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HIGHLIGHTS

« Liquid iron (L1) and liquid iron oxide (L2) coexist as an unmixed particle surface.

« The movements between L1 and L2 are suggested to be driven by a Marangoni flow.

« The unmixed surface period ends with a full coverage of the particle by L2.

« The unmixed surface configuration is suggested to be followed by a core-shell configuration.
« Smaller particles deviate more from a fully external-diffusion-limited combustion.

ARTICLE INFO ABSTRACT

Keywords: This study explores the combustion of single iron particles, emphasizing the phenomenon of an unmixed sur-
Metal fuels face during the liquid-phase combustion regime. While previous single-particle combustion experiments have
Renewable energies advanced the understanding of the combustion process, the exact configuration of the liquid phases remains un-

Energy storage

clear. In addition, insights derived from ex situ microstructure analysis are limited by uncertainties introduced
Metal oxidation

. ) during particle cooling, which can alter the internal structure. To address this, we utilized an electrodynamic lev-
Chemical energy carriers . L . . PR
Iron itator and laser ignition to study suspended iron particles heated to a high initial temperature (between 1820 K
Single-particle combustion and 2092 K). The combined use of a high-speed color camera and a luminance acquisition system enables high-
resolution in situ imaging and luminance tracking. A distinct “unmixed surface period” is observed, during which
two immiscible liquid phases — pure iron (L1) and iron oxide (L2) - coexist at the particle surface. Initially, the
surface is fully covered with L2, followed by the appearance of moving L1 spots, likely driven by a Marangoni
flow. This period concludes with the formation of a core-shell structure. These findings provide new insights
into the dynamics of liquid-phase oxidation in iron combustion, as the unmixed surface configuration might in-
fluence both the rate-limiting mechanism and evaporation dynamics. Such observations contribute to improving
numerical models, particularly in capturing the initial stages of the liquid-state combustion. Moreover, parti-
cle size analysis indicates that smaller particles deviate further from a fully external-diffusion-limited regime,
underscoring the role of alternative rate-limiting mechanisms in their combustion behavior.

1. Introduction gas phase. This allows its combustion products to be easily collected,
as they retain a size similar to the original particles. They can then
be reduced using renewable energy and burned again, creating the
carbon-free Metal-enabled Cycle of Renewable Energy (MeCRE).

The large-scale development of iron as an energy storage technol-
ogy requires the design of effective burners with high conversion and

The ongoing energy transition involves a critical need for efficient
and sustainable energy carriers [1]. Among various energy storage
technologies, metals have recently emerged as promising high-density
energy carriers [2]. In particular, iron stands out as a cheap, safe, and
abundant material that burns in air with minimal evaporation into the
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Fig. 1. Fe-O equilibrium phase diagram obtained with the FactSage thermochemical software [24]. Liquid phases L1 and L2 respectively represent pure iron and

iron oxide. The region with ‘L1 + L2’ is where the two phases are immiscible.

collection efficiency. However, similar to coal combustion [3], the dis-
crete nature of an iron flame within which each individual particle
behaves as a self-sustained heat source implies to primarily gain a thor-
ough understanding of the combustion process at the single-particle
scale.

Great effort has been made, both from a numerical [4-9] and ex-
perimental [10-19] perspective, to improve our understanding of the
rate-limiting combustion mechanisms during the combustion process
of a single iron particle. During solid-state iron oxidation prior to ig-
nition, the particle is made up of a multilayered oxide surrounding a
solid phase of pure iron [20]. Above a temperature of approximately
1080 K, an iron particle with a diameter greater than 5 um ignites in air
[20]. Thermal runaway ensues so that the particle temperature quickly
rises above the melting point of Fe (1810 K) and FeO (1650 K). This
is followed by a liquid-state combustion phase, representing most of
the total combustion process. In the first phase up to peak temperature,
the rate-limiting mechanism of the oxidation process has often been as-
sumed in the literature to be solely dictated by the external-diffusion
of ambient oxygen to the particle surface [10,17,21], assuming an in-
finitely fast surface chemisorption of oxygen and internal transport of
iron and oxygen ions. However, despite reaching a good agreement with
the experimental data of Ning et al. [10,12] for the combustion time
and maximum temperature at ambient conditions, numerical models as-
suming a fully external-diffusion-limited regime [7,21] overestimate the
particle temperature for oxygen concentrations above 26 vol.%.

Thijs et al. [5] showed that integrating surface processes decreases
the heating rate during the initial phase prior to reaching the peak par-
ticle temperature. Additionally, including surface chemisorption shows
that further oxidation beyond stoichiometric FeO occurs after the peak
temperature, as proved experimentally by Choisez et al. [22], resulting
in a reactive cooling phase. This phase has been well captured by the
model of Mich et al. [9] using an oxidation rate determined by the dif-
ference in oxygen vapor pressure between the bulk gas and the particle
surface, obtained from equilibrium calculations at the liquid-gas phase
interface. However, these models still overestimate the peak particle
temperature. The latter becomes limited when considering internal

transport as shown by Thijs et al. [8] using a physics-based model re-
solving the boundary layer, the surface processes and the internal oxide
layer including the transport of reactive iron and oxygen ions. Yet, the
predicted heating rate during the initial period is still too high compared
with experimental data, again suggesting that surface chemisorption is
a rate-limiting mechanism. These results suggest that the liquid combus-
tion phase occurs in an intermediate regime between external diffusion
of oxygen to the particle surface and surface chemisorption at the be-
ginning or internal ionic transport closer to the peak temperature and
after.

According to the Fe-O phase diagram displayed in Fig. 1, when an
iron particle is in the liquid state, it can be constituted of two liquid
phases. They are commonly named L1 and L2, respectively referring to
a pure iron liquid phase and an iron oxide liquid phase. At the relevant
temperatures (up to 2800 K [12,14,15]), the Fe-O phase diagram pre-
dicts that the two liquid phases are immiscible. Muller et al. [23] ignited
pure iron rods with a laser and observed that both liquid phases L1 and
L2 could be distinct or mixed together depending on the temperature,
with a transition temperature to miscibility of 2350 K. The configura-
tion taken by the liquid phases is thus complex and more experimental
results are needed to accurately characterize what is happening during
the combustion of micro-sized iron particles.

Different configurations between L1 and L2 are possible as sug-
gested by Thijs et al. [25] and illustrated in Fig. 2: (a) Homogeneous
mixed particle, (b) unmixed (cow-like pattern) particle, and (c) core—
shell particle. Numerical models used to investigate the effect of internal
transport assumed a core-shell structure with L2 as the outer layer.
However, their results and the rate-limiting mechanism of the combus-
tion might change when considering another configuration between the
liquid phases [8,25].

The core-shell configuration is supported by different experimental
observations [19,22,26], but these do not capture the whole scope of the
liquid combustion phase. The ex situ morphology analysis of partially ox-
idized particles conducted by Deutschmann et al. [26] and Sperling et al.
[19] show the presence of an iron-rich phase embedded in an oxygen-
rich iron phase, which is consistent with a core-shell configuration.
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Fig. 2. Schematic of different liquid phase configurations inside a burning iron droplet taken from [25]: (a) homogeneous mixed particle, (b) unmixed (cow-like

pattern) particle, and (c) core-shell particle.

The particles were obtained by quenching at different heights above
the burner, representing different combustion states. These authors sug-
gest that during liquid oxidation, L1 and L2 phases are in contact
along a well-defined boundary with an increasing proportion of L2 com-
pared to L1 when oxidation progresses and with the presence of both
phases within the other phase. Nevertheless, the minimal height above
the flame at which quenching was performed is limited (to 25 mm).
Therefore, the least oxidized particles that were quenched were located
near their peak temperature, missing most of the initial liquid com-
bustion phase. Besides, the microstructure analysis was performed ex
situ, potentially involving a rearrangement of the liquid phases upon
extraction.

