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Abstract. The cellular detonation structure has been recorded for hybrid hydrogen/air/aluminium mix-
tures on 1.0m × 0.110m soot plates. Addition of aluminium particles to the gaseous mixture changes its
detonation velocity. For very fine particles and flakes, the detonation velocity is augmented and, in the
same time, the cell width λ diminishes as compared with the characteristic cell size λ0 of the mixture
without particles. On the contrary, for large particles, the detonation velocity decreases and the cell size
becomes larger than λ0. It appears that the correlation law between the cell size and the detonation ve-
locity in the hybrid mixture is similar to the correlation between the cell size and the rate of detonation
overdrive displayed for homogeneous gaseous mixtures. Moreover, this correlation law remains valid in
hybrid mixtures for detonation velocities smaller than the value DCJ of the mixture without particles.
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1 Some features of the detonation cellular
structure in gaseous and solid
particle-gas mixtures

1.1 Gaseous mixtures

Since the work of Denisov and Troshin (1960), a large
amount of experimental as well as numerical work has
been devoted to the study of the so-called cellular struc-
ture of detonations. This aspect of detonations has
been extensively investigated in gaseous mixtures, which
has displayed the importance of studying this three-
dimensional cellular structure for the understanding of
propagation mechanisms of the detonation wave. It is now
recognized in gaseous mixtures that this particular struc-
ture may be considered as a “signature” of the detonation.
It permits to characterize the formation, the steady propa-
gation and the extinction of the detonation regime. More-
over, the size of the elementary cell depends on the actual
composition of the gaseous mixture and on initial exper-
imental conditions. The characteristic parameter used is
the cell width λ. It has been shown that the value of λ
is related to the mean chemical induction length; thus
the knowledge of λ provides information about the det-
onability of a gaseous mixture. According to this idea,
extensive experimental work has been achieved by numer-
ous authors for determining the characteristic cell size λ
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of gaseous mixtures under various composition and ini-
tial conditions. Furthermore, correlations between the cell
width and certain characteristic dimensions of the sur-
rounding confinement in which the detonation propagates
have been derived which permit to build up criteria for
critical diameter of propagation of a detonation, critical
initiation conditions, critical conditions for transmission
from a tube to unconfined or semi-confined medium, etc.
Of particular interest are the results of Desbordes (1988)
showing in the case of strong detonations the dependence
of cell width λ on the current value of the detonation veloc-
ity D. He showed that the value of λ was not only a charac-
teristic parameter of the self-sustained steady Chapman-
Jouguet detonation, but of any strong detonation wave:
when the detonation velocity D is increased above the
value DCJ of the Chapman-Jouguet detonation, the cell
width diminishes, which means that the induction length
of chemical reactions behind the incident shock wave di-
minishes correspondingly. He showed that the correlation
between the variations of cell width λ, induction length L
and detonation velocity D could be predicted analytically
by the relationship (1):
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where λ and λCJ are the cell widths, Lind and Lind,CJ the
global chemical induction lengths, D and DCJ the detona-
tion velocities, respectively of the strong and Chapman-
Jouguet (CJ) detonations. It is worthy to recall that
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Fig. 1. Variation of the detonation cell width with the Mach
number of the detonation wavefront for acetylene-oxygen mix-
tures diluted with argon (i = 0; 1; 3.5) – from Desbordes, 1988
– (with courtesy of D.Desbordes)

Eq. (1) is based on the dependence of the chemical in-
duction length on the leading shock strength (which is
characterized by the velocity D) and does not include any
assumption about the stationarity of the detonation, nor
on the relative values of D and DCJ (Eq. (1) is analyti-
cally valid for any value of D). Illustration of this λ-D de-
pendence taken from results of Desbordes (1988) is given
in Fig.1, in the case of detonation of acetylene-oxygen-
argon mixtures with various rates of overdrive above the
Chapman Jouguet velocity (MS is the Mach number of
the overdriven detonation and MCJ that of the Chapman-
Jouguet detonation, thus MS / MCJ measures the rate of
overdrive of the detonation. Obviously, MS / MCJ is phys-
ically bounded to values greater than 1 in experiments).

