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Abstract Heterogeneous detonations involving aluminium
suspensions have been studied for many years for industrial
safety policies, and for military and propulsion applications.
Owing to their weak detonability and to the lack of avail-
able experimental results on the detonation cellular structure,
numerical simulations provide a convenient way to improve
the knowledge of such detonations. One major difficulty
arising in numerical study of heterogeneous detonations
involving suspensions of aluminium particles in oxidizing
atmospheres is the modelling of aluminium combustion. Our
previous two-step model provided results on the effect on the
detonation cellular structure of particle diameter and charac-
teristic chemical lengths. In this study, a hybrid model is
incorporated in the numerical code EFAE, combining both
kinetic and diffusion regimes in parallel. This more realistic
model provides good agreement with the previous two-step
model and confirms the correlations found between the det-
onation cell width, and particle diameter and characteristic
lengths. Moreover, the linear dependence found between the
detonation cell width and the induction length remains valid
with the hybrid model.

Keywords Detonation - Cellular structure - Two-phase
mixtures - Aluminium suspensions - Aluminium combustion
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1 Introduction

Heterogeneous detonations involving aluminium suspen-
sions have been studied for many years due to their impor-
tance for industrial safety policies, military applications and
propulsion applications. Like in gaseous detonations, the
existence of a cellular structure was experimentally estab-
lished for mixtures containing aluminium suspensions in oxi-
dizing atmospheres [1,2]. However, the characteristic cell
size is noticeably larger due to the slower heat release pro-
cess provided by heterogeneous burning of solid particles.

Numerical modelling of two-phase detonations has been
developed for several years to simulate the cellular struc-
ture [3-8]. In a previous work [4], based on the two-step
model proposed by Khasainov and Veyssiere [9], the authors
calculated detonation cell sizes for both aluminium—air and
aluminium—oxygen mixtures. They adjusted kinetic parame-
ters to ensure agreement with available experimental data. It
appears from the calculations [4] that, in contrast with gas-
eous mixtures, for aluminium—gas mixtures, ignition does
not occur first in high-pressure zones around the triple points
areas. In these zones, particle concentration is the highest
due to convection of the solid particles by transverse waves,
and, as a result, the local particle temperature is the low-
est. Because ignition is controlled by heat exchange between
gas and particles, it first occurs outside triple points areas, in
regions where low concentration of particles results in high
temperature; hence, fast ignition.

Using the model [4], Briand et al. [3] numerically inves-
tigated the influence of the characteristic particle parameters
on cellular structure in aluminium suspensions. The deto-
nation cell size was found to be proportional to the parti-
cle diameter to the power 1.4 for both aluminium—air and
aluminium—oxygen mixtures, which is comparable with the
results obtained by others [6,7,10]. Moreover, as in gaseous
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detonations [11], a linear relationship was found between the
detonation cell size and the induction length [3]. In the pres-
ent paper, we improve our reaction model by incorporating a
hybrid model of aluminium combustion based on the model
described by Frank-Kamenetzkii [12] and similar to that used
for detonation applications by Zhang et al. [8]. The results
obtained by both the two-step model and the hybrid model
are compared.

2 Numerical modelling

The model is based on the theory of multiphase flows [13]:
both gaseous and solid phases are assumed to be continu-
ous media with inter-phase transfer of mass, momentum and
energy. Particle volume fraction and particle—particle interac-
tions are ignored. Temperature gradients inside the particles
are supposed to be negligible. Balance equations for the het-
erogeneous medium are as follows:
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with
o : the gas density
u : the gas velocity vector
J : the mass exchange rate between gas and particles
p : the pressure
vp : the particle velocity vector
f : the momentum exchange rate between gas and particles
E : the total energy of gas, E = p(e + %fi - i)

E, : the total energy of particles,E, = o (ep + %ﬁp . Up)
ep : the internal energy of particles
Q : the heat of reaction
q : the energy exchange rate between gas and particles
o : the apparent density of particles
np : the particle number density
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Detonation products balance equation
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with

Prp - the density of detonation products
x : the stoichiometric coefficient

Interactions between gaseous and solid phases

2.1 Mass exchange

Our previous two-step model for aluminium combustion [9]
presented the advantage to easily separate the induction and
combustion periods, which allows to study their respective
effects on the detonation cellular structure [3]. Similar sim-
plified models were also used in studies, such as [5,6]. How-
ever, they require defining a particle ignition temperature
which plays an important role, below which the reaction rate
is set to zero and above which combustion occurs. Thus, this
approach requires identifying an appropriate ignition crite-
rion for aluminium particles. The choice of the ignition tem-
perature was examined in [14]; as a result, here it was set to
1,350 K.

