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 A B S T R A C T

This work provides new insights into the dynamics of the initial oxide lobe that forms from the native alumina 
layer covering an aluminum particle. This lobe is a distinctive hallmark of aluminum particle combustion — 
absent in hydrocarbon droplet combustion — and is commonly considered the origin of micrometric oxide 
residues. While it is generally accounted for in numerical simulations, this study challenges the prevailing 
assumption of its persistence. Instead, it demonstrates that the initial alumina lobe progressively regresses 
over time. The rate of this regression is closely linked to the availability of gaseous aluminum near the 
droplet surface and is notably delayed in nitrogen-containing environments. Moreover, this research offers 
a novel perspective on the final phase of the particle’s combustion, which is initiated by the formation of a 
surface layer composed of alumina and/or oxynitrides. The presence of nitrogen plays a key role in triggering 
this covering process, which subsequently induces spinning and jetting phenomena. The study elucidates the 
mechanisms behind these dynamics — particularly jetting — and provides quantitative data on their effects 
in more complex configurations involving particle suspensions.
1. Introduction

Aluminum is widely employed as an energetic additive in solid 
rocket propellants and high explosives. More recently, it has garnered 
increasing attention as a potential source of carbon-free energy [1,2]. 
Previous studies on aluminum combustion have primarily focused on 
burn time and steady-state combustion regimes. It is now well es-
tablished that large droplets burn predominantly in the vapor phase, 
while smaller droplets (typically in the 10–20 μm range) exhibit com-
bustion limited by chemical kinetics [3,4]. The primary by-product of 
aluminum combustion is aluminum oxide (alumina, Al2O3). In vapor-
phase combustion, alumina mainly forms as nanoparticles — commonly 
referred to as oxide smoke [5] — generated both in the detached flame 
zone and as a cap-like or lobe-shaped deposit on the surface of the burn-
ing particle. This surface lobe, originating from the native oxide shell 
of the solid particle, limits the area of exposed aluminum available for 
evaporation. As a result, it decreases the evaporation rate and extends 
the particle’s burn time. This lobe is a distinctive feature of aluminum 
particle combustion, distinguishing it from the  combustion of liquid 
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hydrocarbons. It alters the local flow field by promoting the formation 
of hot, particle-bound regions rich in oxide smoke, thereby enhancing 
thermophoretic transport and further promoting lobe growth [6]. Once 
the aluminum core is fully consumed, the alumina lobe remains as a 
solid residue, often comparable in size to the original particle. These 
residual oxide particles can adversely affect the performance of solid 
rocket motors by contributing to two-phase flow losses when expelled 
through the nozzle [7]. The mechanisms governing the formation and 
evolution of the oxide lobe during combustion remain poorly under-
stood. Despite its frequent observation, most insights are derived from 
post-combustion product analysis [8]. The final stages of aluminum 
particle combustion often exhibit unsteady dynamics, widely attributed 
to the presence of the oxide lobe. In summary, prior research has clearly 
demonstrated that the development of an alumina lobe significantly 
influences the combustion behavior and lifetime of aluminum particles. 
This study leverages ultra-resolved temporal and spatial visualizations 
of burning particles to provide new insights into: (i) the dynamic 
evolution of the oxide lobe during combustion, and (ii) the mechanisms 
underlying the final stages of particle burnout.
https://doi.org/10.1016/j.proci.2025.105958
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2. Methods

