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A B S T R A C T

Following the ignition and solid-to-liquid phase transition of a fine (on the order of 10–100 μm in diameter) iron
particle, the self-sustained combustion of a liquid-phase droplet of iron and its oxides takes place. The objective
of the current work is to develop an interpretive and explanatory model for the liquid-phase combustion of
a single fine iron particle. A zero-dimensional physicochemical model is developed assuming fast internal
processes, such that the combustion rate is limited by the rate of external oxygen (O2) transport. The model
considers a particle covered by a shell of liquid-phase FeO enclosing a core of liquid-phase Fe. Stefan flow
and diffusion are considered for the gas-transport of O2, while the gas-transport of gas-phase Fe and FeO
are calculated via diffusion only. The outward gas-phase Fe and FeO consume inward-transported O2 to
stoichiometrically form hematite (Fe2O3), and the remaining oxygen that reaches the particle surface is entirely
consumed to form liquid-phase FeO. The time history of simulated particle temperature shows consistent
overprediction of the peak particle temperature when compared to experimental temperature measurements,
indicating that the assumption of fast internal kinetics may be incorrect. The model is also unable to capture
the apparent slow cooling rate observed in experiments. A further analysis is performed through a heuristic
model with a calibrated reaction-rate law, where the internal diffusion of reactive Fe and O ions may become
rate-limiting. The calibration of the pre-exponential factor in the Arrhenius term to match the experimental
peak temperature yielded good agreement of time to peak temperature, as well as the slow cooling rate. The
heuristic model considering internal diffusion predicts a plateau in peak temperature with increasing oxygen
concentration. Possible uncertainties of the models, as well as future work, are discussed.
1. Introduction

To mitigate further global climate change, current energy systems
must transition away from fossil fuels. This calls for the urgent develop-
ment of clean and efficient energy carriers that can store and transport
renewable energy. Iron is an excellent candidate, given its carbon-
free nature and high energy density [1–3]. The combustion of iron
particles results in the formation of condensed-phase iron oxides, which
can be collected and reduced back into pure iron powder using green
hydrogen [4]. As iron exhibits flame temperatures comparable to that
of hydrocarbons, existing fossil fuel power plants can be retrofitted for
iron, making iron fuel a unique and promising future energy carrier [5].

∗ Corresponding author at: Department of Mechanical Engineering, Eindhoven University of Technology, Eindhoven, The Netherlands.
E-mail address: x.c.mi@tue.nl (X. Mi).

Recent experimental studies on single iron particle combustion have
provided temporally-resolved particle temperature measurements in
air with varying oxygen concentrations. The time history of particle
temperature in ambient air has been provided by Ning et al. [6].
Part I of this paper by Panahi et al. [7] reports the time history of
particle temperature in high gas temperatures in 21% O2, 50% O2,
and pure O2. These experimental measurements allow for an enhanced
fundamental understanding of the mechanism of single iron particle
combustion, while also providing a benchmark for model validation.
This work presents the development of a numerical model based on
a zero-dimensional framework, validated against the aforementioned
vailable online 25 May 2023
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set of experimental measurements, to provide a more in-depth theoret-
ical analysis of the dynamics and mechanisms of single iron particle
combustion.

The combustion of an iron particle begins with solid-phase ignition,
where the oxidation rate is exponentially dependent on particle temper-
ature and inversely proportional to the thickness of the growing oxide
layer. This process is well understood, given an abundance of literature
from the metallurgical field on the solid-phase oxidation of iron [8–13],
and recent computational studies on the ignition characteristics of iron
particles [14,15]. The many outstanding unknowns of iron oxidation
lie in temperatures where iron and its oxide products exist in liquid-
phase. In particular, there is no experimental literature on the chemical
kinetics of liquid-phase iron particle oxidation, or any quantitative
understanding of the dynamic composition of reacting molten iron
droplets. The poor understanding of the heat release rate during liquid-
phase iron particle combustion renders the development of efficient,
large-scale energy-conversion technologies for iron fuel difficult. These
knowledge gaps hinder our abilities to drive the development of iron
fuel as a clean and recyclable energy carrier [16].

Despite the lack of extensive fundamental studies on the combus-
tion of liquid-phase iron particles, there is an array of experimental
literature on the mechanisms behind molten iron oxidation, which
arose owing to interest in the steelmaking industry. Initial rate-limiting
mechanism analysis of the oxidation of liquid iron in pure oxygen was
conducted by Emi et al. [17] and Banya and Shim [18]. An experimen-
tal setup consisting of a cm-scale magnesia crucible was used, where an
electrolytic iron sample was melted in an inert atmosphere. Upon filling
the reaction chamber with oxygen to around 1 atmosphere (atm), the
pressure in the chamber was recorded to probe the rate of oxidation.
Analysis indicated that, following the rapid oxidation of the iron melt,
the rate of oxidation markedly slows down due to the formation of
an oxide layer, where the oxidation becomes limited by the diffusion
transport of oxygen ions through the oxide layer.

A large set of metallurgical literature on molten iron rod combustion
is also available, owing to research efforts that stemmed from interest
in flammability of iron rods from a fire safety and explosion hazard
standpoint. Phenomenological information can be extracted from this
experimental literature to better understand the possible mechanisms
behind liquid-phase iron combustion. A mm-diameter iron rod is typ-
ically heated from one end, where a molten droplet of iron and its
oxides develop at the heated region. This reaction front continues to
melt and propagate further down the rod [19]. This combustion process
gives rise to distinct, multi-phase layers of molten oxides, molten
unoxidized iron, and thermally unaffected iron [20]. Early experimen-
tal investigations by Sato et al. [19] and Hirano et al. [21] showed
that the rate-limiting mechanism was likely the adsorption of gaseous
oxygen at the oxide melt/gas interface. Subsequent experiments by
Steinberg et al. [22,23] in high pressure oxygen exhibited excess oxy-
gen above the stoichiometric requirement to form the highest oxidized
product of iron, hematite (Fe2O3), in the product oxide melt. This
finding suggested the rate-limiting mechanism to be the kinetic reaction
at the pure iron/oxide melt interface. Dreizin [24] reconciled this
apparent disagreement in experimental literature on the rate-limiting
mechanism of molten iron-rod combustion, elucidating that the limiting
rate can either be internal iron oxidation kinetics at sufficiently high gas
temperatures [22,23,25], or the rate of gaseous oxygen incorporation
at lower gas temperatures [19,21].

Further experimental studies by Muller et al. [26] explored the
mixed molten droplet that forms during the laser ignition of iron rods
in oxidizing environments. A pure iron sample quenched in water
post-combustion revealed a spatially non-uniform distribution of iron,
oxides, microporosities, and mm-scale gas bubbles in the expanded
droplet attached to the rod [26]. This work is consistent with the
findings of Steinberg et al., where excess oxygen was found in the iron
and oxide melt [22]. Muller et al. [26] also identified a transition tem-
perature (around 2350 K) at which distinct layers of molten iron/oxides
2

overcome the miscibility barrier and begin to mix. l
To understand the potential implications of these findings to iron
particle combustion, one must reconcile the fundamental differences
between iron rod and iron particle combustion. In mm-scale diameter
rods, there is a temperature gradient from the heated location to
the solid rod. Distinct, multi-phase layers of iron and its oxides that
form [20] also give rise to a spatial gradient in species concentra-
tion. In micron-sized particles, the Biot number is much less than
unity [14], indicating a uniform temperature in the entire particle.
The miscibility of molten layers of iron and iron oxides in particle
combustion is unknown, and will require further experimental explo-
ration of the composition of burning molten iron droplets. The evidence
for excess oxygen dissolved into the molten oxide layer in iron-rod
experiments is directly relevant to iron particle combustion. Recent
studies on the morphology of a burning iron particle show the presence
of non-uniform holes, through which excess absorbed O2 appears to
scape from the particle upon cooling and re-solidification [27,28].
oreover, single particle combustion studies by Ning et al. [6] and

anahi et al. [7] show a second peak in particle temperature near the
olidification point of magnetite (Fe3O4), known as the shoulder of the
pearpoint [29]. Ning et al. [6] speculate this to be due to a sudden
rystallization/solidification of a supercooled droplet of molten iron
xide with high O content, comparable to that of Fe3O4.

Alas, the quantitative analysis from presently available molten iron
ombustion literature cannot be directly applied to iron particle com-
ustion due to the intrinsic complexities of sample geometry and
xperimental conditions involving high oxygen pressures. A number of
ecent studies have focused on single particle combustion [6,7,30–32],
owever, no extensive quantitative analysis on the internal kinetics of
burning molten droplet, or the composition of such a droplet, was
ade. While further experimental campaigns are certainly necessary

o fully elucidate the governing physics of iron particle combustion in
iquid-phase, reasonable inferences can be made to model the process
pproximately. As condensed-phase kinetics of iron oxidation likely
ecome sufficiently fast at elevated temperatures (i.e., when the iron
article becomes fully molten at 𝑇p = 1870 K), the rate of liquid-phase
ron oxidation is likely limited by the external-O2-transport rate [14].

hile there is no quantitative information on the composition of a
eactive molten droplet of iron, Fe2O3 is unstable above its melting
oint, and thermo-chemical equilibrium suggests that the liquid-phase
xide can have an oxidation stage up to the stoichiometric molar ratio
f Fe3O4, corresponding to around 𝑍O = 0.57, where 𝑍O = O∕(Fe + O)
escribes the elemental mole fraction of oxygen in the particle.

