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Results of investigations performed by the authors in the field of theoretical and
numerical modeling of heterogeneous detonation of reacting gas suspensions since
2005 are systematized.
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INTRODUCTION

The study of detonation processes in heterogeneous
mixtures was primarily inspired by problems of explo-
sion and fire safety of coal mines and enterprises in-
volved into production and application of powder mate-
rials. For instance, fine and ultrafine aluminum powders
offer much promise as additives to combustible gas mix-
tures and, being combined with an oxidizer, as working
media in detonation-engine combustors.

Long-term theoretical and numerical investigations
of detonation in gas suspensions of coal-dust particles
or metal particles were performed at the Khristianovich
Institute of Theoretical and Applied Mechanics of the
Siberian Division of the Russian Academy of Sciences
with the use of approaches of mechanics of heteroge-
neous media. The mathematical models used are based
on the principles of mechanics of interacting continua,
are closed by equations of reduced chemical kinetics and
available correlations for force and energy interactions
of the phases, and are verified on the basis of available
experimental data. A detailed analysis of the physico-
mathematical model of detonation of a gas suspension
of aluminum particles in oxygen and some results on
previous research of the structure of plane waves and
cellular detonation can be found in [1]. Various issues
of physicomathematical modeling of coal-dust detona-
tion are discussed in the present paper. New results of
the recent studies of detonation of monodisperse and
polydisperse gas suspensions of aluminum particles in
oxygen are also presented.

1Khristianovich Institute of Theoretical and Applied
Mechanics, Siberian Division, Russian Academy
of Sciences, Novosibirsk 630090; fedorov@itam.nsc.ru.

1. DETONATION
OF COAL-DUST SUSPENSIONS

In the case of catastrophic explosions of methane in
coal mines, it is highly probable that the detonation pro-
cess will evolve, being supported by ignition and com-
bustion of coal dust. Initiation of steady propagation of
heterogeneous detonation waves in mixtures of coal dust
with air and oxygen was studied in experiments [2, 3]
and by methods of mathematical modeling [4]. The
model of mechanics of heterogeneous media constructed
in [4] was equilibrium in terms of velocities, whereas the
analysis of characteristic times of nonequilibrium pro-
cesses revealed a substantial difference. In particular,
the time of heterogeneous combustion of a coal particle
is much greater than the velocity relaxation time and
the characteristic time of emission of volatiles, which is
commensurable with the latter.

In problems of detonation initiation, the particle-
ignition conditions should be taken into account cor-
rectly. Conditions behind the detonation-wave front dif-
fer both from static conditions of slow heating and from
conditions behind reflected shock waves. Experimental
values of the ignition delay of coal-dust particles in tran-
sient shock waves (SW) [5, 6] show that the ignition pro-
cess occurs in a mixture with velocity nonequilibrium.
Ignition is accelerated by the increase in heat-transfer
intensity (increase in the Nusselt number) and by the in-
crease in temperature in the boundary layer of the par-
ticle owing to flow deceleration. Significant reduction
of the ignition delay in coal-dust clouds (with a particle
size of 1 to 40 μm) in transient shock waves relative to
the ignition delay in reflected shock waves was noted
in experiments [7]. The degree of carrier-phase heating
due to flow deceleration under constrained conditions in
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dense dust clouds was estimated in [8], where this fac-
tor was considered to be responsible for the anomalous
decrease in the ignition delay. For the reasons discussed
above, it is obvious that two-velocity two-temperature
models of mechanics of reacting media have to be de-
veloped.

1.1. Physicomathematical Model of Coal
Dust Detonation with Allowance
for the Stage of Ignition

A semi-empirical physicomathematical model
based on a two-velocity two-temperature approxi-
mation of mechanics of heterogeneous media was
developed to study the fine detonation structure
of coal-dust suspensions with allowance for factors
responsible for ignition. A detailed description of
the model, which is a generalization of the model
developed in [4], can be found in [9]. It should be
noted here that the ignition and combustion stages
in the model [9] are described by identical equations,
but the expressions for the quantities determining
the changes in mass of the species are different. The
accommodation coefficients determining the fraction
of heat spent on particle heating are also different.
Thus, the reaction rate at the stage of combustion is
assumed to depend on the mean particle temperature.
The volatile emission kinetics under conditions of rapid
heating is described by the equation and constants of
the corresponding reaction of pulverized bituminized
coal (Pittsburg stratum) derived in [10]. The process of
surface combustion is described by an Arrhenius-type
equation with allowance for incomplete combustion
associated both with the presence of non-combustible
slags (ashes) and with the lack of the oxidizer in
situations where the coal-dust concentration exceeds
the stoichiometric limit [4].