The liquid-phase configuration also impacts evaporation. Limiting
evaporation during iron combustion is a major challenge to pre-
vent nanoparticle formation. Although the boiling temperature of iron
(8130 K) is not reached during the combustion process, liquid iron evap-
oration has been identified as the main evaporation reaction leading to
the presence of nanoparticles [13]. Fe evaporation, i.e. gas phase forma-
tion from the surface of the liquid droplet, is always favored compared
to Fe boiling, i.e. gas bubble formation in the liquid droplet (far from
its surface). A direct contact between air and liquid Fe phase is there-
fore required for the evaporation of Fe at temperatures lower than its
boiling temperature. Iron evaporation is therefore controversial by the
core-shell configuration with liquid iron fully embedded within an iron
oxide layer. Thijs et al. [8] suggest that a different initial morphology
than a core-shell might partly explain that discrepancy.

Although the body of literature on the internal structure of iron parti-
cles is expanding rapidly, most experimental studies were conducted ex
situ. This approach introduces uncertainties due to the finite time associ-
ated with the cooling of the particle during which the internal structure
of a particle can change. This work focuses on in situ analysis using high-
resolution imaging during laser-ignited single iron particle combustion
to address the uncertainties regarding the liquid phase configuration in
the heating up phase of the particles.

This work also extends the availability of experimental data ob-
tained from previous single-particle experimental studies [10,14,15,18]
by working under different experimental conditions. The laser ignition
setup used in this study allows for reaching a higher preheating temper-
ature after laser heating. To the knowledge of the authors, this work is
the first to feature an iron particle being levitated and stabilized during
combustion. The electrodynamic levitator ensures a low slip velocity,
which has been hypothesized to be an influential factor on the maximum
temperature [15]. The simultaneous use of the high speed color camera
allows for correlating the luminosity evolution to the size evolution and
the visualization of the combustion.

The objective of this study is to answer the following scientific
questions:

+ What is the liquid phase configuration inside a burning liquid iron
droplet?

+ What is the rate-limiting mechanism of the combustion of highly
preheated and stabilized iron particles?

This paper is organized as follows: First, the experimental setup and
the powders used are described in Section 2 along with the methodology
to analyze the preheating temperature, luminance evolution, combus-
tion time, and size evolution. This methodology is applied in Section 3
which includes a description of the types of luminosity evolution, an es-
timation of the preheating temperature, an analysis of the combustion
time and size evolution, and a description of the liquid-phase configura-
tion. These results are subsequently discussed in Section 4. Finally, the
main findings and their implications are summarized in Section 5.

2. Methods
2.1. Electrodynamic levitator and laser ignition

The experimental setup was previously described in detail by Keck
et al. [27] and Braconnier [28], where the reader could find more details.

The electrodynamic levitator allows the isolation of a single iron par-
ticle using an electric field (see Fig. 3). Iron particles with a varying
initial diameter between 25 um and 70 pm are first charged via friction
in a syringe and injected into the combustion chamber using the up-
per injection access. Two sets of electrodes are thereafter used. The DC
supplied electrodes compensate for the weight of the particle while the
AC supplied electrode generates an alternating electric potential whose
intensity and frequency are adjusted to center the particle inside the
combustion chamber. The electric field lines created by the DC and AC
electrodes are respectively represented with red and black dotted lines
in Fig. 3. It is possible for several particles to levitate at the same time
when injecting the powder into the combustion chamber. In that case,
the closest particle to the center is kept and the others are manually
ejected by adjusting the intensity of the electric fields to move them
away from the levitating region. As the manual ejection also moves the
chosen particle from its initial position, it is then properly centered to
be hit by the laser by readjusting the electric fields.

The isolated particle is ignited using a 50 W CO, infrared laser gen-
erating a Gaussian beam of 3.5 mm diameter. The laser beam is split
into two identical beams using mirrors that will both reach the particle
through optical accesses on the AC circular electrode. In this way, the
particle is hit and heated symmetrically on both sides allowing for an
homogeneous distribution of the energy supplied and minimizing the
particle’s movement due to radiative pressure effects. The laser igni-
tion system is coupled to the photomultiplier system described in the
next section so that it shuts off the laser when sufficient luminance is
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Fig. 3. Schematic of the electrodynamic levitator. For clarity, the particle is
depicted larger than its actual size.

detected. The luminance threshold is tuned, for example when chang-
ing the powder granulometry, to ensure that thermal runaway occurs
followed by a self-sustained combustion of the particle.

Laser ignition offers the advantages of removing the uncertainty asso-
ciated with non-uniform gas temperature field and igniting the particle
at a controlled location simplifying optical diagnostics [6]. However,
the intensity profile of a laser beam is not uniform within its cross
section (e.g. Gaussian profile). Therefore, depending on its exact loca-
tion within the laser cross section, a particle might experience a different
laser energy supply. Furthermore, the aerodynamic effects induced on
the particles by the laser might be different depending on their location
within the laser beam.

2.2. Optical diagnostics

The self-sustained combustion of a single iron particle obtained using
the electrodynamic levitator and laser ignition introduced in the previ-
ous section is observed using two simultaneous optical measurements
through the optical accesses of the AC electrode. First, the photomul-
tiplier system consists of PM tubes HAMAMATSU R2752 with optical
filters (denoted PM in the following). They transform radiative emissions
from the combustion chamber into voltage signals that allow the particle
luminance evolution to be followed during the combustion process. The
amount of light transferred by the burning particle to the PM tubes is
adjusted by changing the aperture of the iris. Second, a high-speed color
camera PHANTOM T-2410 and a QUESTAR QM 100 teleobjective record
the combustion of the particle. The camera is paired with a triple band
filter (457 nm, 530 nm, 628 nm) with the three filters being used simul-
taneously and having respective bandwidths of 22 nm for the 475 nm
filter, 20 nm for the 530 nm filter, and 28 nm for the 628 nm filter. A
white LED SOLIS-3 C can be activated as a backlight to better analyze
the heating phase at the beginning of the combustion where the particle
luminance is too low to observe it on the video. The frequency of the
camera is 25 kHz (0.04 ms between successive frames). Recorded frames
contain 766 x 766 pixels with a magnification of 1.25 pum per pixel. The
global experimental setup including the electrodynamic levitator, the
laser and the optical diagnostics is illustrated in Fig. 4.

2.3. Powders used

Two types of Fe-based particles were used in this study: (i) Fe and
(ii) Fe-3Mo. The composition of both powders presented in Table 1 was
measured using Inductively Coupled Plasma as well as carbon and sulfur
combustion measurements. The uncertainty in the composition is +3 %
for elements present in quantities greater than 1 wt.% and +0.01 wt.%

Fuel 395 (2025) 135261
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Fig. 4. Schematic of the full experimental setup including the pathways of the
CO, laser beam (red arrows), the LED light (blue arrows) and the radiative emis-
sions from the combustion (orange arrows). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

for other elements. The ‘Fe’ powder was produced using water atom-
ization by Pometon S.p.A. and contains iron with a purity of 99.1 wt.%
(see Table 1 for the complete composition). The ‘Fe-3Mo’ powder was
produced at UCLouvain by casting Fe stems (from 99.9 wt.% pure Fe
pieces) and atomizing them using AMAZEMET ultrasonic atomization
in Ar atmosphere, with a current of 120 A and a vibration frequency of
40 Hz. Unexpected Mo dissolution from the Mo vibrating plate of the
ultrasonic atomizer was observed (see Supplementary Materials SM1).
It resulted in inhomogeneous Mo intake among the atomized particles,
with an average intake of 2.75 wt.% Mo.

