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1 Introduction and objectives

Aluminum particles, and more generally metallic particles are of major interest for combustion applica-
tion because of their high energy density, the possibility to be safely and durably stored and zero carbon
emission during oxidation [1]. Therefore, there is a significant body of work on aluminum particles
and dust cloud combustion. In early studies [2] it was assumed that aluminum particles burn much like
hydrocarbon droplets, i.e. with a diffusion flame surrounding the particle fed by the evaporation of the
fuel. Although this description is sometimes correct, the need to account for peculiarities of aluminum
combustion has quickly come up [3]. Indeed, metals fuels, due to the high boiling point of their oxides,
have combustion products that condense. In the case of aluminum, Al2O3 forms a lobe on the particle,
interfering with the evaporation of fresh aluminum, thus modifying the combustion properties [4].

The numerical simulation of aluminum combustion is a daunting task, mainly because of the stiff chem-
ical kinetics and the intricacy of phase change. Radiation by the hot aluminum oxide is the icing on the
top of this multiphysics, strongly coupled and non-linear problem. A model developed by Brooks and
Beckstead [5] showed that the burning time of a particle, which varies proportionally with the square of
the diameter for hydrocarbon droplets, is in the case of aluminum a power law, dn, with n between 1.5
and 1.8. This has then been confirmed by extensive experimental studies [6]. In parallel Catoire et al. [7]
proposed a scheme that allows the simulation of particles with detailed kinetics. The correlation between
the burning time and the particle diameter has then been evaluated [8,9]. Since then, several experimen-
tal studies have confirmed the relation between combustion time and particle diameter [10] allowing the
validation of numerical models [11].

Because of the numerical stiffness and computational burden, simpler models for aluminum combustion
have been tested for example in the context of segmented solid motors [12, 13]. Although these models
allow to compute complex configurations, two main limitations can be pointed out. First, the thermo-
physical properties of alumina are not taken into account for the residual particle. Second, evaporation
still follows a d2-law, which is usually not adequate for aluminum [10].

In this context, the present work presents a new framework for aluminum-dust combustion, with the
intent to reduce the computational burden and numerical stiffness. Because it uses a burning time as
the main input, in this study it is referred to as the integral model, IM. A comparison with available
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experimental data and a more detailed model explicitly resolving chemical kinetics previously developed
in the same group [14] (referred to as the kinetic model, KM), is presented for the canonical case of a
planar flame. The influence of key parameters such as particle diameter, dust concentration and fresh-
gases temperature on the flame speed is evaluated. Most results are within experimental uncertainties,
which are unfortunately significant for aluminum-dust flames and paths for improvements are proposed
when needed. Regarding computational burden, it is shown that the integral model is much faster and
more robust than its counterpart using chemical kinetics. This paves the way for a use in more complex
cases such as turbulent flames or postcombustion in energetic materials.

2 Model description

The integral model (IM) is developed in a Euler-Lagrange framework. The gaseous phase is described by
the compressible Navier-Stokes equations while individual particles are followed along their trajectory,
tracking mass, momentum and temperature. The coupling between the two is achieved via source terms
for the mass, the momentum and energy.

The cornerstone of the model is the prescription of the combustion time of the particle, given for example
by a correlation obtained via experiments. Following [6], a typical correlation reads:

τcomb =
adn0

XeffPαT
β
0

(1)

where a, n, α and β are prescribed coefficients and d0 the initial diameter of the particle. Xeff is the
effective oxidizer molar fraction, a weighted sum of oxidising species in the gas phase. In this study,
only the reaction with oxygen is considered, therefore Xeff = XO2

. With the assumption that during
combustion the diameter of the particle dnAl varies linearly with time [12], one can write:

dnAl = dn0 − (dn0 − dnres)
t− t0
τcomb

(2)

where dnres is the residual diameter of aluminum. This parameter has been introduced in order to handle
cases where combustion is incomplete and is set to 0 in the present work. For a spherical particle, the
evaporation mass flow rate ṁp is linked to the particle diameter via:

ṁp =
d

dt
(ρAl

π

6
d3Al) (3)

Combining Eqs (2) and (3) yields:

ṁp = −ρAl
π

2n

dn0
τcomb

d3−nAl (4)

which is the evaporation rate of aluminum, driven by the combustion time τcomb. This relation is similar
to the ones described in [12,15]. In order to ensure global mass conservation, the model must account for
the consumption of oxidizer in the gaseous phase as well as the condensation of alumina. An additional
hypothesis is therefore introduced: the oxidation and condensation are assumed to be complete. This
means that all the aluminum evaporated will react in stoichiometric proportions with the oxidizer, and
all the alumina produced will condense on the particle. This translates to:

ṁO2,conso
= sṁp (5)

ṁAl2O3,cond
= −(1 + s)ṁp (6)
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with s = 3/4WO2/WAl the stoichiometric ratio of the global oxidation reaction of aluminum and O2 and
Wk the molar mass of the species k. These equations are driven by the mass flow rate of evaporation,
thus by the combustion time according to Eq. (4).

In order to ensure the conservation of energy, the source term in the gaseous phase is written:

Πg = φc,g − ṁp(Qr − LvAl + (1 + s)LvAl2O3
− shs,gO2

) (7)

where φc,g is the conducto-convective flux, Qr is the heat of reaction, Lvk the latent heat of species
k and hs,gO2

the sensible enthalpy of O2. The energy source term, Πl, in the dispersed phase is then
deduced via Πg + Πl = −ṁpQr.

