Combustion Behaviour of Single Silicon Particles in
Different Oxidizing Environments

Herman Heng®®*, Hugo Keck®, Christian Chauveau®, Samuel Goroshin?,
Jeffrey Bergthorson?, Fabien Halter®

“McGill University, 817 Sherbrooke Street West, Montreal, Quebec H3A 0C3, Canada.
bJCARE-CNRS, 1C Avenue de la Recherche Scientifique, Orléans, 45100, France.

Abstract

Silicon, despite its abundance and high energy density, remains underexplored as a carbon-free fuel, with limited
data available on its combustion characteristics. In this work, the combustion behaviour of silicon particles is
examined using an electrostatic levitator with laser ignition. Five oxidizing environments at atmospheric pressure
are investigated: air, pure oxygen, and mixtures containing 40% oxygen (by mole) diluted with nitrogen, helium,
or argon. The burning droplet peak temperature, measured by three-colour pyrometry, increases by 337 K from air
to pure oxygen. The measured peak temperature of the silicon droplet in the 40%0,—60%He mixture is noticeably
lower than that in the 40%0,—-60%Ar mixture, in contradiction with thermodynamic predictions, due to a higher
Lewis number of the helium-diluted mixture. Although oxygen diffusivity is higher in the helium-diluted mixture,
a lower burning rate is observed, attributed to the lower combustion temperature. High-speed colour camera
observations (with a resolution of about 1.25 um/px) reveal that the square of the particle diameter, d°, decreases
with time, ¢, in each individual combustion run, following a strong linear relationship (R? > 0.99) across all
oxidizing environments. However, the combustion lifetime, 7., and initial particle diameter, d;, follow a trend
of 7. o« df, with n ranging from 1.69 to 1.82. This deviation from the expected n = 2 appears to result from
unavoidable measurement uncertainties and the limited particle size range, rather than differences in combustion
physics. The decrease in silicon droplet size during combustion is attributed to the formation of gaseous SiO as
an intermediate combustion product. The SiO species is observed using a UV camera, showing a UV intensity
decay from the particle surface. High-speed imaging and LED absorption signals indicate that the final condensed
product, SiO, nanoparticles, are not optically visible, suggesting they possess very low emissivity.
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Novelty and significance statement density. Its widespread availability makes it attractive,
potentially eliminating the need to recycle its combus-
tion product (silicon dioxide) for reduction. Instead,
the SiO, nano-particle product generated during com-
bustion can be repurposed for material synthesis in in-
dustries such as cement, ceramics, and reflective coat-
ings [1, 2] — integrating clean energy production with
local manufacturing. These key attributes may posi-
tion silicon as a potentially more favourable candidate
than aluminum and iron, the most extensively studied
metal fuels in the literature to date.

We present the first experimental demonstration
of ignition and complete combustion of single sili-
con particles, providing the first evidence that their
combustion follows the classical @* law, unlike many
previous studies on metal particles that reported de-
viations. The identified influence of Lewis number
and particle size on combustion time, as well as the
observed radiative properties of silicon combustion
products, offers insights of scientific and engineering
significance for developing combustion technologies

using silicon as a carbon-free energy carrier. Despite these advantages, silicon has not yet been

widely considered as fuel within the combustion com-

1. Introduction . : L e .
munity. Most prior applications of silicon combustion

Metal fuels have gained increasing attention over
the past few decades as carbon-free energy carriers.
Silicon is a promising candidate in this role due to its
abundance in Earth’s crust and high specific energy

have focused on pyrotechnics [3, 4, 5, 6] rather than
investigating its potential and properties in the context
of sustainable fuels for energy systems. While silicon
has been investigated as a component in composite
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propellants [7], combustion data on pure silicon metal
remains limited. This is due to the challenge of ig-
niting silicon particles, caused by a protective silicon
dioxide layer [8], and its relatively slow combustion
rate compared to more volatile metals, such as alu-
minum and magnesium. Nevertheless, recent work at
McGill University [9] has successfully demonstrated
the first laminar silicon dust flame stabilized on a Bun-
sen burner. This breakthrough not only confirms that
pure silicon can sustain self-propagating combustion
for energy applications but also enables detailed in-
vestigation into its combustion characteristics, includ-
ing laminar burning velocity, flame temperature, com-
bustion products, and the combustion mode of silicon.
Nevertheless, dust flame experiments still present lim-
itations, particularly in observing the behaviour of in-
dividual particles, such as their size and temperature
evolution during combustion. These insights are es-
sential for deepening our understanding of the com-
bustion process and for validating the applicability of
existing available theoretical combustion models to
silicon particle combustion.

