion.
In all of these previous studies, only the late time combustion regime
of the particle had been considered.

The focus of the present research is on the development of a
relatively simple mechanistic model to account for both the early
ignition and the late time quasi-steady burning modes of aluminum
particles which include heating, melting, heterogeneous surface re-
actions (HSR), gas-phase combustion, and metal-oxide cap formu-
lation. In addition, a new conserved scalar formulation is presented
for the quasi-steady burning stage, which includes the effects of
metal-oxide deposition on the particle surface. This new approach
allows for the relaxation of flame sheet assumptions that have been
largely used in previous developments.8,10 It is highly desirable for
the mechanistic model to be computationally efficient because it will
later be used as a submodel in larger scale numerical simulations
of highly energetic, multiphase, turbulent flows. Approximations
are therefore introduced to capture only the leading-order effects
of particle ignition and combustion on the surrounding temperature
environment, that is, a lumped model, constant thermal properties,
etc.

The remainder of this study begins with the mathematical for-
mulation of the model and extensions to include a more general-
ized oxidizing environment and nitride HSR. Results are then pre-
sented with comparison to experimental data. Finally, conclusions
are drawn and a summary of findings is presented.

II. Model Formulation
The particle is assumed to be spherically symmetric and treated

using a lumped capacitance approach because the Biot number Bi
(= h P DP/kP) is estimated to be no larger than 0.01 for all cases
considered. The ignition and combustion of the aluminum particle
is modeled in two stages. In the first stage, stage I, the particle un-
dergoes rapid heating followed by melting from convection heat
transfer. HSR are taken into account (see Fig. 1) and result in ad-
ditional heating of the particle until a transition temperature Ttrans

is attained. Previous studies have suggested that the transition from
stage I to quasi-steady burning (stage II) corresponds to the melt-
ing temperature of the metal oxide. As will be discussed in the
results, the exact value of transition temperature turns out to not be
that important within the approximations that will be used to model
ignition. In the second stage, the oxide layer skin surrounding the
particle is assumed to peel back and coalesce into a cap on the down-
stream side of the particle (see Fig. 2). Molten metal is exposed to
the surrounding gas, and a detached diffusion flame is established
at two to five particle radii.

A. Stage I—Ignition
Prediction of the early time ignition characteristics of aluminum

is extremely challenging. Previous studies of aluminum oxidation,

Fig. 1 Sketch of stage I heterogeneous particle ignition. Note, the thick-
ness of the oxide layer is exaggerated for clarity.

Fig. 2 Sketch of stage II flame sheet particle combustion.

which had the goal of understanding high-temperature corrosion
phenomena, have highlighted the complexity of predicting oxide
growth. This complexity includes the effects of ion and electron
transport in the oxide shell and associated formation of internal
electric fields, diffusion of oxidizer along grain boundaries, macro-
scopic diffusion effects from oxide fracture, and the importance of
accounting for metal impurities.14−17 Needless to say, a complete
description of aluminum-oxide growth is still not within reach, and
pursuing this goal is outside the scope of the present work. Al-
ternatively, a phenomenological description of the ignition char-
acteristics is desirable. Several Arrhenius-based models have been
postulated.18−20 Several models are summarized in Ref. 21. The
Arrhenius preexponential and activation energy factors for the cur-
rent study are taken from the work of Servaites et al., Foelsche
et al., Roberts et al., which are empirically determined from exper-
iments in which aluminum particles are exposed to shock ignited
O2, H2O/O2/Ar and CO2/O2/Ar environments.20,22,23 The reason for
this selection is that the conditions of their experiment best match
the intended use of the current model for larger scale simulations of
shock dispersal events.

