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Abstract: Various publications dealing with physicomathematical modeling of detonation pro-
cesses in gas suspensions of fine, submicron, and nano-sized aluminum particles within the frame-
work of mechanics of continuous and heterogeneous media are reviewed. Important issues of the
description of thermal dynamics, transport properties, and ignition mechanisms are discussed.
Specific features of combustion regimes of micron- and nano-sized particles are considered. Closing
relations for a semi-empirical model of detonation of suspensions of aluminum nanoparticles in
oxygen are presented.
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INTRODUCTION

Various issues of ignition and combustion of fine
(micron- and nano-sized) aluminum particles are in-
tensely discussed in the literature. The interest to
these problems is caused by the prospects of using these
species in mixtures of composite solid propellants for
improving the characteristics of ignition and combus-
tion, increasing the combustion efficiency, etc. [1–3].
It was noted [4, 5] that addition of micron- and nano-
sized aluminum particles exerts contradictory effects on
the performance of various explosives, which has not
been yet found reasonable explanations. There are nu-
merous recent studies that include observations and the-
oretical description of combustion of nano-sized parti-
cles and the analysis of the related processes (melting,
fragmentation, clusterization, etc.). However, the num-
ber of publications dealing with various aspects of det-
onation of gas media in the presence of nanoparticles or
gas suspensions of sub-micron or nano-sized particles
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is not very large. Closing of physicomathematical mod-
els of heterogeneous detonation requires an adequate
description of the processes of interphase interaction.
Publications dealing with ignition and combustion of
aluminum particles in gas media in detonation and
shock waves are reviewed in the present paper. In ad-
dition, thermophysical properties and specific features
of heat transfer and drag of nano-sized particles under
dynamic conditions of wave flows are also considered.

The theoretical description for most problems
of shock wave and detonation phenomena in gas sus-
pensions of fine particles is based on the approaches
of mechanics of continuous/heterogeneous media [6–11].
The constitutive equations describe the laws of conser-
vation of mass, momentum, and energy for each phase
and each species; they are supplemented with equations
of state and are closed with relations that describe the
processes of mass transfer between the species (melting,
evaporation, condensation, ignition, and combustion),
momentum exchange (drag forces), and heat transfer
between the gas and the particles. These approaches
can be used to describe gas mixtures with micron- and
nano-sized particles with adequate allowance for molec-
ular effects in interphase interaction.
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For one-dimensional unsteady flows of reacting gas
suspensions with a low concentration of particles, the
constitutive equations have the following form [12, 13]:

∂ρ1
∂t

+
∂(ρ1u1)

∂x
= J2,

∂ρ2
∂t

+
∂(ρ2u2)

∂x
= −J2,

∂ρ1u1

∂t
+

∂(p+ ρ1u
2
1)

∂x
= −f2 + J2u2,

∂ρ2u2

∂t
+

∂(ρ2u
2
2)

∂x
= f2 − J2u2, (1)

∂ρ1E1

∂t
+

∂[ρ1u1(E1 + p/ρ1)]

∂x
= −q2 − f2u2 + J2E2,

∂ρ2E2

∂t
+

∂(ρ2u2E2)

∂x
= q2 + f2u2 − J2E2,

p = ρ1RT1,

E1 =
u2
1

2
+ cv,1T1, E2 =

u2
2

2
+ cv,2T2 +Q

(the subscripts 1 and 2 refer to the gas and particles,
respectively). The following variables are used: p is the
pressure, ρi = miρii, ui, Ei, Ti, cv,i, mi, and ρii are the
mean density, velocity, total energy per unit mass, tem-
perature, thermal conductivity, volume concentration,
and true density of the ith species (i = 1, 2), f , J , and
q are the force of interphase interaction, mass transfer,
and specific heat flux of interphase heat transfer, and
R is the universal gas constant; the variable Q includes
the thermal effect of the reduced kinetics of the parti-
cle burning reaction and also the heat losses on melting
and evaporation of the particle material.

The majority of detonation models for gas mixtures
and gas suspensions of solid particles are based on the
combustion description within the framework of models
of reduced kinetics. This allows one to obtain hydrody-
namic patterns of the flow at macroscopic scales corre-
sponding to the sizes of various engineering devices or
to the volumes of space used to study explosion pro-
cesses. The use of detailed multi-stage kinetic schemes
for conditions of unsteady nonuniform flows of hetero-
geneous detonation is not always justified. The reac-
tion constants known from available publications were
determined for limited ranges of pressure and tempera-
ture, while the kinetic schemes were usually verified for
conditions of laminar flame propagation. In the case
of detonation, these parameters vary within wide lim-
its, and their values may go outside the ranges in which
the rate constants were determined. The deviations can
be rather significant if the number of reactions is large
and the activation energy is high. The experience of
numerical simulations of cellular gas detonation shows
that simplified models sometimes reproduce the cell size
even more effectively than detailed kinetic models.

In the theoretical approaches to constructing math-
ematical models of reduced kinetics aimed at describing
particle combustion with the minimum possible number
of chemical reactions, the basic principle is a correct
representation of the ignition criterion, as well as the
mass transfer, heat transfer, and heat release. Thus,
experimental data on combustion and detonation of gas
suspensions of aluminum particles, which allow verifica-
tion of models in terms of a set of various parameters,
are of undoubted interest. To develop models of deto-
nation combustion of aluminum suspensions within the
framework of reduced kinetics, one has to take into ac-
count the specific features of ignition and combustion
of particles of various sizes behind the shock wave.

1. DEVELOPMENT
OF MATHEMATICAL MODELS

OF IGNITION AND COMBUSTION
OF FINE PARTICLE SUSPENSIONS

1.1. Mechanisms of Combustion
of Micron-Sized Aluminum Particles

Various issues of combustion of fine aluminum par-
ticles (10–300 μm) were studied in numerous experimen-
tal and theoretical investigations, which were reviewed
in [14, 15]. Pokhil et al. [14] analyzed the data on com-
bustion of individual particles in air under static condi-
tions (in a burner flame). The burning time was found
to be a power-law function of the particle diameter with
an exponent of 1.5–2 [14]. In most cases, the solid com-
bustion products are small spherical particles consisting
of aluminum oxide. It was noted that the final products
contain no AlO and Al2O sub-oxides. Vice versa, the
data of thermodynamic calculations [16] and thermody-
namic analysis of detonation [17] reveal the presence of
sub-oxides in detonation products, which confirms that
detonation combustion of aluminum particles differs es-
sentially from combustion under static conditions.

Pokhil et al. [14] tend to present combustion of an
aluminum particle in the vapor-phase regime, based on
the Glassman hypothesis [18]. Some models of com-
bustion within the framework of this concept were de-
scribed, in particular, the model developed in [19],
which takes into account partial diffusion of vapor-phase
products of combustion toward the metal surface.