The classical d*> law of combustion [10] has long
been used to describe the temporal evolution of a
burning droplet’s size for diffusion-controlled com-
bustion, as expressed in Equation 1:

& =d - Kt M

where d is the instantaneous particle diameter, d; is
the initial diameter, # is time, and K is a proportional-
ity constant. When the particle is fully consumed (d
= 0), Equation 1 reduces to 7. = di2 /K, where 7 is
the complete combustion time. This relationship im-
plies that the combustion time is directly proportional
to the square of the initial particle diameter, with the
proportionality constant K characterizing the burning
rate. The d* law has been observed in experiments
for conventional fuels, such as liquid hydrocarbons
[11, 12] and char [13], for most of the droplet par-
ticle combustion lifetime. In the case of metal fuels,
some studies have shown that aluminum combustion
somewhat fits the trend of the d? law [14, 15, 16];
however, it is also recognized that the formation of
an aluminum oxide cap on the droplet surface sig-
nificantly alters the symmetry of aluminum droplet
combustion, which affects the accuracy of the clas-
sical model. Several models have been proposed to
account for the effects of aluminum oxide cap forma-
tion [17, 18, 19] in the estimation of burning time.
Iron particle combustion presents a different heteroge-
neous combustion mode. Because the boiling points
of iron and its (sub-)oxides are typically lower than
the flame temperature, the particle size does not nec-
essarily decrease as predicted by the classical d” law.
Ning et al. [20] reported a d"-law withn = 1.46—1.72
for single iron particles, indicating a deviation from
the classical d* law. Several studies have attempted
to develop a new model to account for particle growth
and changes in particle density after oxidation [21, 22]

in iron particle combustion.

There have been numerous numerical and experi-
mental investigations on the combustion of single iron
and aluminum particles within the combustion com-
munity. However, for silicon, combustion data remain
scarce. As a result, the combustion behaviour of indi-
vidual silicon particles is still not well understood. It
should be noted that metal fuels are more chemically
diverse than hydrocarbon fuels [23], where insights
gained from the combustion of one metal fuel can-
not be directly applied to another. Each metal fuel re-
quires its own comprehensive investigation and under-
standing, as their reaction chemistry, thermodynam-
ics, and phase transformations are fundamentally dis-
tinct without a unified framework.

In the present study, using an electrostatic levitator
coupled with several diagnostic techniques, we suc-
cessfully stabilize and ignite spherical silicon parti-
cles. We present the first comprehensive experimen-
tal dataset for single-particle silicon combustion, in-
cluding time-resolved measurements of particle tem-
perature in different oxidizing gas mixtures. Unlike
our previous silicon dust flame experiments [9] per-
formed at 30-40% oxygen concentration, the single-
particle setup allows operation with up to 100% oxy-
gen. Leveraging this advantage, we perform a broader
investigation of how combustion temperature varies
with oxygen concentration and with different inert di-
luting gases. We also aim to examine the evolution of
the particle diameter in real time during combustion in
various oxidizing environments. We further analyze
the combustion time to assess whether silicon com-
bustion follows the classical d*> law of combustion.
Finally, we identify the presence of a SiO boundary
layer surrounding the burning droplet and investigate
the behaviour of the final condensed combustion prod-
ucts through analysis of the light absorption signal.

2. Experimental Setup

2.1. Silicon Powder and Gases

The silicon powder is supplied by Nanochema-
zone. The powder is spherical in shape, with a mean
Sauter diameter of 45.6 um. The particle size distribu-
tion, measured by laser diffraction, and particle mor-
phology, captured by scanning electron microscopy
(SEM), are shown in Fig. 1. In this study, silicon par-
ticle combustion is investigated in five oxidizing en-
vironments: air, pure O, and a fixed oxygen concen-
tration of 40% (by mole) diluted with nitrogen, he-
lium, and argon, respectively. The ambient pressure
was maintained at 1 atm for all experimental runs.

2.2. Electrostatic Levitator

The present single silicon particle combustion ex-
periments are performed using an electrostatic levita-
tion facility at the Institut de Combustion, Aérother-
mique, Réactivité et Environnement (ICARE-CNRS),
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Fig. 1. (a) Particle size distribution of the silicon powder
(b) A sample image obtained through scanning electron mi-
croscopy (SEM) of the silicon powder

Orléans, France. The concept of electrodynamic lev-
itation for the study of particles and droplets was de-
veloped in the 1980s of the last century [24], and the
ICARE-CNRS levitation facility has since been used
for combustion studies of several metals and metal al-
loys. For further details of the setup and earlier ex-
perimental work, readers are referred to Legrand et
al. [25] for magnesium and magnesium—aluminum al-
loys in CO,, and to Marion et al. [14] and Braconnier
et al. [16] for aluminum burning in air at varying am-
bient pressure conditions.

In brief, the electrostatic levitator generates some
electric fields through a combination of DC and AC
voltage supplies on three electrodes. These electric
fields counteract both gravity and radial forces acting
on the particle, allowing for stable levitation of a sin-
gle charged silicon particle at a fixed position without
significant motion. Once stabilized, the particle is ig-
nited using a focused 50-watt CO, laser beam. The
laser beam position is carefully calibrated such that
the stabilized silicon particle is located at the peak
of the laser’s Gaussian intensity profile. The levita-
tor can be operated in ambient air or enclosed in a
chamber filled with the specific gas mixtures outlined
in Section 2.1.

Particle injection

Fig. 2. (1) The electrostatic levitator with (a) gravity-
compensating fields (red dotted lines) and (b) centering fields
(black dotted lines) that stabilize (c) single charged silicon
particles in the setup, (2) CO, laser system with a set of (3)
optical mirrors used to reflect the laser beam for a more uni-
form laser distribution on the particle, (4) colour or UV cam-
era coupled with a (5) bandpass filter and a (6) telephoto lens,
(7) light emission transmitted towards a photomultiplier sys-
tem, (8) white LED used as a backlight.