At the stage of ignition, the heat of the carbon-
oxidation reaction in pores is assumed to be released in
the particle, and the heat of the volatile-oxidation reac-
tion is distributed in identical fractions between the gas
and the particles. It is also taken into account that the
ignition delays of coal particles in transient shock waves
are comparable with the characteristic time of particle
heating. Sichel et al. [6] made an attempt to take into
account the thermal dynamics inside the volume of an
individual particle, which allowed experimental and cal-
culated ignition delays to be more or less reconciled. In
gas suspensions with a significant fraction (in terms of
mass) of the discrete phase, however, the mutual effect
of the phases should be taken into account. In describ-
ing the stage of ignition in a gas suspension with al-

lowance for these two factors, the first approximation
is taken to be a stepwise distribution of temperature
over the particle, where the temperature of a thin sur-
face layer is determined by the stagnation temperature
of the gas. The description of the heating dynamics
involves the thermal effects of pyrolysis, combustion of
volatiles, and coke combustion. The equation for con-
vective heat transfer allows for the stagnation temper-
ature of the flow in the boundary layer on the particle
surface. To describe the gas species, we had to con-
struct a new equation of state of the gas, taking into
account the change in the gas adiabat, similar to that
done in [11].

The detonation-wave structure was calculated for
a gas suspension of 50-μm coal particles with the con-
tent of volatiles 32% and ashes 10%. These parameters
of the mixture corresponded to those of detonation ex-
periments [3]. Similar particles corresponding to bitu-
minized coal of the Pittsburg stratum both in terms of
size (53–74 μm) and in terms of the volatile contents
were considered in [6], as applied to ignition problems.
The reaction constants were borrowed from [12–15] for
a similar type of coal.

1.2. Specific Features of Coal-Dust Ignition
in Shock and Detonation Waves

Figure 1a shows the calculated ignition delays for
several particle concentrations [9] (solid curves) and the
experimental data [6] (points). Note that the results
are accurately presented in a semi-logarithmic scale by
straight lines, which reflects the Arrhenius character of
the ignition process. It was also found [9] that the dy-
namics of emission and combustion of volatiles deter-
mines the breakdown of thermal equilibrium in the par-
ticle. Thus, bituminized coal was found to have a mixed
(homogeneous–heterogeneous) type of ignition in accor-
dance with the classification developed in [16].

1.3. Detonation Flows in Suspensions
of Bituminized Coal Dust

As in [4], the model for detonation processes is ver-
ified on the basis of the experimental dependence of the
detonation velocity on the initial concentration of bi-
tuminized coal particles with the content of volatiles
equal to 32% and the mean particle size equal to 54 μm
[3]. The calculated and experimental data are com-
pared in Fig. 1b: the solid and dashed curves are the
results calculated for 50- and 25-μm particles, respec-
tively; λ∗ = (ρ30 + ρ20)/ρ10; the subscripts refer to the
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Fig. 1. Correspondence of experimental and calcu-
lated data for suspensions of bituminized coal dust:
(a) ignition delay in shock waves τign; the curves and
points show the results of calculations [9] and exper-
iments [6]; (b) detonation velocity u0; the solid and
dashed curves show the results calculated for parti-
cles 50 and 25 μm in size, respectively; the points are
the experimental data [3].

initial state (0), gas (1), volatiles (2), and coke (3). Note
that particles 54 and 25 μm in size in [3] refer to sus-
pensions of two different types of coal with different
concentrations of volatiles.

The transition from the ignition reaction to com-
bustion in the model is assumed to occur in accordance
with a criterion based on the analysis of the flow struc-
ture behind the SW front. The breakdown of thermal
equilibrium (unbounded increase in temperature and
speedup of emission and combustion of volatiles) is ac-
companied by a decrease in gas pressure. For this rea-
son, the pressure peak is conventionally assumed to be
the transition from ignition to combustion.

