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1 Introduction

Owing to its high energy density, zero-carbon nature, and recyclability, iron powder is nowadays con-
sidered as the most promising energy carrier to realize a Metal-enabled Cycle of Renewable Energy
(MeCRE) on a global scale. [1] To develop real-world combustion systems to harness energy from iron
fuel, a key information that the technology developers need to acquire is the heat release rate (HRR)
of burning iron particles under various oxidizing gaseous conditions. To obtain this information, an
in-depth, quantitative understanding into the fundamentals underlying liquid iron oxidation at elevated
temperatures is required. To this end, a research campaign, combining experimental and theoretical
efforts, is currently carried out by researchers around the globe.

Although one may argue that studying the laminar flame behaviors can reveal the nature of iron-powder
combustion under more application-relevant conditions [2], yet, very little knowledge has been gained
via the laminar-flame experiments, which are hindered by an limited amount of data with large uncertain-
ties. Several experimental studies focused on the combustion of isolated iron particles [6, 7], however,
have so far provided more useful information to deepen our understanding. Ning et al. [6] first obtain
the time-resolved temperature measurement of laser-ignited iron particles burning in gaseous mixtures
with various oxygen concentrations (from air to 51% O2) at room temperature. Panahi et al. [7] used
a drop-tube furnace to burn iron particles at a high gas temperature (≈ 1350 K) with oxygen concen-
trations of 21%, 50% and 100%. The time histories of particle temperature obtained from these studies
serve as anchor points for us to developing quantitative paradigms to describe the complete combustion
process of liquid iron droplets.

In the past few years, the number of theoretical models for single iron particles has increased. A more
detailed review of these models can be found in the full preprint of this study [5]. In most of the
previously discussed models, the continuum assumption is used to describe the transport processes. It
is known that, when the size of the particle becomes too small, modeling the heat and mass transfer
using the continuum approach becomes invalid. The particle radius, rp, compared to the mean free path
length of the gas molecules, λMFP, is described by the Knudsen number Kn = λMFP/rp. Typically,
when Kn is larger than 0.01, the continuum approach is invalid. The effect of heat and mass transfer in
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the transition regime (between continuum and free-molecular regimes) on the ignition characteristics of
solid iron particles were previously studied. [8] The key finding is that, for iron particles larger 30 µm,
the ignition temperature is less than 3% lower than the prediction of a continuum model. This difference
is due the thermal insulating effect in the transition regime. Once a particle ignited, the temperature
increases so that λMFP in the gas-phase boundary layer increase, resulting in a greater value Kn and
thus more pronounced effect of transition-regime heat and mass transfer. Thus, this effect must be taken
into consideration for modeling the combustion process of a molten iron droplet.

In this abstract, we present the state-of-the-art theoretical model to describe the combustion of a molten
iron droplet in a gaseous medium with various O2 concentrations. Molecular dynamics (MD) simula-
tions are performed to investigate the thermal and mass accommodation coefficients (TAC and MAC,
respectively) for the combination of iron(-oxide) and air. TAC described the average energy transfer
when gas molecules scatter from the surface. MAC or absorption coefficient quantified the fraction
of incoming gas-phase molecules that are absorbed (accommodated) rather than reflected when they
collide with the iron surface. The MD-simulation-informed TAC and MAC are incorporated into a
zero-dimensional model for the combustion of a single iron particle based on a two-layer configuration
to account for the transition-regime heat and mass transfer. The results of particle temperature as a
function of time are compared with the recent experimental data. Insights into oxidation mechanism of
molten iron droplets are discussed in this abstract.

2 Model description

2.1 Model for single iron particle combustion

The single-particle combustion model is based on the previous work of Thijs et al. [4] The detailed
formulation of the heat and mass balance equations can be found in [5]. In the liquid phase of an Fe-O
mixture, there are no clear crystalline structures, and the molar fraction of O continuously increases in
the mixture as more O2 is absorbed from the surrounding gas. Therefore, the oxidation stage of an iron
particle can be characterized by the molar ratio of oxygen, ZO, defined as

ZO =
mO,p/MO

mFe,p/MFe +mO,pMFe
, (1)

where mO,p is the mass of oxygen, mFe,p the total mass of iron in the particle, and MO and MFe are the
molar mass of oxygen and iron, respectively. The thermodynamic properties of an Fe-O mixture at ZO
can be calculated by interpolating the properties of liquid iron, FeO (ZO = 0.5), and Fe3O4 (ZO = 0.57),
provided in the NASA database.

