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1 Introduction

As the demand for energy keeps rising worldwide, so does the push toward renewable and clean energy
sources. The problem with most renewable energy sources, such as solar and wind, is that they are lo-
cation and time-dependent. Thus the storage and safe transportation of energy are key. In 2018, Bergth-
orson [1] proposed that metal fuels can be a promising carbon-free energy carrier. He also identified
that the physical properties of iron particles make it one of the best metals suitable for this application -
during the combustion of iron, the particle never exceeds the boiling point. Therefore the entire reaction
process occurs in the heterogeneous phase and at the surface of the particles. The combustion results in
micron-sized particles of iron oxide that can be easily captured and reduced back to iron particles using
renewable energy. Another benefit to using iron particles is that the storage and transportation of these
particles are relatively easy and safe.

Many researchers around the globe have been interested in metal particle combustion for quite some
time. However, the combustion of iron particles is a relatively new research topic. In order to optimize
and design practical combustors that use iron powders, a basic understanding of the nature of combustion
is essential. Some of the recent studies on iron particle burning reveal the mysteries of this unique
nature of combustion [2–7]. Currently, iron particle combustion research can be divided into two broad
categories - research on single particle combustion behavior, and the nature of flame propagation in
iron clouds suspended in a gas. Most of the research in the second category right now is experimental
work, though there has been a push toward numerical simulations in recent times. In the research work
presented here, quasi-one-dimensional simulations of iron flame propagation were carried out using an
Eulerian-Lagrangian framework in Alya to explore the lean and rich flame propagation limits in a long
and narrow channel.

2 Problem Description and Numerical Models

Figure 1 shows the numerical setup that is used in this study. The computational domain is a 5 cm long
channel with a height and width of 2 mm. The left end is open while the right end is closed. The walls
of the channel have a slip-wall boundary condition. Starting at the left boundary, the first 1 cm of the
channel is initialized with hot air and pre-suspended particles at 850 K. The rest of the channel has cold
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Figure 1: Initial conditions of the numerical setup.

air and particles at 300 K. The number of particles in the channel is calculated from the equivalence
ratios and the air density. Due to the higher temperature and thus lower air density, the number of
particles in the hot region is lower than in the cold region. Initially, all particles are unreacted - pure
iron. The iron particles are assumed to be spherical and monodisperse with 10 µm diameter, have a
constant specific heat capacity of 677 J/kg.K, and an unburnt material density, ρu, of 7874 kg/m3 for
pure iron. After combustion, the particles are assumed to convert to wustite (FeO), with a burnt material
density, ρb of 5745 kg/m3.

2.1 Particle model

The particle and reaction models used in this study are similar to the work by Hazenberg & van Oijen [2].
Since the flame temperature of iron in air (∼2200 K) is less than the boiling point of iron (∼3100 K)
and its oxide (∼3400 K), the reaction is assumed to occur only in the heterogeneous mode. The position
xp and velocity up of each of the particle is tracked in time using a Lagrangian formulation,

dxp
dt

= up,
dup
dt

=
3

4

CDρ

dpρp
|u− up|(u− up). (1)

Neglecting gravity, the drag forces are computed using,

dup
dt

=
1

τp
(u− up), (2)

where τp is the relaxation time which indicates how fast the particle velocity adjusts to the gas velocity.
Combining Eqs. (1) and (2), we get

τp =
4

3

ρpdp
ρCd

1

|u− up|
. (3)

The Schiller & Naumann [8] drag coefficient Cd and the Reynolds number Re are given as

Cd =
24

Re
(1 + 0.15Re0.687), Re =

ρ|u− up|dp
µ

, (4)

where dp is the particle diameter, ρ is the gas density and µ is the gas dynamic viscosity. Particle
properties are denoted by subscript p, whereas gas properties have no subscript unless otherwise noted.

