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1 Introduction

Heterogeneous detonations involving aluminium sosje®s have been studied for many years due to
their interest in industrial safety policies, naly applications or propulsion applications. As for
gaseous detonations, the cellular detonation streictvas established to exist in aluminium
suspensions in oxidizing atmosphere (see for exaifd}) [2]), but its characteristic size is largkre

to slower chemistry of heterogeneous burning ofigias.

The numerical model recently developed by the amstlis able to simulate the detonation cell
structure, and the calculated cell size agrees whth few experimental results available for
suspensions of aluminium particles in air or oxyd@h It also displays major differences between
heterogeneous and gaseous detonations as farntsnigreriod is concerned. In the case of aluminium
- gas mixtures, particle ignition does not occustfin high pressure zones around the triple point
areas, where the aluminium concentration is maxirbumthe temperature is the lowest, due to the
convection of solid particles by the transverse egavParticle ignition is controlled by the heat
exchange rate between gas and particles and amgtsige triple point zones where low concentration
of particles allows fast ignition.

Using a two-step model including separated indmcttnd combustion periods for aluminium
burning, Briand et al. [4] investigated numericallye detonation cellular structure in aluminium
suspensions as function of the characteristic petens of the particles. For both aluminium - aid an
aluminium - oxygen mixtures, the detonation cefleswas found to be proportional to the particle
diameter to the power 1.4, in agreement with otstedies [5], [6]. Moreover, like for gaseous
detonations, a linear relationship was found betwtbe detonation cell size and the induction length
while no obvious correlation was found betweendék size and the combustion zone length [4]. In
the present work we improve the predictive abiifyour model [4] by incorporating a hybrid model
of aluminium combustion similar to that proposed Xiyang et al. [7] and examine correlations
between the detonation cell size and the particlmeter.

2 Modelling aluminium combustion behind shock wave

Our previous two-step model for aluminium combus{i], although simplified, allowed us to easily
separate the induction and combustion periods @sstltly their distinct effects on the detonatioth ce
structure. This model was also used in many styéieg$8]. However, it requires defining a particle
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ignition temperature which plays a double roleplaethis temperature the combustion rate is equal to
zero, and beyond it the combustion is triggeredweéier, definition of an appropriate criterion for
aluminium particle ignition in dynamic conditiongtind a shock wave is difficult and somewhat
arbitrary. Here we incorporate a hybrid model basedhat proposed by Zhang et al. [7], [9] which
combines in a more realistic way both kinetic aiflsion regimes of aluminium combustion and
does not require any ignition temperature. The gant of this hybrid model is in the mass exchange
source termd (overall burning rate), which is modelled as folkw
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where particle burning rates in kinetic regidyg and diffusion regimél,; are defined respectively
with equations (2) and (3):
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Hereo is the particle concentratioRe is the Reynolds numbet, is the particle burning time in
diffusion-controlled regimed, is the particle diameten, is the particle number densit¥, is the
pre-exponential factok, is the activation energfR is the universal gas constant ands the particle
temperature. The burning tinyeis defined as:
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wherek is the burning constant aw,, is the weight fraction of oxidant.
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3 Simulation of the detonation cellular structure wth the hybrid model

As for the previous two-step model, three pararseltave to be set to describe the chemistry of
aluminium combustion. The burning consténis set to the same value as in our former two-step
model:k = 1.6 x 16 s/m?, as found by Ingignoli [10] for flake-typerpieles. In addition, the activation
energy of the kinetic regime in the mass exchaogece term is also set to the same value as before,
in the case of reaction between aluminium and axygecording to the results of Merzhanov et al. on
aluminium wires combustion [11E, = 17 000 cal/mol. Henc&y,, is the only best-fitting parameter
as compared with the two-step model, due to diffiedefinition of kinetic regime. It was varied in a
wide range, and the calculated results were cordpaith experimental ones as in [3] for aluminium -
air and aluminium - oxygen mixtures.

Aluminium - air reference mixture correspondshe experiments of Zhang et al. [2] with flakes
(with an estimated equivalent diametie= 13.5um). Experimental detonation cell widthiis: 40 cm
for a rich mixture (equivalent ratio 1.61) at pelgi concentratiom = 500 g/m. The pre-exponential
factor in the hybrid model is set#a,, = 7.5 X 16 kg/m2/s.