The current work presents the development of an interpretive model
or the liquid-phase combustion of an iron particle, based on the
implifying assumptions that the rate of external oxidizer transport is
ate limiting, and the liquid-phase particle reaches an oxidation state
f 𝑍O = 0.5 (the stoichiometry of ‘‘liquid-phase FeO’’) in liquid-phase.
he paper is structured in the following manner. An overview of the
hermodynamics of the iron/oxygen system is presented, where an
pproximate combustion mechanism is postulated. The model formula-
ion for the combustion of a single iron particle is presented in detail,
ith a brief description of the solid-phase oxidation and phase transi-

ion model, followed by the formulation of the liquid-phase combustion
odel. Simulation results for combustion in air with varying oxygen

oncentrations and gas temperatures are compared to experimental
easurement. A further analysis through a heuristic model is proposed,

o illustrate the possible rate-limiting physics. A parametric analysis
nd discussion of results are presented. Concluding remarks are given.

. Thermodynamics of the Fe-O system

Thermodynamic data and equilibrium calculations can elucidate the
table composition of a binary iron/oxygen (hereinafter referred to as
e-O) system.

Fig. 1 presents the Fe-O phase diagram, constructed by phase equi-

ibrium boundaries based on thermodynamic data of various species
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Fig. 1. Fe-O phase diagram based on data from [33]. Wüstite refers to solid-phase FeO, spinel refers to solid-phase Fe3O4, while bcc and fcc refer to body centered cubic and
face centered cubic structures of Fe, respectively. L1 (metal) describes liquid-phase Fe and L2 (oxide) describes liquid-phase iron oxide.
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that may exist in an Fe-O system. As the rates of oxidation of Fe to FeO,
Fe3O4, and Fe2O3 are finite, a burning iron particle is at thermodynamic
non-equilibrium during its combustion. Therefore, a given state of a
burning particle is rate-dependent and is unlikely to be attributed to
a unique location in the phase diagram. However, information from
thermodynamic equilibrium calculations can provide critical insight on
favored species and possible compositions of a burning droplet of iron
and its oxides. The general trajectory of the combustion of a liquid-
phase iron particle can be speculated to be within the 2 Liquids dome
(also referred to as L1+L2), given the high particle temperature and
intermediate molar ratio of O to Fe atoms. While the exact composition
of species in the liquid-phase regions is unknown, the 2 Liquids region
is a mixture of iron and oxide species in liquid phase, of increasing
oxide content as the particle intakes more gaseous oxidizer (increasing
molar ratio 𝑍O = O∕(Fe + O)). The right boundary of the 2 Liquids
region roughly corresponds to an O/(Fe+O) molar ratio of 𝑍O = 0.5,
or that of stoichiometric FeO. The curvature of this boundary is likely
due to the presence of non-stoichiometric compounds of FeO at high
temperatures. The neighboring region to the right of the boundary
consists only of L2 (oxide) phase, suggesting that when an Fe-O system
in liquid-phase reaches a molar ratio of approximately 0.5, it is void of
L1 (metal) or pure iron. This indicates that a liquid-phase iron particle
undergoing combustion will likely oxidize to an oxidation state of 𝑍O =
0.5, until all Fe is consumed.

The L2 (oxide) region extends to approximately the O/(Fe+O) molar
ratio of 𝑍O = 0.57 for an oxygen pressure of 1 atm. This region
shares a boundary with the L2+gas region, where the molten oxide
phase becomes saturated and is unable to absorb additional gaseous
oxidizer. The location of the boundary (and its corresponding molar
ratio) is strongly dependent on the oxygen pressure, suggesting that the
extent of oxidation a molten iron particle can reach depends on the gas
pressure of the environment. While not explicitly illustrated in Fig. 1,
it can be speculated that, for oxygen pressures higher than 1 atm, this
boundary will be located at a molar ratio beyond that of stoichiometric
Fe2O3, which reconciles the absorption of oxygen in the molten oxide
phase beyond the amount required for stoichiometric Fe2O3 in the
iron rod experiments at high oxygen pressures [22,23]. Moreover, this
suggests that the consideration of excess oxygen absorption beyond the
stoichiometric requirement to form Fe2O3 is not necessary to model the
combustion of iron particles at ambient pressure conditions in air.
3

It is critical to note that Fe3O4 (and Fe2O3) are crystalline structures
that are only stable in the solid phase. While experimental findings sug-
gest re-solidified combustion products to be mainly composed of Fe3O4
and Fe2O3 [28,34], the formation of such crystal structures most likely
ccurs subsequent to the re-solidification and further cooling. While the
2 (Oxide) region of the Fe-O phase diagram suggests liquid-phase iron-
xygen systems may have an O/(Fe+O) molar ratio corresponding to
value higher than that of stoichiometric FeO, it is unknown whether

urther heat release upon reaching an Fe-O ratio above 0.5 can occur in
iquid-phase, or only upon re-solidification of the particle. This paper,
herefore, explores a model in which only the oxidation to 𝑍O = 0.5

is considered during the liquid-phase combustion of the iron particle.
The following mechanism for liquid-phase iron particle combustion is
considered:

1. The particle intakes gas-phase O2, which reacts with liquid-
phase Fe, to form an oxide product of 𝑍O = 0.5, until all Fe is
consumed.

2. The particle then ceases further intake of gas-phase O2, and cools
to the re-solidification temperature of Fe3O4.

The model based on the above mechanism is developed, and simu-
ation results are compared to experimental measurements. Note that,
he re-solidification process is not modeled in the current work, as
here is no quantitatively accurate method to approximate the complex
rocess, which likely involves some excess O2 release from the particle,
hermal expansion of trapped gas, and particle deformation due to
as ejection [28,35]. The model simulations are all stopped once the
article cools to the re-solidification temperature of Fe3O4.

. Model for iron particle combustion

Due to the multi-phase nature of iron particle combustion, several
odels are required to capture its full combustion process. The model

or solid-phase oxidation and formulations for the phase transition
f iron/oxides are first presented. The detailed formulation for the
iquid-phase iron particle combustion is subsequently described.

.1. Solid-phase oxidation

Prior to the liquid-phase combustion of an iron particle, a solid-
hase ignition process takes place. To capture this process, a solid-
hase iron particle combustion model, based on oxidation kinetics
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Fig. 2. Schematic of thermophysical model of a burning iron particle in a layer-by-layer
structure in solid-phase and during solid-to-liquid phase transition.

calibrated to experimental data [8], developed by Mi et al. [14] is used,
as illustrated in Fig. 2. As the current model aims to extend the ignition
model, the formulation for the kinetic rate of oxide layer growth is
modified to consider the shrinking-core effect:

d𝑚FeO
d𝑡

=
4𝜋𝜌FeO,(s)𝑟FeO𝑟Fe

𝑟FeO − 𝑟Fe
𝑘0,FeOExp

[−𝑇a,FeO
𝑇p

]

, (1)

d𝑚Fe3𝑟𝑚𝑂4

d𝑡
=

4𝜋𝜌Fe3O4 ,(𝑠)𝑟Fe3O4
𝑟FeO

𝑟Fe3O4
− 𝑟FeO

𝑘0,Fe3O4
Exp

[−𝑇a,Fe3O4

𝑇p

]

. (2)

Here, 𝜌FeO,(s) and 𝜌Fe3O4 ,(𝑠) denote the solid-phase densities of FeO and
Fe3O4, respectively. The variables 𝑟Fe, 𝑟FeO, and 𝑟Fe3O4

denote the Fe
core radius, outer radius of the FeO spherical shell, and the outer radius
of the Fe3O4 spherical shell (equivalent to the particle radius), respec-
tively. The pre-exponential factor and activation temperature of FeO
and Fe3O4 are empirically calibrated to experimental measurements of
isothermal oxide layer growth, as described in [14]. The formation of
Fe2O3 is neglected, as it only contributes to approximately 1% of the
total oxide layer thickness, making the heat release associated with
Fe2O3 formation negligible.

