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Abstract

As society is moving away from hydrocarbons, there is a need for a clean way to store
and transport energy over the globe. For this need, metal fuels are very attractive and
excellent candidates as alternative carbon-free and renewable fuels. Due to their high
energy density, availability, stability and low cost, metals and especially aluminum could
replace hydrocarbons in many applications. In addition, metal oxides are solid and may be
easily collected and recycled (J.M. Bergthorson et al., Applied Energy, 2015). Aluminum
is already well known as a fuel, used for many years in space propulsion. However, the
detailed understanding of the combustion of aluminum particles remains a challenge which
requires to combine sophisticated experiments with numerical simulation. The modeling of
aluminum combustion then must take into account all existing phenomena, from melting
and evaporation of the metal particles to gaseous and heterogeneous oxidation and finally
condensation and solidification into metal oxide particles. In this work, a complete model
for burning aluminum particles has been developed and implemented in the massively
parallel Navier-Stokes compressible solver AVBP in order to compute a stabilized laminar
flame. The model includes the dual composition of the aluminum particles with an alumina
cap, heterogeneous surface reactions and condensation of the combustion products, and
nucleation of products into particles following Finke et al. (J. Finke., Combustion and
flame, 2023). The Lagrangian tracking of these product particles is an original feature of
the model, with regards to the literature where an Eulerian formulation is mostly reported.
It o!ers the possibility to give more details about the formed metal oxide particles, in
particular their size. Results and analysis of 1D and 2D stabilized aluminum laminar
flames obtained with this model confirm the validity of the approach.
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Résumé

Afin de limiter l’utilisation d’hydrocarbures, il est nécessaire de trouver un moyen
propre de stocker et transporter l’énergie sur de grandes distances. Les combustibles mé-
talliques constituent d’excellents candidats en tant que combustibles alternatifs, renouve-
lables et sans émissions de carbone. En e!et, ils présentent une haute densité énergétique,
sont disponibles à bas coût et sont faciles à stocker et transporter sous forme de poudre.
De plus, les produits de combustion sont des oxydes métalliques solides qui pourraient
être collectés et recyclés (J.M. Bergthorson et al., Applied Energy, 2015). L’aluminium
est utilisé depuis de nombreuses années comme combustible, notamment en tant que car-
burant pour la propulsion spatiale et militaire. Cependant, la compréhension détaillée de
la combustion des particules d’aluminium reste un enjeu majeur nécessitant de combi-
ner résultats expérimentaux et simulations numériques avancées. La modélisation de ce
type de combustion implique de prendre en compte tous les phénomènes impliqués. Ces
phénomènes complexes sont nombreux, de la fusion et l’évaporation des particules d’alu-
minium à l’oxydation gazeuse et de surface, jusqu’à la condensation et la solidification en
particules d’oxyde métallique des produits de combustion. Durant cette thèse, un modèle
complet pour la combustion des particules d’aluminium a été implémenté dans le code
massivement parallèle AVBP afin de stabiliser numériquement des flammes d’aluminium.
Le modèle prend en compte la présence du lobe d’alumine sur les particules d’alumi-
nium, les réactions hétérogènes de surface et la condensation détaillée des produits de
combustion en utilisant le modèle proposé par Finke et al. (J. Finke., Combustion and
Flame, 2023). Ce modèle permet de suivre les produits de combustion liquides de façon
Lagrangienne contrairement aux travaux présents dans la littérature qui utilisent une for-
mulation Eulérienne. Ce dernier point permet d’étudier l’évolution de la morphologie des
particules d’alumine, ce qui constitue un enjeu clef dans le but de les collecter et de les
recycler. Ce modèle a été utilisé pour simuler la combustion de particules d’aluminium
isolées, des flammes 1D ainsi que des flammes 2D pouvant être comparées aux résultats
expérimentaux présents dans la littérature.
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Introduction

Global warming is expected to be one of the top challenges humanity will have to face in
the years to come. Indeed, according to the latest IPCC report [78], its e!ects are going
to have a major impact on peak temperatures, soil moisture and annual precipitation.
That will induce huge consequences for humanity in terms of water and food availability,
health, infrastructures and ecosystems. This rise in temperature is directly linked to
carbon emitted by human activities and it is therefore crucial to curb these emissions.

To do so, new behavioral, but also technological changes must rapidly occur to pre-
vent a drop in living standards as well as many deaths. It is important to note that
over 94 % of CO2 emissions are the result of the production and consumption of gas,
oil and coal [77]. Furthermore, according to the IEA [60], the peaks in demand for all
these hydrocarbons are in sight and replacements for such fuels must be quickly developed.

Several potential candidates exist to replace hydrocarbon fuels. The key characteris-
tics of a fuel are availability, cost, ease of use, ease of storage and storage density. For
example, oil is, or at least was, easy to extract with not much cost and requires only
a combustion engine with a non-pressurized tank and therefore no loss of stored energy
over time. Meaning that it can be easily extracted, shipped around the globe and stored
by anyone with a compact and easy-to-use technology. All of this at an increasing but
still fairly low cost. None of the alternatives fuels proposed today present all of these
characteristics but they could complement each other for di!erent applications.

One of the simpler alternative is the use of batteries to store and use electricity. This
present mainly two advantages. First electrical engines are well known and easy to use
and maintain. Second, the storage e"ciency of battery is fairly high. However, producing
800 million vehicles with a 15 kWh Li-ion battery would consume 30 % of the world’s
lithium reserves [2, 82]. Knowing that a standard small electric car requires a 50 kWh
battery ( 52kWh for a Renault Zoe for example) and that there is an estimated 1.474
billion vehicles in the world today [61] , one can easily understand that Li-ion battery
won’t be able to replace classic fuels. Furthermore, these batteries only have a specific
energy of around 260 wh/kg vs 12.5 kWh/kg for diesel. Finally stored diesel does not lose
energy over time while the storage timescale for batteries is counted in days for Li-ion
batteries [108]. These two last facts mean that a Li-ion battery powered vehicle will be
sensibly heavier than an oil powered vehicle for the same autonomy and that Li-ion bat-
teries cannot be used to ship electricity over long distances.
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A more conventional candidate to replace hydrocarbons would be bio-fuels due to its
compatibility with hydrocarbons engines. But because of the low productivity of pho-
tosynthesis [12, 13], the land area required to replace current energy vectors would be
too high. Therefore, the use of these bio-fuels should be limited to the replacement of
hydrocarbons when alternatives are unusable or limited. One example is the use of SAF
in aeronautic.

Another fuel receiving a lot of attention is hydrogen, and rightly so. It has a high spe-
cific energy and could be burned in a gaseous form in modified classical engines. However,
it is not easy to store, requiring high pressure in its gaseous form and a temperature of
-253°C in its liquid form. Furthermore, any leakage could have catastrophic consequences
due to its very large flammability limits [23].

As can be seen on figure 1, most of the metal fuels have a much higher energy density
compared to diesel or gasoline, while presenting good values of specific energy. Moreover,
metal fuels generate solid combustion products that could be retrieved and turned back
into fuel using a clean primary source of energy [63].

Figure 1 – Energy density and specific energy of various metal fuels compared to hydro-
carbons, hydrogen and batteries. Figure extracted from [12]

However, burning capacities as well as availability at a reasonable price leave only
three metals as interesting candidates for being used as fuel. Indeed, as explained by
Lomba in his PhD thesis [82], while beryllium has the best energy density, it su!ers from
a high ignition temperature and toxicity issues. Bore is hard to ignite with high combus-
tion time, making it di"cult to stabilize a flame for O2 concentrations lower than 70 %.
Titanium also has a relatively high combustion time. Lithium reacts violently with water
and presents safety and toxicity issues. Finally, silicon has a slow reaction rate, making it
di"cult to obtain a stable flame from it. The remaining three candidates are aluminum,
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iron and magnesium. The latter su!ers from low reserves, eliminating it for large-scale
use [108]. The two remaining candidates are aluminum and iron, presenting a high energy
density, low price and availability.

The reason why these fuels are not currently used as clean energy carriers is that the
technology maturity required to burn metals as an energy source while retrieving and
recycling the combustion products does not exist yet. This is because metal combustion
is hard to stabilize and our understanding of its complex combustion phenomenology is
still at an early stage.

At the end, no alternative fuel presents as many advantages as hydrocarbons. This is
why none of them can be used as a single replacement for all hydrocarbons. They all have
pros and cons and therefore their own potential applications, as summarized in figure 2.

Figure 2 – Comparison of several promising fuels against hydrocarbons
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Metal fuels could clearly play a key-role in the future mix of energy vectors needed to
replace all the applications of hydrocarbons. While they are technologically di"cult to
use as an energy vector, they present superior energy density and specific energies while
being easier to safely store and transport over long distances. None other alternative
fuels present such advantages. However, technological di"culties stem from the complex
phenomenology of metal combustion that is not well understood yet.

This is why it has been chosen to study the combustion of aluminum in the current
work to improve our understanding of one of the most promising fuel of tomorrow.

In this manuscript, the unique phenomenology of aluminum combustion is first intro-
duced in chapter 1 using experimental and numerical results from the literature. Then,
the general equations already present in AVBP are presented in chapter 2 for both the Eu-
lerian and Lagrangian solvers. Next, in chapter 3, the details of each of the phenomenon
involved in aluminum combustion are detailed alongside the model implemented in the
current work. Finally, this model is used to compute increasingly complex configurations.
From the combustion of an isolated aluminum particle in chapter 4 to the simulation of 1D
flames in chapter 5, and finally 2D dust aluminum-air dust flames in 6. Comparisons with
experimental and numerical results from the literature are presented in these 3 chapters.

The work presented in this manuscript has been performed in the frame of the Euro-
pean Union’s Horizon 2020 research and innovation program under the Center of Excel-
lence in Combustion (CoEC) project, grant agreement no. 952181.

4



Chapter 1

Introduction to the phenomenology
of aluminum combustion
Aluminum combustion presents its own complicated phenomenology and the goal of this
first chapter is to introduce it. To do so, experimental and numerical works from the
literature are presented and the main results are discussed. This is first done for the
combustion of an isolated aluminum particle and then for dust flames. After having
introduced the state of the art of aluminum combustion, the details of each phenomena
involved are discussed together with their implementation in chapter 3.

Overview
1.1 Combustion of an isolated aluminum particle . . . . . . . . . 6

1.1.1 Experimental studies of the combustion of an isolated aluminum
particle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.1.2 Numerical simulations of an an isolated burning aluminum particle 12
1.2 Aluminum dust flames . . . . . . . . . . . . . . . . . . . . . . . 19

1.2.1 Experimental studies of aluminum dust flames . . . . . . . . . 19
1.2.2 Numerical studies of aluminum dust flames . . . . . . . . . . . 24

1.3 Physical properties of aluminum and its oxides . . . . . . . . 27

1.3.1 Physical properties of aluminum . . . . . . . . . . . . . . . . . 27
1.3.2 Physical properties of alumina . . . . . . . . . . . . . . . . . . 29
1.3.3 Gaseous properties of aluminum and its oxides . . . . . . . . . 30
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Chapter 1 : Introduction to the phenomenology of aluminum combustion

1.1 Combustion of an isolated aluminum particle
Before considering the combustion of an aluminum dust flame, it is interesting to study

how a single aluminum particle burns. This has been studied for several decades in the
arms and space industry. Indeed, the solid propellant of Ariane 5 boosters is composed
of 18 % of aluminum [35]. The combustion of these particles brings a high energy supply.
This energy surplus increases the flame temperature by 1000 K and plays a major role
regarding engine stability [74].

According to Karasev et al. [68], solid propellant follows the strong agglomeration
scenario. Meaning that the melting and ignition of aluminum particles occur mostly at
the burning surface. Therefore, the aluminum particles in the the propellant agglomerate
to form burning liquid droplets with a diameter of 100-500 µm that are ejected from the
surface. This phenomenon can be seen in figure 1.1.

Figure 1.1 – High-speed photographic data of two consecutive shadow images illustrating
the generation of agglomerates by the propellant burning surface. Figure extracted from
[68].

This is why the experimental study of particles with a diameter higher than 10 µm has
first been studied. All the work performed through the years gives a great understanding
about the combustion of an isolated aluminum particle.

1.1.1 Experimental studies of the combustion of an isolated alu-
minum particle

The combustion of isolated particles has been experimentally studied multiple times.
The main objective of all these studies is generally twofold. First, to improve our under-
standing of the many complex mechanisms involved in the combustion of aluminum. And
second, to determine a combustion law capable of predicting the characteristic combustion
time of a burning aluminum particle in function of the diameter and the gas phase species
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1.1 Combustion of an isolated aluminum particle

concentrations. Indeed, because the mechanisms involved are not yet well understood,
and thus hard to take into account in modelization, it is important to have these simpler
laws. These empirical laws can then be used as a simpler way of modelizing aluminum
combustion without having to account to the full phenomenology. For example, Lacas-
sagne et. al [74] derived from these empirical laws a model for the burning of aluminum
particles in a rocket engine. Moreover, they give empirical data that can be used to vali-
date models involving more complex aspects of aluminum combustion. A good example
of this is how Zhang et al.[114] used such empirical laws to validate the combustion time
of their model.

Let us now study some of these experimental works and their main conclusions.

Sarou-Kanian et al. [96] obtained good pictures illustrating the ignition, and then
burning of an isolated aluminum particle. The images captured in this work show how
an aluminum particle burns. The ignition process can be seen in figure 1.2

Figure 1.2 – Experimental images capturing the ignition process of an aluminum particle
using a CO2 laser. Figure extracted from [96].

The ignition process observed in figure 1.2 is obtained by heating up a levitating
aluminum particle using a CO2 laser. The particle has a diameter of approximately 3 mm
which is much bigger than the micrometric particles considered in the current work. By
having a greater mass, the particle takes longer to heat up and the ignition is therefore
slower. Using this technique allows to better capture this ignition process that is similar
to the ignition of a micrometric particle.

On the first frame, a rough surface can be observed, this is the external layer com-
posed of alumina (Al2O3). This external layer prevents any chemical reactions between
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Chapter 1 : Introduction to the phenomenology of aluminum combustion

the aluminum and the oxidizer in the air. Once the temperature of the particle reaches
933 K, the fusion temperature of aluminum, the aluminum core starts melting but cannot
react yet because it is still trapped within the alumina layer. The fusion temperature of
alumina is 2350 K, but the ignition occurs at lower temperatures. Indeed, as the alu-
minum core melts, its volume increases by 6.26 % [105, 110], exerting pressure on the
external layer. The external layer will start to break under this pressure which can be
seen on the frames 2 to 7. As the core get exposed, the chemical surface reactions start
and are visible as a light emission, increasing even more the particle temperature. As the
particle reaches 2350 K, the external layer melts and forms droplets on the particle sur-
face. The formed droplets then accumulate into a lobe and the particle is now a burning
aluminum particles. This last process of the ignition phase is visible on the frames 8 to 12.

Once the particle has ignited, it is formed by a an aluminum core and an alumina
lobe. Since the diameter of the particle is here around 3 mm, there is no surface reactions
during the combustion process ( see part 3.4). Therefore the particle keeps evaporating
gaseous aluminum that burns with the gaseous oxidiser. This is very similar to what
happens for classical hydrocarbons droplet and can be seen in figure 1.3.

Figure 1.3 – Experimental images capturing the burning process of an aluminum particle.
Figure extracted from [96].

The presence of a lobe on the particle surface limits the evaporation rate and therefore
reduces combustion speed.

This experimental work gives a great insight on how an aluminum particle is ignited
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1.1 Combustion of an isolated aluminum particle

and burns. As previously explained, another major key reason for studying experimental
combustion of isolated aluminum particles is to obtain a burning time. This allows to later
fit a burning-rate law. Many authors have done this type of work and a good compilation
of the results for particles with diameters ranging from 10 to 1000 µm was proposed by
Beckstead et. al [9] in figure 1.4.

Figure 1.4 – Aluminum burning time measurements from di!erent sources, measured
under a wide variety of conditions and test techniques. Figure extracted from [9].

In figure 1.4, it can be observed that the combustion of an aluminum particle follows a
modified "d2" law. The results shown in this figure are for particles with diameter ranging
from 10 to 1000 µm. As the particle diameter is reaching a diameter in the range of 1 to
10 µm, the combustion time follow a "d1.8" [105].

One of the major interest of retrieving these experimental burning times is to establish
an empirical law to be able to predict the burning time as a function of di!erent conditions.
Aluminum combustion has historically mainly been used in the arms and space industry
in solid propellants. Therefore, these conditions can include pressure, temperature, mass
fractions of O2, H2O and CO2 and of course the initial diameter of the particle. Several
correlations have been developed through the years, let us give some notable examples. In
the same report [9] from which the fig. 1.4 is extracted, Beckstead proposed the following
correlation :
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Chapter 1 : Introduction to the phenomenology of aluminum combustion

tc =
adn

p

(XO2 + 0, 6XH2O + 0, 22XCO2) P 0,1T 0,2
0

(1.1)

With a = 0.0244 for n = 1.5 and a = 0.00735 for n = 1.8. XO2 , XH2O and XCO2 are the
molar fraction for O2, H2O and CO2 respectively. T0 is the ambient temperature.

One of the most commonly used formula is the one proposed by Brooks et al. [20] :

tc =
ad2

p

XO2 + 0, 533XH2O + 0, 135XCO2

(1.2)

This model presents a "d2 law" because it is mostly used for micrometric particles. As
the initial particle diameter is getting smaller, the surface reactions (see part 3.4) start
playing a major role in the combustion process and the "d2 law" is no longer valid.

More recently, Braconnier [18] proposed another formulation for the burning time.
Indeed, after 428 experimental measurements for di!erent atmospheres:

tc =
adn

p

Xe! P ω
(1.3)

with :

Xe! =
∑

eiXi = XO2 + 0.2052XCO2 → 0.032XN2 + 0.028XCO (1.4)

This model does not account for the ambient temperature and H2O molar fraction.
But it can o!er better predictions of the burning time than the one proposed in Eq. (1.1).

Let us analyse further the experimental work from which this last correlation is ex-
tracted. This is because the experimental setup used is state of the art regarding experi-
mental combustion of isolated aluminum particles, allowing for the capture of interesting
phenomena. This work highlights the importance of the lobe of alumina on the evapora-
tion and therefore the combustion process. Braconnier et al. [19] experimentally studied
the self-sustained combustion of 30-120 µm Al particles using an electrostatic levitation
system under ambient pressure ranging from 1-31 bar. The particle is ignited using a
CO2 laser beam and its optical signature is recorded using filtered photomultipliers and
a high-speed camera. This allows to not only estimate burning time but also the evo-
lution of combustion parameters such as droplet and flame diameters. The schematic
representation of the experimental setup is given in figure 1.5.
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1.1 Combustion of an isolated aluminum particle

Figure 1.5 – Schematic representation of the experimental setup used by Braconnier et
al. [19]. Figure extracted from [19].

The authors captured a phenomenon that highlights the role played by the presence
of the lobe on the particle surface, the dissymmetry of the flame surrounding the particle.
This is visible in figure 1.6 and is described below.

Figure 1.6 – Characteristic combustion sequence of an aluminum particle in air with an
initial diameter of 93 µm at 1 bar. Figure extracted from [19].

First, on the frames 1 and 2, the ignition phase is visible with the rupture of the
alumina layer into several oxide caps (or lobes) visible on the particle surface. Once this
phase is over and the caps have agglomerated into one, a symmetric combustion phase
is visible on the frames 3 to 6. During this phase a di!usion flame develops around the
particle. This flame grows until it reaches an equilibrium position and becomes totally
spherical. But this phase is going to end with the growth of the alumina cap.

This alumina cap can be studied using a contour detection and the application of a
Laplacian filter, the result is visible on the frames 5’ to 9’. On these frames, the growth
of the alumina cap is clearly visible. By covering an increasing part of the aluminum
particle, it stops the evaporation process from the surface. The aluminum evaporation
rate becomes unsymmetrical and so does the combustion intensity around the particle.
Therefore, the combustion enters an asymmetric vapour phase that can be seen on the
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Chapter 1 : Introduction to the phenomenology of aluminum combustion

frame 7 to 9. This highlights the important role played by the lobe on evaporation and
combustion speed.

The growth of the alumina cap for particles in this diameter range has been described
in more details in the PhD work of Braconnier [18]. Using the same setup previously
detailed here and used in [19], the authors captured the migration of the combustion
products from the flame to the alumina cap of the particle. This is visible in figure 1.7.

Figure 1.7 – Sequence of a dAl = 95µm burning in a 40 %CO2/60%O2 mixture at p=1
atm. Figure extracted from [18, 40].

The combustion products of the gaseous reactions condensate into liquid alumina
(Al2O3, the same molecule that constitutes the cap on the particle. In figure 1.7, both
these combustion products and the alumina cap are visible in white. On the frames 1 to
4, the alumina condensates in the flame zone where they remain. On the frames 5 to 10,
the particle spins and as the alumina cap faces the alumina cloud, part of the combustion
products is absorbed by he alumina cap. The movement of the alumina cloud toward
the particle is indicated by red arrows and is partially responsible for the growth of the
alumina cap.

The experimental results presented in this parts gave a first picture of how an isolated
aluminum particle burns. The involved phenomena are complex, thus, the use of numerical
simulation can help understanding them.

1.1.2 Numerical simulations of an an isolated burning aluminum
particle

Another important tool to study the combustion of an isolated aluminum particle is
numerical simulation. The aim of studies presented here is to have a detailed modelization
of general properties and behaviour around a unique particle. It di!ers from what has
been done in the current work by focusing on having a far better discretization of the
domain around the particle. This type of mesh is illustrated for example in figure 1.8.
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1.1 Combustion of an isolated aluminum particle

Figure 1.8 – Example of a mesh used by Gallier et al. [41] for the simulation of the
combustion of an isolated aluminum particle. Figure extracted from [41].

The reason for introducing here such models is twofold, first to further familiarise the
reader to some aspects of aluminum combustion without diving too deep into the details
(see chapter 3 for more details). And secondly to introduce some of the models developed
for simpler cases reused and adapted in the current work.

One of the first use of such simulation is the work proposed by Beckstead et al. [8].
In this paper, a two-dimensional, unsteady-state, kinetic-di!usion-vaporisation-controlled
numerical model for aluminum-particle combustion was presented. The classical conser-
vation equations similar to the simulation of any hydrocarbons droplets were solved. The
main specificities of aluminum combustion were also added to the model, mainly, the
addition of surface reactions, condensation) and the presence of the lobe on the particle.
This is one of the first numerical model accounting for many of these specificities and a
schematic of these specificities is given in figure 1.9.

Figure 1.9 – Conceptual schematic of the combustion environment surrounding an alu-
minum particle. Figure extracted from [8].

In figure 1.9, a burning aluminum particle is schematised. The phenomena at play
during this combustion such as vaporisation, conduction or radiation are accounted for.
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Chapter 1 : Introduction to the phenomenology of aluminum combustion

The presence of the lobe is also illustrated while a gaseous flame is present around the
particle. The fine mesh discretization allows to have a complete knowledge of the tem-
perature field around the particle, while accounting for these phenomena. The obtained
temperature field is illustrated in figure 1.10.

Figure 1.10 – Two-dimensional temperature distribution for aluminum particle (230 µm
in diameter) combustion in 79 % Ar +21 % O2 at T = 300 K and p = 1 atm. Figure
extracted from [8].

In figure 1.10, the temperature field presents a deformation that is induced by some
key characteristics of the combustion of isolated aluminum particles. Indeed, according
to the authors, the low temperature on the left side of the figure is due to convection,
which makes the gases flow from left to right, and the alumina cap, which accumulates
on the left side. This is a good demonstration of the impact that the presence of the
alumina cap has on the flow around the particle, and more specifically the evaporation
and therefore the combustion rate. This is why we have chosen in the current work to
implement a sub model to account for the e!ect of the alumina cap on the evaporation rate.

Having such a detailed mesh also allows the study of the air flow around the particle
as illustrated in figure 1.11. This would be impossible in the current work because it
requires a full discretization of the gaseous domain.

Figure 1.11 – Turbulent wake lengths and profiles for Re=177(streamlines for di!erent
times).Figure extracted from [8].

The results shown in figure 1.11 are, according to the authors, very reasonable, and
the final length of the turbulent wake is in good agreement with available experimental

14



1.1 Combustion of an isolated aluminum particle

data from [67].

Another interesting work using the numerical simulation of a single aluminum particle
is the one later published by Glorian et al. [47]. During his PhD thesis, the Glorian
focused on the importance of surface reactions for aluminum combustion. An extensive
solver, accounting for 49 surface reactions and advanced physical aspects such as surface
site availability was developed.

By comparing the physics of aluminum combustion with and without surface reactions,
the authors highlighted the importance of these reactions. This experiment would be
almost impossible to do without numerical simulation simply because the surface reactions
cannot be cut o! and on in a real-life setup. The results of this comparison can be observed
in figure 1.12.

(a) (b)

Figure 1.12 – (a) Relative proportion H of aluminum consumed by heterogeneous reactions
(O2/Ar (21/79), 1 and 10 bar and 300 K). (b) Computed burning times (O2/Ar (21/79),
1 and 10 bar and 300 K), with and without surface chemistry. Figures extracted from
[47].

In figure 1.12a, the heterogeneous reactions importance is plotted for di!erent particle
diameters. The importance of these reactions increases as the particle diameter decreases,
which is in adequacy with the literature. In the current work, the initial particle diameter
will mostly be in the 1 to 10 µm range. The importance of the surface reactions for a
particle of 10 µm in diameter is around 28 % of the total oxidation. Which means that
in the current work, the surface reactions should account for at least 28 %, if not more as
smaller particles are considered.

This work also highlights another really important impact that surface reactions have
on combustion. In figure 1.12b, the impact of these reactions increases as the particle
diameter decreases. Let us consider the value for particles with a 20 µm diameter given
in both figure 1.12a and 1.12b. If the heterogeneous reactions importance is around 28 %,
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the combustion time is shortened from 2.5 ms to 0.8 ms, which is a decrease in combustion
time of 68 %. This is due to the fact that the energy liberated by the surface reactions
will directly heat the particle itself, thus greatly increasing the evaporation rate and the
gaseous aluminum available for gaseous reactions. Therefore, by both accounting for near
to a third of oxidation for aluminum and reducing by 68 % the combustion time, surface
reactions are of high importance. Both these aspects are far from negligible and underline
the importance of implementing surface reactions in the current work.

During the work of Gallier et al. [41], the precision of the modelization of the alumina
cap was pushed further. The model for predicting the morphology of the alumina cap
is reused in the current work and detailed in part 3.2.3. By predicting the shape of the
alumina cap, the authors were able to study the behaviour of condensed alumina products
migrating to the particle. This work included phoretic motions of the alumina smoke cre-
ated by the gaseous reactions. The impacts of both thermophoresis and di!usophoresis
on the percentage of alumina smoke returning on the particle were tested for di!erent
alumina cap sizes.

(a) (b)

Figure 1.13 – (a) Oxide smoke mass fraction Yox for a 70µm aluminum particle with
an oxide mass fraction f = 0.5. The lobe is indicated by "L" [41]. (b) Fraction fdep of
produced alumina deposited on the lobe and particle as a function of lobe size fOx. Figures
extracted from [41].

In figure 6.3a, the spatial distribution of the alumina mass fraction around the particle
is plotted. The presence of the alumina cap has a clear impact on this field. Indeed, by
stopping evaporation from the surface of the aluminum core it occupies, it deforms the
surrounding gaseous flame to bring it closer to the alumina cap. This closeness to the
particle makes it easier for the alumina smoke to migrate to the particle.

Furthermore, the evaporation flow of aluminum from the particle to the flame can
prevent this migration of alumina smoke to the particle. Since there is no evaporation
flow above the alumina cap and the oxide smoke forms closer to the particle surface, the
migration of the condensates to the particle is more important for particles with a bigger
alumina cap. This results is visible in figure 6.3b.
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1.1 Combustion of an isolated aluminum particle

Finally, the work recently published by Finke et al. [36] is also of high interest in the
frame of the current work. It is not a numerical simulation of an isolated aluminum particle
but it has been chosen to present it here nonetheless. This is because just like the works
previously presented in this section, it shows the potential of using a smaller computational
domain to study the impact of the phenomena involved using more advanced models. In
their work, the authors combined balance laws for mass and enthalpy with a population
balance approach in order to describe the size-resolved condensation of alumina smoke
during aluminum combustion above a reactive aluminum surface [36]. The solver was used
in the context of a perfectly stirred reactor (PSR) and, subsequently, a partially stirred
reactor (PaSR). This was done in a single finite volume cell of a laminar flow simulation.

The model presented here has been reused in the current work and is therefore pre-
sented in more details in part 3.5.3. The authors obtained a prediction of the size of the
combustion products as well as the characteristic timescales of all the processes involved
in the formation of liquid combustion products that are in figure 1.14.

Figure 1.14 – (a) Temporal evolution of the characteristic time scales controlling droplet
nucleation, growth and coagulation in a PSR without NOx formation. (b) Time course
of the critical nuclei size (dashed line) and the mean droplet diameter (solid line). The
shaded area indicates plus/minus one standard deviation from the mean droplet diameter.
Figures extracted from [36].

In their analysis of the characteristics time scales available in figure 1.14a, the authors
gave great insights regarding the competition of nucleation, growth and coagulation with
one another. The process with the smallest time scale is dominant. Until 2 ↑ 10→5 s,
nucleation first dominates the global condensation process. As supersaturation increases,
the size of the nuclei created by this nucleation process decreases until said nuclei consist
of one Al2O3(l) molecule. Past that time, growth, meaning the condensation of alumina
on the previously created nuclei, and coagulation start having similar time scales. Both
these processes will increase the size of the existing particles. Finally, as the combustion
is becoming weaker, the available alumina for nucleation in the gas becomes scarce and
therefore the growth process becomes weaker and the coagulation is now the dominant
process.