Despite the different Mo content, both powders show similar PM sig-
nal evolution and combustion time measurements. This suggests that the
burned ‘Fe-3Mo’ particles either contain a low amount of Mo, as it is
heterogeneously distributed among the particles, or that the Mo content
does not impact the combustion key parameters. Yet, not enough infor-
mation is available due to the impossibility of collecting and analyzing
the burned particles. As studying the influence of Mo on the combustion
process is outside the scope of this work and to avoid any disturbance in
the following, no difference is made between the two different powders
and a short discussion is held in Supplementary Materials SM1.

The particles were sieved preliminarily to the combustion in four size
range to ease the experiments: < 25 pm ; 25-45 um ; 45-63 pum ; 63-106
um. Nevertheless, the actual size of each burned particle is measured
using the optical diagnostic gained from the video (see Section 3.4).

2.4. Luminance evolution and combustion time

The PM signal evolution shows the amount of light emitted by
the particle throughout its combustion. An example is illustrated in
Fig. 5. The different types of profiles observed in these experiments are
described at the beginning of Section 3. The luminance evolution is influ-
enced by the particle temperature but also by its size, surface emissivity,
and its proximity to the PM tubes. Due to a lack of information regard-
ing the calibration coefficients and their evolution with temperature,
one cannot directly transfer the PM signal evolution into a tempera-
ture evolution without knowing these other parameters. Therefore, the
effect of each parameter on the luminance evolution will be analyzed
individually. First, the distance between the particles and the PM tubes
is estimated by assuming that the particle displacement is similar in
both perpendicular directions to the falling trajectory. The maximum
displacement is thereafter compared to the distance of 12 cm between
the center of the combustion chamber and the PM tubes. Second, the
PM signal evolution is normalized by the particle surface evolution mea-
sured from the video as further explained in Section 2.6. Third, the high
resolution and frequency of the color camera allow for distinguishing a
sudden change in surface emissivity.
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Initial powder composition in weight percent. Powder Fe is composed of iron with a 99.1 wt.% purity, while powder

Fe-3Mo contains 2.75 wt.% of Mo.

[wt.%] Fe Mo Cu Ni Mn Cr C S P Ti Al (0]
Fe 99.1 0.04 0.09 0.1 0.06 0.03 0.02 0.01 0.01 - - Bal.
Fe-3Mo 96.6 2.75 0.02 - - - - - - 0.36 0.11 Bal.
17
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Fig. 5. PM signal evolution. The time to peak luminance (¢,,,) is defined between the end of laser heating and the peak luminosity while the total combustion time

(t,,) ends at the solidification spearpoint.

Based on the luminance evolution, two characteristic combustion
time scales can be defined: (i) The time to peak luminance (7,,,) and
(ii) the total combustion time (7). They are represented in Fig. 5. The
starting time is defined when the laser is shut off due to the varying
heating time, as detailed in Section 3.2, among the different combustion
tests, which is controlled by the particle luminosity. As the particle is
not always isolated at the exact same position inside the electrodynamic
levitator, it does not always receive the maximum intensity from the
Gaussian laser beam. Hence, a particle shifted from the exact location of
the laser peak might need more time to reach the luminance threshold.
The start of the combustion time is thus defined when the particle starts
to burn independently from the laser. This implies that the initial par-
ticle temperature after laser heating is not always the same as further
discussed in Section 2.5. The ending time of #, is defined at the solidifi-
cation spearpoint, where the liquid combustion phase ends. As presented
later in Fig. 7, it is also possible that no solidification spearpoint is
present. In that case, t,,; ends when the luminosity level features a dif-
ference below 10 % of the initial luminosity intensity prior to ignition.
Similar to the PM signal evolution presented in Fig. 5, all the following
PM signal evolutions are normalized by the maximum luminance level.

The duration of the heating phase (1,,,,) is measured based on the
laser control signal. As explained in Section 2.1, as long as the lumi-
nance level measured by the PM is below the threshold value, the laser
receives the control signal to remain active. As soon as the threshold
is exceeded, the control signal turns off the laser. However, the stop of
laser is not instantaneous as the laser takes a finite time to go from its
heating value to 0. The maximum duration of the decrease in laser in-
tensity is 0.7 ms. This value is used as the uncertainty for the starting
time, which is always taken when the laser is completely off. To simplify
the representation of the laser shutdown on PM signal evolution, it is il-
lustrated with a fully vertical line at the location where it is completely
off. Another uncertainty is associated with ¢,,; due to the finite duration
of the solidification spearpoint. While the ending time is always taken
at the start of the jump, the maximum duration between the start and
the end is 0.05 ms. This value is taken as the uncertainty.

The combustion time of each particle will be associated with a mea-
surement of its initial diameter after laser heating, denoted d,, ;. Previous
single-particle studies assess the influence of the particle size on the
combustion time using a ¢ « d;"o law. According to Glassman’s theory

[29]1, a diffusion-controlled regime is associated with a d2-law, while a
d!-law is associated with a kinetically controlled regime. The exponent
found in the study of Ning et al. [10] is between 1.6 and 1.63 for 7,
and between 1.65 and 1.72 for t,,,. This suggests an intermediate com-
bustion regime not only rate-limited by the external oxygen diffusion to
the particle surface. Based on that observation, as both the first and sec-
ond order terms are expected to impact the combustion time, a second
order polynomial fit is used in this study. The least squared coefficient
associated with the correlation gives an assessment of the data spread.

2.5. Estimating the preheating temperature

As mentioned in the previous section, depending on the initial lo-
cation at which the particle is levitating, it might receive a lower laser
energy supply rate than if it was in the laser center. After laser heating,
particles might therefore reach a different temperature from one test
to another depending on the actual energy supply rate they face. Also,
the same laser luminance threshold was used for a fixed granulometry.
Therefore, the size variation within a sieved size range could also induce
a difference in preheating temperature.

Although the temperature evolution is not computed, the preheating
temperature achieved after laser heating will be estimated. To do so, the
cases with the lowest and highest heating time will be used. The test with
a low heating time corresponds to a case where the particle is located
near the peak intensity of the laser beam, while the other corresponds
to a case with a particle levitating in a position where the laser surface
intensity is lower. During the heating phase, the particle does not emit
enough light to be recorded by the camera alone. The use of the backlight
therefore allows a better visualization of the particle at low temperature.
As presented in Fig. 8, it allows to identify when melting occurs as it is
associated with a change of shape from an irregularly-shaped particle to
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Fig. 6. a. Example of the size measurement. A red circle has been drawn on the determined spherical particle. The colors have been modified to ease the particle
identification. b. The luminous intensity profile of a cross section along the center of the particle shows that the 60 % threshold is a good value to maintain low
uncertainty. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

a perfect sphere. Simultaneously, this phase change can be identified on
the luminance evolution with the presence of a plateau.

