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ABSTRACT

A theoretical model is considered to predict the minimum ambient gas temperature at which fine iron
particles can undergo thermal runaway-the ignition temperature. The model accounts for Knudsen tran-
sition transport effects, which become significant when the particle size is comparable to, or smaller
than, the molecular mean free path of the surrounding gas. Two kinetic models for the high-temperature
solid-phase oxidation of iron are analyzed. The first model (parabolic kinetics) considers the inhibiting
effect of the iron oxide layers at the particle surface on the kinetic rate of oxidation, and a kinetic rate
independent of the gaseous oxidizer concentration. The ignition temperature is solved as a function of
particle size and initial oxide layer thickness with an unsteady analysis considering the growth of the
oxide layers. In the free-molecular limit (small particles), the thermal insulating effect of transition heat
transport can lead to a decrease of ignition temperature with decreasing particle size; however, the pres-
ence of the oxide layer slows the reaction kinetics, and its increasing proportion in the small-particle
limit can lead to an increase of ignition temperature with decreasing particle size. This effect is observed
for sufficiently large initial oxide layer thicknesses. The continuum transport model is shown to predict
the ignition temperature of iron particles exceeding an initial diameter of 30 um to a difference of 3% or
less (30 K or less) when compared to the prediction of the transition transport model. The second kinetic
model (first-order kinetics) considers a porous, non-hindering oxide layer, and a linear dependence of
the kinetic rate of oxidation on the gaseous oxidizer concentration. The ignition temperature is resolved
as a function of particle size with the transition and continuum transport models, and the differences
between the ignition characteristics predicted by the two kinetic models are identified and discussed.

© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Conventionally, the continuum assumption has been adopted to
describe transport processes in metal combustion problems. This

Iron has an excellent potential as a global energy carrier due
to its high energy density, its abundance, and the existing widely-
developed iron mining, production, and recycling industries [1,2].
To design and optimize practical iron burners, a deeper under-
standing of the physics underlying the combustion of fine iron
particles is required in the scientific community. In particular, the
ignition phenomenon of solid fuel particles leads to a burning
regime exhibiting rapid reaction kinetics and high energy release
rates [3,4]; therefore, iron burners with ignited particles present
the potential for practical, high-power applications, motivating the
need to accurately predict iron particle ignition.

* Corresponding author at: Power & Flow Group, Department of Mechanical Engi-
neering, Eindhoven University of Technology, Eindhoven 5600 MB, the Netherlands.
E-mail address: x.c.mi@tue.nl (X. Mi).
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assumption fails when the solid particles are of comparable size to,
or smaller than, the gas molecular mean free path, as quantified by
the Knudsen number (Kn), the ratio of the mean free path to the
particle radius. Generally, researchers reported that for Kn < 0.01,
continuum treatment accurately describes transport processes; for
Kn > 10, free-molecular laws describe transport processes; and, at
intermediate Kn, transport occurs in the transition regime [5-9].
In the past few decades, several studies have investigated the
limits of applicability of continuum transport in heterogeneous re-
action problems. In engineering systems involving the formation of
aerosol nanoparticles and vapor molecules, Gopalakrishnan et al.
[5] reported transition effects must be considered for submicron
and nano- particles at 1 atm. Shpara et al. [8] established the onset
of transition effects between 1.23 and 46.3 pum particle diameter
for boron combustion between 4.0 and 0.1 MPa. In the heating and
ignition delay time of metallic particles, Mohan et al. [10] reported

0010-2180/© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. This is an open access article under the CC BY license
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that these effects become important at 2 and 18 pm particle diam-
eter for pressures of 10 and 1 bar. Ermoline [11] reported transition
heat transfer becomes significant for predicting the ignition of alu-
minum nano- and micro- particles at 1 atm. Recently, Senyurt and
Dreizin [12] studied the ignition of aluminum, boron, and magne-
sium particles, and stated transition effects could be important up
to 200 pm particle diameter at 1 atm.

Alas, transition effects were not previously captured in iron par-
ticle ignition problems. In a recent work, Mi et al. [13] investigated
the ignition behavior of iron particles governed by a parabolic oxi-
dation law. This kinetic model considers the hindrance of the tran-
sient oxide layer growth on the Kkinetic rate of solid-phase iron
oxidation [14], and an independence of the kinetic oxidation rate
on the surrounding gaseous oxidizer concentration [15]. The re-
sults were computed using a continuum transport model. In the
current work, the analysis reported in Ref. [13] is extended, by
conducting a quantitative study of the ignition behavior of fine
iron particles across the Knudsen transition regime, while applying
the flux-matching boundary sphere method [7,16] to resolve tran-
sition heat and mass transport. Additionally, different iron oxida-
tion kinetics are investigated, namely the first-order kinetics pro-
posed by Hazenberg and van Oijen [17]. This kinetic model con-
siders a porous iron oxide layer not hindering the kinetic rate of
solid-phase iron oxidation, and a linear (first-order) dependence of
the kinetic oxidation rate on the gaseous oxidizer concentration at
the particle surface.

The current work is structured as follows. In Section 2, an
overview of available kinetic models for solid-phase iron oxidation
is presented. Then, the mechanisms of gas-particle heat and mass
transfer as a function of the Knudsen number are presented, and
the physics underlying thermal and mass accommodation for tran-
sition and free-molecular transport are discussed. In Section 3, a
model to predict ignition of a single iron particle accounting for
transition heat and mass transport effects is formulated, with un-
steady and steady analyses. In Section 4, the ignition temperature
is resolved as a function of particle size for the parabolic and first-
order kinetic models, and the results are compared to continuum
transport modeling. Sources of error are discussed in Section 5, and
concluding remarks are provided in Section 6.

2. Background
2.1. High-temperature solid-phase iron oxidation kinetics

Chen and Yeun [18] reviewed experimental data on the high-
temperature solid-phase oxidation of iron (Fe) in air and oxygen. In
the temperature range from 973 to 1523 K, the oxidation of Fe was
found to consistently result in the formation of a three-layered,
compact oxide scale adhering to the Fe surface, where the scale
was composed of wiistite (FeO), magnetite (Fe304), and hematite
(Fe,03). As well, experimental evidence reported by Goursat and
Smeltzer [15] suggested the kinetic rate of oxidation to be inde-
pendent of the surrounding gaseous oxidizer concentration, as the
reaction rate-limiting step is the internal diffusion rate of iron ions
through the oxide layers. In fact, the kinetics follow a parabolic
rate law,

2 dx kx
X —kxtﬁa—ﬁ (1)
where X is the thickness of the oxide layer, ky is the kinetic rate,
and t is time. Hence, the growth rate of the oxides were found to
be inversely proportional to their increasing thickness.

Following the parabolic kinetic model, Mi et al. [13] proposed
an unsteady iron particle oxidation model considering the growth
of a two-layered oxide scale on the particle surface. The iron ox-
ides FeO and Fe30,4 were formed through two parallel reactions
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between Fe and O, while the formation of Fe,03 was neglected,
due to its relatively negligible thickness in the oxide layer [14]. The
growth rate of each oxide was formulated to follow Eq. (1), with
kinetic parameters calibrated to the experimental work of Paidassi
[14]. The independence of the kinetic rate on oxidizer concentra-
tion led to a specialization of the k — 8 model [4] to a switch-type
model, which naturally captures the transition between kinetic-
and external-diffusion- limited combustion.

An alternative kinetic model was recently proposed by Hazen-
berg and van Oijen [17] to model the steady one-dimensional prop-
agation of flames in iron particle suspensions. They considered
spherical particles composed of an Fe core surrounded by a grow-
ing porous FeO shell that does not inhibit the kinetic rate of oxida-
tion. Instead, a first-order (linear) dependence of the kinetic reac-
tion rate on the oxidizer concentration at the particle surface was
assumed. In a different study by Lysenko et al. [19], the oxidation
kinetics of iron particles were experimentally studied through ther-
mogravimetric analysis (TGA) in the temperature range from 298
to 1073 K. The oxidation kinetics were formulated as a set of n-
order branched reactions, where two parallel pathways were con-
sidered: direct formation of Fe,03 from Fe and O; and formation
of Fe304 from Fe and O, then further oxidation of Fe304 to Fe,0s.