2.1. Description of the experimental set-up

The experimental apparatus has been described in detail in a previ-
ous work; the reader is referred to [9] for a comprehensive description. 
The experimental setup primarily consists of a high-pressure combus-
tion chamber equipped with an electrostatic levitation system and 
a laser ignition device. Initially, pre-charged aluminum particles are 
introduced into the electric field at the center of the levitator. By 
adjusting the voltages applied to the electrodes, a single particle is 
trapped and positioned precisely at the focal point of the ignition laser. 
A CO2 laser, operating at a wavelength of 10.6 μm with a power of 50 
W, is used to ignite the particle. The levitated particle is symmetrically 
heated from both sides by a split laser beam. Laser emission dura-
tion is controlled via an external trigger activated by the light signal 
detected by photomultiplier tubes. The combustion chamber, which 
can operate up to 12 MPa, enables experiments under well-controlled 
gas-phase conditions with various atmospheric compositions. In this 
study, experiments are restricted to 1 bar gas mixtures containing 
20% oxygen, diluted with argon, nitrogen, or a combination of both. 
Hereafter, the notation O2/Ar refers to a binary mixture composed 
of 20% oxygen and 80% argon by volume. Similarly, O2/N2 denotes 
a mixture of 20% oxygen and 80% nitrogen. The aluminum powder 
used in these experiments is provided by Hermillon (France) and has 
a purity of 99.7%. The selected particles are sieved to obtain a size 
range between 50 and 100 μm. The temporal monitoring of the burning 
particle’s evolution is performed using an imaging setup that combines 
a high-speed PHANTOM camera with a long-distance QUESTAR QM100 
microscope, both focused on the reacting particle. A scale is provided 
in the figures presenting the images of burning particles. The initial 
particle diameter after melting is denoted by 𝑑0. The reference time 𝑡1
corresponds to the first displayed image, and all subsequent event times 
are given relative to this initial time.

2.2. Simulations

Direct numerical simulations of a single, spherical, burning alu-
minum droplet are carried out by solving the reactive Navier–Stokes 
equations in one-dimensional spherical coordinates around the droplet 
using an in-house code. The conservation equations for mass, mo-
mentum, energy, and chemical species are solved using a detailed 
kinetic mechanism for Al-O reactions, which includes 12 gas-phase 
reactions and 9 species. Numerical aspects, such as transport properties 
and kinetic data, are omitted here for conciseness and can be found 
in [9,10]. We here just recall that governing conservation equations 
are solved by a finite volume approach until steady-state. The oxide 
cap is not modeled explicitly. The liquid alumina (Al2O3(𝑙)) smoke is 
treated as a standard gas-phase species, with the exception that its 
diffusion coefficient is set to zero ; its motion is instead governed by 
thermophoresis (see [9] for details). At the droplet surface, aluminum 
vaporization is described using a Hertz–Knudsen expression. Surface 
temperature and species mass fractions are determined by enforcing 
flux continuity conditions for both energy and mass at the interface. 
Within the liquid aluminum core, the model assumes no presence of 
gas-phase species and neglects thermal gradients, i.e., an isothermal 
behavior. No explicit surface chemical reactions are included for oxide 
formation; however, the condensation process Al2O3(𝑙) → Al2O3(𝑐𝑎𝑝)
is considered at the droplet surface, representing the deposition of 
alumina smoke from the gas phase onto the particle surface to form 
the oxide cap, noted Al2O3(𝑐𝑎𝑝) in this document. The kinetics of this 
process are modeled using a sticking coefficient equal to one.
2 
Fig. 1. Experimental evidence of alumina consumption. O2∕N2, 1  bar, 𝑑0
= 89 μm. The corresponding video is available in the supplementary material.

Fig. 2. Gibbs free energy for reactions (R1) to (R3).

3. Initial alumina consumption

3.1. Experimental evidence of the initial cap regression

A sequence of frames in Fig.  1 illustrates the progression of a particle 
toward thermal runaway when subjected to heating in an oxidizing at-
mosphere. Initially, the particle melts and adopts a spherical shape. It is 
coated with a thin native alumina layer (approximately 4 nm) [11]. As 
the temperature increases beyond 2500 K [12,13], the molten alumina 
reorganizes into one or more lobes that float on the particle surface 
(frames 𝑡1 to 𝑡5 in Fig.  1). Due to the immiscibility between liquid 
aluminum and alumina, as well as their differing optical emissivities, 
these distinct phases become clearly visible. It is important to note that 
the evaporation and/or dissociation temperature of alumina is typically 
estimated to exceed 4000 K at atmospheric pressure—well above the 
temperatures reached in these experiments. Traditionally, it is assumed 
that the alumina lobe grows through an oxide accumulation mecha-
nism, though this process remains poorly characterized, as suggested by 
analyses of unburnt residues [14]. However, the present experimental 
observations reveal an initial decrease in the lobe’s volume, a regression 
that is clearly visible in frames 𝑡5 to 𝑡10 of Fig.  1. This phenomenon 
contrasts with conventional assumptions, and is observed in approxi-
mately 80% of the combustion cases in air. Prior studies have also noted 
that the size and persistence of the alumina lobe are sensitive to the 
surrounding gas composition, as discussed in the subsection Influence 
of the gaseous environment.