An example of the Chapman–Jouguet (CJ) detona-
tion structure (stages of ignition and beginning of com-
bustion) is shown in Fig. 2a (concentration ξ30 = 0.3
and detonation velocity u0 = 1.45 km/sec). The in-
flection in the particle temperature distribution indi-
cates the ignition point, where the heat release due to
chemical reactions passes completely to the gas phase.
At the subsequent stage of particle surface combus-
tion, the processes proceed under conditions of velocity
equilibrium of the phases (see Fig. 2b; ξ30 = 0.2 and
u0 = 1.67 km/sec). Note that the time of coke combus-
tion in detonation waves exceeds the ignition delay by
more than two orders of magnitude and is much greater
than the characteristic times of thermal and velocity
relaxation of the phases. The flow structure, therefore,
coincides with that predicted by the one-velocity model
[4], except for a narrow zone of nonequilibrium processes
behind the leading SW front. Nevertheless, it is neces-
sary to take into account the processes that occur in this
zone and are responsible for the particle-ignition dy-
namics to obtain an adequate description of detonation
initiation and propagation under various conditions.

2. PLANE AND CELLULAR DETONATION
IN POLYDISPERSE SUSPENSIONS OF
ALUMINUM PARTICLES IN OXYGEN

Our theoretical and numerical research of detona-
tion of suspensions of aluminum particles in oxygen
is based on a physicomathematical model whose basic
principles were described in [17, 18] and which is consis-
tent with the approach of mechanics of heterogeneous
media [19]. A detailed description of the model can be
found in [20–23]. An approximation of the experimen-
tal dependence of the combustion time on the particle
radius was included in the model in [24] to describe the
real time of particle burning. The model [20–24] was
used to solve various problems, in particular, for nu-
merical simulations of two-dimensional flows of cellular
detonation [24]. The results of this research are sum-
marized in [1].

The investigations described in [1, 20–24] were per-
formed for monodisperse suspensions. Most powders,
however, are characterized by a certain scatter in the
particle-size distribution. Taking into account the poly-
disperse nature of the powder, we can refine the effect of
the fractional composition on the detonation-initiation
threshold, which is important for preventing undesirable
explosion and detonation processes and for estimating
the prospects of using aluminum powders as a fuel (or as
an additive to the fuel) in detonation engines. The first
step in studying polydisperse gas suspensions is consid-
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Fig. 2. Detonation-wave structure in a gas suspen-
sion of coal dust: (a) stage of ignition; (b) transition
to the Chapman–Jouguet state.

ering mixtures of a gas and several fractions of parti-
cles of different diameters (suspensions with a stepwise
distribution function of the particle size). The physico-
mathematical model discussed here is the extension of
the model [20–24] to polydisperse mixtures.

2.1. Steady Plane Waves
in Bidisperse Suspensions

In this Section, we consider the detonation pro-
cesses in a suspension containing two fractions of parti-
cles of different sizes, with the total concentration corre-

sponding to the stoichiometric point. The composition
of the mixture is characterized by a mass fraction ratio
η between the densities of the fine and coarse fractions
in the initial state.

The structures of steady detonation waves in such
mixtures depend on the mass fraction ratio and differ
from the wave structures in monodisperse suspensions.
A detailed analysis of one-dimensional detonation flows
was performed in [25]. As in monodisperse suspensions
of aluminum particles, the detonation in bidisperse sus-
pensions is not ideal. A typical feature of such suspen-
sions is intermediate velocities of sound, for instance,
the equilibrium-frozen velocity of sound, which corre-
sponds to the equilibrium state with the gas for the fine
fraction and to the frozen state for the coarse fraction.