Among the three kinetic models presented, the model described
by Mi et al. [13] is proposed to better represent the underlying
physics of high-temperature solid-phase iron oxidation, as it is
based on an extensive experimental and theoretical literature on
the topic. In the model proposed by Lysenko et al. [19], the tem-
perature range covered (298-1073 K) maps multiple different ox-
idation mechanisms, as reviewed by Chen and Yeun [18], namely
since FeO becomes a stable oxide above 843 K; however, this was
not captured by Lysenko et al. [19], who proposed a single set of
equations covering this entire temperature range. Regarding the
model proposed by Hazenberg and van Oijen [17], literature shows
iron oxidation results in a multi-layered oxide scale dependent on
temperature [18], beyond the formation of only FeO. As well, FeO
was assumed to be porous, despite its Pilling-Bedworth ratio of 1.7
predicting a compact, protective oxide layer [20]. Nevertheless, the
current work implements both of the kinetic models proposed in
Refs. [13,17]: the former implementation permits a characterization
of transition transport effects on parabolic kinetics independent of
oxidizer concentration, a realistic representation of iron oxidation
kinetics, while the latter allows an investigation of the fundamen-
tal impact of Knudsen transition effects on a first-order kinetic re-
action.

2.2. Gas-particle heat and mass transfer

2.2.1. Knudsen number and transport regimes

Intrinsic to the solid-phase iron oxidation and ignition problem
is heterogeneous heat and mass transport. It occurs under differ-
ent regimes as a function of the non-dimensional Knudsen number,
Kn = Appp/Le, the ratio of the gas molecular mean free path, Aypp,
to the system characteristic length, L.. In the case of a particle,
the characteristic length is typically defined as the particle radius,
Lc = rp. When the Knudsen number is much greater than 1 (e.g.,
Kn > 10), transport processes occur in the free-molecular regime
[5-9]. The gas molecules, on average, travel a large distance be-
tween inter-molecular collisions, and a low molecule-particle colli-
sion rate is observed, which limits heat transfer, and controls mass
transfer in external-diffusion-limited heterogeneous combustion. In
the free-molecular regime, the analytical solution to the rates of
heat and mass transport for a stationary particle in a quiescent gas
yields [7,21,22],

et ()} )
QFM_ocTrrrp2<y_1 T, 1 (2)
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Fig. 1. Temperature and concentration jump in the Knudsen layer. The profiles differ from the continuum solutions from the particle surface to the Knudsen layer boundary,

as a result of gas kinetics effects on heterogeneous heat and mass transfer.

Mem = AMTT rﬁ (CeCg — GoCp) (3)

where o is the thermal accommodation coefficient (TAC), p is the
bulk gas pressure, ¢ is the gas average molecular speed, y is the
gas heat capacity ratio, T is temperature, oy is the mass accom-
modation coefficient (MAC), and C is the concentration of the gas
species. The subscripts “p” and “g” indicate that parameters are
evaluated at the particle surface and in the bulk gas, respectively.

When the molecular mean free path is much smaller than the
particle radius (e.g., Kn < 0.01), transport processes occur in the
continuum regime [5-9]. Continuum transport is characterized by
large inter-molecular and molecule-particle collision rates. The rate
of heat transfer is limited by the inability of the molecules col-
liding with the particle to effectively carry the energy away from
the surface to the bulk gas before encountering several collisions,
while mass diffusion is also limited by the inter-molecular colli-
sions. In the continuum regime, the analytical solutions to Fourier’s
law of conduction and Fick’s law of diffusion yield,

Qc = 4rrpk(T, — Ty) (4)

e = 4nrpD(C — Gp) (5)

where k is the gas mixture-averaged thermal conductivity, and D
is the mass diffusivity of the gas species in the mixture.

For intermediate Kn (e.g., 0.01 < Kn < 10), transport processes
occur in the transition regime [5-9]. Conceptually speaking, the
transition regime can be understood by delimiting two distinct
regions around the particle surface [6,7]. In the vicinity of the
particle, there exists a region with few inter-molecular collisions
called the Knudsen layer, where transport mechanisms are gov-
erned by free-molecular gas kinetics. The thickness of the Knudsen
layer is on the order of the gas molecular mean free path. Beyond
the Knudsen layer, the transport mechanisms occur in continuum,
where macroscopic heat conduction and mass diffusion laws ap-
ply. This conceptual understanding is based on experimental ev-
idence of the temperature and concentration jumps arising from
transport at heterogeneous interfaces, causing a deviation from the
temperature and concentration profiles predicted by continuum, as
depicted in Fig. 1 [7,16,21,23-25]. The Knudsen layer also exists in
the continuum and free-molecular limits; however, its small size
relative to the particle in the continuum limit leads to a negligi-
ble impact of gas kinetic transport effects at the particle surface,
permitting solutions described purely by the macroscopic transport
equations. Conversely, its large size relative to the particle in the
free-molecular limit implies that continuum transport beyond the
Knudsen layer need not be considered.

The transition regime presents an additional difficulty, as there
exists no analytical closed-form solution to describe the transport
mechanisms in this range of Kn. Heat and mass transfer are gov-
erned by the full Boltzmann equation, an integral-differential equa-

tion with initial and boundary conditions [6,7]. Consequently, mul-
tiple modeling approaches to describe the transition regime were
developed over the past decades. An elaborate review of transi-
tion heat conduction modeling employed in the laser-induced in-
candescence literature is presented by Liu et al. [7], whereas sev-
eral methods for heat and mass transport prediction in droplet
evaporation problems are reported by Wagner [24]. In the current
work, the boundary sphere transition transport method-also called
Fuchs’ method-is employed.

2.2.2. Modeling the transition regime - the boundary sphere method

The boundary sphere flux-matching method explicitly intro-
duces a Knudsen layer of thickness 6, closely related to the mean
free path of the gas molecules in the vicinity of the particle, de-
limiting the free-molecular and continuum transport regions. The
sphere of radius r, + 6 is called the limiting sphere, and its sur-
face has temperature Ty and gas concentration Cy. Immediately at
the particle surface, the temperature and concentration are T, and
Cp, while, in the bulk gas, they are T; and (. The gradients be-
tween the particle and limiting sphere surfaces give rise to heat
and mass transport described by free-molecular laws, and the gra-
dients beyond the limiting sphere result in heat and mass trans-
port described by continuum laws. The Knudsen layer is assumed
to be in quasi-steady equilibrium, hence, energy and mass conser-
vation provide necessary conditions for flux-matching of the trans-
port rates at the particle and limiting sphere surfaces. The bound-
ary sphere method solves for the thickness of the Knudsen layer, 6,
as well as the temperature and species concentration at the jump
distance which satisfy the conservation laws, T, and Cy, respec-
tively. In the case of the combustion of a particle, two additional
equations are needed to solve for T, and Cp: one for the heat gen-
eration rate from the particle, and one for the consumption rate of
oxidizer.

The mathematical formulation for the boundary sphere method
is presented in Section 3.2. The boundary sphere method imposes
no restrictions on the temperature and concentration differences
between the particle surface and the bulk gas, while several other
methods for example implicitly assume small temperature differ-
ence [7]. As well, this method asymptotes to the correct solutions
in the free-molecular and continuum limits.

2.3. Accommodation coefficients

The TAC and MAC are critical in determining the transport rates
in the free-molecular and transition regimes, and their quantita-
tive determination are complicated problems which have been ex-
tensively studied in the literature over the past several decades.
Nevertheless, there remains large uncertainty in determining their
values for transport calculations between different solid-gas pairs,
which is a challenge for iron particle ignition calculations. The de-
termination of accommodation coefficients is rooted in the theory
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of gas-surface scattering processes, and a comprehensive review of
this topic is beyond the scope of the current work. Instead, some
selected pioneering studies on the TAC and MAC are mentioned,
and practical considerations for their quantification in engineering
applications are highlighted.

2.3.1. Definition of accommodation coefficients
The formal definition of the TAC, also referred to as the energy
accommodation coefficient, is attributed to Knudsen and yields
[21,23,26],
(Er — Ei)
or =71 (6)
(Ep — Ey)

where E; and E; are the energy of the incident and scattered gas
molecules, E, is the energy the scattered gas molecules would
carry if they reached thermal equilibrium with the wall before be-
ing scattered, and () indicates an average. The denominator can
be reformulated as (E; — E;)max; hence, the TAC is a quantification
of the effectiveness of heat transfer between the surface and the
gas molecules upon molecule-surface encounters. In Eq. (6), en-
ergy is often equivalently substituted by temperature. Analogously,
the MAC, also referred to as sticking, trapping, or adsorption coef-
ficient, is defined as [6,27]:

net rate of adsorption

oy = . (7)
rate of collisions

Hence, the MAC is a measure of the effectiveness of heterogeneous
mass transfer upon molecule-surface encounters. In Eq. (7), the
rate of collisions can be determined from gas kinetics theory, while
the net rate of adsorption takes into account both the rates of ad-
sorption and desorption of gas molecules from the surface. There-
fore, the determination of the MAC is based on the kinetics of sur-
face processes.