3.2. Solid-to-liquid phase transition of Fe, FeO, and Fe3O4

Between 1650 K and 1870 K, the phase transition of FeO (𝑇melt =
1650 K), Fe (𝑇melt = 1809 K), and Fe3O4 (𝑇melt = 1870 K) occur. In
order to capture these processes, separate energy balance equations are
solved in time. At temperatures other than the melting point of Fe, FeO,
or Fe3O4, the change in total particle enthalpy is tracked to determine
the increase in particle temperature. At the melting points, the change
in particle enthalpy is used to track the increase in internal energy to
overcome the respective latent heat of fusion:
d𝐻p

d𝑡
= −

ℎO2

𝑊O2

d𝑚O2

d𝑡
− 𝐴p[ℎp(𝑇p − 𝑇g) + 𝜖𝜎(𝑇 4

p − 𝑇 4
g )] if 𝑇p ≠ 𝑇melt,𝑖, (3)

d𝐻L,𝑖

d𝑡
= 𝑞FeO

d𝑚FeO
d𝑡

+ 𝑞Fe3O4

d𝑚Fe3O4

d𝑡
−

ℎO2

𝑊O2

d𝑚O2

d𝑡
− 𝐴p[ℎp(𝑇p − 𝑇g)

+ 𝜖𝜎(𝑇 4
p − 𝑇 4

g )] if 𝑇p = 𝑇melt,𝑖. (4)

In Eq. (3), the variable 𝐻p denotes the total enthalpy of the particle,
which accounts for both enthalpy of formation and sensible enthalpy.
The first term on the RHS accounts for the increase in particle enthalpy
due to the incorporation of gaseous oxygen. The last two terms describe
the convective and radiative heat loss, respectively. In Eq. (4), the
variable 𝐻L,i tracks the sensible enthalpy of the particle at the phase-
transition temperatures, and the heat release due to the formation of
4

FeO and Fe3O4 are calculated explicitly via the first two terms on the
RHS. The detailed formulation for these terms are described in [14].
The variable 𝐻L,𝑖 can be normalized by the latent heat of fusion and
the mass of species 𝑖, 𝐿f ,𝑖, to track the progress of the phase transition:

𝐻L,𝑖

𝐿f ,𝑖𝑚𝑖
=

⎧

⎪

⎨

⎪

⎩

1 if species 𝑖 in liquid phase,
0 ≤ 𝐻L,𝑖

𝐿f ,𝑖𝑚𝑖
≤ 1 if during phase transition,

0 if species 𝑖 in solid phase.

(5)

This normalized variable is used to track whether a given species
is undergoing phase transition or not. Note that, during the solid-to-
liquid phase transition of each species, oxidation reactions continue,
and species masses evolve. When evaluating the particle temperature
after a phase transition process with the total particle enthalpy, 𝐻p,
a temperature slightly different to the melting point is obtained, due
to the change in species masses. To reconcile this, the total parti-
cle enthalpy is adjusted to a value that renders the correct particle
temperature at the end of each phase transition process.

3.3. Extrapolation of iron oxidation kinetics to higher temperatures

It is of importance to elucidate the theoretical considerations around
the extrapolation of the kinetic rate of iron oxidation to temperatures
beyond what is experimentally verified (1523 K), to the melting point
of FeO, Fe, and Fe3O4. Experimentally, the growth of the outermost
oxide layer of Fe2O3 adapts to the gas-phase oxygen concentration, and
allows the Fe cation and O anion activities at the Fe-FeO, FeO-Fe3O4,
and Fe3O4-Fe2O3 interfaces to reach equilibrium [10,14]. As long as the
Fe2O3 layer remains in solid-phase, its ability to equilibrate the internal
interfacial activities should be preserved, therefore, the kinetic rate of
FeO and Fe3O4 formation can be extrapolated to the melting point of
Fe2O3 (1838 K). Additionally, this provides a theoretical basis for the
assumption that absorbed oxygen is consumed to form FeO and Fe3O4
based on the oxidation activities determined by their individual kinetic
rates, even during diffusion-controlled combustion. A simplification
made in this model is the further extrapolation of the oxidation kinetics
in the temperature range between the melting points of Fe2O3 and
Fe3O4 (1838–1870 K), where the Fe cation and O anion activities at
the phase interfaces may not necessarily be at a comparable equilibrium
state. That being said, this assumption is only required if the oxidation
rate is still kinetic-controlled past the melting point of Fe2O3, which is
not the case for the range of simulations in this study [14].

3.4. Model formulation for a single molten droplet

In the current study, a zero-dimensional thermophysical model,
based on the theoretical framework proposed by Soo et al. [36], is
developed to describe the liquid-phase combustion of a single iron
particle. This model considers a spherical droplet consisting of molten
Fe (L1) and molten oxide (L2), assumed to be in a core and shell
configuration with a shell of L2 phase around the core of L1 phase. This
corresponds to the formation of oxide product to reach an oxidation
stage of 𝑍O = 0.5 [6,31]. The assumption of L1 and L2 coexisting in
the liquid-phase particle is based on the experimental evidence of a
molten droplet with a mixed surface containing both L1 and L2 during
the liquid-phase combustion of iron [26].

The model assumes the formation of liquid-phase FeO through
reaction R1:

R1 ∶ Fe(𝓁) + 1
2
O2(𝑔) → FeO(𝓁). (6)

Here, letters 𝓁 and g depict liquid- and gas-phase, respectively.
During the R1 oxidation stage, the dissociative evaporation of

liquid-phase FeO is considered, through which gas-phase Fe, FeO, and
FeO2 are released, and is described by the following reaction R2 [6],

R2 ∶ FeO(𝓁) ↔ O(g) + O (g) + Fe(g) + FeO(g) + FeO (g). (7)
2 2
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𝑚

Fig. 3. Schematic of thermophysical model of a burning liquid-phase particle, illustrat-
ing the particle structure, mechanisms of heat transfer between the particle and gas,
and O2 intake for reaction R1.

Thermodynamic equilibrium calculations show that gas-phase Fe
and FeO are the most significant dissociative evaporation products
from liquid-phase FeO, as illustrated in Fig. 4. Hence, the gas-phase
diffusion of Fe and FeO away from the particle are considered in the
gas-transport model. Note that the direct evaporation of liquid-phase
Fe is not considered, since the model assumes only the L2 phase to be
in contact with the gas-phase environment, as depicted in Fig. 3.

Note that since FeO is the most dominant product of iron oxidation
in solid-phase, the particle does not contain a significant amount of
Fe3O4 at the onset of liquid-phase combustion. Moreover, the equilib-
rium vapor pressure of liquid-phase Fe3O4 is more than an order of
magnitude lower than that of liquid-phase FeO [6]. The evaporation of
Fe3O4 is, therefore, neglected in this study.

While there is likely a complex interaction of gas-phase oxida-
tion reactions governed by gas-phase kinetics [37–40], a simplifying
assumption is made in the model, such that gas-phase Fe and FeO
oxidize and condense into Fe2O3 by instantaneously consuming inward-
transported O2 to the particle via the following reactions R3 and R4:

R3 ∶ 2Fe(g) + 3
2
O2(𝑔) → Fe2O3(s). (8)

R4 ∶ 2FeO(g) + 1
2
O2(𝑔) → Fe2O3(s). (9)

The letter ‘‘s’’ denotes solid-phase. By consuming inward-transported
O2, reactions R3 and R4 reduce the overall rate of O2 transport to the
particle, inhibiting the rate of heat release from the particle. While
the dissociation of gas-phase FeO into gas-phase Fe and O2 can also
occur at elevated gas temperatures, this process is neglected since these
products will go through the reverse reaction to re-form gas-phase FeO,
and this dissociation/reformation process bears no effect on the overall
thermodynamics of the system.

3.4.1. Mass and energy balance equations
The mass and energy balance equations described here are solved

over time to track the mass of Fe and FeO inside the particle, and
the total enthalpy of the particle. The formation of Fe3O4 in liquid-
phase is not considered due to reasons considered in Section 2, and
5

the formation of Fe2O3 in liquid-phase is not considered, as it is
thermodynamically unstable past its melting point. We introduce the
following expression for the total rate at which the particle consumes
O2 gas:
d𝑚O2

d𝑡
= −(𝑚̇O2

− 𝜈O2∕𝐹𝑒,(𝑔)
𝑚̇Fe − 𝜈O2∕𝐹𝑒𝑂,(𝑔)

𝑚̇FeO). (10)

Here, 𝑚̇O2
, 𝑚̇Fe, and 𝑚̇FeO each denote the external mass transport rate

of gas-phase O2, Fe, and FeO. The variables 𝜈O2∕𝐹𝑒,(𝑔)
and 𝜈O2∕𝐹𝑒𝑂,(𝑔)

denote the stoichiometric mass ratios for the gas-phase reactions R3
and R4. The rate of O2 reaching the particle is reduced by the rate at
which gas-phase Fe and FeO consume inward-diffused O2. The mass
balance equations for liquid-phase Fe and FeO in the particle during
the R1 oxidation step of the liquid-phase combustion are then written
as follows:
d𝑚Fe
d𝑡

= 𝜈Fe∕O2 ,(𝓁)
d𝑚O2

d𝑡
, (11)

d𝑚FeO
d𝑡

= −𝜈FeO∕O2 ,(𝓁)
d𝑚O2

d𝑡
− 𝑚̇FeO,evap. (12)

The overall gas-phase O2 consumption rate is multiplied by the stoi-
chiometric mass ratios for the liquid-phase reaction R1, 𝜈Fe∕O2 ,(𝓁) and
𝜈FeO∕O2 ,(𝓁), to give the consumption and formation rate of liquid-phase
Fe and FeO, respectively. The evaporative mass loss of liquid-phase
FeO, 𝑚̇FeO,evap, is defined as the sum of the contributions from the
release of gas-phase Fe and FeO:

̇ FeO,evap = 𝑚̇FeO +
𝑀FeO
𝑀Fe

𝑚̇Fe. (13)

The total enthalpy of the particle 𝐻p is calculated as the sum of the
enthalpy of each condensed-phase species,

𝐻p =
𝑁s
∑

𝑗

𝑚𝑗ℎ𝑗 (𝑇p)
𝑀𝑗

, (14)

where 𝑁s is the total number of species, 𝑚𝑗 is the mass of the 𝑗th
species, ℎ𝑗 is the molar enthalpy of the 𝑗th species as a function
of particle temperature 𝑇p calculated using the NASA 7-coefficient
polynomial parametrization [41], and 𝑀𝑗 is the molecular weight of
the 𝑗th species. With the particle enthalpy 𝐻p and species masses 𝑚𝑗
known, the particle temperature can be determined via a root-finding
iterative scheme.