The domination of one process over the others directly impacts the diameter of the
condensed alumina droplets, as visible in figure 1.14b. The mean diameter of the droplets
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is first the same as the one of the nuclei because the characteristic time scale of nu-
cleation is much lower than the others. As growth and coagulation characteristic time
scales become comparable to the one of nucleation, these two phenomena are taking a
more important role and the mean droplet diameter starts growing past 2 ↑ 10→5 s. Past
4 ↑ 10→4 s, almost no nuclei are created anymore while the existing particles keep growing
mainly through coagulation, increasing the mean droplet diameter even further.

The works presented in this section highlight the importance of numerical simulation
in studying the combustion of an isolated aluminum particle. Moreover, the models
presented were developed and used for simpler cases. One of the main specificities of
the current work is to reuse and adapt some of these models for the simulation of more
complex configurations, such as 2D dust flames.

Indeed, the model to predict the shape of alumina cap presented in the work of Gallier
et al. [41] is reused in the current work (see part 3.2.3). The nucleation, condensation
and coagulation models developed by Finke et al. [36] for 0D reactors are reused in the
current work (see part 3.5). Finally, if a far simpler model was used in the current work
to account for surface reactions, having the results published by Glorian et al. [47] using
a multi surface reactions scheme to compare against is of high interest.
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1.2 Aluminum dust flames

1.2 Aluminum dust flames
In the previous section, the presentation of both experimental and numerical studies

regarding burning isolated aluminum particles have highlighted some very important char-
acteristics of aluminum combustion. In this section, the aim is to further study aluminum
combustion in more complex configurations.

1.2.1 Experimental studies of aluminum dust flames
It is rather di"cult to experimentally study aluminum dust flames, thus, not that

many studies of these flames have been performed. However, some very interesting works
have nonetheless been recently published. In this section, examples of these experimen-
tal studies are presented and used to highlight key characteristics of aluminum dust flames.

An interesting way of experimentally studying the key characteristics of aluminum
dust flames without having to stabilise said flames, is using a tube in which aluminum
particles are resuspended before ignition. One example of such work is the one proposed
by Bocanegra et al. [16].

The experimental protocol used in the combustion tube is schematised in figure 1.15.

Figure 1.15 – Scheme of the experimental protocol used by Bocanegra et al. [16] in a
combustion tube. Figure extracted from [16].

The experimental protocol schematised in figure 1.15 allows for the experimental mea-
surement of flame properties such as flame speed and flame temperature without having
to stabilise an aluminum flame.

The experimental setup was used to burn both nanometric and micrometric aluminum
particles in several configurations. Using micrometric aluminum powder with an initial di-
ameter of 4.8 ± 1.3 µm at an equivalence ratio of ! = 2, the maximum flame temperature
measured was 3300 ± 100K.

Another important result is the measure of the flame speed which was compared by
the authors with previous similar works in figure 1.16.
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Figure 1.16 – aluminum flame speed obtained experimentally. Figure extracted from
Bocanegra et al. [16].

Considering the results in figure 1.16, there is a wide range of values for experimen-
tally measured flame speed. For 6 µm aluminum particles, the flame speed measured by
Bocanegra et al. [16] ranges from 17.5 cm · s→1 at ! = 1.3 to 32 cm · s→1 at ! = 1.9.

Finally, the solid combustion products were also retrieved and analysed. The smaller
spherules can be observed in figure 1.17.

Figure 1.17 – Detailed visualisation of small residuals from the combustion of micrometric
aluminum particles. Figure extracted from Bocanegra et al. [16].
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The combustion residuals visible in figure 1.17 have an average diameter of 94 µm
which is an interesting result within the framework of the current work. Indeed, the
model implemented in the current work can predict the size of the combustion products,
which can be compared against such experimental results.

Stabilised aluminum dust flames, although di"cult to obtain, are useful configurations
to study dust flame. Two interesting works that will be later numerically replicated in
the current work are the experiments of Lomba et al. [81] and Goroshin et al. [52].

Figure 1.18 – Schematic of the experimental setup proposed by Lomba et al. [81]. Figure
extracted from [81].

The experimental setup proposed by Lomba et al. [81] is schematised in figure 1.18.
The used aluminum powder has a Sauter mean diameter of 7.1 µm and is stored in a
stirred powder reservoir placed on a scale and connected to one end of an ejector nozzle.
A depressurisation is created by an air flow supplied to the other end of the ejector nozzle,
which creates a suction flow of aluminum particles and atmospheric air, dispersing the
powder into the main body of the burner. An annular injector with a thickness of 1.5 mm
is used to create a small methane flame responsible for ignition and flame stabilisation.
A spectrometer, a tomography setup, a camera and filter set are used to characterise the
flame and visualise flame emissions. Finally, using the aluminum particles themselves as
trackers, the aerosol flow at the burner exit is characterised by a particle image velocity
(PIV). Using this setup, an aluminum-air flame was stabilised and is visible in figure 1.19.
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Figure 1.19 – Di!erent visualisation methods for aluminum-air =1.22 flames. Figure
extracted from Lomba et al. [81].

This aluminum-air flame was studied for several values of equivalence ratios ranging
from ! = 0.99 to 1.22. Furthermore, an aluminum flame with the addition of hydrocar-
bons in the main aluminum-air flow has also been studied. All these flames have been
stabilised using an annular methane-air pilot flame with a thickness of 1.5 mm. However,
this methane-air flame has only a minor impact on the flow with a heat release lower than
3 % of the heat released by the aluminum flame itself [82]. Moreover, the volume flow of
this methane-air flame is of only 0.6 l/min versus 53.9 l/min for the aluminum-air main
flame.

The authors obtained an average flame temperature of 3146 ± 180K and a flame speed
of 28.24 cm/s. This is an interesting experimental work because stabilising an aluminum-
air flame for these equivalence ratios without a strong co-flow is not an easy task.

In the current work, a scaled down version of this flame is computed using the imple-
mented model. Therefore more details on this experimental work is given in part 6.1.

Goroshin et al. [52] also proposed a 2D experimental aluminum flame. In their work,
a laminar flame was stabilized and self-sustained without any hydrocarbon pilot flame.
The aluminum-air flame is premixed at an equivalence ratio of ! = 1.6 and is injected at
a speed of 0.5 m/s. A strong air co-flow was used to stabilize the flame at a similar speed
of 0.5 m/s. Photographs of the obtained flames are available in figure 1.20.
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1.2 Aluminum dust flames

Figure 1.20 – Photographs of Bunsen flames in aluminum air and alu-
minum–oxygen–helium suspensions stabilised on burner. Figure extracted from
Goroshin et al. [52].

The aluminum-air flame in the left part of figure 1.20 presents a "W" shape. This
is because the central premixed flame is at an equivalence ratio of ! = 1.6. Thus, an
excess of aluminum does not burn in the central flame but when entering in contact with
the oxidiser provided by the strong co-flow, creating an outer flame front. The red line
labelled "scan" represents the line where a spatially resolved flame spectra was performed.
The measured flame temperature across the flame cone ranges from 2892 to 3312 K. This
flame has also been simulated in the current work and more discussions about this exper-
imental work are available in part 6.2.

In this part, experimental dust flames have been rapidly presented. Several key-points
have been highlighted. These flames are rather di"cult to stabilise and require complex
experimental setups. The phenomenology driving these flames is not fully understood,
but each of these experimental works is important to improve the understanding of these
capricious flames. Due to the di"culty of doing such work, the obtains values can spread
over a wide range. This is the case for example for flame speed which can vary from
around 10 to close to 40 cm/s for di!erent experimental work. The experimentally ob-
tained flame temperature can also vary but on a smaller order of magnitude. On average,
the experimentally obtained flame temperature for aluminum is around 3200 K.

Similarly to the case of the combustion of an isolated aluminum particle, experimental
works play a key-role for understanding aluminum combustion. To further understand
these complex flames, numerical simulations can be very important and some examples
are developed in the next section.
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1.2.2 Numerical studies of aluminum dust flames
Numerical simulations of aluminum dust flames are complex to realise and have only

recently appeared in the literature for three main reasons. First, as explained in more
detail in chapter 3, aluminum combustion involves many phenomena, of which several
are essential to stabilise a numerical aluminum dust flame. Furthermore, most of the
sub-models necessary for each of these phenomena have been developed only recently and
are rather di"cult to properly validate. Second, due to a very fast chemistry and high
temperature gradients, aluminum flames are numerically unstable. Finally, the use of a
Lagrangian solver to track the high aluminum particle population drastically increases
calculation cost.

However, by allowing for the study of each of the phenomena involved and their in-
teraction with one another, the simulation of aluminum dust flame can greatly improve
the understanding of such flames. Let us study some of these interesting numerical works.

Han et al. [54] proposed the simulation of a propagating aluminum flame in the domain
presented in figure 1.21.

Figure 1.21 – Computational domain and boundary conditions for Al dust combustion.
Figure extracted from Han et al. [54].

The numerical domain presented in figure 1.21 is a 2 ↑ 2 ↑ 18 mm square duct. The
aim of this simulation is to create an ideal planar flame for particles in the transition
regime ranging from 1 to 20 µm. This work is one of the first to study this type of flame
on a 3D domain while accounting for both surface reactions and gas-phase reactions. The
importance of these surface reactions is highlighted. The burning velocity has values
ranging from 11 to 33 m/s with a great sensibility to particle diameter. The obtained
flame temperature is sensible to the equivalence ratio and ranges from 2750 K at ! = 2.2
to 3600 K at ! = 1.0. Finally, a study of the role of thermophoresis on particle speed
was performed. Adding this phenomenon increased the particle residence time inside the
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1.2 Aluminum dust flames

flame zone and resulted in a 13 % increase in burning velocity [54].

More recently, Zhang et al. [114] performed a simulation of the dust flame from
Goroshin et al. [52] previously presented. The computational domain is schematised in
figure 1.22.

Figure 1.22 – Computational domain and boundary conditions for aluminum particle
Bunsen flame. Figure extracted from zhang et al. [114].

To reduce computational cost, the domain is a wedge with an angle of 3° to represent a
cylinder with a total radius of 40 mm and a length of 80 mm. This domain is discretized
into 200 grid points in the radial direction and 400 grid points in the axial direction,
resulting in a mesh resolution of 200 µm.

In this domain, a numerical model for aluminum cloud combustion which includes
the e!ects of interphase heat transfer, phase change, heterogeneous surface reactions,
homogeneous combustion, oxide cap growth and radiation within the Euler–Lagrange
framework is proposed [114]. The obtained stabilised flame is plotted in figure 1.23.
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Figure 1.23 – Contour of average gas temperature Tg (left) and average mass fraction of
aluminum YAl (right). Figure extracted from zhang et al. [114].

The "W" flame structure from the experimental work of Goroshin et al. [52] is well
reproduced. Moreover, the predicted temperature distribution of the flame is consistent
with the experimental measurements. This work is important because it is one of the first
stabilising and reproducing correctly an aluminum dust flame with a model including all
the sub-model previously mentioned.

Both recent works presented in this part show the possibility of correctly reproducing
aluminum dust flame. Yet, this requires the implementation of several sub-models which
have not been discussed here in great details. To correctly do so, a whole chapter is
necessary which is the chapter 3 of the current work.

After having introduced the general properties of aluminum combustion and before
diving into the details of the models used in the current work, an overview of the physical
properties of the species must be provided.
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1.3 Physical properties of aluminum and its oxides
The properties presented here are extracted from the PhD work of Suarez [105] and

have been reused in the current work. Indeed, during his PhD, Suarez implemented in
AVBP all the physical properties that necessary for aluminum combustion.

1.3.1 Physical properties of aluminum
Solid aluminum

In its solid state, aluminum has a density of 2701.5 kg · m→3 [110]. Furthermore,
aluminum presents a high conductivity of ω = 237 W · m→1 · K→1

The physical properties used to predict the melting rate of aluminum are extremely
important because they determine how much energy is absorbed by the particle before
ignition. Which has a major influence on the ignition delay and therefore on flame prop-
erties. The fusion temperature is a function of pressure as indicated in table 1.1

Pressure (MPa) Fusion temperature (K)
0,1 933
500 963
1000 993
2000 1053
3000 1103
4000 1153

Table 1.1 – Fusion temperature of solid aluminum as a function of pressure. Figure
extracted from [105].

In the current work, the pressure will not fluctuate a lot, a fix fusion temperature
of 933K is considered. Another important data to quantify the energy required for the
melting of the particle is the fusion enthalpy which is taken as ”Hfusion, Al = 0.397 J ·kg→1

[105, 110].

Liquid aluminum

As aluminum melts, its volume increases by 6.26 %. The relation between temperature
and density is available in table 1.2.
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Temperature (K) Density
(
kg · m→3

)

933 2368
973 2357
1023 2345
1073 2332
1123 2319
1173 2304

Table 1.2 – Density of liquid aluminum as a function of temperature at 1 bar. Figure
extracted from [105]

As explained by Suarez in his PhD [105], the melting of aluminum will reduce con-
ductivity to a value between 110 and 115 W · m→1 · K→1.

The surface tension of liquid aluminum has been studied by Leitner et al. [79] using
electromagnetic levitation and the obtained results are presented in figure 1.24.

Figure 1.24 – Surface tension of aluminum as a function of temperature. Figure extracted
from [79].

In the current work, a surface tension of 0.860 N · m→1 has been selected for all
temperatures.
Regarding liquid viscosity, the most commonly used formula in the the literature is the
one proposed by Assael et al. [3] :

log
(

µ

µ0

)

= a + b

T
(1.5)

With a = →0.7324, b = 803.49 K and µ0 = 1 mPa · s
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For evaporation, it is also very important to correctly determine the boiling point of
liquid aluminum. To do so, the method proposed by Suarez in his PhD [105] has been
reused. A Clausius-Clapeyron has been used with the reference values of Pref = 1 bar
and Trefref = 2793 K calculated by Honig et al. [57] :

ln (Pvap ) = ln (Pref ) → MAl”Hvap,Al

R

( 1
T

→ 1
Tref

)
(1.6)

Moreover, correctly determining the required energy for evaporation is of great impor-
tance. The latent heat of vaporization has also been reused from the work of Suarez et
al. [105] :

”Hvap,Al = ”Hvap,Al,ref + (CP l → CP g) (T → Tref ) (1.7)

With the reference values of ”Hvap,Al,ref = 10, 76 kJ · g→1 and Tref = 2767 K taken from
[110].

1.3.2 Physical properties of alumina
Alumina is a key species of aluminum combustion. First, in its liquid form, it is the

final combustion product that will be tracked using a Lagrangian solver in the current
work. Then, the formation of gaseous alumina and its condensation from gaseous to liquid
state are both very exothermic phenomena in aluminum combustion.

Therefore, the physical properties of liquid alumina are of primary importance. These
physical properties are the same used by Suarez in his PhD work [105]. The properties
of the liquid phase of alumina have been obtained using aerodynamic levitation and are
summarised in table 1.3 and equation Eq. (1.8)

Property Value
Molar mass 102 g · mol→1

Density 3000 kg · m→3 à T = 2320 K
Melting point 2350 K at P = 1 bar
Boiling point 3800 K at P = 1 bar

Surface tension 0, 43 N · m→1 at P = 1bar
Specific heat capacity 1418, 86 J · kg→1 · K→1

Enthalpy of formation →1620 kJ/mol

Table 1.3 – Properties of liquid alumina. Figure extracted from [33, 105]

The viscosity of liquid alumina can be obtained using :

µ = AT exp B

T
(1.8)

With A = 6, 8 · 10→8 Pa · s · K→1 and B = 13200 K.
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1.3.3 Gaseous properties of aluminum and its oxides
The properties for the gaseous aluminum and its oxides are given through the use of

NASA 7-coe"cient polynomials. These polynomials gives :
– The molar heat capacity at constant pressure ĉ↑

p(T ) for a range of temperatures at
a reference pressure p↑ :

ĉ↑
p(T )
R

= a0 + a1T + a2T
2 + a3T

3 + a4T
4 (1.9)

– The molar enthalpy ĥ (T ↑, p↑) at a reference temperature T ↑ and a reference pressure
p↑ :

ĥ↑(T )
RT

= a0 + a1

2 T + a2

3 T 2 + a3

4 T 3 + a4

5 T 4 + a5

T
(1.10)

– The absolute molar entropy ŝ (T ↑, p↑) at a reference temperature T ↑ and a reference
pressure p↑ :

ŝ↑(T )
R

= a0 ln T + a1T + a2

2 T 2 + a3

3 T 3 + a4

4 T 4 + a6 (1.11)

The coe"cients for these polynomials are available in appendix 6.2.4.

Finally, for simplification, the hypothesis of a unity Lewis number has been made in
the current work. A Prandtl value of 0.7 is used for air and the Schmidt numbers of all
the gaseous species are considered to have this similar value of 0.7.

In this chapter, the global phenomenology of aluminum combustion has been discussed
by presenting the state of the art in this field. If it has been studied for several decades,
the interest for this field has greatly increased during the last two decades with both
experimental and numerical new publications. These complementary works provide great
insights, and discussing them has allowed for the presentation of the key characteristics
of aluminum combustion.
Going into further details requires to study each of the involved phenomena and is done
in chapter 3, together with their implementations. But before discussing the implemen-
tations of these phenomena in the solver, the solver itself and its equations must be
presented in chapter 2.
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Chapter 2

Conservation equations and general
models for the dispersed phase
In the previous chapter, the state of the art of aluminum combustion has been presented.
This first chapter also aimed at introducing the general phenomena involved in this type
of combustion.
Before detailing how the phenomena of aluminum combustion have been implemented in
AVBP, the general equations of the solver have to be detailed. Thus, in this chapter, the
Navier-Stokes equations for the gaseous reactive flows are introduced. Then, the general
equations involved for the Lagrangian tracking of the particles will be detailed.

Overview
2.1 Equations and models for gaseous reactive flows . . . . . . . . 32

2.1.1 Choice of primitive variables . . . . . . . . . . . . . . . . . . . 32
2.1.2 Transport modelling . . . . . . . . . . . . . . . . . . . . . . . . 33
2.1.3 Navier-Stokes equations . . . . . . . . . . . . . . . . . . . . . . 34
2.1.4 Detailed chemistry . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.1.5 Numerics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.2 Lagrangian tracking of the dispersed phase . . . . . . . . . . . 39

2.2.1 Lagrangian deterministic approach . . . . . . . . . . . . . . . . 39
2.2.2 Dynamic of an isolated particle . . . . . . . . . . . . . . . . . . 40
2.2.3 Drag force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.2.4 Stochastic approach and control of the number of particles . . 41
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2.1 Equations and models for gaseous reactive flows
2.1.1 Choice of primitive variables

To describe the physics of a reactive flow, several physical variables must be intro-
duced. A species in a mixture can be characterised by:

– Its mass fraction:
Yk = mk/m (2.1)

Where m is the total mass of the mixture and mk the mass of the species k.

– Its molar fraction:
Xk = nk/n (2.2)

Here n is the total amount of substance in the mixture in mol and nk is the amount
of substance of the species k.

– Its molar mass:
Wk = mk/nk (2.3)

The molar mass allows to link both the mass and molar fractions together as:

Xk = YkW/Wk (2.4)

Where W is the molar mass of the mixture.

– Its partial density:
εk = mk/V = εYk (2.5)

Where ε is the density of the mixture.

– Its heat capacity at constant pressure Ck
P .

– Its sensible enthalpy:
hs,k =

∫ T

T0
Ck

P dT (2.6)

Where T is the temperature and T0 a reference temperature. Using its standard
enthalpy of formation ”h0

f,k, the enthalpy of the species can be expressed as:

hk = hs,k + ”h0
f,k (2.7)

Using the introduced quantities, the molar mass of the mixture can now be expressed
as:

W = 1/
nspec∑

k=1
Yk/Wk (2.8)

where nspec is the number of species in the gas.
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The introduced quantities are also linked by the ideal gas law:

p =
nspec∑

k=1
pk =

N∑

k=1
εk

R

Wk
T (2.9)

where T is the temperature, p the pressure, pk = p · Yk the partial pressure of the species
k and R = 8.314 J/mol/K is the ideal gas constant.

2.1.2 Transport modelling
Before detailing the equations of the system, several transport coe"cients have to be

introduced.

The coe"cient for thermal di!usivity is expressed as:

Dth = ω

εCP
(2.10)

with Cp =
nspec∑

k=1
Cp,kYk the heat capacity of the mixture. And ω the coe"cient of thermal

conductivity that is defined as:

ω = µCp

Pr
(2.11)

where Pr is the Prandtl number which is the ratio of the momentum di!usivity to thermal
di!usivity and is defined as:

Pr = µCp

ω
(2.12)

Furthermore, using a simple power law, the dynamic viscosity can be expressed as:

µ = µ0,R

(
T

TR

)c2

(2.13)

Where µ0,R, TR and c2 are parameters to calibrate.

Another way to determine the dynamic viscosity is by using the Sutherland law:

µ = µ0,R
T 3/2

T + c2

TR + c2

T 3/2
R

(2.14)

where µ0,R, TR and c2 are given parameters depending on the mixture.

In the current work, the Sutherland law has been used with: µ0,R = 1.4614 ·10→5Pa · s,
TR = 300K and c2 = 373.27K.

The coe"cient of molecular di!usivity Dk can be expressed according to the kinetic
theory of gases [27]:
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Dk = 1 → Yk∑
j ↓=k (Xj/Dj,k) (2.15)

The Lewis number of the species k, which is the ratio of the coe"cient of thermal
di!usivity to the coe"cient of molecular di!usivity:

Lek = ω

εCP Dk
= Dth

Dk
(2.16)

The Schmidt number of the species k, which is the ratio of momentum di!usivity to
the coe"cient of molecular di!usivity:

Sck = ϑ

Dk
= Pr Lek (2.17)

2.1.3 Navier-Stokes equations
The flow is described using the Navier-Stokes equations. These are composed of the

mass, momentum and energy conservation equations, plus a conservation equation for
each species. These conservation equations are detailed in this section.

Mass conservation

ϖε

ϖt
+ ϖεuj

ϖxj
= Sl↔g

m (2.18)

Where ε is the density and uj the jth velocity component. Sl↔g
m is the mass source term

of the coupling with the liquid phase.

Momentum conservation

ϖεui

ϖt
+ ϖεuiuj

ϖxj
= → ϖ

ϖxj
(P ϱij → ςij) → Sl↔g

mmt , for i = 1, 2, 3 (2.19)

Where ςij is the viscous momentum flux tensor and P ϱij is the pressure flux tensor. ϱij is
the Kronecker symbol equals to 1 when i = j and 0 when i ↓= j. Sl↔g

mmt is the momentum
source term of the coupling with the liquid phase.

Energy conservation

ϖεE

ϖt
+ ϖ

ϖxj
(εEuj) = → ϖ

ϖxj
(ui (P ϱij → ςij) + qj) + φ̇T + Q̇ + Sl↔g

E (2.20)

Where E is the total energy, qj the energy flux, φ̇T the energy source term and Q̇ an
external energy source term such as a spark or a laser. Sl↔g

E is the energy source term of
the coupling with the liquid phase.

Species conservation

ϖ

ϖt
(εYk) + ϖ

ϖxj
(εYkuj) = → ϖ

ϖxj
(Jjk) + φ̇k + Sl↔g

k , for k = 1, nspec (2.21)
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Where Yk is the mass fraction of species k, Jj,k the species di!usive flux and φ̇k the kth

species source term. Sl↔g
k is the species source term of the coupling with the liquid phase.

All the source terms St↔g
i for the coupling with the Lagrangian tracked liquid phase

are detailed in part 2.2.1.

Viscous tensor

The viscous tensor ςij appearing in Eq. (2.19) and Eq. (2.20) is defined as:

ςij = →2
3µ

ϖuk

ϖxk
ϱij + µ

(
ϖui

ϖxj
+ ϖuj

ϖxi

)

(2.22)

Species di!usion flux

The Hirschfelder and Curtis approximation [62] is used to express the species di!usion
flux as:

Jjk = →ε

(

Dk
Wk

W

ϖXk

ϖxj
→ YkV c

j

)

(2.23)

Where the velocity V c
j is expressed as:

V c
j =

nspec∑

k=1
Dk

Wk

W

ϖXk

ϖxj
(2.24)

Energy flux

The energy flux is expressed as:

qj = →ω
ϖT

ϖxj
+

nspec∑

k=1
Jjkhs,k (2.25)

where the first term is for heat conduction while the second term corresponds to the
species di!usion.

Energy source term

The energy source term φ̇T in the equation of energy conservation is a direct function
of the species k source terms φ̇k and can be expressed as:

φ̇T = →
nspec∑

k=1
”h0

f,kφ̇k (2.26)

To obtain both the energy and species source terms, the chemistry is developed in
part 2.1.4.
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2.1.4 Detailed chemistry
To account for the combustion process in the simulation, a multi-species detailed

mechanism given in part 3.3.3 is used. In some cases, solving a conservation equation for
each species in the scheme is computationally prohibitive. In these cases where detailed
chemistry is to be avoided, other methods are used such as globally reduced chemistry or
analytically reduced chemistry.

However, in the current work, the chemistry only involves 10 reactions and 8 species
which is not that expensive calculation cost wise. Furthermore, the cost of computing
such a small scheme is low in front of the expensive cost of having to numerically track
the particle population present in the current work. This is why a detailed chemistry has
been used.

A kinetic mechanism is composed of M reactions with a total of nspec species:

nspec∑

k=1
ϑ ↗

kjMk ↭
nspec∑

k=1
ϑ ↗↗

kjMk , for j = 1, M (2.27)

where Mk is symbol for the kth species, ϑ ↗
kj and ϑ ↗↗

kj are the molar stoichiometric coe"-
cients corresponding to the jth reaction involving the kth species.

The species source term φ̇k is expressed as:

φ̇k =
M∑

j=1
φ̇kj = Wk

M∑

j=1
ϑkjQj (2.28)

With ϑkj = ϑ ↗↗
kj → ϑ ↗

kj and Qj is the progress rate of the jth reaction computed as:

Qj = Kfj

nspec∏

k=1

(
εYk

Wk

)ε→
kj

→ Krj

nspec∏

k=1

(
εYk

Wk

)ε→→
kj

(2.29)

Where Kfj and Krj are the forward and reverse reaction rates of the jth reaction, respec-
tively. The forward rate of reaction j is typically modeled using the Arrhenius law:

Kfj = AjT
ϑj exp

(
→Eaj

RT

)
(2.30)

Where Aj, ↼j and Eaj are the pre-exponential factor, temperature exponent and acti-
vation energy of the jth reaction. The forward and backward reaction are then linked
together by the equilibrium constant:

Keq,j = Kfj

Krj
(2.31)

Using the equilibrium constant defined by Kuo [72] as:

Keq,j =
(

P0

RT

)∑nspec
k=1 εkj

exp
(

”S0
j

R
→

”H0
j

RT

)

(2.32)
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Where P0 is the standard pressure and ”S0
j , ”H0

j are respectively the changes in entropy
and enthalpy for the jth reaction when transitioning from reactants to products. They
are expressed as:

”S0
j =

nspec∑

k=1
ϑkjWksk(T ) (2.33)

”H0
j =

nspec∑

k=1
ϑkjWk

(
hs,k + ”h0

f,k

)
(2.34)

The reverse rates can finally be computed as:

Krj = Kf,j
(

pa

RT

)∑N

k=1 εkj exp
(

”S0
j

R → ”H0
j

RT

) (2.35)

2.1.5 Numerics
Numerical tools used in the current work

During this work several tools have used from simpler to more complex ones. To
study the chemical kinetics and thermodynamics, Cantera [51], an open-source software,
has been used. Another tool that has been used is ARCANE (Analytical Reduction of
Chemistry: Automatic, Nice and E"cient) [25], which is a chemistry reduction code based
on YARC [90]. If no reduction has been conducted, this tool has been used to analyse
important data on the chemical kinetics such as species time scales of formation.

This brings us to the last but not least tool used during this work, AVBP [100]. It
solves the fully compressible multi species Navier Stokes equations on unstructured hy-
brid grids. All the implementations have been performed in AVBP. It is co-developed by
CERFACS and IFPEN and can be used on several HPC resources such as CINES (Oc-
cigen computer), IDRIS (Turing computeur), CEA-TTGC (Curie and Irene computers)
and Kraken the local CERFACS supercomputer. Kraken is composed of 185 compute
nodes with 36 intel skylake cores each and 40 compute nodes with 76 IceLake core each.
The importance of having a quick and easy access to an onsite computer with a peak
capacity of 1 peak Pflop/s cannot be stressed enough.

Numerical schemes

To solve the Navier-Stokes equations written in part 2.1.3, two numerical schemes
have been used during this work:

The Two-step Taylor Galerkin scheme [30]: It is a finite element scheme, with an
explicit two-step integration in time. It is third order accurate in space and time. This
scheme has much better dispersion and dissipation properties than the Lax-Wendro!
scheme, but it is around 2.5 times more expensive.

The Lax-Wendro! scheme [76]: It is a finite volume scheme with an explicit single
step time integration. It is second order accurate in time and space. It has been used
during this work because it presents a lower computational cost than the Two-step Taylor
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Galerkin scheme.

Boundary conditions

In the simulations performed during this work, acoustic waves can form and propagate
through the domain. If the boundary conditions don’t allow the correct evacuation of these
acoustic waves in the domain, these waves can reflect and accumulate. This can cause an
accumulation of energy which will crash the simulation.

Therefore, the boundary conditions need to both allow for the evacuations of these
acoustic waves while respecting the physics of these waves. To do so, AVBP uses the
NSCBC (Navier-Stokes Characteristic Boundary Conditions) [91].

Artificial viscosity

The use of centred numerical schemes in AVBP makes the simulations prone to point-
to-point oscillations close to regions of steep gradients. Furthermore, the combustion of
aluminum is rather extreme, especially during ignition. Indeed, with high energy density
and flame temperature often around 3200 K, the ignition process can be brutal and present
very steep gradient. To reduce these oscillations, artificial viscosity has been used in this
work at ignition.