Figure 1 shows the relatively simple description of particle igni-
tion consisting of solid metal ms and liquid metal ml surrounded
by a layer of metal oxide mmox. Upon heating, the particle temper-
ature increases until a melting phase transition occurs. Melting is
monitored with a progress variable α, defined as the mass fraction
of liquid in the particle, α = ml/(ml + ms). If α > 0, then metal ox-
ide is assumed to form at the liquid/metal-oxide interface as result
of oxygen having diffused through the metal-oxide shell through
its grain boundaries. Other diffusion mechanisms might also be
present, but these mechanisms are thought to be of secondary im-
portance in comparison to grain boundary diffusion and therefore
are neglected.14,15 Based on a control volume analysis surrounding
the oxide shell, a set of nonlinear ordinary differential equations
describing mass, momentum, and energy conservation are derived
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and given by

dα

dt
= 1

ml + ms
[ṁsl − (1 − α)ṁ ls] (1)

dml

dt
= ṁsl − ṁ ls (2)

dm P

dt
= νoxṁ ls (3)

m P
duP

dt
= π

8
ρg D2

P CD|ug − uP |(ug − uP) + m P g (4)

m P CP
dTP

dt
= Q̇conv + Q̇rad − Q̇melt + Q̇HSR

= π DP
µgCg

Prg
(Tg − TP)Nu P

− q̇ ′′
rad AP − hlsṁsl − ṁ lshr,ls (5)

Equations (1) and (2) describe the time rate of change of liquid mass
fraction and overall liquid mass in the droplet. These equations have
source and sink terms associated with aluminum melting ṁsl and
HSR ṁ ls, respectively (see Fig. 1), and are determined from the
following relations:

ṁsl =
{

(Q̇conv + Q̇HSR)/hls for 0 < α < 1 and TP = TM,Al

0 otherwise

ṁ ls =
{

Asls A1 exp(−Ea/RTsls) for α > 0

0 otherwise

where the values of the preexponential coefficient A1 and activation
energy Ea are given in Table 1 from the study of Roberts et al.23 It
should be emphasized that A1 and Ea are, in general, functions of the
surrounding gas pressure and oxidizing environments, and therefore
the values used here are only applicable for HSR in O2 environments.
The material consumed from HSR is assumed to be small so that the
surface area of the heterogeneous reaction front Asls is set equal to the
surface area of the particle AP . It is assumed that the temperature at
the reaction surface Tsls is the same as the temperatures of the liquid
and solid aluminum TP (i.e., thermally lumped). The drag coefficient
CD and Nusselt number Nu P in Eqs. (4) and (5) are expressed in
terms of a particle Reynolds number ReP (= DPρg|uP − ug|/µg),
using the following standard drag and heat-transfer correlations for
a sphere.

CD =
{

24
(
1 + Re

2
3
P

/
6
)/

ReP for ReP ≤ 1000

0.424 for ReP > 1000 (6)

Nu P = 2
[
1 + Re

1
2
P Pr

1
3

g

/
3
]

(7)

Table 1 Thermo-physical particle and gas properties

Property Value

Cl = Cs = CP 1046 J/kg-K
hlg (evaporation) 11,834.82 kJ/kg
hls (melting) 396 kJ/kg
hr,ls (heterogeneous surface reactions) −31,000 kJ/kg
hr,gs (homogeneous gas-phase reactions) −43,334.82 kJ/kg
Prg = Scg 0.613
TM,Al 934 K
νox 0.886
ρl = ρs = ρP 2700 kg/m3

Ea 95,395 J/mol
A1 200 kg/m2

Yox,∞ 0.233

B. Stage II—Quasi-Steady Combustion
1. Gas-Phase Analysis

After the particle heats up to Ttrans, reactions are assumed to shift
from the surface to the vapor phase. The vapor-phase combustion
is then treated using an extension of the conserved scalar formu-
lations for hydrocarbon droplets.24 In this approach, standard ap-
proximations that readily allow for a semi-analytical solution are
employed. These approximations include a unity Lewis number,
ρDm is a constant (i.e., Chapman gas assumption) and constant spe-
cific heats. Therefore the steady-state, one-dimensional spherical,
transport equations are the same as classical hydrocarbon droplet
analysis except that the total mass flux is interpreted to be the sum
of fluxes caused by gas plus metal oxide. The exact phase of the
metal oxide (i.e., solid vs gas) is not delineated because it is as-
sumed that the diffusion of the small metal-oxide particles in its
fume is the same as that of the gaseous species. This appears to
be reasonable because the products of combustion include gaseous
suboxide species such as AlO, AlO2, and Al2O, which are thought to
condense out while forming Al2O3 as they diffuse from the flame to
the particle surface. In addition, effects of thermophoretic diffusion
also push the metal-oxide particles from the hot flame to the cooler
surface. The current approximation might therefore account for the
leading-order effect of thermophoretic diffusion because the tem-
perature and species gradients are proportional to each other. The
novelty of the current analysis is the inclusion of oxide deposition
on the particle surface through the surface boundary conditions. A
surface sink term Ṡ′′

mox is introduced to account for the deposition
of metal oxide. This results in a modification of the usual Shavb–
Zeldovich coupling functions.24,25 The boundary conditions with
deposition present become as follows:

Total mass:

ṁ ′′
l − Ṡ′′

mox = ṁ ′′
T,slg (8)

Metal mass:

ṁ ′′
l = ṁ ′′

m,slg = Ymṁ ′′
T,slg − ρDm

dYm

dr

∣∣∣∣
slg

(9)

Oxidizer mass:

0 = ṁ ′′
ox,slg = Yox,slgṁ ′′

T,slg − ρDm
dYox

dr

∣∣∣∣
slg

(10)

Metal-oxide mass:

− Ṡ′′
mox = ṁ ′′

mox,slg = Ymox,slgṁ ′′
T,slg − ρDm

dYmox

dr

∣∣∣∣
slg

(11)

Product gas mass:

0 = ṁ ′′
p,slg = Yp,slgṁ ′′

T,slg − ρDm
dYp

dr

∣∣∣∣
slg

(12)

Inert mass:

0 = ṁ ′′
I,slg = YI,slgṁ ′′

T,slg − ρDm
dYI

dr

∣∣∣∣
slg

(13)

Energy:

q̇ ′′
c |l + ṁ ′′

l hl − Ṡ′′
moxhmox = q̇ ′′

rad|slg + ṁ ′′
T,slghslg − ρDm

dh

dr

∣∣∣∣
slg

= q̇ ′′
c |slg + q̇ ′′

rad|slg +
∑

i

ṁ ′′
i hi |slg (14)

For the burning of aluminum in air, the inert species is N2. The only
additional product gases are those that form metal oxide. However,
the inclusion of product gases is left in the analysis so it could also be
applied to a more general oxidizing environment (e.g., combustion
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of aluminum in water vapor producing hydrogen gas). The assump-
tion of constant specific heats allows the energy boundary condition,
Eq. (14), to be written as follows:

Energy:

q̇ ′′
c |l = q̇ ′′

rad|slg + q̇ ′′
c |slg + ṁ ′′

l hlg (15)

where the Ṡ′′
mox sink term has been cancelled with the metal-oxide

contribution in the enthalpy summation in Eq. (14) via Eq. (11).
Similar to a hydrocarbon droplet analysis, a conserved scalar ap-

proach is used to solve the transport equations along with their corre-
sponding jump conditions resulting in the following set of coupling
functions b (following the same notation of Kuo25),

bm–ox = Ym − Yox/νox

Ym,slg − (Yox,slg/νox + f + 1)

bm–mox = Ym − Ymox/νmox

Ym,slg − [Ymox,slg/νmox + (1 + 1/νmox) f + 1]

bm–p = Ym − Yp/νp

Ym,slg − (Yp,slg/νp + f + 1)
, bI = YI

YI,slg

bm–T = CT T − Ymhr,gs

h′
lg + hr,gs( f + 1 − Ym,slg)

(16)

where the fraction f is defined as the ratio of Ṡ′′
mox to ṁ ′′

T (i.e.,
f = Ṡ′′

mox/ṁ ′′
T ) and h′

lg is the effective latent heat of vaporization
defined as h′

lg = hlg( f + 1) + (q̇ ′′
rad|slg − q̇ ′′

c |l)/ṁ ′′
T . By construction,

each of the functions in Eq. (16) has exactly the same analytical
solution and is given as:

ṁT /(4πr) = ρslg Dm ln{(b∞ − bslg + 1)/[b(r) − bslg + 1]} (17)

Evaluating these functions at the surface of the liquid then re-
sults in a coupled set of nonlinear algebraic relations given as
ṁT /(4πrslg) = ρslg Dm ln[1 + b∞ − bslg] = ρslg Dm ln[1 + B], where
B is the transfer number defined as B = b∞ − bslg. The total num-
ber of independent equations is equal to n p + nI + 3, where n p and
nI are the number of product gaseous species and inerts, respec-
tively. The expression relating ṁ ′′