It is hypothesized that, at high temperatures and in fuel-rich
environments — conditions likely to prevail just above the surface of 
an evaporating Al droplet — liquid alumina may undergo reduction. 
The two following global reactions are proposed as the most probable 
pathways:

4Al(𝑙) + Al2O3(𝑐𝑎𝑝) ↔ 3Al2O(𝑔) (R1)

4Al(𝑔) + Al2O3(𝑐𝑎𝑝) ↔ 3Al2O(𝑔) (R2)

The Gibbs free energies for these reactions are plotted in Fig.  2 at 
1  bar (kcal by mole of aluminum). They are computed based on the 
evolution of enthalpy 𝐻(𝑇 ) and entropy 𝑆(𝑇 ) for each species taken 
from JANAF thermochemical database [15].

At temperatures near the boiling point of aluminum (2790 K), which 
are expected at the surface of the burning droplet, both reactions 
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Table 1
Calculated droplet temperature and Al partial pressure.
 Diameter (μm) T (K) Al partial pressure 
 40 2440 0.12  
 50 2540 0.22  
 70 2575 0.31  
 100 2580 0.32  

proceed spontaneously — that is, in the forward direction — resulting 
in the consumption of alumina. This thermodynamic analysis, which 
does not account for reaction kinetics due to the lack of available 
data in the literature, does not allow us to determine which of the 
two reactions is dominant. It is worth noting that reaction (R1) may 
reverse when the droplet temperature drops below 2460 K. In Fig.  2, 
the following additional reaction is also considered:
(2𝑦 − 𝑥)Al(𝑙) + Al𝑥O𝑦N𝑧(𝑙) ↔ 𝑦Al2O(𝑔) +

𝑧
2
N2 (R3)

The discussion of reaction (R3) is postponed to Section Alumina 
growth quenching the particle, which addresses the formation of oxyni-
trides. The results of simulations performed for a 20% O2 in N2 mixture 
at 𝑃 = 1 bar, and for various droplet diameters, are summarized 
in Table  1. A decrease in droplet temperature with decreasing diam-
eter is observed, which is attributed to the reduction in aluminum 
partial pressure resulting from enhanced diffusion. As shown in Fig. 
2, lower temperatures — associated with smaller droplets — favor 
oxide formation via reaction (R2). Indeed, 𝛥𝐺 then becomes positive, 
indicating that reaction is spontaneous in the reverse direction (oxide 
production). In contrast, larger droplets maintain higher temperatures, 
making reaction (R1) more likely to dominate and thus consume more 
oxide.

