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Abstract Numerical modeling of the propagation of shock
and detonation waves is carried out in a duct with an abrupt
expansion for a heterogeneous mixture of fine particles of
aluminum and oxygen. A considerable difference from cor-
responding flows in pure gas is found. The influence of the
size and mass loading of particles on the flow and shock wave
structure behind the backward-facing step is determined. As
in gaseous detonations, three types of scenarios of detona-
tion development are obtained. Specific features of the flow
structure are revealed such as deformation of the combustion
front due to interaction between the relaxation zone and the
vortex structure. The influence of particle size and channel
width on detonation propagation is analyzed.
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1 Introduction

Diffraction of shock and detonation waves is one of the
fundamental problems in gas dynamics and mechanics of
multi-phase media. The diffraction of a shock or detonation
wave at a sudden expansion of a planar channel is of special
interest since such a configuration is typical of technological
devices.

Investigation of the processes of diffraction of shock waves
in gaseous mixtures [1–3] shows that the flow structure behind
a backward-facing step is rather complex. Shock waves inter-
act with the vortex and shear layer structure, resulting in
various types of near-wall shock wave reflections, and possi-
bly formation of a secondary shock wave and a pair of shock
waves induced by the vortex. Some aspects of this pheno-
menon, determined both from experimental and numerical
studies, have been presented in a detailed review [3]. The
problem of shock-wave (SW) diffraction on a square cor-
ner was used as a test in numerical simulations of unsteady
compressible gas flows [4], where a comparative analysis of
experimental data and results predicted by various numerical
techniques was performed.

The process of diffraction of shock waves in gas–particle
mixtures is more complex than in gas mixtures. The flow
pattern is characterized by the additional influence of the
relaxation process, of velocities and temperatures, for both
phases. The typical scales over which these relaxation pro-
cesses extent depend upon the particle sizes. Due to these
additional geometric scales, the flow in the neighbourhood
of the corner is no longer self-similar, unlike in the gas flow.
Thus, analysis of the flow in a gas–particle suspension behind
a step, resulting from a shock wave moving through, is of
fundamental theoretical interest. However these issues have
not been adequately studied, and there is little information
available in publications.
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Wang et al. [5] solved the problem of propagation of a
planar SW above a square cavity filled by a motionless gas
suspension numerically. They found that the shock waves in
the cavity become attenuated with increasing load factor of
particles and transform into compression waves. The particle
size has a significant effect on the flow character and the wave
structure in the cavity. For a suspension of coarse particles
(250µm), the flow structure was demonstrated to approach
that in gas mixtures (this is obvious: indeed the relaxation
zones behind the SW are then longer than the size of the
cavity, and the solution is determined by the frozen gas flow).

A similar problem for a trapezoid cavity was considered
in [6] for a single particle (neglecting the effect of particles
on the gas flow). It was shown that lifting of particles from
the cavity walls is significantly affected by the SW strength,
initial position of the particle, and its size. Motion of particles
in the upstream direction (saltation) was observed, which can
lead to stable accumulation of particles near the compression
corner behind the step.

Detonation flows are also characterized by additional geo-
metric scales, which are determined by chemical processes,
such as combustion and the ignition delay (induction). It is
pointed out in [7] that the chemical processes occurring in the
detonation wave lead to a loss of self-similarity of the flow
in gaseous mixtures unlike similar processes of shock-wave
diffraction in inert media.

It is also known for gases that different values of the ratio of
reaction zone length and the reference geometric parameter
of the configuration can result in qualitatively different flow
regimes. Following detonation failure behind a backward-
facing step, a re-initiation is possible at the expense of the
diffracted wave reflection from the wide channel wall, with
a further merging of the shock wave and combustion front.
Detailed flow patterns in such a regime, which agree well with
experimental Schlieren photographs, were obtained in [8] by
numerical modeling. Three regimes of detonation propaga-
tion resulting from diffraction of a planar detonation wave on
a backward-facing step were identified by numerical simu-
lation in [9]. These regimes were termed a subcritical one
(complete detonation failure), critical one (a partial failure
with re-initiation), and a supercritical one (continuous pro-
pagation). The switch from one regime to another was asso-
ciated with the value of the activation energy (which causes
also a variation of the reaction zone length). It was obser-
ved that a system of transverse waves could appear at the
detonation front in one of the regimes.