T to B is omitted from this count
because only B, not ṁ ′′

T , is included as an unknown. Assuming
a liquid–vapor equilibrium, a Clausius–Clapeyron relation can be
introduced to relate the metal vapor pressure to the local surface tem-
perature bringing the total number of equations to 4 + n p + nI . The
total number of unknowns equals 2(n p + nI + 4) + 3 that includes
unknown values of the mass fraction of all species and temperature
at the surface of the particle and at the far field, as well as values
for B, Ṡ′′

mox (or f ) and q̇ ′′
c |l . Note, radiation (q̇ ′′

rad|slg) is omitted in
this count, but can easily be included because the expression for ra-
diation is given in terms of local surface properties. Assuming that
the far-field values can be specified for all quantities reduces the
total number of unknowns to n p + nI + 7. Subtracting the number
of equations from the number of unknowns results in the require-
ment that three additional constraints must be imposed to close the
system. The first is the usual assumption that Yox,slg = 0, which as-
sumes no oxidizer diffuses through the flame. Note that the flame
does not have to be infinitely thin to satisfy this requirement. The
second constraint is that the heat flux into the particle is modeled
as q̇ ′′

c |l � −kl(Tslg − TP)/rP , where TP is the bulk temperature that
is known by solving for the liquid phase using a lumped approxi-
mation (to be discussed). The use of this model occasionally results
in unrealistically large values of heat flux. To prevent this a flux
limiter is introduced (see Appendix). Future work will examine the
limitations of this assumption with comparisons to more refined liq-
uid phase analysis (e.g., see the excellent discussion of Sirignano
on related details26). However, in the spirit of maintaining a sim-
ple, computationally efficient representation of particle heating, the
current approximation for q̇ ′′

c |l is felt to be adequate. For hydro-
carbon combustion models, the first two constraints are all that are
required. However, with the introduction of the Ṡ′′

mox term, an addi-
tional constraint is needed. Several possibilities were explored. The

first considered is assuming that a thin flame sheet exists because
the actual structure of the flame up to now has not been explicitly
defined. Setting bm–ox equal to bm–mox at the flame sheet allows an
explicit expression for f to be obtained. However, solutions using
this approach result in nonphysical values for f . After much delib-
eration, the source of the problem was determined to be the solution
for b itself given in Eq. (17). The main problem is that the value
of bm–mox across the flame sheet is discontinuous when Ṡ′′

mox �= 0;
therefore, the solution given in Eq. (17) is no longer valid. As a pos-
sible fix, one can determine the solution for bm–mox by including the
discontinuity in slope at r = r f , which introduces an additional term
that accounts for the jump in b across the flame; however, pursuing
such an approach then eliminates the advantage of using a conserved
scalar approach in the first place. Alternatively, a local closure for
Ṡ′′

mox at the particle surface is more desirable. Several possible ap-
proaches can be explored depending on what is assumed and/or
known to be the dominating physics controlling the deposition of
metal oxide particles to the surface. However, a limiting case can
be identified for which the deposition of metal oxide is sufficiently
fast that the mass fraction of it at the particle surface is zero, that is,
Ymox,slg = 0. This assumption provides an upper limit on the amount
of metal oxide that can be deposited onto the surface. The same as-
sumption has previously been used by Law to close the eigenvalue
system under a flame sheet approximation.8 Several other processes
have also been postulated for the deposition of metal oxide onto the
particle surface (e.g., such as entrainment of metal-oxide particles
into a recirculation zone on the leeward side of the particle13). Such
mechanisms are not considered in the present study. After impos-
ing the just-mentioned constraints, the transfer numbers B for each
coupling function can then be determined along with an explicit
expression for f :

Bm–ox = Ym,slg + Yox,∞/νox

f + 1 − Ym,slg
(18)

Bm–mox = (Ymox,slg − Ymox,∞)/νmox − Ym,slg

Ym,slg − [Ymox,slg/νmox + (1 + 1/νmox) f + 1]
(19)