2.3. Optical Diagnostics

Figure 2 shows the schematic of the electrostatic
levitator and the optical diagnostic tools used in the
experiment. During combustion, light emitted by the
burning silicon particle is recorded using a Thorlabs
PMT1002 photomultiplier system, with three wave-
length channels set at 700 nm, 760 nm, and 820 nm.
This three-colour pyrometry system is calibrated us-
ing a blackbody source at 1773 K, from which sensi-
tivity ratios between each channel pair are determined
under varying light exposures. During experiments,
the amount of light transmitted to the photomultiplier
is regulated via an aperture at the entry of compo-
nent 7 in Fig. 2, ensuring that the voltage signal pro-
duced falls within the linear response range of the py-
rometer and does not approach saturation.

The voltage signal from the photomultiplier is
also used to automatically shut off the ignition laser
once the detected voltage signal exceeds a predefined
threshold, thereby minimizing laser interference with
the combustion process. To capture combustion dy-
namics, a Phantom T2410 colour high-speed cam-
era, equipped with a triple bandpass filter (457 nm,
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530 nm, 628 nm), is used to record real-time particle
imagery. For experiments in air, a Phantom T3610
UV camera is also used, equipped with a bandpass fil-
ter in the 250-300 nm range. These cameras are cou-
pled with a telephoto lens, which yield a resolution
of about 1.25 um/pixel. The high-speed camera and
photomultiplier system are synchronized to allow di-
rect comparison of emission signals, derived temper-
atures, and visual recordings. A Thorlabs SOLIC-3C
white LED system, developed from the recent work of
Keck et al. [26, 27], is used as a backlight to visualize
the particle prior to ignition and to enable observation
of absorption signals during combustion. The LED
emits light in the 400-750 nm wavelength range.

3. Results and Discussion

3.1. Temperature evolution

The voltage signals measured by the three-colour
pyrometer are corrected using the sensitivity ratios ob-
tained from calibration. Based on the corrected rela-
tive signals for each wavelength channel pair, the tem-
perature of the condensed phase (i.e., the burning sili-
con droplet) can be derived using Planck’s law assum-
ing that it is a grey body. The resulting temperature
profiles are shown in the top row of Fig. 3(a)-(c) for
three oxygen concentrations: air, 40% O, diluted in
nitrogen, and pure O,. The top row of Fig. 3(d)-(e)
shows the temperature profiles for 40% O, diluted in
helium and argon, respectively.

Comparing the peak temperatures across differ-
ent oxygen concentrations, the experimental results
show that, for a wide range of oxygen concentra-
tions from air to pure O,, the measured peak tem-
perature increases by 337 K. This temperature rise
aligns with the thermodynamic equilibrium analysis
using CEARUN [28], which predicts an adiabatic
flame temperature increase of approximately 282K
when the oxygen concentration increases from 21% to
100% in nitrogen gas. Similar to conventional fuels,
the combustion temperature is expected to increase
due to the reduction of inert species that absorb the
produced heat from combustion. However, the ob-
served temperature rise of 337 K for silicon from air
to pure oxygen is relatively small compared to that of
conventional fuels (e.g., methane or hydrogen). This
lower sensitivity is due to the fact that the silicon com-
bustion temperature appears to favour the formation of
SiO instead of SiO, as predicted by thermodynamic
equilibrium calculations. The enthalpy of formation
for the reaction Si + 0.50, — SiO is —100.4 kJ/mol,
which is approximately nine times lower in magni-
tude compared to that of the reaction Si + O, — SiO,,
which has an enthalpy of formation of —905.5 kJ/mol
[29]. Since SiO is the favoured product under typical
silicon combustion temperatures, it is expected that
less heat energy is released and more chemical energy
is retained in the reaction zone, resulting in a lower
sensitivity of combustion temperature to oxygen con-
centration. This temperature insensitivity to oxygen

concentration has also been observed in the previous
experimental study on silicon dust flames [9]. De-
spite the relatively modest temperature rise (337 K),
the luminosity (/) of the burning silicon droplet in-
creases noticeably, as shown in the sample images of
the burning droplet in Fig. 3(a)-(c), due to its strong
dependence on temperature (I o« T4).

The peak temperatures of the silicon droplet in dif-
ferent diluting gases — helium, nitrogen, and argon
— are compared in Fig. 3(b), (d), and (e), respec-
tively, with the oxygen concentration fixed at 40% by
mole. According to thermodynamic equilibrium cal-
culations, given the same fuel, equivalence ratio, and
oxygen concentration, the adiabatic temperatures for
helium and argon as diluents are identical, since both
inert gases are monoatomic with identical molar heat
capacities. However, as shown in Fig. 3(d) and (e),
the measured peak temperature in the gas mixture of
40%0,-60%Ar is noticeably higher than that in the
gas mixture of 40%0,-60%He, which deviates from
the thermodynamic analysis.

For diffusion-limited combustion, the heat genera-
tion rate Qg is proportional to the rate of oxygen mass
transport and the heat released at the particle surface,
as expressed in Equation 2. The heat loss rate Oy is
given by Equation 3, assuming that it occurs solely
through conductive/convective transport.