The particle enthalpy evolves according to the rate of addition of
the enthalpy due to the incorporated oxygen, heat loss rate due to the
heat exchange with the surrounding gas via convection and radiation,
and heat loss rate due to the evaporation of condensed-phase iron and
iron oxide species. The following equation is solved in time to track the
evolution of particle enthalpy:
d𝐻p

d𝑡
= −

ℎO2

𝑀O2

d𝑚O2

d𝑡
− 2𝜋NuSt𝑟p𝜆(𝑇p − 𝑇g) − 𝐴p𝜖𝜎(𝑇 4

p − 𝑇 4
g ) −

ℎFe
𝑀Fe

𝑚̇Fe

−
ℎFeO
𝑀FeO

𝑚̇FeO. (15)

Note that explicit formulations of the heat release associated with
the formation of oxide products are not included in Eq. (15), since
the computation of the total particle enthalpy in Eq. (14) takes into
account the heat of formation of species. The first term on the right-
hand side of Eq. (15) describes the addition of the enthalpy of oxygen
consumed by the particle. The total molar enthalpy of gas-phase O2,
Fe, and FeO are represented by ℎO2

, ℎFe, and ℎFeO, and are calculated
using polynomials given by the NASA database [41]. The second term
describes the convective heat loss rate as a function of the Stefan-
corrected Nusselt number, NuSt [42], considering the slip velocity
between the particle and the gas. The particle is assumed to be at
the terminal velocity [43] evaluated at boundary-layer-averaged gas
conditions. The variable 𝜆 denotes the gas-phase thermal conductivity,
calculated using the Cantera toolbox. Boundary-layer-averaged values
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Fig. 4. Vapor pressure of Fe-containing species evaporating from liquid-phase FeO determined via thermodynamic equilibrium calculations on Cantera, for the temperature range
1870–3280 K at 1 atm.
𝑚

𝑚

Fig. 5. Schematic describing gas-phase transport through the boundary layer in the
vicinity of the particle surface, where O2 is transported by diffusion and Stefan flow
to the particle surface, and Fe and FeO diffuse away from the particle surface due to
evaporation.

are used for the gas temperature and molar composition, calculated via
the 1/2 averaging rule [42]:

𝑇g,f =
1
2
(𝑇g + 𝑇p), (16)

𝑋𝑖,f =
1
2
(𝑋𝑖,g +𝑋𝑖,p). (17)

The symbols 𝜖 and 𝜎 in the radiative heat transfer term denote the
emissivity of the particle and the Stefan–Boltzmann constant, respec-
tively. Here, the emissivity of the molten droplet is taken as 0.7 [26],
as the outer surface of the molten droplet will consist of L2 phase. The
last two terms on the right-hand side of Eq. (15) describe the heat loss
due to the evaporation of Fe and FeO. Since the heat release associated
with the gas-phase oxidation reactions are insignificant compared to
the heat capacity of the surrounding bulk gas, the enthalpy of gas-phase
reactions are neglected.

3.4.2. Gas-phase transport
At the onset of external-O2-transport-limited combustion, the lack

of O2 at the particle surface generates a low pressure region, driving
a Stefan flow from the bulk gas toward the particle surface. While
6

Fe and FeO may evaporate from the particle surface, as experimental
measurements show that iron particles only reach a peak temperature
well below the boiling point of Fe, the mass flux of O2 toward the
particle will likely be much greater than the mass flux of gas-phase
Fe and FeO away from the particle as depicted in Fig. 5. Therefore, the
direction of Stefan flow is likely always toward the particle [44]. In the
current model, an external mass transport rate considering Stefan flow
and diffusion is used for O2, while the gas-phase Fe and FeO is assumed
to be transported by diffusion only.

The partial pressures of gas-phase O2, Fe, and FeO at the surface are
determined via their vapor pressures from thermodynamic equilibrium
between species described in R2 (Eq. (7)). The partial pressure of the
inert gas species (N2 in this study) is calculated such that the partial
pressures of evaporating species and N2 add up to 1 atm. The mole
fraction of each gas-phase species at the surface are then evaluated via
Dalton’s law. Lennard-Jones (LJ) potential parameters, (𝜎𝑗 , 𝜖𝑗 ), for Fe
and FeO are taken from [45]. The external mass transport rate of O2
is:

̇ O2
= 2𝜋ShSt𝑟p𝜌O2

O2
(𝑋O2,𝑔

−𝑋O2,𝑝
). (18)

Here, a Stefan-corrected Sherwood number correlation applicable to
iron particle combustion is used [42]. The transport rate is hindered by
the presence of O2 at the particle surface resulting from the dissociative
evaporation reaction in Eq. (7). The external mass transport rate of
gas-phase Fe and FeO are of the following form:

̇ j = 2𝜋Sh𝑟p𝜌jj𝑋j,p. (19)

The variables 𝐷O2
and 𝐷j each denote the mass diffusivity of O2

and evaporating species, and are calculated using the Cantera toolbox,
evaluated at a boundary-layer-averaged state via the 1/2 averaging
rule. The density of each gas, 𝜌O2

and 𝜌j, follow the form [42],

𝜌𝑖 =
𝑝0

g,𝑖𝑇g,f
, (20)

where 𝑝0 is the total pressure in the gas, g,𝑖 is the specific gas constant
for species 𝑖, and 𝑇g,f is the boundary-layer-averaged gas tempera-
ture. The values and correlations used for key liquid- and vapor-phase
properties are summarized in Table 1:

4. Sample results compared to experimental measurements

Sample results of the model simulation are presented in comparison
to two independent sources of experimental results on single particle
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t

Fig. 6. Time history of particle temperature predicted by the model considering only liquid-phase FeO formation (black solid), compared to a typical smoothened experimental
temperature profile of a laser-ignited particle by Ning et al. [6] (red dotted). Initial conditions: 𝑑p,0 = 54 μm 𝑇g = 300 K, 𝑋O2

∶ 𝑋N2
= 0.21 ∶ 0.79. (For interpretation of the references

o color in this figure legend, the reader is referred to the web version of this article.)
Table 1
Liquid- and vapor-phase properties of Fe and FeO.

Property Name Value Unit

𝜌Fe,𝓁 Liquid-phase density of Fe 8523–8.358 × 10−4𝑇 [46] kg m−3

𝜌FeO,𝓁 Liquid-phase density of FeO 4350 [47] kg m−3

𝐿Fe,f Latent heat of fusion of Fe 2.090 × 105 J kg−1

𝐿FeO,f Latent heat of fusion of FeO 4.251 × 105 J kg−1

𝜖Fe, 𝜖FeO Potential well depth 3000 K
𝜎Fe, 𝜎FeO Lennard-Jones diameter 4.3 Å

combustion [6,7]. The model is first compared to a typical temperature
profile of a laser-ignited iron particle burning in air at 300 K. The model
is subsequently compared to temperature profiles of particles burning
in a drop tube furnace in gas of varying oxygen concentrations at
1350 K. For all simulations, the initial oxide layer thickness to particle
size ratio is set to a value of 10−3, to ensure that the initial temperature
of the particle required for ignition is minimized [14].

4.1. Combustion in ambient temperature air

To compare the current model results to experimental results on
the combustion of laser-ignited single iron particles by Ning et al. [6],
the initial particle diameter is set to 𝑑p,0 = 54 μm, with ambient gas
conditions of 𝑇g = 300 K and 21% O2, 79% N2 by volume. The initial
particle temperature is set to 𝑇p = 1270 K to ensure a thermal runaway.
Note that this value is higher than the ignition limit predicted by Mi
et al. [14], as ambient gas temperatures are assigned.