The hybrid model incorporated in our current model is
similar to that proposed by Zhang et al. [8] for aluminium-—air
detonations. It combines both kinetic and diffusion regimes
[12] for aluminium combustion. As such, it is more realistic
than these previous models, and it does not depend on an
ignition criterion. The overall burning rate J controls both
ignition and combustion periods, according to the following
equation:

J—( ! + ! )1 5)
- \Jkin  Jaife

in which the burning rates of the kinetic regime J;, and
diffusion regime Jy; rr are, respectively, defined as follows:

— g2 E
Jkin = ndpanhyb exp (— lep)

(6)
Jair =30 (140276V/Re) /7,

with

dy : the particle diameter
the pre-exponential factor
E, : the activation energy

R : the universal gas constant
T, : the particle temperature
Re : the Reynolds number

7p : the burning time
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In the hybrid model, the temperature in the Arrhenius rate is
the particle temperature 7. Zhang et al. [8] proposed the use
of the “film” temperature Tfim = (T, + 1)/2 as the tempera-
ture in the Arrhenius rate. The difference between these two
models becomes significant only for larger particles (d, >
50um) when internal temperature gradients and thermal non-
equilibrium with the surrounding gas becomes large. In the
present work, we consider only particles of smaller diameter
for which the assumption of uniform temperature inside the
particles is fully justified.
The definition of the Reynolds number is given by:

Re = d, |ii — p|/vg (7)

where vy is the kinematic viscosity.
The burning time 7, is defined according to Price [15] as:

Kd?,

=l ®
oXx

with

K : the particle burning time constant
¢ox : the molar fraction of oxidant in gaseous phase

2.2 Momentum exchange

Gas and particle velocities are equilibrated by the drag force
f given by (9), in which the particle drag coefficient Cq is
given, according to Nigmatulin [13], by (10):

3po0p

f:zp—pd—Pcd (ii — Bp) |ii — p| ©)

where pp is the particle material density.

Cq= 2,44 +0.42 (10)
Re  /Re

2.3 Heat exchange

The heat exchange g between gas and particle includes both
convective and radiative contributions. It is given by (11):

60 |:Nu)»g (T —Ty)

g =

- T4 T4) 11
dep dp + £0Boltz ( p ( )

Here the Nusselt number Nu is defined, according to
Nigmatulin [13], by (12), where the Prandtl number Pr is
given by (13):

Nu=2+40.6Pr'3VRe (12)

pr =1 (13)
)\g

with

Ag : the thermal conductivity of the gas
T : the gas temperature

¢ : the emissivity of the particle
OBoltz - the Boltzmann constant
ig : the dynamic viscosity of the gas
¢p : the gas heat capacity at constant pressure

The emissivity of the particle suspension has been examined

in [16] and it was found in [9] that the contribution of the

radiative part to the heat exchange term ¢ can be neglected.
The particle diameter is calculated from (14):

/ 4
dp/2 = Up/[?npp”p}

(14)
Finally, the equations of state for the gas phase are
p:pR(%—l—z)—Z)T (15)
e = [cVg (1 — xrp) + cvrpxrp] T (16)

Here indexes ()¢ and ()rp, respectively, refer to the initial
(fresh) gas and to the reaction products x;, whose mass frac-
tion in the gaseous phase is defined as

Xrp = Prp/ P a7

and cy is the heat capacity at constant volume, while w is the
molecular mass.

The detonation is considered as a wave of finite thick-
ness, where the chemical reactions are initiated by the leading
shock wave and their progress is controlled by the interphase
exchanges of mass, impulse and energy between particles
and gases.