As demonstrated by Desbordes, the cell size is ex-
tremely sensitive to the rate of overdrive and varies ex-
ponentially. This exponential variation derives from the
dependence of the induction length on the temperature be-
hind the leading shock front. Hence, in his case a small rate
of overdrive of the detonation results in a drastic change
in the detonation cell size: this is clearly observed in Fig. 1
where the cell size is divided by two for a rate of overdrive
of only 1.07.

1.2 Two-phase heterogeneous mixtures
(solid particles)

Two phase heterogeneous mixtures with solid particles are
defined as mixtures in which the gaseous phase contains
only the oxidizer, whereas the combustible component is
in the solid phase, well distributed in small solid particles
in suspension in the gaseous phase. Even if at macroscopic
level (global heat release), one can consider that a certain
similarity exists with the detonation of premixed gaseous
mixtures, it is obvious that the kinetics of heat release
between combustible and oxidizer in two-phase mixtures
strongly differs from that of homogeneous gaseous mix-
tures (due to thermomechanical interphase exchanges).

Existence of truly self-sustained detonations in such
two-phase media yet remains a not completely clari-
fied problem. First experiments have been performed by
Strauss (1968), who displayed detonation regimes in alu-
minium oxygen suspensions contained in 26.4mm- and
44mm-diameter, 2.7m-long tubes, and initiated with
strong sources. The observation of spinning detonations
indicates that the propagation regime evidently depended
on the confinement and probably was not self-sustained.
Available experimental results on this problem are in lim-
ited number and in most cases no irrefutable conclusion
can be drawn from them, because the diameter of the
confinement and the distance of propagation of the det-
onation wave were insufficient to provide the guarantee
that the detonation was truly self-sustained. This is the
case of experiments of Kaufman et al. (1984), Peraldi and
Veyssiere (1986), Wolanski (1991), Li et al. (1993) and
Borisov et al. (1991). More conclusive are the works of
Zhang and Grönig (1991, 1993) and Zhang et al. (1992) on
the study of detonation in cornstarch and anthraquinone
particles dispersed in oxygen and air. As for experiments
of Gardner et al. (1986) they have been performed in a
tube of diameter significantly larger (0.6 m) than those
of above studies; however the length was too short to en-
sure that a self-sustained detonation had been observed at
the end of propagation. Moreover, in their experiments,
analysis of the phenomena is more complicated, due to
the use of coal dust: indeed, heat release supporting det-
onation propagation may come from both volatile and
solid components of the coal particles; such a situation
rather corresponds to that of hybrid mixtures which will
be examined in Sect. 1.3. Initiation of a detonation has
been attempted by Tulis and Selman (1982) in uncon-
fined cylindrical aluminium-air clouds, but their results
are not conclusive. Ingignoli et al. (1999a) have tried to
perform direct initiation of a detonation in hemispheri-
cal unconfined (0.4m3) clouds of aluminium particles in
pure oxygen. Their experiments, as well as numerical sim-
ulations display that the volume of the cloud should be
larger, at least by four times, to expect observation of
a self-sustained detonation. Recent works in tubes have
provided new information. Pu et al. (1997) have observed,
at the end of 0.14m diameter, 12m long tubes filled with
aluminium dust-air suspensions, the propagation of quasi-
steady propagation regimes with typical velocities of the
order of 2000m/s, that is higher than the value of the deto-
nation velocity derived from the thermodynamical theory.
The recent work of Zhang et al. (2001) utilized two deto-
nation tubes 0.14m and 0.3m in diameter with a length-
diameter ratio of 124. They observed DDT to a detona-
tion governed by the existence of transverse waves in corn-
starch, anthraquinone and aluminium particles suspended
in air. Even in this case, the detonation wave is typical of
spinning detonation regime and a relatively strong initia-
tion source is required when compared with gaseous DDT.