The results are plotted in Fig. 6. To compare the combustion time
and peak temperature predicted by the model to the experimental
temperature profile, the temperature curves are shifted such that they
coincide at the melting point of FeO. The particle first undergoes
solid-phase ignition, where the combustion rate is initially limited by
solid-phase oxidation kinetics. As the particle temperature increases
and the combustion transitions into an external-O2-transport-limited
regime, the phase change of FeO, Fe, and Fe3O4 are observed se-
quentially, represented by the flat temperature profiles at 1650 K,
1809 K, and 1870 K, respectively. The particle continues to burn in the
external-O2-transport-limited regime until all Fe has been consumed at
around 28.9 ms, reaching a temperature of about 2440 K. This slightly
overpredicts the peak temperature of the experimental curve of 2268 K,
occurring at around 22.9 ms. The particle temperature begins to drop
7

when 𝑍O = 0.5 is reached, via heat loss through evaporation of Fe
and FeO, convection, and radiation. The simulation is stopped once
the particle temperature reaches the re-solidification point of Fe3O4
(1870 K). The model does not appear to capture the rate of cooling
seen in the experiment.

Fig. 7 (upper) plots the rates of heat release, heat losses, and heat
loss due to evaporation over time. The heat loss rate is split up into the
contributions of convective, radiative, and evaporative heat loss. The
heat loss rate due to evaporation is the sum of contributions from the
evaporation of Fe and FeO, both as described in Eq. (15). The rate of
heat release associated with solid-phase FeO and Fe3O4 are described
by Eqs. (1) and (2), with specific energy release values as detailed
in [14]. For the liquid-phase combustion, the rate of heat release is
approximated as the sum of the enthalpy of formation of liquid-phase
FeO and the addition of enthalpy due to the incorporation of gaseous
O2 to the particle:

𝑄̇release = 𝑞FeO,𝓁(−𝜈FeO∕O2 ,(𝓁)
d𝑚O2

d𝑡
) −

ℎO2

𝑀O2

d𝑚O2

d𝑡
. (21)

The variable 𝜈FeO∕O2 ,(𝓁) denotes the stoichiometric mass ratio for the
condensed-phase reaction R1, and the term

d𝑚O2
d𝑡 is the consumption

rate of O2 gas by the particle described in Eq. (18). The variable 𝑞FeO,𝓁
denotes the specific energy release associated with the formation of
liquid-phase FeO, and can be estimated as follows:

𝑞FeO,𝓁 = −𝛥𝐻◦
f ,FeO(𝓁)∕𝑀FeO. (22)

The standard heat of formation of liquid-phase FeO is taken from [48].
The heat release rate curve in Fig. 7 (upper) elucidates the various

combustion regimes an iron particle undergoes during its combustion
process. During solid-phase ignition, the high initial particle tempera-
ture facilitates an initially O2 transport-controlled combustion, which
quickly transitions into a kinetic-controlled combustion. The rapid
growth of the oxide layers initially inhibits the rate of oxide product
formation (∼2 ms), until the exponential dependence on particle tem-
perature of the Arrhenius term begins to dominate (2 ∼ 5 ms). The
subsequent flat heat release rate indicates a transition to a external-
O2-transport-limited combustion regime, resembling double transition
behavior [14]. The discontinuous drop in heat release rate observed
at around 7 ms is attributed to the lower specific energy release of
FeO in liquid-phase compared to solid-phase due to the latent heat
of fusion. The heat release rate then continues to increase until all
Fe is consumed. Note that the heat loss rate increases more rapidly
than the heat release rate, as the convective rate of heat loss is linear
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Fig. 7. The time-evolution of (upper) rate of heat release (solid), total rate of heat loss (thin solid), rate of convective heat loss (dashed), rate of radiative heat loss (dash-dotted),
ate of heat loss due to evaporation (dotted), and (lower) mass transport rate of gas-phase O2 to the particle surface (solid), gas-phase Fe away from the particle surface (dashed),
nd gas-phase FeO away from the particle surface (dash-dotted). Initial conditions: 𝑑p,0 = 54 μm, 𝑇g = 300 K, 𝑋O2

∶ 𝑋N2
= 0.21 ∶ 0.79.
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n the particle/gas temperature gradient, while the heat release rate,
ependent upon the external O2 transport rate, is weakly dependent on
emperature. The increase in particle enthalpy therefore slows down,
econciling the increasingly flattening increase in particle temperature
redicted by the model. It is also important to note that the contri-
ution of radiative heat loss is much less significant compared to the
onvective heat loss, and that the heat loss due to evaporation plays a
egligible role in the combustion dynamics for a single particle burning
t ambient gas temperature in 21% O2. The particle then cools to its
e-solidification point through convective, radiative, and evaporative
eat loss.

Fig. 7 (lower) plots the rates of mass transport of gas-phase O2,
e, and FeO. The rate of gas-phase transport of O2 slowly increases
s the particle heats up in the liquid-phase combustion process, as the
xternal diffusion rate is weakly dependent on the particle temperature.
he rates of gas-phase transport of Fe and FeO are more sensitive to
emperature, as the vapor pressures of the evaporating species are ex-
onentially dependent on temperature. For the case of a 54 μm particle
urning in ambient air conditions, the evaporation is minimal.

.2. Combustion in high temperature environments

The current model is also compared to the particle temperature pro-
iles of drop-tube furnace experiments in high temperature gas obtained
y Panahi et al. [7]. Experiments were performed with particles of
nitial diameter ranging between 38 and 45 μm and between 45 and
3 μm, with drop-tube walls set to a temperature of 𝑇g = 1350 K, which
imulates the conditions which particles experience upon entering a
eal combustor. The range of experimentally measured particle tem-
eratures are plotted as a band of temperature trajectories, for model
omparison. The experimental temperature measurement curves are
hifted forward in time such that the lowest averaged experimental
emperature data point collapses with the model result, to facilitate
omparison of the bulk of the liquid-phase combustion period. The
ame initial particle temperature of 𝑇p = 1270 K is prescribed in all
imulations.
8

.2.1. Combustion in high temperature air
Fig. 8 presents the particle temperature profiles predicted by the

urrent model. In Fig. 8, the particle temperature sharply increases and
eaches its peak of 2825 K at around 13.1 ms, compared to 2478 K at
2 ms in the averaged experimental measurement. A plateau-like be-
avior in particle temperature is observed in the model simulation near
he peak temperature. The particle then undergoes cooling to the re-
olidification temperature of Fe3O4. The cooling rate of the particle is,
gain, overpredicted in the model, since the predicted rate of tempera-
ure decrease at around 16 ms, where the model-predicted temperature
nd experimental temperature measurement coincide, is much faster
han in the experimental measurement. These results show that a model
onsidering external-O2-transport-limited combustion considering only
iquid-phase FeO formation during the liquid-phase combustion signif-
cantly overpredicts the increase in particle temperature, as well as the
ooling rate.

Fig. 9 is qualitatively similar to Fig. 7, but is plotted for the high
as temperature simulation (𝑇g = 1350 K) with an initial particle
iameter of 42 μm. The rate of heat release in Fig. 9 (upper) ex-
ibits a double-transition behavior [14], where the combustion begins
t an external-O2-transport-limited rate, followed by a transition to
inetically-controlled combustion, and then finally a transition back
nto external-O2-transport-limited combustion. While the heat release
ates in solid-phase and during phase transition are comparable to
he case with combustion in ambient gas conditions, the heat release
ate drops shortly after transitioning into liquid-phase combustion (an-
otated as A1), contrary to the monotonic increase in heat release
ate during FeO formation in the ambient gas case. This is due to
he increased vapor pressure of gas-phase products formed via the
issociative evaporation of the L2 oxide phase, facilitated by the high
article and gas temperatures. This leads to an increase in the rate
f Fe and FeO evaporation, which limit the mass transport rate of
2 to the particle surface due to the initial consumption of inward
2 by outward gas-phase Fe and FeO through reactions R3 and R4.
he increased production of gas-phase O2 at the particle surface due
o the dissociative evaporation of liquid-phase FeO also reduces the
oncentration gradient of O2 between the bulk gas and particle sur-
ace, thereby reducing the mass transport rate of O2 as well. The
ncreased evaporation rates and increasing particle temperature lead
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Fig. 8. Time history of particle temperature predicted by the model considering only liquid-phase FeO formation (black solid) for 𝑑p,0 = 42 μm, compared to an averaged
experimental particle temperature profile (red dotted), and one standard deviation above and below the average particle temperature (light blue band). Gas conditions:
𝑇g = 1350 K, 𝑋O2

∶ 𝑋N2
= 0.21 ∶ 0.79. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 9. The time-evolution of (upper) rate of heat release (solid), total rate of heat loss (thin solid), rate of convective heat loss (dashed), rate of radiative heat loss (dash-dotted),
rate of heat loss due to evaporation (dotted), and (lower) mass transport rate of gas-phase O2 to the particle surface (solid), gas-phase Fe away from the particle surface (dashed),
and gas-phase FeO away from the particle surface (dash-dotted). Initial conditions: 𝑑p,0 = 42 μm, 𝑇g = 1350 K, 𝑋O2

∶ 𝑋N2
= 0.21 ∶ 0.79.
to a heightened rate of heat loss due to evaporation, convection, and
radiation.