This strong artificial viscosity is used in all the domain for the ignition until the
flame is smoothed and become stable. Once it has stabilised, the artificial viscosity is
progressively removed.
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2.2 Lagrangian tracking of the dispersed phase

2.2.1 Lagrangian deterministic approach
Lagrangian set of equations

The trajectory, mass variation and temperature of the particles are computed using
the following set of equations:

DXp,i

Dt
= up,i (2.36)

Dmpup,i

Dt
= Fext

i,p (2.37)

Dmp

Dt
= ṁp (2.38)

Dmphs,p

Dt
= !̇p (2.39)

Where i is the spatial coordinates, X the position, mp the mass of the particle and D/Dt
the material derivative. F ext

p designates the external forces applied to the particle, ṁp the
mass variation and !̇p the variation of energy of the droplet.

Coupling with the gaseous phase

The coupling of the gaseous phase is modelized through the use of the source terms Sl↔g
m

for the equation of mass conservation (Eq. (2.18)), Sl↔g
mmt for the equation of momentum

conservation (Eq. (2.19)), Sl↔g
E for the equation of energy conservation (Eq. (2.20)) and

Sl↔g
k for the equation of species conservation (Eq. (2.21)). These terms are expressed as

follow:

Sl↔g
m = 1

”V

N∑

n=1
#n (xp,n) ṁp,n (2.40)

Sl↔g
qdm,i = 1

”V

N∑

n=1
#n (xp,n)

(
→mp,nF ext

i,p,n + ṁp,nup,n,i

)
(2.41)

Sl↔g
F = 1

”V

N∑

n=1
#n (xp,n) ṁp,n (2.42)

Sl↔g
E = 1

”V

N∑

n=1
#n (xp,n)

(
→mp,n

↽F ext
p,n · ↽up,n + 1

2ṁp,n ↔↽up,n↔2 → !̇p,n

)
(2.43)

Where ”V is the control volume illustrated in figure 2.1, N the number of particles in
said volume and #n (xp) the interpolation function to the mesh.
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Figure 2.1 – Interpolation of a particle p on the vertices of its encompassing cell. Figure
extracted from [89].

The particle is interpolated to the vertices of its encompassing cell. The interpolation
is weighed proportionally with the distance di of the particle to the vertices using the
interpolation function:

#n,j (xp) = 1/dj

Nv∑

k→=1
1/dk→

(2.44)

Where j is the index of each vertices while Nv is the total number of these vertices.

2.2.2 Dynamic of an isolated particle
When studying the dynamic of an isolated particle, the particle is considered as a

non-evaporating rigid sphere whether it is solid or liquid. This neglects the evaporation
e!ect on the droplet trajectory, indeed evaporation can be non-uniform and therefore can
induce thrust, thus modifying the trajectory. This hypothesis greatly simplify the study
of the particle dynamic. The external forces exerted on the particle are obtained by inte-
grating the Navier-Stokes equations around the particle surface.

Several forces can constitute the term F ext
i,p in equation Eq. (2.37). Buoyancy and

gravity forces can be combined into:

↽Fg+buoyancy = εlVp↽g

(

1 → εg

εl

)

(2.45)

Where εl and εg are the liquid and gaseous densities, Vp is the volume of the particle and
↽g the gravity. Since the ratio of densities εg/εl is extremely low for aluminum in air, the
buoyancy force can be neglected. Furthermore, the change of the relative velocity between
the particle and the gas creates the unsteady virtual mass e!ect and Basset force. But
once again, both these forces are negligible [29] due to the the density ratio value in the
case of aluminum particles in air. This leaves us with the most important force, the drag
force.
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2.2.3 Drag force
A droplet moving at a velocity ↽up in gas, which is at velocity ↽ug, is subjected to a drag

force that can be expressed as:

↽FD = 1
2εgCDs ↔↽ug → ↽up↔ (↽ug → ↽up) (2.46)

Where s = ⇀d2
p/4 is the projected area of the spherical particle while CD is the drag

coe"cient. The drag coe"cient is a function of the velocity di!erence between the particle
and the gas. This is visible in figure 2.2 which shows the evolution of CD as a function of
the Reynolds number number expressed as:

Rep = εgdp ↔↽ug → ↽up↔
µg

(2.47)

where dp is the diameter of the particle while µg is the gaseous dynamic viscosity.

Figure 2.2 – Drag coe"cient CD as a function of the Reynolds number. Figure extracted
from [29, 31].

The drag coe"cient is calculated using the empirical relation proposed by Schiller and
Naumann [99]:

CD = 24
Rep

(
1 + 0, 15Re0,687

p

)
(2.48)

2.2.4 Stochastic approach and control of the number of particles
In the deterministic approach, each physical particle is represented by one numerical

particle. The problem with this approach is that the population of numerical particles can
not be controlled and is directly controlled by the population of physical particles. This
can create two types of problems for numerical simulation. First, as illustrated on figure
2.3, if the number of particles is too low, some cells can be empty of particles represented
in red. Therefore, only part of the nodes are interpolated upon (represented in green)
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while the rest of the node are not (represented in blue). This can happen if the Eulerian
phase requires a really fine mesh while the physical particles population is low.

Figure 2.3 – Schematic representation of a case where the particles in red are too few and
only interpolates on the green nodes, leaving cells empty.

In this case, it can present resolution problems or it can even crash the simulation.
Indeed, if the evaporation rate is too high in one cell while low in the other ones, it can
induce too high of an evaporation source term, which can disrupt stability.

On the other hand, the particle density can be too high in the cells as illustrated on
the left part of figure 2.4. The population is therefore needlessly high and since each one
of the particles is tracked individually, the calculation cost is needlessly increased.

Figure 2.4 – Schematic representation of a case where the particles in red are too many
in each cell on the left hand-side. This is physically equivalent to the case on the right
hand-side where each numerical particles represents a higher number of physical particles
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The stochastic approach can correct both these problems by allowing the numerical
particles to represent a certain number of physical particles. Each numerical particle
is assigned a statistical weight (φp) that is equal to the number of physical particles it
represents. By doing so, the number of numerical particles can be reduced while leaving
the physical particle population untouched.

For example, in figure 2.4, the right part is equivalent to the left part while reducing
the number of numerical particles, and therefore the calculation cost. In the right part
each numerical particles simply has a higher statistical weight and accounts for several
physical particles. Because the numerical particle population is this still high enough,
information such as position, morphology or temperature are consistent while the source
terms interpolated to the nodes are similar. This notion of keeping a high enough nu-
merical particle population is crucial to maintain statistical convergence and therefore
ensuring that the lower number of numerical particles correctly represents the physical
particle population. Otherwise, the model doesn’t represent said physical population with
extreme cases leaving cells empty and crashing the simulation as discussed previously and
illustrated in figure 2.3.

Due to flow variations or evaporation of the particles, the numerical particle density
can change during the simulation, yielding empty cells or cells with too many particles.
Thus, a population control tool can be used in AVBP to ensure that the population
density of numerical particles stays within an adequate range. This is the merge and split
tool, which uses a constant-number approaches [103].

In this method, a maximum number of particle per cell is defined as Nmax. If the
number of particles in the cell is higher than Nmax, the numerical particles can merge
together to form particles with higher statistical weight and the average of the properties
of the merged particles. Meanwhile, if the number of particles in the cell is lower than
Nmax/2, the numerical particles can split into more numerical particles with a lower
statistical weight. This is illustrated in figure 2.5 for Nmax = 10 ptcls/cell, the number of
numerical particles is maintained between 10 and 20 ptcls/cell while the statistical weight
φp is adjusted accordingly to conserve the population of physical particles.
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Figure 2.5 – Example of a merge and split algorithm for Nmax = 20 ptcls/cell.

Several methods exist to merge particles together, the constant-number approach [103]
is popular because by maintaining the number of numerical particles under a maximum
number, it allows for a better control of the computational cost.

Another method not used here is the random particle removal [55, 80, 85], but by
removing particle randomly without considering its properties, it can be detrimental to
statistical convergence.

A better method is the Garg, Narayanan, and Subramaniam (GNS) method [43]. It is
as fast as random removal while being more accurate. This method removes the particle
with the lowest statistical weight because its removal will have less of an impact than a
particle with a higher weight [38, 43].

The method used in the current work is a modified version of GNS and has been
first implemented in AVBP by Gallen during his PhD [38]. This method is the MGNS
method introduced by Tofighian et al. [107]. In this approach, the properties of the
removed particle are not equally distributed over every other particles in the cell, but
proportionally to the proximity of their properties to the removed particles [38]. This
approach is schematised in figure 2.6.
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Figure 2.6 – Schematic representation of MGNS merging procedure in a control volume.
Figure extracted from [38].

In the current work, there are two numerical populations separated in two di!erent
subsets. The first population is the aluminum particles and the second one is the con-
densed combustion products made of liquid alumina.

The aluminum particles have a constant statistical weight that is given at the injection
and varies for each cases according to the mesh resolution and flow speed. This statistical
weight varies from 25 to 150 in the current work. This drastically reduces the calculation
cost while keeping a dense enough numerical particle population to ensure statistical
convergence.

The combustion products, liquid alumina is condensed from the gaseous phase using
a nucleation/condensation algorithm (detailed in part 3.5.3). This algorithm nucleates at
each iteration in the cell a numerical particle with a statistical weight representing the
number of physical particles predicted by the nucleation theory. Thus, the number of
numerical particles increases at each iteration and needs to be controlled. To do so, the
MGNS method is used on the nucleated alumina droplets.

Finally, once the aluminum particle has burnt all its aluminum and is only made of
alumina, it is moved from the first to the second subset. Therefore, once the combustion is
over, the remains of the aluminum particles population is now controlled, with the rest of
the liquid alumina, by the MGNS algorithm, which greatly reduces the overall calculation
cost.

In this chapter, the Navier-Stokes equations for the gaseous reactive flows have been
introduced alongside the general equations involved for the Lagrangian tracking of the
particles.
Both the general phenomenology of aluminum and the general equations of AVBP have
been introduced. Each phenomenon constituting the general phenomenology of alu-
minum can now be detailed alongside its implementation in the current work.
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Chapter 3

Models and implementation of
aluminum combustion
The state of the art of aluminum combustion has been presented in the first chapter
while the fundamental equations of AVBP have been introduced in the second one. In
this third chapter, each phenomenon involved in aluminum combustion are physically
detailed alongside the role that they play during combustion. Then, the sub-models
available in the literature for each phenomenon are detailed together with the ones
chosen in the current work.
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3.1 General phenomenology
As explained in chapter 1, aluminum combustion is a complex process involving several

phenomena. To understand this process, one must study the phenomena one by one. To
do so, the figure 3.1 is proposed in order to understand and recapitulate what is happening
during the combustion of an aluminum particle. The burning of a particle is described
in this section by explaining chronologically how these phenomena happen. In the rest of
this chapter, each of these individual aspects will be explained in more details. Especially,
their role in the global combustion process and how they have been implemented in the
code are described.

Figure 3.1 – Schematic of the phenomena involved in the combustion of an aluminum
particle.

Before entering the flame zone, the particle is in a solid state. It is composed of an
aluminum core surrounded by a thin alumina layer. As the particle is rising in temper-
ature, the aluminum core starts to melt and the external alumina layer, which requires
higher temperature to melt, breaks under the pressure exerted by the growing volume
of the liquid aluminum core (1 in figure 3.1). After the ignition process, the particle is
composed of a spherical melted aluminum core with an alumina cap on it (5 in figure 3.1).
These two aspects are discussed further in part 3.2 of this chapter.

The liquid aluminum then evaporates and burns through homogeneous gaseous reac-
tions just like a classical hydrocarbon droplet would do. This aspect is the point 2 in
figure 3.1 and is detailed in part 3.3 of this chapter.

A major di!erence with the combustion of a hydrocarbon droplet resides in the pres-
ence of heterogeneous surface reactions. These reactions between liquid aluminum and
gaseous oxidizer play a key role during the combustion of micrometric aluminum droplets.
This aspect is the point 3 in figure 3.1 and is detailed in part 3.4 of this chapter.
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The gaseous combustion products, mostly alumina, condensate instantaneously to
form small alumina droplets. This process, together with its impact on combustion chem-
istry, is very exothermic and is a key process in aluminum combustion. This is the point
4 in figure 3.1 and is detailed in part 3.5 of this chapter.

The formed alumina droplets then either agglomerate on the surface of the aluminum
particle (6 in figure 3.1) or coalesce into bigger radiating droplets (7 in figure 3.1). All
these combustion products are going to solidify and agglomerate into bigger aggregates
that will be the final combustion products (8 in figure 3.1). These aspects are detailed in
part 3.6 of this chapter.

Thus, the complexity of aluminum combustion resides in the fact that it involves many
phenomena that must be individually considered and modeled. The associated sub-models
are presented hereafter.
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3.2 Rupture of the alumina layer and formation of
the alumina cap

3.2.1 Description of the physical phenomenon
Before ignition, the particle is composed of an aluminum core surrounded by a thin

alumina layer. This layer prevents any contact between aluminum and air, therefore pre-
venting any reaction. This contributes to the stability of micrometric aluminum particles
during storage. The melting temperature of aluminum is 933 K while alumina only melts
at 2350 K [105]. Without an alumina layer, the particle would start evaporating and
burning in the gaseous phase as soon as the core would liquefy at 933 K. However as the
external layer melts at a higher temperature, it needs to be broken first. As the core is
melting, it expands, exerting pressure and breaking the external layer. When the parti-
cle reaches 2350 K, the external alumina layer melts and forms droplets on the particle
surface which accumulate into a lobe. This ignition process is visible on the experimental
image in figure 1.2. Therefore, the presence of the external layer has the major e!ect
of increasing the ignition temperature. According to [59], the size of the external layer
is dependent on the radius of the particle. Therefore, the ignition temperature is also a
function of the particle radius. Huang et al. [59] proposed a summary of the di!erent
ignition temperatures obtained experimentally and shown in figure 3.2.

Figure 3.2 – Ignition temperature of aluminum particle as a function of particle diameter
in oxygen-containing environments. Figure extracted from [59].

According to Trunov et al. [109], for particles in the range of 1 to 100 µm, the ignition
temperature can vary from 1300 K to 2300 K. This is consistent with the curvefit in figure
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3.2. In the current work, it is chosen to ignite the particle at a temperature consistent
with the curvefit given in fig. 3.2.

Once the particle has ignited, it burns through both homogeneous gaseous reactions
(see part 3.3) and heterogeneous surface reactions (see part 3.4). The particle is now
composed of a liquid aluminum sphere with a liquid alumina lobe on its surface. This
alumina lobe grows mainly due to the combustion products forming at the surface. Its
size and shape are also functions of the surface tension of both liquids [41]. Several mod-
els describing the evolution of the alumina lobe during the combustion process have been
proposed in the literature and will be discussed in the next section. This is of great in-
terest because predicting these characteristics of the lobe allows to predict the fraction of
the aluminum core that is not covered by alumina, i.e, the non-covered fraction of surface
available for both surface reactions and evaporation. Therefore, the lobe and its shape
directly impact the combustion speed.
This ignition process with the particle liquefying from a solid aluminum particle sur-
rounded by an external layer of alumina to a a liquid aluminum particle partly covered
by an alumina lobe can be observed in figure 1.2.

Finally, the latent heat of fusion of the particle has to be considered because it repre-
sents a non-negligible amount of energy that delays ignition.

3.2.2 Models proposed in the literature
One of the first to account for the presence of the lobe on the aluminum particle in

numerical simulation was Beckstead et al. [8]. To do so, the authors used a simple model
of oxide-cap geometry as illustrated in figure 3.3.

Figure 3.3 – Scheme of oxide deposition on the aluminum particle surface. Figure ex-
tracted from [8].

The deposition height h1 is described by the equation:

h3
1 → 3Rh2

1 + 3Vox

⇀
= 0 (3.1)

where VOX is the alumina cap volume and R is the droplet radius. In this model, the
alumina cap inhibits aluminum evaporation from the portion of the sphere that is covered.
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This is justified by the fact that the alumina has almost twice the density of the metal
and the metal cannot di!use through the oxide [8].

The model of Beckstead et al. [8] was developed to describe aluminum combustion
in rocket motors. The ignition is assumed to have already occurred and is therefore not
included in the model which focuses on the combustion itself.

More advanced methods were later used to have a more realistic representation of the
ignition, melting and geometry of the alumina cap.

A recent example is the use of the model first proposed in [70, 112] and reused by Zhang
et al. [114]. In this model a more complex geometry is considered for the modelization of
the alumina cap, as illustrated in figure 3.4.

Figure 3.4 – Geometry of aluminum droplet with alumina cap. Figure extracted from
[112, 114].

From the figure 3.4, the authors proposed the following equations:

VAl2O3 = 4
3⇀R3

2 → 1
3⇀ (R1 → d1)2 (2R1 + d1) → 1

3⇀ (R2 → d2)2 (2R2 + d2) (3.2)

d2
1 = R2

1 → h2 (3.3)

d2
2 = R2

2 → h2 (3.4)

h = R1R2

d1 + d2
(3.5)

with R1 the particle radius of the aluminum core and VAl2O3 the volume of the Al2O3 cap
which is, in the model of Zhang et al. [114], made of the heterogeneous surface reactions
products. The angle ⇁ is determined as:

⇁ = arcsin
(

h

R1

)

(3.6)
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which yields the solid angle of the oxide cap ϑ as:

ϑ = 2⇀(1 → cos ⇁) (3.7)

Finally, the fraction of the aluminum sphere covered with oxide can be determined as:

↼ = ϑ

4⇀
= 1

2(1 → cos ⇁) (3.8)

Regarding ignition, in the model proposed by Zhang et al. [114], both the solid and
liquid phases are accounted for in the particle using their respective mass fractions. As
soon as the particle reaches the melting temperature of one of its component, aluminum
or alumina, the particle temperature stop rising as the energy is absorbed in the melting
process. The melting rate of this process is determined as:

ṁp, melt = →Q̇p, melt

hp, melt
= Q̇p, inter + Q̇p, HSR + Q̇p, evap + Q̇p, rad

hp, melt
(3.9)

where Q̇p,inter , Q̇p,HSR, Q̇p, evap and Q̇p,rad are the heat due to convection, surface reactions,
evaporation and radiations respectively. Q̇p, melt is the heat due to melting and hp, melt
is the latent heat of fusion obtained from [28].

3.2.3 Chosen model and implementation
Initially, the particle is made of both aluminum and alumina. In the current work,

the bi-composition of the particle has been implemented by calculating in each particle
the mass fractions of both aluminum and alumina. These mass fractions change through
both evaporation and heterogeneous surface reactions. Using these mass fractions, the
mass and volume of aluminum and alumina are computed as:

mAl = mp YAl (3.10)
mAl2O3 = mp YAl2O3 (3.11)

where mp is the mass of the particle, mAl and mAl2O3 are the mass of aluminum and
alumina respectively and YAl and YAl2O3 their respective mass fractions. From the mass,
the volume of both phases can then be easily retrieved as:

VAl = mAl

εAl
(3.12)

VAl2O3 = mAl2O3

εAl2O3

(3.13)

with: εAl = 2236 kg · m→3 and εAl2O3 = 3000 kg · m→3 the density of aluminum and
alumina, respectively.

This allows to have all the necessary data properties of the particles while only adding
two mass fractions to the particle, therefore maintaining a low calculation cost increase.
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As explained in part 3.2.1, predicting the shape of the alumina lobe is of high interest.
In the current work, the model proposed by Gallier et al. [41] is used. This model has
been chosen because it can predict the shape of the lobe by accounting for the surface
tension of both components. Doing so allows to predict the e!ective surface Se! , which is
the surface that is not covered by the alumina cap and therefore available for evaporation
and surface reactions.

The particle geometry used for this model is represented in figure 3.5.

Figure 3.5 – Aluminum droplet (blue) with its oxide lobe (grey). Figure extracted from
[41].

The exact shape of the lobe is obtained using the equilibrium of the triple line T
between surrounding gas, aluminum (Al) and alumina (Ox) which yields the following
equations.

σAl→ox + σox cos ▷2 + σAl cos ▷1 = 0 (3.14)
σAl→0x cos ▷2 + σox + σAl cos (▷1 + ▷2) = 0 (3.15)
σAl→ox cos ▷1 + σox cos (▷1 + ▷2) + σAl = 0 (3.16)

where ⇁, ϱ, ▷1 and ▷2 are geometric angles defined in figure 3.5 and σi are the surface
tensions expressed as:

σAl = 1.267 → 2.6 · 10→4(T → 933) [83] (3.17)
σox = 0.66 → 6 · 10→5(T → 2327) [48] (3.18)
σAl→ox = 0.687 → 1.6 · 10→4(T → 933) [5] (3.19)

The angles ▷i can be expressed using surface tension as:

cos ▷1 = σ2
ox → σ2

Al→ox → σ2
Al

2σAl→ox · σAl
(3.20)
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cos ▷2 = σ2
Al → σ2

Al→ox → σ2
ox

2σAl→ox · σox
(3.21)

The authors [41] then introduced the angle ⇁ to define the position of the triple line, from
which the following relation is obtained:

RAl cos ⇁ = Rox cos(⇁ → ϱ) = RAl→ox cos (▷1 → ⇁) (3.22)

with ϱ = ▷1 + ▷2 → ⇀

Finally, using simple geometry, the two following equations are proposed:

VAl = ⇀

3 R3
Al

[ (
(1 + sin ⇁)2(2 → sin ⇁)

)
→ cos3 ⇁

cos3 (▷1 → ⇁)

↑ (2 + sin (▷1 → ⇁)) (1 → sin (▷1 → ⇁))2
] (3.23)

VAl2O3 = ⇀

3 R3
Al

[
cos3 ⇁

cos3(⇁ → ϱ) (1 → sin(⇁ → ϱ))2 (2 + sin(⇁ → ϱ))

+ cos3 ⇁

cos3 (▷1 → ⇁) (2 + sin (▷1 → ⇁)) (1 → sin (▷1 → ⇁))2
] (3.24)

Using Eq. (3.20) and Eq. (3.21), ▷1 and ▷2 can be obtained as a function of temperature.
The system composed of Eq. (3.22), Eq. (3.23) and Eq. (3.24) can now be solved for ⇁,

RAl and Rox. Once the system is solved, it is possible to obtain the surface of aluminum
as:

Se! = 2⇀R2
Al(1 + sin ⇁) (3.25)

This model was originally developed for the simulation of a single particle in the work
of Gallier et al. [41]. In the current work, the aim is to simulate dust flames with up to
several million particles. Thus, solving a system of three equations for each particle at
each iteration is cost-prohibitive. To keep a reasonable computing cost, this system of
equations has been solved prior to the simulation using a python script and the Sympy
package [86] for temperature ranging from 900 K to 3800 K and YAl ranging from 0 to 1.
The results are stored in a 2D table composed of 25 values for temperature and 30 values
for YAl, that is simply loaded and used by the flame simulation code which interpolates
the result at any values of temperature and YAl.

Using this surface for both the evaporation rates (see part 3.3) and the heterogeneous
surface reaction rate (see part 3.4) instead of the particle surface accounts for the impact
of the alumina lobe on these phenomena.

Latent heat of fusion

The model implemented by Suarez [105] in AVBP during his PhD work to account
for the latent heat of fusion has been reused in the current work. The sensible enthalpy
of the species have been adjusted to account for the energy consumed by the melting of
the particle. For temperatures Tp<Tfus, the latent heat of fusion is added to the latent
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heat of vaporization in order to determine the sensible enthalpy of the particle. Figure
3.6 illustrates the variation of the particle sensible enthalpy with temperature using two
functions f1 and f2 to represent the latent heat fusion and evaporation, respectively, and
given in Eq. (3.26) and Eq. (3.27). This added latent heat due to fusion implies that
more energy has to be given to the solid particle compared to a liquid droplet, therefore
allowing for a more physical approach.

f1(T) = Hs,g → ”Hvap → CP,ll (Tvap → Tliq) → ”Hfus → CP,s (Tfus → T) (3.26)

f2(T) = Hs,g → ”Hvap → CP,l (Tvap → T) (3.27)

Figure 3.6 – Evolution of the sensible enthalpy with temperature for di!erent phases (in
solid line) superimposed with the sensible enthalpy for the gaseous phase (dashed line).
Figure extracted [105].

This method presents the advantage of accounting for the phase change energy with-
out having to introduce a notion of liquid/solid state for each particles which would be
costly.

Ignition temperature

Finally, both the evaporation and the heterogeneous surface reactions can only occur
for temperatures higher than the ignition temperature Tign. This ignition temperature
is mainly a function of the initial diameter of the particle, as shown in figure 3.2. The
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3.2 Rupture of the alumina layer and formation of the alumina cap

simulations performed in this work are mainly done for particle diameters ranging from
1 to 10 µm, therefore the ignition temperature will vary from 1450 K to 1750 K.

In the current work, to determine the ignition temperature of the aluminum particles,
the formula proposed by Han et al. [54] based on the work of Huang et al. [59] has been
used :

Tign = exp
(
0.087 ↑ ln

(
dp · 106

)
+ 7.28

)
(3.28)

where dp is the initial diameter of the aluminum particle.

Once the particle has fully burned through homogeneous gaseous reactions (see part
3.3) and heterogeneous surface reactions (see part 3.4), the alumina cap remains. Mean-
while, the rest of the liquid alumina products created by the condensation process are
contained in a second subset of particles in the Lagrangian solver (see part 3.5.3 for more
details on the condensation model). To account for the interaction between alumina par-
ticles that are remaining from the alumina cap with the rest of the alumina particles,
they are moved to the second subset as soon as the mass fraction of aluminum in the fuel
particles reaches zero.

As soon as the mass fraction of aluminum in the fuel particles reaches zero, these
particles are moved to the second subset. This is done for two reasons. First, to account
for the interaction between alumina particles that are the remaining of the alumina cap
with the rest of the alumina particles. Second, to reduce calculation cost by having all
the combustion products submitted to the merge algorithm, which is applied only to the
second subset (see part 2.2.4 for more details).
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3.3 Evaporation and homogeneous gaseous combus-
tion

3.3.1 Description of the physical phenomenon
An important part of the combustion takes place in the same way as it does for liquid

fuel droplets, with few di!erences. So, let us first quickly introduce the specificities of com-
bustion for these liquid fuel droplets before studying the similarities and di!erences with
the combustion of aluminum particles regarding evaporation and homogeneous gaseous
reactions.

For two-phase flames, evaporation plays a major role. According to Collin et al. [31], a
characteristic evaporation time ςev can be introduced to better quantify the phenomenol-
ogy of spray flames:

ςev =
εld2

p

8εgDF ln (1 + BM) (3.29)

where εl and εg are the liquid and gaseous densities, dp the droplet diameter, DF the fuel
di!usivity an BM the Spalding mass transfer number.

By comparing this time to the characteristic residence time ςres of the droplets, one
can study the flame structure as a function of the ratio ςev/ςres. To easily do so, 1D two-
phase laminar flames are a good case study. Three flames are presented for three di!erent
ratios ςev/ςres in figure 3.7. stp

l and ϱtp
l are the two-phase flame velocity and thickness

respectively. In this case, the residence time is: ςres = L/ϱtp
l , where L is is the length of

evaporation in the fresh gases, as illustrated in figure 3.7.

Figure 3.7 – Two-phase laminar flame topology depending on ςev. Figure extracted from
[31].

58



3.3 Evaporation and homogeneous gaseous combustion

As explained by Collin [31] in his PhD work, there are three cases described in figure
3.7:

– For case A, ςev/ςres < 1. In this scenario, the droplets have completely evaporated by
the time they reach the flame front, resulting in a flame that behaves like a gaseous
flame. If the gaseous fuel and air mix quickly, the flame is premixed. Meanwhile, if
the mixing process is slow, a non-premixed flame occurs.

– For case B, ςev/ςres ↗ 1. Droplets mostly evaporate within the flame preheat zone
and cannot cross the flame front. However, beside pre-vaporized fuel, the reactive
zone of the flame also contains fuel droplets that modify the flame structure.

– For case C, ςev/ςres > 1. This can happen when droplets are very large or when the
droplets velocity is significantly higher than the gas velocity. In such cases, droplets
do not fully evaporate even after crossing the flame front and continue evaporating
in the burnt gases. As gaseous fuel is present in the burnt gas, it can burn if oxidiser
is still available, leading to a thicker flame.

A micrometric aluminum particle partially burns through the same evaporation and
homogeneous gaseous combustion as a liquid fuel droplet. The flame envelope around the
particle can clearly be seen in figure 3.8. The particle is visible in grey in the middle of
the frame with a flame envelope around the particle in lighter grey.

Figure 3.8 – Experimental image of a burning aluminum particle with an initial diameter
of 95 µm. Figure extracted from [19].

However there are also major di!erences, as for aluminum, part of these three above
cases almost never happen. Indeed, as explained in part 3.2.1, the aluminum particle is
first in a solid state surrounded with an alumina solid layer. The energy that needs to be
given for the preheating, but also liquefaction and breaking of the external layer to the
aluminum particle is much higher than for liquid fuel droplets. Therefore, the pre-heating
time is much higher for aluminum particles.
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Furthermore, once the particle is ignited, it is partially covered by the alumina cap
which limits the evaporation. This is clearly visible in figure 3.8, where the aluminum
liquid core is in grey while the alumina cap on it is white, and the flame envelope is in
lighter grey. This flame envelope is not a sphere as it would be for a fuel droplet, it is
deformed by the alumina cap, and closer to it due to the lack of evaporation from this
part of the particle. In our cases, for particle with an initial diameter ranging from 1 to 10
µm, the combustion time follows a d1.8 law [105] instead of the standard d2 law for liquid
fuel which derives from Eq. (3.29). Therefore, the presence of the lobe also increases the
combustion time.

Therefore, because of both the liquefaction and the presence of the lobe, ςev is consid-
erably increased. Furthermore, the burning particle never totally disappears and always
crosses the flame front because it keeps the alumina cap once all of the aluminum has
burned. This is why the case A of figure 3.7 is almost non existent for micrometric
aluminum particle combustion and the flame front is much thicker for aluminum flame.
Indeed, according to Han et al.[54], the average flame thickness for an aluminum flame is
around 2mm and Lomba et al. [82] obtained a flame thickness of 1.2 mm.

3.3.2 Models proposed in the literature

Several evaporation models have been used in the literature. They are generally sim-
ilar to a Spalding model that is detailed in part 3.3.3.