3.2. Influence of the gaseous environment

In certain cases, high-resolution visualizations enable the quantifica-
tion of the lobe regression rate. However, movements of the lobe along 
the droplet surface can cause it to move out of the field of view, thereby 
preventing accurate tracking. When measurable, the regression rate is 
found to be approximately 1.5 times faster in an O2/Ar mixture than in 
O2/N2—namely, 0.15 and 0.10 mm2 s−1, respectively. These real-time 
observations are consistent with previously reported analyses of com-
bustion residues. In O2/Ar environments, Prentice [16,17] observed no 
alumina lobe, whereas it was present in O2/N2. Similarly, Dreizin [8] 
reported that the lobe was either absent or significantly smaller in 
O2/Ar and O2/He, but clearly visible in O2/N2. Comparable trends were 
also observed by Zenin et al. [18,19]. Simulations conducted in the 
present study for a 20% O2 mixture in N2 show no major differences 
when compared to the 20% O2 in Ar case (at 𝑃 = 1 bar and 𝑑0 = 70 μm). 
This similarity is attributed to the comparable thermodynamic and 
diffusive properties of Ar and N2. These findings strongly suggest that 
the differences observed experimentally are due to a chemical contri-
bution from nitrogen. Dreizin [8] proposed that significant amounts of 
NO could be formed. Given its low reactivity, NO may diffuse toward 
the droplet surface and act as an oxygen carrier, promoting oxidation 
at the aluminum interface. To investigate this hypothesis, the kinetic 
mechanism was extended to include NO chemistry, introducing four 
additional species (N, NO, N2O, NO2) and six corresponding reactions. 
Reactions and rate coefficients are taken from GRI-Mech 3.0. Other 
nitrogen-containing species (e.g., NO3, HONO, N2O5, etc.) may also 
form but were not considered here. The simulations confirm Dreizin’s 
hypothesis, showing a peak in NO molar fraction in the vicinity of the 
droplet surface. The simulated molar fraction profiles are plotted in 
Fig.  3 as a function of the radial distance normalized by the droplet 
diameter (conditions: 𝑃 = 1 bar, 𝑑0 = 70 μm, N2∕O2 = 80/20).

The NO concentration profile has been magnified by a factor of 10 
for clarity. Its peak mole fraction is approximately 0.003 and, notably, 
3 
Fig. 3. Molar profiles of selected oxygen-bearing species as a function of the 
distance normalized by the droplet radius — NO profile is multiplied by 10 
— 1  bar, O2∕N2 (20/80), 𝑑0 = 70 μm.

remains nearly constant across the normalized radial distance. This 
behavior reflects the fact that NO is formed at high temperatures in 
the reaction zone and diffuses back toward the droplet surface without 
being consumed in subsequent reactions. The concentrations of NO2
and N2O are significantly lower (on the order of 10−7) and are thus 
not shown. At the droplet surface, atomic oxygen is present at a mole 
fraction of 2 × 10−2 and may undergo adsorption or reaction. The 
atomic nitrogen concentration at the surface is roughly two orders of 
magnitude lower. To explore the potential chemical role of NO, we 
considered a hypothetical surface reaction:

3NO(𝑔) + 2Al(𝑙) → Al2O3(𝑐𝑎𝑝) +
3
2
N2(𝑔),

modeled with a high kinetic rate constant to simulate a fast process. 
Under conditions of 𝑃 = 1 bar and 𝑑0 = 70 μm, the simulation 
predicts a small but non-negligible surface oxide formation rate of 
𝑚′′
Al2O3

= 0.024 kg m−2 s−1, compared to an aluminum vaporization 
rate of 𝑚̇′′

Al = 2.8 kg m−2 s−1. Another plausible (thermodynamically 
favorable) pathway is the catalytic decomposition of NO on the particle 
surface (either on the bare aluminum or on the oxide lobe):
NO→ 1

2O2 +
1
2N2,

which would locally release oxygen capable of reacting with Al(𝑔) in the 
near-surface region. This would decrease the concentration of available 
aluminum vapor and potentially suppress reaction (R2). Simulations in-
corporating surface reactions [10] further indicate that smaller droplets 
exhibit a higher surface coverage by adsorbed species — including
nitrogen-containing ones — on the aluminum surface. Saturation of 
the surface with these species (mostly, monoatomic N) may hinder 
reaction (R1). The complete regression of the alumina lobe proceeds 
more rapidly in the O2/Ar mixture due to ongoing reactions between 
alumina and aluminum (in both gas and liquid phases). These reactions 
generate gaseous suboxides such as Al2O, which are transported away 
from the surface by the Stefan flow and contribute to lobe reduction. 
In contrast, the delayed regression observed in O2/N2 environments 
can be attributed to the back-diffusion of nitrogen oxides and their 
role in consuming aluminum vapor at the surface. Once the oxide lobe 
has fully disappeared, the aluminum droplet undergoes steady evapo-
ration without any further observable phenomena, until a subsequent 
transition occurs.