It can also be observed that, for a particle burning in high tem-
perature gas, and, therefore, with high evaporation rates, this model
predicts a peak particle temperature that occurs during the oxidation
stage to 𝑍O = 0.5, dictated by the rates of heat release, heat loss by
convection and radiation, and heat loss due to evaporation. The particle
naturally reaches a sufficiently high temperature that facilitates a rate
of total heat loss, which counteracts the rate of heat release limited
by the rate of O2 transport to the particle surface. Fig. 9 shows that
the rate of heat release and total heat loss do not exactly equilibrate.
However, the increase in particle enthalpy is slow, and the particle heat
capacity increases since liquid-phase FeO has a higher heat capacity
than that of liquid-phase Fe. The model, therefore, predicts a very
slow increase in particle temperature. It may be noted that a similar
plateau in temperature was observed in experiments conducted by
9

Dreizin et al. [49] using steel droplets of 180 μm in diameter. It is
possible that the burning droplet reached a similar state where the rates
of heat release and heat loss equilibrate, such that the particle continues
to burn at a steady temperature.

4.2.2. Combustion in higher oxygen concentrations
The current models are compared to averaged experimental mea-

surements of particle temperature in a 50% O2, 50% N2 environment
in Fig. 10(a). The model overpredicts the experimental measurements,
predicting a peak temperature of around 3160 K at 5 ms, compared to
the experimental measurement of 2814 ± 27 K.

To compare the current model results to experimental results on
combustion in high temperature pure O2 conditions, the gas compo-
sition in the model is set to 99% O2 and 1% N2 by volume. This
approximately models the maximum diffusion rate of O2, while ensur-
ing proper computation of the binary diffusion coefficients of O in
2
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Fig. 10. Time histories of particle temperature predicted by the model considering only FeO formation in liquid-phase (black solid), compared to averaged experimental temperature
profiles (red dotted) for a particle burning in (a) 50% O2, 50% N2 and (b) pure O2, with the solid light blue band representing one standard deviation above and below the
average particle temperatures. Initial conditions: 𝑑p,0 = 42 μm, 𝑇g = 1350 K, with molar fractions (a) 𝑋O2

∶ 𝑋N2
= 0.50 ∶ 0.50 and (b) 𝑋O2

∶ 𝑋N2
= 0.99 ∶ 0.01. (For interpretation of

the references to color in this figure legend, the reader is referred to the web version of this article.)
gas-transport calculations. The simulation result shown in Fig. 10(b)
is cut off at 3280 K, since the thermochemical equilibrium calculations
fail to predict the vapor pressure of gas-phase species evaporating from
liquid-phase FeO past this point, and the experiments conducted in [7]
do not observe such a high temperature, nor any rapid vaporization
of the particle. The model result sharply overpredicts the experimental
measurement of 2835 ± 34 K.

5. Analysis

5.1. Comparison with experimental measurement

The simulated particle temperature for combustion in ambient air
(Fig. 6) slightly overpredicts the typical experimental temperature pro-
file. In comparison to experimental measurements in high temperature
O2/N2 mixtures (Figs. 8, 10), the agreement between model and exper-
iment is inadequate, and is increasingly worse for combustion in higher
oxygen concentrations. In terms of qualitative observations, while the
model predicts a plateau-like behavior at the peak temperature for com-
bustion in high temperature gas, no plateau in peak temperature was
observed in the experiments by Panahi et al. [7]. In general, the model
considering external-O2-transport-limited combustion in liquid-phase
consistently overpredicted the peak particle temperature in comparison
to experimental measurement.

It is important to note that only the oxidation to an intermedi-
ate oxidation stage, 𝑍O = 0.5, was considered in this study, and
the further oxidation to the molar ratio of stoichiometric Fe3O4 was
neglected. Thus, the considered contribution to heat release within
the particle is likely to be underestimated. Yet, the model simulation
consistently overpredicts the peak particle temperature. This result
may indicate that, perhaps, some internal mechanism becomes rate-
limiting during liquid-phase combustion and, therefore, the assumption
of external-O2-transport-limited combustion, during liquid-phase iron
particle combustion, may be flawed.

The model predictions also depart after reaching 𝑍O = 0.5 (full con-
version of liquid-phase Fe to ‘‘liquid-phase FeO’’). The current model
considers cooling to the re-solidification temperature of Fe3O4 via Fe
and FeO evaporation, convective heat loss, and radiative heat loss. This
appears to overpredict the cooling rate, as cooling curves predicted by
this model have a steeper gradient than the experimental measurement
and/or diverge under the experimental cooling curve, as seen in Figs. 6,
8, and 10. The possibility of a cloud of nano-oxides forming a protective
shell shielding the particle from heat loss to the bulk gas is unlikely,
as Fig. 3 from Panahi et al. [7] indicates that, once the peak particle
temperature has been reached at around 18–20 ms, the dark plume of
vapor-phase products appear to be convected away from the particle,
10

exposing the particle to the bulk gas surroundings.
Fig. 11. Potential rate-limiting mechanisms of liquid-phase iron particle combustion.

5.2. Rate-limiting mechanisms of iron particle combustion

The model prediction based on liquid-phase FeO formation at the
external-O2-transport-limited rate consistently overpredicts the experi-
mental measurement of particle temperature during the particle heating
phase, as shown in Figs. 6, 8, and 10. Moreover, the model con-
sidering inert cooling overpredicted the cooling rate. It is possible
that some oxidation and heat release is occurring during the cooling
phase, as the cooling curves in the measurements by Ning et al. [6]
and Panahi et al. [7] resemble relatively straight lines, while a pure-
cooling curve should have a steep gradient at the peak, gradually
tapering off to a plateau near the surrounding gas temperature. These
findings motivate the exploration of other possible mechanisms that
may be rate-limiting during the liquid-phase combustion of a single iron
particle (see Fig. 11).

The heterogeneous nature of iron particle combustion gives rise to
multiple sequential mechanisms that precede the formation of oxide
products. Oxygen is supplied from the external gas-phase environment
via diffusion and Stefan flow, which interacts with the particle surface
via physical and chemical adsorption processes. The reactive O and Fe
ions must then be transported within the particle, and finally a chem-
ical reaction can take place. The current model assumes the external
O2 transport to be rate-limiting during liquid-phase combustion, and
consistently overpredicts the peak particle temperature compared to ex-
perimental measurement. A recent work by Thijs et al. [50] performed
molecular dynamics simulations to determine the accommodation co-
efficient at the particle surface for a range of oxygen ion mole fractions
in the oxide product. An iron particle combustion model, considering
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Fig. 12. Time history of particle temperature predicted by model assuming O2-transport-limited liquid-phase FeO formation (black solid) and the heuristic model considering
internal diffusion limiting the rate of oxidation (blue dashed), compared to a typical smoothened experimental temperature profile of a laser-ignited particle by Ning et al. [6]
(red dotted). Initial conditions: 𝑑p,0 = 54 μm, 𝑇g = 300 K, 𝑋O2

∶ 𝑋N2
= 0.21 ∶ 0.79. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
Fig. 13. The time-evolution of rate of heat release (solid), total rate of heat loss (thin solid), rate of convective heat loss (dashed), rate of radiative heat loss (dash-dotted) (upper),
nd mass transport rate of gas-phase O2 to the particle surface (dash-dotted) and surface mole fraction of O2 during the internal-diffusion-limited liquid-phase FeO formation
dashed) (lower) for the heuristic model considering internal kinetics. Initial conditions: 𝑑p,0 =54 μm, 𝑇g = 300 K, 𝑋O2

∶ 𝑋N2
= 0.21 ∶ 0.79.
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urface reactions with a changing accommodation coefficient hindering
he rate of heat release, was shown to achieve better agreement with
xperimental measurement. However, this model still overpredicts the
eak particle temperature and, therefore, the consideration of surface
eactions alone likely does not fully resolve the discrepancy between
odel results and experimental measurement. From this, one can pos-

ulate that the internal transport of O and Fe ions may also become a
ate-determining step in the liquid-phase combustion of iron particles.

A complete model for single iron particle combustion may require
esolving all aforementioned processes, including the boundary layer
etween the particle and the gas, surface reactions at the particle-gas
nterface, as well as the internal boundary layer within the particle,
onsidering the transport of reactive O and Fe ions. While this is a
ubstantial modeling effort outside the scope of the current work, a first
pproach to modeling internal-diffusion-limited combustion is herein
resented. A simplified analysis is provided through a heuristic model,
11

l

o explore the effect of considering the effects of such a rate-limiting
echanism on the combustion behavior of a single iron particle.