Bm–p = (Yp,slg − Yp,∞)/νp − Ym,slg

Ym,slg − (Yp,slg/νp + f + 1)
(20)

BI = (YI,∞/YI,slg) − 1 (21)

Bm–T = CT,slg(T∞ − Tslg) + Ym,slghr,gs

h′
lg + hr,gs( f + 1 − Ym,slg)

(22)

f = − (1 − Ym,slg)(Ymox,∞/νmox − Yox,∞/νox)

(Ymox,∞ − Ym,slg)/νmox − (1 + 1/νmox)Yox,∞/νox
(23)

Equations (18–23) along with a vapor pressure relation for alu-
minum {i.e., Tslg = B/[A − log(P)] − C , where constants A, B,
and C can be found in the website: http://webbook.nist.gov} rep-
resent a system of nonlinear algebraic equations that are nontrivial
to solve. Details describing a relatively simple and efficient method
for solving these equations for an arbitrary number of product and
inert species are summarized in the Appendix.

2. Liquid Metal and Metal-Oxide Analysis
The liquid-phase system in the quasi-steady-burning mode is de-

rived considering a moving control volume surface that surrounds
the particle as it evaporates and accumulates metal-oxide mass. The
control volume lies just outside the surface of the liquid and metal
oxide. The distribution of velocity, density, and composition is as-
sumed uniform throughout the particle. The temperature distribution
is allowed to vary to accommodate unsteady heating effects and is
expressed in terms of a lumped temperature TP . Details on this type
of control volume analysis can be found in Appendix A of Ref. 27.
The result of this analysis is compatible with the gas-phase treatment
and leads to the following system of ordinary differential equations
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(ODE) governing the evolution of particle properties with time:

dm P

dt
= −π Dl

µg

Scg
BShg = ṁ P (24)

dml

dt
= ( f + 1)ṁ P = ṁl (25)

m P CP
dTP

dt
= π Dl

µgCT,slg

Prg
�T Nu P + ṁl hlg − q̇ ′′

rad|slg AP (26)

m P
duP

dt
= π

8
ρg D2

P CD|ug − uP |(ug − uP) + m P g (27)

The subscripts l and P denote liquid and total mass weighted
(i.e., liquid plus metal oxide) properties. The quantities Dl

and DP are the effective liquid diameter and total particle
diameter respectively and are defined as Dl = [6ml/(ρlπ)]1/3

and DP = {6[ml/ρl + (m P − ml)/ρmox]/π}1/3. The conservation
equations are expressed in terms of effective Nusselt Nu P

and Sherwood Sh P numbers so that simple corrections
can be easily included to account for convective flow ef-
fects. In this study, Ranz–Marshall correlations26,28 are used,
that is, Nu P(Sh P) = 2{1 + Re1/2

P [Prg(Scg)]1/3/3} ln(1 + B)/B.
The effective temperature difference �T given in Eq. (26)
that is compatible with the gas-phase analysis is given as
�T = T∞ − Tslg − hr,gs[B( f + 1) − Ym,slg(1 + B)]/CT,slg. The drag
correlation in Eq. (27) is the same as used in Eq. (4). Note, in the
limit as ReP → 0 the Eqs. (24–26) reduce to the following:

dm P

dt
= = − ṁ ′′

T AP (28)

dml

dt
= = − ṁ ′′

l AP (29)

m P CP
dTP

dt
= −q̇ ′′

c |l AP (30)

which is consistent with the gas-phase analysis.
The current formulation for stage II combustion can be easily

extended beyond air oxidizing environments to include simultane-
ous multiple oxidizer environments. This extension simply requires
the definition of additional coupling functions between the metal
and all possible oxidizers (i.e., bm–ox1 , bm–ox2 , bm–ox3 . . . bm–oxn ) re-
quiring the replication of the oxidizer jump condition of Eq. (10)
resulting in a relation Bm–oxi for every possible oxidizer. To close
the system, two additional constraints are required, assuming that
the same model for conduction into the particle is used. One possi-
bility is to again assume Ymox = 0 at the surface and also set the mass
fraction of the most reactive oxidizer to zero at the surface. Another
possibility is to set two of the oxidizers mass fractions to zero at the
surface. Other extensions of the current model include the possibil-
ity of including HSR during the vapor-phase combustion. Nitrogen
containing species such as NOx and N2 have been postulated to
react with the aluminum metal at the particle surface forming alu-
minum nitride (AlN).4,6 These effects could also be incorporated in
the current model by the addition of a coupling function between
the metal vapor and the nitrogen containing species (N ), bm–N, with
an appropriate boundary condition for the N species that includes
its consumption rate Ṡ′′

N .