Depending on the detonation velocity u0, the tra-
jectory of the solution either tends to the final state
of overdriven detonation or is bounded by the chok-
ing line. The location and type of the branching point
depend on the mass fraction ratio. If the dominat-
ing fraction in the mixture consists of coarse particles
(η < 0.5), the branching point of the solution is practi-
cally the sonic point with respect to both the frozen and
equilibrium-frozen velocities of sound (the correspond-
ing Mach numbers are close to each other and tend to
unity at η = 0). If the dominating fraction consists of
fine particles (η � 0.5), the state at the branching point
is transonic with respect to the equilibrium-frozen veloc-
ity of sound, and it is impossible to reach a supersonic
equilibrium state in the steady formulation of the prob-
lem. Numerical simulations of the unsteady problem
of detonation propagation with an adjacent rarefaction
wave showed that the steady segment is bounded by the
equilibrium-frozen sonic point (FE in Fig. 3a). The rar-
efaction wave joins the frozen sonic point (F in Fig. 3a).
The transitional (cf,e < v1 < cf ) segment between the
points F and FE is unsteady, and its length increases
with time.

Another specific feature of the detonation structure
in bidisperse suspensions is the existence of two ρ-layers
(with a drastic increase in particle density) separately
in each fraction (coarse and fine particles). Correspond-
ingly, the gas pressure and density profiles may take the
form of curves with two local maximums. Depending on
the mass fraction ratio, the magnitude of the first max-
imum may ne either greater or smaller than that of the
second peak.

Thus, the structures of detonation waves in bidis-
perse suspensions differ from the structures in monodis-
perse suspensions. Proceeding of different-scale relax-
ation processes typical for different fractions affects the
processes of ignition behind the shock wave and deto-
nation initiation.
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Fig. 3. Plane detonation waves in bidisperse suspensions: (a) interaction of a detonation wave with an
adjacent rarefaction wave (Δt = 0.05 msec and η = 0.5); (b) initiation criteria.

2.2. Initiation of Plane Waves
in Bidisperse Suspensions

The problem of shock-wave initiation of detona-
tion was solved with two types of the initiating action:
sustained SW (with a rectangular profile of parame-
ters) and explosive SW (with an adjacent rarefaction
wave). In the first case, the detonation initiation fol-
lows the “soft” [22] (or hybrid) scenario. Fine particles
become ignited directly behind the leading SW front,
while coarse particles become ignited on the contact
discontinuity following behind the SW; as a result, the
combustion front becomes accelerated, catches up with
the leading SW, and enhances the latter. The initiation
condition is determined by the amplitude of the initiat-
ing SW (M0). With increasing η, the critical value of
M0 monotonically decreases from 3.51 (corresponding
to a suspension of 3.5-μm particles) to 3.36 (suspension
of 1-μm particles) (curve 1 in Fig. 3b). The nonlinear
character of the dependence M0(η) should be noted.

The initiation condition for strong shock waves
(M0 = 5) is the value of the stored energy Eini. Nu-
merical results predict that the most drastic decrease
in the critical value of the initiation energy occurs as
η increases from 0 to 0.2 (curve 2 in Fig. 3b). Thus,
the value of Eini is reduced almost by 30% owing to the
presence of 5% of fine particles (η = 0.05) and by 40%
owing to the presence of 10% of fine particles (η = 0.1).
The physical reason for such a drastic decrease in the
initiation threshold is the fact that part of the energy
released in combustion of fine particles ignited earlier
is involved into detonation initiation in the fraction of
coarse particles.

Under certain conditions, an unsteady two-front
structure is formed in the mixture at the initial stage of
initiation. It formation is associated with the possibil-
ity of a hybrid initiation scenario, which combines the
properties of the “hard” and “soft” types [22, 25]. The
two-front structure exists for a limited time and is not
steady. Later on, the two fronts merge into one, thus,
forming an overdriven wave, which is then attenuated
and propagates in the normal detonation regime.