Results of similar investigations for gas–particle mixtures
are very scarce. The detonation propagation processes in
mixtures of gas and monofuel particles in pipes with a sud-
den expansion were analyzed in [10]. The mass load of the
mixture was found to significantly affect the value of criti-
cal diameter ratio for detonation failure prevention. Howe-
ver the detailed structure of the two-phase mixture flow was

not presented, and the influence of the particle mass loading
on the process was not studied. Detonation wave diffrac-
tion processes in a two-phase medium were studied nume-
rically in [11] on a backward-facing step, including also a
rectangular one. A powder-like explosive characterized by
a high detonation speed (7600 m/s) was considered. Results
showed flow patterns qualitatively similar to gaseous mix-
tures, although the authors determined the mean parameters
of the mixture without identification of phases. Thus, the pro-
pagation of shock and detonation waves in heterogeneous
media in regions of complex geometry was practically not
investigated, especially the influence of relaxation processes
of interphase interaction.

In the present work, we investigate numerically the
processes of shock diffraction and detonation waves on the
cross-sectional jump of a planar channel in mixtures of fine
aluminum particles and oxygen. Since the gas phase does not
contain any fuel, the detonation is due only to the heteroge-
neous reaction of oxidation of aluminum particles.

The purpose of the work is as follows:

• Investigation of the influence of gas–particle mixture
parameters on the flow wave pattern at a diffraction of
shock waves on a backward-facing rectangular step;

• Determination of the influence of particles size and of
the channel geometry on the wave pattern and detonation
flow at diffraction of detonation waves.

2 Problem formulation

The problem considers a flat duct with an abrupt expansion
of the cross section, filled with a homogeneous mixture of
oxygen and fine aluminum particles. The duct is assumed to
be symmetric with respect to the x axis; therefore, it sufficient
to consider its upper or bottom part (Fig. 1). A supported
steady planar shock wave or self-sustained planar detonation
wave followed by a rarefaction wave propagates along the
duct in the gas–particle mixture. We investigate the passage
of this wave from the narrow part of the duct to the wide part.
Geometry is shown in Fig. 1. L1 is the initial location of the

Fig. 1 Computational flow domain
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wave front, L2 is the length of the narrow part of the duct and
Lis the length of the computational domain. H1 is the width
the narrow part of the duct and H2 is the width of the wide
part, H2 � H1.

A mathematical model of detonation of aluminum
particles in oxygen was developed in [12,13] and verified by
comparison with experimental data [14]. The model is based
upon the concept of a two-velocity two-temperature conti-
nuum of the mechanics of heterogeneous media. Aluminum
combustion is described as a reduced reaction initiated after
the particle achieves a critical temperature (the ignition tem-
perature) that accounts for incomplete particle combustion
(due to the oxide film growth). Parameter values (ignition
temperature, activation energy, heat release, and chemical
reaction velocities) were determined from experimental data,
including detonation velocity, ignition zone length and com-
bustion delay. The model reproduces experimental results
[14] such as the effect of particle concentration on stationary
detonation velocity. The characteristic time of aluminum par-
ticle combustion in oxygen agrees with the data presented
in [15,16]. The ignition temperature value determining the
induction time was set to be close to the value adopted in [17].
A theoretical analysis of steady detonation structure was car-
ried out in [12,13,18]; the results computed for parameters in
the Chapman—Jouguet plane agree with experimental data
[14] also for pressure and concentration values of unburnt
particles. In [19] the model was applied to computations of
two-dimensional unsteady detonation flows, and it was used
in [20] for numerical investigation of shock-wave initiation
of detonation. The results of [20] agree with experimental
and computed data of [17] on initiation energy values.