III. Numerical Implementation
The particle transport equations for stage I ignition and stage II

combustion constitute a system of stiff ODE5 that are integrated
in time using the Lawrence Livermore Solver for Ordinary Dif-
ferential Equations library.29 All mixture weighted thermodynamic
properties in Eqs. (1–5) and (24–27) are evaluated using standard
polynomial fits taken from the CHEMKIN library30 and available
on the NIST webbook.§

§Data available online at http://webbook.nist.gov.

IV. Results and Discussion
The flow condition considered for assessing the utility of the

current model is the case of a particle starting from rest and falling
under the influence of gravity after being ignited. This configuration
is common to many experimental studies for determining the overall
burn rate and flame structure.2−4,6,31,32 Specifically, burn rates and
particle velocity are compared to the experimental measurements
of Dreizin.3 Four values of Tg,∞ are considered corresponding to
1000, 1500, 2000, and 3000 K. Although the effects of radiation are
included in model formulation, these effects are neglected. Brooks
and Beckstead examined the sensitivity of radiation on the over-
all particle burn rate and concluded that for larger particles (i.e.,
DP > 50–100 µm), the heat radiated from the flame to the particle
surface is small and only contributes to a 20% decrease in the overall
burning time and even less for smaller particles.10

Figures 3–7 summarize the particle time-history properties for the
cases under consideration. The initial particle diameter of 165 µm
is chosen to match the experiments of Dreizin.3 In the experiments
the particles are ignited using a microarc device that superheats
the particle to the boiling temperature of aluminum and also rapidly
accelerates the particle to a speed of approximately 2 m/s (see Fig. 6

Fig. 3 Particle temperature time history for a 165-µm free-falling
particle.

Fig. 4 Normalized liquid mass time history for a 165-µm free-falling
particle.
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Fig. 5 Normalized metal-oxide mass time history for a 165-µm free-
falling particle.

Fig. 6 Diameter time history for a 165-µm free-falling particle using
the liquid diameter and total diameter (liquid + metal oxide) with ex-
perimental correlation from Williams,1 D2 = D2

o −− bt, for the limits of
b = 0.14 and 0.40 mm2/s and b = 0.23 mm2/s that is estimated from Fig. 7
of Dreizin.3

of Ref. 3). In the current numerical results, the initial temperature
of the particle is set to 300 K and the velocity set equal to zero,
therefore, direct comparisons to data are only made for the vapor-
phase burning stages.

Figure 3 shows the particle temperature histories. For all of the
temperature cases, the particle is observed to initially heat up to
its melting temperature of TP = TM,Al = 934 K and remain con-
stant until melting is complete. For the higher temperature cases
of Tg = 1500 K and above, ignition occurs followed by a quasi-
steady burning and finally either cooling or heating of the remaining
metal oxide to the surrounding gas temperature. As discussed in the
model formulation, the transition from ignition to stage I ignition
to stage II combustion is assumed to be a function of a transition
temperature that is chosen arbitrarily to be Ttrans = 2000 K. Higher
and lower values of 2100 and 1900 K are also explored resulting
in very little difference in overall particle temperature history (not
shown). This suggests that as long as the effects of HSR are ac-
counted for in the model that the overall particle temperature history
might not be too sensitive to the exact value of transition temper-
ature, for the cases considered, because the time associated with

Fig. 7 Velocity time history for a 165-µm free-falling particle: ——,
measured terminal velocity of −−0.3 m/s taken from Fig. 6 of Dreizin.3

HSR is much smaller than any of the other processes. Also, neglect-
ing the effects of HSR would result in ignition for cases only for
which Tg > Ttrans, whereas the current model predicts ignition for a
surrounding temperature between 1000 and 1500, but is generally a
function of the phenomenological description of the surface reaction
processes.