2.3.2. Gas-surface scattering processes and physical mechanisms of
accommodation

The theory of gas-surface scattering processes is fundamentally
based on the interaction of atoms through interatomic potential
force fields [23,28]. From elementary gas kinetics theory, it is gen-
erally accepted that at large distances, physical van der Waals in-
teractions give rise to attractive forces between atoms, while at
short distances, the overlapping of electronic clouds results in re-
pulsive forces. This is best demonstrated through a potential en-
ergy curve, as schematically depicted in Fig. 2a. Upon approach-
ing a solid surface, there exists various processes through which
a gas atom or molecule may be scattered [23,28]. The interaction
dynamics may lead to elastic or inelastic scattering, the latter im-
plying energy transfer or accommodation through the TAC.

A number of key factors which govern the TAC were discussed
by Goodman and Wachman [23]: the molecular mass ratio be-
tween the gas and solid, ¢ = mg/ms; the surface roughness; and
the adsorption state of gas atoms on the surface. A large ratio ¢
implies multiple interatomic collisions are required to reverse the
momentum of the incident gas, which leads to a longer residence
time near the solid, and a higher probability of energy exchange
through phonon or electronic processes. Additionally, large values
of ¢ are typically associated with deeper interatomic interaction
potentials. An increase of surface roughness leads to an increase in
the TAC, when the roughness is on a scale which may cause mul-
tiple collisions of incident gas atoms or molecules before they are
scattered back to the bulk gas. Moreover, the TAC increases with
the presence of adsorbate gas layers on the surface when com-
pared to the clean-surface TAC, due to enhanced energy transfer
through gas-gas interactions, which are inherently stronger in na-
ture than gas-solid interactions [29]. The surface temperature also
has an indirect impact on the TAC: an increase in surface tem-
perature induces a thermal roughening effect, which increases the
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Fig. 2. Schematic of interatomic potential V as a function of interatomic distance r
for a solid and a gas atom. (a) The region V(r) < 0 is the potential well and gives
rise to attractive forces, while V (r) > 0 results in repulsive forces. The minimum of
the curve ry is the equilibrium position. The difference [lim,_., V(r)] — V(o) is the
potential well depth. (b) Example of an overlap of the physisorption and chemisorp-
tion potential functions between a solid atom M and nitrogen. The physisorption
potential relates to non-dissociative adsorption of N, while the chemisorption po-
tential pertains to dissociative adsorption of individual N atoms. The molecule must
overcome an activation barrier E. to enter the chemisorbed state, while it must
overcome an activation barrier E4 to desorb from the chemisorbed state.

clean-surface TAC [30]; however, increasing temperature induces
desorption of the gas at the solid surface, which decreases the TAC.
Experimental evidence has shown the latter effect outweighs the
former, and the net result is a decrease in the TAC with increasing
surface temperature [23,31].

Inelastic scattering, which gives rise to thermal accommoda-
tion, may occur through a direct pathway which involves phonon
energy exchange between the gas and solid at short distances,
or through a trapping-desorption (adsorption-desorption) process
[28], which is intrinsically linked to mass accommodation. King
[27] reviewed the kinetics of adsorption and desorption processes,
while providing insight on their relationship with thermal and
mass accommodation. The author noted that, upon approaching
the solid surface, a gas molecule may be elastically scattered back
to the gas phase without energy exchange (no accommodation).
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Conversely, the incident gas molecule may lose sufficient trans-
lational kinetic energy to the surface to become adsorbed in the
physisorbed state, i.e., being trapped in the van der Waals attrac-
tive potential well. For trapping to occur, the gas molecule must
be completely thermally accommodated by the surface. Then, the
molecule may be inelastically scattered back to the bulk gas (des-
orption), or, if the formation of a chemisorbed state is possible be-
tween the solid-gas pair, it may pass to this more stable state after
overcoming an activation barrier. The overlap of the physisorption
and chemisorption potential wells is depicted in Fig. 2b. Based on
the physical definition of the MAC, and the fact that, to remain
trapped in an adsorbed state, the incident gas molecule must be
completely thermally accommodated, King [27] noted that there is
an intrinsic relationship between the TAC and the MAC, which he
inferred from a review of experimental measurements to be nearly
one-to-one.

2.3.3. Determination of accommodation coefficients for engineering
surfaces

A number of classical theories, based on the dynamics of gas-
surface scattering processes, have been developed to calculate the
TAC and MAC from first principles [23,26,27,32]; however, several
assumptions, or the necessity to know parameters which are dif-
ficult to estimate, limit the applicability of these theories to prac-
tical calculations. Additionally, methods for experimental determi-
nation of the TAC and MAC have been extensively developed in the
literature [26,27], and semi-empirical correlations typically pro-
vide good agreement with experimental data; however, the avail-
ability of experimental data is limited to specific solid-gas pairs
and surface conditions, and their extrapolation is not straightfor-
ward. Furthermore, the treatment of the TAC and MAC has often
been decoupled in the literature, despite their intrinsic relationship
(e.g. in trapping-desorption-dominated inelastic scattering). An ad-
ditional limitation is that the vast majority of experimental mea-
surements of the TAC are carried out under clean-surface condi-
tions, where impurities-adsorbate gas layers—have been thoroughly
cleaned from the sample. The cleaning method involves bringing
the surface to a very high temperature to induce desorption of all
gas impurities, and cooling in a vacuum-controlled environment
before introducing the test gas [23,31]. Hence, although the clean-
surface TAC provides important insight on the underlying physical
processes which govern it, such experimental data is of limited rel-
evance in practical engineering calculations.

In an effort to address this issue, Song and Yovanovich [31] pro-
posed, in the late 1980s, a generic semi-empirical correlation based
on the classical theory of the modified Baule formula [23]. The
formulation is a linear combination of the clean-surface TAC pro-
posed in [23], and an empirical term dependent on surface tem-
perature to account for the coverage of the surface by adsorbate
gases. The correlation was calibrated to experimentally-measured
values of the TAC where no efforts were undertaken to clean the
surface, and it is inferred to provide a good approximation of the
TAC for engineering surfaces. In the current work, the Song and
Yovanovich [31] correlation is used to approximate the TAC, and
the MAC of oxygen on iron is assumed to be equal to the TAC
calculated through the correlation. This assumption is justified by
the deep interaction potential between iron and oxygen, and it is
inferred that trapping-desorption dominates accommodation be-
tween this solid-gas pair.

3. Model formulation for an isolated iron particle
3.1. Model description

The current work couples solid-phase iron oxidation kinetics
with the boundary sphere flux-matching method to predict sin-
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Fig. 3. Particle reaction model. Symbols T and Co, denote temperature and oxidizer
concentration. Subscripts “p”, “6”, and “g” denote particle surface, Knudsen layer
surface, and bulk gas. Heat and mass transport, Q and mo,, are governed by free-
molecular and continuum laws within and beyond the Knudsen layer of thickness
6, respectively.

Model 1 Model 2

Fig. 4. Solid-phase iron oxidation models. Model 1: multi-layered parabolic kinetic
model with the formation of protective FeO and Fe30,4 shells. Model 2: first-order
reaction with the formation of a porous FeO shell.

gle iron particle ignition accounting for Knudsen transition heat
and mass transport effects. The model considers a spherical parti-
cle consisting of an iron core of radius rg, surrounded by concen-
tric iron oxide layers of thickness X;, where i represents the solid-
phase oxides, and a Knudsen layer of thickness @, as illustrated in
Fig. 3. Two particle reaction models are considered, as illustrated
in Fig. 4:

1. a parabolic kinetic model with two parallel single-step reac-
tions, based on the model of Mi et al. [13], wherein i takes the
values “FeO” and “Fe304";

2. a first-order single-step kinetic model, based on the model of
Hazenberg and van Oijen [17], wherein i takes the value “FeQ”.

As mentioned in Section 2.1, the high-temperature parabolic
oxidation of iron results in the formation of a three-layered ox-
ide scale on the iron surface, where Fe,05 is the outermost oxide
layer; however, since its thickness is only 1% of the total thickness
of the oxides, its contribution to heat release in the particle is neg-
ligible. Hence, it is neglected in the thermophysical analysis [13].

The Knudsen layer thickness 6 is on the order of the gas molec-
ular mean free path, and the sphere of radius rp + 6 is the limit-
ing sphere, where 1}, is the particle radius. In this region, there are
few inter-molecular collisions, hence, free-molecular laws describe
transport processes, while macroscopic continuum laws describe
heat and mass transport beyond the limiting sphere [7]. The par-
ticle is placed in hot air represented by a binary gas mixture con-
sisting of 21% oxygen (0,) and 79% nitrogen (N,) by volume. Heat
transfer between the particle and the gas occurs through conduc-
tion; radiation is neglected, since it has a negligible contribution to
heat transfer in the pre-ignition phase [13]. Other assumptions of
the model include:
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1. The solids maintain a constant density throughout the high-
temperature oxidation and ignition process.