3 Numerical method

The system of 2D equations (1-17) is solved in cylindri-
cal x—r coordinates using an Eulerian grid. The home-
made numerical code EFAE uses an explicit finite difference
scheme based on the flux-corrected transport method from
Oran and Boris [17] to ensure monotonicity, and stability
is assured by the Courant—Friedrichs—Lewy criterion [18].
The radial grid has a uniform size Ar at any longitudinal
coordinate x. Along the propagation direction x, an adap-
tation technique is implemented: half of the grid with fixed
size Axfne = Ar is used around the detonation front, where
physical lengths and time scales are the smallest [19], pro-
viding an accurate discretization of the reaction zone. Down-
stream, beyond the zone with square meshes, the other half
of the grid is made of cells of variable longitudinal length:
Ax is monotonously increased from the finely resolved zone
toward the closed end of the tube at x = 0 (i = 1). Thus,
at a given number of longitudinal cells Ny, Ax = AXxfpe at
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i = Ny/2,Ny/24+1,...,Nyand Ax; = (1 4+ €)Axj4p at
i =Ny/2—1,N,/2—-2,...,1where ¢ is a small parameter
whose value slowly grows with every adaptation. The mesh
size Ax; near the closed wall (i=1, 2, ...) is not allowed to
exceed O(D-t/100) where D't is the run distance of the lead-
ing front. The grid adaptation and corresponding re-mapping
of flow parameters is done every time the shock front arrives
at the right boundary i = N, of the grid. The transverse
mesh size Ar is always equal to the smallest longitudinal
size Axfine. With this method, the aforementioned system of
equations of the reactive flow can be accurately solved taking
into consideration the multiscale character of the problem.
Indeed, it allows for long propagation distances while pro-
viding a fine resolution in the reaction zone, with reasonable
calculation times.

For simulating the detonation cellular structure, one-
dimensional planar calculations are first performed up to
a quasi-stationary and autonomous detonation regime is
reached. Then, this 1D solution is used as an initial con-
dition of a two-dimensional calculation in a cylindrical con-
figuration with a tube of small diameter (about 10AXgye),
and the calculation is advanced until numerical perturba-
tions appear and give rise to the formation of triple points.
This process is repeated by increasing the tube diameter
until calculations display the quasi-steady detonation cellular
structure in the tube. Then, this solution is replicated in the
radial direction providing an initial condition for another 2D
problem, but in a larger channel. The tube dimension in the
final simulation is chosen such that the detonation cell width
becomes independent of the tube size. This method yields
the detonation structure after a stationary and autonomous
regime has been reached, in reasonable calculation time.
The final detonation cellular structure does not depend on
the process whereby the tube diameter was increased before
reaching the final solution, affecting neither velocity or
structure.

In the following simulations, the particle radius is typically
of the order of a few micrometers. The numerical resolution
(i-e. Axfpe) depends on particle size and is chosen to provide
at least a few tens of numerical cells in the induction zone
(typically Axgpe is of the order of the millimeter [3]).

Simulation of the cellular structure of aluminium
particles— oxygen detonation has been already attempted in
the past [5], but the tube diameter (12 cm) and length (60 cm)
chosen for that study were clearly too small to allow obtain-
ing a steady propagation regime and a cell size independent of
the tube dimension. Conclusions reached in [6,7] may be due
to insufficient resolution, in the absence of detailed informa-
tion. The few available experimental results in aluminium
particle—air mixtures [1] show a detonation propagating in
the spinning mode, due to the narrow size of the tube. The
spinning detonation regime in aluminium suspensions would
require a specific investigation; it is not examined here.
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4 Reference mixtures

Two reference mixtures are considered, based on the
experimental data of Zhang et al. [1] for aluminium-air
mixtures and those of Ingignoli et al. [2] for aluminium—
oxygen mixtures. Energetic parameters of those two mixtures
were determined using the thermodynamic calculations with
the TDS code [20]. Namely, for the aluminium—air mixture at
concentration o = 500 g/m?> the ideal CJ detonation velocity
is D¢y = 1,742 m/s, the molecular mass of detonation prod-
ucts wcy = 0.03849 kg/mol and their heat capacity (cy)cy =
1,751J/kg/K. Similarly, for the aluminium—oxygen mixture
at concentration o = 1,500 g/m>, the detonation velocity
is Dcy = 1,592m/s, wcy = 0.04979kg/mol and (cy)cy =
1,756 /kg/K.