Experimental observations of combustion of alu-
minum particles contained in rocket propellants were
performed in [20, 21] and described in [22], where the
contradictory character of many aspects of the process
was noted. One of the main intermediate processes is
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metal interaction with aluminum oxide (Al2O3) with
formation of gaseous products (Al and AlO). Babuk [22]
developed a model of combustion of a single aluminum
particle in oxygen, where a key role in aluminum oxi-
dation belongs to the presence of an oxide film, which,
on the one hand, prevents interaction of aluminum and
oxygen owing to reacting surface area reduction and, on
the other hand, participates in aluminum oxidation with
formation of the intermediate product AlO. Accumula-
tion and breakthrough of the gaseous sub-oxide AlO can
lead to violation of the oxide film integrity and forma-
tion of an asymmetric combustion region. (The possi-
bility of symmetry violation in the case of aluminum
particle combustion was discussed in [14].)

A modification of the vapor-phase model of alu-
minum particle combustion on the basis of the con-
cepts described in [18, 19] was presented in [15]. In
that work, oxide condensation was assumed to occur on
the particle surface with formation of an asymmetric
structure (“cap”).

The physicomathematical model developed in [23,
24] takes into account accumulation of the oxide on the
aluminum particle surface. The results calculated by
the model [24] with allowance for evaporation kinetics
and surface chemical reactions agree well with the ex-
perimental data [14, 25] on the dependence of the burn-
ing time on the pressure and oxidizer concentration; the
results on the burning time dependence on the particle
size predicted by that model are within reasonable scat-
ter of data.

Specific features of combustion of individual coarse
(80–250 μm) aluminum particles in oxygen and oxygen-
containing media were noted in [26–28]. It was demon-
strated [26, 27] that aluminum combustion includes sev-
eral stages. The first stage proceeds at temperatures of
the order of 3000 K, most probably, in the vapor-phase
regime. At the second stage, the temperature decreases
to 2800 K, the combustion process is asymmetric, and
the particle rotates, which is associated with the for-
mation of an oxide “cap” on the surface. At the third
stage, radiation becomes less intense, the temperature
decreases to 2300 K, and the oxide is accumulated on
the surface (which is confirmed by additional experi-
ments under microgravity conditions and by the anal-
ysis of the particle composition at different stages of
combustion in [27]). For combustion of aluminum par-
ticles in pure oxygen or oxygen mixtures with nitrogen,
argon, and helium, Dreizin [28] derived a quadratic de-
pendence of the burning time on the particle diameter.
The particle burning time in pure oxygen was found to
be several times shorter than in air. It was also demon-
strated that the change in the oxide film thickness is
comparable to the particle size.

For combustion of aluminum as a component of
composite propellants, the burning time was found to
be a power-law function of the particle diameter with a
smaller exponent: up to 1.5 [14]. In their experiments,
Servaites et al. [29] established a dependence with an
exponent of 1.65 ± 0.55; they found that the burning
rate weakly changes with oxygen concentration, but de-
pends linearly on pressure in the measurement range
used. The fact of the weak dependence of the burning
rate on the oxygen concentration allowed the authors
to conclude that oxygen is probably not the primary
oxidizer in combustion of aluminum as a component of
composite rocket propellants. Their calculations pre-
dicted higher rates of aluminum interaction with other
reagents: CO2 and H2O.

An extensive review of results on the burning time
of aluminum particles in air and oxygen media was per-
formed in [30]. It can be concluded from the analysis
that the exponent of 1.5 is more typical for air mix-
tures, whereas the exponent for oxygen media is closer
to 2. Nevertheless, extension of this dependence to the
particle size interval from 1 to 10 μm is questionable.
Beckstead et al. [31] presented a model of combustion
of a single aluminum particle in various oxidizer media,
which is based on the kinetic mechanisms of heteroge-
neous (surface) and gas-phase reactions with formation
of sub-oxides with due allowance for condensation and
dissociation. Numerical calculations and comparisons
with experimental data were performed for compara-
tively coarse particles (60–230 μm) under the conditions
of a turbulent wake flow.

The data on combustion of aluminum particles up
to 10 μm in size under various conditions presented
in [32, 33] confirm the transitional character of com-
bustion. It was found [32] that the change in the com-
bustion regime may occur at even coarser particle sizes
than 10 μm, depending on the test conditions. The ex-
perimental data reported in [33] show that the transi-
tion from the diffusion-limited gas-phase combustion of
aluminum particles to the kinetic regime begins at the
particle size of 10 μm and pressure of 8.5 atm. The mea-
surements of the burning time of dust with the particle
sizes of 10 and 2.8 μm show that the exponent in the
dependence of the burning time on the particle diame-
ter is of the order of unity in media with carbon dioxide
and decreases to 0.7 in oxygen–nitrogen mixtures.

The burning rate of micron-sized particles also de-
pends on pressure. Lynch et al. [34] performed an
experimental study of combustion of 3- and 11-μm
particles. Based on these experimental results, they
found correlations for the dependence of the burning
time on the pressure P , fraction of oxygen Xox, and
particle diameter d: tb = a0X

a1
ox (P/P0)

a2dn, where
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the values for oxygen are a1 = 0.5, a2 = −0.5, and
a0 = 200 μs; the particle diameter d is measured in
micrometers. A universal formula was derived for the
exponent: n = 2 exp(−4.3Xox)(P/P0)

−0.3.

1.2. Mathematical Models of Combustion
of Suspensions of Microscopic Particles

under Dynamic Conditions

Theoretical approaches to the description of sus-
pensions of aluminum particles behind shock and deto-
nation waves have been developed since the mid-1980s.
Medvedev et al. [11] proposed a model of interpene-
trating continua with an Arrhenius-type equation of re-
duced kinetics. The model took into account incom-
plete combustion of particles caused both by the oxi-
dizer deficit and by oxide accumulation on the particle
surface. The relationship between the pre-exponent and
the particle size was not considered.

Simultaneously the model of ignition and combus-
tion of an aluminum particle behind a shock wave was
presented in [35] and later in [36]. Several factors were
taken into account, such as particle melting and evapo-
ration, Al2O formation, and Al2O3 condensation. Par-
ticle burning was controlled by diffusion within the film.
The model was applied in problems of particle ignition
and combustion behind a shock wave, but the detona-
tion structure was not analyzed, and comparisons with
experimental data on detonation were not performed.

In modeling detonation in gas suspensions of alu-
minum particles in hydrogen–oxygen and hydrogen–air
mixtures with addition of aluminum [37, 38] and also
in air and oxygen [39], the combustion process was de-
scribed on the basis of the concepts of [14]. The re-
action rate was assumed to be described by the for-
mula derived in [14] with the constant found in [25]:

τcomb = K
d1.5

(ak)0.9
. It should be noted that this formula

was derived in [25] on the basis of processing experimen-
tal data on combustion of aluminum contained in com-
bustion products of condensed systems, where the main
oxygen-containing reagents were H2O and CO2. In [38,
39], the presence and role of the oxide film on the par-
ticle surface were ignored, whereas the condensed reac-
tion products (consisting of small particles of aluminum
dioxide identical to the oxide film) were considered as
part of the gas phase. If the aluminum dioxide boiling
point was reached, the possibility of its decomposition
into sub-oxides was taken into account.