4. Oxide cap & quenching

4.1. Evidence of the alumina growth

We define combustion Phase 1 as the ignition of the aluminum 
droplet. Phase 2 corresponds to the steady regression of the droplet, 
while Phase 3 begins with the onset of an asymmetric combustion 
regime. The steady regression phase concludes with the appearance 
of a rapidly expanding region on the droplet surface, which partially 
envelops the aluminum core (Fig.  4).
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Fig. 4. Experimental evidence of the growing alumina cap. O2∕N2, 1  bar, 𝑑0
= 74 μm.  (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

Fig. 5. Normalized cap appearance timing (a) and particle diameter for cap 
occurrence (b) as a function of the initial particle diameter, in air.

It grows at an approximate rate of 0.9 mm2/s. This region, arti-
ficially highlighted in red in Fig.  4, corresponds to a newly formed 
condensed phase. Its visibility on the droplet surface is likely due 
to distinct optical properties. Fig.  4 captures the rapid expansion of 
this phase on the same 74-μm diameter droplet whose normalized 
light emission is presented in Fig.  6. The onset of this growth marks 
the beginning of combustion Phase 3, as indicated in Fig.  6. For the 
droplet with an initial diameter of 74 μm, this transition occurs when 
the particle diameter has decreased to approximately 40 μm. The new 
condensed phase is identified as alumina, forming a growing cap on 
the surface. The remainder of this study is devoted to investigating the 
origin of this sudden transition in the combustion dynamics.

4.2. Influence of the particle diameter and of the gaseous environment

In the case illustrated in Fig.  4, the onset of surface coverage occurs 
when the droplet diameter reaches 40 μm, corresponding to half of 
the initial diameter and approximately 70% of the initial aluminum 
mass. Simulations performed for various particle diameters (see Table 
1) show a temperature drop of about 140 K when decreasing the droplet 
diameter from 100 to 40 μm. Notably, the calculated temperature for a 
40-μm droplet is 2440 K, which lies below the inversion temperatures of 
reactions R1 and R3, as shown in Fig.  2. This suggests that the transition 
to Phase 3 could be triggered by the formation of liquid alumina on the 
droplet surface, resulting from the reversal of these two reactions. To 
test this hypothesis, a series of experiments were conducted in an O2∕N2
environment, varying the initial droplet diameter (𝑑0 ranging from 50 
to 120 μm). Fig.  5a presents the time of onset of oxide cap formation, 
denoted 𝑡𝑐𝑜𝑣𝑒𝑟𝑖𝑛𝑔 , normalized by the total combustion duration, as a 
function of the initial diameter. Data from Ref. [20] are included, 
showing excellent agreement with the present results. The extent of the 
oxide cap increases with particle size.

Our experimental results do not support the existence of a critical 
radius or a critical particle temperature, as such assumptions would 
imply a monotonic increase in the normalized covering time with 
increasing droplet diameter. This conclusion is further substantiated 
4 
Fig. 6. Combustion intensity as a function of time, in air (black line) and 
O2∕Ar 80/20% vol. mixture (blue line). The signal from the CO2 laser used 
for ignition is displayed (red dashed line) along with combustion phases for 
air.  (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

Table 2
Oxidizer impact on the oxide cap occurrence.
 Mixture composition 𝑑𝑐𝑜𝑣𝑒𝑟𝑖𝑛𝑔∕𝑑0 𝑡𝑐𝑜𝑣𝑒𝑟𝑖𝑛𝑔∕∕𝑡𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 
 (with 20% O2)  
 N2 − 80% 0.74 0.46  
 N2 − 60%∕Ar − 20% 0.72 0.67  
 N2 − 40%∕Ar − 40% 0.63 0.71  
 N2 − 20%∕Ar − 60% 0.55 0.83  
 Ar − 80% 0.40 0.93  