During the quasi-steady burning stage of the particle, the temper-
ature of the particle remains constant when the convective heating
exactly balances the energy loss from evaporation. For the 1-atm
pressure considered, this temperature is 2206 K and is fairly in-
sensitive to the surrounding gas temperature. This temperature is
also slightly below the boiling temperature of Tb,Al = 2326.2 K (for
the vapor pressure curve used¶), consistent with the experimental
findings of Bucher et al.2

Figure 4 shows the time histories of normalized liquid mass in
the particle ml/m Po , defined as the liquid metal mass divided by
the initial particle mass. For Tg,∞ ≥ 1500 K, ml/m Po goes from
zero to unity during the first 10 to 20 ms as the particle melts,
corresponding to the constant temperature region shown in Fig. 3.
For the Tg = 1000 K case, the particle is approximately 50% melted
after 300 ms.

Figure 5 shows the time history of metal oxide mass mmox on the
particle normalized by the initial particle mass m Po . Final values of
mmox/m Po range from approximately 50% at higher temperatures to
nearly 60% for the lower-temperature cases. These values represent
the maximum amount of oxide caps formed, within the scope of the
current analysis, and are consistent with previous theoretical studies
using a variant of Law’s model.9

Figure 6 shows the time history of D2. For each temperature case,
D2 lines are plotted based on the liquid mass Ds + l and the total mass
DP , the difference between these being the contribution from the
metal oxide. As shown, DP first increases slightly just before the
quasi-steady burning, corresponding to the added metal-oxide mass
from HSR, then decreases from evaporation mass loss, and finally
attains a constant value because mmox 
 ml . Also in Fig. 6 are experi-
mentally derived D2 correlations from Williams,1 D2(t) = D2

o − bt ,
with b ranging from 0.14 to 0.40 mm2/s (solid lines) along with a
case for b = 0.24 mm2/s (solid line) that is estimated from the ex-
perimental curve fit from Fig. 7 of Dreizin3 for the mean slope. For
all cases, the slope of the predicted D2

l + s lies within the range of
reported values and, within experimental scatter, agrees well with
the experiment of Dreizin. As expected, the magnitude of the slope
based on DP is less. The slope based on DP also agrees well to the
lower bound of b = 0.14, suggesting that perhaps the experimental

¶Data available online at http://webbook.nist.gov.
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scatter in reported particle sizes might be in part caused by sim-
ply identifying the particle liquid-phase diameter from high-speed
images.

As stated earlier, the current formulation does not required any
explicit assumption on the thickness of the flame structure surround-
ing the particle. However, if the flame is assumed to be infinitely thin
then an estimate the flame radius can be determined using the bm–ox

coupling function and assuming Ym = Yox = 0 at r = r f resulting in
the following expression for flame radius:

r f =
{−4πµg

Scg ṁ P
ln

[
Yox,∞/νox + f + 1

f + 1

]}−1

(31)

Using Eq. (31), r f /rl is calculated to be equal to 3.01, 3.14, and
3.39 for Tg = 1500, 2000, and 3000 K, respectively, and are slightly
larger than the range reported by Dreizin of 2.42 < r f /rl < 3.03
(Ref. 3).

Figure 7 shows the time history of particle velocity. For the par-
ticles that ignited, the velocity initially increases as the particle ac-
celerates from gravity, then decreases as the particle reduces in size
from burning, and finally reaches a constant value associated with
the terminal velocity of the residual oxide cap mass. The higher the
surrounding temperature, the lower is the residual oxide mass (see
Fig. 5), resulting in lower terminal velocities as shown in Fig. 7.
The magnitude of the terminal velocity for the Tg = 3000 K case is
0.32 m/s and matches remarkably well to the experimentally mea-
sured terminal velocity of �0.3 m/s from Dreizin.3

V. Conclusions
In this study a mechanistic model for aluminum particle igni-

tion and combustion in air is developed. The model consists of two
stages, a stage I ignition event and a stage II quasi-steady com-
bustion. A new conserved scalar formulation is presented, which
includes the effects of metal-oxide deposition on the surface of the
particle that does not rely on standard flame sheet assumptions. Re-
sults using this model for the ignition of free-falling particles show
good agreement to experimental measurements of overall burn rates,
flame radius, and terminal velocity.