The actual laser power density absorbed by each particle, depend-
ing on their position within the laser beam, can be estimated using the
melting plateau observed during the heating phase. As the particle does
not fully absorb the supplied heat from the laser (e.g. due to the re-
flectivity of the surface), the value computed in the following does not
correspond to the supplied laser power density, but rather to the fraction
absorbed by the particle. It can be computed with an energy balance
including the total energy needed to heat up a particle from ambient
temperature (taken as 300 K) to the iron melting point (1810 K) and to
melt it, as well as the time needed to reach full melting. The convective
and radiative losses are included in the energy balance. This gives

_ mFe,inil(gAT + Qmelling + Ocony + Craa) [ W ] )

B Ap,iniltmelling m?
with mg,;,;, the initial mass of iron inside the initial particle, ¢, the
average specific heat capacity between the room temperature and the
melting point (700 J/kg-K), Opeiing the specific melting heat (2.5 -10°
J/Kkg), Qo the convective heat losses, Q4 the radiative heat losses,
A, i the initial particle surface area and 7y, the time to reach full

iron melting. The convective heat losses are computed as

’mel!ing
Oconv = /0 mNudy, i k(T (1) — Ty)dt, )]

with Nu the Nusselt number, k the air thermal conductivity, 7,, the par-
ticle temperature assumed to follow a root curve evolution from 300 K
to 1810 K in a total duration equal to ¢ and 7, the surrounding air
temperature (300 K).

The radiative heat losses are computed as

melting»

[melling
Qrad = / eo_Ap,init(T;(t) - Tg4)dt» (3)
0

with e the emissivity of the particle (assumed equal to 0.7 [23]) and ¢
the Stefan-Boltzmann constant.

For each test during which the backlight was used, the particle di-
ameter after melting is measured. Combined to the iron mass density at
the melting temperature (7300 kg/m?), it gives the iron mass content of
the particle mg - Apinit is then computed using the iron mass density
at ambient temperature (7874 kg/m3).

Once the absorbed power density computed, by measuring the re-
maining duration of the heating period from iron melting to the end of

laser heating, the increase in temperature from the melting temperature
is computed as

AT = PLAp,melling(tlaser - tmeing) - Qconv,l - Qrad,l [K], (4)
mFeCp,l

with A} yeine the surface area of the particle after melting and ¢, the
average specific heat capacity above iron melting point (825 J/kg-K),
Oconvy and Q4 respectively the convective and radiative heat losses
computed using Egs. (2) and (3) but adjusting the time and tempera-
ture bounds. Regarding the small time between melting and the end of
the heating period, Eq. (4) does not include the heat generated by iron
oxidation which is assumed to be negligible.

2.6. Particle size measurement

The size evolution is determined as illustrated in Fig. 6a. The bound-
ary of the particle with the surrounding gas might be difficult to
distinguish due to a thin cloud of gas containing nanoparticles or because
the particle might be slightly out of focus. To face that, the gradient of
luminance from the center of the particle is computed. Below a value of
60 %, it is not considered as the particle. As shown by the luminous in-
tensity profile of a cross section along the center of the particle in Fig. 6b,
the decrease in luminosity from the center of the particle is sharp and the
60 % threshold allows for a good particle size estimation. As the diame-
ter is measured in a number of pixels, then converted into pm using the
magnification ratio of the camera of 1.25 um per pixel, the uncertainty
associated with the size measurement is of plus or minus 1.25 um.

The recording scope of the camera is a square of 760 pixels size.
When using a camera resolution of 1.25 pm/pixel, this provides a record-
ing length of 950 pum. Depending on the falling speed of the particles
after ignition, they might leave the field of view of the camera before
reaching solidification. As larger particles exhibit a higher falling speed,
the missed part of the combustion is more significant for them. This
limitation is compensated by the higher recording scope of the PM ac-
quisition system, which is a circle with a diameter of 8 mm, allowing for
a complete luminance measurement of the combustion process.

3. Results

This section is structured as follows: The different types of PM sig-
nal profiles are first presented in Section 3.1. Second, the range of
preheating temperatures is estimated in Section 3.2 by applying the
methodology described in Section 2.5. The analysis of the combustion
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Fig. 7. Three different PM signal evolutions are observed.

time scales, size evolution and luminance evolution is thereafter con-
ducted respectively in Sections 3.3-3.5. Finally, the observed liquid
phase configuration is described in Section 3.6.

3.1. Overall combustion process

As illustrated in Fig. 7, three different types of PM signal evolution
were observed among the 86 experiments conducted: (a) Normal evo-
lution with a solidification spearpoint (56 cases), (b) normal evolution
without the solidification spearpoint (15 cases), and (c) local overheat-
ing after laser heating (15 cases). The classification depends on whether
a solidification spearpoint occurs and if there is a local overheating. In
all cases, the first part of the curve is the heating period where the laser
continuously heats up the particle. Therefore, the luminance increases
rapidly up to the luminance threshold defined to shut the laser off. Yet,
a plateau of luminance is observed during this heating phase (better ob-
servable on the PM signal evolution displayed in Fig. 5) and is suggested
to be associated with the melting of the iron particle as discussed in the
next section. The heating period is followed by the self-sustained com-
bustion of the particle. In this phase, the luminance still increases but
with a lower slope than during the heating phase. Once the luminance
reaches a peak, it decreases continuously until a sudden jump. The latter
has been previously attributed to a fast heat release due to the solidifica-
tion of a supercooled iron oxide droplet [12]. Accordingly, the jump is
due to a sudden increase in particle temperature up to the solidification
temperature of magnetite. Current results are coherent with a sudden in-
crease in temperature as the particles suddenly become redder without
change in size at the location of the solidification spearpoint. Therefore,
this jump marks the end of the liquid combustion phase. From the peak
luminosity to the solidification spearpoint, it is a reactive cooling phase
as oxidation still occurs while temperature is decreasing [9]. The second
PM signal profile displayed in Fig. 7b features the same characteristics
but no solidification spearpoint during the cooling phase. Finally, the
third luminance profile displayed in Fig. 7c shows similar characteris-
tics to the first one except that the luminance first decreases after laser
heating before increasing to the peak. This is attributed to a local over-
heating by the laser and is further discussed in Section 4.1. The PM
signals featuring this are not included in the estimation of the preheating
temperature in the next section and the combustion time measurements
presented in Section 3.3.

3.2. Heating period

Using the backlight is required to see the particle during the heating
phase. It allows to observe a potential change in shape when reaching the
luminance plateau. The latter was previously observed in several single-
particle experimental studies including a measurement of the particle
temperature [12,14,18]. They all showed that this plateau is located
at the iron melting point (1810 K). As no particle temperature measure-
ment is available in this study, another way to confirm that the observed
plateau is associated with iron melting is to observe the evolution of
the particle morphology. When an irregularly-shaped solid iron particle
reaches the liquid state, it becomes spherical due to the surface tension
and the minimization of its surface energy as already observed by Li et al.

0.3

3.8 ms 4 ms
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Fig. 8. Luminance evolution during the heating phase and simultaneous visual-
ization of the combustion using a backlight. During the plateau of luminance,
the irregularly-shaped particle becomes progressively spherical, confirming that
this plateau is associated with melting.
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Fig. 9. There is no clear evidence of an effect of d,, on the heating phase
duration.

[30]. As illustrated in Fig. 8, an initial non-spherical particle undergoes
a progressive change of shape towards a sphere during the plateau of
luminance observed during the heating phase. This confirms that this
plateau is associated with melting.

The duration of the laser heating phase (,,,.,) depends on the location
of the particle within the Gaussian laser beam. Although larger particles
need more energy to reach the ignition temperature, there is no clear
evidence of an effect of d,,; on the duration of the heating phase, as
illustrated in Fig. 9. This reinforces the fact that the difference in heating
time comes from a different location within the laser beam involving a
variation of the energy supply rate.

The heating time varies between 1.08 ms and 17.25 ms. For most
particles, it is closer to the lower bound as illustrated by the 10th, 30th,
50th and 90th percentiles respectively equal to 1.26 ms, 1.85 ms, 3.22
ms and 14.89 ms (see Table 2). Following the methodology explained in
Section 2.5, the particle temperature reached after laser heating can be
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Table 2

Heating rate bounds (P, ) brought by the laser to the particles depending on
their relative position within the laser beam, based on their heating time
(faser)> Particle size at melting (d), ;ciine) and initial size (d, ;). P ranges
from 7.4 - 10° to 6.2 - 107 W/m?. Percentiles of 7, show that it is more
often closer to the lower bound.