by Fig.  5b, which shows the evolution of the diameter at which the 
oxide cap appears, 𝑑𝑐𝑜𝑣𝑒𝑟𝑖𝑛𝑔 , normalized by the initial droplet diameter 
𝑑0. The increasing trend of this ratio with 𝑑0 indicates that, for larger 
droplets, the end of the steady combustion phase occurs at a larger 
absolute diameter. This suggests that particle temperature alone cannot 
explain the transition. It is likely that in this case, thermophoresis can 
be a strong provider of oxide smoke towards the lobe [9]. Moreover, 
replacing nitrogen with argon significantly alters the phenomenology 
observed in the final stages of the particle’s combustion. Specifically, 
the steady regression phase — during which the droplet diameter de-
creases smoothly — is considerably prolonged. This behavior is visually 
captured in Fig.  6, where the curve corresponding to the O2/Ar mixture 
(blue) exhibits an almost monotonic evolution up to the final stages of 
combustion.

When using argon, the droplet cap forms only once the drop di-
ameter decreases to approximately 10–15 μm, representing less than 
2% of the mass of the initial 60 μm particle. Combustion in an O2∕N2
environment (curve in black in Fig.  6) becomes unsteady at a much 
earlier stage. Table  2 lists both the onset time and the corresponding 
cap diameter for various ambient conditions. To further clarify the 
observed trends, additional experiments were conducted using argon 
in place of nitrogen. Substituting nitrogen with argon progressively 
extends the duration of the quasi-steady regression phase at smaller 
droplet diameters. The presence of nitrogen in the mixture promotes 
early droplet cap formation. To understand this contrasting behavior, 
we initially compared the thermal and diffusive properties of nitrogen 
and argon. The most significant difference lies in their heat capacities, 
which nearly double in the presence of nitrogen (1.35  kJ∕(kg K) for 
nitrogen versus 0.6  kJ∕(kg K) for argon, values computed near the 
droplet surface using the NASA-CEA code). However, the calculated 
droplet temperatures for these different mixtures are nearly identical. 
The following section investigates potential kinetic effects that may 
explain our experimental observations.

4.3. Discussion on the possible paths leading to the cap growth

The results presented in Table  2 further highlight the significant 
influence of N2 compared to Ar, suggesting a chemical effect, as 
previously discussed in Section Initial alumina consumption. Nitrogen 
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(a) Scanning electron microscope image of a 
large micrometric alumina particle with an alu-
minum oxynitride inclusion. O2-21% / N2-79%, 
1 bar.

(b) Energy-dispersive X-ray spectroscopy of 
the large micrometric alumina particle with 
the identification of O, Al and N mass frac-
tions.

Fig. 7. Experimental evidence of oxynitride formation during combustion of 
Al particles of average diameter 𝑑 = 7 μm.

may promote the formation of aluminum oxide from NO via surface 
reactions (see Section Influence of the gaseous environment). Moreover, 
evidence of aluminum oxynitride formation has been observed in 
quenched droplets burned in an O2∕N2 atmosphere (see Fig.  7-top). 
In these cases, nitrogen is detected at the center of the alumina 
sphere, appearing as a darker region. Under these specific conditions 
(air at 1 bar), the EDX spectrum (Fig.  7-bottom) reveals an overall 
oxynitride composition of Al1.7O3N0.5. Aluminum oxynitrides exhibit a 
wide homogeneity range, with an average stoichiometry of Al23O27N5
(equivalent to 9Al2O3 ⋅ 5AlN), which melts congruently at 2440 K [21]. 
Fig.  2 shows the Gibbs free energy for reaction (R3), incorporating 
AlON(𝑙) represented as 9Al2O3 ⋅ 5AlN. It is important to note that 
thermodynamic data for this liquid oxynitride are not available in the 
literature; thus, as a first-order approximation, it was modeled as a 
mixture of 9 Al2O3(𝑙) and 5 AlN(𝑙). According to Fig.  2, the temperature 
for spontaneity of reaction (R3) shifts slightly upward—from 2460 K for 
pure oxide to 2510 K for the oxynitride. This suggests that oxynitride 
formation is favored at higher temperatures, and thus more likely in 
larger droplets. An alternative explanation may also involve direct 
nitride formation. The only thermodynamically spontaneous reaction 
at droplet temperatures is Al(𝑙) + 0.5N2 → AlN(𝑙).