Referring to the existing knowledge in gaseous mix-
tures, it appears of great importance to search whether
the detonation regime in two-phase mixtures may exhibit
the so-called cellular structure. However, nothing much is
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known about the process through which heat release from
reactions of solid particles with a gaseous oxidizer can
support detonation propagation. The characteristic time
of heterogeneous reactions between particles and gases is
generally far larger than that of homogeneous gaseous re-
actions by an order of magnitude or more, depending on
particle size. Thus, the coupling between the shock front
and the reaction zone is believed to be weaker than that
existing in gaseous detonations. However, should the fun-
damental mechanisms of coupling between the shock front
and the reaction zone be of the same nature as for the
gaseous mixtures, the detonation cellular structure should
exist. According to the difficulty to generate detonations
in two-phase mixtures and to the larger values of char-
acteristic time of reactions between particles and gases,
the characteristic width of the cellular structure should
be greater by an order of magnitude or more than for
gaseous mixtures.

Until now, proofs of existence of the cellular structure
in two-phase mixtures are extremely limited: In their ex-
periments in unconfined clouds of aluminium particles sus-
pended in oxygen, Ingignoli et al. (1999a) have recorded
a few cellular-like structures with a characteristic dimen-
sion of 5–10 cm. But these observations have been done
at the external boundary of the cloud, thus it cannot be
concluded that these structures would exist at a further
stage of propagation. Zhang et al. (2001) have reported to
have observed the cellular structure in cornstarch-oxygen
mixtures at 0.5 bar initial pressure: on smoked-foil dis-
posed at the walls of a 0.3 m diameter tube, they have
registered between one and two cells within the tube cir-
cumference. These observations are corroborated by pres-
sure registrations made with seven pressure transducers
located around the circumference of a cross section of the
tube. The average value of the cell width λ obtained by
these two techniques is, under their experimental condi-
tions, of the order of 0.50m. With aluminium-air mixtures
at 1 bar initial pressure, only results obtained with the
multiple pressure transducers technique are reported and
indicate a cell size of about 0.4m. It is worthwhile notic-
ing that the cell size of dust detonations strongly depends
on the particle size and shape.

1.3 Hybrid mixtures

Hybrid mixtures differ from two phase heterogeneous mix-
tures by the feature that the combustible is provided both
by the solid particles and the gaseous mixture. This results
in the existence of two different characteristic times in the
heat release process, since the characteristic time of reac-
tions between particles and gases strongly differ from that
of homogeneous reactions between gaseous components.
Existence of truly self-sustained detonations in hybrid
mixtures has been displayed only in a few cases (Veyssiere
1986). To acquire a better understanding of mechanisms
of detonation propagation in such complicated systems,
specific investigations have been conducted in hybrid mix-
tures made of detonable gaseous mixtures with suspended
reactive solid particles (Veyssiere and Khasainov 1994;

Khasainov and Veyssiere 1996). The problem is treated
in the frame of the theory of non-ideal detonations, and
mass, momentum and heat interphase exchanges are taken
into account. Those works have shown that several det-
onation regimes may exist. These different steady deto-
nation regimes and their structure have been analyzed
in detail in Veyssiere and Khasainov (1994), their ini-
tiation and stability in Khasainov and Veyssiere (1996).
Here, we only sum up the main features of the different
regimes. Complete discussion can be found in the above-
mentioned references. The first detonation regime is the
single-front detonation (SFD), which corresponds to a det-
onation supported by a unique heat release zone involv-
ing both gaseous reactions and reactions between particles
and gases. In this case, the reaction of particles occurs, at
least partially, before the CJ plane so that burning of par-
ticles contributes to detonation propagation. On the con-
trary, when the particles react behind the CJ plane, the
detonation is supported only by heat release from gaseous
reactions: it is the “pseudo-gas” detonation (PGD). In cer-
tain cases, a two discontinuity front structure may exist;
the first front is supported by gaseous reactions, the sec-
ond one by reactions between particles and gases, which is
the so-called double-front detonation (DFD). To summa-
rize, the propagation mode was demonstrated to be con-
trolled by the effective heat release rate dq/dt]eff which is
the balance between heat release rate (due to both gaseous
reactions and reactions between particles and gases) and
heat loss rate: this effective heat release rate depends on
the size and mass concentration of particles (Veyssiere and
Khasainov 1994; Khasainov and Veyssiere 1996). In addi-
tion, the possibility of multiple propagation regimes for
a given set of initial conditions was established in these
studies.