As for the previous two-step model, three parameters
have to be set to describe the chemistry of aluminium com-
bustion. Two of them are taken from the literature: the
burning time constant K is set to the same value as in
our former two-step model: K = 1.6 x 10°s/m?, as pro-
posed by Ingignoli [21] for flake-type particles. In addi-
tion, the activation energy of the kinetic regime in the
mass exchange source term is also set to the same value
as before, in the case of reaction between aluminium and
oxygen, according to the measurements of Merzhanov et al.
of aluminium wires combustion [22]: E, = 17,000 cal/mol.
Thus, as for the two-step model, the only free parameter
requiring fitting is the pre-exponential factor Zpyp, in the
kinetics. For both aluminium-air and aluminium-oxygen
mixtures, Zpy, was varied in a wide range to compare
the calculated detonation cell widths with available exper-
imental data and to those simulated by Veyssiere et al.
[4].

The aluminium-—air reference mixture corresponds to the
experiments of Zhang et al. [1] with flake particles (with esti-
mated equivalent diameter dj, = 13.5 wm) at standard pressure
and temperature. For a rich mixture (equivalence ratio 1.61)
and particle concentration ¢ = 500 g/m?, the measured
detonation cell width is A &~ 40cm [1] and for the pre-expo-
nential factor in the hybrid model the best-fit value is Zhyp =
7.5 x 10* kg/m?/s.

For stoichiometric aluminium—oxygen mixture (o = 1,500
g/m?) at standard pressure and temperature, Ingignoli et al.
[2] recorded a detonation cell with a characteristic width A ~
5-10cm for flake particles (with estimated equivalent diame-
terdp = 8.6 um). Here, the best-fitting value of the pre-expo-
nential factor for the hybrid model is Zny, = 3 x 10 kg/m?/s.
The larger value of Zyyy, for the oxygen—aluminium mixture
may be due to the smaller size and larger concentration of par-
ticles and to the higher oxygen concentration. There remains
significant uncertainty about detonation cell size for oxy-
gen—aluminium mixtures, because experimental data are very
limited.
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Initiation is achieved by a point explosion source with an
energy of the order of 0.1 MJ/m? at 7 = 0 at the left closed
end of the tube. The initiation energy was chosen to be nearly
twice the critical initiation energy which depends on mixture
reactivity and drops as the particle size is reduced.

5 Comparison of 1D simulations using two-step model
and hybrid model

Figures 1 and 2, respectively, show for aluminium-air
and aluminium—-oxygen mixtures the evolution of detonation
velocity in the tube, for the hybrid model. For both mixtures,
the run time to a quasi-steady detonation regime is at least
2 ms, which corresponds to a run distance of approximately
4m (this already indicates significantly lower reactivity of
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Fig. 1 Evolution of the detonation velocity for the hybrid model in
the case of aluminium—air mixture (richness 1.61, equivalent particle
diameter 13.5 um)
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Fig. 2 Evolution of the detonation velocity for the hybrid model in the
case of aluminium—oxygen stoichiometric mixture (equivalent particle
diameter 8.6 jum)

aluminum suspensions in air or oxygen, in comparison with
typical gaseous explosive mixtures). After this rather long
transient period, the mean detonation velocity approaches
D = 1,740 m/s for the aluminium—air mixture (Fig. 1), which
is only 0.1% below the ideal value D¢y = 1,742 m/s (see pre-
vious section). Fluctuations of velocity of the self-supported
detonation caused by the Arrhenius character of chemical
reactions do not exceed 1.5%. For the aluminium—oxygen
mixture (Fig. 2), the hybrid model also gives good agree-
ment between the mean detonation velocity D = 1,594 m/s
and the ideal one D¢y = 1,592 m/s.

Figure 3 displays the evolution of the main flow parame-
ters behind the leading front.

The agreement between the results obtained with the two
models is very good. The differences observed in particle
temperatures immediately after the ignition have no physical
meaning. Indeed, they are due to the fact that in the two-step
model, the particle temperature continues to increase rap-
idly according to Arrhenius law even after particle ignition:
as this parameter is not used in the subsequent calculations
of the diffusion step, particle temperature after ignition is
arbitrarily limited to 2,000K just to indicate conveniently
the burning stage of the process. Figure 3 compares for both
models the evolution of mass exchange rates for aluminum—
air mixtures, with X = Dt — x, i.e. a longitudinal coordi-
nate attached to the detonation front. The estimated induction
length is about L; = 3.5 cm for the hybrid model and 4.5 cm
for the two-step model while the combustion zone length is
of the order of L. = 40cm for both models. The induction
length is defined here as the distance between the leading
front and the point where the gradient of particle tempera-
ture becomes maximum, whereas the combustion length goes
from the moment when the relative decrease in the particle
radius becomes noticeable (here >0.1%) to the point where
this radius becomes smaller than 10% of the initial radius.
The particle radius decreases similarly for both models. The