The detonation model [38] was used by Benkiewicz
and Hayashi [40] for numerical simulations of two-
dimensional processes in heterogeneous detonation of
the gas suspension of aluminum particles. They indi-
cated that oxygen was considered as a carrier phase

and the particle concentration used in the study
(0.3 kg/m3) was several times smaller than the sto-
ichiometric value. The detonation velocity predicted
numerically (1.74 km/s) was consistent with the ther-
modynamic calculations [39, 41].

A simple two-stage model of reduced kinetics for
the description of detonation combustion of aluminum
particles in oxygen with allowance for aluminum ox-
ide decomposition was analyzed in [42]. Parametric
investigations were performed to study the influence
of various parameters on the results of modeling the
Chapman–Jouguet and cellular detonation structures.
It was found that the reaction rate constant exerts a
minor effect on the detonation structure, whereas the
role of temperature responsible for aluminum oxide de-
composition into sub-oxides is fairly important.

A model of detonation combustion of a suspension
of aluminum particles in oxygen with one Arrhenius-
type equation of reduced kinetics was used in [43–50].
The expression for the mass transfer J in Eqs. (1) has
the form

J =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ρ

τξ
(ξ − ξk) exp

(
− Ea

RT2

)
,

T2 � Tign, ξ � ξk,

0, T2 < Tign or ξ < ξk.

(2)

Here ρ is the density of the mixture as a whole and ξk is
the residual relative mass concentration of unburned
particles. The process of aluminum oxide formation on
the particle surface (shaped as a “cap” or a film), which
prevents complete burning of the particle, was mod-
eled by introducing the term ξk into the equation for
the particle concentration. The model constants ensure
the consistency of the results of thermodynamic calcu-
lations of the detonation velocity [41], initiation energy,
and detonation cell size estimate with the experimental
data [51]. A quadratic dependence of the burning time
of the aluminum particle on its size was taken in accor-
dance with the data on combustion in pure oxygen [25,
27]; this dependence was also extended to particles 1–
10 μm in diameter. The characteristic constant of the
burning rate was chosen in such a way that agreement
with the experimental data [25] was ensured. The for-
mation of aluminum sub-oxides was taken into account
in an integral manner (the heat release with allowance
for oxide decomposition was determined from empirical
data on the detonation velocity). The following results
were obtained by the model: Chapman–Jouguet deto-
nation structure, detonation initiation scenarios, two-
dimensional flows with interaction of the shock wave
with bounded clouds of particles, and cellular detona-
tion in channels with constant and variable geometry
in monodispersed and polydispersed suspensions of alu-
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minum particles in oxygen. The results were consistent
with available experimental and numerical data of other
researchers on the characteristic scales of the cellular
structure, initiation energy, and other characteristics of
detonation.

Detonation of suspensions of aluminum particles in
air was also studied by Zhang et al. [52, 53]. The exper-
imental data on propagation of spin detonation in gas
suspensions of aluminum particles 100 nm and 2 μm at
different pressures were reported in [52]. The depen-
dence of the critical diameter of the tube or detonation
cell size on the particle diameter was discussed; it was
noted that the exponent in the dependence on the parti-
cle diameter for particles 1–2 μm in size was significantly
smaller than 2 (it was estimated as 1.3 in the range of
particle sizes from 100 nm to 2 μm). In [53], these and
other experimental data of the same authors were used
to construct a semi-empirical model of detonation with
hybrid reduced kinetics, which was also used in [54]. A
specific feature of the hybrid kinetic model is the al-
lowance for two reaction types (diffusion-controlled and
Arrhenius-type reactions). The rate of the diffusion-
controlled reaction is assumed to be a power-law func-
tion of the particle radius (with an exponent of −2),
whereas the rate of the kinetic reaction is independent
of this factor. The characteristic particle burning time
is determined by the sum (i.e., the rate of the hybrid
reaction is equal to the mean geometric value of the two
reaction rates). Thus, the model takes into account the
transition from the diffusion type of combustion (typical
for coarse particles at high temperatures) to the kinetic
type (typical for combustion of fine or coarse particles at
low temperatures). The estimates show that the transi-
tion from one burning mode to the other in the case of
detonation combustion (at temperatures of the order of
2000 K) occurs in the particle size interval from 100 nm
to 10 μm. Though this model is fairly attractive, it
still has some drawbacks. It is assumed that the heat
release of the reaction at the stage of low-temperature
oxidation (ignition) also occurs in the gas phase, i.e., the
particle heating is determined only by convective heat
transfer. Moreover, the thermal effect of the reaction
is determined with the possibility of formation of alu-
minum sub-oxides (oxide decomposition) being ignored,
which leads to overestimation of the equilibrium tem-
perature of detonation products (5000 K). One of the
uncertainty parameters is the value of the activation
energy of the kinetic reaction. Parametric calculations
of cellular detonation revealed that the detonation cell
size and type depend significantly on this parameter.
A comparison of the calculated and experimental data
on the period of oscillations yielded the activation en-
ergy value of 95 kJ/mol.

In [55, 56], the principles of the particle burning de-
scription within the framework of the hybrid model [53]
were used to simulate the cellular and spin detona-
tion on the basis of two-dimensional [55] and three-
dimensional [56] calculations. The particle size was var-
ied within 1.5–20 μm. A comparison of the results pre-
dicted by the two-stage model [38, 41] and the hybrid
model showed that there are practically no differences
in determining the burning time and the detonation cell
size as functions of the particle size [55]. The lengths of
the induction zone are different, but the length in the
two-stage model depends on the choice of the ignition
temperature.

The theoretical investigations mentioned in this
Section deal with suspensions of micron-sized aluminum
particles, including suspensions of flake-shaped parti-
cles (25–40 μm in diameter and approximately 1 μm
thick), whose analysis was based on considering spheri-
cal analogs with an “equivalent” diameter [53, 55, 56].

1.3. Mechanisms of Aluminum Particle
Ignition under Dynamic Conditions

Mathematical modeling of detonation processes re-
quires an adequate description of ignition, which occurs
under velocity and thermal nonequilibrium conditions.
Aluminum ignition was mainly studied under static con-
ditions of slow heating. It was noted [14] that igni-
tion may occur at the instant of oxide film oxidation.
In the course of slow heating, thermal expansion of the
metal is accompanied by surface oxidation reactions re-
covering the oxide film integrity. Faster heating leads to
the emergence of surface disturbances at a temperature
of about 950 K and subsequent cracking. This allows
one to conclude that ignition may occur at tempera-
tures below the metal boiling point. It was also noted
that the aluminum surface may become partly naked
in regimes with high-velocity heating, which facilitates
evaporation or direct contact of the metal with the ox-
idizer medium. The data on the ignition temperature
were reported in [14] for static conditions of slow heat-
ing. Nevertheless, the analysis of these data made it
possible to conclude that ignition may occur at tem-
peratures of the order of 1300 K, which is significantly
lower than the melting point of aluminum oxide.