But until now, available data on the influence of sus-
pended particles on the detonability of gaseous mixtures,
including detonation initiation, are very limited. As com-
pared with the detonation in the pure gaseous mixture, the
coupling between the shock front and the reaction zone
is expected to be modified by addition of particles, due
to chemical reactions between particles and gases. There-
fore, it seems natural to suppose that the cellular struc-
ture should encounter changes (in size, regularity, etc).
However, the detailed kinetics of reaction of particles with
gases is not known and it is impossible, in the absence of
experimental data on this subject, to predict whether and
how the addition of solid particles may influence the cel-
lular detonation structure. This motivated our study of
the conditions of existence and characteristics of the cel-
lular structure in the detonation of hybrid mixtures. Ex-
periments have been done in hydrogen-air mixtures with
aluminium particles in suspension, and the dependence of
the propagation regime on the reactivity of particles has
been investigated. First results displaying the existence of
the cellular structure in the case of hybrid mixtures have
been reported by Ingignoli et al. (1999b).
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2 Experimental conditions

Experiments have been performed in an experimental
setup similar to that used previously by Veyssiere (1986).
The 69-mm diameter circular cross section detonation
tube (see Fig. 2) is disposed vertically and has been length-
ened so that the distance available for detonation propa-
gation (between V1 and V2, see Fig. 2) is now about 6m.
Dispersion of particles in the gaseous mixture is achieved
by a dust generator using a fluidized bed (Veyssiere 1985).
The tube is filled by the flow of the different compo-
nents from the bottom to the top of the tube. Quasi in-
stantaneous initiation of the detonation is achieved by a
blasting cap. Evolution of the characteristic parameters
of the detonation wave during its propagation along the
tube is recorded by ionization probes, photodetectors and
piezo-electric pressure gauges (see Veyssiere 1985, 1986
and Veyssiere et al. 2000). Under these conditions, exper-
imental observations of Veyssiere (1985) had shown that
a detonation was formed within a distance less than 1.9m
with a velocity approaching that of the steady detonation
by less than 2%, and that a steady detonation wave prop-
agated up to the end of the tube (4.175m) for the pure
gaseous hydrogen air mixtures as well as for the same mix-
tures laden with aluminium particles. More recent exper-
iments of Veyssiere et al. (2000) in the present 6m long
tube corroborate preceding results and confirm that the
build-up process of the detonation initiated in a hybrid
mixture by a strong energy source is governed rather by
the reactions of gaseous components. This explains why
the length to diameter ratio of the tube required to ob-
served steady detonations (here L/d = 86) is smaller than
for the case of heterogeneous mixtures where only reac-
tions between particles and gases support the propagation
of the detonation front.

The characteristic cellular structure of the detonation
regime is recorded on 1-m long metallic soot plates (cov-
ering half the circumference of the tube) mounted at the
walls in the terminal part of the tube (see Fig. 2).

Three kinds of aluminium particles have been used (see
Fig. 3): 3.5µm (labelled “A1”) or 13µm (“A2”) atomized
particles, and flakes (“F”) having a characteristic thick-
ness of 0.5–1µm and different length (up to 45µm). The
latter were supposed to be more reactive than the atom-
ized particles, on account of their large specific area.