2. Since the Biot number is small for the particle sizes considered,
the particle is at a uniform temperature Tp.

3. The bulk gas is in sufficient quantity such that its temperature
T; and composition are not affected by the single particle igni-
tion.

4. The gas flow velocity is negligible.

. The Stefan flow is neglected.

6. The second-order heat and mass transport mechanisms (Dufour
and Soret effects) are neglected.

[9)]

The particle internal energy (or enthalpy), Hp, is tracked in time,
along with its mass content in each solid-phase species, mg. and
m;, where the oxides i are determined by the particle kinetics. The
enthalpy is formulated as,

Hp = Mpehre (Ty) + > m;hi(T,) (8)

where hg. and h; represent the specific gravimetric enthalpy of
the solids, computed as a function of T, with the Shomate equa-
tion based on the NIST Database [33]. While H, is tracked, an iter-
ative root-finding procedure can be applied to resolve Tp.

3.2. Conservation laws in the Knudsen layer

3.2.1. Implicit method

The boundary sphere heat balance yields Qp = Qy = Q;, where
Qp is the free-molecular heat loss rate from the particle surface
to the Knudsen layer, and Qg is the continuum heat loss rate
from the limiting sphere surface to the bulk gas. Similarly, the
mass balance yields g, , = 1Mg, g = flo,, Where g, ;, is the free-
molecular O, consumption rate at the particle surface, and mg, g
is the continuum O, diffusion rate at the limiting sphere surface.
Using Egs. (2)-(5) yields:

C *+1\ /T
omtrﬁ%(i*_l)(],—:— )=4n(rp+9)k*(T97Tg) 9)

a7 13 (Co, oG9 — Co, pCp) = 47 (1 +0)D*(Co,.s — Co,0)- (10)

Since the Stefan flow is neglected and the consumption rate
of oxidizer is small in the pre-ignition phase, the pressure p =
kpNAT (3;Cj/M;) is spatially and temporally uniform, where kg
is the Boltzmann constant, Nj is Avogadro’s number, M; is the
molar mass of the gaseous species, and j takes the values "0,”
and "N,". With this formulation, given Cp, and T at a given loca-
tion, "p” or "8”, the corresponding Cy, can be computed. The gas
average molecular speed is ¢ = [8kgNAT/(7r M)]V/2, where M =
(X°jCiM;)/(32;C)) is the gas mixture-averaged molar mass. The
thickness of the Knudsen layer is formulated as the mean free path
evaluated in the bulk gas, 6 = Ayppg, computed as [7],

ke (Y — 1) MgCq
4k N fzp

where fz = (9y¢ —5)/4 is the Eucken factor. Since the bulk gas
properties remain constant throughout the ignition process, 0 is
constant.

In Eqs. (9) and (10), the superscript * indicates that the
mixture-averaged thermophysical and transport properties are
evaluated with a two-third law [34], wherein y* is evaluated closer
to {Tp. Co, p, Cn,.p} than the corresponding properties at ¢, while
{k*, D*} are evaluated closer to {Ty, Co, 9, Cn, ¢} than their coun-
terpart in the bulk gas. The heat capacity ratio is approximated as
y = ¢p/lcp — Ru/M], where cp is the mixture gravimetric heat ca-
pacity at constant pressure, cp = (3_;C;c j)/(32;C;), and Ry is the
universal gas constant. The heat capacities of the species ¢, ; are

AMFPg = (11)
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Table 1
Properties and kinetic parameters for the iron particle ignition model.
Description Symbol Value
Density Pre 7874 kg/m3
Pre0 5745 kg/m3
Pre,os 5170 kg/m?®
Specific heating value qre0 3.787 M]/kg
Gre,0, 4.841 Mj/kg
Kinetic constant Koot 7.50 x 10° m/s [17]
koreo 2.670 x 1074 m2/s [13]
Ko Fe;0, 1.027 x 107 m2/s [13]
Activation temperature Taa 14,400 K [17]
Ty Feo 20,319 K [13]
Ta fes0, 21,310 K [13]
Diffusion volume Vo, 16.6 [36]
N, 17.9 [36]

evaluated as a function of T with the NASA 7-coefficients polyno-
mials [35]. The mixture thermal conductivity is approximated with
the Wilke mixture rule,

1 1
I<:2<;Mjkj+w> (12)

where p; is the molar fraction of the gas species, and k; is its
thermal conductivity, computed as a function of T with the NASA
5-coefficients polynomials [35]. The oxidizer mass diffusivity in
the binary mixture is computed with the Fuller-Schettler-Giddins
semi-empirical correlation [36]:

107T7A4 3,1/ M) ]2
= 13
ot ) (v)7) ]
Values for the semi-empirical parameters v; can be found in
Table 1.
Equations (9) and (10) require a method to approximate the
TAC and MAC, ot and oy. For each species in the gas mixture,

the TAC is computed with the Song and Yovanovich [37] semi-
empirical correlation,

(13)

where F = exp[-0.57 (T, — 273)/273], ¢; = M/ Mgyide, and Myide
is the molar mass of the oxide at the external surface of the
particle-Fe, 03 or FeO. Although Fe, 04 is neglected in the thermo-
physical analysis of the parabolic kinetic model, it is used to com-
pute ar j, which is a surface property. The mixture TAC is com-
puted as [38]:

e (D125 (£ 2),

1 1
2 - 2
M; i M;

(14)

The MAC of O, on the surface is set equal to the corresponding
TAC of O, computed with Eq. (14), am = or,0,-

With knowledge of T, solved from Eq. (8), and provided an ex-
pression for mg, derived from the particle kinetics (Section 3.3),
Egs. (9) and (10) with associated relations can be solved numer-
ically for {Ty, Co, p. COzﬂ}' The values of Q; and Mg, can then be
obtained from either side of Eqs. (9) and (10), to obtain the heat
and mass transport rates considering Knudsen effects.

3.2.2. Explicit method

The general boundary sphere implementation described by
Eqgs. (9) and (10) requires solving a coupled system of nonlin-
ear equations with associated relations. Under the assumption of
small temperature and concentration differences between the bulk
gas and the particle surface, the heat transport rate can instead be
expressed by applying a transitional correctional factor fr to the



J. Jean-Philyppe, A. Fujinawa, .M. Bergthorson et al.

continuum rate. Liu et al. [7] derived such a formulation based on
the Springer and Tsai model [39],

Q 1 1 1
pr=g = (1 + ZGTKn> (16)
where ( is the actual heat transport rate accounting for Knud-
sen transition transport effects, Q¢ is the rate which would be ob-
tained purely from continuum-Eq. (4)-and Gr = 8f/[ap(y +1)] is
the geometry-dependent heat transfer factor. Analogously, a tran-
sition factor By is derived for the mass transport rate, rho,,

_ Mo, 1
Pu = e (1 +Kn
where mic is obtained from Eq. (5), Gy = 4f/(amyLle) is the
geometry-dependent mass transfer factor, and Le is the Lewis
number. A detailed derivation of Eq. (17) is provided in
Appendix A. Equations (16) and (17) are valid for arbitrary Kn and
assume 6 = Ayppg, Where Ayppg is obtained from Eq. (11).

+ 1GMKn) (17)

3.3. Particle oxidation kinetics

3.3.1. Parabolic model with compact oxide layers

The parabolic kinetic model is based on the model of Mi et al.
[13], wherein a multi-layered, compact oxide shell is formed on the
surface of the iron core, as shown in Fig. 4, through the parallel
reactions:

Fe + % 0, — FeO (18)

3Fe +20,; — Fe30;4. (19)

The particle oxidation kinetics are formulated through a parabolic
rate law, where the rate-limiting step is the internal diffusion rate
of iron ions through the oxide layers. Consequently, the kinetics
are independent of Co, ,. The kinetic rate of formation of the oxide

iis,
- X Ty
X )kw exp( T, > (20)

where p; is the oxide solid-phase density, A; = 47”12 is the reaction
surface area, r; is the reaction radius, k,, ; is the pre-exponential
factor, and T,; is the activation temperature. The reaction kinetic
parameters are provided in Table 1. The reactions occur at the ex-
ternal surface of the oxide shells, such that the reaction radii are
TFe0 = Tfe + Xpe0, and Tpe;0, = rp. The formulation for dX;/d¢ pro-
vided in Eq. (20) is adjusted from Ref. [13] to take into account
curvature effects in the diffusive transport rate of the ions through
the oxide layers. The kinetic rate of consumption of Fe and O, can
then be obtained through:

Mpey = Zvyfl::k (21)

i

Mo, =Y vo, 1M k. (22)
1

Due to the independence of the kinetics on Co, p, the interplay
between the kinetic- and external-diffusion- limited combustion
regimes is captured through a switch-type model [13]. The max-
imum transport-limited consumption rate of O, Mg, 4. is deter-
mined by setting Co, , =0 in the Knudsen mass transport equa-
tions. The resulting rate is compared to mg, |, and the low-
est value is selected as the actual O, consumption rate, rig, =

min{img, i, Mo, a}- If Mg, < Mo, 4, Es. (20) and (21) can be used
directly for the rate of change of the state variables. In the opposite
case, the O, is partitioned through reactions (18) and (19) propor-
tionally to the kinetic rates of each reaction, and the rates are ad-
Justed as m; g = (1Mo, /Mo, 1Mk, and Titge g = (1Mo, 4/Mo, 1) MFe k-

. dX; ri
1 = ,OiAz'cTt' = PiAi< l
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3.3.2. First-order model with porous oxide layer
The second kinetic model is based on the model of Hazenberg
and van Oijen [17], which considers a single-step reaction:

Fe + %02 — FeO. (23)

The oxidizer consumption rate at the particle surface is formulated
with a first-order Arrhenius rate law,

—T.
= k1Co, pAre = koo,1 €XP ( 2l )Co2 pAre (24)
T

where Ape :47'rrl§e is the reaction surface area, k; is the kinetic
rate of the reaction, k, ; is the pre-exponential constant, and T,; is
the activation temperature. The reaction parameters are provided
in Table 1. The FeO oxide shell is assumed to be porous and to
cause no hindrance on the transport of O,, as shown in Fig. 4,
which results in the reaction surface area to be Ag.. The Knudsen-
corrected oxidizer transport rate is evaluated as,

mo, = BBm(Co,,¢ — Co,.p)Are (25)

where B = D*/r is the diffusive velocity evaluated with the two-
third law. The parameter By, can either be obtained directly from
Eq. (17) in the explicit method, or it can be computed by solving
the system defined by Eqs. (9) and (10), then computing By =
Mo, /mic in the implicit method. An effective diffusive velocity can
then be defined as:

Best = BuB- (26)

The standard procedure for first-order reactions can then be ap-
plied, wherein Eqs. (24) and (25) are equated and solved for Co, p,
and the result is substituted back in Eq. (24) to obtain,

. ki
Mo, = (kl T ﬂeff)'BeﬂCOZ gAFe = Da* ,Beffcoz gAFe (27)

where the Knudsen-corrected normalized Damkohler number
a* = k1 /(kqy + Begr) has been defined. The consumption rate of Fe
and the production rate of FeO can be related through stoichiomet-
ric coefficients using Eqgs. (23) and (27) to the consumption rate of
0,: the = U&Thoz, and mFeo = U@moz.
02 02

3.4. Governing equations and ignition criterion

The governing equations for the rate of change of the state vari-
ables are:

dmge .

q = e (28)
dmi
ar - m; (29)
dH , . .
T;’ = Y (mq;) + g, ho, — Qv (30)

1

On the right-hand-side of Eq. (30), the first term represents the
energy release in the particle from the formation of the oxides,
where g; is the heating value of the oxides, provided in Table 1; the
second term relates to the enthalpy increase of the particle due to
the incorporation of O,, where h, is the enthalpy of O, computed
at Ty with the implicit method, or at Ty with the explicit method;
and the third term is the Knudsen-corrected conductive heat loss
rate from the particle surface to the surrounding gas mixture, ob-
tained with the implicit or explicit method.

Given an initial particle and gas temperature, T,o = Tg; a bulk
gas pressure, p=1 atm; an initial particle diameter, dpo; and
an initial oxide layer thickness, Xo = >;X; o, the governing equa-
tions are solved in time with the MATLAB solver ode15s. In the case
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of the parabolic kinetic model, the initial oxide layer thickness X,
is partitioned into 95% FeO and 5% Fe304 by thickness [13]. In the
case of the first-order model, Xo = 0, as X has no impact on the
kinetic rate. Equations (28)-(30) are numerically integrated until
particle burnout, or until the particle has undergone thermal run-
away, which is the ignition criterion. For the first-order model, this
translates to Da* approaching unity.

3.5. Steady-state ignition model formulation

The unsteady model is compared to a simple steady-state Se-
menov analysis, not considering the growth of the oxides, with
the Knudsen correction factors obtained from the explicit bound-
ary sphere method. Using Eqs. (4) and (16), the heat loss rate from
the particle can be expanded to:

. +0
— 872k (T, — T, ( P ) 31
& Pk (o = Tg) 212 + Gy + G2 S
where 6 = Ayppg. The heat generation rate in the particle from the
formation of the oxides is Qg = Y_;m;q;. In the parabolic kinetic
model, using Eq. (20) results in,
(rp — Xo0Fe,0,) (rp — Xo) + ke
(1 — Jre;0,)X0 o
where §; = 4mwq;pjko jexp(=T, j/Tp), and Sge,0, = 0.05 is the ini-
tial proportion of Fe;04 in the oxide layer. In the case of first-order
kinetics, Egs. (17), (23), and (27) can be used to show:

QR = 87TT§'D*CO2.g (U]z%o quOkl>

(rp — Xo0Fe,0,)Tp

Qr = Greo Xodrero, (32)

p+0
[2r2 + Gurp0 + GuO?|ky + 2D (rp + 6)

(33)

Semenov ignition occurs when Qp = Qg and dQ/dT, = dQg/dT;.
The criteria are solved as a function of d, o and compared to the
unsteady results.

4. Results and analysis

The parabolic and first-order kinetic models are two indepen-
dent models for the ignition of an iron particle. As previously
stated, the parabolic kinetics are proposed to provide a more re-
alistic representation of the high-temperature solid-phase oxida-
tion of iron, and the results obtained with this model are pre-
sented independently in Section 4.1. The first-order model results
are then presented as a comparison to the parabolic model in
Section 4.2. Unless otherwise stated, the explicit method is used to
compute the boundary sphere transport rates (Section 3.2), since a
small temperature and oxidizer concentration difference between
the bulk gas and the particle surface are assumed in the pre-
ignition phase. In some instances where this assumption is not
valid (Section 4.1.5), the implicit method is used.

4.1. Parabolic kinetics

4.1.1. Sample results - transient behavior and ignition

Figure 5 shows the particle temperature, Tp, normalized oxi-
dizer concentration at the particle surface, Co, ,/Co, g, and growth
of the oxide layers, X;, for a burning particle placed in different
bulk gas temperatures, T, with the parabolic kinetic model. As Tg
is increased, T, increasingly separates from the bulk gas as seen
in Fig. 5(a), which accelerates the particle kinetics; however, the
growth of the oxides shown in Fig. 5(c) has the opposite effect,
while also leading to additional inert thermal mass to be heated
by the energy release of the particle. As well, the heat loss rate
from the particle increases with the temperature separation AT =
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Tp — Ty. For Ty below the critical ignition temperature Tig,, Tp re-
turns close to T after reaching a peak; the particle burns out in the
kinetic-limited regime, and Co, ,/Co, ¢ tends to one. At the critical
gas temperature for ignition, the exponential dependence of the ki-
netics on T, exceeds the adverse effect of the oxide layer growth
and heat loss rate. The particle undergoes thermal runaway and
transitions to the diffusion-limited regime, and Co, ., reaches zero,
as seen in Fig. 5(b) for T; = 1072 K.

4.1.2. Ignition behavior - effect of particle size and initial oxide layer
thickness

The critical gas ignition temperature, Ty, is solved as a function
of particle size, d,, o, and initial oxide layer thickness, Xp, as shown
in Fig. 6. The continuum and transition analyses are both con-
ducted; the former results agree with those presented in Ref. [13].
A physical interpretation of the plateau in the large-particle limit
is provided in Ref. [13]: as d,, o increases, the heat generation rate
increases faster with particle size than the heat removal rate, facili-
tating particle ignition; however, larger particles grow a thicker ox-
ide layer, which impedes ignition. The competition between these
two effects eventually leads to an independence of Tig, on dpo. At
large d, o, the transition analysis converges to the continuum re-
sults, as expected. In the small-particle limit, different trends are
observed. For Xy = 1 and 10 nm, Tig, decreases with d,, o, opposite
to what is predicted by the continuum model. For X, = 100 nm,
Tign increases with d;, o, but the asymptotic behavior is weaker than
its continuum counterpart.