10’ . - . 7
10° \
r 6
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g 10}
= 10° 4 -
= 107 ¢ E
— 2 p—
e 10F 3
2 10 =
£ I
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Fig. 3 Combustion regimes and ignition parameters for aluminium-air
mixture

@ Springer



526

A. Briand et al.

burning rates J are also similar up to X = 0.40m. Beyond
that value, J corresponding to the two-step model drops faster
(due to a numerical criterion used to treat the final stage of
the particle burn-out, when its radius approaches zero), but
this has no influence on the global energy release since the
particle radius at that moment is as small as 10% of its initial
value, so that 99.9% of the initial particle mass has already
been burnt, and the burning rate is three orders of magnitude
smaller than the corresponding maximum value immediately
after ignition.

Despite the different definitions of the combustion rates
for both models, they lead to very close results. A transi-
tion period of approximately 3-cm length is observed for the
hybrid model where the mass exchange rate J progressively
changes from the kinetic regime Jyi, (lasting from X = 0
to X = 4.1cm) to the diffusive regime Jgifr (for X > 7cm).
Finally, the effective ignition temperature of particles which
is derived from calculations for the hybrid model is close
to 1,100 K, which is slightly smaller, but consistent with the
value chosen here in the calculations with the two-step model
(1,350K), and comparable with the values found in the litera-
ture. Profiles of other main flow parameters, such as pressure,
particle and gas density, and temperature inside the reaction
zone and further downstream are practically identical.

6 Simulation of the detonation cellular structure
with the hybrid model

Typical cellular structures, obtained by numerical simula-
tions performed using the hybrid model with the aforemen-
tioned set of input parameters, are displayed in Figs. 4 and 5,
for a tube diameter large enough to allow for a sufficient num-
ber of detonation cells to exist across the tube radius, ensuring
that the cell width is independent of the diameter (see above
section). In both cases, due to the cylindrical geometry of
the flow, an implosion of converging triple points at the axis
of symmetry induces strong reflected waves. For the alumin-
ium—air mixture (see Fig. 4), the cellular structure appears to
be less regular than with the two-step model: except along
the axis, the cellular network is composed of cells of var-
iable dimension, either decreasing or increasing along the
axial and the radial coordinates. The average size is chosen
as the characteristic cell width, resulting in A ~ 40 £ 10cm.
For aluminium—oxygen mixture (see Fig. 5), cells are nearly
regular and the characteristic width is A =~ 10+ 1cm.
These results are in reasonable agreement with experimen-
tal observations. When compared with our previous calcu-
lations with the two-step model [4], the present values are
slightly larger. In both cases, the ratio A /L of the cell width
to its length vary in a range of [0.43, 0.5], which is smaller
than for homogeneous gaseous detonations (A /L ~0.6). The
tracks of triple point trajectories appear to be significantly
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Fig. 4 Detonation cells obtained using the hybrid model for alumin-
ium-—air mixture (richness 1.61, equivalent particle diameter 13.5 um)
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Fig. 5 Detonation cells obtained using the hybrid model for alu-
minium—-oxygen stoichiometric mixture (equivalent particle diameter
8.6 pm)

thicker than in gaseous mixtures, particularly for the oxygen—
aluminium mixture. This could be attributed to the relaxation
process, but also to a longer reaction time for Al suspensions
in comparison with typical gaseous explosives. Indeed, this
thickness is about 10cm in Al/air mixture and about 2.5cm
in Al/O; case. The ratio of these thicknesses is close to that
of detonation cell sizes showing that aluminium suspensions
in oxygen are markedly more reactive than in air.