. Do, —mix
Qg o« Sh ; 2 ApqvXo, e 2
p
. A
O = Nur—Ap(Tp -T,) 3)
p

Here, Sh is the Sherwood number, Nu is the Nusselt
number, Do,_nix is the diffusivity of oxygen in the gas
mixture, A is the thermal conductivity of the gas mix-
ture, r, is the particle radius, A, is the surface area
of particle, ¢ is the heat of reaction per mole of fuel,
v is the stoichiometric coefficient, Xo, o is the oxy-
gen mole fraction in the bulk gas, T, is the particle
temperature, and 7, is the gas temperature. By ap-
plying an energy balance (i.e., equating heat genera-
tion and heat loss) and substituting 4 = @pCp, where
a, p, and Cp are the thermal diffusivity, density, and
specific heat capacity at constant pressure of the gas
mixture, respectively, and using the definition of the
Lewis number, Le = a@/Do,.nix, the following rela-
tionship is obtained:

1 Sh ¢vXo,

Le Nu pCp

The term gvXo, ./pCp in Equation 4 is propor-
tional to the adiabatic combustion temperature. The
Sherwood and Nusselt numbers can be approximated
as Sh ~ Nu ~ 2, assuming negligible Reynolds num-
ber. Since all gas mixtures are tested at the same ambi-
ent temperature, Equation 4 indicates that the particle
temperature depends not only on the adiabatic com-
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Fig. 3. Temperature and particle size evolutions in different oxidizing environments: (a) air, (b) 40%0,—-60%N>, (c) 100% O,,
(d) 40%0,-60%He, and (e) 40%0,—60%Ar. For each sub-figure, the top row shows the temperature evolution over time with
respective standard errors of means for two initial silicon particle size ranges, while the middle row illustrates the evolution of
the square of particle diameter over time for each experimental run with the slope and R? values shown for the fitted lines. The

bottom row provides three sample frames of the burning silicon droplet, and the sample frames shown in all the sub-figures are
taken at the same camera exposure settings.
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bustion temperature but is also inversely proportional
to the Lewis number.

To compute the thermal diffusivity for each gas
mixture (a(T) = A(T)/[p(T)Cp(T)]), the temperature-
dependent thermal conductivity A(T) is estimated us-
ing the empirical Chapman—Enskog relation [30].
The density p(T) is calculated using the ideal gas
law, and the specific heat capacity Cp(T) is deter-
mined from the NASA polynomial expression [31].
The binary mass diffusivity of oxygen in each inert
gas, Do,_iner(T), is also estimated using the Chap-
man—Enskog relation [30]. Using the binary diffusiv-
ity calculated, the oxygen diffusivity in each diluent
with 40%0, gas mixture can then be calculated using
Blanc’s law [32, 33].

The computed temperature dependencies for both
thermal and mass diffusivity are shown in Fig. 4.
The thermal diffusivity of each gas mixture increases
with temperature, following a power law, @ o T",
where n ranges from 1.60 to 1.65. Similarly, the mass
diffusivity of oxygen in each gas mixture follows,
Do,—mix o T", with n between 1.65 and 1.69, consis-
tent with predictions from the Chapman—Enskog re-
lation that accounts for the temperature dependence
of Lennard-Jones potentials governing molecular in-
teractions [30]. Because the exponents n are simi-
lar for both thermal and mass diffusivity, the Lewis
number remains a weak function of temperature, as
illustrated in Fig. 4. The mass diffusivity of oxy-
gen in the 40%0,—-60%He mixture is notably lower
than the binary diffusivity of oxygen in helium. This
is due to the substantial reduction in oxygen diffu-
sivity when a large proportion (40%) of the smaller
helium atoms are replaced by much larger oxygen
molecules, which reduces the oxygen diffusivity in
the 40%0,-60%He gas mixture and subsequently in-
creases the Lewis number (Le = a@/Do,_mix) Well
above unity. On the other hand, the molecular diame-
ters and atomic masses of oxygen, argon, and nitrogen
do not differ significantly (compared to helium), so

substituting either argon or nitrogen with any oxygen
concentration in the mixture does not substantially al-
ter the mass diffusivity of oxygen in the mixture. Ad-
ditionally, because the thermal diffusivity of oxygen,
argon, and nitrogen are also similar, the Lewis num-
bers of N,-O, and Ar—0O, mixtures should remain
close to unity at any oxygen concentrations. Due to
the similar Lewis numbers between the argon- and
nitrogen-diluted mixtures, the difference in the mea-
sured peak temperature in these mixtures is not signif-
icant. By comparison, the significantly higher Lewis
number in the helium-diluted mixture (Le = 1.82 at
2800 K) leads to a noticeably lower droplet tempera-
ture according to Equation 4 compared to the argon-
diluted case at the same 40% oxygen concentration.
The significance of this temperature difference is also
reflected in the particle luminosity shown in the sam-
ple frames in Fig. 3, which are captured under iden-
tical exposure settings. It is observed that the droplet
burns less brightly in the helium-diluted mixture than
in the nitrogen- or argon-diluted mixtures, and similar
luminosity levels are observed between the nitrogen-
and argon-diluted cases.