The mathematical formulation for the rate of internal diffusion of
eactive ions through a spherical shell is analogous to the solid-phase
xidation rate presented in Eqs. (1) and (2):

d𝑚FeO
d𝑡

=
4𝜋𝜌FeO,𝓁𝑟FeO𝑟Fe

𝑋FeO
𝑘0,dif f .,FeO,𝓁Exp

[

−
𝑇a,FeO,𝓁

𝑇p

]

. (23)

The activation temperature in the Arrhenius term is defined as 𝑇a,FeO,𝓁 =
a,FeO,𝓁∕, and corresponds to the activation temperature related to

he internal diffusion of reactive ions through a liquid-phase FeO layer.
he variable 𝑋FeO is the liquid-phase FeO layer thickness calculated
s 𝑋FeO = 𝑟p − 𝑟Fe. In Eq. (23), the 𝑟Fe term asymptotically decreases
o zero as the liquid-phase Fe in the particle is consumed, and the
FeO term linearly decreases the oxidation rate as the liquid-phase FeO
ayer thickens. These two terms act against the exponential increase
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Fig. 14. Time history of particle temperature predicted by model assuming O2-transport-limited liquid-phase FeO formation (black solid) and the heuristic model considering
internal diffusion limiting the rate of oxidation (blue dashed), compared to averaged particle temperature measurements by Panahi et al. [7] (red dotted), and one standard
deviation above and below the averaged measurements (light blue band). Plots shown for combustion in (a) air, (b) 50% O2, and (c) pure O2. Initial conditions: 𝑑p,0 = 42 μm,
𝑇g = 1350 K, with molar fractions (a) 𝑋O2

∶ 𝑋N2
= 0.21 ∶ 0.79, (b) 𝑋O2

∶ 𝑋N2
= 0.50 ∶ 0.50, and (c) 𝑋O2

∶ 𝑋N2
= 0.99 ∶ 0.01. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
in the Arrhenius term, slowing the liquid-phase Fe to liquid-phase FeO
conversion as the reaction progresses.

Of the two parameters, the pre-exponential factor and the activation
temperature, the latter can be empirically determined from experimen-
tal work on reaction rate analysis of liquid iron oxidation. Experiments
conducted by Banya and Shim [18] explored the rate of liquid iron
oxidation via O2 pressure measurements in a constant volume reaction
chamber. Kinetic rate analysis via model fitting showed that the rate
of liquid Fe oxidation in the presence of an outer liquid FeO layer was
best described by an internal diffusion model through the liquid FeO
layer. An apparent activation energy of 20 920 Jmol−1 was obtained,
corresponding to an activation temperature value of 2516 K, which is
used for the value of 𝑇a,FeO,𝓁 in the current study. The pre-exponential
factor can be calibrated for each experimental measurement such that
the peak temperature predicted by the model exhibits good agreement
with the experimental peak temperature value.

In this heuristic model considering the internal diffusion during
liquid-phase combustion, the rate of liquid-phase Fe oxidation is ei-
ther external-O2-transport-limited, or limited by the rate of internal
diffusion. In the latter case, an iterative solver is used to calculate
the surface O2 concentration such that the rate of O2 transport to
the particle surface is equal to the rate of O2 consumption prescribed
by the calibrated internal diffusion rate. This ensures that the correct
gas composition is used to evaluate boundary-layer-averaged transport
properties.

Fig. 12 compares the results considering internal-diffusion-limited
combustion to the previous model result assuming entirely O2-
transport-limited combustion in liquid-phase. Fig. 13 plots the rates of
heat release and losses (upper), as well as the mass transport rate of O
12

2

to the particle surface and the mole fraction of O2 at the particle surface
(lower), for the heuristic model considering internal diffusion kinetics.
The pre-exponential factor in Eq. (23) is set to 2.87 × 10−8 m2s−1,
which was iteratively determined such that the heuristic model result
matches the experimental peak temperature measurement. While the
liquid-phase combustion is initially external-O2-transport-limited, the
internal diffusion becomes rate limiting at around 19 ms, as evident
in the heat release rate curve sloping downward in Fig. 13 upper. The
peak temperature occurs at around 21 ms, shortly after the transition
to a kinetically-limited regime. This corresponds to the point in which
the heat release rate intersects with the heat loss rate, instead of the
point of liquid-phase Fe burnout as seen before. The reaction continues
to progress at an increasingly slower rate as the particle cools down to
the re-solidification point of Fe3O4, giving rise to a ‘‘reactive cooling’’
phenomenon. The surface mole fraction of O2 approaches that of the
bulk gas as the reaction progresses.

The reactive cooling phenomenon is consistent with pyrometric ob-
servations by Banya et al. [18],1 where, during the oxidation of liquid-
phase Fe by pure O2, a sudden temperature increase is recorded as a
layer of liquid-phase oxide product rapidly forms, followed by a slow
consumption of O2 while the surface temperature of the metal/oxide
sample decreases.

The calibration of the pre-exponential factor is also performed for
the high temperature gas combustion cases [7], and results of the two
models are compared against experimental measurements in Figs. 14
(a), (b), and (c), for combustion in air, 50% O2, and pure O2, re-
spectively. The calibrated pre-exponential factors are summarized in

1 Note that Ref. [18] is written in Japanese.
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Fig. 15. The time-evolution of particle diameter (left axis) and 𝑍O in the particle (right axis) for the model considering (a) external-O2-transport-limited combustion and the (b)
heuristic model considering internal diffusion. Initial conditions: 𝑑p,0 = 54 μm, 𝑇g = 300 K, 𝑋O ∶ 𝑋N = 0.21 ∶ 0.79.
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Table 2
Calibrated pre-exponential factors and activa-
tion temperature for the kinetics of internal
diffusion through a liquid-phase FeO layer.
Experimental data 𝑘0 (m2 s−1)

Ning et al. (Air) 2.87 × 10−8

Panahi et al. (Air) 1.23 × 10−8

Panahi et al. (50% O2) 2.23 × 10−8

Panahi et al. (Pure O2) 4.97 × 10−8

Table 2. The calculated mean is 2.83 × 10−8 with a standard deviation
f 1.58 × 10−8 with units m2s-1.

Apart from the case for combustion in air (Fig. 14(a)), the heuristic
odel considering internal diffusion appears to predict the time to peak

emperature with excellent agreement to experimental measurement.
he reactive cooling process also renders the rate of cooling much
lower than the model considering inert cooling and, generally, shows
etter agreement with the experimental measurement compared to
he model considering only external-O2-transport-limited combustion.
owever, it is important to note the discrepancy in the calibrated pre-
xponential factors for varying oxygen concentration. This reinforces
he understanding that a comprehensive model for single iron particle
ombustion requires the consideration of internal kinetics that are
xygen concentration-dependent (i.e., surface reactions), and motivates
urther experimental investigations into the governing physics behind
iquid-phase single iron particle combustion.

.3. Time-evolution of particle size and 𝑍O

The time evolution of the particle size and 𝑍O is visualized in
igs. 15, for (a) the external-O2-transport-limited model, and (b) the
euristic model considering internal diffusion. The sudden jump in
article size at around 10 ms is due to the consideration of the liquid-
hase densities of Fe and FeO. The particle size can be seen to increase
uring the course of the oxidation of iron, due to the fact that its
xide products have a smaller density. While this result is uncertain
ue to the scattered data on the liquid-phase density of iron oxides
t high temperatures, the current model prediction suggests a slight
ncrease in particle size during its combustion lifetime of around 1.30–
.33 times the initial particle size, which is comparable to the in
itu measurements of particle size upon the first inflation made by
ing et al. [35]. The plots for the case where 𝑇g = 1350 K are not

ncluded as they are qualitatively similar to Fig. 15, where the particle
nflation is around 1.29–1.30 times the initial particle size. Note that
he sudden inflation of the particle at the spearpoint is not considered in
he current model, as the model simulation is terminated upon reaching
he re-solidification temperature of Fe O . Moreover, other mechanisms
13

3 4
f volumetric expansion during the liquid-phase combustion, such as
icro-explosions [51], are not considered in the current model.

Note that, in the heuristic model considering internal diffusion, the
article does not reach 𝑍O = 0.5, i.e., some liquid-phase Fe is left in
he particle at the time of re-solidification. This is consistent across all
est cases (Figs. 12 and 14) considered in this study.

.4. Effect of particle size and oxidizer concentration on peak temperature

The peak particle temperature of a particle ignited in ambient air
s plotted in Fig. 16 as a function of oxygen concentration in the gas
or selected initial particle sizes, for two gas temperatures, (a) 300 K
nd (b) 1350 K. Note that, for the external-O2-transport-limited model,
he simulations are stopped past 𝑋O2

= 0.63 since the predicted particle
emperature exceeds 3280 K.

The model considering a completely external-O2-transport-limited
ombustion in liquid-phase predicts that the peak temperature mono-
onically increases with oxygen concentration. While the Stefan flow
ffect enhances both O2 mass transport to the particle as well as the
onvective heat transfer away from the particle, the increasing oxygen
oncentration facilitates a faster rate of diffusive oxygen transport to
he particle surface, and therefore a faster rate of heat release, while
he effect of changing gas composition on the rate of convective heat
oss is negligible due to the comparable thermal conductivity of O2
nd N2. Heat loss due to evaporation of Fe and FeO plays a negligible
ole in the combustion dynamics for low oxygen concentrations where
he peak temperatures are low. As the oxygen concentration is further
ncreased, there is a shallower increase in peak particle temperature,
ue to the increased significance of heat loss associated with Fe and
eO evaporation.