Particle location Tmelting [MS] Hager [MS] dy metiing [HM] P, [W/m?]
Near-peak 0.88 1.08 37.8 6.2-107
Away from peak  16.75 17.25 50.4 7.4-10°
Taser, 10 Tiaser,30 Taser,50 Taser,00
faserx [MS] 1.26 1.85 3.22 14.89

estimated for the lowest and highest heating times of 1.08 ms and 17.25
ms, respectively called ‘near-peak’ and ‘away from peak’. The measured
values used in Egs. (1)-(3) as well as the computed absorbed laser power
density are summarized in Table 2. For a particle located near the peak
of the Gaussian laser beam, the actual laser power density received is
6.2 - 107 W/m? while it decreases down to 7.4 - 10° W/m? when the
particle is located further away from the peak intensity.

The duration between the end of iron melting and the end of laser
heating equals 0.2 ms for the particle near the laser peak (P, = 6.2 -
107 W/m?) and 0.5 ms for the other particle (P, = 7.4 - 10° W/m?).
Introducing the computed value of the absorbed laser power density in
Eq. (4) gives an estimated temperature after laser heating of respectively
1820 K for the ‘away from peak’ particle and 2092 K for the ‘near-peak’
particle. The preheating temperature therefore lies between 1820 K and
2092 K.

3.3. Characteristic combustion time scales

As shown in Fig. 10, current measurements of the combustion time
scales defined in Section 2.4 are of the same order of magnitude as those
from previous single-particle experiments [10,14], despite the different
experimental conditions used in this work (higher preheating temper-
ature; low slip velocity). As with previous single-particle experimental
studies, both time scales increase with the initial diameter of the par-
ticle. For each combustion time scale, the second-order polynomial fit
shows that the evolution of the combustion time with d,, varies with
the size. This will be better discussed in Section 4.3. The least squared
coefficient associated with the goodness of fit for each polynomial fit is
0.84 for t,,,, and 0.85 for #,,;. Although the values are relatively good
(>0.8), they are still impaired by the data dispersion: Several measure-
ments associated with an equivalent initial diameter show a difference
in combustion time. This is likely explained by the varying preheating
temperature after laser heating depending on the stabilized position of
the particles during ignition.

As illustrated in Fig. 11, there is no clear evidence of an effect of the
heating time on 7,,,,,. The data spread is partly attributed to the varying
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preheating temperature due to the varying location of the particle within
the laser beam, but also to a potential variation of the particles stabil-
ity during ignition or a slight change in the iris aperture of the PM as
discussed in Section 4.1.

3.4. Size evolution

During the combustion process, particles are continuously growing
due to oxygen intake. The increase in temperature during the rising
phase up to the peak temperature accentuates this growth while it is
mitigated by the decrease in temperature during cooling. Yet, the parti-
cle size is still increasing during cooling, as can be seen in Fig. 12, due to
the continuous oxidation, confirming the reactive cooling regime. The
particle size evolution in Fig. 12 ends when the particle leaves the field
of view of the camera. As explained in Section 2.6, the particle size is
measured by a number of pixels, which is always rounded as it is not
possible to measure half a pixel. Therefore, as the liquid droplet is not
perfectly spherical (potentially due to its falling path) and its boundary
is not perfectly clear, the measurement can fluctuate by 1 pixel (so 1.25
pum). This explains the step-shaped curve and its fluctuations observable
in Fig. 12.

3.5. Luminance evolution

Following the methodology described in Section 2.4, the effect on the
luminance evolution of the particle size evolution, its surface emissivity
and the distance between the particle and the PM tubes are analyzed.
The latter varies during the combustion process as the particle does not
fall completely vertically, e.g. due to aerodynamic effects from laser ig-
nition. Yet, the variation of this distance can be estimated by measuring
from the video the particle’s deviation from a perfect vertical path. It is
assumed that the deviation from the vertical direction is random, i.e. not
favored in any perpendicular direction. Therefore, the deviation can be
evaluated from the deviation measured through microscopic imaging.
As illustrated in Fig. 13, the horizontal displacement (Ax) stays below
17.5 um for that specific case. To generalize to all cases, particles only
leave the field of view of the camera at its bottom due to their verti-
cal fall. The horizontal displacement is therefore always lower than its
width (950 um). Compared to the distance of 12 cm between the cen-
ter of the combustion chamber and the PM tubes, this variation has a
negligible impact on the PM signal evolution.

To remove the effect of the size evolution, the initial PM signal can
be normalized by the actual particle size. As illustrated in Fig. 14, the
size-normalized PM signal (blue line) follows a similar evolution to the
initial PM signal (dark line), only the slope is decreased. Concerning
the surface emissivity, several snapshots taken at different times during
the combustion process show a uniform surface emissivity, except at the
very beginning of the autonomous combustion process as explained in
more detail in the next section.

In conclusion, the luminance evolution is mainly impacted by the
particle temperature evolution. This implies that the time to maximum
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Fig. 10. The combustion time increases with the initial particle size. A second order polynomial fit is illustrated on each graph with a grey line.
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Fig. 11. There is no clear evidence of an effect of ,,, on the combustion time.
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Fig. 12. Diameter evolution of a burning particle. The curve of the size evolution
begins and ends respectively when the particle becomes visible and stops being
visible to the camera. During the visible scope of the combustion process, the
diameter increases, even after the peak luminance.
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Fig. 13. Horizontal displacement of the particle from a perfect vertical trajec-
tory. Compared to the distance of 12 cm between the center of the combustion
chamber and the PM tubes, this variation is too small to have an impact on the
PM signal’s evolution.

luminance observed in the experiments is a good estimation of the time
to peak temperature. Although they do not necessarily match exactly
due to a potential change in particle size or in the distance between
the particle and the PM tubes, since temperature scales with a factor
of 4 to luminance (according to Planck’s law), a temperature change
impacts the luminance evolution more than the change in particle size
and surface emissivity observed in these experiments. Subsequently, the
time difference between the peak luminance and peak temperature is
negligible.

Fuel 395 (2025) 135261

3.6. Unmixed surface period

As explained in Section 1 using the Fe-O equilibrium phase diagram,
two distinct liquid phases co-exist during the combustion process of an
iron liquid droplet. Each liquid phase has its own emissivity, around
0.35 and 0.7 respectively for L1 and L2 [23]. Therefore, if the two liquid
phases coexist at the surface of the particle and are immiscible, they can
be visually differentiated thanks to the high resolution and frequency of
the color camera.

As illustrated in Fig. 15, at the beginning of the liquid combustion
phase, two different phases are observable at the surface of the particle.
We conveniently name this period the “unmixed surface period”, in ref-
erence to Fig. 2b. Regarding the surface emissivity level of each phase,
the darker phase corresponds to L1 while the brighter phase corresponds
to L2. At the beginning of the unmixed surface period, the particle is
fully covered by the bright liquid phase suggested to be L2. Darker spots,
suggested to be L1, suddenly appear and move across the particle sur-
face. They are then progressively replaced by the bright phase until it
fully covers the particle. Once the particle is fully covered by L2, no
surface emissivity difference can be observed for the remaining combus-
tion process. This period of surface inhomogeneity lasts for 1.1 ms for
the particle presented in Fig. 15, therefore representing a short period
compared to the characteristic combustion time scales.