The ability of the particle to ignite is dependent upon its ability
to retain heat; hence, an important analysis of heat transfer pro-
cesses as a function of particle size arises. In the free-molecular
limit, where the limiting step for heat transfer is the low molecule-
particle collision rate, the heat loss rate scales with the surface
area available for collisions. In fact,

n+0 -0 (34)

15+ Grorp + Grb* — Gr6? (35)
. : 8mk* 5

Equation (29) = Q. » ——4 (T, — Ty)r (36)
Gr6 p

which can be shown to be equivalent to Eq. (2) and scales with
rg. Conversely, in the continuum limit, where the inter-molecular
collisions hinder heat transfer, the heat loss rate scales with the
distance over which this resistance is significant, which is the ther-
mal boundary layer, that has a thickness proportional to rp. In fact,

0 -1, (37)
21} + GrOry + Gr6? — 2r} (38)
Equation (29) = Qp — 4k*(T, — Ty)rp (39)

which is identical to Eq. (4) and scales with rp. The Knudsen num-
ber across the transition regime quantifies the interplay between
the free-molecular and continuum heat transfer limiting processes.

The trends observed in Fig. 6(b) for small particles are then
explained as follows. As dp, o decreases, the molecule-particle col-
lision rate decreases. Since parabolic iron kinetics are indepen-
dent of the delivery rate of oxidizer to the particle surface (Co, p)
the internal reaction rates are not affected; however, the decreas-
ing collision rate results in a decrease of the heat loss rate from
the particle. This thermal insulating effect increases the ignition



J. Jean-Philyppe, A. Fujinawa, .M. Bergthorson et al.

Combustion and Flame 255 (2023) 112869

1600 — 7,-975K >
1500 - - T,=1050K 08"z’
5 ) *,
o 1400 - Tg= 1071 K & sl
01300 e e T,=1072K —
SN, 3
v \ o' 04
1200} 7 N
/ _ .
1100/ 2 = TS = S Ntmemm _ 0.2
1000 L— ol i
0 10 20 30 40 0 10
Time [ms]

(a) Particle temperature.

Time [ms]

(b) Normalized oxidizer concentration.

—Tg=975K
- - g=1050K
- g=1071K
..... Tg=1o72K
20 30 40

Time [ms]

(c) Growth of the oxide layers.

Fig. 5. Particle transient behavior for d;, o = 20 pm, Xo = 10 nm at different T, (parabolic kinetics). Ignition occurs at T; = 1072 K.
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Fig. 6. Ignition temperature as a function of initial particle size for different initial oxide layer thicknesses (parabolic kinetics).

propensity of smaller particles as observed with Xo = 1 nm and
Xo = 10 nm, reducing Tg,; however, as d, o decreases at constant
Xp, the iron content available to react and generate heat is reduced,
while the proportion of inert oxide thermal mass, which must be
heated to undergo thermal runaway, increases. For a sufficiently
large X, (e.g., 100 nm), the latter effect outweighs the thermal in-
sulating effect of the transition transport regime, and the net result
is an increase of Tig, with decreasing dy, o.

It is of interest to note that, in the boundary sphere approach,
a limiting sphere beyond which continuum appropriately describes
transport processes is defined. The thermal boundary layer resis-
tance around the limiting sphere scales with its radius rp +6. In
the free-molecular and continuum limits, only one of these terms
dominate. Hence, in the free-molecular limit, the thermal bound-
ary layer thickness scales with the gas molecular mean free path,
while in the continuum limit, it scales with particle size.

4.1.3. Steady and unsteady analyses - effect of oxide layer growth
The unsteady model is compared to a simple steady-state Se-
menov analysis as formulated in Section 3.5, which is similar to
the model proposed in Senyurt and Dreizin [12]. Figure 7 shows
the steady analysis predicts a qualitatively different behavior of
Tign Vs. dpo. This formulation always under-predicts Ty, since it
neglects the oxide growth, which decreases the particle reaction
rates. The discrepancy becomes larger with increasing d,, o, while
it decreases with increasing Xy. To understand this behavior, Fig. 8
shows the growth of the oxide scale in time at Ty, for a small (8
a, dp o =2.51 pm) and a large (8 b, dj o = 100 pum) particle, given
different values of Xj. In Fig. 8(a), the growth ranges from approx-
imately one half to two orders of magnitude, while in Fig. 8(b), it
ranges from two to four orders of magnitude. Hence, the growth of
the oxide scale before ignition (AX) increases with d,, o, which im-
plies a larger discrepancy between the unsteady and steady mod-

1300
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51000
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800 ¢

107 10° 10! 102
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Fig. 7. Comparison of the prediction of T, vs. dyo as resolved by the unsteady
model-thick upper branches-and the steady model-thin lower branches (parabolic
kinetics).

els. As well, Fig. 8 shows AX is larger for smaller values of X,
which once again leads to larger discrepancies between the un-
steady and steady ignition models. Figure 8(b) shows X converges
to approximately the same value at the moment of ignition for the
large particle, independent of Xy, while the values differ for the
small particle. Hence, Tz, becomes independent of X, in the large-
particle limit, as shown by the converging curves in Fig. 6, since
the total mass content that must be heated to undergo thermal
runaway remains approximately constant. In general, the large dis-
crepancies between the unsteady and steady models, namely for
large particles and small initial oxide layer thicknesses, imply that
an unsteady analysis should be used to predict Tig, for kinetics fea-
turing oxide layer growth and an adverse effect of the oxide layer
on the kinetic reaction rates.
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Fig. 8. Growth of the oxide scale over time at the critical ignition temperature (parabolic kinetics).
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Fig. 9. Comparison of the ignition temperature as a function of particle size with the transition (Tz,) and continuum (Tig, o) transport models (parabolic kinetics).

4.14. Continuum approximation limit

Figure 9 compares Tg, to T, as a function of d, o, where
Tignco are the continuum-predicted ignition temperatures. As ex-
pected, Tg,/Tigneo — 1 as dpp increases. With the Song and
Yovanovich [37] correlation for o, Fig 9(a) shows continuum mod-
eling predicts the same results as transition modeling to within
95% for dp o 2 4 nm, and to within 99% for d, g 2 30 pm, which
corresponds to temperature differences of 10-50 K. In practice,
such small differences cannot be resolved by current experimen-
tal measurement methods.

The parameter oy is a key variable governing Ty, in the transi-
tion and free-molecular regimes. There is large uncertainty in re-
ported values of ar for iron surfaces. Mohan et al. [10] report o
should be within the range 0.50 to 0.90 for metal surfaces. Litera-
ture for different iron-gas pairs reports o scattered between 0.03
and 0.64 [40-43]. In the temperature range 900-1650 K, the Song
and Yovanovich [37] correlation results in values of oy ranging be-
tween 0.34 and 0.46 for a Fe,03-air system, and between 0.56 and
0.63 for a Fe-air system. This significant uncertainty renders the
appropriate selection of o difficult, and the impact of this uncer-
tainty is shown in Fig. 9(b). The Song and Yovanovich [37] corre-
lation results are compared to the range 0.08-0.90 representative
of the scattered data in the literature for Fe-N, systems. Smaller
ar results in lower Tig,, since the heat is less effectively carried
away from the particle surface. At d, o = 30 pm, the difference be-
tween continuum and transition transport modeling increases from
1% to 3%, or from 10 to 30 K, which still represents experimen-
tally unresolvable variations of the ignition temperature; therefore,
reasonable values of o yield no impact on the overall conclusion
that transition effects only become significant for particles sized in
the low tens of microns. In general, the continuum modeling accu-
racy limit for iron particle ignition problems can be established at
30 pum, which agrees with the order of magnitude reported by the

10

majority of previous researchers in heterogeneous reaction prob-
lems [5,8,10,11].

4.1.5. Post-ignition burning regime - effect of oxidizer concentration

The results presented in the current section are resolved with
the implicit method (Section 3.2). The oxidizer molar fraction in
the bulk gas (1o, is varied and the transient parabolic model is re-
solved. Since the parabolic kinetics are independent of Co, p, Tign
remains unaffected by a change in po,; however, Fig. 10 shows
that, for Ty = 1022 K > Tig,, the peak particle temperature reached,
during its stabilized diffusion-limited combustion after the ther-
mal runaway process, is impacted by uo,. For combustion in air
(o, = 21%, Fig. 10(b)), Tp exceeds the melting point of iron and
its oxides, the lowest being that of FeO-1650 K. For combustion at
low oxidizer concentration (e.g., o, = 1%, Fig. 10(a)), Tp stabilizes
at ~ 1215 K after the thermal runaway process, below the melting
point of iron and its oxides. Once the oxide layer grows sufficiently
thick, the particle extinguishes; hence, it has burnt out in the solid
phase without melting.