The two-layer model (shown in Fig. 1(a)) is used approximate the heat and mass transfer in the Knudsen
transition regime. The iron particle is surrounded by a spherical Knudsen layer δ with a thickness equal
to the mean free path λMFP of the gas molecules [9]

λMFP =
kδ
p

γδ − 1

9γδ − 5

√
8πmO2Tδ

kb
, (2)

with kδ and γδ being the thermal conductivity and specific heat ratio derived at the Knudsen layer, p
the ambient pressure, mO2 the mass of an oxygen molecule, and kb the Boltzmann constant. Inside the
Knudsen layer, the heat and mass transfer are assumed to be in a free-molecular regime; outside the
Knudsen layer, the transport rates are governed by the continuum model. The heat and mass transfer
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Figure 1: The configuration of (a) the two-layer model for describing the heat and mass transfer in the
Knudsen transition regime between a particle and the surrounding and (b) molecular beam simulations
for (left) an incident N2 molecule moving towards an iron surface and (right) an O2 molecule towards
an Fe-O surface.

rates must be equal at the outer surface of the Knudsen layer, i.e., r = δ. The free-molecular-regime O2
mass and heat transfer rates, ṁO2,FM and qFM, can be described as [8]

ṁO2,FM = αmπr
2
pvδρO2,δXO2,δ, (3)

qFM = αTπr
2
pp

√
kbTδ

8πmO2

γ∗ + 1

γ∗ − 1

(
Tp

Tδ
− 1

)
, (4)

where αm and αT are the mass and thermal accommodation coefficients. Since accurate values of TAC
and MAC for a surface of liquid Fe-O mixture exposed to O2 and N2 gases are unavailable in literature,
MD simulations are thus performed to determine their values.

2.2 Model for molecular dynamics simulations

Molecular beam simulations, where a large number of independent scattering events between a single
gas molecule and a surface are simulated, are performed [?] to determine the TAC and MAC. For the
interaction of N2 with an iron surface, no chemical absorption is expected. Furthermore, to the authors’
knowledge, there is no reactive force field available in the literature for an Fe-O-N system. Therefore,
only a TAC value for the nitrogen molecule in combination with an iron surface is determined. As a
result, the Fe-N2 interactions are modeled using non-reactive potentials. On the contrary, reactive molec-
ular dynamics are considered for the FexOy-O2 interactions, to compute the TAC and MAC. Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) is used to perform the molecular dynam-
ics simulations. Initial configurations of molecular beam simulations are shown in Fig. 1(b). Detailed
description of the MD simulations performed in this study can be found in the preprint [5].

3 Results and discussion

3.1 TAC and MAC obtained from the MD simulations

The TAC for the Fe - N2 interaction is investigated for a smooth and rough surface. An initially rough
surface was created by projecting iron atoms on the initial smooth lattice. Figure 2 (left) shows the
TAC of the Fe-N2 interaction as a function of iron surface temperature for the two different surfaces.
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For the smooth surface, the TAC increases as a function of surface temperature from αT = 0.08 up to
αT = 0.19. The increasing TAC value can be attributed to the change of a relatively smooth surface in
the solid phase into a rough surface in the liquid face when temperature increases. With a rough surface,
the TAC values in the solid phase increase to αT = 0.17, almost independent of surface temperature.
From the point where the iron surface becomes a liquid (1800K), the difference between initially smooth
and rough surfaces disappears.

The oxygen molecules that do not stick to the surface during FexOy-O2 interactions still contribute
to the TAC. Figure 2 (right) shows the TAC of the FexOy-O2 interaction as a function of ZO at three
different surface temperatures. When the oxidation degree of the surface is low, the TAC remains close
to unity but decreases sharply to 0.2 once ZO > 0.5. When iron is burned in air, both oxygen and
nitrogen may contribute to the total TAC. Using the results shown in Fig. 2, the total TAC is calculated
as

αT,tot = [1−XO2 (1− αm)]αT,N2 +XO2 (1− αm)αT,O2 . (5)

Figure 2: MD-simulation results of TAC (left) as a function of iron surface temperature Ts for N2 and
(right) as a function oxygen molar ratio ZO of a Fe-O mixture at various surface temperatures.