Appendix: Solution of Gas-Phase System
Equations (18–23) along with a vapor pressure curve for the metal

vapor comprise a system of nonlinear algebraic equations. The pro-
cedure for finding the roots for this system of equations starts with
an initial guess for the mass fraction of the metal vapor at the surface
of the particle Y guess

m,slg . The equations are arranged in an order so as
to obtain a new value of Y new

m,slg using the following steps:
1) Guess an initial value of Ym,slg using expression given next.
2) Determine, f , where f = −[(1 − Ym,slg) (Ymox,∞/νmox −

Yox,∞/νox)]/[(Ymox,∞ − Ym,slg)/νmox − (1 + 1/νmox)Yox,∞/νox].
3) Determine B using Bm–ox = (Ym,slg + Yox,∞/νox)/(1 −

Ym,slg + f ).
4) Determine ṁ ′′

T = 2µ∞ ln(1 + B)/(Scg DP).
5) Determine composition at surface using Yi,slg = νi Ym,slg +

[Yi,∞ − νi ( f + 1)B]/(1 + B), where νI and νox are >0, νp < 0, and
νI = 0 and determine the sum (�Yi ), which might not equal 1.

6) Renormalize species so that their sum plus Ym,slg equals 1,
Yi,slg = Yi,slg(1 − Ym,slg)/(�Yi − Ym,slg).

7) Determine MWmix,slg = (
∑

Yi,slg/MWi )
−1.

8) Determine the vapor pressure Pm,vap = Ym,slgPMWmix/MWm .
9) Determine Tslg from Clausius–Clapeyron relation.
10) Mixture CT,slg determined using Yi,slg(T ) using standard poly-

nomial curve fits for vapor species.30,∗∗

11) Determine q̇ ′′
c |l = −qlimiterkl (Tslg − TP)/rP , where qlimiter =

MIN[|hlgṁ ′′
T ( f + 1)|/|kl(Tslg − TP)/rP |, 1].

12) Determine new value of B using Bm–T, that is, Bnew =
[CT,slg(T∞ − Tslg) + Ym,slghr,gs]/[h′

lg − hr,gs(Ym,slg − 1 − f )], where
h′

lg = hlg( f + 1) + (q̇ ′′
rad|slg − q̇ ′′

c |l)/ṁ ′′
T .

∗∗Data available online at http://webbook.nist.gov.

Fig. A1 Plots of function F vs Ym,slg assuming q̇′′
c ||l = 0 (——) and with

conduction q̇′′
c ||l = −−qlimiterkl (Tslg−−TP)/rP (– – –) for Tg = TP = 2000 K.

13) Recalculate Ym,slg using Bm–ox relation, Y new
m,slg =

[( f + 1)Bnew − Yox,∞/νox]/(1 + Bnew).
A function F = Y new

m,slg − Y guess
m,slg is defined for the root of this func-

tion then corresponds to the solution of nonlinear algebraic equa-
tions. Figure A1 shows a typical result of F as a function of Y guess

m,slg
assuming q̇ ′′

c |l = 0 (solid line) and q̇ ′′
c |l = −qlimiterkl (Tslg − TP)/rP .

As shown, there are two roots. The right most root is nonphysical.
An estimate of the root location location is determined by assuming
f = 0 and q̇ ′′

c |l = 0. With these assumptions then an initial guess
for Ym,slg is obtained by equating Bm–T to Bm–ox, resulting in the
following result:

Y guess
m,slg = CT,slg(T∞ − Tslg) − Yox,∞(hr,gs + hlg)/νox

CT,slg(T∞ − Tslg) + hlg − hr,gsYox,∞/νox
(A1)

This estimate is first used in a Newton–Raphson method to locate
the root of F that converges quickly, typically within six iterations.
Occasionally this method fails, and a bisectional algorithm is used
as a backup with the initial upper and lower bounds of the region set
equal to Y guess

m,slg ± 0.2, respectively. The bisectional algorithm always
located a root but with additional cost requiring 30–40 iterations to
satisfy an error tolerance of 1 × 10−10.
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