In the case of fast heating, ignition may occur at
even lower temperatures. The oxide film under standard
conditions (at temperatures around 300 K) consists of
the amorphous oxide Al2O3. After heating (when the
particle reaches the temperature of≈500–600◦C), amor-
phous oxide transforms to crystalline oxide, and the
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protective properties of the oxide film appreciably de-
crease [57, 58]. Moreover, violation of the film integrity
(cracking) becomes possible in the case of fast heating
owing to a three-fold difference in the linear expansion
coefficients of aluminum and aluminum oxide [59]; this
may occur already at 500◦C. Thus, a region not covered
by aluminum oxide may appear on the particle surface,
which favors initiation of the aluminum oxidation reac-
tion. At the stage of ignition, the oxidation reaction
proceeds with solid oxide formation directly on the par-
ticle surface. The heat from the low-temperature oxida-
tion reaction passes to the particle, i.e., it is completely
spent on particle heating and melting. The possibility
of low-temperature ignition of micron-sized aluminum
particles in shock waves was also noted in [60]. More-
over, the presence of AlO directly behind the shock wave
was also noted in [60], which testifies to the possibility
of aluminum sub-oxide formation at temperatures be-
low the aluminum oxide boiling point.

1.4. Modeling of Particle Ignition
in Detonation Processes

Medvedev et al. [11] developed a physicomathemat-
ical model of ignition and combustion of gas suspen-
sions of metal particles under various conditions, includ-
ing detonation waves. Three mechanisms of ignition of
aluminum particles under dynamic conditions behind
shock and detonation waves were discussed: thermal ex-
plosion, reaching the critical temperature, and particle
fragmentation. Ranges of initial parameters determin-
ing this or that ignition mechanism were identified. The
model of aluminum ignition presented in [61] is based
on the concept of oxidizer diffusion through the oxide
film, which describes two experimental parameters: lim-
iting temperature of ignition and ignition delay time as
a function of the particle radius.

Mathematical modeling of particle ignition in shock
waves and gas detonation waves with allowance for pre-
flame oxidation and melting was performed in [35, 36].
Afanas’eva and Levin considered only single particles
in [35] and analyzed the influence of the particle con-
centration on ignition of the gas suspension in [36].
The calculations within the framework of this model
did not reveal violation of thermal equilibrium under
the ignition conditions considered in the study, and the
transition to the diffusion-controlled regime of particle
combustion was associated with reaching the oxide film
melting temperature of 2300 K by the particle, which
does not agree with the ignition criteria of the hybrid
and heterogeneous models of detonation of aluminum
particle suspensions [37–39]. No comparisons with ex-

perimental data were performed in [36], and compar-
isons of the data [36] with the experimental results [62]
for the ignition delay time of the gas suspension of alu-
minum particles with the mean particle diameter of the
order of 10 μm show that the calculated values [36]
(100–200 μs) was significantly higher than the exper-
imental values [62] (20–40 μs).

The model [38] for aluminum particles is also based
on the temperature criterion of ignition. The critical
ignition temperature was set equal to 1350 K, which
is appreciably lower than the melting point of the ox-
ide film. However, this ensured better agreement with
the experimental data on the detonation velocity and
particle ignition than the value corresponding to the
limiting temperature of particle ignition under static
conditions [63].

Veyssiere and Khasainov [38] discussed some
known physical mechanisms responsible for low-
temperature ignition of particles under dynamic con-
ditions (shock waves), in particular, violation of the
oxide film integrity due to the difference in the linear
expansion coefficients of aluminum and its oxide. The
model [38] was used to analyze heterogeneous detona-
tion of suspensions of aluminum particles in air and oxy-
gen in [39], where steady propagation of the detonation
wave with a velocity of about 1600 m/s (corresponding
to the experiments [51]) was obtained in calculations
only for the ignition temperature of 950 K.

Benkiewicz and Hayashi [64] performed a numerical
study of ignition of a suspension of aluminum particles
behind reflected shock waves based on the model [38]
with the ignition criterion Tign = 1350 K. The same
value of the ignition temperature was used in [40] for
numerical simulation of cellular detonation in lean sus-
pensions of aluminum particles in oxygen (the velocity
of stationary detonation was 1735 m/s).

In the model used in [43–49], ignition is described
by a simplified scheme: particle melting and heat re-
lease in low-temperature reactions of particle oxidation
are neglected. The temperature criterion of ignition
is taken to be Tign = 900 K, which is lower than the
melting point, but is close to the ignition temperature
of 950 K used in [39]. Ignition of the gas suspension
of aluminum particles in the heterogeneous detonation
wave was analyzed in [50] within the framework of the
model [43–49] and model [35] with allowance for par-
ticle melting and pre-flame oxidation. Based on com-
parisons of these data and of data on some experiments
on ignition in transient and reflected waves and in det-
onation processes, the temperature criterion of ignition
and the adequacy of the choice of the critical tempera-
ture Tign = 900 K for the description of detonation of
aluminum suspensions in oxygen were justified.
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2. MATHEMATICAL MODELING
OF THE DYNAMICS OF SUSPENSION
OF ALUMINUM NANOPARTICLES

2.1. Specific Features of Ignition and Combustion
of Sub-Micron and Nano-Sized Aluminum Particles

The transition to nano-sized particle suspensions
requires the analysis of specific features of ignition and
combustion of nano-sized aluminum particles. The data
on ignition and combustion of sub-micron and nano-
sized aluminum particles both under static conditions
and behind shock waves are reviewed in the present Sec-
tion. Of greatest interest are data that can be used to
construct simplified models of reduced kinetics of deto-
nation combustion.

The data of various researchers that show that the
ignition temperature decreases with a decrease in the
aluminum particle size were reported in [65, 66]. Igni-
tion at temperatures around 900 K may occur already
for particles smaller than 500 nm, which may be asso-
ciated with the size effect.

Sundaram et al. [66] also provided an extensive re-
view of data on combustion of nano-sized aluminum par-
ticles. It is seen from the experimental data analyzed
in [66] that the transition from the diffusion-limited to
kinetic combustion occurs smoothly, i.e., there exists a
transitional region. In the particle size range from 1
to 10 μm, either the diffusion-limited regime of com-
bustion may be retained or the transitional regime may
be observed, depending on test conditions. The power-
law dependence of the burning time of particles smaller
than 1 μm on the particle diameter is characterized by
a significantly smaller exponent.