Aluminium - oxygen reference mixture is that o thixperiments of Ingignoli et al. [1] for flakes
with an equivalent diameter df = 8.6um, for which the detonation cell size has beemedgd to be
about) =~ 5-10 cm for a mixture at stoichiometry (particlencentrations = 1500 g/m). The pre-
exponential factor in the hybrid model is seZfg = 3 x 16 kg/nt/s.

Typical cellular structures, obtained by numerisaiulations performed using this set of
parameters, are displayed in Fig. 1. For aluminiuair mixture, the average detonation cell siZeds
40 cm, while in the case of aluminium — oxygen mmigtit isA ~ 10 cm. These results are in
reasonable agreement with experimental observat©ospared with our previous model [3], these
calculated detonation cell sizes are a little &igér. Further characteristics may be derived ftioen
examination of Fig.1: the cellular structure appetar be less regular for aluminium — air mixture
while for aluminium — oxygen mixture, the trajeéésr of transverse waves seem to be thicker and
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amplitude of pressure variations less importanis Thight be attributed to an effect of the longer
induction length (kinetic regime) ensuing from timgbrid model for aluminium — oxygen mixture,
since the detonation cell sizedis: 10 cm, while the value df was only= 7.5 cm with the two-step
model (see next section).

Modelling detonation cells in Al suspensions

Pbar): 25 30 35 40 45 50 55 60

Plbar): 35 40 45 50 55 60 65 70

Figure 1. Detonation cells obtained using the Hd/niodel. Left: aluminium — air mixture, equivalgrdrticle
diameter 13..um, richness 1.61. Right: aluminium -, §iloichiometric mixture, particle diameter §ué.

From Fig. 2, one can observe that this model rsistent with previous results on ignition and
combustion regimes in the case of aluminium — aioKation [3], [4], [7]. Indeed, before ignitiomet
overall burning ratd is superposed on kinetic regime cudyg (up to 4.1 cm behind the front). After
a transition zone of about 2.8 cm, the overall mgmateJ then coincides with diffusion regime curve
Jui. Moreover, particles start to burn when their terapureT,, is of about 1100 K, which is consistent

with usual experimental and numerical values.
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Figure 2. Combustion regimes and ignition paransetdfigure 3. Detonation cell size as function of peti
for aluminium — air mixture. diameter for both models (aluminium - air mixture)

4 Influence of the particle diameter on the detonabn structure

From numerical simulations with the two-step modehas been found that the detonation cell size
was proportional to the particle diameter to thevgo 1.4 for both aluminium — air or oxygen
mixtures, the induction length being linearly degemt on the particle diameter, and the combustion
zone length proportional to the patrticle diametethie power 1.8 [4]. With the present hybrid model,
the same behaviour is observed for aluminium —fraktures for particle diameter varying from 1.5
um to 17 um. The case of aluminium — oxygen mixtures is autyeunder investigation and
preliminary results give the same expected tenddexxgmination of temperature evolution behind the
leading shock wave shows that the aluminium partieldius begins to significantly decrease when
particle temperature is close to that imposed by tho-step model. Detonation cell sizes and
combustion zone lengths are very close to thosairsdd with the two-step model, the induction
length being a little bit higher with the hybrid de. Dependences of the detonation cell size on
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particle diameter are compared in Fig.3 betweeriwlestep and hybrid models for the aluminium —
air mixture. One can observe good agreement bettheemodels.

Linear dependence is found between the detonatdinsize and the induction length (kinetic
regime), with proportionality factdk of the order of 11, compared to a value of 8 fa two-step
model [4]. This dependence is analogous to thaibérd for gaseous detonations whétaanges
from about 10 to 100. No obvious correlation wasesteed concerning dependence of the cell width
on the combustion zone length (diffusive regime).

5 Conclusion

The hybrid model used in this study appears to beemealistic in terms of aluminium combustion
modelling as compared with our previous two-steg®hoMoreover, aluminium particle ignition is
automatically controlled by transition between kicimited regime and diffusion-limited burning
regime, which overtakes the difficulty of selecting appropriate ignition temperature of particles
behind a shock wave. Furthermore, the charactegstirelations displayed with the two-step model
between the cellular structure and particle diamate confirmed by the hybrid model, and our
preceding conclusions remain valid.
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