Lean, near stoichiometric and rich hydrogen-air mix-
tures (r = 0.87, 1.06 and 1.32 respectively) have been
experimented. Hereafter, the equivalent ratio r is always
related to the composition of the pure gaseous mixture.
This gaseous equivalent ratio r together with the size and
mass concentration of particles is the most pertinent way
to differentiate the different mixtures. Indeed, consider-
ing direct reaction of aluminium with oxygen, one could
define an other equivalent ratio depending on aluminium
concentration in the gaseous mixture: in this case, stoe-
chiometry would be achieved for a theoretical aluminium
concentration σ = 315 g/m3. But neither this equivalent
ratio relative to aluminium, nor a global equivalent ra-
tio including hydrogen and aluminium are relevant to the
problem, since it is worthy to recall that aluminium parti-

Fig. 2. Experimental setup

Fig. 3. Microphotographies of aluminium particles

cles may react not only with oxygen, but also with water
vapor and nitrogen: this means that aluminium particles
can burn in the detonation products of a stoichiometric
or rich hydrogen-air mixture and may contribute to an
additional heat release, whatever the initial equivalent ra-
tio of the gaseous mixture; but this heat addition and its
instant of occurrence (which is controlled by the effective
heat release rate dq/dt]eff) are strongly determined by the
size of particles, as recalled in Sect. 1.3. With the gaseous
mixtures used in the present study, the global equivalent
ratio is always greater than 1 (even for the lean gaseous
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Fig. 4. Soot tracks records of the detonation cellular structure
in hydrogen-air mixture r = 0.87 without particles

mixture, as soon as the particle concentration is greater
than σ = 20 g/m3) and the size of particles is sufficiently
large, so that direct reaction of aluminium with oxygen is
unlikely.

3 Results

Firstly, the cellular structure was recorded in hydrogen-air
mixtures without particles. Typical record of the structure
on a soot plate is shown in Fig. 4, for the propagation
of a steady detonation in a mixture having an equiva-
lent ratio r = 0.87. It presents the classical features of
the cellular structure in this kind of mixture: the network
of cells is fairly irregular with a significant dispersion of
the cell dimensions. Particularly, small size cells may be
observed inside larger ones. They are located preferably
in the first part of the cells of larger size. This kind of
substructure has already been observed and described by
Manzhalei (1977): it occurs in the detonation of mixtures
for which the ratio Ea/RTZND is larger than 6, where Ea

is the activation energy of the global reaction and TZND
the temperature behind the shock front. This is precisely
the case of the present gaseous mixture for which, taking
account of a value of TZND equal to 1488 K and a value
of Ea equal to 19 kcal/mole as proposed by Miyama and
Takeyama (1964), the ratio Ea/RTZND is of the order of
6.43. This remark being taken into account, the average
cell width is determined to be λ = 1.3 cm. This value is
in good agreement with those determined for the same
mixture by other works: between the value proposed by
Guirao et al. (1982) and that of Cicarelli et al. (1994).

When adding aluminium particles to the same mix-
ture, different changes of the cellular structure can be ob-
served, according to the characteristics of particles. Note
that for all experiments the results of which are presented
hereafter, the detonation propagated steadily, as explained
in Sect. 2, at the place where soot plates are disposed (that

Fig. 5. Soot tracks records of the detonation cellular structure
in hydrogen-air mixture r = 0.87 with flakes F

Fig. 6. Effect of flakes F on pressure evolution behind the
detonation front

Fig. 7. Variation of detonation velocity with aluminium par-
ticle concentration for particles A1 and A2, and flakes F
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Fig. 8. Soot tracks records of the detonation cellular structure
in hydrogen-air mixture r = 0.87 with atomized particles A2

Fig. 9. Effect of atomized particles A2 on pressure evolution
behind the detonation front

is, at the upper end of the tube, 5m after the initiation
point, see Fig. 2).

With small particles A1 and flakes F, the cell width
becomes smaller than for the pure gaseous mixture and
the network is more regular. The example shown in Fig. 5
has been obtained with particles F (similar results have
been obtained with particles A1) for a concentration of
aluminium particles σ = 220 g/m3. Under these condi-
tions, the cell width is λ = 0.80 cm. Simultaneously, im-
portant changes can be observed on the pressure evolution
(see Fig. 6): the front pressure is increased and pressure
level in burnt products is significantly higher than in the
pure gaseous mixture. Analysis of detonation velocity de-
pendence on particle concentration (Fig. 7) indicates that
with these two kinds of particles, detonation velocity is
increased. According to the preceding results of Veyssiere
and Khasainov (1994), this propagation regime is that of
a single-front detonation (SFD).