In most of the recent simulations of aluminum/air combustion available in the litera-
ture, the kinetic mechanism proposed by Catoire et al. [24] is used. It dates back to 2003
and is made of 16 reactions to be used in ram accelerators and is available in appendix
6.2.4. For aluminum/air combustion, all the reactions with carbon species are removed
and the obtained scheme is available in figure 3.1

N° Reactions Af,j (mol.cm.s) ↼ (-) Ea,j/R (K)
1 Al(g) + O2 = AlO + O 9.72e14 0 80.5
2 Al(g) + O + M = AlO + M 3.00e17 -1 0
3 AlO + O2 = AlO2 + O 4.62e14 0 10008
4 AlO2 = AlO + O 1.0e15 0 44564
5 Al2O = Al + AlO 1.0e15 0 67035
6 Al2O2 = AlO2 + Al(g) 1.0e15 0 74937
7 Al2O2 = 2 AlO 1.0e15 0 59336
8 Al2O2 = Al2O + O 1.0e15 0 52466
9 Al2O3(g) = Al2O2 + O 3e15 0 49144
10 Al2O3(g) = AlO2 + AlO 3e15 0 63915

Table 3.1 – Kinetic scheme for aluminum/air combustion first proposed by Catoire et al.
[24] without carbon species.

This scheme has the advantages of having only 10 reactions while needing to transport
only 9 species (including N2).
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3.3 Evaporation and homogeneous gaseous combustion

3.3.3 Chosen model and implementation
In the current work, an adapted version of the Spalding model [73, 102, 104] has been

used. Let us first describe this model.
This model aims at determining the evaporation rate from a liquid droplet, in order

to determine the particle mass variation ṁp = dmp/dt. The following hypotheses are
necessary for simplification:

– The droplet is considered as an isolated sphere, meaning that the interactions of the
droplets with others are neglected.

– The thermal conductivity in the droplet is infinite, therefore the temperature inside
the droplet is uniform. This hypothesis is justified by the fact that the thermal
conductivity of a liquid is greater than the one of air by at least one order of
magnitude, the di!erence is even greater for liquid aluminum. This allows to avoid
having to solve the internal flow of the droplet and to only consider the thermal
exchange at the surface of the particle.

– Both the gas environment and the droplet are at rest and the evolution of the gas
phase is quasi-static.

Figure 3.9 – Radial profile of temperature T and fuel mass fraction YF around a droplet.

Because of these hypotheses, the equations for the gaseous phase can be treated as
quasi-static in spherical coordinates. Only the radial coordinates are considered as defined
in figure 3.9. The equations for the conservation of momentum, species and gaseous energy
are written at the surface of the droplet, denoted ◁, and at the infinity ↘:

εgugr2 = constant = ṁF

4⇀
(3.30)
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εgugr2 dYF

dr
= d

dr

(

r2 [εgDF ] dYF

dr

)

(3.31)

εgugr2 dCP T

dr
= d

dr

(

r2 ω

CP

dCP T

dr

)

(3.32)

where r is the radial coordinate, YF the fuel mass fraction, Cp the heat capacity of the
mixture and ω the thermal di!usivity. ṁF is the gaseous fuel flux at the surface, DF

the fuel di!usivity, and T the gas temperature. εgDF and ω/Cp are evaluated at infinity
and are supposed constant along the radial profile. Miller et al. [87] improved this model
by proposing to evaluate these values between the droplet surface and the infinity with a
1/3-2/3 law. The reference temperature TR and fuel mass fraction YF,R at which transport
and thermodynamic properties are evaluated as:

TR = Tϖ + 1
3 (T↘ → Tϖ) (3.33)

YF,R = YF,ϖ + 1
3 (YF,↘ → YF,ϖ) (3.34)

εgDF and ω/Cp can be expressed as functions of the Schmidt number Sc and the
Prandtl number Pr:

εgDF = µ (TR)
Sc

(3.35)

ω

CP
= µ (TR)

Pr (3.36)

From these equations, the first step is to obtain the mass variation of the droplet.
Since the liquid/gas interface does not have a mass, any steam flow is the direct result of
mass loss for the liquid droplet. This mass conservation can be written as ṁF = →ṁp,
where ṁp is the mass variation of the droplet. By integrating twice Eq. (3.31), the mass
variation can be obtained as:

ṁp = →2⇀dp [εDF ] ln (BM + 1) (3.37)

where BM is the mass Spalding transfer number that can be expressed as:

BM = YF,ϖ → YF,↘

1 → YF,ϖ
(3.38)

YF,ϖ can be obtained by considering the Clausius-Clapeyron relation and supposing
that the droplet interface is at thermodynamic equilibrium.

The d2 law for evaporation previously mentioned can now be easily obtained. Indeed,
the evaporation rate of the droplet can be expressed as:

ṁp = d

dt

[4
3⇀εlr

3
p

]
(3.39)

Using both this expression of ṁp and Eq. (3.37) the following expression can be ob-
tained:
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d2
p = d2

p,0 → 8εgDF

εl
ln (BM + 1) ↑ t (3.40)

Using Eq. (3.40), a characteristic time for evaporation ςev after which the droplet has
evaporated, giving that dp = 0, is expressed as:

ςev =
εld2

p,0

8εgDF ln (BM + 1) (3.41)

The energy required for the evaporation process is a function of the evaporated mass.

Finally, to compute the BM coe"cient, two parameters must be used: the Prandtl
number Pr and the Schmidt number Sc. In the current work, the values computed by
Suarez et al. [105] have been reused. According to the calculations from their work, the
authors obtained a Prandtl number for gaseous aluminum of 0.2 by considering Cp =
798.46 J · kg→1 · K→1 and ω = 0.22 W · m→1 · K→1. Using the unitary Lewis hypothesis,
Sc = Pr = 0.2.

All these values are obtained using the NASA polynomials introduced in part 1.3.3
for a temperature of 3000 K.

In the current work, the Spalding model has been modified to account for the speci-
ficities of the combustion of an aluminum particle. Indeed, the presence of the alumina
cap on the surface of the particle has to be considered because by covering part of the
aluminum core, it impacts the area of the surface available for evaporation. This area is
the e!ective surface, Se! , that is computed using the sub-model presented in part 3.2.3.

While the particle is constituted of both aluminum and alumina, only the aluminum
evaporates at flame temperature. Furthermore, the alumina cap is covering a spherical
aluminum core with a form schematized in figure 3.10.

Figure 3.10 – Aluminum (white)/alumina (black) droplet geometry for four alumina mass
fractions YAl2O3 = 0.1(a),0.3(b),0.5(c), and 0.7(d). Figure extracted from [41].

Therefore, in the evaporation model used in the current work, the Spalding model has
been applied to the aluminum core as if it was a particle. The evaporation rate is then
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reduced by a percentage proportional to the area covered by the alumina cap. To do so,
the Spalding model is used on the aluminum core without considering the presence of
alumina on the particle to compute the evaporation mass flux of aluminum in equation
Eq. (3.37).

The obtained aluminum mass flux does still not account for the presence of the alumina
cap. The shape of this cap has been determined in part 3.2.3 and the e!ective surface
Se! available for evaporation is determined using equation Eq. (3.25). Se! is then used to
determine the fraction of the surface particle that is not covered by the alumina cap as:

Fe! = Se!

SAl
(3.42)

Fe! is then used to limit evaporation as follow:

ṁp,e! = Fe! · ṁp (3.43)

Once gaseous aluminum has evaporated from the particle, it reacts with gaseous oxy-
gen. To modelize the occurring chemical reactions, a detailed chemistry scheme has been
used. This detailed chemistry scheme uses classical Arrhenius laws:

Kfj = AjT
ϑj exp

(
→Eaj

RT

)
(3.44)

The coe"cients may vary depending on the scheme used. For more details on the
chemistry model, please see part 2.1.4.

In the current work, two chemical schemes have been considered, but only one was
finally used. The first one is the one proposed by Catoire et al. [24] and is presented in
figure 3.1. The second one has been recently proposed by Saba et al. [95] and constitutes
a more complete kinetic scheme with 76 reactions. This mechanism has been obtained
using state of the art chemistry numerical tools. Indeed, as explained by the authors,
quantum chemical calculations have been performed to obtain molecular structures of
intermediates on the reaction pathways. DFT level calculation has been applied to search
intermediates and transition states, and CBS-QB3 method has been applied to calculate
highly accurate potential energies. The rate coe"cients of each reaction paths were also
calculated based on VTST or RRKM theory for constructing the detailed chemical kinetic
model. [95].

This kinetic scheme also accounts for the formation of large aluminum oxides AlxOy
for sizes up to Al8O12. A model accounting for the pathway of formation of clusters
composed of Al2O3, which is presented in part 3.5, is already used in the current work.
Therefore, the chemical pathways leading to the creation of AlxOy molecules bigger than
Al2O3 have been ignored.

There is a major criterion for the use of such kinetic schemes in a simulation using a
fully compressible multi species reactive flow solver like AVBP [100]. It is the sti!ness of
the scheme: the smaller the characteristic time of formation of the species is, the smaller
the time step of the simulation will have to be, thus increasing calculation cost.
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Using ARCANE [26], an evaluation of the characteristic time of formation of the
species has been performed on both the kinetic schemes of Catoire et al. [24] and Saba et
al. [95]. The obtained results are available in figure 3.11 for the first one and figure 3.12
for the second one.

Figure 3.11 – Evaluation of the characteristic time ςc of the species in the scheme proposed
by Catoire et al. [24].

Figure 3.12 – Evaluation of the characteristic time ςc of the species in the scheme proposed
by Saba et al. [95].
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In figure 3.11, the sti!est species is Al2O with a characteristic time ςc below 10→12.
Two other sti! species are AlO and O with characteristic times of 10→11.5. Therefore, this
kinetic scheme is already extremely sti! and costly for a use in AVBP.

In figure 3.12, the sti!est species are O, AlO and Al2 with a characteristic time ςc of
10→14.5. Thus, this kinetic scheme is way too sti! to be used in AVBP without incurring
prohibitive computational costs.

For this reason, only the scheme of Catoire et al. [24]has been retained. Please note
that the scheme proposed by Saba et al.[95] might be much more accurate and is very
promising. It should be considered in other works where calculation cost is less of an
issue. Furthermore, reductions of this scheme that would render it less sti! for the use in
explicit solver could be of great interest.

Finally, because the scheme of Catoire et al. [24] is still extremely sti!, chemical
sub-cycling has been used in the current work.
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3.4 Heterogeneous surface reactions

3.4.1 Description of the physical phenomenon
Depending on the initial particle diameter, aluminum particles can burn either through

evaporation and then homogeneous gaseous reactions (see part 3.3), or through hetero-
geneous surface reactions. "Heterogeneous" means here that the gaseous oxidiser directly
reacts with the liquid aluminum at the particle surface. According to Han et al. [54], if
the particle diameter is greater than 100 µm, it essentially burns through evaporation and
gaseous reactions. Meanwhile a small nanometric particle with a diameter smaller than
100 nm only burns though surface reactions. In the case of the current work, for particles
with a diameter ranging from 1 to 10 µm, both types of reactions are to be accounted
for. One must keep in mind that these diameter ranges are not exact simply because it
is di"cult to experimentally determine which reaction regime is dominant.

Glorian et al. [45, 47] did a whole PhD on heterogeneous surface reactions and found
that for particle with a diameter smaller than 10 µm, at least 30 % of the aluminum is
consumed through surface reactions. Furthermore, the energy from the surface reactions
essentially goes into heating up the particle which considerably accelerating the evapora-
tion. The gaseous combustion is controlled by the evaporation and di!usion of the gaseous
aluminum because the gaseous reactions are extremely fast. Thus, by accelerating the
evaporation, the surface reactions considerably increase the combustion speed. Therefore,
the surface reactions are not only responsible for about a third of the oxidation but they
also diminish the combustion time by 68 %.

For all these reasons, it is extremely important to account for these surface reactions
when studying the combustion of aluminum particles with diameters ranging from 1 to
10 µm.

3.4.2 Models proposed in the literature
To account for these surface reactions, several models have been proposed during the

last decades.
Beckstead et al. [8] was one of the first to implement surface reactions in his numerical

model for the simulation of an isolated burning aluminum particles. The following reaction
was used [8]:

Al(l) + AlO(g) ≃ Al2O(g) (3.45)

More recently, Glorian et al. [46] studied extensively these surface reactions. The
authors proposed a kinetic model for surface reactions with 57 reversible reactions and
58 species. This is a very interesting paper to go deeper into the complexities of surface
reactions.

Lately, authors like Han et al. [54] and Zhang et al. [114] used for the simulation of
aluminum dust flame a single surface reactions in the form:
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Al(l) + O2(g) ≃ Al2O3(l) (3.46)
where the obtained Al2O3(l) is directly produced and deposited on the particle.

3.4.3 Chosen model and implementation
The complete model with 57 reversible reactions and 58 species proposed by Glorian

et al. [45], was used for the simulation of mono-particle only. In the scope of this project,
aiming at simulating 2D dust flames with potentially several millions particles, using such
a model is cost prohibitive and it was chosen to use the model first proposed by Gurevich
et al. [53], and also used by Zhang et al. [114]. The model consists of a single reaction
between liquid aluminum and gaseous oxygen:

Al + 3
4(O2 + 3.76N2) ≃ 1

2Al2O3 + 2.82N2 (3.47)

The consumption rate of liquid Al by the particle surface reaction is :

ṁAl
p,HSR = Se!εsYO2,sAr exp

(

→ Ea

RTp

)

(3.48)

where Se! is the e!ective surface computed in section 3.2.3, εs is the gas density at the par-
ticle surface, YO2 is the mass fraction of oxygen. Ar = 1.5·104 m/s, and Ea = 83.72 kJ/mol
are the Arrhenius coe"cients for the surface reaction. R is the universal gas constant and
Tp is the particle temperature.

The heat released by the reaction is computed by Zhang et al. [114] as:

Q̇p,HSR = ṁAl
p,HSRhp,HSR (3.49)

with

ṁp,HSR = ṁAl
p,HSR → 0.5WAl2O3

WAl
ṁAl

p,HSR (3.50)

and

hp,HSR = hAl (Tp) → 0.5WAl2O3

WAl
hAl2O3 (Tp) (3.51)

where hp,HSR is the enthalpy of the surface reaction.

Finally, WAl2O3 and WAl are the molar masses of Al2O3 and Al, respectively, while
hAl2O3(Tp) and hAl(Tp) are their enthalpy.

In the current work, the heat produced is finally accounted for via a variation of the
particle temperature given by :

dTp

dt HSR
= Q̇p,HSR

Cp,l · mp
(3.52)

where Cp,l is the specific heat capacity of the liquid aluminum.
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3.5 Condensation of gaseous alumina
3.5.1 Description of the physical phenomenon

In the gaseous phase, aluminum reacts with oxidizers, in the current work, dioxygen.
These reactants mix to produce intermediate aluminum oxides and finally alumina or
Al2O3. This gaseous alumina has a boiling temperature of 3800K and cannot stay in a
gaseous state for temperature below 3800K [59]. Because aluminum flame temperatures
are lower than this, the gaseous alumina condensates in the flame to form liquid alumina.
This phenomenon of condensation of alumina into fine droplets can be observed in figure
3.13

Figure 3.13 – Sequence images of a burning aluminum particle in a 40%N2/60%O2 mix-
ture. Figure extracted from [18]

On the three upper images in figure 3.13, the flame envelope around the particle is
clearly visible in grey. On the bottom three images, the condensed alumina particles are
visible in the form of white dots. The position of the white dots and the flame coincide
because gaseous alumina directly condensates in the flame as it is produced.

The condensation itself is responsible for a rise in temperature of several hundred
degrees [105]. Moreover, this condensation process has a very important impact on the
gaseous chemistry. To better understand this, let us consider Eq. (3.53) which illustrates
the pathway followed by aluminum burning through gaseous reactions.

Al(g) + O2(g) ≃ AlxOy(g) ≃︸
I

Al2O3(g) ≃︸
II

Al2O3(l) (3.53)

The condensation process (II in Eq. (3.53)) removes alumina from the gaseous phase,
which tends to form again from other intermediate aluminum oxides (I in Eq. (3.53)).
As a consequence, the gaseous chemical equilibrium is shifted toward the production of
more aluminum oxides. In the end, the only remaining gaseous species downstream a
stoichiometric aluminum-air flame is nitrogen because all the oxygen has reacted with
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the gaseous aluminum to finally condensate into liquid alumina, which is the only final
combustion product.

This means that the condensation rate not only drives the condensation itself but also
indirectly the final chemical equilibrium state by impacting the reactions I in Eq. (3.53).
Knowing that this last reaction is one of the most exothermic phenomenon in aluminum
combustion, this shows the importance of having a good model for this condensation rate.

Retrieving and recycling liquid alumina produced by the combustion of aluminum is
key in order to use aluminum as a clean fuel. Indeed, the only combustion product of
aluminum combustion is solid alumina. This alumina can be turned back into aluminum,
making aluminum a renewable energy vector.

To do so, it is important to understand the morphology of the final combustion prod-
ucts. The condensation speed is a key predictor of the alumina spherules size. These
spherules will then coagulate into larger combustion products.

Because of both the exothermic impact of condensation and its key role in determin-
ing the morphology of the combustion products, correctly modelizing this condensation
process is of high importance.

3.5.2 Models proposed in the literature
A simple model is to ignore the existence of alumina in the gas phase, creating directly

liquid alumina through the kinetic scheme. The produced liquid alumina is then tracked
as the rest of the gaseous species using the Eulerian solver. This approach has been used
by Han et al. [54] who used the reduced scheme presented in figure 3.2.

No Reactions A[cm3/mols] E[cal/mol]
1 Al + O2 = AlO + O 9.72E13 159.95
2 Al2O3 = AlOAlO + O 3.0E15 97649.99
3 AlOAlO = AlO + AlO 1.0E15 117900
4 AlOAlO = AlOAl + O 1.0E15 104249.94
5 AlOAl = AlO + Al 1.0E15 133199.94

Table 3.2 – Reduced reaction kinetics of Al/O system used by Han et al. [54]. Figure
extracted from [54].

In the scheme presented in figure 3.2, the Al2O3 species is in liquid state. This is
a good cost e!ective way of accounting for the condensation energy if the condensation
process is supposed to be infinitely fast. However, gaseous alumina is totally neglected
and no information on the morphology of the liquid alumina phase can be extracted from
this model.

Another commonly used method is to track alumina as a gaseous species while con-
sidering alumina condensation to be infinitely fast. Zhang et al. [114] used this type
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of method and accounted for condensation using a single infinitely fast reaction. This
condensation reaction is directly added to the kinetic scheme available in figure 3.3.

No. Reaction A
(

cm3/(mol · s)
)

n E(cal/mol)
1 Al + O2 = AlO + O 9.72 ↑ 1013 0 159.95
2 Al + O + M = AlO + M 3.00 ↑ 1017 -1 0
3 AlO + O2 = AlO2 + O 4.62 ↑ 1014 0 19885.9
4 Al2O3 = Al2O2 + O 3.00 ↑ 1015 0 97649.99
5 Al2O3 = AlO2 + AlO 3.00 ↑ 1015 0 126999.89
6 Al2O2 = AlO + AlO 1.00 ↑ 1015 0 148900
7 Al2O2 = Al + AlO2 1.00 ↑ 1015 0 104249.94
8 Al2O2 = Al2O + O 1.00 ↑ 1015 0 88549.86
9 AlO2 = AlO + O 1.00 ↑ 1015 0 133199.94
10 Al2O = AlO + Al 1.00 ↑ 1015 0 0
11 Al2O3 = Al2O3(l) 1.00 ↑ 1014 0 0

Table 3.3 – Kinetic scheme for Al/O system used by Zhang et al. [114]. Figure extracted
from [114].

The infinitely fast condensation reaction in this scheme is the number 11 in figure 3.3.
This way of accounting for the condensation is also a cost e!ective way of accounting
for the condensation energy if the condensation process is supposed to be infinitely fast.
It accounts for the existence of a gaseous alumina phase but still does not permit the
tracking of the morphology of condensed products.

During his PhD work, Suarez et al. [105] proposed to track the alumina products using
the Lagrangian solver of AVBP. In his work, a germination method was used. The main
advantage of this method is to track particles without having to implement a nucleation
algorithm in the code, which is hard to implement. Without the use of a nucleation
method, the gaseous alumina has no physical support on which it can condensate. The
germination method consists in injecting said physical support with a diameter extremely
small (1 nm) so that the injected mass of alumina is negligible.

Suarez et al. [105] injected one alumina nucleus for each injected aluminum particle at
the inlet. As the fuel particle evaporates and burns it produces gaseous alumina that can
condensate on the available alumina nuclei. This method is schematized in figure 3.14.
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Figure 3.14 – Schematic of the germination method used by Suarez et al. [105]. Figure
extracted and translated from [105].

The diameter of the injected alumina nuclei is 1 nm which is extremely small in com-
parison to the micrometric diameter of the injected aluminum particles. Therefore the
mass quantity of alumina added to the system is negligible.

The condensation speed used by Suarez et al. [105] on the alumina nuclei is based
on the Spalding model but with a mass flow ṁp going from gas to liquid. To do so, the
Spalding mass transfer number is computed using Eq. (3.38) with YF,ϖ < YF,↘, and is
therefore negative. This yields a positive mass flow ṁp that is used to compute the new
particle mass mp.

This germination method is a simple way to track the liquid alumina combustion
products using the Lagrangian solver. However, the condensation speed is dependent on
the number of injected nuclei per aluminum particle, which is arbitrary.

Condensation can be categorized into two categories. The most common one, het-
erogeneous condensation is condensation on already existing supports. This first type of
condensation can occur at low saturation values of the condensing gaseous phase. A good
example of this type of phenomenon is the contrails left behind commercial air planes
illustrated in figure 3.15. The particulates emitted by the aircraft engines can form con-
densation nuclei onto which water vapor can condense and produce larger cloud particles
[6].
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Figure 3.15 – Contrails created by a 4 jet engines aircraft. Figure extracted from [22].

However, if the gaseous species is at a high supersaturation state, condensation can
occur without a heterogeneous support. At such high saturation, the gaseous species will
form condensation nuclei on which condensation can occur. This is known as homoge-
neous condensation and the creation of such nuclei is known as nucleation.

Liquid alumina condensates directly in the flame through homogeneous condensation.
Therefore, a physical model is required to predict both the morphology and rate of creation
of the nuclei created from the gaseous alumina.

Most of the models that can predict these physical characteristic are based on the
classical nucleation theory [7] or CNT. This theory is therefore detailed hereafter.

Classical nucleation theory (CNT)

To introduce the classical nucleation theory, an abbreviated version of chapter 3 from
the book Nucleation theory [66] is presented here. None of the material presented here is
original work, and it has all been taken from this book [66]. The reader is referred to the
original document for further details.

Nucleation occurs when a gaseous phase is pushed to a non-equilibrium metastable
state. In such a state, the chemical potential of the liquid phase µl (pv, T ) is lower than
the chemical potential of the gaseous phase µv (pv, T ). Here, the vapor pressure pv exceeds
the saturation vapor pressure. This makes it thermodynamically favorable for the gaseous
phase to condensate due to the chemical potential di!erence:

”µ = µv (pv, T ) → µl (pv, T ) > 0 (3.54)

At a gaseous state, the environment is at a metastable state A. This physically means
that it stays stable against small variations of the thermodynamic variables. Conse-
quently, to reach a stable state B, the gaseous phase must overcome an energetic barrier
corresponding to a local maximum of free energy to reach a global minimum of free energy.
This phenomenon is illustrated in figure 3.16
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Figure 3.16 – Sketch of the free energy as a function of the order parameter. Local
minimum corresponds to the metastable state A (supersaturated vapor). The global
minimum corresponds to the stable state B (bulk liquid). Figure extracted from [66].

Considering the liquid phase as incompressible and knowing that dµ = →sdT + vdp,
”µ can be rewritten as:

”µ ↗ [µv (pv, T ) → µsat(T )] → 1
εl,sat

(pv → psat) (3.55)

where εl,sat is the liquid density at saturation and µsat(T ) is the chemical potential at
a saturation state, at temperature T . By introducing the compressibility factor of the
liquid phase at saturation Zl,sat = psat

εl,satkBT
, ”µ can be expressed as:

”µ = kBT ln S → kBTZl,sat

(
pv

psat
→ 1

)

(3.56)

with S the supersaturation ratio which is expressed as:

S = exp
(

µv (pv, T ) → µsat(T )
kBT

)

= pv

psat
(3.57)

For T ↓= Tc, where Tc is the critical temperature, Zl,sat ↗ 10→6 → 10→3, which means that
the second term of Eq. (3.56) is negligible and therefore:

”µ = kBT ln S (3.58)

Let us now determine the minimum work required for the formation of a cluster
made of n monomers. To do so, the authors [66] propose to use general thermodynamic
considerations following Debenedetti [32].

The system is in contact with a reservoir. In its initial state, it is constituted of vapor
and has an internal energy noted Uv,0. In its final state, after the formation of a liquid
droplet, it is constituted of both vapor and a liquid droplet. Thus, its internal energy at
final state Uf can be expressed as:

Uf = Uv,f + Ul + Uexc (3.59)
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with Uv,f the internal energy of the bulk vapor, Ul the internal energy of the bulk liquid
and Uexc the internal energy of surface (excess) contribution.

The variation of the internal energy of the system due to changes in the physical state
is a function of:

– The work W exerted by the exterior on the system.
– The work performed by the reservoir to create a droplet which is: pr”Vr

– The energy received by the system from the reservoir: →Tr”Sr

where Tr and pr are the temperature and pressure of the reservoir respectively. Therefore,
the variation of internal energy of the system can be written as:

”U = W + pr”Vr → Tr”Sr (3.60)

According to the second law of thermodynamics, the change in entropy of both the system
and the reservoir must be positive:

”Sr + ”S ⇐ 0 (3.61)

From Eq. (3.60), the variation of entropy of the reservoir can be expressed as:

”Sr = →”U

Tr
+ W

Tr
+ pr”Vr

Tr
(3.62)

Using this expression of ”Sr in equation Eq. (3.61) and knowing that Tr ⇐ 0:

→”U + W + pr”Vr + Tr”S ⇐ 0 (3.63)

The total volume of the reservoir and the system remains unchanged, thus: ”Vr = →”V
and:

W ⇐ ”U → Tr”S + pr”V (3.64)

The equality sign corresponds to the minimum work to form the droplet. Supposing that
the transformation happens at a constant temperature T = Tr and a constant pressure
pv = pr:

Wmin = ”U → T”S + pv”V = ”G (3.65)

where G is the Gibbs free energy. Therefore, the minimum work required for the formation
of a cluster is equal to the variation of Gibbs free energy. Let us now determine this value.

The variation of internal energy can be expressed as:

”U = (Uv,f → Uv,0) + Ul + Uerc (3.66)

By integrating dU = TdS →pdV +µdN using Euler’s theorem for homogeneous functions:

Uv,0 = TSv,0 → pvVv,0 + µvNv,0 (3.67)

Uv,f = TSv,f → pvVv,f + µvNv,f (3.68)
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Ul = TSl → plVl + µlNl (3.69)

Uexc = TSexc + σ(R)s(R) + µexcNexc (3.70)

where σ(R) is a surface tension at the dividing surface R with a surface area s(R), and
N refers to the number of moles.

The volume change of the system is:

”V = (Vv,f + Vl) → Vv,0 (3.71)

By substituting Eq. (3.66) - Eq. (3.70) into Eq. (3.65) and knowing that because of the
conservation law of matter, Nv,0 = Nv,f + Nl + Nexc:

”G = (pv → pl) Vl + σs + Nl [µl (pl) → µv (pv)] + Nexc [µexc → µv (pv)] (3.72)

This is the expression for Gibbs free energy of cluster formation without specifying
the location of a dividing surface. By choosing the equimolar surface Re, the last term is
removed. Moreover, by considering the phase to be incompressible:

µl (pl) = µl (pv) + vl (pl → pv) (3.73)

with vl the molecular volume of the liquid phase. Finally, by substituting Eq. (3.73) into
Eq. (3.72):

”G = →n”µ + σese (3.74)

with n ⇒ Nl, σe is the surface tension of the equimolar surface and se the area of this
surface.

The so-called capillarity approximation is now introduced. This is a key part of CNT
[7] and it relies on the following hypotheses:

– Clusters are considered as homogeneous spherical droplets with a defined radius and
bulk liquid properties inside them. Moreover, bulk vapor properties are considered
outside the droplets.

– The liquid phase is considered as incompressible.
– The surface tension of a cluster containing n molecules can be evaluated as the

product of the planar interfacial tension at the temperature T , σl(T ) and the surface
area of the cluster sl.

Those hypotheses yield the following expression for ”G:

”G = →n”µ + σlsl (3.75)

Since the cluster is considered as a sphere, its surface can be expressed as:

sl = 4⇀r2
l (3.76)

where rl is the radius of the cluster which can be expressed as:
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rl = r1n
1/3 (3.77)

where r1 is the Wigner-Seitz radius of a monomer and is therefore expressed as:

r1 =
(3v1

4⇀

)1/3
(3.78)

Moreover, knowing that ”µ = kBT ln S, ”G can be expressed as:

”G = → nkBT ln S︸  
bulk

+ σls1n
2/3

︸  
surface

(3.79)

where s1 is the surface of a monomer expressed as:

s1 = (36⇀)1/3 (v1)2/3 (3.80)

The variation of ”G as a function of the number of monomers is plotted in figure 3.17

Figure 3.17 – Gibbs free energy of cluster formation ”G as a function of the number of
monomers. Figure extracted from [66].