The flow in gas–particle mixtures is governed by Euler’s
equations, namely conservation of mass, momentum, and
energy for each phase:
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The model is closed by equations of state, allowing for the
fact that the volume concentration of particles is small

p = ρ1 RT1, Ei = (u2
i + υ2

i )/2 + cυ,i Ti + (i − 1)Q, (2)

the laws of velocity and heat exchange between the phases

f̄ = 3m2ρ11

4d
cD |ū1 − ū2| (ū1 − ū2),

q = 6m2λ1

d2 Nu(T1 − T2),

(3)

and reduced chemical kinetics

J = ρ

τξ

max(0, (ξ − ξk))exp(−Ea/RT2) at T2 ≥ Tign; (4)

J = 0 at T2 < Tign and in the problem of the SW diffraction
in mixtures of gas and inert particles.

The interphase interaction processes are described by a
correlation matched with experimental data on the trajecto-
ries of particles motion behind shock waves [21]. The approx-
imation Nu = 2 + 0.6Re1/2 Pr1/3 determines the Nusselt
number as a function of the Reynolds number and the Prandtl
number, and the formula
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(

1 + exp

(
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12

))

×
(

0, 38 + 24

Re
+ 4√

Re

)
(5)

is used for the drag coefficient, where the Reynolds and
Prandtl numbers are defined as

Re = ρ11d |u1 − u2|
µ

, M12 = |u1 − u2| √ρ11√
γ1 p

.

(The drag coefficient determined by formula (5) is shown by
computations to differ little in detonation flows from the one
determined by the known Henderson formula [22]).

In formulas (1)–(5), p is the pressure; ρi , ui , νi , Ti , Ei ,
and cv,i are the mean density, the longitudinal and transverse
velocity components, the temperature, the total energy per
unit mass, and the specific heat of the i th phase (i = 1, 2),
respectively. The relative mass concentrations of gas (sub-
script 1) and particles (subscript 2) are defined as ξi = ρi/ρ,
ρ = ∑

i ρi , ρi = ρi i mi , where ρi and ρi i are the mean and
true density of each phase, respectively, ρ22 = const , mi is
the volume concentration of the i th phase, ξ k is the mini-
mum particle fraction that is allowed (unburnt particles with
condensed aluminum oxide), d is the particle diameter, cD

is the particle drag coefficient, λ1 is the thermal conducti-
vity of the gas, Re, Nu, Pr are the Reynolds, Nusselt, and
Prandtl numbers, µ is the gas viscosity, γ1 is the gas adiaba-
tic exponent, Ea is the activation energy, Tign is the ignition
temperature, τξ is the characteristic combustion time.

The initial values of the mixture properties were taken
identical to those used in [18,19]: p0 = 1 atm, T0 = T20 =
300 K, Pr=0.7, cv,1 = 914 J/(kg K), cv,2 = 880 J/(kg K),
Tign = 900 K, Ea = 106 J/kg, Q = 2, 94 · 106 J/kg, ξ0 =
0.55, ρ20 = 1.34 kg/m3. The particle size was varied within
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Fig. 2 Computed shock-wave
diffraction pattern on a
backward-facing step in air (gas
density contours), M = 1.5:
[4, calculations by M.
Watanabe] (a), present
calculations (b)

1–5µm. For the constant determining the reaction rate of
particle combustion, we use the formula τξ = τ0 (d/d0)

2 with
τ0 = 0.0024 ms, d0 = 10µm, Ea = 106 J/K in accordance
to [19]. The quadratic dependence of combustion time on the
particle diameter for combustion of aluminum in oxygen is
confirmed by the data presented in [16]. The value τ0 ensures
agreement with the data in [15] on the duration of aluminum
particle combustion in pure oxygen.