7 Influence of the particle diameter on the characteristic
chemical lengths

Previous results [3] obtained with the two-step model
showed that the induction and combustion zone lengths are,
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Fig. 6 Induction length as function of particle diameter for both
models (aluminium-—air mixture)
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Fig. 7 Combustion zone length as function of particle diameter for
both models (aluminium—air mixture)

respectively, proportional to the particle diameter and to the
particle diameter to the power 1.8. With the present hybrid
model, numerical simulations have been performed for alu-
minium—air mixtures, varying the particle diameter from 1.5
to 17 wm. For these calculations, the numerical mesh size in
the well-resolved zone of the detonation wave ranged from
0.1 to 2.5 mm to ensure that at least ten numerical cells were
included in the induction length. Figures 6 and 7 display
the influence of the particle diameter, respectively on the
induction length and on the combustion zone length for both
models, in the 2D case.

The relationship between induction length and particle
diameter is found to be L; ~ dg(i), with n; = 1.42 for the
hybrid model and n; = 1.36 for the two-step-model (Fig. 6).
In both cases, the dependence of L; on dj, can be approx-
imately represented in the range of parameters under con-
sideration as L; ~ d1;64‘ For the two-step model, this type

of relationship was to be expected because of the ignition
model (see [3]). However, for the hybrid model, the reaction
rate is by definition (6) inversely proportional to the instan-
taneous particle diameter (since n;, is inversely proportional
to dS). Even so, the qualitative agreement between the two
models is quite good, despite the different definitions. Still,
the induction lengths obtained with the two-step model at a
chosen value of ignition temperature are higher than those
obtained with the hybrid model, the difference between the
results being larger for larger particles.

Figure 7 shows quantitative agreement between both mod-
els as far as the combustion zone length is concerned. This
behavior could be expected, due to the same definition of the
diffusive regimes for the two models. The combustion zone
length is proportional to the particle diameter to the power
1.8, which is quite close to the definition given by Eq. (8).

8 Correlations for the detonation cell size

Briand et al. [3] have used the two-step model and found
that the detonation cell width is proportional to the par-
ticle diameter to the power 1.4. Figure 8 compares these
results with those obtained with the hybrid model. It appears
that the same correlation can be derived here A ~ dg(')“. In
the previous section, we have found a similar dependence
for L; ~ d 1(')4, hence a linear correlation between A and
L;. Values of the cell width for both models are close but
slightly higher with the hybrid model, in agreement with pre-
viously proposed correlations between induction length and
combustion zone length. In [6,7], a correlation A ~ dg('f
was proposed, whereas in [8], a correlation taking initial
pressure into consideration is suggested: A ~ dgo /pp with
n > 2 and m > 1. Thus, this dependence of A on particle
diameter remains an open question and necessitates further
studies; especially, more detailed and precise experimental
data.

These results naturally lead to an attempt to find a
correlation between the detonation cell width and the induc-
tion length, as proposed by Shchelkin and Troshin [10] for
gaseous mixtures or by Briand et al. [3] for aluminium—air
and aluminium-oxygen mixtures with the two-step model.
Although a proportionality constant k of the order of 7 was
obtained in [3] in various conditions, the hybrid model pro-
vides a higher value of about 11 for aluminium—air mixtures,
as shown in Fig. 9. This difference in k is the consequence
of slightly higher values of A and smaller values of L; pro-
duced by the hybrid model. Thus, taking into consideration
the different definitions of the mass exchange rates in the
two models, one can generalize the aforementioned correla-
tion between A and L; for both mixtures as

A~ 10L; (18)
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Fig. 9 Detonation cell size as function of induction length for both
models (aluminium—air mixture)

9 Conclusions

Good agreement was observed between detonation cellu-
lar structures in aluminum/air and aluminum/oxygen mix-
tures calculated using the hybrid model, and those previously
obtained with the two-step model. This confirms the reliabil-
ity of the two-step model as well as previous results based on
the two-step model [3,4]. However, the hybrid model appears
to be more convenient for aluminium combustion modelling,
since it leads to particle ignition being automatically con-
trolled by the transition between the kinetic-limited regime
and the diffusion-limited burning regime. The hybrid model
does not depend on a somewhat arbitrary choice of a particle
ignition temperature behind a shock wave and corroborates
the conclusions of Zhang et al. [7]. The hybrid model con-
firms that the detonation cell width is proportional to the
particle diameter to the power 1.4 while the induction and
combustion zone lengths are, respectively, proportional to

@ Springer

the particle diameter to the power 1.4 and to the power 1.8.
The linear dependence of the detonation cell width on the
induction length is also confirmed.
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