Single-step heterogeneous surface chemistry was assumed for the chemical reactions,

2 Fe + O2 2 FeO
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The reaction rate of this surface reaction is modeled by an Arrhenius type equation,

kr = k0 exp

(
−Ea

RuTp

)
, (5)

where kr is the surface reaction rate, k0 is the pre-exponential factor, Ea is the activation energy, Ru

is the universal gas constant, and Tp is the particle temperature, which is assumed to be uniform over
the entire particle. Due to the heterogeneous nature of the reaction, the oxygen from the surrounding
gas has to diffuse to the particle surface. Depending on the conditions, the reaction rate can be limited
either by surface kinetics or external diffusion of oxygen. The mass consumption rate ω of oxygen is a
combination of diffusion-limited and kinetic-limited regimes. The rate at which the mass of the particle
mp and the unreacted iron mass mp,Fe change with time are given by

dmp

dt
= ω · πd2p,

dmp,Fe

dt
= −1

s

dmp

dt
, (6)

where s is the mass-based stoichiometric ratio. The rate of change of particle enthalpy Hp due to
convective heat transfer and the reaction with oxygen can be written as

dHp

dt
= kcAp(Tp − T ) +

dmp

dt
hO2 , (7)

where kc is the convective heat transfer coefficient, T is the surrounding gas temperature, Tp is the
particle temperature, hO2 is the enthalpy of oxygen. kc is given by

kc = Nu λf/dp, (8)

where λf is the thermal conductivity in the film layer and Nu is the Nusselt number which is assumed
to be constant (Nu = 2). Various simulation parameters used in this work are given in Table 1.

Table 1: Parameters of the iron-particle model.

Parameter Value Units Description

s 0.28 - Mass-based stoichiometric ratio
ρu 7 874 kg/m3 Iron density
ρb 5 745 kg/m3 FeO density
Cp 677 J/(kg K) Specific thermal capacity of Fe and FeO
∆hc 2.906× 106 J/kg Specific energy release
k∞ 75.0× 105 m/s Pre-exponential factor
Ea/Ru 14.4× 103 K Activation temperature

2.2 Gas model

For the gas-phase modeling, the Navier-Stokes equations with a low-Mach number approximation are
solved in Alya [9] for the continuity, momentum, energy, and species mass conservation. The details of
these equations are given in Both et al. [10], with a slight modification that no Large Eddy Simulation
(LES) filters are being used in this work since the cases are all laminar. The results presented in this
paper use constant gas-phase transport properties (conductivity, viscosity, and diffusion coefficients)
that are evaluated at a temperature of Tg = 300K, although the final paper will report the results using
realistic, temperature-dependent fluid properties.
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(a) (b)

Figure 2: (a) Flame speeds for three different grid spacings of 125 µm (medium), 62.5 µm (fine), and
250 µm (coarse); (b) flame location vs. time for the entire range of equivalence ratios

3 Results and Discussion

Initial verification of the particle model in Alya was performed using a single-particle, one-way coupled
iron particle combustion, where we assume that the gas phase is not affected by the particle phase. For
validation, the laminar flame propagation speeds from Alya were compared to Chem1D [11], ensuring
that the models are exactly the same. We also performed grid convergence tests to make sure that the
results are grid-independent. Figure 2 (a) shows the flame speeds for three different grid spacings of
125 µm (medium), 62.5 µm (fine), and 250 µm (coarse). The flame speeds for the medium and fine are
quite similar, whereas, with the coarse grid, the speeds are slightly higher. Thus, the medium grid size
was chosen for all the simulations presented here. Note that these simulations were performed using
only one cell per direction in the y- and z-directions (transverse to the flame propagation direction).
This is required because Lagrangian particles can only be used in 3-D simulations in Alya. Thus, having
only one cell in the transverse directions enables us to run the quasi-1-D simulations. Alya is a Finite
Element code, and therefore, there are still very minor variations in the transverse directions because the
values are stored at the nodes and not cell centers like in Finite Volume codes.