With larger particles A2, opposite behavior is ob-
served. As shown in Fig. 8, the cell size is increased and its

regularity becomes poor, with a large dispersion in cell di-
mensions. Figure 8 has been obtained with a particle con-
centration σ = 60 g/m3. The average cell width for this
case is λ = 2.5 cm. The pressure evolution correspond-
ing to this experiment (see Fig. 9) displays a behavior
completely different from that of Fig. 6 : first, the front
pressure is hardly changed by addition of particles; then,
during the first 100µs in the burnt products, the pressure
level remains close to that of the mixture without parti-
cles, perhaps slightly less elevated; but beyond this delay,
pressure increases again and a second discontinuity front
is observed at about 200µs behind the leading one. At the
same time, as shown in Fig. 7, the detonation velocity de-
creases. This situation has been shown to correspond to a
double-front detonation (DFD) (Veyssiere and Khasainov
1994).

Similar observations have been done in the near stoi-
chiometric (r = 1.06) and rich (r = 1.32) mixtures.

4 Discussion

Present experiments in hybrid mixtures (hydrogen-air-
aluminium particles) demonstrate without ambiguity that
the cellular structure exists in this kind of reactive
medium. To our knowledge, it is the first time that such
an evidence is provided. Obviously, the significant changes
observed in the cellular detonation structure in compari-
son with that of the detonation of the pure gaseous mix-
ture are due to secondary reactions between solid parti-
cles and gases. Interpretation of these results should be
made in relation with the structure of the different det-
onation regimes in hybrid mixtures as established by the
works of Veyssiere and Khasainov (1994) and Khasainov
and Veyssiere (1996). Particularly, it should be kept in
mind that, due to the order of magnitude of their charac-
teristic burning time longer than for gases, only part of the
heat release due to combustion of particles (possibly none)
contributes to the propagation of the leading front, the re-
maining being responsible of the changes in the flow struc-
ture downstream of the detonation front. Thus, the cellu-
lar structure remains fundamentally determined by the
reactivity of the gaseous components of the mixture. The
change of the cell size with the variation of the velocity of
the leading front confirms this interpretation: indeed, the
average width of the cell structure diminishes, from that
of the pure gaseous mixture, when the detonation velocity
is increased by heat release addition from particles, and,
on the contrary, augments when the detonation velocity is
decreased due to heat losses to particles. Regularity of the
cellular structure evolves accordingly, following the varia-
tion of temperature at the shock front: it becomes more
regular when detonation velocity increases, and less regu-
lar when the detonation velocity decreases. Beyond, exis-
tence of a non-monotonic multistage heat release process
with different characteristic kinetic times (which is a fun-
damental feature of the detonation in hybrid mixture, see
Veyssiere and Khasainov 1994) leads to presume the exis-
tence of two cellular structures, each of them being related
to different kinetic phases of the heat release process. This
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question will be discussed later in this paper. Let us ex-
amine, first, the dependence of the cell size on the velocity
of the leading front.