Figure 3 shows the MAC of oxygen as a function of initial oxidation stage for the three different surface
temperatures. The MAC barely depends on the surface temperature and decreases almost linearly as
a function of ZO. Two different slopes are observed, one steeper if ZO < 0.5 and one shallower if
ZO > 0.5. When ZO > 0.5, the MAC decreases with a different slope, indicating that once the particle
reaches the stoichiometry of FeO, it becomes more difficult to absorb oxygen.

Figure 3: MD-simulation results of MAC as a function oxygen molar ratio ZO of a Fe-O mixture at
various surface temperatures.
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3.2 Combustion history of a single iron particle

The results of the MD-informed single-particle combustion model are compared with two sets of exper-
imental data. First, the model is compared to the laser-ignited experiments of Ning et al. [6] wherein the
particles burn in air at 300K as shown in Fig. 4(a). Then, the new temperature curve is compared to the
drop-tube experiments of Panahi et al. [7] wherein the particles burn in varying oxygen concentrations
at 1350K as shown in Fig. 4(b)-(d). The experimental data are averaged over multiple independent
single-particle measurements to obtain a smooth curve.

Figure 4: Single-particle model results of iron particle temperature (with an initial particle size of 50 µm)
as a function of time compared with the experimental data at various ambient gas conditions: (a) a gas
temperature of 300K with 26% O2 and (b)-(d) a gas temperature of 1350K with 21%, 59%, and 99%
O2, respectively.

Figure 4(a) shows the temperature profiles for the MD-informed Knudsen model with and without fur-
ther oxidation beyond ZO = 0.5 for a 34 µm and 50 µm particle burning in air with XO2 = 0.26.
The dotted line and gray area in Fig. 4 are the mean and standard deviation of the experimentally ob-
tained temperature profiles, respectively. The particle temperature for smaller particles is overestimated
is overestimated. Overall, the temperature curve obtained with the MD-informed Knudsen model shows
a better agreement with the experimentally obtained temperature curve than the continuum-model pre-
diction obtained previously in [4]. Instead of inert cooling after ZO = 0.5, a reactive cooling regime
is observed. The new numerically obtained slopes after the peak temperature qualitatively better agree
with the experimental measurement during the cooling stage.

Figure 4(b)-(d) shows the temperature profiles for the MD-informed Knudsen model with further oxi-
dation beyond ZO = 0.5 with XO2 = 0.21, 0.5 and 0.99 at a gas temperature of 1350K. Although the
model overestimates the particle temperature at the two higher oxygen concentrations, the agreement
after the maximum temperature is reasonable. This qualitative agreement implies that the particle keeps
on oxidizing after the maximum particle temperature is reached. A possible explanation for the over-
estimation of the particle temperature at higher oxygen concentrations could be due to the assumption
of an infinitely fast internal transport for these high oxygen concentrations. Since for high oxygen con-
centrations in the gas, the external diffusion of oxygen is fast, the diffusion of oxygen in the condensed
phase could be rate-limiting. A new model incorporating the mechanism of internal transport is under
development and will be presented at the Colloquium.
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4 Summary of key findings

Molecular dynamics simulations have been performed to investigate the thermal and mass accommo-
dation coefficients for the combination of iron(-oxide) and air. By incorporating the MD information
into the single iron particle model, a new temperature-time curve for the single iron particles is observed
compared to results obtained with previously developed continuum models. Since the rate of oxidation
slows down as the MAC decreases with an increasing oxidation stage, the rate of heat release decreases
when reaching the maximum temperature, such that the rate of heat loss exceeds that of heat release. In
addition, the oxidation beyond ZO = 0.5 (from stoichiometric FeO to Fe3O4) is modeled. The effect
of the transition-regime heat and mass transfer on the burn time becomes more than 10% if the particles
are smaller than 10 µm. In the cases with sufficiently high O2 concentrations in the ambient gas, the
model overestimates the particle temperature, indicating that the rate of internal transport could become
important, and therefore limit the maximum temperature.
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