Next, we performed several simulations with various equivalence ratios (denoted by ϕ) in the range of
0.3 to 10 to find the flame propagation limits in lean and rich conditions. Figure 2 (b) shows the flame
locations for equivalence ratios of 0.3, 0.5, 0.7, 1.0, 1.2, 1.5, 2.0, 3.0, 5.0, and 10.0. The flame fronts are
tracked by finding the location where the gradient of the oxygen mass fraction is maximum. The flame
propagation is stable for all the cases except for ϕ = 0.3. At ϕ = 0.3, the propagation is highly erratic and
stops after ∼ 0.3 seconds. Thus, we could not calculate the flame speed or adiabatic flame temperatures
for this case. The flame temperature just before the flame propagation fails for this case is ∼ 1000 K,
which is still higher than the particle ignition temperature. However, the time the particles take to ignite
is longer than in other cases. By the time the particles ignite, they have already moved quite far from
the unburnt particles and thus are not able to conduct the heat effectively to the cold particles. When the
flame propagation stops, the particles are only able to reach a temperature of about 800 K, which is not
enough to ignite the particles.

Figure 3 (a) shows the time-evolution of the laminar flame speeds for all values of ϕ, except for 0.3,
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(a) (b)

Figure 3: (a) Laminar flame speeds vs. time for the entire range of equivalence ratios ϕ, (b) mean
laminar flame speeds and adiabatic flame temperatures vs. equivalence ratio ϕ.

and Figure 3 (b) shows the mean flame speeds and adiabatic flame temperatures. Note that the adiabatic
flame temperatures reported here for ϕ = 5 and 10 were the values at the end of the simulation (∼ 1
second) because the flame temperatures for these cases keep reducing with time. The overall trends for
the flame speeds and the flame temperatures agree well with the previous work from Hazenberg & van
Oijen [2]. The maximum flame speed of 4.49 cm/s was observed at ϕ = 0.7, and the maximum adiabatic
flame temperature of 2374 K was at ϕ = 1. However, the flame speeds shown here are lower than
those in Hazenberg & van Oijen, primarily due to the fact that we use constant fluid properties that are
evaluated at 300 K. We are currently repeating these simulations using realistic temperature-dependent
fluid properties, which will be included in the final paper.

We were not able to directly determine the flammability limit for rich conditions due to the computa-
tional cost. When ϕ = 5, the number of particles is more than 200,000 particles, each of which is tracked
individually. Reducing the width and depth of the channel would allow us to go to a higher equivalence
ratio while maintaining the same number of particles, and this is part of our ongoing work. For ϕ =
5 and 10, we already observe that the flame speeds are very low, indicating that the rich limit is close
to ϕ = 10. The flames still propagate because they are adiabatic and the flame temperatures are higher
than the ignition temperature. Note that at these higher values of ϕ, the medium can be considered to
be optically thick. In these cases, radiation may have an impact on flame propagation. However, we
neglect radiation heat transfer in these simulations.

4 Conclusions

Numerical simulations of quasi-one-dimensional flame propagation were performed for pre-suspended
iron particles in air. We looked at a wide range of equivalence ratios (0.3 to 10) to determine the lean
and rich limits for flame propagation. From the results, we observe that the flame gets quenched for
an equivalence ratio of 0.3. However, in the rich case, we were not able to directly determine the
limit due to computational costs associated with tracking a massive number of particles individually.
The overall trends of flame temperature and flame speeds versus equivalence ratio matched well with
previous work from Hazenberg & van Oijen [2], but the actual values are different due to the constant
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gas phase properties that are used in this model. Determining more realistic values using temperature-
dependent fluid properties is part of our ongoing work. Future work will also include investigating the
flammability limit under rich conditions using equivalence ratios higher than 10 and using smaller steps
in the equivalence ratio range to improve the accuracy of the prediction.
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