The burning regime as a function of ug, and Tg is resolved in
Fig. 11 for d, g = 50 nm, with the transition and continuum trans-
port models. Since Ty, is predicted to be higher with the con-
tinuum model (1421 K), the ignited region with Tpmax < Tielr be-
comes nearly nonexistent. In comparison, the transition model pre-
dicts a much larger region with Ty max < Tipelr, due to the lower Tig,.
The combustion regime where Tpmax < Tinee is Of importance for
practical applications, since a combustion purely in solid-phase im-
plies no evaporation takes place at the particle surface. This can fa-
cilitate collection of iron oxides, which is one of the foundations of
the iron fuel economy proposed in Ref. [2]. This regime is observed
at sufficiently low oxidizer concentration, as a function of particle
size and bulk gas temperature, as shown in Fig. 11(a). Further ex-
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(a) 1% oxidizer concentration.
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Fig. 10. Transient particle temperature profile (top row) and oxidizer consumption limits (bottom row) at different bulk gas oxidizer molar fraction for a particle with

dpo =50 nm, Xo = 10 nm, for Ty = 1022 K > Tjg, ~ 1021 K.
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Fig. 11. Burning regime as a function of bulk gas temperature at low bulk gas oxidizer molar fraction, with d, o =50 nm, X, = 10 nm (parabolic kinetics).
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Fig. 12. Particle transient temperature profile for d, o = 20 pm at different T;.

perimental and theoretical investigations studying this combustion
regime are required.

4.2. First-order kinetics - results and comparison to parabolic model

4.2.1. Sample results - transient behavior and ignition

Figure 12 (a) shows the transient behavior of a particle in dif-
ferent bulk gas temperatures resolved with the first-order kinetic
model. The behavior is similar to that observed in Fig. 12(b) for
the parabolic kinetic model; however, the separation between T,
and Ty is much less pronounced for temperatures below Tg, in
Fig. 12(a). This is explained by the inverse dependence of the
parabolic kinetics on the growing oxide thickness, X, which can

lead to a quenching of the particle after the thermal runaway pro-
cess has begun and can cause ATmax = Tpmax — Tz to reach high
values for Ty < Tig,. In contrast, the first-order kinetics show no de-
pendency on X; hence, the ignition phenomenon exhibits higher
criticality. An additional factor which contributes to the higher
ATnax in the parabolic kinetics is the higher activation tempera-
ture of the reactions (see Table 1).

4.2.2. Ignition behavior - effect of particle size

Figure 13 (a) shows Tig, vs. d,o with the first-order kinetic
model, with the continuum and transition transport methods. The
first-order oxidation kinetics predict an increase of Tig, with de-
creasing dp o, which is in contrast with the parabolic kinetics

1
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Fig. 13. Ignition temperature as a function of initial particle size resolved with Knudsen transition (thick lower branches) and continuum (thin upper branches) transport
models, with the unsteady analysis. In (a), the symbol * represents the critical size below which the particle cannot ignite.

shown in Fig. 13(b), which may predict a decrease of Tz, with de-
creasing dp o. In fact, for rp > 0, Eq. (39) shows the heat loss rate
scales with particle size. The heat release rate from the first-order

oxidation kinetics scales with particle surface area:

+0 —>1p (40)
(217 + Gurpf + Gub*ky — 2r5ky (41)
. . 1
Equation (34) = Qg — 47TT§D*C02,g(V% CIFeok1> <W>
(42)
kB8
= 47TC02.gU%quo(kl +‘3>T§ (43)

As such, as particle size increases, the heat release rate increases
much faster than the heat loss rate, leading to a decrease in Tgp,.
In fact, under continuum transport analysis, particles with an ini-
tial diameter below a critical particle size become incapable of ac-
cumulating sufficient heat to undergo thermal runaway. As demon-
strated by Soo et al. [4], this leads to a small-particle ignition de-
generation limit. This limit is also observed in the current work,
as seen from the continuum line in Fig. 13(a); however, the tran-
sition model predicts a removal of the ignition degeneration limit,
and a plateau of Ty, for small particles. This phenomenon can be
explained through further mathematical analysis.

Following the first Semenov ignition criterion, Q; = Qg,
Egs. (31) and (33) can be equated and re-arranged to yield:

D*COZ,gUFgJ qreoki
2
=T ——f
2TI2) =+ GTQTP =+ GT92

(44)
[2r5 + Gurpd + GMeZ]Iq +2D*(rp +0)

The second Semenov ignition criterion is dQp/dT, = dQg/dTy. Us-
ing,

_Ta,l

T
Egs. (31) and (33)
equated to yield:
k*
2’% + GTQrp + GTQZ

) = dk] Ta‘] (45)

aT,

can be differentiated with respect to T, and

ki = ko 1 €Xp (

T:
= Z(D*)zcoz,gvg qreok: (TT;)
n+0

. (46)
{[21’% + Gurpf + GM92]I<1 +2D*(rp + 9)}2
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Fig. 14. Ignition temperature as resolved by the unsteady and steady analyses (first-
order kinetics); comparison to the small-particle ignition plateau calculated through
Eqs. (47) and (48).

In the small particle limit, rp « 6, which allows to rewrite

Egs. (44) and (46) as:

D*Coz,g\)% qreoki G0
le=T- k* (c;Mekl T zw) (47
- 2 (D*)ZCO;gU% qreok1Ta1 G 4
I k* ([GMle +2D*]2)' (48)

The solution of the system defined by Eqs. (47) and (48) only de-
pends on: the thermophysical and transport properties of the gas,
the TAC and MAC through the geometrical Knudsen heat and mass
transfer factors, the reaction kinetic parameters, and the molecu-
lar mean free path. Since the system always has a solution and is
independent of rp, no small-particle ignition degeneration limit is
observed, and a plateau of T, is observed for small particles.

The system defined by Eqs. (47) and (48) is solved numerically,
and the result is compared to the unsteady and steady ignition
models for the first-order kinetics in Fig. 14. The steady analysis
tends towards the plateau of Tig, calculated through Eqs. (47) and
(48), which is ~ 869 K. This plateau is below the observed plateau
of ~900 K in the unsteady analysis. In fact, the steady analysis
under-predicts Ty, since the growth of the oxide is neglected,
while it represents inert thermal mass to be heated during the
thermal runaway of the particle; however, the difference between
the two models is small, since the growth of the oxide layer has
no adverse effect on the first-order kinetic rate of oxidation. This is
in contrast to the parabolic kinetics model, which exhibits a large
difference of the calculated Tig, between the unsteady and steady
analyses.
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Fig. 15. Oxidation model with the formation of cracks (direct oxidizer diffusion
channels) in the oxide layer.

5. Discussion
5.1. Oxidation kinetics of iron particles

The parabolic kinetic model used in the current study is based
on the model developed by Mi et al. [13], who calibrated their
kinetic parameters to the experimental work of Paidassi [14]. In
Ref. [14], the kinetics of iron were studied through the isothermal
growth rate of iron oxides on the surface of iron films in the tem-
perature range 973-1523 K. One possible limitation of the work
carried by Mi et al. [13] is that the experimental results of Paidassi
were based on bulk material-iron films-and were used to predict
the kinetics of iron particles; however, the mechanisms of lattice
diffusion may not accurately describe particle kinetics. In fact, Ly-
senko et al. [19] studied the kinetics of iron particles in their TGA
studies. In Ref. [19], an activation energy of 110 kJ/mol for the
formation of Fe,03 was reported, the highest iron oxide. In com-
parison, Paidassi [14] reported an activation energy of 169 kJ/mol,
while the survey conducted by Chen and Yeun [18] resulted in an
activation energy of 155 kJ/mol. Hence, the noticeable difference in
activation energy may be attributed to mechanisms intrinsic to the
sample geometry, such as the possible formation of small cracks
across the oxide layers, which creates direct diffusion channels for
the oxygen to react with the iron core, as depicted in Fig. 15. Fur-
ther experimental endeavors are required to clarify this question.

An additional possible limitation of the parabolic kinetic model
used is that the current model extends the Paidassi [14] kinetics to
~ 900 K in the unsteady analysis (Fig. 7); however, the kinetics are
calibrated in the range 973-1573 K. To more accurately predict Tig,
for particles < 1 pm, improved kinetics for T, < 973 K should be
used in future studies.

5.2. Formulation of the Knudsen layer thickness

The primary difficulty of the boundary sphere method resides
in determining the appropriate Knudsen layer thickness 6 for the
flux-matching conditions. The perhaps most widely applied formu-
lation was provided by Wright [25] in a derivation based on the
Knudsen cosine law, which takes into account particle curvature
effects to calculate the effective average free-molecular transport
region around the particle surface; however, the exact formulation
of 6 was shown to yield only marginal variations of the flux rates
in the boundary sphere method, provided that it is a factor close to
unity of the mean free path [7,16]. In the current work, the thick-
ness of the Knudsen layer, 6, is set equal to the molecular mean
free path in the bulk gas, which allows a constant value of 6 to be
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used for the transient analyses. This approximation is justified by
its minimal impact on the transition heat and mass transport rates.