The heuristic model, considering internal-diffusion-limited combus-
ion, predicts an increasing peak temperature with oxygen concentra-
ion up to around 𝑋O2

≈ 0.4. The peak temperature then plateaus,
nd does not vary with further increase in oxygen concentration until
round 𝑋O2

≈ 0.6–0.7. An increase in oxygen concentration increases
he rate of reaction while the combustion is still external-O2-transport-
imited, which leads to a faster reaction rate and, therefore, faster
article temperature increase. However, this makes the reaction tran-
ition to an internal-diffusion-limited regime quicker, due to the rapid
onsumption of liquid-phase Fe and growth of the layer of 𝑍O = 0.5
xide product. In addition, the transition to internal-diffusion-limited
ombustion will occur at a lower temperature, for a faster external
2 transport rate. These counteracting phenomena lead to the particle

eaching a peak at roughly the same temperature despite the increase
n oxygen concentration. The peak temperature is then predicted to
ecrease at very high oxygen concentrations. This arises due to the very
apid O2 transport rate for high bulk gas oxygen concentrations, which
akes the combustion regime transition to internal-diffusion-limited
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Fig. 16. Maximum particle temperature, 𝑇p,max, for a single iron particle burning in an O2/N2 mixture at gas temperatures (a) 𝑇g = 300 K and (b) 𝑇g = 1350 K, as a function of
xygen concentration 𝑋O2

for a range of initial particle sizes 𝑑p,0. Model results for the external-O2-transport-limited model, as well as the heuristic model considering internal
inetics, are shown. For the heuristic model considering internal kinetics, the mean pre-exponential factor from values of Table 2 are used. Results for a pre-exponential factor
ne standard deviation above and below the mean are shown for the (a) 𝑑p,0 = 54 μm and (b) 𝑑p,0 = 42 μm. Initial particle temperature is set to 𝑇p,0 = 1270 K. Experimental data
oints of peak particle temperature from (a) Ning et al. [6] where 𝑑p,0 = 54.36 μm and (b) Panahi et al. [7] where 𝑑p,0 = 38–45 μm are shown in blue, with their respective error
ars. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ven faster, leading to the heat release rate going below the heat loss
ate sooner in the combustion process.

The experimental measurements of peak temperature appear to
lateau with increasing oxygen concentration as observed in Fig. 16.
hile the external-O2-transport-limited model does not predict this,

he heuristic model considering internal diffusion is able to capture
plateauing peak temperature with increasing oxygen concentration,

ut only up to around 𝑋O2
= 0.7. The heuristic model considering in-

ernal diffusion generally exhibits better agreement with experimental
easurement than the model considering external-O2-transport-limited

ombustion.
In the same figure, the effect of initial particle size on the peak tem-

erature can be observed, for the external-O2-transport-limited model
and the heuristic model considering internal diffusion, respectively.
One consistent pattern is the trend of decreasing peak particle tem-
perature with particle size. This is in contrast to what was reported
by Ning et al. [6], where higher peak temperatures were observed for
larger particles. Authors of [6] explain this phenomenon as the reduced
surface-to-volume ratio of larger particles resulting in a diminishing
effect of radiative heat loss with increasing particle size. However, the
current model simulations predict the opposite trend. This is likely a
result of the slower temperature increase for larger particles stemming
from the faster increase in volumetric heat capacity, which scales with
𝑑3𝑝,0, than the increase in heat release rate, which scales with 𝑑𝑝,0.
As communicated by the authors of Ref. [6], the peak temperatures
as a function of particle size (Fig. 13) report the maximum peak
temperatures that were detected in a batch of 10 s of individually burnt
14

particles, rather than the mean peak temperatures of the batch. The e
rror bars provided in the figure indicate the measurement tolerance,
ather than a statistical distribution range. The results reported in Part I
f the current study do not show the same dependence of peak tempera-
ure on particle size. Therefore, based on the uncertainties identified in
he present theoretical study, we are inviting the community to further
nvestigate this phenomenon.

. Discussion

This section discusses possible sources of error in the model that
ay have led to disagreement between model and experimental mea-

urement, as well as potential future work to mitigate such discrepan-
ies.

.1. Effect of nanoparticles on gas-phase mass and thermal transport

The current work assumes gas-phase diffusion and inward Stefan-
low to transport O2 from the bulk gas to the particle surface. While
he effect of evaporated gas-phase iron-containing species consuming
nward-transported O2 is considered, there are further complications,
hat may hinder O2 transport, which are not considered in the cur-
ent model development. In particular, the cloud of nanoparticles that
urrounds the particle, as observed in experiments [6,7,30,31,52–56],
hould inhibit the inward transport of O2. This may also influence
he rate of heat removal from the particle, due to an intermediate
arrier between the particle and the bulk gas, changing the temperature
radient driving heat loss. A boundary-layer resolved model should be

mployed to further investigate the validity of the current mass and
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thermal transport model across a wide range of gas-phase temperatures
and O2 concentrations.

.2. Assumption of core and shell geometry

The current model assumes immiscible regions of liquid-phase Fe
nd FeO in a core and shell configuration during the liquid-phase
ombustion. This assumption is based on the evidence for physically
istinct, immiscible layers of molten oxide and molten Fe in experimen-
al studies on the liquid-phase combustion of liquid iron [26]. However,
he validity of this assumption for a micron-sized particle is uncertain,
ue to the much larger scale of the liquid iron sample used in the
xperiments in [26]. The morphology of the liquid-phase particle and
he species present at the particle surface should be explored further
hrough experimental verification.

.3. Diffusion coefficients

The diffusion coefficient in Eq. (23) is not empirically determined,
ut is rather expressed in Arrhenius form where kinetic parameters are
alibrated to available experimental measurements. An estimation of
he diffusion coefficients of O in an Fe-O mixture using MD simulations
ould be a valuable extension to the current work, both to provide
ore physically accurate quantitative data on the kinetics of internal
iffusion through liquid-phase iron oxide, and to validate the results
resented in this work. Note that, if the diffusion coefficients dictate
hat the oxygen ions in the Fe-O mixture can diffuse to the core of
he particle at a rate comparable to the burning rate of the particle,
his may indicate the presence of a continuous gradient of oxygen ion
oncentration in the liquid-phase particle, instead of distinct regions of
iquid-phase Fe and liquid-phase FeO.

.4. Rate-limiting internal mechanism

The internal transport mechanism considered in the heuristic model
resented in Section 5.2 is not the only internal mechanism in the
eterogeneous combustion of liquid-phase iron particles that could
ecome rate-limiting. A recent study by Thijs et al. [50] demonstrates
hat an MD-simulations-informed model, considering the rate of oxida-
ion limited by surface reactions, can achieve better agreement with
xperimental measurements, compared to a model considering only
xternal O2 transport to be rate-limiting. Moreover, in addition to the

internal diffusion considered in the current work, it is possible that
internal convection occurs within the particle, enhancing transport of
the reactive Fe and O ions.

While the full picture of the rate-limiting mechanisms in liquid-
hase iron particle combustion remains inconclusive, these studies
emonstrate the inability of simple external-O2-transport-limited mod-
ls to accurately model the single particle combustion process. The
act that the consideration of internal transport limitations improves
he accuracy of such simulation results continues to motivate further
xperimental studies on the fundamental mechanisms behind liquid-
hase iron particle combustion, as well as particle-resolved modeling
ork to investigate the physics of internal iron oxidation mechanisms.

. Concluding remarks

A theoretical framework for the solid-to-liquid phase transition and
he subsequent liquid-phase combustion of a single iron particle was
eveloped. A zero-dimensional model was constructed based on the
implifying assumption of rapid internal kinetic processes, such that
he overall rate of combustion in liquid-phase is dictated by the rate
f external O2 transport. The model considered a particle structure
herein a shell of liquid-phase FeO encloses a core of liquid-phase Fe.
he gas-phase transport consisting of O2 diffusion and convection (via
15

tefan flow) toward the particle surface and evaporated Fe and FeO
diffusion away from the particle surface was considered. The outward-
transported gas-phase Fe and FeO were modeled to inhibit the heat
release rate of the condensed-phase particle, as they consume inward-
transported O2 stoichiometrically to condense into Fe2O3 nanoparticles.

he current model considering only external-O2-transport-limited com-
ustion was compared to experimental measurements on single iron
article combustion in ambient temperature air, as well as at high
as temperatures in varying oxygen concentrations. Comparisons show
onsistent overprediction of the peak particle temperature, revealing
hat the assumption of rapid internal kinetics may not be accurate.
he calculated rate of inert particle cooling also overpredicted the rate
f particle cooling observed in experimental measurements. A further
nalysis via a heuristic model was proposed, considering internal-
iffusion-limited combustion. Calibration of the pre-exponential factor
o match the experimental peak temperature improves the agreement
etween model and experiment for both time to peak temperature and
he particle cooling rate. A plateau in peak temperature with increas-
ng oxygen concentration was observed when the internal diffusion
s considered. Future work should focus on elucidating the internal
hysical mechanisms that become rate-limiting, as well as the oxidation
echanisms during, and after, the re-solidification of the liquid-phase
article.
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