Park et al. [67] presented experimental data on
combustion of nano-sized aluminum particles of vari-
ous diameters (19–150 nm) in air under the conditions
of an aerosol flow in a reactor. The burning time was
measured by mass spectrometry of individual particles.
It was found that the burning time decreases with a
decrease in the particle size, and the calculated approx-
imating values of the activation energy of the Arrhe-
nius reaction also decrease (from 120–175 kJ/mol for
100–150 nm to 25–32 kJ/mol for 19 nm). It was noted
that particles 19 nm in diameter burn down almost com-
pletely already at a temperature of about 900 K, though
particles greater than 50 nm burn only partly even at
1100 K. Nevertheless, Park et al. [67] argued that com-
bustion is a diffusion-controlled process.

Bazyn et al. [68] reported the measured parame-
ters of combustion of aluminum particles approximately
80 nm in size behind a reflected shock wave (in the
pressure range of 4–32 atm and temperature range
of 1200–2100 K) in oxidizing media containing oxy-

gen, carbon dioxide, and nitrogen. The duration of
combustion determined on the basis of luminescence
was 50–500 μs depending on test conditions. For the
50:50 oxygen/nitrogen mixture, the experimental de-
pendences of the burning time on temperature are ad-
equately described by Arrhenius-type reactions. The
burning time also depends on pressure (it decreases by
a factor of 1.6–4 as the pressure increases from 8 to
32 atm). The activation energies of the combustion re-
actions were found to be different at pressures of 8 and
32 atm. The dependence of the burning time on the
fraction of oxygen in the mixture with nitrogen in the
interval from 10 to 50% was also established. Replace-
ment of oxygen by carbon dioxide as an oxidizer re-
vealed qualitatively different trends of the burning time
as a function of temperature.

Some experimental data on aluminum particle
combustion in a wide range of parameters, including
the nanometer range of particle sizes, were discussed
in [69]. Ignition of particles smaller than 1 μm occurs
at temperatures around 900 K, and the dependence of
the burning time on the particle diameter with an ex-
ponent of 0.3 correlates well with experimental data.
Huang et al. [69] believe that the decrease in the expo-
nent below unity may be associated with agglomeration
of nano-sized particles, which determine the burning
times observed in experiments. It was also noted that
the burning time significantly depends on temperature,
in contrast to combustion of micron-sized particles.

A review and discussion of combustion of vari-
ous nanoparticles, including aluminum, can be found
in [70]. A classification of combustion regimes on the
basis of thermodynamic relations is presented; condi-
tions of diffusion-controlled and kinetic regimes and var-
ious issues of powder formation and applications are
discussed.

Sundaram et al. [71] considered various mecha-
nisms of particle heating, ignition, and combustion un-
der static conditions of heating, where the governing
mechanism of ignition and combustion is oxidizer diffu-
sion through the oxide film. A comparison of theoretical
and experimental data shows that combustion of nano-
sized particles is not controlled by diffusion; however,
it does not obey the laws of free-molecular combustion
either. It was noted that the kinetic constants needed
to construct the combustion model had not been ad-
equately studied. Moreover, there are several impor-
tant phenomena, such as sintering and agglomeration
of particles and cracking of the oxide film, which should
be taken into account in comparisons with experimen-
tal data.

Kwon et al. [72] performed an experimental study
of combustion of aluminum particles approximately
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100 nm in size in air under static atmospheric condi-
tions. They investigated the influence of test condi-
tions on the final products of particle combustion. Self-
sustained propagation of the combustion wave was ob-
served for concentrations about 0.1 g/cm3 and low tem-
peratures. It was noted that it is necessary to take into
account reactions with formation of both Al2O3 oxide
and Al2O sub-oxide, which then interacts with nitro-
gen to form AlN. At low temperatures, heat is released
during the formation of Al2O3, Al2O, and AlN. At high
temperatures, the only exothermic reaction is that with
Al2O3 formation. The effect of aluminum reactions with
nitrogen can be traced by comparing the data reported
in the review [30], where the combustion of coarse par-
ticles in air and pure oxygen differs by the slope of the
straight lines (i.e., by the exponent in the dependence
of the burning time on the particle diameter).

2.2. Theoretical Models of Ignition
and Combustion of Aluminum Nanoparticles

At the moment, there is still no single opinion and
clear understanding of the mechanisms of nanoparti-
cle combustion [66]; the models developed by various
researchers describe both diffusion-limited and kinetic
mechanisms.

Huang et al. [73] performed a theoretical study of
combustion of micron- and nano-sized particles in air.
The velocity of flame propagation and temperature dis-
tributions in the flame front were calculated by means
of the numerical solution of the energy conservation
equation. The particle burning rate was modeled as a
function of the particle diameter and ambient tempera-
ture. Sub-nanometer particles were asymptotically con-
sidered as large molecules. Good agreement with exper-
imental data was obtained. It was noted that the flame
velocity increases as the particle diameter decreases,
and combustion transforms from the diffusion-limited
to kinetic regime. It was also mentioned that ultrafine
particles (several nanometers) because of their low melt-
ing point are in the liquid state, rapidly evaporate, and
react with the oxidizer in the gas phase, i.e., replace-
ment of solid-phase aluminum by its liquid analog in
the initial conditions does not produce any significant
effect on the final reaction products and flame temper-
ature. As Al2O3 does not exist in the gas phase, an
equilibrium reaction of decomposition into AlO, Al2O2,
and AlO2 sub-oxides was proposed. The constants of 12
reactions of the kinetic scheme of aluminum combustion
in oxygen were provided.

Based on the diffusion concepts of aluminum parti-
cle combustion, Aita et al. [74] proposed a simple model

of single-stage kinetics. Under the assumption of a con-
stant particle size in spherical coordinates, combustion
of a single particle was numerically studied. A para-
metric analysis of the burning rate as a function of the
particle size was performed. The boundaries of the dif-
fusion coefficient range were discussed.

Fedorov and Shulgin [75] performed a theoretical
study of combustion of a 80-nm aluminum particle on
the basis of a semi-empirical model of the Arrhenius-
type reduced kinetics. They analyzed the dependences
of the pre-exponent, burning time, and reaction ac-
tivation energy on the ambient temperature. Good
agreement with the experimental data [68] was obtained
in the considered ranges of temperature and pressure.
It was noted that the error of the diffusion model [74] in
comparisons with the same date is several times higher.

An idea of a mechanism where the ignition and
initial stage of combustion of nanoparticles are in-
duced by the melt-dispersion mechanism was developed
in [76–79]. The main principle is based on the fact that
thermal expansion of aluminum during its melting due
to fast heating (in a high-temperature flow and in shock
waves) leads to rupture of the oxide film on the particle
surface and to formation of a wave propagating inward
the particle. This wave is accumulated at the center and
transforms to an unloading wave, resulting in particle
fragmentation.

Thus, particle combustion occurs in the regime of
oxidation of individual molecules (or clusters) in the gas
phase. The presentation of oxide film rupture is consis-
tent with the data that confirm the fact of ignition at
temperatures close to the aluminummelting point; how-
ever, particle fragmentation has not yet been confirmed
in experiments. Observations of the nanoparticle be-
havior in high-temperature inert media did not reveal
aluminum vapors or clusters [80].