6. Conclusions

The current study quantitatively assesses Knudsen transition
transport effects on the ignition behavior of fine iron par-
ticles. A computational model considering two possible high-
temperature solid-phase iron oxidation models-parabolic and first-
order kinetics-and coupling them to a boundary-sphere flux-
matching transition transport method was implemented. The
model was solved to resolve the critical gas temperature at which
particle ignition can occur as a function of particle size, and the
results predicted by the two kinetic models were compared. Ad-
ditionally, results obtained with the transition transport analysis
were compared to a continuum transport approach for both kinetic
models.

In the parabolic kinetic model, the ignition temperature was
shown to follow different trends with decreasing particle size.
Transition transport processes lead to a thermal insulating effect
with decreasing particle size, which facilitates particle ignition;
however, the increasing oxide layer proportion with decreasing
particle size adversely affects the reaction kinetics, impeding par-
ticle ignition. These two effects compete and the reaction model
should be solved unsteadily to assess the overall trend of the ig-
nition temperature as a function of particle size and initial ox-
ide layer thickness. The unsteady analysis is increasingly impor-
tant for larger particles and smaller initial oxide layers. Continuum
transport modeling was shown to predict ignition temperatures to
within 10-30 K or less of the transition transport model for par-
ticles with an initial diameter exceeding 30 pm. The 30 pum limit
agrees with the order of magnitude reported by a majority of pre-
vious researchers for the onset of transition effects. In the small-
particle limit, the transition transport analysis revealed a com-
bustion regime where particles ignite and burn in the external-
diffusion-limited regime below the melting point of iron and its
oxides.

In the first-order kinetic model, the ignition temperature was
shown to monotonically decrease with increasing particle size. The
continuum small-particle ignition degeneration limit was shown
to be removed with the transition transport analysis, due to the
independence of ignition temperature on the particle size in the
small-particle limit. The ignition temperature was shown to tend
towards a plateau in the small-particle limit. The different qualita-
tive trends between the parabolic and the first-order kinetic mod-
els provide a comparison basis for future experimental work that
aims to validate the high-temperature solid-phase oxidation and
ignition behavior of single iron particles.
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Appendix A. Explicit mass transfer factor in the boundary
sphere flux-matching method

The detailed derivation of Eq. (17) is provided in the current
Appendix. Liu et al. [7] derived an explicit formulation of the heat
transport rate between a spherical particle and a gas in the bound-
ary sphere flux-matching method,

@ _ ( LI 1GTKn>’1
Qc 1+Kn 2

where Q; is the actual heat loss rate from the particle accounting
for transition transport effects; Q¢ = 4mrpk(Tp — Tg) is the heat loss
formulated in the continuum approximation, with r, the particle
radius, k the gas mixture-averaged thermal conductivity, and Ty, Tg
respectively the particle and bulk gas temperature; Kn = Aypp/1p is
the Knudsen number based on the bulk gas mean free path Aypp;
and,

Br= (A1)

__ 8f
Car(y+1)

is the geometry-dependent heat transfer factor, with f= (9y —
5)/4 the Eucken factor, y the heat capacity ratio, and o the ther-
mal accommodation coefficient (TAC). Equation (A.1) incorporates
the assumption that the Knudsen layer thickness is formulated as
the mean free path of the bulk gas, 0 = Ayp. As well, Eq. (A.1) im-
plies the ratio of the mean thermal molecular speeds in the bulk
gas, Cg, and at the Knudsen layer surface, ¢y, tends to 1,

= STy (2 s - (T)i (M) a
TTMg SkBTg Tg mg
where kg is the Boltzmann constant. In Eq. (A.3), my and mg

are respectively the average individual molecular mass of the gas
molecules at the Knudsen layer surface and in the bulk gas. The

. 1 . .
ratio (my/mg)2 tends to 1 if the concentrations of the gaseous
species at the limiting sphere surface and in the bulk gas are

. 1 . . L
similar. As well, (my/mg)2 — 1 if the inert gas and the oxidizer
have a similar molecular mass, independent of the concentra-
tion gradients. Such is the case for a gaseous mix of O, and Nj.

Equation (A.1) as well assumes (Tg/TQ)% — 1, in other words there
is a small temperature difference between the Knudsen layer sur-
face and the bulk gas. This is always the case in the pre-ignition
phase of an iron particle.

Equation (A.1) incorporates the methodology of the boundary
sphere method, while allowing the heat transfer rate to be cal-
culated without solving a coupled system of nonlinear equations.
A similar term By can be derived for the boundary sphere mass
transport rate, following the same approach as in Liu et al. [7]. The
oxidizer transport inside and outside the Knudsen layer is equiva-
lently described by:

Gr (A.2)

Cg
Co

(A3)

o = anmr2(Coly — Colp) (A4)

|, oy = 47 (rp + 0)D(Cg — Cp). (A5)

where D is the oxidizer mass diffusivity in the gas mixture, a is
the mass accommodation coefficient (MAC), C is the oxidizer con-
centration, and the subscripts g, 6, and p respectively denote in the
bulk gas, at the Knudsen layer surface, and at the particle surface.
The symbol C is used to describe oxidizer concentration instead
of Cp, as in previous sections to lighten the notation. If the mass
transport would occur completely in the free-molecular or the con-
tinuum regime from the bulk gas to the particle surface, it would
respectively be described by:

MM = 7T Trz) (Cgfg — Cpfp) (A.6)
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e = 4nrpD(C — Gp). (A7)
Multiplying Eq. (A.4) by mc/mgy results in:
. Mc 2 = - 4rr,D(C — Gy)
m—— = oymr;(CyCo — GoC = =
mo pCt =G p)aMnrg(Cgcngpcp)
- 4anD<C9C0 - CPCP) G-G (A8)
Cg Cg — Gp(Cp/Cy)

Using the assumption Cy/Cg ~ 1 and introducing the assumption
Cp/Cg ~ 1, this simplifies to:

M- _ 47, D(Cy — Gp). (A9)
Mpm
Now the ratio of the transport rates can be expanded to,
me  AnnpD(G - G) 4D(C - Gy) 4D

v a2 (Coly — Cop)  OmTpls(Ce — Gp(6p/Tg))  Olmlple
(A.10)

where the assumption ¢p/Cg~1 was used. Additionally,
Eq. (A.5) can be re-arranged to:
. Tp

—— =4nr,D(C; — Gp). ATl
g = 471D =) (A1)

Adding Eqs. (A.9) and (A.11) and using Eq. (A.10) yields:

4D
opTpCe

( p
m +
p+6

) =4n1pD(Cy — G) +4nrp,D(C — Gy) =mic.

(A12)

Using the approximation 6 = Ayp, the definition of the Knudsen
number Kn = Aygp/rp, and re-arranging yields:

m 1 4D 1
= ( ¥ e Kn) . (A13)
Using the definition of the mean free path [7]:
_k(y =1) ramgTy\
AMEP = T (721<B )2 (A14)

where p is the bulk gas pressure, and the result [nmng/(ZkB)]% =
2Tg/Cg, the factor in the second term on the right-hand-side of
Eq. (A.13) can be re-written as,

4D _ 4D fr Cg
OCMEg)\,MFp - O{MEg k(]/ — 1) 2Tg
2Dfp 2f  DpRg
= = Al5
apmk(y = DTy apm(y -1) k ( )
where the ideal gas law p = pRgT; was used, with p the gas den-

sity and Ry the individual gas constant. Now the definition of the

Lewis number yields,

le—%__k Do_ 1
pcpD k  cle

(A.16)

where « is the thermal diffusivity and c, is the heat capacity at
constant pressure. Substituting in Eq. (A.15):

4D . 2f Rg
aMC_'g}\,MFp N O[M()/ — 1) CpLe.
Now,
1 R R -1
cp:c,,+Rg:>1:—+—g:>—g=y7
Yy O Cp 14

hence we obtain:
4D B 2f
aMEngFp - C(M]/Le.

(A17)
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The new geometry-dependent mass transfer factor is defined as,

af
Gy = —— A8
M= T (A18)
which is a non-dimensional number. Substituting Eq. (A.17) in
Eq. (A.13) and using the above-defined Gy, results in:
m 1 1 1
Bv = m_C = (m + EGMKH) . (A19)

Equation (A.19) has a form identical to Eq. (A.1). The new bound-
ary sphere mass transfer factor, By, allows to calculate the oxi-
dizer mass transport rate from the bulk gas to the particle surface
explicitly, with a transitional correction factor. Therefore, the heat
and mass transport can both be resolved explicitly with the bound-
ary sphere method. Equations (A.1) and (A.19) are valid for arbi-
trary Knudsen number, and incorporate the assumptions Cg/Cp ~ 1,
Eg/Eg ~ 1, and 0= )\MFP-

Using Egs. (A.2) and (A.18), the heat and mass transfer factors

are related by:
Gr 8f aMyLe:ﬁzza_M( 4 )Le_
Gm ar \y +1

G @y af *20
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