2.3. Cellular Structure
in Bidisperse Suspensions

The existence of cellular heterogeneous detonation
in gas suspensions of metallic or organic particles was
validated in experiments [26–29]. Two-dimensional det-
onation flows with cellular structures in gas suspensions
of aluminum particles were numerically simulated in [24,
29–32]. A relation between the cell size and the particle
diameter in the form of a power-law dependence with a
power index of 1.6 was established in [24], based on the
model of a monodisperse stoichiometric suspension of
aluminum particles in oxygen. Propagation of cellular
detonation in lean suspensions of aluminum particles in
oxygen for two particle sizes (1 and 3.5 μm) was mod-
eled in [30]. Though the results in [24] and [30] were
obtained with the use of different models, nevertheless,
they are in good agreement with each other and with ex-
perimental data [26]. A similar power-law dependence
of the cell size on the particle diameter with a close value
of the power index equal to 1.4 was later obtained in [31]
for monodisperse suspensions of aluminum particles in
air.
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Fig. 4. Formation of cellular detonation: (a) monodisperse suspension of 2-μm particles; (b) bidisperse
suspension of 2-μm and 1-μm particles with η = 0.5; (c) suspension of three fractions of particles (1, 2, and
3.5 μm) with η2 = 0.5.

Note that the detonation processes were modeled
in [30, 31] within the framework of the concept of
diffusion-limited combustion of aluminum particles in
air. The constraints of this combustion model were dis-
cussed in [29], where a hybrid model combining the Ar-
rhenius and diffusion-type kinetics was proposed. The
model proposed in [29] provided a possibility of an ade-
quate description of some properties of detonation pro-
cesses, in particular, the dependence of the results of the
detonation-to-deflagration transition on the initial pres-
sure in the mixture. Moreover, the degenerate charac-
ter of cellular detonation was noted in experiments [29],
which was manifested in low values of the amplitude of
pressure oscillations behind the front. Zhang et al. [29]
attributed this phenomenon to the presence of the stage
of diffusion-limited combustion. As it will be demon-
strated below, an alternative explanation for degener-
ation of cellular detonation in gas suspensions is also
possible.

As real mixtures are usually characterized by a cer-
tain scatter in the particle size, it seems of interest to
consider the issue of existence and character of cellu-

lar detonation in polydisperse suspensions. The first
step in numerical simulations of cellular detonation of
polydisperse mixtures was also considering bidisperse
suspensions of aluminum particles in oxygen [32].

Two-dimensional flows were calculated within the
framework of the above-indicated model with the use
of the numerical technology described in [33, 34]. The
problem of shock-wave initiation of detonation was
posed as the initial-boundary-value problem for the sys-
tem of equations used, with a certain small perturbation
of particle density at the edge of the cloud of this sus-
pension.

The calculations showed that the cellular detona-
tion structure is formed in the case of noticeable preva-
lence of one fraction in the mixture, and this structure is
similar to the detonation structure in the correspond-
ing monodisperse suspension. Nevertheless, there are
some specific features as well. First of all, this is the
lower peak pressure values at triple points. In the fields
of the maximum pressure pmax(x, y) = max

t
[p(x, y, t)]

(Fig. 4) plotted in a single gray scale, this decrease
is manifested as the lower contrast of the picture (cf.
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Fig. 5. Effect of the composition of the bidisperse
mixture on the character of cellular detonation: η =
0 (a), 0.3 (b), and 0.6 (c).

Fig. 4b and Fig. 4a). Another distinctive feature is the
later development of transverse waves (cf. Fig. 4b and
Fig. 4a): the greater the fraction of particles of the other
size, the longer this delay. The third specific feature is
the tendency to degeneration of cellular detonation at
medium values of the mass fraction parameter (Fig. 5):
The leading SW front approaches the plane wave, the
transverse waves are less curved, and the variations of
parameters have smaller amplitudes. Thus, the detona-

Fig. 6. Degeneration of cellular detonation in bidis-
perse suspensions: (a) characteristics of the process
versus the mass fraction ratio; (b) stable propagation
of a plane wave in a mixture of 1-μm and 3.5-μmm
particles with η = 0.5.

tion structure in bidisperse suspensions possesses some
intermediate properties between plane detonation and
cellular detonation. The effect of the mass fraction pa-
rameter on the maximum pressure values is illustrated
in Fig. 6. The calculated dependence of the detonation
cell size λ on the composition for a mixture of 1-μm and
2-μm particles is also plotted.