In figure 3.17, nc is the number of monomers in a critical cluster. For a number of
monomers n < nc, the cluster will dissociate while for n > nc, the cluster will grow. The
Gibbs free energy associated to this critical cluster is noted ”G≃ = ”G(nc)

This critical value corresponds to the maximum of ”G and can therefore be determined
as:

ϖG

ϖn
= 0 = →kBT ln S + 2

3σls1n
→1/3 ⇑ nc =

(2
3

σls1

kBT ln S

)3
(3.81)

Using Eq. (3.77) the critical cluster radius can be expressed as:

rc = 2
3

r1σls1

kBT ln S
(3.82)
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Using this value of nc, the value which corresponds to the energetic barrier to overcome
for nucleation to happen can be determined as:

”G≃ = ”G (nc) = 16⇀

3
(v1)2 σ3

l

(kBT ln S)2 (3.83)

Now that the size and Gibbs free energy of these critical clusters are known, the speed at
which these nuclei are created, the nucleation rate, is to be determined.

A cluster can either gain or lose monomers, this is schematized in figure 3.18.

Figure 3.18 – Schematic representation of the kinetics of homogeneous nucleation; f(n)
is the forward rate which corresponds to condensation while b(n) is the backward rate
which corresponds to evaporation. Figure extracted from [66].

The nucleation rate of clusters composed of n monomers can be defined as:

I(n, t) = f(n)ε(n, t) → b(n + 1)ε(n + 1, t) (3.84)
where ε(n, t) is the number density of clusters with n monomers at time t.
At equilibrium, I(n, t) = 0 and Eq. (3.84) can be written as:

0 = f(n)εeq(n) → b(n + 1)εeq(n + 1) ⇑ b(n + 1) = f(n) εeq(n)
εeq(n + 1) (3.85)

Substituting this last equation into Eq. (3.84) gives the following expression for I(n, t):

I(n, t) 1
f(n)εeq(n) = ε(n, t)

εeq(n) → ε(n + 1, t)
εeq(n + 1) (3.86)

The nucleation process rapidly reaches a permanent regime after a very small relaxation
time. I(n, t) can therefore be expressed as:

I(n, t) = I ⇓n, (t ≃ ↘) (3.87)
The terms from Eq. (3.86) can be summed from n = 1 to N which gives:

I
N∑

n=1

[
1

f(n)εeq(n)

]

= ε(1)
εeq(1) → ε(N + 1)

εeq(N + 1) (3.88)

As explained in the original document [66], for small clusters, the free energy barrier
is dominated by the "surface" term in Eq. (3.79), which means that the number of small
clusters keeps its equilibrium value despite the constant depletion by the flux I:
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ε(n)
εeq(n) ≃ 1 as n ≃ 1+ (3.89)

Meanwhile, for large values of n, the cluster is favorable to condensation because
it is more thermodynamically stable. When n grows, εeq(n) increases while the true
distribution ε(n) remains finite. Therefore:

ε(n)
εeq(n) ≃ 0 as n ≃ ↘ (3.90)

Thus, by choosing large enough clusters, the term ε(N + 1)
εeq(N + 1) can be neglected in Eq. (3.88).

Extending summation to infinity:

I =
[ ↘∑

n=1

1
f(n)εeq(n)

]→1

(3.91)

In the summation from Eq. (3.91), the most important contribution comes from the
terms close to nc. Moreover, for large values of nc, there is a large enough number of
these summation terms so that the di!erence between the successive terms is small. This
summation can therefore be considered as an integral:

I =
[∫ ↘

1

dn

f(n)εeq(n)

]→1

(3.92)

Before computing the value of this integral, εeq can be expressed as a function of ”G
given by Kalikmanov [66] as:

εeq(n) = ε1 exp
(

→”G(n)
kBT

)

(3.93)

In the critical region around nc, ”G(n) can be approximated as the parabolic form:

”G(n) ↗ ”G≃ + 1
2”G↗↗ (nc) (n → nc)2 (3.94)

by substituting this expression in Eq. (3.93):

εeq(n) = ε1 exp
(

→”G≃

kBT + ”G↗↗ (nc)
2kBT (n → nc)2

)

= εeq (nc) exp
(

”G↗↗ (nc)
2kBT

(n → nc)2
) (3.95)

Finally, this expression of εeq(n) can be re-injected into Eq. (3.93) to obtain the following
expression of I for n = nc:

I =
[

1
f (nc) εeq (nc)

∫ ↘

1
exp

(
→1

2
1

kBT
”G↗↗ (nc) (n → nc)2

)]→1

(3.96)

A Gaussian integration of this last expression yields:
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I =


→ 1
2⇀

1
kBT

”G↗↗ (nc)
︸  

Z: Zeldovich factor

f (nc) εeq (nc) (3.97)

By using the expression of ”G given in Eq. (3.79) and the expression for nc given in
Eq. (3.81), the Zeldovich factor can expressed as:

Z =


σl

kBT

1
2⇀ε1r2

c
(3.98)

Moreover, for a transition from gas to liquid, the term f(n) is a function of the rate of
collisions between the gaseous monomers and the surface of the cluster, this term can be
expressed as:

f (nc) = ϑs (nc) (3.99)

where ϑ is the flux of monomers by surface units which is determined by gas kinetics [75]:

ϑ = pv⇔
2⇀m1kBT

(3.100)

where m1 is the mass of one monomer. Finally, the nucleation rate can be expressed as:

I = I0 exp
(

→”G≃

kBT

)

(3.101)

with:

I0 = Zϑs (nc) εv (3.102)

where εv ↗ ε1 is the density of the supersaturated vapor. The term ϑs (nc) = f (nc) is the
rate at which the molecules bound to critical size cluster. By substituting the expression
for I0 of Eq. (3.102) in Eq. (3.98), Eq. (3.100) and using the ideal gas law:

I0 ↗ (εv)2

εl


2σl

⇀m1
(3.103)

In conclusion, CNT predicts for a gaseous phase undergoing homogeneous condensa-
tion two important values. The first one is the size of the created nuclei which is given
in Eq. (3.82). The second one is the nucleation rate, which is the number of these nuclei
created in one cubic meters per second. This term is given in Eq. (3.101).

CNT is a fundamental theory which is supposed to be valid and used for any species.
Let us now see how it has been used more specifically to predict the condensation of
alumina.

Models derived from CNT available in the literature

Several numerical studies have been using CNT-derived models to account for the
condensation of combustion products. All the models hereafter presented have been de-
veloped for the simulation of the combustion of an isolated particle. In the following, an
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example of model is first presented, before introducing the model chosen in the current
work and its implementation in the CFD code 3.5.3.

One of the first studies that used CNT to account for the condensation of alumina is
the work of Beckstead et al. [10]. The authors considered that the use of a simple kinetic
mechanism for the production of alumina was insu"cient. Therefore, a two-step process
was proposed as follows:

aCm + bCn
kr→≃ Al2O3(g) rcond→→→≃ Al2O3 (l) (3.104)

The first step can be any of the chemical reaction that generates alumina which are
the following in the work of Beckstead et al. [8]:

2AlO + 1
2O2

k11→→≃ Al2O3

2AlO + CO2
k12→→≃ Al2O3 + CO

2AlO + H2O
k13→→≃ Al2O3 + H2

Al2O + O2
k14→→≃ Al2O3

Al2O + 2CO2
k15→→≃ Al2O3 + 2CO

Al2O + 2H2O
k16→→≃ Al2O3 + 2H2

AlO2 + AlO2
k17→→≃ Al2O3 + 1

2O2

(3.105)

These reactions are and can therefore be described using an Arrhenius reaction:
The reactions constants of each of these reactions are computed following an Arrhenius

law. The rate of these expressions can then be expressed as:

φ̇1 = krC
a
mCb

n (3.106)
The second step is the homogeneous condensation process that is based on CNT. Just

as described in more details in the previous part, if a nucleus reaches a size greater than
the critical radius, it can grow into a droplet. This critical radius corresponds to the
radius for which the Gibbs function has a maximum for a given supersaturation [8, 113].
This radius value for the critical cluster is expressed in Eq. (3.82).
For this second step which corresponds to the nucleation process, the rate expression is:

φ̇2 = Ccrcond (3.107)
with rcond the nucleation rate. This nucleation rate is obtained using CNT and is similar
to the rate obtained in equation Eq. (3.101). Beckstead et al. [8] expressed it as:

rcond =
(

⇁≃
i pv

kBT

) ( 2σl

⇀m1

)1/2 (
m1

εl

)

n1

↑ exp
[

→ 16⇀σ3
l v2

3k3
BT 3(ln S)2

]

,

(3.108)

where ⇁≃
i is the condensation coe"cient, σl is the surface tension, n1 the number of

critical-size nuclei per unit volume, v the volume of a molecule in the liquid state, S the
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supersaturation of the vapor phase and finally, pv is the pressure in the saturated vapor
of the condensed phase. The total rate for the two-step condensation process is finally
expressed by the authors as:

φ̇cond = 1
1/φ̇1 + 1/φ̇2

= CckrrcondCa
mCb

n

krCa
mCb

n + Ccrcond

= rcondCa
mCb

n

Ca
mCb

n/Cc + rcond/kr

(3.109)

Next, the authors assumed that the denominator in equation Eq. (3.109) does not
change significantly during condensation. Therefore, they rewrote the total rate as:

φ̇cond = KrcondCa
mCb

n (3.110)
where K is an empirical constant.

Usually, the supersaturation of the vapor phase is expressed as:

S = pv

p
(3.111)

Here, the authors assumed that alumina dissociates before it vaporises and therefore
pv = 0 rendering Eq. (3.111) unusable. Thus, the following expression for the supersatu-
ration was used:

S = 1 +

∑
i

pi

pAl
(3.112)

where pi is the partial pressure of the aluminum sub-oxides.

This condensation model is interesting because it is one of the first to use CNT to
determine a condensation rate for alumina in a numerical simulation of the combustion
of an isolated aluminum particle.

3.5.3 Chosen model and implementation
In the current work, the model recently proposed by Finke et al. [36] has been used.

This state-of-the art model for alumina condensation has been applied in a 0D reactor
using a population balance approach. The goal here is to extend this model to dust flames
using a Lagrangian solver to track the created liquid combustion products.

Finke et al. [36] combined a population balance approach with detailed chemistry to
model the condensation of oxide smoke during aluminum combustion in spatially homo-
geneous reactors. This model for nucleation and condensation is also based on CNT. It is
derived from the equations previously presented but modified to account for the physical
properties of alumina. The model, as well as its implementation in AVBP, are described
hereafter.

To compute the nucleation rate, the classical nucleation theory has been used but it is
amended by Courtney’s correction and corrected for internal consistency [36] (internally
consistent classical theory [44, 66, 97]). This yields:
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I =
(

pv

kBT

)2
v1


2σl

⇀m1
↑ exp

(

→ 16⇀σ2
l v3

1
3k3

BT 3(ln S)2 → s1σl ln S

kBT

)

(3.113)

where pv is the partial pressure of Al2O3, kB is the Boltzmann constant. v1, m1 and s1 are
respectively the volume, mass and surface of a single-molecule droplet, σl is the surface
tension of alumina.

This rate corresponds to the number of nuclei created in a cubic meter in one second.

Usually, the supersaturation is defined as:

S = pv

pe
(3.114)

In the context of the work presented by Finke et al. [36], pv is defined as:

pv = pAl2O3 + pAl2O3c = (XAl2O3 + XAl2O3c) p (3.115)

where pAl2O3 and XAl2O3 are the partial pressure and molar fraction of Al2O3, while
pAl2O3c and XAl2O3c are the partial pressure and molar fraction of Al2O3c. Because in the
current work the isomer of alumina Al2O3c has not been accounted for, its impact on the
supersaturation is ignored and the following expression for pv is used:

pv = pAl2O3 (3.116)

In the work of Finke et al. [36], the approach used to evaluate S is rooted in the di!er-
ence between chemical potentials as a driving force of the phase change. This accounts for
the physical properties of alumina in the computation of S. This alternative formulation
of the supersaturation is developed hereafter, following the exact same reasoning as in the
Supplementary material S.1 of Finke et al. [36].

According to Kalikmanov [66] and Vehkamäki [111], the thermal state (p, T ) and the
mole fraction Xi of gas species i control the di!erence between the chemical potential µi

v
of a bulk gas molecule of species i and the one of a bulk liquid molecule µi

l :

”µi = µi
v (p, Xi, T ) → µi

l(p, T ) (3.117)

In a supersaturated vapor of species i, ”µi is positive, meaning that the system
favors the conversion of the gas to liquid. In a multi-component ideal gas, each species
i behaves as if it were alone at pressure pi

v = Xip. Therefore, the chemical potential
of the gaseous species i can be approximated as the one of a pure gaseous substance:
µi

v (p, Xi, T ) ↗ µi,pure
v

(
pi

v, T
)
. Thus, Eq. (3.117) can be recast as:

”µi = µi, pure
v

(
pi

v, T
)

→ µi, pure
l (p, T ) (3.118)

Using the Gibbs-Duhem equation, the chemical potential of both the liquid and gaseous
phases can be evaluated as:

dµpure (p, T ) = →S1(p, T )dT + v1(p, T )dp (3.119)
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where S1 and v1 are respectively the entropy and the volume per molecule. Because
the chemical potential is evaluated at a di!erent pressure while maintaining the same
temperature, dT = 0 and equation Eq. (3.119) becomes:

dµpure = v1dp (3.120)

Integrating Eq. (3.120) over the pressure range [p0, p1] gives:
∫ p1

p0
dµpure (p, T ) = µpure (p1, T ) → µpure (p0, T ) =

∫ p1

p0
v1(p, T )dp (3.121)

Using the ideal gas law, the vapor phase v1(p, T ) can be expressed as:

v1(p, T ) = kBT

p
(3.122)

Substituting this last relation into Eq. (3.121) gives for the gaseous phase:

µpure
v (p1, T ) = µpure

v (p0, T ) + kBT ln
(

p1

p0

)

(3.123)

For a liquid phase, v1 = vl = const, Eq. (3.121) thus becomes:

µpure
l (p1, T ) = µpure

l (p0, T ) + v1 (p1 → p0) (3.124)

Rewriting Eq. (3.123) and Eq. (3.124) with p1 = pv and p1 = p respectively and
substituting them into Eq. (3.117), Finke et al. [36] finally obtained for the change in
chemical potential on transition of a pure Al2O3 or Al2O3c molecule from the gaseous to
the bulk liquid phase:

”µ = µpure
v (p0, T ) + kBT ln

(
pv

p0

)

→ µpure
l (p0, T ) → v1 (p → p0) (3.125)

The only di!erence with the present work is that instead of condensing from gaseous
Al2O3 or Al2O3c, here condensation applies only to Al2O3 and not its isomer.

This also means that instead of expressing µpure
v as:

µpure
v =

XAl2O3µpure
Al2O3 + XAl2O3cµ

pure
Al2O3c

XAl2O3 + XAl2O3c
(3.126)

in the present work µpure
v is computed as:

µpure
v = µpure

Al2O3 (3.127)

For a pure species, the chemical potential is equal to the Gibbs free energy G(p, T ) [4, 101],
and at standard pressure p0, it writes:

µpure (p0, T ) = µ0(T ) = G0(T ) = H0(T ) → TS0(T ) (3.128)

where H0 and S0 are respectively the enthalpy and entropy at standard pressure. Ac-
cording to [15, 66, 106, 111], ”µ and S are linked by the relation:

kBT ln S = ”µ ↖ S = exp
(

”µ

kBT

)

(3.129)
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Eq. (3.125) can finally be substituted into Eq. (3.129) to obtain:

S = exp



µpure

v (p0, T ) + kBT ln
(

pv
p0

)
→ µpure

l (p0, T ) → v1 (p → p0)
kBT





=pv

p0
exp

(
µpure

v (p0, T ) → µpure
l (p0, T ) → v1 (p → p0)

kBT

) (3.130)

This formulation of the supersaturation accounts for the physical properties and is a
function of the enthalpy and entropy at standard pressure that are used to compute the
chemical potential using Eq. (3.128). In the current work, both the enthalpy and entropy
are computed using NASA 7 polynomials [1, 84]:

ĥ↑(T )
R̄T

= a0 + a1

2 T + a2

3 T 2 + a3

4 T 3 + a4

5 T 4 + a5

T
(3.131)

ŝ↑(T )
R̄

= a0 ln T + a1T + a2

2 T 2 + a3

3 T 3 + a4

4 T 4 + a6 (3.132)

where ĥ↑(T ) is the molar enthalpy and ŝ0(T ) is the absolute molar entropy.
The coe"cients of these NASA polynomials are obtained from the database of Burcat

and Ruscic [21] in the current work.

By substituting the expression of S given in Eq. (3.130) into Eq. (3.113), the nucleation
rate I is finally obtained. This rate corresponds to the number of nuclei created in a cubic
meter in one second.

After the calculation of the nucleation rate, the last step is to consider the morphology
of the nuclei.

To determine the radius of the created nuclei, the number of molecules in a critical
cluster given in Eq. (3.81) is used:

nc =
(

2
3

σls1

kBT ln(S)

)3

(3.133)

Since in the context of CNT [7], the nucleus is considered as spherical, the radius is
obtained as:

rc = 2
3

r1σls1

kBT ln S
(3.134)

Once the particles have been created through the nucleation process, they are available
for homogeneous condensation. Thereforethey grow at a certain rate that is also given by
Finke et al. [36] and has been used in the current work. The model is presented hereafter
as it is presented in [36].

Kinetically, the condensation process on the nuclei is controlled by collisions. The
growth rate is therefore determined by the type of kinetic environment in which the
particles evolve.
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The environment and flow regime are characterized by the Knudsen number:

Kn = ω

L
(3.135)

where ω is the mean free path and L is a representative physical length scale. Here L
is equal to the radius r of a droplet. According to [14, 36], the mean free path of a gas
mixture can be computed as:

ω̄ =
∑

k

Xkωk (3.136)

with ωk the species-specific mean free path obtained as the ratio of the mean thermal
speed and the average collision frequency:

ωk = kBT c̄k

p
∑

l
Xl⇀σ2

klc̄kl
(3.137)

where c̄k =


8RT/ (⇀Wk) is the mean thermal speed of molecules of species,
σkl = (σk + σl) /2 is the total collision diameter and c̄kl =


8RT (Wk + Wl) / (⇀WkWl)

represents the relative mean thermal speed of molecules of species k and l.
The Knudsen number can afterwards be used to know in which transport regime the

gas is. The collision theory considers the existence of three di!erent transport regimes
[36, 37, 101]:

Kinetic regime: The radius of the droplet is small compared to the mean free path
of the ambient gas, meaning that Kn ↙ 1. In this regime, the droplet exists in a rarefied
medium and its transport properties can be obtained from the kinetic theory of gases. In
this regime, the volumetric growth rate can be expressed as [36]:

(
dv

dt

)

kin
= ⇁v1 (pv → pr

e) ⇀⇔
2⇀m1kBT


v1

v
+ 1 (d + dv)2 (3.138)

The parameter ⇁ is the accommodation coe"cient, it represents the likelihood for a
colliding molecule to stick to the droplet. As explained by Finke et al. [36], in the absence
of data on this coe"cient in the literature, ⇁ = 1 in his work as well as in the current
work.

In Eq. (3.138), pr
e is the equilibrium vapor pressure over a droplet. To obtain this

pressure, the expression of S in Eq. (3.114) is equalized to the one in Eq. (3.130) to
obtain the equilibrium vapor pressure over a flat surface as:

pe = p0 exp
(

→µpure
v (p0, T ) → µpure

l (p0, T ) → v1 (p → p0)
kBT

)

(3.139)

Since the interface at the particle surface is curved, its equilibrium pressure can be ex-
pressed using the Kelvin’s equation as [36]:

pr
e ⇒ pe exp

( 2σlv1

rkBT

)

︸  
⇐1

(3.140)
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3.5 Condensation of gaseous alumina

This expression of pr
e can now be used in Eq. (3.138) to obtain the volumetric growth rate

in the kinetic regime.

Continuous regime: The radius of the droplet is big compared to the mean free path
of the ambient gas, meaning that Kn ∝ 1. In this regime, the continuum hypothesis is
applied. The growth is based on the di!usive transport of the gaseous molecules towards
the droplet surface and can be obtained as the solution of a di!usion equation [36]. The
volumetric growth rate can be obtained using the di!usive flux evaluated at the droplet
surface [36, 37]: (

dv

dt

)

con
= 2⇀dDv1 (pv → pr

e)
kBT

(3.141)

Here, D is the di!usion coe"cient of Al2O3 into the gas mixture and is obtained using
the Hirschfelder and Curtiss approximation [56].

Transition regime: The radius of the droplet is in same order of magnitude than
the mean free path of the ambient gas, meaning that Kn ′ 1. In this regime, the growth
rate is obtained by interpolating the growth rates of the kinetic and continuous regimes
[101]. In the current work, as in Finke et al. [36] the harmonic averaging of Pratsinis [93]
is adopted:

dv

dt
=

dv
dt con · dv

dt kin
dv
dt con + dv

dt kin
(3.142)

As determining for each particle at each iteration the regime using the Knudsen num-
ber would be too costly, and because the interpolation approach of Eq. (3.142) is consistent
with either the kinetic or continuum regimes, it is used for all the particles in the domain
regardless of their size [88, 93]. This simplification was also made in Finke et al. [36].

Integration of nucleation and condensation in AVBP

The nucleation algorithm determines the nucleation rate in each cell of the mesh. The
nucleation rate I expressed in Eq. (3.113) gives the number of nuclei created in a cubic
meter per second. By multiplying this rate by the cell volume Vcell and the time step ”t
we obtain:

Icell,th = IVcell”t (3.143)

where I is the nucleation rate given by Eq. (3.113), Vcell and ”t the time step.
This new rate Icell,th corresponds to the number of particles nucleated in the cell at

each iteration. To create said nucleated particles at a low cost, a statistical approach (see
part 2.2.4) is used where each numerical particle accounts for multiple physical particles
via a statistical weight, allowing to retrieve the population statistics while maintaining a
low computational cost. Therefore, at each iteration, a numerical particle with a numeri-
cal weight φ = Icell is created. In other words, the physical information that is the number
of nucleated particles is contained in the statistical weight. Still the number of numeri-
cal particles may increase too much, and to control this number a merge algorithm (see
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part 2.2.4) is also used, that allows to delete numerical particles without altering statistics.

Furthermore, the mass of alumina removed from the gas phase as well as the energy
generated by the condensation process must be accounted for. However nucleation can
be very fast and consume in one time step more gaseous alumina than available, leading
to negative mass fraction of alumina. Since this is unacceptable, a limiter has been put
in place to prevent to guarantee a positive mass fraction of alumina.

First, the mass of alumina available in the cell is evaluated as:

mAl2O3 = εYAl2O3Vcell (3.144)
Meanwhile, starting from Icell,th that gives the number of nuclei created in an iteration

in the cell,multiplying by the mass of these nuclei that is, the mass of one molecule of
alumina m1 times the number of said molecules in the nucleus nc, the mass of alumina
consumed by the nucleation ṁnucl in one time step is obtained:

mnucl = Icellm1nc (3.145)
By using Eq. (3.144) and Eq. (3.145) at their maximum values, one obtains:

mAl2O3,max = mnucl,max ⇑ εYAl2O3Vcell = Icell,maxm1nc ⇑ Icell,max = εYAl2O3Vcell

m1nc
(3.146)

Thus, the value used in the nucleation is obtained as:

Icell,max = min(Icell,max, Icell,th) (3.147)

Finally, it is important to avoid creating new numerical particles with a null statistical
weight where no gaseous alumina is present, i.e., before combustiont. To do so, no parti-
cles are created in cells with temperature lower than 933 K or mass fractions of alumina
lower than 0.0001.

The mass consumed in the cell expressed in Eq. (3.145) is directly removed from the
gas. The energy given to the system by the nucleation process is obtained by multiplying
the mass by the latent heat of condensation Lv:

Qnucl = ṁnuclLv (3.148)
This heat is added to the gas energy equation.

The volume condensation growth rate is multiplied by the density to obtain the mass
variation as:

dmp

dt cond,th
= dv

dt
· εAl2O3 (3.149)

This mass variation is added to the particle. Similarly to nucleation, a limiter is added
to prevent the condensation process from over-consuming gaseous alumina. The amount
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3.5 Condensation of gaseous alumina

of mass in the cell is determined using Eq. (3.144). Since the mass variation of a particle
determined in Eq. (3.149) is known, the maximum mass variation is easily calculated as:

dmp

dt cond,max
= mAl2O3 = εYAl2O3Vcell (3.150)

The used value for the particle mass variation is:

dmp

dt cond
= min

(
dmp

dt cond,th
,
dmp

dt cond,max

)

(3.151)

Finally, the feedback of condensation on the gaseous phase is done using mass and
energy source terms in the same way as for nucleation described previously.

There is one flaw inherent to the use of such an advanced condensation model in
complex configurations such as those targeted in the current work. In the simplified
configuration of one isolated particle, the region around the particle can be precisely
discretized using a mesh similar to the one presented in figure 1.8. This gives accurate
information on the gaseous environment around the particle and in particular gives the
real value of YAl2O3 at the particle surface to be used in the nucleation and condensation
models. This level of discretization is unachievable in the simulation of aluminum dust
flames, where particles are represented as point sources in the Lagrangian solver. Thus,
the nucleation and condensation source terms that are non linear functions of YAl2O3 are
computed using diluted values of YAl2O3 in the cell containing the particle point source.
This introduces an error in the model and should be kept in mind. A solution to correct
this error without solving the particle surrounding flow is currently studied for future
implementations.
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3.6 Coagulation, agglomeration and radiation of the
alumina products

3.6.1 Description of the physical phenomenon

The combustion product of aluminum combustion is alumina. Indeed, this combus-
tion product comes from two di!erent pathways which correspond to the two combustion
modes of micrometric aluminum particles (see part 3.5.1).

The first pathway corresponds to homogeneous combustion. For this mode, aluminum
evaporates from the liquid particle to burn with the oxidizer, forming intermediate alu-
minum oxides. These oxides are then converted into gaseous alumina that in turn conden-
sates into liquid alumina. In the end, the liquid alumina is the only combustion product.
This pathways is schematized in equation Eq. (3.152).

Al(g) + O2(g) ≃ AlxOy(g) ≃ Al2O3(g) ≃ Al2O3(l) (3.152)

This first burning pathway produces small nanometric alumina particles.

The second pathway is heterogeneous surface reactions. For this type of oxidation, the
liquid aluminum reacts directly with the gaseous oxidizer to form liquid alumina directly
at the surface of the particle that merges with the alumina cap. This second pathway is
schematized in Eq. (3.153)

Al(l) + O2(g) ≃ Al2O3(l) (3.153)

This second burning pathway produces particles that are the size of the alumina cap.
Therefore, the size of these residues is bigger if the surface reactions are predominant dur-
ing combustion, and smaller if the homogeneous gaseous reactions are dominant. Thus,
this residual size can range from nanometric to micrometric.

It is important to note that part of the alumina from gaseous reactions can move and
coagulate on the alumina cap as can be seen on the experimental results of figure 1.7. This
phenomenon increases the size of the alumina cap while reducing the number of alumina
particles created by the gaseous reactions. In their work, Gallier et al. [41] explained these
phenomena by a combination of aerodynamic and thermophoretic e!ects. A simplified
model for mono-particle combustion was proposed and found to be in good agreement
with experiment. A correlation between particle size and the fraction of alumina particles
that is deposited on the alumina cap has been established and can be observed on figure
3.19.
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3.6 Coagulation, agglomeration and radiation of the alumina products

Figure 3.19 – Fraction of produced alumina deposited on a burning aluminum particle of
diameter dAl including thermophoresis only and thermophoresis + di!usiophoresis. Figure
extracted from [41]

It can be observed in figure 3.19 that up to around 8 % of the alumina produced
through gaseous reactions migrate to the alumina cap. This value is for a particle with
a diameter of 20 µm. As the particle diameter increases, this percentage decreases. This
can be explained by the fact that the bigger the particle is, the further away the flame
envelope is from the particle. Thus, the alumina particles that nucleate in the flame are
themselves further away from the particle, decreasing the number that can migrate to the
burning aluminum particle.

This graph is for particles with a higher diameter than the ones used in the current
work. Having such higher diameters means that in the work of Gallier et al. [41], the
surface reactions are negligible and not accounted for. However, in the current work, these
surface reactions play a major role.

It is di"cult to predict exactly the impact of smaller burning particles with surface
reactions on the fraction of alumina particles coming back to the burning aluminum
particle. However, an hypothesis of a reduction in diameter is presented hereafter.

First, for smaller aluminum particles, the flame envelope is closer, which means that
the alumina particles nucleate closer to the particle surface, favoring their migration to
said surface.

Second, as previously discussed, surface reactions products migrate to the alumina
cap, increasing its size. According to Gallier et al. [41], the thermophoresis flow has to go
against the Stephan flow created by evaporation. However, since evaporation is inhibited
by the presence of the alumina lobe on the surface of the aluminum core, this Stephan flow
is expected to be weaker above the alumina cap. Therefore, by limiting the evaporation
flow, the alumina cap makes the migration of combustion products from the gaseous phase
to the particle surface easier, and the bigger it is, the more these products can migrate
to the surface. Therefore, by increasing the alumina cap size, the heterogeneous surface
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reactions may increase the flow of alumina particles going from the flame envelope to the
burning particle.

Finally, still according to Gallier et al. [41], the thermophoresis-induced flow is by far
more important than di!usiophoresis for the migration of alumina particles to the burning
aluminum particle. This is illustrated in figure 3.19. Furthermore, thermophoresis is due
to the existence of a gradient of temperature between the burning particle, that is cooled
down by evaporation, and the surrounding flow. This gradient can be of several hundred
degrees and can reach a thousand degrees depending on the burning conditions of the
particle. But for smaller particles, the energy given by the surface reactions can consider-
ably increase the particle temperature, reducing this gradient and therefore reducing the
thermophoretic-driven flow of alumina products to the burning particle.

Without further investigation, it is di"cult to evaluate which of these three e!ects
induced by smaller burning particles most impact the migration of alumina products to
the alumina cap.

In the current work, this migration has been neglected mainly due to the di"culty
of including such an e!ect in the modeling of a dust flame. Furthermore, adding a ther-
mophoretic e!ect for each particle would increase the calculation cost by a fair amount.
Finally, this phenomenon would only slightly impact the flame properties as well as the
morphology of the combustion products. However, this simplification must be kept in
mind when analyzing the results.