Further analysis of cell size variations can be made by
comparing the cell width of the detonation in a hybrid
mixture with that in the same gaseous mixture without
particles. Let us consider a detonation propagating in a
hybrid mixture with a velocity Dp. The corresponding
value of the detonation cell width is λ. The detonation
in the pure gaseous mixture having the same composition
propagates with a velocity D0 and its cell size is λ0. The
cell size normalized by the cell size of the pure gas (λ/λ0)
has been plotted in Fig. 10 versus the detonation veloc-
ity normalized by the detonation velocity of the pure gas
(Dp/D0). It can be noticed that the dimensionless value of
the cell size decreases monotonically with augmentation of
the detonation velocity. The dependence of λ/λ0 on varia-
tions of Dp/D0 is quite similar to what has been observed
by Desbordes (1988) in gaseous mixtures for the depen-
dence of the cell size on the rate of detonation overdrive
(see Sect. 1.1). In the experiments of Desbordes (1988),
the velocity of the gaseous detonation was changed by
generating quasi-steady overdriven detonations. Here, the
velocity of the detonation front is augmented or dimin-
ished by increasing or decreasing the heat supporting the
propagation of the leading front, by means of solid parti-
cles. These different manners to vary the velocity of the
leading front results in analogous variations of the deto-
nation cell size. Therefore, it appears of interest to use the
same form of correlation law to interpret our experimental
results. The relationship (2) is proposed:

λ

λ0
=

Dp

D0
e

Ea
RTZND

[(
D0
Dp

)2−1
]

. (2)

The value TZND of the temperature at the leading front
in ZND state is that of the pure gaseous mixture. Two
different values of the activation energy have been used
for the mixture hydrogen-air: Ea = 19 kcal/mol (Miyama
and Takeyama 1964) and Ea = 17.2 kcal/mol (Cheng and
Oppenheim 1984). Results of calculations are shown in
Fig. 10. As can be seen, we have drawn the values of the
relationship (2) for values of Dp/D0 > 1 as well as for
values of Dp/D0 < 1. In the case of gaseous mixtures, the
validity of (1) had been established only for D/DCJ > 1,
since only CJ or strong detonation waves can be phys-
ically observed. However, there is no reason to limit, a
priori, the applicability domain of relationships (1) or (2)
to the case of Dp/D0 > 1 as it is only founded on the
assumption of proportionality between the cell width and
the chemical induction length of gaseous reactions. As in-
dicated by formula (2) this proportionality ratio just de-
pends on the temperature behind the leading shock and
on the detonation velocity. Thus, it can be seen in Fig. 10
that for Dp/D0 > 1, there is a good agreement between
the correlation curve and our experimental results. When
Dp/D0 < 1, two situations are observed according to the
value of Dp/D0: For 0.98 < Dp/D0 < 1, the experimen-
tal values fit quite well with the correlation curve, but for
smaller values of Dp/D0, the predicted values are signif-

Fig. 10. Variation of the detonation cell width λ with
the velocity of the leading front in the hybrid hydrogen-air-
aluminium particles mixture

icantly larger than the experimental ones (at the upper
limit of the accuracy interval of cell width measurement),
whatever is the chosen value for the activation energy.

Above results indicate that the correlation law between
the cell size and the detonation velocity displayed by Des-
bordes (1988) should be more universal and valid not only
for velocity values larger than that of the self sustained CJ
detonation, but also for smaller ones. Further analysis of
the detonation structure permits to precise this interpre-
tation. For Dp/D0 > 1, the detonation propagates in the
hybrid mixture in SFD regime, that is, the detonation is
supported by a unique heat release zone where combustion
of gases and particles occurs. Additional heat release, com-
ing from burning of particles, increases the velocity of the
detonation front and has the same effect on the detonation
cell size as a supported overdriven detonation in the pure
gaseous mixture. On the contrary, for Dp/D0 < 1, com-
bustion of particles occurs downstream of the CJ plane,
in a reaction zone separated from the gaseous one. Con-
sequently, particles absorb (due to momentum and heat
transfer from gas to particles behind the detonation front)
part of the heat released in the gaseous reaction zone to
heat up to their ignition temperature, which results in de-
creasing the effective heat release rate (see Sect. 1.3) and
the detonation velocity accordingly. In Fig. 10, the case of
0.98 < Dp/D0 < 1 corresponds to detonations propagat-
ing in hybrid mixtures in the PGD regime. In this case, as
demonstrated by Veyssiere and Khasainov (1994), burn-
ing of aluminium particles does not contribute to the heat
release supporting the detonation propagation, but gives
rise to a secondary compression of products in the un-
steady flow behind the CJ plane. Thus, one observes the
decrease of the detonation velocity and an augmentation
of the cell size, in excellent agreement with the correlation
law (2). For detonations propagating with a more impor-
tant velocity deficit (Dp/D0 < 0.98 in Fig. 10), the cell di-
mension predicted by the correlation law (2) is larger than
the value measured in experiments. Several reasons may
be invoked to seek an explanation for this mediocre agree-
ment. First, contrarily to the case 0.98 < Dp/D0 < 1,
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the detonations for which Dp/D0 < 0.98, correspond to
propagation in the DFD regime. However, it remains to
investigate in more details the actual influence of the sec-
ond discontinuity front on the cellular structure. One may
also suppose that such velocity deficit could be character-
istic of a low-velocity detonation regime (see Veyssiere and
Khasainov 1994). In the present state of our knowledge, it
is not possible to propose a firm explanation, all the more
so because there exists some uncertainty on the actual
value of the activation energy of the gaseous reactions.