3.2. Particle size evolution

Throughout the combustion process, the size of the
burning silicon particle is observed to decrease rapidly
over time. The measured peak combustion temper-
atures, discussed in Section 3.1, are well below the
boiling point of silicon (3505K at 1 atm). Accord-
ing to Glassman’s criterion [34], silicon particles are
expected to burn heterogeneously as liquid droplets.
These liquid droplets are spherical in shape, as shown
in the sample frames in Fig. 3, due to the surface
tension of molten silicon particles once the particle
reaches its melting point (1687 K) following laser ig-
nition.

Since the silicon particles do not reach their boil-
ing point during combustion, the observed size reduc-
tion is primarily attributed to the formation of gaseous
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SiO (with boiling point of 2150 K) as an intermediate
product species because the combustion temperatures
predicted in Section 3.1 favour the formation of SiO
compared to SiO,. Due to the decreasing particle size
over time, a gradual temperature decline after the peak
temperature is observed in all experimental cases be-
cause the heat release rate from the burning droplet
falls more rapidly than the heat loss rate as the parti-
cle size decreases [35].

The combustion mechanism of silicon is likely
similar to that of carbon, as both elements have four
valence electrons. In carbon combustion, Asheruddin
et al. [13] demonstrated good agreement between ex-
perimental data and the classical d?-law for biochar
combustion at ambient temperatures below 473 K and
oxygen concentrations ranging from 20% to 100%.
By analogy, silicon combustion is also expected to
follow the d?-law. Indeed, a clear linear relationship
is observed between the evolution of the squared par-
ticle diameter ¢ and time #, as shown in Fig. 3 for
all gas mixtures, with a high coefficient of determi-
nation (R? > 0.99). Notably, the slope of the linear
fitted curve also remains consistent for the same gas
mixture, regardless of the initial particle size, with a
standard error of the mean below 2.5% within each
mixture. This strong and repeatable linear relation-
ship between d? and ¢ indicates that the combustion of
single silicon particles follows the relationship of the
classic d*> law of combustion as described in Equa-
tion 1 for a diffusion-controlled combustion. To the
authors’ knowledge, such a robust d>-law correlation
(with R? > 0.99) has not previously been reported for
other metal fuels. High-speed videos from the experi-
ments reveal that the luminosity of the burning silicon
droplet appears uniform across the entire particle sur-
face, which suggests a negligible degree of asymmet-
ric combustion caused by oxide cap formation. This
behaviour, combined with the continuous shrinkage
of the particle and its negligible density change due to
oxidation, likely makes a linear relationship between
d? and t more apparent than in other previously stud-
ied metals, such as aluminum or iron.

3.3. Burning rate and combustion time

The slope of the linear fit from the d?-vs-t curve
discussed in Section 3.2 reflects the mass transport in
different oxidizing environments, and consequently,
the burning rate of the droplet. When comparing cases
with varying oxygen concentrations using nitrogen as
the diluent, while the peak temperature increases by
only 337K (12% rise) from air to 100%0O,, the slope
of the fitted experimental d>-vs-t curves increases sub-
stantially, from 127 to 657 um?/ms (about 5.2 times
higher), as shown in Fig. 3. This significant increas-
ing trend is expected, as the oxygen concentration in
the bulk gas serves as the driving force for mass trans-
port in diffusion-controlled combustion.

Comparing the gas mixtures of 40%0,—60%He
and 40%0,-60%Ar, a higher burning rate is theoret-

ically expected in the helium-diluted case, since the
burning rate is proportional to the oxygen diffusivity,
which is higher in helium than in argon gas. How-
ever, the experimental results in Fig. 3(d,e) show the
opposite trend: the argon-diluted mixture exhibits a
higher burning rate. This indicates that the higher
combustion temperature in the argon-diluted mixture,
as discussed in Section 3.1, enhances the droplet re-
gression rate. Although the combustion temperature
remains below silicon’s boiling point, the combus-
tion process is likely not purely heterogeneous be-
cause of liquid silicon evaporation. According to the
Clausius—Clapeyron relation and previous experimen-
tal data [36, 37], silicon vapour pressure increases ex-
ponentially with temperature. The presence of sili-
con vapour has also been confirmed by UV emission
spectra in earlier silicon dust flame experiments [9].
Evaporation of silicon can form a lifted flame with
an increased reactive surface area. Moreover, vapour-
phase combustion shortens the oxygen transport dis-
tance, as oxygen can react with silicon vapour before
reaching the particle surface, thereby accelerating the
overall reaction rate. In addition to silicon vapour,
elevated combustion temperatures can also promote
the evaporation of SiO,, which may be present on the
particle surface and acts as a barrier to heterogeneous
surface reaction. This SiO, film may originate from
residual oxide layer formed during the early oxida-
tion stage and from reaction products deposited on the
particle surface during combustion, but SiO, is esti-
mated to constitute less than 10% of the products pre-
dicted by thermodynamic equilibrium. The evapora-
tion flux of Si and SiO, into vacuum, n;’, depends on
their vapour pressure and is given by:

n’ = %—P‘ 3)
2nM;RT

Here, P; is the vapour pressure of species i, M; is its
molar mass, R is the universal gas constant, T is the
droplet temperature, and a. is the evaporation coeffi-
cient [38]. Figure 5 shows the estimated vapour pres-
sures of Si and SiO, based on the Clausius—Clapeyron
relation and the corresponding evaporation rates cal-
culated using Equation 5, assuming a, = 1, at various
temperatures.