Models of combustion of aluminum nanoparticles
in various media (within composite propellants and in
a water jet) and various issues of particle ignition, melt-
ing, etc. were discussed in [81–83]. The presented ki-
netic schemes mainly refer to oxidation in water me-
dia, but they also include oxidation reactions with oxy-
gen [82] and the model of aluminum oxide clusteriza-
tion in combustion products [83]. In the models [81–
83], the nanoparticles are not considered as finite-radius
physical bodies, which is consistent with the melt-
dispersion mechanism [76–79] where the particle burn-
ing time is independent of the particle size. Neverthe-
less, the calculations display good agreement with ex-
perimental data on the laminar flame propagation veloc-
ity and with the combustion region structure calculated
by other researchers.
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2.3. Description of Heat Transfer in Suspensions
of Nanoparticles under Dynamic Conditions

Detonation flows are characterized by the presence
of regions of thermal and velocity relaxation behind the
leading shock wave. For an adequate description of the
conditions of suspension ignition under dynamic condi-
tions, one should take into account the specific features
of the particle heating process. The widely used rela-
tions for convective heat transfer of spherical particles
in the continuum regime have the following form [7]:

q2 = (6m2λ1/d
2
2)Nu(T1 − T2), (3)

Nu = 2 + 0.6Re1/2Pr1/3, Re =
ρ11d2|u1 − u2|

μ1
.

Here d2 is the particle diameter, m2 is the particle mass,
λ1 and μ1 are the thermal conductivity and dynamic
viscosity of the gas, Nu is the Nusselt number, Pr is
the Prandtl number (usually taken to be 0.7), Re is
the Reynolds number, T1 and T2 are the gas and par-
ticle temperatures, u1 and u2 are the gas and particle
velocities, and ρ11 is the own density of the gas. The
characteristic time of thermal relaxation is determined
by the formula

τcontT = d22ρ22cv2/(6λ1Nu), (4)

where cv2 is the specific heat of the particles and ρ22 is
the own density of the particles. For velocity equilib-
rium (static heating) conditions, it is usually assumed
that Nu = 2. This approach is used for modeling ig-
nition and combustion of micron-sized aluminum parti-
cles.

For nano-sized particles, however, the process of
heating in a hot gas flow does not correspond to the
continuum regime because the mean free path and even
the gas molecule size can be comparable with the par-
ticle size [84]. The formulas derived in [84] allow one
to estimate that the mean free path of molecules of
a diatomic gas under standard conditions (1 atm and
280 K) is approximately 200 nm and is inversely pro-
portional to pressure. Therefore, the effects of the free-
molecular flow regime should be taken into account in
these cases [66].

Various heat transfer aspects were considered in
the review [85] in addition to the general issues of mod-
eling the processes in aerosols of nano-sized particles
(transport, clusterization, etc.). The problems in the
description of thermal interaction of a gas and nano-
sized particles were also considered in [86–89].

Kuhlmann et al. [86] derived the formulas for
convective heat transfer in the continuum and free-
molecular regimes. These formulas yield the expres-
sions for the characteristic times of thermal relaxation.

In particular, the formula for the free-molecular gas flow
around the particle is

τ fmT =
d2ρ22cv2
6αp

√
8πmgT1

kB

(
γ1 − 1

γ1 + 1

)
,

(5)

Kn =
RT1√

2πd2gNApd2
.

Here dg and mg are the size and mass of the ambient
gas molecule, kB is the Boltzmann constant, α is the
accommodation coefficient, γ1 is the parameter of the
adiabat for the gas, and NA is the Avogadro number.
The influence of the choice of the accommodation coef-
ficient presentation on the results of modeling the heat
transfer dynamics was analyzed in [86]. It was found
from the comparison with the experimental data in [86]
that α ≈ 0.43 for an individual spherical particle; for
particle aggregates, the effective value of this coefficient
was found to be αeff = 0.25.

Liu et al. [87] and Mohan et al. [88] discussed
the limits of applicability of the continuum and free-
molecular regimes: an adequate option was assumed to
be the continuum regime for Knudsen numbers smaller
than 0.01 and the free-molecular regime for Knudsen
numbers greater than 10. A transition from one regime
to the other is observed in the interval 0.01–10 [66].
Kuhlmann et al. [86] proposed the following simple ex-
pression for the transitional regime:

τ trT = τ fmT + τcontT . (6)

This expression was discussed in [87] together with
other approximation formulas. As was noted in [88],
a more precise description has to be based on numerical
calculations.

Daun and Huberman [89] made an attempt to take
into account the curvature of the nanoparticle surface
and the Knudsen boundary layer in the thermal dy-
namics of the free-molecular and transitional regimes
of heating. It was noted that the proposed approach
improves the estimate of the Knudsen boundary layer
thickness. However, this improvement produces a mi-
nor effect on the overall rate of heat transfer; moreover,
there are other sources of uncertainty (non-unique de-
termination of the mean free path and transport prop-
erties). Possibly, the effect of curvature will be more
important for fractal-like aggregates. Identification of
the boundary layer in the analysis of thermal dynamics
in the transitional regime was performed in the theoret-
ical study [90]. An explicit formula was proposed for the
dependence of the heat transfer coefficient of a spherical
particle on the Knudsen number, which was compared
with the results of the Monte Carlo simulations based
on the Boltzmann equation. This method can be used
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under high-temperature conditions for arbitrary depen-
dences of the specific heat and thermal conductivity on
temperature.

It is also necessary to mention the paper of Allen
et al. [91], who performed a theoretical analysis of heat
transfer for an aluminum nanoparticle with allowance
for the correction of the accommodation coefficient in
the distribution of the heat release energy during parti-
cle combustion.

The estimates show that the time τ fmT for individ-
ual particles 1 μm in size at atmospheric pressure or
particles 100 nm in size in shock waves can exceed τcontT

by an order of magnitude or more. Formula (5) also
allows one to estimate the length of the thermal relax-
ation region in shock and detonation waves. It turned
out that the length of this region even for 1-nm particles
in shock waves is greater by two or three orders of mag-
nitude than the thickness of a real shock wave, which
reaches up to four mean free paths of gas molecules [92,
93]. Owing to this fact, in the description of the dynam-
ics of heating, ignition, and combustion of nanoparticles
in shock waves, one can neglect the effects of viscosity
and heat conduction in the shock wave structure and
consider the latter as an ideal shock in accordance with
the Euler approach.