Both the combustion products from the homogeneous gaseous reactions and the hetero-
geneous surface reactions are liquid alumina droplets of di!erent radiuses. They interact
with one another to form bigger particles, as schematized in figure 3.20 and described
hereafter.

Figure 3.20 – Scheme of the process leading to the formation of alumina aggregates.

As long as the particle temperature remains above 2350 K, which is the fusion temper-
ature of alumina, it stays liquid. As these liquid droplets meet one another, they coagulate
into bigger liquid droplets. These spherical droplets are called primary particles.
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These particles lose energy mostly through radiation and solidify as they reach a tem-
perature of 2350 K. Once solid, these particles can still collide with one another but no
longer coagulate into bigger spherical particles. Instead, when these solid particles collide
they form aggregates.

Therefore, the final product of aluminum combustion is constituted of micrometric
aggregates of nanometric primary particles. These aggregates have been experimentally
observed and are visible in figure 3.21.

Figure 3.21 – TEM image of Al2O3 aggregate. Figure extracted from [68].

Finally, the combustion products are in the flame at a high temperature. Thus, they
emit a lot of energy through thermal radiation.

3.6.2 Chosen model and implementation
The theoretical model chosen in the current work for the implementation of the coag-

ulation of the liquid alumina is the exact same one proposed by Finke et al. [36]. It is
described hereafter as it is in the original paper.

Just as for the condensation process, coagulation is driven by the collision theory and
its rate is a function of the regimes that are in the number of three, characterized by the
Knudsen number.

Kinetic regime: For Kn ↙ 1, the coagulation kernel is based on the collision rate
obtained using the kinetic theory of gases. It is therefore calculated in a similar way as the
condensation rate expressed in equation Eq. (3.138). This coagulation rate is expressed
as[36]:

↼kin = Wkin


⇀kBT

2εl


1
v

+ 1
w

(d(v) + d(w))2 (3.154)

with d(w) the collision diameter computed as:
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d(v) = 3


6v

⇀
(3.155)

where Wkin is an enhancement factor that is detailed after.

Continuum regime: For Kn ∝ 1, coagulation is caused by the di!usive Brownian
motion of the collision partners. The coagulation kernel is computed as:

↼con = Wcon
2kBT

3µ

(
C(v)
d(v) + C(w)

d(w)

)

(d(v) + d(w)) (3.156)

where µ in the laminar dynamic viscosity of the gas mixture which is, in the current
work, computed using the Sutherland law (see part 2.1.2). C(v) is the Cunningham slip
correction factor which results from an amendment to Stokes drag law [36]:

C = 1 + Kn
(

1.257 + 0.4 ↑ exp
(

→ 1.1
Kn

))
(3.157)

Transition regime: For Kn ′ 1, the harmonic averaging, proposed by Pratsinis[93],
of the two previous regimes is used to obtain :

↼ = ↼kin ↼con

↼kin + ↼con
(3.158)

Using the same reasoning as for condensation, the harmonic averaging of equation
Eq. (3.158) has been used for all the coagulating particles, just like in the work of Finke
et al. [36].

Enhancement factors

These coagulation kernels are solely based on Brownian motion. The attractive or
repulsive interactions dictated by the interstitial gas or electro-magnetic fields have to
be accounted for. These interactions can either promote or impede collisions, which
is accounted for using the enhancement factors calculated by Finke et al. [36]. The
expression of said factors is given as :

W (r1, r2, T ) = 1 + (⇁1 + ⇁2T ) exp
(

⇁3 ln
(

r1

r2

)2
)

↑ (⇁4 (r1 + r2) + 1)ω5 (3.159)

where the coe"cients of the nonlinear fits are given in table 3.4.
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Coe"cients Kinetic regime Continuum regime
⇁1 1.44 →2.85 ↑ 101

⇁2 →1.26 ↑ 10→4 →1.57 ↑ 10→5

⇁3 →1.29 ↑ 10→1 →1.21 ↑ 10→1

⇁4 4.84 ↑ 105 3.54 ↑ 106

⇁5 -0.5 7.81 ↑ 10→2

Table 3.4 – Coe"cients of the nonlinear fits of the coagulation enhancement factors. Table
extracted from [36]

Using these coe"cients in equation Eq. (3.159) gives the enhancement factors that can
be used to compute Wkin and Wcon in equations Eq. (3.154) and Eq. (3.156).

The calculated value of ↼ in equation Eq. (3.158) is used in the Lagrangian tracking
approach in the same way as in the work from Gallen et al. [39]:

1. In each cell, ↼ is computed for each pair of particles and the maximum ↼max is
determined.

2. The acceptance-rejection method [42] is used: coagulation of a given pair of particles
occurs if r ∞ ↼/↼max, where r ∈ [0, 1] is a random number. If not, the pair does not
coagulate, the operation is repeated until one coagulating pair is found [71].

3. The selected coagulation event is realized using the constant-number method [71]
which is detailed below.

This coagulation process has been first implemented and used in AVBP by Lucien
Gallen for the treatment of soot particles coagulation. The model is detailed in his PhD
manuscript [38] and is described similarly hereafter.

The coagulation process follows the constant number approach, meaning that the
number of numerical particles remains unchanged while their size and numerical weight
are modified. A coagulation event for a pair of particles (i, j) characterized by their
volume (vi, vj) and their numerical weight (φi, φj) is described in figure 3.22.

Figure 3.22 – Description of a coagulation event between two numerical (weighted) par-
ticles. Figure extracted from [38].
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In figure 3.22, two cases are considered depending on the numerical weights of the
colliding particles:

1. Both particles have the same numerical weight (φi = φj): half of the physical par-
ticles represented by the numerical particles collide. For both colliding numerical
particles, coagulation induces a reduction by half of their numerical weight and a
gain in mass which becomes the sum of the mass of both particles.

2. Di!erent numerical weights (φi ↓= φj): the entirety of the physical particles repre-
sented by the numerical particle with the smaller weight collide. After collision, the
particle i has a numerical weight of φi → φj and the particle j sees an increase in
mass to ensure total mass conservation.

This process allows the coagulation process to be e"cient in terms of computational
cost while not a!ecting the density of the alumina particle population.

According to Gallen [38], an important limitation of such model is that it may un-
derestimate the collision rate if the control volume and the numerical timestep are too
big. This, in the case of Gallen [38] was not a problem since the simulation of turbulent
sooting flames requires a fine mesh discretization, which induces in a compressible flow a
very small acoustically-driven timestep.

In the current work, for aluminum combustion, the very sti! chemistry imposes a very
small chemically-driven timestep coupled with a fine mesh. Therefore, the coagulation
model is used in the correct setting.

Finally, due to a lack of time, no thermal radiation model for the combustion products
has been implemented. If the impact on the flame characteristics is less important than
for the sub-models implemented, it plays a major role in predicting the morphology of
the combustion products. This is why a thermal radiation sub-model should be the next
sub-model to be implemented.

In this chapter, the aluminum combustion phenomena have been studied in great detail.
Each phenomenon involved in aluminum combustion has been discussed, along with the
role it plays during combustion and their modeling. The implementations of these models
in the current work has been presented. Several of these models have been developed
for an isolated burning particle and were never used in a global model geared toward
the numerical simulation of more complex dust flames. This will be done in the next
chapters.
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Chapter 4

Simulation of the combustion of an
isolated aluminum particle
Previously, the phenomenology of aluminum combustion, as well as its implementation
have been detailed. The obtained model is now first tested on the combustion of isolated
aluminum particles to validate it as well as studying the many aspects implicated in this
type of combustion.

Overview
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4.1 Computational configuration
In this chapter, the combustion of an isolated aluminum particle is computed. The

aim here is to validate the implemented model and to study the key aspects of this type
of combustion.

To do so, the numerical particle is introduced into a cubic domain constituted of
a single cubic cell of dimension L ↑ L ↑ L with L = 0.6 mm and a domain volume
V = L3 = 0.216 mm3. The particle is introduced at an initial temperature Tp,i in air at
temperature Tg and pressure p as illustrated in figure 4.1.

Figure 4.1 – Schematic of the single particle case used in this chapter

To obtain stoichiometry, the statistical weight of the numerical particle is adjusted.
The determination of this statistical weight is detailed hereafter for a particle with a
diameter of 7 µm at Tg = 2000K.

The global reaction for aluminum combustion is:

4Al + 3O2 ≃ 2Al2O3 (4.1)

The mass stoichiometric ratio can therefore be computed as:

s = YO2

YAl

)

st
= WO2

WAl

ϑO2

ϑAl

)

st
= 0.03199

0.02698 · 3
4 ↗ 0.89 (4.2)

Then, the equivalence ratio is equal to:

! = s
YAl

YO2

= s
mAl

mO2

(4.3)

The total mass of oxygen can be easily obtained because the gas phase is air:

mO2 = YO2ma (4.4)

where ma is the mass of air in the domain computed using the ideal gas law:

PV = nRT ⇑ ma = PV Wa

RT
= 3.7626 · 10→11 kg (4.5)
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The total mass of aluminum in the domain can be expressed as:

mAl = npmp,Al (4.6)

where np is the total number of particles in the domain while mp,Al is the mass of aluminum
contained in each particle. According to Zhang et al. [114], the thickness of the external
alumina layer is 4 nm. Therefore, for a particle of 7 µm in diameter, which is the diameter
used in the present work, unless otherwise mentionned:

Vp = Vp,Al + Vp,Al2O3 (4.7)

where Vp,Al and Vp,Al2O3 are the volume in each particles of aluminum and alumina re-
spectively which, because the aluminum core is spherical, can be computed as:

Vp = 4
3⇀(3.5 · 10→6)3 = 1.7959 · 10→16 m3 (4.8)

Vp,Al = 4
3⇀(3.496 · 10→6)3 = 1.7898 · 10→16 m3 (4.9)

Vp,Al2O3 = Vp → Vp,Al = 6.1 · 10→19 m3 (4.10)

The mass of aluminum mp,Al and alumina mp,Al2O3 in each particle are easily obtained
as:

mp,Al = Vp,Al · εAl = 1.7898 · 10→16 · 2236 = 4.0020 · 10→13 kg (4.11)

mp,Al2O3 = Vp,Al2O3 · εAl2O3 = 6.1 · 10→19 · 3000 = 1.83 · 10→15 kg (4.12)

mp = mAl + mAl2O3 = 4.0203 · 10→13 kg (4.13)

From these masses, the mass fractions of each species in each particle can be computed:

Yp,Al = 4.0020 · 10→13

4.0203 · 10→13 = 0.9954 (4.14)

Yp,Al2O3 = 1 → Yp,Al = 0.0046 (4.15)

Thus, it is interesting to note that for most of the cases in the current work, the particle is
composed of 99.54 % of aluminum in its initial state. This initial composition could there-
fore be neglected in the simulations without having an important impact on the results.
Since the ability to account for both species has already been implemented to account for
presence of the lobe (see part 3.2), it is easy to account for the initial dual-composition
of the particle.

Finally, Eq. (4.3) can be rewritten and using the values previously computed for a
particle with a diameter of 7µm at Tg = 2000K as an example gives:

! = s
npmp,Al

mO2

⇑ np = !mO2

smp,Al
= 24.53 ptcls (4.16)

Therefore using the stochastic approach, the number of physical particles can be ad-
justed to the di!erent conditions needed without having to change the size of the domain
or the number of numerical particles.
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4.2 Temperature and mass fractions
The first study case is at a gaseous temperature of 2000 K with an initial particle

temperature of 300 K. The aim here is to replicate a particle transported by fresh gases
arriving in a hot flame front. Figure 4.2 represents the evolution in time of the temperature
of both the aluminum particle and the gas phase, as well as the mass fractions of both
aluminum Yp,Al and alumina Yp,Al2O3 in the particle.

Figure 4.2 – Evolution of the gas temperature and the mass fractions of Al and Al2O3
during the combustion of an aluminum particle. The black vertical lines delimit the
combustion time.

Figure 4.2 shows that the gas temperature starts at 2000 K but slowly decreases as
the particle absorbs energy during its preheating phase. When the particle temperature
reaches 933 K, the heterogeneous surface reactions start, which contributes to an increase
of particle temperature. The surface reaction consumes liquid aluminum and gaseous
oxygen and produces liquid alumina on the particle surface. Therefore, the aluminum
mass fraction decreases, while the alumina mass fraction increases.

The aluminum particle temperature keeps increasing while the gas temperature keeps
decreasing until a minimum is reached at 1579 K. From this point, the particle in turn
heats up the gas thanks to the surface reaction which produces heat. Once the particle
reaches the temperature of 1718 K, which corresponds to the empirical ignition tempera-
ture, the evaporation process starts and so do the homogeneous gaseous reactions.

The increase of the particle temperature slows down as the evaporation rate increases,
therefore absorbing a lot of the energy generated by the surface reaction. Meanwhile
the evaporated aluminum keeps reacting in the gaseous phase. Thus, the temperature
of the gaseous phase continues to increase and becomes greater than the temperature of
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the particle, which then receives again heat from the gas. Finally, both gas and particles
reach the same temperature of 3569 K.

After the particle has finished burning and its mass fraction of aluminum is zero, the
gas temperature keeps slowly increasing. This is due to the condensation model that slows
down when the gaseous mass fraction of alumina decreases. Moreover, the concentration
of Al2O3 in the gas has a major impact on the gaseous chemistry and the gas temper-
ature. We believe that this is unrealistic and an improvement in the implementation of
the condensation model proposed in the current work should be proposed in future work.
However, this only creates a minor temperature variation.

Please note that in the current case, the particle is not transferred to the second
subset. This is because there is no need to reduce calculation cost in 0D by transfering
the particle to the second subset. For the simulations in Chapter 5 and of the current
work, once the aluminum particle has fully become an alumina particle, it is transferred
to the second subset.

4.3 Characteristic combustion time
As explained in part 1.1, the characteristic burning time for an isolated aluminum

particle has been experimentally studied and is considered as a key result for this type
of combustion. From these experimental results, several correlations have emerged to
empirically predict the characteristic combustion time as a function of the initial values
of gaseous environment composition, temperature or pressure. It is interesting to com-
pare the characteristic combustion time obtained in the current work to these empirical
relations.

An aluminum particle with a smaller diameter than 1 µm exclusively burns through
heterogeneous surface reactions while for particles with a diameter larger than 10 µm,
homogeneous gaseous reactions are dominant. For the nanometric particles, Huang et al.
[58] proposed a correlation but this is not applicable here due to the presence of gaseous
reactions.

For particles with a diameter higher than 10 µm, the correlation proposed by Beck-
stead et al. [11] is often used. This characteristic combustion time can be expressed for
combustion in air as:

ςBeckstead = 0.00735
d1.8

p

XO2T 0.2
g

(4.17)

with dp in µm, and XO2 the oxygen mole fraction. The characteristic combustion time
ςBeckstead is expressed in ms.

As explained in part 1.1, a more recent formulation for the characteristic burning time
of aluminum has been proposed by Braconnier et al. [18], which for combustion in air is
expressed as:

ςBraconnier =
0.002d1.75

p

(XO2 → 0.032XN2)P 0.007 (4.18)
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with dp in µm, XO2 and XN2 the oxygen and nitrogen mole fraction and P the pressure
in Pascal.

For the particles studied in the current work, both the surface and gaseous reactions
come into play and none of the previously mentioned correlations are directly applicable.
It is indeed di"cult to obtain an expression for the characteristic combustion time that
would cover the transition regime where both the surface reactions and the gaseous reac-
tions have an impact. However the comparison to the combustion time obtained in the
current work and delimited by the black lines in figure 4.2 is interesting. It is found equal
to ςnum = 0.25 ms, i.e., close to the values of 0.254 ms and 0.301 ms obtained with the
correlations proposed by Beckstead and Braconnier, respectively. This constitutes a first
validation of the proposed model.

It is important to keep in mind that both of these correlations are here outside their
application range, but not by a lot. Yet, they give similar results to the characteristic
combustion time obtained in the current work.

4.4 Heat release and temperature
Let us now quickly consider the heat release rate plotted in figure 4.3.

Figure 4.3 – Evolution of the gas temperature and the heat release rate during the com-
bustion of an isolated aluminum particle.

The initial decrease in temperature in figure 4.3 is due to the warming up of the
particle. As the evaporation starts, the heat release rate becomes increasing extremely
fast as the evaporation is sustained by the heat from the surface reactions while the
gaseous reactions are extremely fast. The total heat release rate finally peaks at 7.87
GW/m3 at t = 0.117 ms. Finally, the total heat release rate then decreases progressively
to reach zero while the gas temperature reaches its maximum.
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4.5 Evolution of the aluminum particle, importance
of the surface reactions

The general morphology of the burning aluminum particle is studied here. To do so,
the evolution of the diameter of the particle and the liquid mass fractions of aluminum
and alumina are plotted in figure 4.4

Figure 4.4 – Evolution of the particle diameter and the mass fractions of aluminum and
alumina in the particle.

In figure 4.4, at first, the surface reactions consume the liquid aluminum with gaseous
oxidiser to produce liquid alumina on the particle. Thus, the mass of aluminum atoms
in the particle stays constant while gaseous oxygen is absorbed to form alumina, in-
creasing the diameter of the particle. Furthermore, alumina has a greater density at
εAl2O3 = 3000kg · m→3 than aluminum at εAl = 2236kg · m→3, therefore, even as the evap-
oration slowly begins to happen, the particle diameter keeps growing. Once the gaseous
reactions become clearly dominant, the radius of the particle starts decreasing. It keeps
doing so as all the aluminum is either evaporated or consumed by surface reactions.

As the particle reaches its final diameter dp = 4.44 µm, all the aluminum has been
consumed while only the alumina from the surface reactions and the initial external layer
remain. In reality, a part of the condensed alumina in the gas phase would migrate
to the particle lobe. Since it is not the case here, and the quantity of initial alumina
from the external layer is known, the obtained final diameter may be used to deduce
which percentage of the combustion has happened in the form of surface reactions or
gaseous reactions. Indeed, as calculated in part 4.1, the initial mass of aluminum in
a particle is minit

p,Al = 4.0020 · 10→13 kg and the initial mass of alumina in the particle is
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minit
p,Al2O3 = 1.83 · 10→15 kg. The global reaction for aluminum at stoichiometry is:

4Al + 3O2 ≃ 2Al2O3 (4.19)

meaning that at stoichiometry, which is the case here, 4 moles of Al will produce 2 moles
of Al2O3. Therefore, the total amount of Al2O3 produced can be computed as:

nend
Al2O3 = 1

2nend
Al = 1

2
minit

p,Al

WAl
= 7.4165 · 10→12mol (4.20)

Meanwhile, the obtained final quantity of Al2O3 in the particle can be computed from
the final diameter as:

nend
p,Al2O3 =

Vend
p,Al2O3 · εAl2O3

WAl2O3

= 1.348 · 10→12mol (4.21)

Since all the obtained alumina in the particle is either the product of the surface reactions
or the initial alumina layer from before the combustion, the percentage of the part of
alumina created from these surface reactions can be obtained as:

nend
p,Al2O3 → ninit

p,Al2O3

nend
Al2O3

· 100 = 17.9 % (4.22)

According to Glorian et al. [47], for particles with an initial diameter of 10 µm, the surface
reactions account for 28 % of the combustion (see figure 1.12a). Since the importance of
the surface reactions diminishes as the initial diameter of the particles gets smaller, in the
current case, the surface reactions should account for a little bit more than 28 % of the
combustion. Therefore, with only 17.9 % of the combustion coming from surface reac-
tions, the model implemented in the current work undermines the importance of surface
reactions.

Let us now analyze further the impact and behavior of these surface reactions.

4.6 Key role of heterogeneous surface reactions

To better understand the role of these surface reactions, the energy source terms for
surface reactions Q̇HSR, thermal transfer Q̇th and evaporation Q̇evap are plotted in figure
4.5.
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Figure 4.5 – Evolution of the energy source terms for surface reactions Q̇HSR, thermal
transfers Q̇th and evaporation Q̇evap.

In figure 4.5, we can see the role of the three source terms having an impact on the
particle temperature.

The first source term Q̇HSR corresponds to the heating of the particle by heterogeneous
surface reactions (HSR) and is computed using equation Eq. (3.49). The second source
term Q̇th corresponds to the thermal transfer of the particle with the gaseous phase. This
transfer includes conduction, convection and radiation. The last source term Q̇evap is the
energy required for evaporation.

At first, as can be seen in figure 4.2, the particle temperature is lower than the gaseous
temperature. Thus, Q̇th is positive as the gas is heating up the particle. The term Q̇HSR
starts growing at t = 2.05 · 10→2ms, heating the particle, this term is always positive. Due
to this last source term, the particle temperature goes higher than the temperature of the
gaseous phase at t = 6.27 · 10→2ms. Therefore, Q̇th becomes negative at that time as the
particle is now giving energy to the gas phase. It is interesting to note that as Q̇HSR
increases, so does proportionally inversely Q̇th, meaning that the excess energy of the sur-
face reactions is indirectly heating up the gas. As expected, the evaporation source term
Q̇evap is negative and largely dominated by Q̇HSR, highlighting the fact that the evapora-
tion is accelerated by the surface reactions. Finally, when the gas temperature becomes
higher than the particle temperature, Q̇th becomes positive again until both temperatures
equilibrate with one another.

This underlines the double role of heterogeneous reactions. First, they indirectly heat
the gas phase. Second, they accelerate considerably the evaporation of the particle by
heating it.
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4.7 Combustion without heterogeneous surface reac-
tions

A simple way to study the impact of surface reactions on the simulation is to simply
remove them and see the direct e!ect. To compare with and without surface reactions, we
need to modify the initial conditions because if we consider a particle at a temperature
Tp = 300K in a gaseous phase at a temperature Tg = 2000K, the combustion simply
cannot happen as illustrated on figure 4.6

Figure 4.6 – Evolution of the gas and particle temperature without heterogeneous reac-
tions.

The figure 4.6 is shown here to underline the importance of the surface reactions in
the ignition process. Indeed, at 933 K, the aluminum core of the particle melts which
leads to an increase in its volume which in turn starts breaking the outer alumina layer.
The partially exposed aluminum surface can then react via surface reactions therefore
increasing the particle temperature up to 1718 K, which corresponds to the empirical
ignition temperature of aluminum. In the simulation without surface reactions, the gas
temperature decreases as it heats the liquid particles. The temperature of said particle in-
creases to reach a temperature of 933 K where in the complete model the surface reactions
would start heating up the particle to the empirical ignition temperature, as illustrated
in figure 4.2. In the current simulation, the surface reactions are not accounted for and
nothing happens past Tp = 933K to further heat the particle. The particle temperature
keeps rising due to heat exchange with the gas phase until its temperature reaches an
equilibrium with the gas phase at 1542 K, which is lower than the ignition temperature.
Therefore, the surface reactions play a key role in the ignition of the particle.
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4.7 Combustion without heterogeneous surface reactions

To compare the combustion with and without surface reactions, the initial conditions
need to be changed in order to reach the ignition temperature even without surface reac-
tions. To do so, the initial temperature of the particles have been modified from 300 K
to 2000 K so the particles can ignite at t0.

The obtained comparison between the cases with and without heterogeneous surface
reactions (HSR) is visible in figure 4.7.

Figure 4.7 – Evolution of the diameter and temperature of an aluminum particle burning
with and without heterogeneous surface reactions (HSR).

In figure 4.7, the impact of the surface reactions is clearly visible. Indeed, without
the surface reactions, the particle temperature first drops 48 degrees due to the energy
required by the evaporation process. Once the homogeneous gaseous reactions start, they
heat up the particle which compensates for evaporation. The particle then slowly heats
up as it keeps burning up to 2422 K where it finishes evaporating.

In comparison, the temperature of the burning particles with surface reactions rises
sharply due to the heat provided by these reactions. The evaporation is therefore also
much faster and so are the gaseous reactions that are controlled by this evaporation rate.
This results in a much faster global combustion rate and shorter characteristic combustion
time.

For the characteristic combustion time without surface reactions, let us consider the
combustion to have ended when all the aluminum has evaporated because of the fast
chemistry. The only remaining of the particle burning without surface reactions is the
alumina from the initial alumina layer while the remaining of the particle with surface
reactions also contains the alumina produced by these reactions. In these conditions, the
combustion time for particles with surface reactions is 0.218 ms versus 0.978 ms without
surface reactions.
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4.8 Impact of condensation of alumina on the flame
As explained in part 3.5, condensation of alumina plays a major role in aluminum

combustion. First, the energy released by the condensation process itself increases the
flame temperature by several hundred degrees. Then, by removing alumina from the
gas phase, it enhances the conversion of all the other intermediary oxides into alumina
through exothermic reactions.

Regarding the energy generated by the condensation process itself, the heat release of
the nucleation and condensation processes are plotted and compared to the gaseous heat
release in figure 4.8.

Figure 4.8 – Evolution of the heat release rates (Hrr) due to the gaseous reactions, nucle-
ation and condensation.

In figure 4.8, the heat release rate of the gaseous reactions is compared to the heat
release rates of nucleation and condensation that account together for the energy released
by the global condensation of the gaseous alumina into liquid droplets.

First, if nucleation is essential for condensation to happen, the associated heat release
rate is negligible in comparison to condensation and reactions. Therefore this contribution
could be neglected with almost no impact on the flame.

Secondly, the heat release rate due to condensation is about half the heat release due
to the gaseous reactions. This highlights the importance of accounting for the heat release
rate of condensation.

Another way of directly measuring the impact of condensation on the combustion is
to simply remove it. In figure 4.9, the combustion characteristics of an isolated aluminum
particle in the same conditions as in figure 4.2 but without nucleation and condensation,
are presented.
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4.8 Impact of condensation of alumina on the flame

Figure 4.9 – Evolution of the gas temperature and the mass fractions of Al and Al2O3
during the combustion of an aluminum particle without nucleation or condensation.

Comparing figure 4.9 with figure 4.2 shows that condensation most important impact
is on the final temperature, which is of 3114 K without condensation vs 3569 K with
condensation. This means that condensation is directly and indirectly responsible for a
rise in temperature of 455 K in the present case. "Directly" refers to the energy released
by the condensation itself and visible in figure 4.8 while "indirectly" refers to the impact
that condensation has on the gaseous chemistry.
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4.9 Final equilibrium and condensation
It is of high interest to study the concentration of species during the reactions. Fur-

thermore, a major argument for aluminum combustion as a renewable fuel is the fact that
the only combustion product remaining is liquid alumina at stoichiometry (see part 3.5).

Figure 4.10 – Evolution of the gaseous species mass fractions during the combustion of
an aluminum particle.

The evolution of the species mass fractions during the combustion is plotted in figure
4.10. As may be seen, at the end of calculation, several species and especially AlO remain
in the gas phase with mass fractions up to 0.03 despite the fact that there is no longer any
gaseous alumina in the gas phase. There should not be any residuals in the gas phase once
the combustion is over. In the literature, the kinetic scheme is used with an instantaneous
condensation reaction (see table 3.3 as an example) of the type:

Al2O3(g) ≃ Al2O3(l) (4.23)

with Arrhenius coe"cients A = 1014 and an activation energy of zero. Trying to un-
derstand why residuals are left in the current work, we have done a similar simulation
for which the results are plotted in figure 4.10. This time, we did not use our nucle-
ation/condensation model and instead used a similar instantaneous condensation reaction
as what is used in the literature. The only di!erence is that the Arrhenius coe"cients
have been decreased down to A = 1010 to prevent numerical sti!ness. The gaseous species
mass fractions obtained with this instantaneous condensation are available in figure 4.11.
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4.9 Final equilibrium and condensation

Figure 4.11 – Evolution of the gaseous species mass fractions during the combustion of
an aluminum particle using an instantaneous condensation reaction instead of the model
proposed in the current work.

Figure 4.11 shows that by using an instantaneous condensation and therefore main-
taining a mass fraction of alumina to zero, the mass fractions of residual intermediates are
far lower. Indeed, except for O, which does not contain aluminum, all the intermediate
mass fractions never rise above 0.0075 and are null at the end of the simulation.

This tends to indicate that the presence of residual species at the end of the simulation
is due to the fact that the oondensation model allows for the presence of gaseous alumina
to exist in small quantities in the mix. Because alumina exists in the gaseous phase, the
chemical equilibrium allows for the creations of intermediates in larger quantities. Since
the current kinetic scheme was not designed to be used with such condensation model,
it does not include chemical pathways to remove the intermediates once created in large
quantities.

Further investigation is needed, but if this hypothesis is correct, a modification to this
scheme to remove the presence of aluminum intermediates in the air once created in larger
quantities could be of high interest to ensure a correct final equilibrium.

These results highlight the major influence of the condensation of gaseous alumina on
the chemical equilibrium and therefore the combustion. Thus, it is important to have as
precise and realistic of a condensation model as possible.

Another way of highlighting the importance of the condensation on final chemical
equilibrium is to simply remove any condensation model.
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Figure 4.12 – Evolution of the gaseous species mass fractions during the combustion of
an aluminum particle without any condensation model.

In figure 4.12, the condensation of alumina has been removed. Since there is no removal
of alumina from the gas phase, the final chemical equilibrium is drastically modified. Thus,
the final gaseous temperature of 3114 K is 455 K lower than the final temperature obtained
with the condensation model. As explained in more detailed in part 3.5, this is due to
two factors. Firstly, the energy of condensation is no longer available because the alumina
stays in the gas phase, amounting for close to 3 % of the gas phase. Secondly, if alumina
is not removed from the gaseous phase, other intermediates are not transformed into this
final product through exothermic reactions. All the intermediates present significantly
higher final concentrations with Al2O2 accounting for than 20 % of the gaseous mass at
the end of combustion. Transforming these intermediates into alumina would yield a lot
of energy to the system.

4.10 Morphology of the combustion products
One important improvement of the current model compared with the models available

in the literature is that it can track the evolution of the morphology of the condensed
combustion products. Indeed, the current model describes the coalescence of particles.
Coagulation is not needed because the temperature never goes below 2350 K, which is
the fusion temperature of alumina. Therefore, the particles do not aggregate.