The visualization of the unmixed surface period is facilitated by
increasing laser heating, exceeding the preheating temperature range
estimated earlier (between 1820 K and 2092 K). The level of laser heat-
ing can be estimated by the heating degree, defined as the ratio between
the luminance intensity after laser heating and the maximum luminance.
Accordingly, snapshots in Fig. 16 show that a higher heating degree of
0.6, compared to 0.2 for the case in Fig. 15, allows for better visualiza-
tion of the unmixed surface period. The mobility between the phases is
also enhanced in these cases. Yet, the phenomenology is similar to what
has been described before: An initial particle fully covered of L2 sees
the apparition of moving L1 spots at its surface and then a progressive
covering of the particle by L2 takes place until a full surface covering.

Although a higher heating degree helps the visualization, it does not
mean that laser heating is at the origin of this phenomenon, simply
that the increase in temperature enhances the luminosity contrast be-
tween L1 and L2. Therefore, the unmixed surface period is observed for
particles with a varying heating degree (between 0.1 and 0.3) and the
beginning of the unmixed surface period is not necessarily associated
with the end of laser heating as illustrated in Supplementary Materials
SM2. The authors suggest that the unmixed surface period occurs for all
the particles even if it is not always observed. This is due to the low
visibility of the particle during the heating phase when no backlight is
used and the fact that the camera only sees one side of the particle.

The relative duration of the unmixed surface period compared to the
time to peak luminance can be estimated using the observed periods.
The absolute duration varies between 0.32 ms and 4.04 ms. It represents
between 1.4 % and 15.4 % of the time to peak luminance. Therefore,
only the beginning of the liquid combustion phase is concerned with
the unmixed surface configuration. Besides, no effect of the particle size
on the relative duration of the unmixed surface period is observed.

4. Discussion
4.1. Influence of laser heating

The results show that laser heating leads to a varying preheating
temperature between 1820 K and 2092 K. Even though Thijs et al. [6]
showed that changing the initial temperature from 1100 K to 1500 K
only changes the peak temperature by 1.4 % and the time to peak tem-
perature by 9 % for a 50 pum particle, the initial particle temperature
is higher in this study (between 1820 K and 2092 K). The higher initial
temperature may have a greater influence on the combustion time, as
it is already closer to the peak temperature. Accordingly, the varying
combustion time for similar initial particle diameters is likely explained
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Fig. 14. The size evolution measured from the video (orange line) allows us to normalize the initial PM signal (black line). The size-normalized PM signal (blue line)
follows a similar evolution to the initial PM signal. Snapshots from the video also show that the surface emissivity does not change during the combustion. Therefore,
the initial PM signal evolution is mostly influenced by the particle temperature. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 15. At the beginning of the liquid combustion phase, a difference in surface
emissivity is observable. The darker phase corresponds to L1 while the brighter
phase corresponds to L2. This period of surface inhomogeneity ends with a full
coverage of the particle by the L2 phase.

by the different preheating temperatures. Depending on the stabilized
position of the particles during ignition, the laser heating rate varies.
The preheating temperature then depends on the duration between the
end of the melting plateau and the moment when the laser switches off.
As illustrated in Eq. (4), a short variation of this duration, potentially
due to a varying stability of the particle during ignition or a slight varia-
tion of the iris aperture of the PM tubes for particles with a similar d,,,,
would change the preheating temperature. This explains the absence
of correlation between the heating phase duration and the combustion
time as illustrated in Fig. 11. In the future, a more quantitative analy-
sis of the effect of the preheating temperature on the combustion time
could be conducted. In addition, a dedicated characterization of the PM
calibration coefficients with temperature could enable to measure the
temperature throughout the full combustion process. It could also val-
idate the estimated preheating temperature range that results from a

calculation neglecting iron oxidation due to the low duration of 0.5 ms
between iron melting and the end of laser heating.

Several particles (15 cases out of 86) do not feature a solidification
spearpoint during the cooling phase (see Fig. 7b). While solidification al-
ways occurs, the solidification spearpoint is supposed to only be present
when a supercooled iron oxide droplet solidifies [12]. Yet, no experi-
mental or numerical studies found the origin of this supercooling. We
suggest that the presence of a solidification spearpoint depends on the
cooling rate, with a higher presence probability when the cooling rate
is fast. Nevertheless, the latter cannot be computed in this study due
to the missing particle temperature evolution. A different cooling rate
could here come from varying aerodynamic forces induced by the laser,
i.e. in case of a non-homogeneous energy supply rate along the par-
ticle surface, and influencing the falling speed. Yet, other phenomena
like the internal oxygen and heat diffusion during reactive cooling could
also play a role. Moreover, no clear difference in combustion time ex-
ists between the cases with and without the solidification spearpoint.
It is therefore not possible here to draw more conclusions about the
solidification spearpoint. This work still gives a first estimation of the
probability of occurrence among a large number of experiments. A fu-
ture study should be specifically dedicated to analyzing the influence
of the cooling conditions (cooling rate, oxygen concentration) on the
presence of the solidification spearpoint.

As shown in Fig. 7c, several particles (15 cases out of 86) present a
continuous decrease in luminance after laser heating. As illustrated in
Fig. 17, the decrease in luminance comes from a temperature decrease as
the particle size increases and it does not feature any change in surface
emissivity. Among the 15 cases with a local overheating, only one was
recorded using the backlight. Conducting a similar analysis as in Section
3.5, the preheating temperature in that case is estimated as 2185 K. It is
therefore higher than the upper bound of the estimated range associated
with the cases without local overheating, suggesting that the decrease
in luminosity after laser heating is due to a higher preheating temper-
ature. As the particle size continuously increases, oxidation is taking
place and brings energy to the particle even when luminosity decreases.
Therefore, this means that the heat loss rate to the surrounding gas is
bigger than the heat supply rate from oxidation. After a short decrease
during a few ms, the luminance starts to increase again and the particle
burns similarly to those that do not feature this phenomenon. While the
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Fig. 16. Snapshots showing the unmixed surface period for particles with heating degree of around 0.6, allowing a better visualization of the distinct phases.
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Fig. 17. Some particles exhibit a local overheating after laser heating with a
continuous decrease in luminance without decrease in size or change in surface
emissivity.

main rate-limiting mechanism commonly assumed in the beginning of
the combustion is the external diffusion of oxygen to the particle surface,
it cannot explain alone a decrease in temperature before the peak tem-
perature. Another rate-limiting mechanism like internal ions diffusion
or surface chemisorption might therefore play a role, potentially due to
a high temperature gradient between the particle surface and its core.
Also, if a temperature gradient exists between the surface and the core,
internal convection might take place, potentially mitigating the oxida-
tion rate. Yet, the origin of the decrease in luminosity after laser heating
in these locally overheated cases is still unclear.

4.2. Unmixed surface period

The transition from the solid to the liquid state enables metallic and
oxidized phases to group and move faster in the liquid state, compared
to its initial solid state. Therefore, a different configuration from that
in the solid state before melting can take place during the liquid com-
bustion process. The particle is fully covered with a layer of L2 at the
beginning of the unmixed surface period. This is consistent with the
multilayered solid-state oxidation process described by Mi et al. [20]
with an outer layer of iron oxide surrounding a pure iron core. Yet,
the solid-state configuration just before melting might change during
the melting process. After this phase change, the interfacial energy be-
tween the oxidized and metallic phases is high, involving a reduction
of this interface to minimize the total energy of the system. Therefore,
the L2 phase configuration can change from the solid state thanks to
its higher mobility in the liquid state. The new configuration taken in
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the liquid state depends on the wettability between L1, L2, and the air,
which varies with temperature and is unknown. In any case, even if the
L1 phase moves to the particle surface during melting, a thin layer of L2
is created from L1 oxidation at the beginning of the liquid combustion
process as observed by Muller et al. [23].