Experimental data in Fig.  5 indicate that the formation of the oxide 
cap depends on the initial droplet size. Larger aluminum droplets 
tend to transition earlier into the asymmetric regime, suggesting the 
development of a more pronounced lobe. This behavior is consistent 
with the thermophoresis mechanism described in [9], where both 
experimental and numerical results demonstrated that the presence 
of a small lobe — regardless of its chemical composition — induces 
a strong thermophoretic flux of oxide smoke from the surrounding 
flame. This flux rapidly nourishes the lobe due to the temperature 
gradient between the hotter surrounding gas and the cooler lobe, 
resulting in a net thermophoretic flow directed toward the lobe. A 
5 
Fig. 8. Experimental evidence of jetting, O2∕N2, 1  bar, 𝑑0 = 55 μm.

simplified zero-dimensional model has been proposed in [22] based on 
this mechanism, showing that larger droplets tend to form larger lobes. 
The ratio of lobe diameter to initial droplet diameter is found to be 
approximately 0.7–0.8, with a slight increase observed as the initial 
droplet size increases—consistent with the measurements in Fig.  5b. 
As surface reactions take place, it is hypothesized that aluminum oxide 
and aluminum oxynitride species may be adsorbed onto the aluminum 
particle. Once saturation is reached, the solubility of aluminum oxides 
and aluminum oxynitrides is reached and the subsequent addition 
of such species to the droplet’s surface leads to the formation of a 
condensed phase on the particle surface. The saturation of these species 
on the droplet’s surface is also linked to the collision frequency between 
these species. As the concentration increases, more collisions between 
these non-miscible species occur, that could lead to the formation of a 
nucleus, acting as a potential source for the formation of this condensed 
phase. This cap is then likely to enhance thermophoretic deposition, 
thereby accelerating oxide growth and the subsequent encapsulation 
of the particle.

4.4. Implications of the covering

A burning droplet that becomes partially covered with an inert 
surface layer (cap) is expected to experience translational motion due 
to a momentum imbalance between the evaporating aluminum surface 
and the non-evaporating, capped region. As a result, the droplet is 
propelled in the direction of the cap. This phenomenon is referred to 
as jetting throughout the remainder of this paper. Fig.  8 illustrates the 
abrupt onset of this motion, marked by the appearance of a bright 
spot — indicative of oxide formation — at the lower left corner of 
the aluminum droplet at time 𝑡1. As the oxide layer spreads over a 
larger portion of the droplet surface, the droplet moves simultaneously 
in the same direction as the growing cap. This behavior is consistently 
observed across all experiments, confirming that the droplet’s motion 
is linked to a Stefan flow deficit on the coated side, which creates a 
net momentum imbalance. Fig.  8 also captures the rapid displacement 
of the particle immediately following the appearance of the oxide 
spot, a consequence of the high surface coverage rate (approximately 
1 mm2∕s).

Spinning may result from the sliding of the oxide cap once the 
droplet begins to move, or from asymmetric gas release on the droplet 
surface, which can generate a torque. However, the spinning rate is 
expected to decrease over time due to viscous damping. The com-
bination of spinning and jetting can lead to spiraling trajectories, a 
behavior frequently observed during experiments. As the lobe develops, 
the associated propulsive force increases, thereby enhancing jetting. 
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Fig. 9. Jetting velocity evolution with the fraction of the droplet covered by 
the oxide, O2−20%/N2−80%, 1  bar, 𝑑0 = 55 μm.