It should be noted that all publications dealing
with the behavior of nanoparticles in the gas flow re-
fer to conditions of usual heating, i.e., to static condi-
tions (Nu = 2). However, heating of particles behind
the shock wave proceeds under velocity nonequilibrium
conditions. For the continuum flow regime, this is man-
ifested as the dependence of the heat transfer rate and,
correspondingly, of the characteristic time of thermal
relaxation on the Nusselt number. For nano-sized par-
ticles, it is usually assumed that the Reynolds number
is very low, and the Nusselt number is equal to 2. How-
ever, in shock waves, where the characteristic velocities
are of the order of 103 m/s, the Reynolds number can
reach ≈50, while the Nusselt number is approximately
5 for 1-μm particles, 3 for 100-nm particles, and 2.5 for
10-nm particles. The influence of this factor on heat
transfer under free-molecular conditions is one of the
uncertainties noted in [89].

2.4. Thermophysical and Transport Properties
of Aluminum Nanoparticles under Dynamic Conditions

To describe velocity relaxation of suspensions of
particles whose size is comparable with the mean free
path of gas molecules, one has to take into account the
Cunningham correction coefficient CC in the drag force
of the phases [85, 94]:

f2 =
ρ2
τu

(u1 − u2), τu =
4d2ρ22CC

3cDρ11|u1 − u2| , (7)

CC = 1 + 2Kn[1.257 + 0.4 exp(−1.1/2Kn)].

The existing dependences of the drag coefficient on the
Reynolds number, which are used for micron-sized par-
ticles, are usually extended to the range of nano-sized
particles. In [13, 44, 45, 48, 49], the drag coefficient cD
was determined with allowance for the supersonic flow
in the detonation structure:

cD(Re,M12) = [1 + exp(−0.43/M4.67
12 )]

× (0.38 + 24/Re + 4/
√
Re), (8)

Re =
ρ11d2|u1 − u2|

μ1
, M12 =

|u1 − u2|√ρ11√
γ1p

.

A specific feature of nanoparticles is the depen-
dence of their thermophysical properties on the particle
size. Some publications on this topic were reviewed in
[66]. Experimental data on the melting temperature of
nano-sized aluminum particles were reported in [66, 95].
The melting temperature starts to deviate significantly
from the basic value of 933 K corresponding to the con-
tinuous medium at particle sizes smaller than 10 nm and
reaches 673 K for 3-nm particles. This behavior was
confirmed in the experimental investigations [96] and
theoretical calculations by molecular dynamics meth-
ods [97, 98]. The influence of pressure and internal de-
fects of the structure of the interparticle space in a pow-
der of aluminum nanoparticles of bulk density was also
analyzed in [98]. No significant effect of pressure in the
range of 1–300 atm on particle melting was observed.

Investigations of specific features of melting of alu-
minum particles by various methods, including molecu-
lar dynamics, were performed in [99–103]. Fedorov and
Shulgin [99] discussed various approximations for the
dependence of the melting temperature on the particle
size. Based on solving the Stefan problem and ana-
lyzing the velocity of melting front propagation, they
obtained data on the dependence of the melting time
of aluminum nanoparticles on the particle size and am-
bient temperature. In [100], Fedorov and Shulgin re-
ported the data on the dependences of the specific heat
and phase transition heat on the initial size and temper-
ature of aluminum particles. Those investigations were
performed within the framework of the semi-empirical
model of molecular dynamics, which was verified on the
basis of the dependence of the melting temperature on
the nanoparticle size. A nonmonotonic dependence of
the specific heat on temperature, an increase in the peak
values of the specific heat, and a decrease in the specific
heat of melting with reduction of the particle size from
10 to 3 nm were noted. As the particle size increases
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above 10 nm, the dependences of these thermophysical
parameters tend to limiting values corresponding to the
volume phase. A comparison of the aluminum nanopar-
ticle melting characteristics calculated by the molecular
dynamics and phenomenological models revealed their
good agreement in terms of the melting time. Similar re-
sults were obtained in [101] by the method of molecular
dynamics, DL POLY software package, and two types of
parametrization of the embedded atom potential. Sig-
nificant scatter of available experimental and numerical
data (dependences of the melting temperature on the
nanoparticle size) was noted. Based on comparisons of
data obtained by different methods, the validity of the
semi-empirical model of molecular dynamics proposed
in [100] for the description of the thermal history of
the aluminum nanoparticle was confirmed. Fedorov and
Shulgin [102] performed molecular dynamic modeling of
melting of aluminum nanoparticles with the use of the
DL POLY software package and embedded atom poten-
tial for determining the heat transfer coefficient. Ana-
lytical approximations of the derived dependences of the
thermal conductivity and specific heat on the particle
temperature and size were provided. Fedorov et al. [103]
proposed a new physicomathematical model of melting
of nano-sized aluminum samples, which takes into ac-
count the dependences of thermophysical variables on
the particle temperature and size found by the molecu-
lar dynamics method. The melting times of nano-sized
aluminum samples were found as functions of the par-
ticle size and ambient temperature for spherical, cylin-
drical, and plane symmetries.

Thus, the results of the above-mentioned inves-
tigations show that the thermophysical properties of
nanoparticles experience changes in the particle size
interval below 10 nm. On the other hand, for parti-
cles of this size, the ratio of the characteristic times of
heating and melting (correspondingly, the ignition de-
lay times) and the burning time is very small. The
burning time depends on the particle diameter as d0.3

(and becomes independent of the particle diameter for
particles smaller than 10 nm), and the duration of the
processes proceeding at the stage of ignition decreases
in proportion to d1.5−d2 because of the decrease in the
melting temperature. Therefore, the stage of melting
of nanoparticles smaller than 10 nm is negligibly short,
and one can avoid identifying this stage as a separate
process.

2.5. Clusterization and Formation of Nanoparticles
in the Process of Aluminum Combustion

Studying the detonation combustion of gas suspen-
sions involves some associated problems: clusterization
and agglomeration of particles, formation of nanoparti-

cles (of aluminum oxide) in detonation products, etc.
Some issues of agglomeration of aluminum nanopar-
ticles in combustion processes were discussed in the
review [66]. In particular, clusterization of particles
was considered as one of the stages of combustion of
aluminum nanoparticles in accordance with the melt-
dispersion mechanism [76–79]. The agglomeration pro-
cesses were mainly considered in the literature in study-
ing combustion of solid propellant compositions con-
taining aluminum [104, 105]. Agglomeration of particles
during the combustion of exploded clouds of micron-
sized aluminum particles (up to 10 μm) was investigated
in [106]. The main reasons for clusterization of parti-
cles, which are loosely packed at the initial time, were
assumed to be the hydrodynamic features of the flow
in the course of dispersion, in particular, the develop-
ment of the Richtmyer–Meshkov instability of the cloud
surface and formation of vortex rings.