After the creation of a thin L2 layer, darker spots associated with
L1 appear on the surface of the particle. One suggested explanation
is a decrease in the interfacial tension between L1 and L2 inducing
Kelvin-Helmholtz instabilities leading to spontaneous emulsification.
This phenomenon consists of creating a mixture of two immiscible lig-
uids where one liquid is dispersed as droplets within the other. These
droplets are called inclusions. The driving force behind the movements
of the L1 spots on the particle surface during the unmixed surface pe-
riod is suggested to be internal convection or a Marangoni flow. Internal
convection is due to temperature or concentration gradients and in-
duces a recirculation of the phases. Marangoni flow is an interfacial
phenomenon that occurs due to a surface tension gradient coming from
temperature, composition or electrical potential differences along an
interface between two phases [31]. In this case, a temperature or com-
position difference between the two distinct liquid phases can induce a
surface-driven flow between them. Due to the higher thermal conductiv-
ity of iron and iron oxides compared to that of air (roughly three orders
of magnitude higher), temperature differences at interface are unlikely.
Subsequently, composition differences are suggested to be the origin of
the Marangoni flow. This flow can influence the size of the inclusions
and the stability of the emulsion [31]. This would also be consistent
with the faster agitation of the L1 spots for the cases with a high heating
degree because of a higher temperature gradient, and therefore a higher
surface tension gradient.

Another potential explanation behind the apparition of L1 zones on
the particle surface is a change in wettability with temperature at the
interface between the phases. Starting from a droplet fully covered with
L2 after melting, the L2 phase might retract into several zones to re-
spect the angle given by the wettability at the interface with L1 and air,
leaving space for L1 spots to appear on the particle surface.

Progressively, the proportion of L1 spots on the particle surface
decreases. If spontaneous emulsification occurs, we believe that L1 in-
clusions close to the particle surface oxidize in priority compared to the
L1 phase closer to the core, explaining why they rapidly become hidden
by L2. If the unmixed surface configuration comes from a change in wet-
tability with temperature, the covering of the particle surface with L2
can be explained by a gathering of the L2 zones to minimize their inter-
face with air, simultaneously with the creation of new L2 zones due to
L1 oxidation. The mentioned convective and Marangoni flow can play a
role in the movements between the phases. The minimum amount of L2
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phase to cover the whole particle surface is again dictated by the wetta-
bility between the phases depending on the temperature reached at that
moment.

Even after the full covering of the particle surface with L2, the two
liquid phases L1 and L2 are suggested to remain distinct and immisci-
ble with remaining inclusions of each phase in the other. Due to the
impossibility of collecting and analyzing the combusted particles, no
ex situ microstructure analysis could have been conducted to confirm
the presence of inclusions. However, it is supported by the findings
of Deutschmann et al. [26], which demonstrate the presence of pure
iron inclusions within the iron oxide phase at several quenching levels.
Besides, the fraction of iron oxide increases as combustion progresses.
They also showed that the quenched particles consist of a core-like iron
phase surrounded by an outer iron oxide layer. However, due to the ex
situ nature of these observations and the potential effects of the sudden
cooling process, it cannot be definitively concluded that the particles
burned in a core-shell structure. The combustion process could occur
in an unmixed configuration between the liquid phases, with L1 at the
surface, and that the L1 core only formed during the cooling process.
Yet, the current work shows that the presence of L1 at the particle
surface only concerns the beginning of the liquid combustion phase.
Building upon this previous work, we suggest that, after the unmixed
surface period, the particle burns in a core-shell configuration during
the liquid-state phase, with an expanding outer layer composed of the
L2 phase containing L1 inclusions, while the L1 core with L2 inclu-
sions diminishes. The observed presence of L1 inclusions inside the L2
shell at the highest quenching height suggests that the Marangoni flow
is still present after the end of the unmixed surface period, during the
core-shell configuration.

Deutschmann et al. [26] also suggest spontaneous emulsification to
be the origin of the iron inclusions (of a few um) inside the iron oxide
phase observed from the quenched iron particles. The spherical shape of
these inclusions indicates that the dispersion occurs in the liquid state.
However, the authors of the last mentioned analysis [26] were not able
to identify whether emulsification occurs during the oxidation reaction
or during the quenching process. Even if the observed L1 spots during
the unmixed surface period are larger than the iron inclusions present
in the quenched combustion products, the two might both come from
spontaneous emulsification. In this sense, current results suggest that it
occurs during the liquid-phase oxidation.

A similar phenomenon as the unmixed surface period observed in
these experiments was detected and discussed by Muller et al. [23] in
their laser-ignited pure iron rods experiments. Even if the size of their
iron rods is much larger than that of the particles burned in this work,
with a diameter of 3 mm and between 25 pm and 60 pum respectively,
they also attributed the observation of L1 spots to spontaneous emulsifi-
cation. The duration of the observable immiscibility between L1 and L2
at the surface of the rods is roughly an order of magnitude bigger than
for the micron-sized particles studied in this work. This is attributed to
the continuous iron supply to the burning part of the rods as they are
ignited on one end and burn progressively along their longitudinal direc-
tion, while spherical particles are ignited on their whole surface. Also,
the moment when the dark L1 spots are not visible anymore was at-
tributed by Muller et al. [23] to the entry into a miscibility gap, around
a temperature of 2350 K. However, more recent equilibrium Fe-O phase
diagrams (like the one presented in Fig. 1) show that the miscibility
gap occurs at higher temperatures between 2800 K and almost 3200 K
depending on the exact oxygen concentration.

While existing numerical models fail to accurately predict the tem-
perature evolution at the beginning of the combustion process, none
of them includes the observed configuration of an unmixed particle
surface. However, this can significantly impact the rate-limiting mech-
anism. While it does not impact the external oxygen diffusion to the
particle surface, influenced by the gas properties and the particle diam-
eter, it can impact the two other potential rate-limiting mechanisms. On
the one hand, oxygen surface chemisorption follows different kinetics
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depending on the phases present at the surface. As L1 has a higher ten-
dency to consume oxygen than L2, this would increase the oxidation rate
during the unmixed surface period. On the other hand, internal diffusion
of oxygen might be disturbed by the relative movements between the L1
and L2 phases both at the particle surface during the unmixed surface
period and inside the particle during and after it. The observed configu-
ration at the beginning of the liquid-state combustion phase is therefore
a precious help for future single-particle numerical studies. Moreover,
the driving mechanism of the apparition of L1 at the particle surface after
melting and of the movements between L1 and L2 phases could be better
quantified in a future study by measuring the local surface temperature
and the evolution of the surface tension between the phases.

The presence of liquid iron at the particle surface also impacts evap-
oration, which mostly comes from liquid iron evaporation [13], but
regarding the high boiling point of iron (around 3130 K) compared to
the temperature level reached during the combustion, liquid iron must
be in contact with the gas phase to evaporate. The observed presence
of L1 at the particle surface during the unmixed surface period could
partially explain liquid iron evaporation. Also, the spiral structure of the
nano-particles cloud observed by Ning et al. [13] suggests a non-uniform
distribution of liquid iron at the particle surface which is observed dur-
ing the unmixed surface period with a random distribution of L1 and
L2 at the particle surface. Yet, regarding the small duration of the un-
mixed surface period and the fact that it occurs at the beginning of the
liquid-combustion phase where the temperature is still limited, it cannot
fully explain how the evaporation process is taking place throughout the
whole combustion process. In particular, while numerical models pre-
dict that the evaporation peak occurs at the peak temperature [21], the
results of Panahi et al. [14] show that the peak of nanoparticle produc-
tion occurs before (from 17 ms to 20 ms) the peak temperature (around
30 ms) for a 40 um-diameter particle. This discrepancy in nanoparticle
formation rate between experimental observations and the numerical
prediction for evaporation might come from a wrong liquid phase con-
figuration used in numerical models. However, the current observations
do not allow drawing any conclusion about that.