The impact of nucleation, condensation and coagulation are discussed in the current
part. The obtained results are not compared here with the experimental results in the
literature. This will be done in part 5.9 alongside the results obtained on a 1D flame
because the latter are more comparable with the experimental results.
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4.10 Morphology of the combustion products

Figure 4.13 – Evolution of the average diameter of the alumina particles and the alumina
gaseous mass fractions with di!erent parts of the model activated.

Figure 4.13 enables the comparison of the impact of nucleation, condensation and co-
agulation on the average diameter of the alumina particles and the alumina gaseous mass
fraction.

A first conclusion is that with nucleation only, the averaged particle diameter stays
constant at 0.48 nm. In this case, the particle diameter is not modified by condensation
or coagulation and corresponds to the diameter of the nucleated particles. This diameter
is predicted by classical nucleation theory (CNT) but is capped at a minimum of 0.48
nm which corresponds to the diameter of an alumina molecule. This is consistent with
the results obtained in the literature by Savel’ev et al. [98] who underlined that CNT
incorrectly describes this parameter.

As expected, both condensation and coagulation increase the diameter of the parti-
cles. Coagulation brings a stronger increase than condensation with a diameter of 18.35
nm vs 2.27 nm at t = 0.6 ms. This is due to the extremely high particle density in the
medium which considerably increases the probability of collision. Combining both con-
densation and coagulation further increases the particle diameter to a diameter of 44.5 nm.

Since the global condensation only consumes alumina, the gaseous mass fraction of
alumina plotted in figure 4.13 gives information regarding the speed and intensity of global
condensation. It can be observed that nucleation alone consumes far less alumina than
condensation. This is in adequacy with the results of figure 4.8. Indeed, the quantity
of matter transformed to liquid is directly proportional to the heat release rate, which is
much weaker for nucleation than for condensation.

The curve of alumina mass fraction with nucleation only is superposed to the one with
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both nucleation and coagulation. This is expected because coagulation does not trans-
form gaseous alumina into liquid. But it does not mean that its impact is limited to an
increase in particle size. By increasing the average particle size while reducing the particle
population and conserving the global mass of liquid in the domain constant, coagulation
reduces the sum of the surfaces of all the particles in the domain. Meanwhile, the speed
of the condensation model is a direct function of this total surface of the particles in the
domain and the condensation speed decreases as the total surface does the same. This
explains why in figure 4.8, the surface mass fraction of alumina is lower with only conden-
sation than with both condensation and coagulation because more alumina is consumed
in the first case.

In conclusion, both condensation and coagulation greatly influence global condensation
speed and products morphology. Meanwhile, nucleation obviously can not be neglected
because it creates the necessary nuclei without which the two first phenomena can not
happen. Thus, it is important to implement all three sub-models.

In this first attempt to simulate aluminum combustion, the phenomena, as well as the
corresponding sub-models, implicated in the combustion of an isolated aluminum par-
ticle have been applied and studied. The essential roles of global condensation and
heterogeneous surface reactions have been demonstrated. Furthermore, the importance
of having a more realistic condensation model has been highlighted and the importance
of accounting for nucleation, condensation and agglomeration has been demonstrated. If
the implemented sub-model for surface reactions under-predicts the importance of these
reactions, it greatly increases combustion speed, which is consistent with previous results
in the literature. Moreover, the global model produces gaseous aluminum residues which
should have been condensed into liquid alumina, reasons and possible corrections have
been proposed. Despite these points that need improvements, the final temperature and
characteristic combustion time are coherent with the results available in the literature.
This is very encouraging and needs to be tested on more complex dust flames.
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Chapter 5

Results: 1D dust flame
In the previous chapter, the behavior of an isolated burning particle has been studied
in detail. This allowed for a better understanding of the importance of each of the
individual phenomena involved in aluminum combustion. In the current chapter, 1D
dust flames are simulated to validate the implemented combustion model and to study
aluminum dust flames in more detail.
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5.1 Computational configuration
To simulate 1D aluminum flames, a simple linear domain has been used. It is composed

of square cells in line as illustrated in figure 5.1.

Figure 5.1 – Schematic of the 1D mesh

As illustrated in figure 5.1, the cell edges are 0.05 mm long and their volume is there-
fore 0.0025 mm2. There is a total of 600 cells for a total domain length of 30 mm. A
point injection is used for the aluminum particles that are injected at a temperature of
Tp = 300 K in air, which is at a similar temperature of Tg = 300 K. The upper and lower
parts of the domain are symmetries.

Unless precised otherwise, the flame is at stoichiometry. The injection parameters are
computed as follows to meet this condition.

The global reaction for aluminum combustion is given in Eq. (4.1) while the mass
stoichiometric ratio is equal to s = 0.89 as computed in Eq. (4.2). The air mass flow is
first computed as:

ṁair = εair · uair · S (5.1)

where εair is the air density which is equal to 1.177 kg/m3 at Tg = 300 K, uair is the gas
speed at the inlet, and S is the injection section. The oxidiser mass flow is easily retrieved
from the air mass flow:

ṁO2 = ṁair · YO2 (5.2)

Finally, the mass flow of aluminum for a given equivalence ratio can be obtained as:

! = s
ṁAl

ṁO2

⇑ ṁAl = !
s

· ṁO2 (5.3)

5.2 Ignition process
The combustion of aluminum is more complex and unstable than the combustion of

classical hydrocarbons. This is mainly due to a much higher flame temperature as well
as a much sti!er chemistry (see part 3.3.3). Therefore, the stabilisation of aluminum
dust flames is no easy task and the numerical ignition procedure can easily lead to code
crashes.

Thus, strategies have been developed in the current work to ignite flame as smoothly
as possible. For the 1D flames, the following ignition, illustrated in figure 5.2, has been
used.
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Figure 5.2 – Schematic of the ignition process for a 1D aluminum flame.

The ignition process schematized in figure 5.2 is generally similar to the one used for
the ignition of liquid hydrocarbon. However, the sti!er properties of aluminum combus-
tion require adjustments to achieve a softer ignition. The domain is initially filled with
air at a temperature of Tg = 300 K on the left side and at Tg = 2000 K on the right side,
with a linear temperature transition in between. Lagrangian particles are injected along
a line that goes from the cold air zone to the beginning of the hot air zone, thus crossing
the smooth temperature transition region, where particles are in contact with both high
temperature and oxidizer, allowing their ignition.

As this could still be too sti!, artificial viscosity was applied in the whole domain
during ignition and removed once the flame has been stabilised, therefore not a!ecting
the results shown hereafter.

5.3 Properties of 1D aluminum dust flame at stoi-
chiometry

In the case studied here, the flame is at stoichiometry and the initial aluminum particle
diameter is dp = 7 µm. The flame is stabilised by injecting the fresh air with particles at
the flame speed which is here 29.67 cm · s→1 and is further discussed in part 5.5.

Figure 5.3 – Visualization of a 1D aluminum-air flame front: field of temperature and
particles colored by their aluminum mass fraction.

In figure 5.3, a visualization of a 1D aluminum flame is given, with the gaseous tem-
perature field in the background ranging from 300 K in the cold air to more than 3100 K
in the hot air. The cells are represented by the green squares. The black particles are the
fuel particles and the dispersed white particles are the nucleated alumina particles.

The aluminum particles are injected at a point in the middle of the left border and
penetrate far in the domain along a linear trajectory, while their content in aluminum
decreases. The radius of these particles goes from 3.5 µm to 2.1 µm as the particles evap-
orate. Once all the aluminum contained in the particle has evaporated, only alumina
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remains and the particle is transferred to the second subset of particles (in white in figure
5.3) that contain alumina only.

The alumina particles are dispersed in the cells because they are randomly nucleated
in each cell. They start to appear in the flame as soon as gaseous alumina is produced
by the gaseous reactions and thus available for nucleation.

The results are further detailed with the evolution of gas temperature and heat release
rate plotted in figure 5.4.

Figure 5.4 – Evolution of the gas temperature (in blue) and of the heat release rate (in
red) across the flame.

The gas temperature initially at 300 K starts to rise at position 9.2 mm. Because the
particles need first to liquefy and then reach a temperature of 1718 K to evaporate, the
heat release rate stays zero in this heating up and melting phase. As soon as evaporation
starts, the heat release rate sharply rises to reach a peak of 4.03 GW/m3 which brings a
huge amount of energy to the flame. Thus, the temperature further increases to reach a
burnt gas temperature of 3127 K. This flame temperature is slightly lower, but in good
agreement with the experimental measurement from Lomba et al. [82] who obtained an
experimental temperature of 3146 ± 180 K in similar conditions, as shown in figure 5.5.
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5.3 Properties of 1D aluminum dust flame at stoichiometry

Figure 5.5 – Flame temperature as a function of the aluminum concentration for dust
flames. Figure extracted from [82]

It is important to mention again that thermal radiation of the condensed combustion
products was not included in the current work. In reality, the temperature after the flame
front should decrease as these alumina droplets radiate.
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5.4 Evaporation and growth of alumina particles.
The evolution of the aluminum and alumina particle diameters are illustrated in figure

5.6.

Figure 5.6 – Evolution of heat release rate and the averaged particle diameters dp of both
aluminum and alumina across the flame.

In figure 5.6, it is interesting to see the transfer of mass from the first subset of alu-
minum particles to the second subset of alumina particles through the flame. Indeed,
as the heat release rate increases, i.e., as the particles enter the flame zone, they start
evaporating and their diameter therefore decreases.

At the same position, the homogeneous gaseous reactions produce gaseous alumina
that condensates as it is produced. Thus, the averaged alumina particles diameter of the
second subset increases. This is due to both the global condensation of the combustion
products and the coagulation of the particles with others.

It can be noted that the heat release rate, i.e., the gaseous reactions, starts rising
slightly before the particle starts evaporating. This is simply due to a small di!usion of
gaseous aluminum upstream which, due to the very reactive chemistry, reacts despite its
low amount.

5.5 Laminar flame speed
The 1D aluminum flame is the easiest configuration to study the flame speed. Indeed,

since the flow and therefore the flame, can only move in one direction, the flame speed is
the injection speed aused to stabilise the flame front.

In the current work, for an aluminum flame in air at ! = 1 with a particle diameter
dp = 7µm, this injection speed and therefore flame speed is 29.67 cm · s→1. In their work,
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Lomba et al. [82] experimentally obtained a flame speed of 28.24 cm · s→1 in similar
conditions.

5.5.1 Impact of the equivalence ratio on flame speed

Many experimental measurements of flame speed have been reported in the literature.
These measurements have been realized for several equivalence ratios and the measured
flame speeds are presented in figure 5.7.

Figure 5.7 – Comparison between the flame speed values obtained in the current work
and experimental values from di!erent works.

Boichuk et al. [17] studied the propagation of a flame in a tube and found that
aluminum flame speed increases with the equivalence ratio. Risha et al. [94] and Julien
et al. [64] measured aluminum flame speeds in spherical flames. Finally, another type of
experimental setup used to measure flame speeds is a burner, Julien et al. [65] or Lomba
et al. [82] used such burners.

For comparison, the flame speeds obtained in the current work are also reported in
figure 5.7. The computed values are within the cloud of the experimental data. Moreover,
they are in good agreement with the morst recent experimental work of Lomba et al. [82]
which was done for a similar particle diameter. Indeed, the flame speed obtained in the
current work ranges from 29 cm · s→1 to 29.5 cm · s→1 for values of ! ranging from 0.5
to 1.5 while the flame speeds from Lomba et al. [82] are found in the range 27.8 to
29.6 cm · s→1 for a similar range of equivalence ratio.
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5.5.2 Impact of the particle diameter on the flame speed
In order to study the impact of initial aluminum particle diameter on flame speed, sta-

tistical convergence (see part 2.2.4 for more details) is reached by adjusting the statistical
weight φ of the particles. It is reminded that φi is the number of physical particles repre-
sented by one numerical particle. Changing the particle diameter while keeping the same
mass flow of aluminum at the inlet means that the number of aluminum particles will
be impacted. Thus, φ must be adjusted as follows to keep the same number of injected
numerical particles.

The aluminum mass flow can be expressed as a function of the radius:

ṁAl = ṅphysical
p mAl

p (5.4)

⇑ ṁAl = ṅnum
p φ

4
3⇀r3

pεAl (5.5)

⇑ ṅnum
p = 3ṁAl

4φ⇀r3
pεAl

(5.6)

where ṁAl is the mass flux of injected aluminum and mAl
p is the mass of aluminum in one

particle. ṅphysical
p and ṅnum

p are the particle injection rates (number of particle injected per
second) of physical and numerical particles respectively.

Considering ṅnum
p constant from an injection of particles with a diameter of dp,a and

a statistical weight φa to an injection of particles with a diameter of dp,b and a statistical
weight φb, the following relation is obtained:

φb =
(

dp,a

dp,b

)3

· φa (5.7)

To give an order of magnitude, particles of diameter 7µm with a statistical weight of
φ = 25 represent the same mass as particles of diameter 3µm, with a statistical weight φ
equal to:

φi =
(7

3

)3
· 25 ↗ 318 (5.8)

This weight adjustment is extremely important to prevent either too high calculation
cost or too few numerical particles to achieve statistical convergence.
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Figure 5.8 – Evolution of the flame speed of 1D aluminum flame as a function of the
initial diameter of the aluminum particles using the combustion model implemented in
the current work.

In figure 5.8, the evolution of the flame speed in a 1D aluminum flame is plotted as a
function of the initial diameter of the aluminum particles. As the particle size is reduced,
the flame speed increases up to 32.8cm · s→1 while it is reduced to 25.9cm · s→1 as the
particle size is increased. This is due to the fact that reducing the particles size while
conserving the same global stoichiometric ratio increases the surface available for both
evaporation and surface reactions.

5.6 Impact of the equivalence ratio on flame temper-
ature

As previously explained, the flame temperature Tf = 3127 K for an equivalence ratio
! = 1 and a particle diameter dp = 7 µm obtained in the current work is in good agree-
ment with the experimental work of Lomba et al. [82]

In figure 5.9, the flame temperature obtained in the current work for several equiva-
lence ratios is plotted.
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Figure 5.9 – Evolution of the flame temperature of a 1D aluminum flame as a function
of equivalence ratio. Comparison between the current work and experimental data from
[82].

The experimental flame temperature obtained by Lomba et al. [82] is within an inter-
val of 360 K for ! ranging from 0.87 to 1.48 with a minimum of 2961 K and a maximum
of 3310 K. There is no clear impact of the variation of the equivalence ratio for this
experimental data set.

However, in the current work, the flame temperature varies clearly with the equiva-
lence ratio. While the flame temperature at ! = 1 is 3127 K, it drops significantly as
the equivalence ratio takes lower or higher values. For 0 = 0.87, the flame temperature is
2999 K while dropping as low as 2710 K for ! = 1.48.

If this dependence of the flame temperature on the equivalence ratio is inconsistent
with the experimental values from Lomba et al. [82] it has been observed in the numerical
work of Han et al. [54]. This is illustrated in figure 5.10.
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Figure 5.10 – Temperature profiles near flame zone at di!erent equivalence ratios on a
numerical aluminum-air flame obtained by Han et al. [54]. Figure extracted from [54].

As visible in figure 5.10, Han et al. [54] also obtained a reduction in flame temperature
for both increases and decreases of the equivalence ratio in similar proportion to what
is obtained in the current work. Further investigation is required to understand the
di!erence between the experimental results from Lomba et al. [82] and the numerical
works from both Han et al. [54] and the current work.

5.7 Gas composition through the flame

Figure 5.11 – Gaseous species mass fractions profiles in a 1D aluminum flame.
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In figure 5.11, the profiles of mass fractions of the gaseous species are plotted through
the flame.

First, YO2 starts varying slightly before the other gaseous species. This is because the
surface reactions only consume O2 and occur before the evaporation and therefore before
the gaseous reactions (see part 3.4).

The first species to appear is Al2O2, followed by all the other aluminum oxides while
the oxygen is depleted through the flame front.

In part 4.9, the fact that the condensation model did not transform gaseous alumina
into liquid fast enough was highlighted. This allowed for the presence of gaseous aluminum
oxides in the combustion products, which is physically incorrect. In the current 1D
flame, the mass fractions of alumina never rises above 0.0014, thus, the mass fractions of
aluminum oxides stays under 0.01. The evolution of the sum of the mass fractions of all
the molecules containing aluminum, oxygen and nitrogen is plotted in figure 5.12.

Figure 5.12 – Comparison of the sum of the gaseous mass fractions of species containing
aluminum (noted YAl molecules) with the mass fractions of other gaseous species through a
1D flame.

In figure 5.12, the sum of the mass fractions of all the species containing aluminum
never surpasses 0.028 and accounts for slightly above 1 % of the mass of the combustion
products. The rest of the gaseous phase after the flame front is composed at 99 % of
nitrogen and traces of O and O2. In reality, the aluminum oxides mass fraction should be
negligible after the flame front. However, this final composition is far more satisfactory
and closer to reality than the one obtained in part 4.9 where the sum of all the species
containing aluminum constituted 6 % of the mass of the combustion products.
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5.8 Impact of the condensation of alumina
It is important to study the condensation of alumina for two reasons. Firstly, the

condensation itself releases a lot of energy which has an important impact of the flame.
Furthermore, the removal of alumina from the gaseous phase has a major impact on the
gas phase chemistry.

Secondly, because the use of aluminum as a clean energy vector would require to recycle
the condensation products back to aluminum, it is interesting to be able to predict the
morphology of these products.

5.8.1 Impact of the condensation on flame structure
As previously discussed in more details in part 3.5, aluminum contributes greatly to

the heat released in the flame. A good way of studying the role of the condensation on the
flame properties is to simply remove the condensation model and to compare the flame
behavior with and without the condensation model.

Figure 5.13 – Comparison of the evolution of the gas temperature (Tg) through the flame
with and without condensation

In figure 5.13, the evolution of the temperature through the flame is plotted with and
without condensation. As expected, the final temperature is lower by 337 K for the case
without condensation. The reason is twofold. First, the condensation process itself is
exothermic, as studied in figure 4.8. Second, condensation has an indirect e!ect on the
heat release rate, as visible in figure 5.14.
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Figure 5.14 – Comparison of the evolution of the heat release rates (Hrr) through the
flame with and without condensation with the di!erence between the two.

In figure 5.14, the heat release rate of a flame without condensation is compared to
the heat release rate of a flame with the condensation model implemented in the current
work. There are two important observations to make from this figure.

The first one is that the heat release rate of the flame without condensation is much
sti!er than the one with condensation with a peak at 6.45 GW/m3 instead of 3.93 GW/m3.
Furthermore, small ondulations appear after the flame front without condensation. Be-
cause the energy from combustion is released more brutally, the simulation may be nu-
merically less stable. Furthermore, this sti!er energy release means that the combustion
happens faster, accelerating the flame speed that goes from 29.67 cm · s→1 with conden-
sation to 33.75 cm · s→1 without condensation, despite a lower flame temperature.

The second observation is that despite the fact the heat release rate peaks higher, the
total heat release rate is lower without condensation than with condensation. Indeed, by
integrating the green curve in figure 5.14 that represents the di!erence between the heat
release rate with and without condensation, the total heat release di!erence is obtained.
Dividing the obtained di!erence by the total heat release with condensation gives a value
of 0.132, meaning that the total heat release is reduced by 13.2 % without condensation.

This is mainly due to the fact that the final chemical equilibrium is drastically modified
by the condensation which is highlighted in the next part.
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5.8.2 Impact of the condensation on the composition of the
burnt gases

The condensation process consumes gaseous alumina, thus modifying the gas compo-
sition. As alumina is removed from the gaseous phase, the chemistry is shifted toward the
production of more alumina through the consumption of aluminum intermediate oxides.
This process should continue until no aluminum oxides are left in the gaseous phase. In
the current work traces of these oxides are still left in the gas as discussed in part 5.7.

Without any condensation a large amount of these aluminum oxides are left after the
flame front as visible in figure 5.15.

Figure 5.15 – Evolution of the gaseous species mass fractions through a 1D flame without
condensation

In figure 5.15, the composition of the gas phase is very di!erent without condensa-
tion than the one with condensation that can be observed in figure 5.12. Because of the
absence of condensation, alumina concentration rises in the flame front to reach a mass
fraction value of 0.13 before reducing to 0.04, its final value. Due to the presence of this
alumina, the intermediates aluminum oxides ( noted AlxOy intermediates in figure 5.15
) are not transformed into more alumina to replace the condensed alumina. Thus, these
intermediates aluminum oxides accumulate in the gas phase to reach a final mass fraction
of 0.26 which is a substantial quantity. Moreover, the transformation of these intermedi-
ates into alumina consumes oxygen. The reduction of these reactions also leaves behind
a mass fraction of unconsumed dioxygen of 0.06. Therefore, without condensation, the
burnt gases composition is non-physical.
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Finally, the limitation of the exothermic reactions by the absence of condensation de-
scribed previously explains the reduction of the heat release rate observed in part 5.8.1.

This section discussed the observed key role of condensation on the aluminum flame
properties, as well as the correct prediction of the combustion products composition.
The tight link between condensation and chemistry in an aluminum flame highlights the
importance of using realistic models for the simulation of aluminum combustion.

5.9 Morphology of the condensed alumina particles
The combustion models available in the literature for aluminum use instantaneous con-

densation and track the liquid combustion products as gaseous species (see part 3.5.2).
Contrary to these models, the model used in the current work is able to describe the
morphology of these combustion products. As explained in part 4.10, the current model
allows for the coalescence of particles but not for coagulation. This does not matter for
the 1D flame simulations of this chapter because the temperature never goes under 2350
K, which is the fusion temperature of alumina. Therefore, the particles never coalesce
together.

In reality, a lot of energy is lost after the flame front through thermal radiation, which
is not accounted for in the current work. Adding the radiation of the liquid combustion
products and considering a longer domain allowing for the particles to lose enough en-
ergy to solidify in the domain would enable the study of the morphology of aggregates,
illustrated in figure 5.17. Due to lack of time, this has not been implemented in the code
and will be done in future work. However, the current model is able to determine the
diameter of the spherules constituting these aggregates, which is of high interest and has
been also experimentally studied.

Before comparing the simulation results with experimental data regarding spherule
radius, it is important to discuss the physical mechanisms that influence the size of the
spherules.
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Figure 5.16 – Scheme of the Al2O3 coagulation process. Figure extracted from [69].

In figure 5.16, two isolated burning aluminum particles are schematized. Inside the
part labelled "reaction zone", the temperature is above 2350 K, which is the melting tem-
perature of alumina [105], so that the particles are liquid. In this zone, when the liquid
droplets collide with one another, they simply form a larger liquid droplet: this phe-
nomenon is known as coalescence. As these droplets exit this zone and pass the frontier
labelled "Al2O3 melting point", they enter the "tails" zone in which the temperature is
lower than their melting point. Thus, these particles solidify into spherules. Now, when
two spherules collide, they stick together to form a cluster of spherules: this phenomenon
is known as aggregation. These clusters then collide together and with other spherules to
form the "final aggregate".

Therefore, the size of the spherules is a direct function of the relative importance of
coalescence compared to aggregation. The higher the residence time of the alumina par-
ticles in the zone hotter than their melting point, that is now called coalescence zone, the
bigger the spherules. Following a similar reasoning, the higher the residence time of the
these particles in the zone colder than their melting point, now called aggregation zone,
the larger the number of spherules forming the final aggregates.

Figure 5.16 explains the phenomena for the case of an isolated burning particle. Ex-
tension to an aluminum dust flame is now discussed.

For an aluminum dust flame , after the flame front, the gas temperature is above the
melting point of alumina. Thus, the coalescence zone is much larger than in the previous
case, extending downstream the flame front to a point where gas temperature becomes
lower than alumina melting point. Past this point, the particles enter in the colder aggre-
gation zone. Because in this case the coalescence zone is larger, the residence time of the
particles in this zone is much higher, resulting in final aggregates with fewer but bigger
spherules.
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Knowing that the residence time of the combustion products is driving the combustion
products morphology, a review of experimental results of the literature regarding this
morphology is proposed below.

First, Glotov et al. [50] experimentally studied burning aluminum particles detaching
from burning propellants. An example of a retrieved final aggregate is visible in figure
5.17.

Figure 5.17 – Aggregate of nanosized alumina particles produced by combustion of an
aluminized propellant. In di!erent regions of the aggregate, spherules di!er considerably
in size. Figure extracted from [50].

This experiment was realised for several initial aluminum particle diameters. The size
of the spherules composing the retrieved aggregates as a function of the initial aluminum
particle diameters is plotted in figure 5.18

Figure 5.18 – Alumina spherule size vs. the burning particle size. The numbers at the
data points are the numbers of series. Figure extracted from [49].
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The results in figure 5.18 are for isolated burning aluminum particles which is closer
to the case schematized in figure 5.16. The combustion products of dust flames have been
analyzed in other experimental works such as the one of Bocanegra et al. [16] with visual-
ization of these products presented in figure 1.17. The mean Sauter diameter of residual
particles was around 94 nm [34] for an initial aluminum particle diameter of 4.8 µm.

Poletaev et al. [92] used the experimental setup schematized in figure 5.19.

Figure 5.19 – Diagram of the dust burner used by Poletaev et al. [92]: 1) dispersion
unit; 2) inner burner tube; 3) outer burner tube; 4) flame; 5) protective quartz tube; 6)
trapping system; 7) fabric filter. Figure extracted from Poletaev et al. [92].

The experimental setup proposed in figure 5.19 has been designed for the capture and
analysis of the solid combustion products. The particles can be injected either with only
nitrogen in the central tube and react with the oxidizer provided by the coaxial tube, or
with both nitrogen and the oxidizer. Once the flame has been stabilised, the combustion
products are retrieved and analyzed using the trapping system.

Di!erent results have been obtained for di!erent values of aluminum particles con-
centrations and di!erent oxidizer concentrations in the central injectors. The obtained
alumina particles range from 63 nm to 107 nm in diameter. None of the configurations
correspond to a flame without co-flow at ! = 1, which would be closest to the 1D flame
configuration performed in the current work, nevertheless the comparison remains inter-
esting.
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Finally, Lomba et al. [81] captured the combustion products and quickly discussed
them in the PhD manuscript of Lomba [82]. They found alumina spherules of diameter
approximately 200 nm with some having a diameter up to 1µm. Although no exact aver-
age value was given, these results obtained in experimental conditions that are closest to
the 1D simulation realised in the current work are of high interest.

The heat loss that reduces the gas temperature after the flame front is due to the ther-
mal radiation of the condensed particles of alumina. Because thermal radiation model of
these particles is not included in the current work, the gas temperature after the flame
front remains constant, which means that the whole post-flame zone is a region of coales-
cence. Therefore, the spherules keep growing instead of stop growing due to solidification,
and it is di"cult to compare their diameter with experimental results. However, an indi-
rect comparison allowing for a discussion of these results is propsed in fig 5.20.

Figure 5.20 – Length of the coalescence zone in the current work for which the obtained
averaged spherule diameter corresponds to di!erent experimental results.

The length of the coalescence zone in the current work for which the obtained averaged
spherule diameter corresponds to di!erent experimental results is plotted in figure 5.20.
The objective here, is to estimate if the modeled coalescence rate is in adequacy with the
experimental data available in the literature. Again, without knowing the experimental
gas temperature profile, and the point at which the spherules solidify, only qualitative
estimations can be made.

The spherule diameter values of 16.8 nm and 30.8 nm from Glotov and al. [49] are
obtained in the 1D flame for coalescence zone lengths of 0.39 and 1.09 mm. Remember
that these results were obtained in the case of an isolated burning aluminum particle
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for which the coalescence zone is close to the size of the flame envelope, as illustrated
in figure 5.16. This flame envelope typically varies from 2 to 5 times the particle radius
which is much smaller than 0.39 or 1.09 mm. However the experimental conditions are
too far from the 1D flame for a direct comparison, which has been put on the plot only
to illustrate the role of the coalescence zone length on the diameter of the spherules.

The results of Poletaev et al. [92] were obtained for a dust flame in closer but not
similar conditions with the 1D flame simulations performed here. The experimentally ob-
tained spherule diameter values ranging from 63 to 107 nm are obtained in the 1D flame
for coalescence distances of 2.99 and 5.84 mm. Despite the lack of experimental data on
the temperature profile, these distances seem to be in the correct order of magnitude but
rather low. Indeed, 5.84 mm seems to be a too small distance for the temperature to drop
by more than 1000 K.

Finally, Lomba et al. [82] found alumina spherules of diameter approximately 200 nm.
This was not given as an averaged measured value, but rather as an observation of some
spherules. The value of 200 nm is recovered in the current work for a coalescence distance
of 29.4 mm, whichis again in the right order of magnitude and is plausible for the gas
phase to drop to 2350 K.

Although no quantitative validation can be drown from this comparison, it can be con-
cluded that the averaged dimension of the spherules obtained numerically in the current
work is in the same order of magnitude than the experimental data available in literature.
This is an encouraging result, and motivates further validation after the implementation
of both an aggregation and a thermal radiation model.

In this chapter, the complete aluminum combustion model implemented in the current
work has been studied and compared with experimental data available in the literature.
The model yields good results regarding key elements such as flame speed and flame
temperature. The role of the sub-models has been studied further, highlighting their
individual importance. The necessity of the implementation of more sub-models such as
aggregation and thermal radiation of the alumina particles has been also shown, in partic-
ular to capture their solidification. Nevertheless, without such sub-models the obtained
results are promising regarding the capacity of the model to describe the combustion
products morphology. The general model can now be used to study more complex 2D
flames.
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Chapter 6

Simulation of 2D dust flames
After testing the implemented model on basic configurations in chapters 4 and 5, the
model is now applied to 2D aluminum-air dust flames. The two simulations presented
here are performed in similar conditions with experimental burners from the literature,
thus allowing a comparison between experimental and numerical results. Furthermore,
the 2D configurations allow for the study and discussion of the phenomena happening
in the flame and their interactions.