The calculations predict complete degeneration of
cellular detonation in some bidisperse suspensions; in
this case, the system of transverse waves is not formed
at all. In a mixture of 1-μm and 3.5-μm particles, for
instance, this situation is observed at η = 0.4 and 0.5,
which is evidenced by the behavior of the dependence
pmax(η) (see Fig. 6a). In these cases, two-dimensional
calculations predict stable propagation of a plane deto-
nation wave (Fig. 6b; profiles of the wall pressure with
a step of 0.1 msec).
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2.4. Application of Methods of the Acoustic
Approach for Analyzing Cellular Detonation
in Gas Suspensions

Degeneration of cells in bidisperse gas suspensions
was validated in [32], and some explanation for this phe-
nomenon was proposed on the basis of an acoustic anal-
ysis of the structure of the plane wave of steady detona-
tion. It was shown [35] that the primary perturbation
on the detonation-wave front generates two additional
“hot” spots on the front, which are located at identi-
cal distances from the initial perturbation. The loca-
tions of these spots are found by solving an appropriate
acoustic problem for the flow field of plane Chapman–
Jouguet waves or waves that are overdriven or decaying
to some extent. According to [35], the distance between
the transverse waves following each other is determined
by the formula

λac = 4

X∫

0

cf√
σ2∗ − (c2

f − v2
1)

dx. (1)

As applied to a heterogeneous mixture, cf is the frozen
velocity of sound and v1 is the gas velocity in the front-
fitted system. The upper limit of integration X cor-
responds to the point σ = c2

f − v2
1 . The constant σ∗

in Eq. (1) is chosen among all admissible values of σ
(which ensure positive values of the radicand) to obtain
the minimum of the time integral

t = 2

X∫

0

cfσ

(c2
f − v2

1)
√

σ2 − (c2
f − v2

1)
dx. (2)

The method [35] as applied to gas suspensions is
described in more detail in [24, 32]. The estimates of
the cell size in monodisperse suspensions studied in [24]
are in good agreement with the results of the numerical
experiment, both in terms of the absolute values and
in terms of the power index in the dependence on the
particle size.

Situations where the constant σ∗ and the values of
t and λac cannot be determined may occur in bidisperse
suspensions at some values of the mass fraction parame-
ter. This means that new “hot” spots are not generated
at a certain distance from the initial perturbation. It is
also possible that the value of λac can be determined in
the Chapman–Jouguet flow field, but cannot be deter-
mined for overdriven or decaying waves. This feature
can be considered as a possible explanation for partial
degeneration of cellular detonation (a detailed analysis
was performed in [32]). Thus, the use of the method de-
veloped in [35] for gas suspensions allows us to obtain
information about the character of cellular detonation

and estimates of the detonation cell size on the basis of
available data on the structure of steady plane detona-
tion waves.

2.5. Plane and Cellular Detonation in
Polydisperse Suspensions with
Domination of the Middle-Sized Fraction

It seems of interest to consider whether degener-
ation of cellular detonation is a property inherent in
real polydisperse gas suspensions. For this purpose, we
considered mixtures consisting of three and five frac-
tions with a symmetric distribution function. It turned
out that the use of the acoustic method [35] allows us
to determine the transverse size of the cell for mixtures
with noticeable domination of the middle-sized fraction.
If the fraction of the middle-sized particles is η � 0.4
(for suspensions with both three and five fractions), the
profiles c2

f − v2
1 have only one local maximum, which

indicates that there are no detonation cells in such mix-
tures.

The results of numerical simulations of cellular det-
onation formation in the corresponding polydisperse
suspensions are plotted in Figs. 4 and 7; these results
completely confirm the assumption made above. The
shadowgraphs of the maximum pressure (see Fig. 4c)
show that the character of cellular detonation is the
same as that in bidisperse suspensions. Figure 7 shows
the profiles of the gas density on the wall at a certain
fixed time. The amplitude of oscillations in the flow
behind the detonation front is seen to decrease with de-
creasing η. At η � 0.4, two-dimensional calculations
predict stable propagation of a plane detonation wave
(solid curve in Fig. 7b). Thus, small perturbations can-
not initiate detonation in the above-considered polydis-
perse suspensions with the fraction of the middle-sized
particles smaller than 40%. For higher values of η, cel-
lular detonation is formed, but it has a degenerate char-
acter.