For the sake of brevity, the kinetic model (KM) is not presented here. Its essential component is that
is uses the kinetic scheme of Catoire et al. [7]. The reader is referred to the PhD thesis of Suarez [14]
for additional details. Both the IM and KM models have been implemented in the AVBP solver, a 3D
compressible LES code developed by CERFACS.

3 Computational setup

The study is conducted on a 1D premixed flame and two meshes are considered: the first one consists of
400 cells with a resolution of 50 µm and the second one is coarser version with 200 cells of 100 µm. The
parametric space explores variations in particle diameter from 10 µm to 50 µm, fresh gases temperature
from 300 K to 600 K and equivalence ratio from 0.7 to 1. This results in a database of 42 computa-
tions. The temporal scheme is a third-order Runge-Kutta scheme and the spatial discretisation uses the
approximate Riemann solver HLLC with a MUSCL reconstruction, which is second-order in space.

4 Results and discussion

4.1 Flame structure

First a stoichiometric flame with fresh gases at 300 K and 15 µm particles is considered. Figure 1
shows the spatial evolution of selected variables across the flame front for the IM (left) and KM (right)
computations. As expected, the gas and particle temperature increase across the reaction zone but in the
region 3 ≤ X ≤ 5.5 for the IM case, there is a visible plateau in the particle temperature and a slight
overshoot of the gas temperature. This behaviour stems from the modelling constraint that the particle

Figure 1: Flame structure: gas temperature, heat-release rate, particle temperature and diameter. Left:
integral model (IM). Right: detailed kinetic model (KM).

temperature can not exceed the boiling point of aluminum. The burning rate being fixed via Eq. 4, the
gaseous phase takes in the excess heat before the system relaxes to equilibrium. The spatial extent of
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this deviation is expected to have a limited pratical impact when using the integral model in practical
applications. The evolution is smoother for the KM case but the maximum temperature gradients are
comparable in both cases. After the initial surge in temperature, the KM case relaxes slowly, which is
a consequence of slower chemical reactions in the gaseous phase. In both models the thickness of the
heat-release rate are comparable but its magnitude is larger for the IM. This is a result of the assumption
that the combustion is complete and consistent with the slightly higher burnt-gas temperature than in the
KM case. Regarding the evolution of the particle diameter, while it monotonously decreases in the KM
case, it actually increases in the IM strategy. This stems from the assumption in IM that all the alumina,
condenses back on the particle, while in KM it condenses on a separate particle.

4.2 Flame speed

In order to validate these computations, Fig. 2 presents the evolution of flame speed versus diameter
(left) and dust concentration (right). First regarding the influence of particle diameter, both the IM and

Figure 2: Validation of flame speed for versus experimental data. Left: impact of particle diameter at
stoichiometric conditions (experimental data from Lomba et al. [16]). Right: influence of equivalence
ratio (Experimental data from burner [17–19] and tube [20, 21] configurations).

KM strategies are consistent and comparable to experimental data, specifically in the range 10 µm-20 µm
where they are all available. For smaller diameters, the KM simulations tend to underestimate the flame
speed. Nevertheless, the evolution of the flame speeds obtained numerically follows closely the power
law d−0.9, a trend given by the fact that the laminar flame speed is assumed to be inversely proportional
to the square root of the burning time [22], which is itself given by Eq. (1). Figure 2 (right) shows the
influence of equivalence ratio. The IM simulations recover the weak sensitivity of aluminum flames to
this parameter, which is a great feature for such a simple model. For small diameters, close to the ones
used in experimental setup, the IM computations yield flame speeds in between the lowest (10 cm s−1)
and highest (35 cm s−1) flame speed measured experimentally. However, the notorious difficulty to
control the particle diameter in experiments, coupled with the inherent challenge to stabilize flames with
particles of large diameter, makes it tricky to compare more in details the curent IM results with the
experimental data available.

4.3 CPU cost

The motivation for the development of the integral model is to reduce the numerical stiffness and compu-
tational burden of aluminum combustion simulations. Computational costs for 1 ms of physical time on
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one processor (Intel ® Skylake 6140, 2.3 GHz, 18 cores) are now discussed.Because the kinetic model
is so stiff, the maximum value of the CFL for a stable computation is 0.1 (this obviously depends on the
numerics), which leads to a CPU cost of 6390 s. For the IM case with the same CFL, the duration of the
computation is lowered to 1530 s but because of its reduced stiffness, the CFL may be increased to 0.5,
yielding a further reduction to 310 s. This is more than a twenty-fold acceleration.

4 Conclusions

A new computationally-efficient model for the simulation of aluminum-dust flames, based on a burning
time, was presented. The objective is to mitigate the numerical stiffness and computational burden
associated with the fast kinetics of aluminum. It has been implemented in the AVBP code and validation
cases were presented for 1D flames.

Using available experimental data and a reference model accounting for chemical kinetics, it was shown
that the new model predicts quite well the trends of the laminar flame speed when the initial particle
diameter or the equivalence ratio are varied. In terms of computational cost, it is up to twenty times
faster than its counterpart accounting for chemical kinetics, which paves the way for the simulation of
more complex 3D configurations.
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