An other problem arises from the occurrence of sec-
ondary heat release due to reactions of aluminium parti-
cles with gases. Since the characteristic times of gaseous
reactions and reactions between particles and gases differ
strongly (possibly by more than an order of magnitude),
it is conceivable to assume the existence of a more compli-
cated cellular structure connected to the different kinetic
phases of the heat release process: existence of two net-
works of cells having different characteristic sizes could be
conjectured. This assumption has been confirmed recently
by the results of Lamoureux et al. (2001) in the detona-
tion of gaseous nitromethane oxygen mixtures, where they
have observed two cellular structures of different size, each
of them corresponding to a kinetic phase of nitromethane
oxydation. However, in the present state of our investiga-
tions and with the resolution of our registrations, it was
not possible to provide evidence of the existence of a sec-
ondary cellular structure in our experimental conditions.

5 Concluding remarks

Our experimental results positively demonstrate that the
cellular structure is a “signature” of the detonation, not
only in homogeneous gaseous mixtures, but also in hy-
brid solid particles-gas mixtures. In present experiments,
addition of aluminium particles to hydrogen-air mixtures
allowed to vary the ratio Dp/D0 in the range 0.9–1.05.
At the same time, the relative cell width λ/λ0 has been
found to vary from 0.5 to 3 times the value of the cell
width for the pure gaseous mixture: This should result in
a considerable change of the detonability of the mixture.
Moreover, the correlation law between the variation of the
detonation velocity and the cell size appears to be valid
for velocities smaller as well as larger than that of the
steady CJ detonation. From this point of view, addition
of particles is an interesting way to vary the detonation
velocity of a gaseous mixture in the domain surrounding
the CJ regime. Depending on particle diameter, it is pos-
sible to promote self sustained detonation regimes with
detonation velocities either larger or smaller than the CJ
detonation velocity of the pure gaseous mixture.

Further investigations under various experimental con-
ditions are needed to precise these first results and to get
better understanding of the influence of particles on the
cellular structure. Particular attention should be paid to
the investigation of the possible existence of two cellular
structures of different size or of a substructure (which is
relevant to the same problem). Until now, we have not

found on our soot tracks detectable evidence substantiat-
ing this point of view. Beyond the experimental difficul-
ties encountered on account of the presence of solid par-
ticles, which spoil the soot tracks and weaken the quality
of cellular structure registration, a difficulty comes from
the ignorance of the dimension of the cellular structure
which could result from secondary reactions. The only
indications come from the recent results of Ingignoli et
al. (1999a) and Zhang et al. (2001) in two-phase mix-
tures, according to which the the cell dimension would
be of the order of magnitude of a few tens of centimeters.
An other possibility is to get an estimation of the cellu-
lar structure dimension from numerical simulations. This
is very important to predict the pertinent dimensions of
the experimental configuration necessary to perform rele-
vant experiments. Two-dimensional numerical simulations
of the structure of hybrid detonations in hydrogen-air-
aluminium particles are under development for this pur-
pose.
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