In addition to the cases presented up to now, there are some spe-
cific cases where the unmixed period influences the PM signal evolution,
these cases have been described in Supplementary Materials SM3.

4.3. Rate-limiting mechanism

Previous single-particle studies suggest that the combustion is not
fully limited by the external diffusion of oxygen to the particle sur-
face, but also by oxygen surface chemisorption and internal diffusion
[5,8,10]. As explained in Section 2.4, determining the exponent from
art o« d“’0 law between the combustion time and the initial particle
diameter gives an idea of the rate-limiting mechanism. Values of 1
and 2 are respectively associated with a kinetics-limited and diffusion-
limited regime [29]. Nevertheless, this approach does not include a
potential variation of the exponent with the initial particle size.

To better determine the influence of the initial particle size on the
rate-limiting mechanism, the observed size evolution of different par-
ticles with a varying initial diameter is compared to the prediction of
a fully external-diffusion-limited numerical model developed by Thijs
et al. [4]. This Lagrangian point particle model focuses on the combus-
tion phase up to the peak temperature. It considers iron oxidation to sto-
ichiometric FeO until the peak temperature. Therefore, the comparison
is only valid for the combustion phase following laser heating until the
luminance peak. It includes temperature-dependent and composition-
dependent properties, evaporation, radiation and convection heat losses,
a slip velocity, and Stefan flow. In Fig. 18, four experimentally measured
size evolutions (grey lines) are interpolated (blue lines) and compared
with the prediction of the numerical model (dark lines). The initial con-
ditions used for the numerical simulations are an initial temperature of
1820 K or 2092 K, the same initial diameter as that measured for each
experimental curve (ranging between 33.2 and 66.1 um) and a pure Fe
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Fig. 18. Comparison between the experimental size evolution (raw data in grey
and their interpolation in blue) and the numerical predictions of a fully-external-
diffusion limited model [4] (dark lines). Each pair of curves is associated with
the same d,, . As the experimental size increase is slower, the combustion regime
is not only dictated by the external diffusion of oxygen to the particle surface.
Also, the deviation from a fully diffusion-limited regime increases for smaller
particles. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

composition, neglecting the initial oxidation during laser heating. The
influence of the initial temperature on the predicted size evolution is
negligible and is not visible on the graph. This can be explained by the
fact that the oxidation rate is mainly dictated by the diffusion proper-
ties of gaseous oxygen as well as the particle diameter. In each case,
the blue and dark lines do not end at the same time. It is due first to
the particles leaving the camera’s field of view during their combustion
process. Second, as oxidation is limited in the numerical model, no re-
active cooling occurs like observed experimentally. Therefore, the end
of the dark lines corresponds to the peak temperature when oxidation
stops, followed by a decrease in particle temperature and size. Whereas
in reality, oxidation still takes place after the peak of luminance in a
reactive cooling regime as shown in Section 3.4.

As shown in Fig. 18, the size observed experimentally for the burning
particles increases more slowly with time than the numerical predic-
tions. As mentioned earlier, this suggests that combustion does not occur
in a fully diffusion-controlled regime. Moreover, these results show that
the difference between the two curves is larger for smaller particles. This
suggests that the other rate-limiting mechanism has more impact on the
combustion when the initial particle size decreases. Among the other
possible rate-limiting mechanisms, oxygen surface chemisorption could
be the origin of the larger difference for smaller particles due to their
higher surface-to-volume ratio. Nevertheless, as mentioned in the previ-
ous section, the presence of L1 at the particle surface, even if only during
the unmixed particle surface, would increase the oxygen consumption
at the surface. This suggests that the internal ionic diffusion, potentially
slowed down by the relative movements between the L1 and L2 phases,
is more likely to be rate-limiting. Moreover, with the same amount of
iron oxide created, the thickness of the iron oxide layer surrounding
the particle in the core-shell morphology increases for particles with
a smaller diameter. This could also explain why the internal transport
of oxygen becomes more limiting. Nevertheless, previous studies sug-
gest that both mechanisms play a role [5,8]. Although, the impact of
each mechanism cannot be quantified here, a further advanced numeri-
cal modeling is required to explain the origin of the effect of the initial
particle size on the rate-limiting mechanism.

5. Conclusion

In this work, iron single-particle combustion is studied using an
electrodynamic levitator and laser ignition. The simultaneous use of a
high-speed color camera and luminance acquisition system allows to
analyze the surface phenomena during the combustion process and to
locate them on the luminance evolution. This setup allows to burn single
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iron particles under experimental conditions that were never tested be-
fore, which are a high preheating temperature above iron melting point
and a low slip velocity.

At the beginning of the liquid-state combustion regime, the parti-
cle surface consists of two distinct phases representing liquid iron (L1)
and liquid iron oxide (L2). While solid-state oxidation occurs in a lay-
ered structure with the most oxidized states at the outer surface, this
configuration changes after melting due to either internal convection,
Marangoni flow or a change in wettability with temperature. The distri-
bution between the L2 and L1 phases creates an unmixed surface. While
phases are moving, spontaneous emulsification is suggested to occur ex-
plaining the observed inclusions of L1 phases within the L2 phase at the
particle surface and in the microstructure analysis of quenched particles
conducted by Deutschmann et al. [26]. This unmixed surface period lasts
for a few milliseconds at the maximum as the L1 inclusions close to the
particle surface are suggested to oxidize as a priority. The configura-
tion is later suggested to be a core—shell configuration with an outer
layer consisting of L2 but still containing L1 inclusions as observed by
Deutschmann et al. [26].

The observation of an unmixed surface period is a valuable infor-
mation for improving the modeling of single-particle iron combustion.
In particular, it could better explain the discrepancy in temperature
between numerical and experimental results at the beginning of the com-
bustion. It could also partially explain liquid iron evaporation, suggested
to be the main source of evaporation [13] but that must occur when L1
is in contact with the gas.

Current results are also in line with the previous observation that the
external diffusion of oxygen to the particle surface is not the only rate-
limiting mechanism of the combustion process. In addition, they show
that the influence of the other rate-limiting mechanism increases with a
decreasing initial particle size. While oxygen surface chemisorption and
internal transport could both explain it, more numerical work is required
to identify the main rate-limiting mechanism in play.

Current results enable us to propose a partial answer to the scientific
questions outlined in Section 1:

« What is the liquid phase configuration inside a burning liquid iron
droplet?

The configuration changes with the combustion process starting with
an unmixed configuration where both L1 and L2 phases coexist at the
particle surface. Then, a core-shell configuration is suggested to take
place with a homogeneous particle surface fully covered with L2. This
second configuration represents most of the liquid combustion phase.

+ What is the rate-limiting mechanism of the combustion of highly
preheated and stabilized iron particles?

The iron particles burned in this study do not follow a fully external-
diffusion-limited regime, and the deviation from this regime is more
important for smaller initial particle sizes. Current results suggest that
the internal diffusion of oxygen and iron ions plays an important role.
However, it is not excluded that oxygen surface chemisorption also has
an impact. The quantification of each rate-limiting mechanism is left for
future work.

Future experimental work could confirm and extend current results
by quenching burning particles at early stages of their combustion pro-
cess and analyzing their microstructure. Another possibility could be
to perform in situ measurements of the phase distribution within the
burning particle using X-ray imaging.
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