The measured peak combustion temperature in the
argon-diluted mixture is 249K higher than in the
helium-diluted mixture. From Fig. 5, this difference
corresponds to about a 3.5-fold increase in the silicon
evaporation flux at the respective peak temperatures.
Figure 6 compares the evaporation flux of silicon be-
tween the two mixtures as a function of time, based
on the temperature profiles in Fig. 3(d,e) and assum-
ing the maximum possible evaporation (@, = 1). By
integrating the instantaneous flux with the droplet sur-
face area (estimated from the particle diameter) over
time, the amount of evaporated silicon throughout the
combustion period can be estimated. For an initial
particle size of 40-60 pum, the total evaporated silicon
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Fig. 5. (a) Vapour pressure predicted by Clausius—Clapeyron
relation at different temperatures and (b) evaporation rate of
Si and SiO; calculated by Equation. 5 at different tempera-
tures.

in the argon-diluted mixture is approximately twice
that in the helium-diluted mixture, thereby likely con-
tributing to its higher observed burning rate. A similar
enhancement of burning rate by liquid-phase evapora-
tion has also been reported by Palecka et al. [39]. In
their study, it was found that the burning time of iron
particles decreased by a factor of three when oxygen
concentration increased from 20% to 40%, compared
to only a twofold reduction predicted by diffusion-
limited theory. This was attributed to enhanced gas-
phase combustion of iron vapour at higher combus-
tion temperatures with increased oxygen concentra-
tion. In Dreizin’s study of aluminum particle combus-
tion [15], noticeably longer burning times were also
observed in He—O, mixtures than predicted.

By observing the particle size evolution over time,
the complete combustion time of the droplet in each
gas mixture can be determined. In this study, the
start of combustion is taken at the image frame that
shows the particle beginning to glow and turning into
a spherical droplet shape. The end of combustion is
defined as the frame when the particle size decreases
to 10% of its initial value, beyond which accurate size
detection becomes challenging due to limitations in
camera resolution. The difference between these two
times is defined as the experimental combustion time

0.30 T T

~ 40%0,-60%Ar

1
o o o o
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. . - -
-
. .
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Fig. 6. Comparison of the instantaneous silicon evaporation
flux, n”’, during droplet combustion in 40%0,-60%He and
40%0,-60%Ar gas mixtures. The flux profiles are derived
from the corresponding droplet temperature histories shown
in Fig. 3(d)(e).

in the present study. The combustion time, 7., as a
function of the initial particle diameter, d;, for all gas
mixtures is shown in Fig. 7. These measured combus-
tion times are compared to a smooth curve 7. = di2 /K,
where the experimentally determined burning rates
K from Fig. 3 are used. As illustrated in Fig. 7,
the experimentally measured combustion times (scat-
tered points) are slightly longer than the trend of the
smooth curve fitted with the same experimental K val-
ues. This deviation arises because the droplet does not
maintain quasi-steady combustion throughout its en-
tire lifetime. The detected particle diameter near the
peak temperature does not differ significantly from the
initial particle diameter, indicating that, during the ini-
tial 1-5ms after the particle begins to melt, a linear
d*-versus-t relationship is not yet established. Dur-
ing this transient phase, the rate of change in d*> with
time is smaller with a lower burning rate compared
to the quasi-steady phase. This observation is consis-
tent with previous droplet combustion experiments in-
volving hydrocarbon fuels [11, 12]. In the present ex-
periment, particle tracking during the transient phase
is, however, particularly difficult because the parti-
cle’s low luminosity is close to that of the backlight.
Moreover, rapid changes in luminosity from frame to
frame make accurate particle size estimation challeng-
ing when using a fixed intensity threshold for particle
detection.

As shown in Fig. 7, the fitted trend for the ex-
perimental combustion time follows a relationship of
7. « d", with the exponent n ranging from 1.69 to
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Fig. 7. Combustion time of silicon droplets, 7, versus ini-
tial particle size, d;, for (a) air, 40%0,—-60%N, mixture,
and pure oxygen, and (b) 40%0, diluted in helium and ar-
gon. Scattered data represent experimentally measured val-
ues, with uncertainties of +£2.7 um for particle diameter and
+1.3ms for combustion time. The dotted lines represent
power-law fits of the form 7. o d7', where the exponent n is
obtained by fitting the measured combustion time (scattered
data). The solid lines correspond to the classical relationship
T. = di2 /K, where K is the measured burning rate obtained
from the experiment.

1.82. The values of n are noticeably lower than 2 de-
spite the strong linear d?-vs-t relationships (R? > 0.99)
observed for each individual run as shown in Fig. 3,
and the measured burning time (scattered points) in
Fig. 7 also appears to follow the trend of the solid line
7. o d?. The data scattering observed reflects mea-
surement uncertainties in both the combustion time
and initial particle size. Additionally, it should be
noted that the particles used in this study come from
a single powder batch, so the particle size range is
limited to about 30 um based on the size distribution
shown in Fig. 1(a). As such, this limited size range
is insufficient to reliably derive the power exponent
n. Therefore, we suggest that the observed devia-
tion from the classical 7. o« d? relationship in the
present experiment is simply due to the limitation in
the experimental approach and unavoidable measure-
ment uncertainties, as is common in all experimental

studies. Based on this observation, it is also possible
that these straightforward factors are significant con-
tributors to the discrepancies from the 7. o d? law re-
ported in many previous studies on various fuels, and
that the deviations in the power exponent may not be
primarily caused by differences in combustion physics
between the classical @ law and the experiments.