Thus, it follows from the results of numerical sim-
ulations and the acoustic analysis performed that the
fractional composition of the gas suspension and the
particle-size distribution affect not only the detonation
cell size, but also the mere existence of cellular detona-
tion and its character.

Note that degeneration of cellular detonation (re-
duction of the amplitude of pressure oscillations) was
observed in a number of experiments whose results were
published in [29]. Zhang et al. [29] put forward a hy-
pothesis that this phenomenon can be related to the
influence of the stage of diffusion-limited combustion of
the aluminum particle, which is described by the non-



Mathematical Modeling of Heterogeneous Detonation in Gas Suspensions 503

Fig. 7. Degeneration of cellular detonation in polydisperse suspensions with three fractions (a and b) and
with five fractions (c).

Arrhenius-type kinetics. The following facts, however,
should be noted. On one hand, the formation of devel-
oped cellular structures in monodisperse fluids was sim-
ulated in [30] within the framework of the kinetic model
of diffusion-limited combustion of aluminum particles.
On the other hand, the photographs of aluminum parti-
cles used in experiments [29] clearly display polydisperse
features. Thus, the degeneration of cellular detonation,
which was established on the basis of numerical simula-
tions and acoustic analysis within the framework of our
model with allowance for the presence of several frac-
tions in the mixture, agrees with experimental observa-
tions [29]. In addition, the theoretically predicted pos-
sibility of degeneration of cellular detonation in poly-
disperse suspensions can be one possible explanation
for the fact that cellular structures were observed only
in few experiments on detonation of gas suspensions of
reacting particles.

CONCLUSIONS

The results obtained previously in the field of het-
erogeneous detonation of gas suspensions of coal and
aluminum particles are summarized in the present pa-
per. It is demonstrated that semi-empirical models
of detonation of gas suspensions of coal-dust and alu-
minum particles, which are based on approaches of me-
chanics of heterogeneous media and equations of re-
duced chemical kinetics, offer adequate descriptions of
complex one-dimensional and two-dimensional detona-
tion flows.

The mathematical model of heterogeneous detona-
tion of the gas suspension of coal dust, which takes
into account particle ignition and combustion, agrees
with experimental data both in terms of the steady
detonation velocity as a function of particle concen-
tration and in terms of the ignition delay as a func-
tion of the SW Mach number. The analysis performed
revealed the governing effect of the dynamics of emis-
sion and combustion of volatiles on ignition of a sus-
pension of bituminized coal particles, which follows the
hybrid (homogeneous–heterogeneous) mechanism. Ve-
locity nonequilibrium is demonstrated to play an im-
portant role in ignition and, hence, initiation of hetero-
geneous detonation in gas suspensions of coal particles
with a high content of volatiles.

Numerical and theoretical investigations of detona-
tion in polydisperse suspensions of aluminum particles
in oxygen revealed the following specific features of one-
dimensional and two-dimensional flows.

• The detonation in a bidisperse suspension is non-
ideal; the steady-state part of the structure is bounded
by the equilibrium-frozen sonic point; the detonation
structure is characterized by a double ρ-layer.

• Nonlinear dependences of the critical SW Mach
number and initiation energy of explosive shock waves
on the mass fraction parameter are determined; the
presence of a small amount of fine particles in the mix-
ture may ensure a significant decrease in the initiation
energy.

• Hybrid scenarios of detonation initiation are pos-
sible, with “hard” initiation in the fine fraction and
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“soft” initiation in the coarse fraction; temporary si-
multaneous existence of unsteady two-front structures
is possible.

• Partial degeneration of cellular detonation with
attenuation of transverse waves and front straightening
is observed in polydisperse suspensions; the character of
cellular detonation and the detonation cell size depend
on the fractional composition of the mixture.

• Complete degeneration of cells and stable propa-
gation of a plane detonation wave can occur in mixtures
with a significant dispersion of the particle-size distri-
bution.

• The results of numerical simulations of two-
dimensional detonation flows agree with the data ob-
tained by an acoustic analysis and with new experi-
mental data, which testify to the degenerate character
of cellular detonation in gas suspensions of aluminum
particles.

This work was supported by the Russian Founda-
tion for Basic Research (Grant Nos. 06-01-00299 and
08-01-92010 NNS a).
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