Jetting is thus directly linked to the extent of the surface covered by the 
inert cap [23]. The available visualizations allow for accurate tracking 
of the droplet’s position and estimation of the oxide-covered surface 
area. Based on this information, we approximate both the droplet 
velocity and the percentage of its surface that is coated, though the 
latter remains uncertain since only one side of the droplet is visible. 
It is assumed that both sides are coated symmetrically. Fig.  9 presents 
the evolution of droplet velocity as a function of the oxide coverage 
percentage, corresponding to the sequence shown in Fig.  8. Note that 
velocity changes are derived from two-dimensional imaging. However, 
since the particle remains in focus throughout the sequence, velocity 
components perpendicular to the camera plane are assumed negligible. 
Initially, the oxide-covered area increases up to approximately 50% of 
the droplet surface without significant motion. As previously discussed, 
the surface coverage rate is high, and this apparent delay in motion can 
be attributed to the droplet’s inertia. This interpretation is supported by 
a classical inertial timescale estimation, given by 𝜌𝑑20∕18 μ (where 𝜌 is 
the aluminum density and 𝜇 the gas viscosity), which yields approxi-
mately 3 ms—comparable to the typical coverage time of around 1 ms 
as seen in Fig.  8.

Following this initial phase, the oxide-covered area continues to 
grow, eventually reaching 80% of the droplet surface. This increasing 
momentum imbalance leads to particle acceleration, with velocities 
rising to 1–2 m/s. The terminal velocity cannot be determined, as the 
droplet eventually exits the field of view. These observations carry im-
portant implications for understanding and modeling the propagation 
of combustion waves in particle-laden gaseous media (e.g., explo-
sions, burner-stabilized flames, etc.). It would be inaccurate to define 
a particle’s thermal influence solely by the static temperature field 
surrounding a burning droplet. Mobile particles substantially extend 
their zone of influence, particularly in nitrogen-rich environments.

5. Conclusion

Experiments on aluminum particles (40–100 μm), laser-ignited at 
1 bar in a gaseous environment, show that an oxide lobe forms upon 
melting and ignition, then vanishes as quasi-steady combustion begins. 
Instability arises when an oxide cap reforms and grows. Although this 
behavior was noted in Braconnier’s thesis [24], the role of oxygen 
concentration remains under study. Results suggest that nitrogen affects 
both the disappearance of the initial lobe and the reformation of the 
oxide cap. A simplified thermodynamic and fluid dynamics model 
attributes this to NO𝑥 species transporting oxygen to the aluminum 
surface, enhancing local oxidizer concentration and delaying oxide 
removal. Later, this same mechanism promotes the growth of a liquid 
oxide cap, possibly involving a liquid oxynitride phase. The overall 
influence of nitrogen is summarized in Table  3. The capping phase 
correlates with spinning and jetting, with particles at combustion’s 
end reaching speeds above 1 m/s, potentially igniting nearby particles. 
Further research is required to assess the implications of these find-
ings for solid rocket engines, where the operating environment differs 
significantly (high pressures and temperatures, other oxidizers).
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Table 3
Summarized influence of nitrogen.
 Reaction Associated mechanism  
 3NO(𝑔) + 2Al(𝑙) → Al2O3(𝑐𝑎𝑝) +

3
2
N2(𝑔) Oxide cap growth from presence of 

NO near the droplet’s surface.
 

 NO → 1
2
O2 +

1
2
N2 Presence of oxygen near the droplet’s 

surface favored by 𝑁𝑂
decomposition, decreasing the 
importance of reaction (R2) through 
a decrease in available Al.

 

 Al(𝑙) + 0.5N2 → AlN(𝑙) Formation of aluminum nitrides that 
can further oxidize to form 
aluminum oxinitrides that can be 
adsorbed by the droplet.

 

 (2𝑦 − 𝑥) Al(𝑙) + Al𝑥O𝑦N𝑧(𝑙) ↔ 𝑦Al2O(𝑔) +
𝑧
2
N2 Formation of aluminum oxinitrides 

that can be adsorbed by the droplet.
 

Novelty and significance statement

A phenomenological description of early combustion and burnout 
of a single aluminum droplet is proposed. This is a first novelty of this 
research since those two phases are often overlooked in previous works. 
Thanks to a recent and adequate set-up (levitator), new or hardly 
reported physics (e.g., oxide consumption, surface covering, particle 
jetting...) is unraveled, measured, and discussed. One finding is the 
strong role of nitrogen, which can no longer be considered as inert. 
The observed phenomena may alter aluminum combustion in terms of 
burn time, combustion efficiency, or particle trajectories, and could be 
significant in actual systems such as rocket motors or burners.
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