3.4. Combustion products

The rapid decrease in silicon droplet size observed
in the experiment is attributed to the formation of
gaseous SiO as an intermediate combustion product.
Since the emission from excited SiO primarily falls
in the UV range [40], the colour camera (sensitive
to 400-700 nm) is not suitable to be used to ob-
serve this SiO species. Hence, a UV camera coupled
with a bandpass filter of 250-300 nm is employed in
the present study to investigate the presence of SiO
gaseous species. A comparison of sample frames cap-
tured by both the colour and UV cameras is shown
in Fig. 8(a) and (b), respectively. The UV images re-
veal a luminous film surrounding the burning droplet,
with noticeable intensity decay away from the parti-
cle surface throughout the combustion duration. Fig-
ure 8(c) presents the radial UV intensity profile, nor-
malized by the peak intensity throughout the combus-
tion process, at four selected time steps during com-
bustion. An intensity threshold is applied to define
the boundary layer edge, rs;0, as the radial position
where the normalized intensity falls to 0.15 measured
from the particle centre. Accurately detecting the par-
ticle surface in the UV images is challenging, as the
recorded UV intensity is likely a superposition of SiO
emission, Si vapour emission, and blackbody radia-
tion from the liquid droplet. In this study, the par-
ticle surface is therefore approximated as the radial
position where the normalized intensity reaches 0.85.
The boundary layer thickness, ds;o, is defined as the
distance between the locations corresponding to nor-
malized intensities of 0.85 and 0.15, as illustrated in
Fig. 8(c).

Figure 8(d) shows the time evolution of the bound-
ary layer edge and thickness. The maximum boundary
layer edge is observed shortly after ignition, reach-
ing approximately 1.4 times the initial particle radius
(rsio = 1.4r;). Throughout the combustion process,
the boundary layer thickness decreases only gradu-
ally and remains around half the initial particle ra-
dius (6sio = 0.5r;). These observations indicate that
a significant portion of the UV intensity surrounding
the particle originates from gaseous SiO, rather than
blackbody radiation emitted by the burning droplet.
Previous studies on silicon dust flames have also iden-
tified SiO emission in the 260—285 nm range through
spectral analysis [9]. While high-speed UV images in
the present study are captured only in an ambient air
environment, similar UV intensity decay is expected
under other oxidizing conditions due to gaseous SiO
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Fig. 8. Sample frames captured by (a) the colour cam-
era (equipped with a triple bandpass filter at 457, 530, and
628 nm), and (b) the UV camera (equipped with a bandpass
filter ranging from 250-300nm). (c) Radial UV intensity
profiles of the burning droplet, with intensity normalized by
the maximum intensity over the entire combustion period
(Imax), and distance normalized by the initial particle radius
(ri), such that r/r; = 0 corresponds to the detected droplet
centre. Profiles at four representative time steps are shown.
(d) Time evolution of the SiO boundary layer edge (rsi0) and
its thickness (dsio0), both normalized by the initial particle ra-
dius (r;). The combustion takes place in ambient air.

emission, which is the contributor of the observed re-
duction in particle size over time. The experimen-
tal evidence for gaseous SiO is critical to explain the
“limiting combustion temperature” discussed in Sec-
tion 3.1, the formation of SiO, nanoparticles, and the
resulting silicon combustion mode, as hypothesized in
[41] and observed in the previous silicon dust flame
experiment [9]. The observed UV intensity decay
(i.e., SiO decay) is likely associated with a tempera-

ture gradient away from the particle surface. As the
distance from the droplet increases, the decreasing
temperature promotes the condensation of SiO into
Si0,, resulting in reduced UV emission intensity.

While the formation of condensed SiO, products
is expected, these SiO, nanoparticles could not be
clearly observed with the colour camera for a wide
range of exposure times (39-240 us). The absorption
signal from the LED backlight is dominated by noise
across the field of view, except at the location of the
burning droplet. The extinction coefficient of SiO,
is near zero in the visible and near-infrared (NIR)
wavelengths [42]. Previous silicon dust flame experi-
ments have shown that the resulting nanoparticles are
smaller than 200 nm in diameter [9]. Based on Mie
theory [43], and given the known refractive index of
Si0,, the estimated scattering efficiency for 200 nm
Si0, particles is below 0.01, and the absorption ef-
ficiency is close to zero for the wavelength range of
450-1000nm. These results suggest that the nano-
sized SiO, combustion products are effectively trans-
parent to LED white light and therefore not visible in
the colour camera. The transparent optical properties
of the combustion products, combined with the fact
that Si and SiO gaseous emissions occur in the UV
range, enable relatively accurate particle tracking in
the visible range using the colour camera. This sup-
ports the clear linear d>-vs- relationship observed in
the present study (Fig 3). This behaviour contrasts
with that of other metal particles, such as aluminum
and iron, where the accuracy of droplet size mea-
surement can be compromised by interference from
excited gaseous species, visible nano-oxide particles,
and oxide caps.