The formation of aluminum oxide nanoparticles in
aluminum combustion products was considered only in
a few papers. Attention to these processes is paid be-
cause of the problem of stability of aluminum combus-
tion as part of composite propellants. The experiments
of Karasev et al. [107] were performed to study slow
low-temperature combustion of aluminum particles 5–
15 μm in size under standard atmospheric conditions;
the formation of aggregates of aluminum oxide particles
approximately 1 μm in size from primary particles of
several tens of nanometers was observed. Detonation of
the suspension of aluminum particles is characterized
by high temperatures of the mixture in the combus-
tion region and detonation products, which reach the
aluminum oxide decomposition temperature and may
exceed the latter. Though the data on the fractal com-
position of the products of detonation combustion of
aluminum are not available, the thermodynamic cal-
culations of aluminum detonation products reveal the
presence of sub-oxides [17]. Thus, parallel to the for-
mation of aluminum oxide nanoparticles, their evapo-
ration and oxide decomposition into sub-oxides occur.
In the majority of the theoretical models of detonation
of micron-sized aluminum particles, the oxide particles
being formed are described as a gas-phase component,
and the reactions of decomposition into sub-oxides are
ignored.

An attempt to provide a theoretical description of
the process of formation and growth of aluminum oxide
nuclei in the course of detonation was made in [108].
The theoretical calculations predicted unstable regimes
with jumps of condensation, though there is no experi-
mental validation of these phenomena as far as we are
aware. The semi-empirical model of nanoparticle for-
mation in metal combustion products within the frame-
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work of the continuum description of the processes was
considered in [109], but the possibility of applying this
model for detonation combustion of aluminum is not ob-
vious. Starik et al. [83] presented a physically grounded
model of oxide nanoparticle formation in aluminum
combustion products, which is based on the principles
of intermolecular interactions and clusterization mecha-
nisms. The model provides a discrete description of for-
mation and growth of nuclei through a sequence of chain
reactions; for this reason, integrating it to the model of
detonation of gas suspensions within the framework of
continuum concepts of mechanics of continuous media
is rather difficult. As a whole, many aspects of mod-
eling the formation and growth of solid nanoparticles
of aluminum oxide with allowance for its decomposition
into sub-oxides in products of detonation of the gas sus-
pension of aluminum particles (under conditions of high
temperatures and pressures) are still open.

2.6. Modeling of Detonation Processes
in Suspensions of Aluminum Nanoparticles

The model of detonation of a stoichiometric sus-
pension of aluminum nanoparticles in oxygen was pre-
sented in [110]; it is based on the description of the flow
dynamics by the equations of mechanics of continuous
media and by the equation of reduced kinetics of chem-
ical reactions [Eqs. (1)–(9)]. In view of the transitional
character of heat transfer in a wide range of variation
of the flow parameters, it was decided to calculate the
thermal dynamics of submicron and nano-sized parti-
cles by using the logarithmic interpolation composed of
formulas (4) and (5):

τ trT = [(logKn + 2)τ fmT + (1− logKn)τcontT ]/3. (9)

The description of ignition and combustion of submi-
cron and nano-sized particles is based on the empirical
data reported in [66, 68–70]. The ignition criterion is
the rupture of the oxide film due to aluminum melting
Tign = Tmelt = 930 K, which corresponds to the ignition
mechanism proposed in [78, 79]. In the reduced kinetics
equation (2), the dependence of the characteristic burn-
ing time on the flow parameters and particle size was
taken in the form

τξ = τ0(d/d0)
0.3(p/p∗)−m. (10)

The activation energy and the exponent in the depen-
dence on pressure were determined in accordance with
the experimental data [68] as Ea = 60 kJ/mol and
m = 0.5. The integral heat release in the reduced chem-
ical reaction was determined on the basis of the empir-
ical data for the Chapman–Jouguet detonation veloc-
ity [51]. As was demonstrated in the experiments [52]
and theoretical calculations [41], the detonation velocity

in suspensions of particles smaller than 10 μm depends
on the composition and is independent of the particle
size.

Khmel and Fedorov [111] analyzed steady
Chapman–Jouguet detonation structures, overdriven
detonation waves, and attenuated detonation waves (in
the quasi-steady approach). It was noted that the scale
of the combustion region is significantly greater than
the scales of the thermal and velocity relaxation regions
of nano-sized particles. The change in the combustion
region length due to a change in the amplitude of the
leading shock wave was found to be much sharper,
which is responsible for the irregular character of
cellular detonation in two-dimensional calculations. It
was demonstrated that the effects of the free-molecular
flow and heat transfer are manifested for particle sizes
up to 300 nm; therefore, in modeling detonation of
gas suspensions of coarser (submicron) particles, it is
possible to use the continuum approximation of small
Knudsen numbers.

Numerical simulations of two-dimensional flows of
cellular detonation in a plane channel were performed
with the use of the model in [112, 113]. The results re-
vealed an increase in the cell size and its irregular char-
acter, which is apparently caused by the fact that the
activation energy of reduced kinetics of combustion is
almost twice the value Ea = 32 kJ/mol used in [43–46]
to describe the detonation combustion of suspensions of
micron-sized particles. In this case, the peak values of
pressure at triple points (amplitudes of oscillations) are
significantly higher than those in the case of the cel-
lular detonation of micron-sized particle suspensions,
which is qualitatively consistent with the experimen-
tal data [52]. Thus, the transition from the diffusion-
controlled combustion regime (for micron-sized parti-
cles) to the kinetic regime (for nano-sized particles)
is responsible for qualitatively different properties and
characteristics of cellular detonation in gas suspensions
of aluminum particles.

CONCLUSIONS

Theoretical and experimental investigations of pro-
cesses in detonation combustion of suspensions of alu-
minum particles in gaseous oxidizing media are re-
viewed. The basic goal of the present review is to
describe various approaches and concepts used to con-
struct the detonation model of detonation of gas sus-
pensions of micron- and nano-sized aluminum particles
with allowance for the recent data on regimes of particle
heating, ignition, and combustion.

Closing relations are derived for the equations of
mechanics of heterogeneous media, which describe the
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detonation processes in suspensions of nano-sized alu-
minum particles, in particular, the following features:
—in the description of the dynamic properties and heat
transfer of nano-sized particles, one should take into
account the transition from the continuum regime of
the gas flow around the particle to the free-molecular
regime;
—ignition of nano-sized aluminum particles occurs at
temperatures corresponding to the aluminum melting
point;
—the description of particle combustion is character-
ized by the transition from the concept of the diffusion-
controlled regime to the kinetic regime (Arrhenius re-
action) of combustion;
—models of reduced kinetics for the diffusion-controlled
regime of combustion of coarse particles and Arrhenius
kinetics of combustion of micron-sized and nano-sized
aluminum particles, which were developed on the basis
of empirical data, are analyzed;
—experimentally observed properties of detonation are
noted: the detonation velocity in gas suspensions of
micron- and nano-sized particles depends on the par-
ticle concentration and oxidizing media and does not
depend on the particle size.

The issues of clusterization of solid aluminum ox-
ide particles in detonation products, aluminum oxide
decomposition, and formation of underoxidized prod-
ucts (sub-oxides) during the detonation combustion of
aluminum have been poorly studied yet. There is a lack
of experimental data in this field, and the few available
theoretical models require further analysis and improve-
ment.

This work was supported by the Russian Science
Foundation (Grant No. 16-19-00010).
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