Overview
6.1 Scaled down simulation of an experimental burner at stoi-

chiometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.1.1 Computational configuration . . . . . . . . . . . . . . . . . . . 138
6.1.2 Ignition and flame stabilization . . . . . . . . . . . . . . . . . . 139
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6.2.3 Aluminum particle field and combustion regimes . . . . . . . . 150
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6.1 Scaled down simulation of an experimental burner
at stoichiometry

6.1.1 Computational configuration
In this section, a 2D numerical flame is stabilized to reproduce the experimental alu-

minum dust flame from Lomba et al. [82]. It is a simple aluminum-air jet burner for
particles of diameter 7.1 µm.

A mix of air and aluminum particles at stoichiometry is injected through a circular tube
of diameter 32 mm. It is surrounded by an annular injector with a thickness of 1.5 mm
which sustains a methane-air flame used for ignition and aluminum flame stabilization.
As this pilot flame has a very low mass flow it has a negligible impact on the aluminum
flame structure. Indeed, its heat release is lower than 3 % of the heat released by the
aluminum flame [82].

Therefore in the current numerical work this annular pilot flame is omitted which sig-
nificantly simplifies the configuration, avoiding in particular to include methane chemistry
in the kinetic scheme.

Even with the concept of weighted numerical particles presented in section 2.2.4, the
calculation cost of the real configuration remains too high. To reduce this cost, the geom-
etry is scaled down to a 7 mm - diameter injector, while conserving the injection velocity
at 0.912 m · s→1, i.e., decreasing the flow rate by the same injection surface ratio. The
particles flow rate is adjusted to maintain an equivalence ratio of 1. The computational
domain is schematized in figure 6.1.

Figure 6.1 – Computational domain and boundary conditions for the scaled down 2D
aluminum-air flame at stoichiometry.

The domain is discretized with 592398 triangular cells with 0.05 mm edges.

138



6.1 Scaled down simulation of an experimental burner at stoichiometry

In all the 2D simulations, the transfer of the consumed aluminum particles from the
first to the second subset is deactivated, due to a di"culty in the implementation of this
transfer in the code. Therefore, once all the aluminum particles have fully evaporated,
the remaining alumina particles are removed. If this has no influence on the flame and
combustion itself, the residual alumina particles constituted from the lobes on the burned
particles are not accounted for, which impacts the morphology of the combustion products.

6.1.2 Ignition and flame stabilization

Three characteristics of aluminum combustion make the ignition of these flames more
challenging than gaseous or spray flames. The first challenge is the sti!ness of the gaseous
chemistry that has been discussed in part 3.3.3. The second is the flame temperature of
aluminum, which is above 3000 K. Going from 300 K to such a high temperature at
ignition may trigger important numerical instabilities. Third, because the particles are
initially in a solid state, they need to absorb more energy from the gas phase before
igniting than liquid hydrocarbon droplets.

The solution to the first two problems could be to apply a softer ignition with a
lower temperature but the third problem forbids such an approach. Thus, the three
above particularities imposes a ignition at high temperature.To ensure stability despite
the induced sti!ness, artificial viscosity is applied in the entire domain.

Figure 6.2 – Schematization of the ignition process used in the domain.

The ignition process is schematized in figure 6.2. At first, particles are injected with
air at 300 K in a domain containing only air at the same temperature. Once the particles
are far enough from the inlet, artificial viscosity is added and the temperature is increased
to 2000 K. Once the flame is stabilized, the artificial viscosity is progressively removed
and the final flame is obtained. This ignition process requires a high calculation cost of
70 000 cpu hours.
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6.1.3 Key characteristics of the stoichiometric flame

(a) (b)

Figure 6.3 – (a) Tomography image of an experimental aluminum-air flame. Figure ex-
tracted from [82]. (b) Temperature field of the numerical aluminum-air flame obtained in
the current work.

In figure 6.3, the shape obtained in the current simulation is compared to the exper-
imental flame from [82]. The two flames are overall similar but di!er from each other in
some aspects. The numerical flame is slightly longer than the experimental one and ex-
hibits more concave sides. Moreover, the experimental flame is detached from the burner
lips while the numerical flame is attached inside the injector. These di!erences indicate
that particles heat up and ignite too fast in the simulation.

Several explanations for this behavior are possible. First, the heat transfer between the
gas and the particles maybe be overestimated and a more accurate model could be used.
Second, accounting for the existence of both liquid and solid aluminum and alumina in the
particles would more realistically account for the fusion enthalpy. Third, the simplified
surface reaction model might be too fast. Furthermore, in the current model, the surface
reaction happens when the particle reaches 934 K, when the aluminum core melts and
breaks the alumina layer. However in reality, if parts of the aluminum core are exposed
to the oxidizer at this temperature not all the aluminum surface is immediately exposed
to surface reaction.

The flame temperature is 3154 K, which is in good agreement with the flame tempera-
ture of 3146±180 K obtained by Lomba et al. [82]. Slightly lower temperatures of 2900 K
at the lower sides of the flame and a lower temperature of 2400 K at the top of the flame
are observed. These local temperature drops are due to the di!erence in velocity between
the particles and the gas, which creates local variations in equivalence ratio. Figure 6.4
illustrates this particular behavior.

The field of YO2 plotted in figure 6.4a shows an excess of O2 on the lower sides of
the flame, with mass fraction up to 0.05 close to the flame front, where a reduction in
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(a) (b)

Figure 6.4 – (a) Mass fraction field of O2 in the numerical domain. (b) Evolution of gas
and particles velocity along the arrow in the left subplot.

temperature to 2900 K was also observed. In this region, the velocities of the gas and
particles normal to the flame front along the black arrow in figure 6.4a are plotted in
figure 6.4b. The gas accelerated by the heat release in the direction normal to the flame
front, has a higher velocity than the particles which accelerate less due to their inertia.
Therefore, the particles tend to keep a trajectory more aligned with the vertical axis while
air is more ejected to the sides of the flame, locally modifying the equivalence ratio. In-
jected at stoichiometry, the reactive mixture then becomes locally rich while excess air is
found in the burnt gas side. The temperature therefore decreases, down to 2900K. This
e!ect cumulates along the flame sides, until the rich mixture reaches the top of the flame,
where the temperature dips to 2400K and unburnt aluminum crosses the flame front. As
the height above burner increases, this excess of aluminum finally mixes with the excess
of oxidizer released along the flame sides, and burns to finally reach the expected flame
temperature.
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6.1.4 Aluminum particle distribution and statistical convergence

Figure 6.5 – Distribution of the aluminum mass fraction in the fuel particles superimposed
to the gaseous temperature field. The white rectangle in the flame represents the zoomed
domain shown in figure 6.6.

The aluminum mass fraction in the fuel particles is shown together with the gaseous
temperature field in figure 6.5. As the particles enter the flame zone, their aluminum mass
fraction diminishes due to evaporation and surface reactions. This process happens over
a length of 0.81 mm along the flame. However, at the top of the flame which presents a
lower temperature, the particles take longer to react and evaporate.

Figure 6.6 – Zoom on the white box of figure 6.5 : aluminum fuel particles, gas temperature
and mesh.

In the current model, each numerical particle represents a number of physical par-
ticles that correspond to the statistical weight of the numerical particle. This point is
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extensively discussed in part 2.2.4 but it is important to stress here that an insu"cient
number of numerical particles may induce statistical and model inaccuracy. Meanwhile,
increasing the number of numerical particles increases the calculation cost. Thus having
an unnecessary large population of numerical particles is detrimental. Through a flame,
the gas accelerates which reduces the particle density and to compensate this e!ect, a
larger than necessary particle density must be injected in the fresh gas. If this behavior
already appears in hydrocarbon flames, it is re-enforced by the higher flame temperature
in aluminum dust flames.

In figure 6.6, the fuel particles are represented as white dots through the flame front.
In the fresh gas region, a concentration of around 30 particles per cell is observed which is
more than enough to correctly represent the population of fuel particles with a constant
initial diameter. In the flame, this density drastically drops as the temperature rises but
remains on average around 5 particles per cell. Even if a few cells are empty, this particle
density is a good compromise between numerical stability, physical representation and
calculation cost.

6.1.5 Morphology of the combustion products

The current model allows for the tracking of the liquid combustion products. However
due to the lack of a radiation and coagulation sub-models, only the size of the spherules
can be predicted. This aspect was detailed in part 5.9.

The averaged diameter of the alumina particles in each cell is plotted in figure 6.7 for
the entire domain.

Figure 6.7 – Distribution of the averaged alumina particle diameter in the domain. The
red and green arrows represent the plot-over-lines shown in figure 6.8 and 6.9, respectively.
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The distribution of the averaged alumina particle diameter in the domain is heteroge-
neous for several reasons.

First, in the top and bottom left corners, re-circulation zones create an accumulation
of particles that can be trapped here with diameters of up to 2 µm.

Second, some of these particles escape the re-circulation zone and leave the domain
by traveling along the top and bottom limits of the domain. These particles can present
diameters of up to 870 nm. These two first diameter variations are due to the boundaries of
the domain and should be ignored because they are non-physical. This could be corrected
simply by using better boundary conditions, which will be done in future work. Having
realized this weakness of the computational domain, the 2D flame presented in section 6.2
has been computed with outlet boundary conditions as illustrated in figure 6.10. Thus,
these anomalies are not present in figure 6.15.

Third, the heterogenization of the equivalence ratio created by the speed di!erence
between the gas and the particles that is discussed in part 6.1.3 has a clear impact on the
diameter of the alumina particles. Indeed, in the wake of the top of the flame where com-
bustion was diminished by a higher equivalence ratio, less gaseous alumina was produced.
Therefore, the condensation upon these particles is weaker, which results in a zone with
smaller particles. A similar phenomenon happens in lesser proportion on the sides of the
flames where the equivalence ratio is lower.

As the excess aluminum from the top of the flame meets the excess of oxidizer from
the sides of the flame, gaseous alumina is produced. The produced alumina condenses on
the particles, which results in bigger alumina particles. Furthermore, because this area
is in the wake of the part of the flame at stoichiometry that already produced higher
particles diameter, the particles with the highest averaged diameters are found here.
Please note that a thin zone spreading from the top left zone of the flame to the outlet
presents abnormally low diameter values. No explanation for this zone has been found yet
and is probably the result of a numerical error. This will be investigated and corrected
in future work.

The averaged diameter is further characterized with its profile along the red arrow in
figure 6.7.
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Figure 6.8 – Evolution of averaged alumina particle diameter along the red arrow in figure
6.7.

Along the red arrow, figure 6.8 shows that the averaged alumina particle diameter
steadily grows to reach a value of 170.4 nm at the outlet, i.e., 29.6 mm downstream the
flame front. This value is in the same order of magnitude as the results obtained in the
1D aluminum-air flame 5.9 where a value of 200 nm at 29.4 mm after the flame front was
found. This di!erence with the 1D flame could be due to the physical di!erences between
the setups. It could also be explained by the absence of the transfer of the alumina lobe
to the second particle subset. Indeed, the residual alumina particles from the lobe contain
the alumina from surface reactions and have higher diameters, increasing the averaged
alumina particle diameter.

However this result is obtained for a specific line in an in-homogeneous distribution of
diameters and to better study this quantity, it is interesting to consider the plot on figure
6.9.
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Figure 6.9 – Profile of averaged alumina particle diameter along the green arrow in figure
6.7.

The evolution of alumina particle diameters along the green arrow is shown in figure
6.9. This gives the averaged diameter distribution of alumina particles along the outlet.
Ignoring the maximums at the extremities that are due to the boundary conditions of
the domain, the distribution varies from 72.6 nm to 176.2 nm. The reasons for these
variations have already been developed earlier in this section. In the zones that are not in
the wake of the variations in equivalence ratio, the averaged particle diameter is around
130 nm, which is in a coherent order of magnitude with the experimental values presented
in part 5.9.

Finally, if some of these variations in the distribution of the particle size are due to
nonphysical phenomena, these results clearly show the potential of the model to track
and study complex heterogeneous particle morphology distribution.
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6.2 Scaled down simulation of an experimental burner
at ! = 1.6

6.2.1 Computational configuration
In this section, a 2D numerical flame is stabilized to reproduce the experimental alu-

minum dust flame from Goroshin et al. [52]. This burner was introduced in part 1.2.1
and photographs of flames obtained on this burner are visible in figure 1.20. The flame
of interest is the aluminum-air flame. The aluminum particles are injected together with
air in a central tube at an equivalence ratio of ! = 1.6 with a speed of u = 0.5 m/s. This
central injector with a diameter of 20 mm is surrounded by an air co-flow injected at a
similar speed of u = 0.5 m/s to stabilize the main flame and oxide the aluminum excess.
Finally, the injected particles are smaller than in the burner of Lomba et al. [82] with an
average diameter dp = 5.6 µm. The used numerical domain is schematized in figure 6.10.

Figure 6.10 – Computational domain and boundary conditions for the scaled down 2D
aluminum-air flame at ! = 1.6.

The numerical main inlet has been scaled down from 20 mm to 7 mm and the annular
air injection is also adjusted. To prevent the impact of the boundary conditions on the
flow observed in figure 6.7, the upper and lower boundaries of the domain are merged
with the inlet. Finally, the domain is discretized with508973 triangular cells with 0.05
edges.

The ignition process used in this simulation is the same as the one used in the previous
2D simulation that was detailed in part 6.1.2.
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6.2.2 Key characteristics of the flame at ! = 1.6
The general shape of the obtained numerical flame can be compared to the exper-

imental one obtained by Goroshin et al. [52]. This comparison is available in figure
6.11.

(a) (b)

Figure 6.11 – (a) Mass fraction field of AlO in the numerical domain. (b) Photograph of
an experimental aluminum-air flame. Figure extracted from [52].

AlO is a key intermediate species present in aluminum-air flames which is a great
indicator of the flame position. In figure 6.11, the gaseous mass fraction field of this
intermediate obtained in the current work is compared to a photograph of the flame from
Goroshin et al. [52].

While the numerically obtained flame stabilizes into a valid shape, it di!ers from the
experimental flame by being proportionally smaller in height. However, the "W" shape
of the flame created by the double flame front is well reproduced by the simulation. The
causes and characteristics of this shape are discussed in more details in part 6.2.3.

Another key characteristic that can be compared with the experimental flame from
Goroshin et al. [52] is the flame temperature. The computed temperature field is available
in figure 6.12.
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Figure 6.12 – Temperature field in the numerical domain. The black line labeled "Scan"
corresponds to the line along which the temperature is plotted in figure 6.13.

As expected, the temperature field presents a similar "W" shape as the gaseous AlO
field. The flame temperature never rises above 2800 K which is lower than the experi-
mental flame temperature from Goroshin et al. [52] which can rise above 3300 K in some
areas. This lower flame temperature is consistent with the results obtained in part 5.6
on 1D flames, which demonstrated that the implemented model tends to under-predict
flame temperature for equivalence ratios di!erent than 1.

It is interesting to compare the gas temperature along the line labeled "Scan" in figure
6.12 with the similarly named line present in figure 6.11b. Because the numerical burner
is scaled down from a diameter of 20 mm to 7 mm, the experimental line length, as well
as the position of the experimental results, are scaled down by a factor of 20/7 = 2.86 for
consistency. Both the scaling down of the injector diameter and the numerical model are
responsible for a shorter numerical flame than the experimental one. Thus, the positional
height of the "Scan" line needs to be scaled down too. The experimental flame has a
height of 29.3 mm while the numerical flame has a height of 5.3 mm. Therefore, the
"scan" line in the numerical flame is at a height of 2.17 mm. The temperature obtained
in the current case along this line is compared with the scaled experimental results for
flame temperature in figure 6.13.
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Figure 6.13 – Temperature distribution across the flame along the "Scan" line from figure
6.12. This numerical temperature distribution is compared with the experimental values
obtained along the "Scan" line from figure 6.11b by Goroshin et al. [52].

The temperature distribution across the flame along the "Scan" line from figure 6.12
obtained in the 2D simulation di!ers from the experimental data by 357 to 650 K. This
di!erence constitutes an error ranging from 12.1 to 21.3 % relatively to the experimental
temperature.

Because the numerical simulation presents variations that are similar to the experi-
mental data, this error is not attributable to the scaling of the "Scan" line. This error is
purely due to the implemented model which incorrectly predicts a lower flame tempera-
ture than physically accurate for non stoichiometric flames, as already demonstrated on
1D flames in part 5.6.

6.2.3 Aluminum particle field and combustion regimes
Despite the shortcomings of the implemented model presented in the previous section,

the "W" shape of the flame created by the double flame front is reproduced by the simula-
tion. Indeed, the internal flame is the results of the combustion of the premixed injection
of aluminum particles and air. This combustion does not consume all the aluminum which
is in excess after this first flame front. As this excess aluminum encounters the oxygen
from the air co-flow, a second flame front is created. Because the mass fraction of AlO is
much higher in the first flame front, the combustion reactions are more important in this
zone than in the second flame front.

It is interesting to note that part of the excess aluminum particles from the first flame
front is consumed in the second flame front while some escape the domain through the
outlet. This is visible in figure 6.14.
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Figure 6.14 – Superposition of the mass fraction of aluminum in the fuel particles over
the gaseous mass fraction of AlO visible in figure 6.11a.

In figure 6.14, the mass fraction of aluminum in the fuel particles is superposed over
the gaseous mass fraction of AlO already presented in figure 6.11a. In the previous 2D
simulation, the particles do not evaporate before the flame front and burn while crossing
it, as visible in figure 6.5.

In the current 2D case, the particles also burn while crossing the first flame front,
with a part of the population still remaining after it due to the excess aluminum in the
main injector. However, before the second flame front, all the aluminum particles have
evaporated and therefore only gaseous aluminum encounters the oxidizer. This is visible
in figure 6.14 as there is a gap between the particle field and the second flame front located
where there is gaseous AlO. If hydrocarbon particles were considered, this would already
represent a major di!erence between the combustion regimes of the first and second flame
front. However, for aluminum combustion, this observation is even more important. In-
deed, if the particles burn in the flame front, both gaseous and surface reactions play a
role. But because they evaporate before the second flame front, only gaseous reactions
are playing a role here. Thus, the current configuration could be used in future work to
study the impact of the surface reactions by comparing the two flame fronts.

Furthermore, the evaporation of the particles is due to the heat from the first flame
front. As demonstrated in part 5.6 on 1D flames, the implemented model tends to under-
predict flame temperature for equivalence ratios di!erent than 1. It is, as expected, also
the case in the present 2D simulation and this lower temperature induces a lower evap-
oration rate from the aluminum particles. Thus, the phenomenon of aluminum particles
evaporating after the first flame front, resulting in the combustion regime of the second
flame front being purely gaseous, should be even more important in reality.
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6.2.4 Morphology of the combustion products
The current model can track the liquid combustion products. However, due to the ab-

sence of radiation and coagulation sub-models, it can only predict the size of the spherules.
This aspect was detailed in part 5.9.

Figure 6.15 – Distribution of the averaged alumina particle diameter in the domain. The
green arrow represents the plots over line available in figure 6.16.

Similarly to the results obtained in the previous 2D simulation that are available
in figure 6.7, the particle diameter distribution is heterogeneous. In the previous 2D
case, part of this heterogeneity is due to the boundary conditions of the domain and are
therefore non physical. However, this has been corrected in the current 2D simulation by
using inlets at the base of the domain and an outlet spreading from the exit to the sides
of the numerical domain. These boundary conditions are illustrated in figure 6.10.

Therefore, in the current case, the variations of alumina particle diameter in the do-
main is integrally due to physical phenomena that are discussed hereafter.

First, in the wake of the flame from the main injector, the particle diameters progres-
sively increase, except in the center of the domain. This is because the center line of the
domain is the farthest from the reoxidizing air-coflow which means that the equivalence
ratio is the highest. Thus, the combustion reactions, and therefore the alumina produc-
tion, are at their lowest in this area. Indeed, this area can be superposed with the black
central column visible in figure 6.14 which corresponds to the central excess aluminum
particles that are not consumed due to the lack of oxidizer in this central zone.

Along the sides of the wake from the main injector, two blue curves can be observed
in the wake of the 1mm separation between the main and secondary injectors present
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at the inlet. As developed in part 6.2.3, there is a gap between the particles field and
the second flame front where gaseous aluminum travels to the second flame front before
burning when encountering the oxidizer from the air co-flow. Thus in this area, no alu-
mina is produced and therefore the alumina particle diameter remains low. These smaller
particles are visible as the blue lines that can be observed along the sides of the wake
from the main injector.

Finally, as previously mentioned, when the gaseous aluminum traveling to the air co-
flow encounters oxidizer it creates the secondary flame front. This secondary flame front
is exclusively the result of gaseous reactions which generate an important quantity of
gaseous alumina. This important quantity of gas condensates, creating more numerous
and bigger alumina particles. These bigger particles form the thin red regions along the
secondary flame front in figure 6.15.

Figure 6.16 – Profile of averaged alumina particle diameter along the green arrow in figure
6.7.

The evolution of averaged alumina particle diameter close to the outlet is plotted in
figure 6.16. The variations of the particle diameter can be explained by the observations
developed in the previous paragraph. Indeed, the central minimum value of 67.1 nm cor-
responds to the middle of the flame where a lot of aluminum particles remain. The two
other minimum values of 40.7 and 39.1 nm correspond to the zones along the edges of the
particle field where only gaseous aluminum is present and has not yet encountered the
second flame front. Finally, the maximum values, reaching up to 347 nm, observed on the
sides of the profile correspond to regions along the secondary, purely gaseous, front flame.

It is impossible to quantitatively validate the averaged alumina diameter values ob-
tained here. As explained in more details in part 5.9, this requires the implementation

153



Chapter 6 : Simulation of 2D dust flames

of a thermal radiation model for the alumina particles. However, the order of magnitude
obtained here is coherent with the order of magnitudes from previous simulations, as
well as with the experimental values presented in 5.9. Furthermore, this section clearly
demonstrates the potential of the current model to track and study the population of
alumina particles in more details than ever before on such configurations.

In this chapter, the model was tested on two 2D configurations replicating scaled-down
experimental burners from the literature. The model permitted the stabilization of
aluminum-air flames in both configurations allowing for comparisons and discussions
about the experimental results.
The model is in good agreement with the experimental values regarding flame shape
and flame temperature at stoichiometry. Meanwhile, if a flame was stabilized at Phi =
1.6 with a coherent shape, both this shape and the flame temperature di!er from the
experimental values from the literature. This confirms the results obtained in chapter 5
on 1D flames.
Despite the lack of a thermal radiation model for the liquid combustion products, the
obtained values for alumina particle diameters are in a similar order of magnitude with
the experimental values available in the literature. More importantly, the potential of
using Lagrangian particle tracking of the liquid products coupled with a state of the art
condensation model was clearly demonstrated. This has never been performed before
on such configurations.

In conclusion, the model can be used to correctly simulate aluminum dust flames and,
with the future implementation of a radiation model, could be used to predict the mor-
phology of the solid combustion products. Only few models in the literature are capable
of stabilizing such flames and none can track and predict the morphology of the com-
bustion products using an advanced sub-model such as the one from Finke et al. [36].
Thus, the current model abilities and future potential is quite unique and constitutes an
important step towards the modeling of aluminum flames and the study on their solid
combustion products.
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Conclusion and perspectives

In the current work, a complete model for aluminum particle combustion accounting
for the presence of the alumina cap, gas and surface reactions, as well as an advanced
condensation model has been implemented in the code AVBP. This model combines a
number of sub-models already available in the literature and mostly applied until now to
simpler cases. A major originality is the creation and tracking of the liquid combustion
products, allowing the prediction of their size which is critical for the use of aluminum as
a fuel. Another progress made in this paper is the application of such complete model to
realistic flame configurations.

The model has been tested in several test cases such as the combustion of an isolated
aluminum particle, 1D aluminum flames and 2D aluminum dust flames. In the first
case, the combustion time is in agreement with the literature and the roles of nucleation,
condensation and agglomeration have been highlighted. In the 1D flame, the flame speed
as well as the flame temperature are also in good agreement with experimental results
from the literature. Finally, 2D aluminum-air flames have been successfully stabilized and
compared with similar experimental configurations. At stoichiometry, the experimental
flame shape is overall well retrieved and even if the model lacks a thermal radiation model
for alumina liquid particles, the obtained spherule diameters are in the correct range.
The 2D cases also demonstrated the capacity of the model to capture and therefore allow
the study of complex physical behaviors. Interesting examples include a local change of
equivalence ratio due to the particle inertia in the first simulation and the double flame
front with di!erent combustion regimes in each front in the second 2D simulation.

The abilities of the implemented model to correctly model stabilized stoichiometric
flames while tracking the combustion products using a state of the art condensation sub-
model is simply unique.

With the addition of a thermal radiation model and the correction of the non-physical
results observed at non-stoichiometric equivalence ratios, this model could play a major
role in pushing the understanding of aluminum combustion forward. Indeed, with these
future corrections coupled with calculation cost optimizations, such a model could allow
for the simulation of aluminum flames in complex configurations never studied before.
Finally, with the future addition of a thermal radiation model, the unique capacity to
predict the solid combustion products morphology would be a major leap towards a better
understanding of how to collect and retrieve these products.
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Appendix

CHEMKIN tables for the gaseous species
The properties of gaseous aluminum and its oxides have been implemented in AVBP

by Suarez [105] during his PhD. Thus, the following tables are extracted from his PhD
manuscript [105]. These tables are presented hereafter in the CHEMKIN format.

Figure 6.17 – Polynomials coe"cients in the CHEMKIN format for aluminum and its
oxides. Table extracted from [105].
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Original kinetic scheme from Catoire et al. [24]
The original kinetic scheme from Catoire et al. [24] is detailed hereafter. This scheme

was originally developed to be used in aluminum-sensitized Ram accelerator and therefore
account for elements such as carbon or hydrogen. For the combustion of aluminum-air
dust flames studied in the current work, these elements are not needed. Thus, the scheme
used in the current work, which is available in table 3.1, is the one from Catoire et al.
[24] without the reactions involving molecules containing non needed elements.

Figure 6.18 – Al/C/O/H submechanism, k = A ↑ T nexp(→$/T ) with $ = E/R the acti-
vation temperature. The units used in this table are cm3, mol→1, s→1, K. Table extracted
from [24].
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Titre : Modélisa�on et simula�on de flammes d’aluminium
Mots clés : Simula�on, Aluminium, Combus�on, Numérique
Résumé : Afin de limiter l’u�lisa�on d’hydrocarbures, il est nécessaire de trouver un moyen propre de stocker et transporter l’énergie sur de
grandes distances. Les combus�bles métalliques cons�tuent d'excellents candidats en tant que combus�bles alterna�fs, renouvelables et sans
émissions de carbone. En effet, ils présentent une haute densité énergé�que, sont disponibles à bas coût et sont faciles à stocker et transporter
sous forme de poudre. De plus, les produits de combus�on sont des oxydes métalliques solides qui pourraient être collectés et recyclés (J.M.
Bergthorson et al., Applied Energy, 2015). L’aluminium est u�lisé depuis de nombreuses années comme combus�ble, notamment en tant que
carburant pour la propulsion spa�ale et militaire. Cependant, la compréhension détaillée de la combus�on des par�cules d'aluminium reste un
enjeu majeur nécessitant de combiner résultats expérimentaux et simula�ons numériques avancées. La modélisa�on de ce type de combus�on
implique de prendre en compte tous les phénomènes impliqués. Ces phénomènes complexes sont nombreux, de la fusion et l'évapora�on des
par�cules d’aluminium à l'oxyda�on gazeuse et de surface, jusqu'à la condensa�on et la solidifica�on en par�cules d'oxyde métallique des
produits de combus�on. Durant ce�e thèse, un modèle complet pour la combus�on des par�cules d'aluminium a été implémenté dans le code
massivement parallèle AVBP afin de stabiliser numériquement des flammes d’aluminium. Le modèle prend en compte la présence du lobe
d’alumine sur les par�cules d'aluminium, les réac�ons hétérogènes de surface et la condensa�on détaillée des produits de combus�on en
u�lisant le modèle proposé par Finke et al. (J. Finke., Combus�on and Flame, 2023). Ce modèle permet de suivre les produits de combus�on
liquides de façon Lagrangienne contrairement aux travaux présents dans la li�érature qui u�lisent une formula�on Eulérienne. Ce dernier point
permet d’étudier l’évolu�on de la morphologie des par�cules d’alumine, ce qui cons�tue un enjeu clef dans le but de les collecter et de les
recycler. Ce modèle a été u�lisé pour simuler la combus�on de par�cules d’aluminium isolées, des flammes 1D ainsi que des flammes 2D
pouvant être comparées aux résultats expérimentaux présents dans la li�érature.

Title: Numerical simula�on of aluminum par�cle combus�on
Key words: Simula�on, Aluminum, Combus�on, Numerical
Abstract: As society is moving away from hydrocarbons, there is a need for a clean way to store and transport energy over the globe. For this
need, metal fuels are very a�rac�ve and excellent candidates as alterna�ve carbon-free and renewable fuels. Due to their high energy density,
availability, stability and low cost, metals and especially aluminum could replace hydrocarbons in many applica�ons. In addi�on, metal oxides
are solid and may be easily collected and recycled (J.M. Bergthorson et al., Applied Energy, 2015). Aluminum is already well known as a fuel,
used for many years in space propulsion. However, the detailed understanding of the combus�on of aluminum par�cles remains a challenge
which requires to combine sophis�cated experiments with numerical simula�on. The modeling of aluminum combus�on then must take into
account all exis�ng phenomena, from mel�ng and evapora�on of the metal par�cles to gaseous and heterogeneous oxida�on and finally
condensa�on and solidifica�on into metal oxide par�cles. In this work, a complete model for burning aluminum par�cles has been developed
and implemented in the massively parallel Navier-Stokes compressible solver AVBP in order to compute a stabilized laminar flame. The model
includes the dual composi�on of the aluminum par�cles with an alumina cap, heterogeneous surface reac�ons and condensa�on of the
combus�on products, and nuclea�on of products into par�cles following Finke et al. (J. Finke., Combus�on and flame, 2023). The Lagrangian
tracking of these product par�cles is an original feature of the model, with regards to the literature where an Eulerian formula�on is mostly
reported. It offers the possibility to give more details about the formed metal oxide par�cles, in par�cular their size. Results and analysis of 1D
and 2D stabilized aluminum laminar flames obtained with this model confirm the validity of the approach.
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