The insignificant absorption of white LED light by
the nano-sized SiO, product implies that the emissiv-
ity of the silicon combustion products is likely negli-
gible. As the absorption coefficient of SiO, nanopar-
ticles is also negligible in the NIR wavelength, the
emission signal detected by the photomultiplier is
likely dominated by blackbody radiation from the
micron-sized burning droplet. Although the present
study does not provide a quantitative assessment of
the burning droplet emissivity, a qualitative compar-
ison is offered by examining the peak luminosity of
silicon and iron droplets under identical oxidizing en-
vironments. The peak luminosity for both silicon
and iron combustion observed throughout the entire
combustion are shown in Fig. 9. Thermodynamic
equilibrium calculations using CEARUN [28] indi-
cate that the stoichiometric combustion temperature
of silicon is approximately 595 K higher than that of
iron in air, and 250-500K higher in environments
containing 40%0, diluted in helium, argon, or nitro-
gen. Under 100%0,, the predicted combustion tem-
peratures for silicon and iron are similar. Despite sil-
icon combustion being expected to produce a higher
combustion temperature, the observed luminosity of
silicon droplets is significantly lower than that of iron
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droplets in all oxidizing environments studied under
the same camera exposure conditions. This suggests
that the emissivity of burning silicon is significantly
lower than that of iron, whose emissivity ranges from
0.18 to 0.36, as reported by Yao et al. [44] for iron
particles in air to pure oxygen diluted in nitrogen, with
particle sizes between 44-53 um. These observations
suggest that radiative heat loss from silicon droplet
combustion is remarkably lower than that from iron
droplets given the same oxidizing environment. For
the final condensed combustion products, their trans-
parent nature observed in the present study also indi-
cates a very low emissivity of the nanoparticles, sug-
gesting that radiative heat loss in the post-flame zone
of silicon combustion is likely insignificant.

Silicon Iron

Air

40%0,-
60%N,

40%0,-
60%He

40%0,-
60%Ar

100%0,

Fig. 9. Comparison of the peak particle luminosity during
combustion of silicon and iron droplets in different gas mix-
tures. The left column shows silicon particles, while the
right column shows iron particles. Each row corresponds
to a different oxidizing environment, from top to the bot-
tom: air, 40%0,-60%N,, 40%0,-60%He, 40%0,-60%Ar,
and 100%0;. All images are captured using the same expo-
sure settings.

4. Conclusion

Single silicon particles are successfully stabilized
and ignited in an electrostatic levitator setup, enabling
the investigation of their combustion behaviour, in-
cluding temperature and particle size evolution over

time, burning rate, combustion time, and the charac-
teristics of intermediate and final combustion prod-
ucts.

The measured peak temperature of the silicon
droplet increases by 337 K when the oxidizing en-
vironment changes from air to pure oxygen. How-
ever, the temperature rise with increasing oxygen con-
centration is relatively insensitive in silicon combus-
tion compared to conventional gaseous fuels (e.g.,
methane, hydrogen). This low sensitivity is attributed
to the fact that the combustion temperature predomi-
nantly favours the formation of SiO over SiO, in the
reaction zone. In addition to oxygen concentration,
the choice of diluent gas also affects the combustion
temperature, even at the same molar oxygen concen-
tration. Although the adiabatic flame temperatures for
He-0O, and Ar-O, mixtures are identical at a given
O, concentration based on thermodynamic analysis,
the experiments reveal a noticeably higher flame tem-
perature in the 40%0,-60%Ar mixture compared to
40%0,-60%He. This difference is attributed to the
significantly lower Lewis number in the argon-diluted
mixture compared to the helium-diluted one. A higher
combustion temperature can significantly enhance the
evaporation rates of Si and SiO,, even below their re-
spective boiling points, thereby increasing the burning
rate of the silicon droplet.

Across all five oxidizing environments tested, the
experiments consistently demonstrate, in each indi-
vidual run, a strong linear relationship between the
square of the particle diameter and real time, with
R? > 0.99. This linearity supports the applicability
of the classical d? law to silicon droplet combustion.
However, a deviation from the expected 7. o di2 trend
was observed, with the fitted exponent n ranging from
1.69 to 1.82. This deviation from the expected n = 2
is likely attributed to measurement uncertainties and
the limited particle size range used, rather than differ-
ences in combustion physics.

The formation of gaseous SiO intermediate com-
bustion product is confirmed through UV camera ob-
servations, with a SiO film observed that is 40%
larger than the intial particle radius at the beginning of
combustion. Furthermore, the condensed combustion
products are not detectable via the LED absorption
signal, suggesting negligible emissivity and indicat-
ing that radiative heat loss from the combustion prod-
ucts is likely minimal in the post-combustion zone.
The emissivity of silicon droplets appear to be signif-
icantly lower compared to iron droplets. Understand-
ing the combustion behaviour of silicon is essential for
advancing its use as an abundant, carbon-free energy
carrier. Although this concept has been proposed in
prior literature, the present study provides important
experimental evidence supporting its technical feasi-
bility to be used as a fuel and deepens the fundamen-
tal understanding of its combustion behaviour for the
scientific community.
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