The system (1)–(5) is solved under the following initial
conditions:

t = 0, φ =
{

φl, 0 < x < L1,

φ0, L1 < x ≤ L
, (6)

where φ = {ρ1, ρ2, ρ1u1, ρ2u2, ρ1ν1, ρ2ν2, ρ1 E1, ρ2 E2} is
the solution vector, φl is the solution corresponding to a
steady planar detonation wave, φ0 is the initial state ahead of
the front.

3 Computational method

The numerical method was tested on 1 upon-D and 2-D pro-
blems of detonation initiation and propagation in [23,24]
and applied successfully in [19,25]. The method includes the
Harten TVD scheme for the gaseous phase and the Gentry—
Martin—Daly upwind difference scheme for the solid phase
dynamics. For convenience of numerical implementation of
the two-dimensional TVD scheme in the current geometry, a
planar channel of maximum width is used as the computatio-
nal domain. At each time step, the computation is performed
in the entire region. Then the boundary conditions on the
walls of both the narrow and wide parts of the channel are
set as thermally insulated slip walls.

The conditions at the inlet (left) boundary are specified
appropriately for the specific problem. Here, for the shock-
wave diffraction problem, a supporting piston is specified
(thus the left boundary condition corresponds to the values
of the final equilibrium state behind the shock wave). In the

detonation wave diffraction problem, the narrow channel is
taken to be quite long. Near the left boundary the flow corres-
ponding to the left end of the expansion wave is nearly one-
dimensional and directed outside the domain (u1,2 < 0),
which allows for outflow boundary conditions. The initial
state is specified at the right boundary, and the computation
is pursued until the front reaches this boundary.

A uniform two-dimensional finite-difference grid with a
step corresponding to 2 · 10−4 m, was used, which corres-
ponds to approximately 20 points in the minimum relaxation
scale (the zone of 1µm diameter particle combustion). The
influence of grid size on the solution was analyzed in [23,24].
Figure 2 shows the results of a test computation of the dif-
fraction of a shock wave of strength M=1.5 in a non-dusty
gas (air) in the form of density contours. The current results
in Fig. 2a are compared with flow patterns obtained by the
Harten-Yee scheme [4, calculations by M. Watanabe] shown
in Fig. 2b.

Results agree both in the general flow pattern and in fea-
tures such as the shape of the curve corresponding to the
diffracted shock wave front, the size and shape of the vor-
tex zone, the inclination angle of the attached shock, etc.
Thus, the test computation results for a non-dusty gas agree
well with known computional results, which confirms that
our code is suitable for the analysis of the SW diffraction
process in a two-phase mixture.

4 Characteristic features of the SW diffraction
in gas–particle mixtures

A specific feature of shocked flows in heterogeneous mix-
tures that distinguishes them from inviscid gas flows is that
here the shock waves exhibit an internal structure caused
by the processes of thermal and velocity relaxation of the
phases. The typical relaxation process scales depend upon
the particles size, and for monodisperse gas–particle mixtures
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Fig. 3 Shock-wave diffraction on a backward-facing step in a gas—particle mixture, M =3, t =0.16µs: gas density contours (a), gas density field,
kg/m3 (b), density fields of the dispersed phase, kg/m3 (c), gas flow stream traces (d)

under consideration they are also comparable with the geo-
metric scales (the duct transverse dimensions). The presence
of these relaxation parameters may affect significantly both
the SW diffraction pattern at the passage of the backward-
facing step and further SW propagation in the duct.

Computational results for the flow forming at the SW dif-
fraction around the expansion right angle for a mixture of
particles 1µm in diameter and a fixed initial loading ρ2,0 =
0.69 kg/m3 are presented in Fig. 3. The data presented are
obtained for a Mach number M=3 which provides a super-
sonic flow around the corner of the backward-facing step
behind the SW. Figure 3a and b show the gas density field
and contours. Figure 3c and d show the particle density field
and gas flow stream traces.

Typical features of similar flow in gases, as presented in
[1,2], are identified in Fig. 3a. The shock wave (1) includes
three parts: incident shock (1a), diffracted shock (1b), and
reflected shock with Mach stem (1c). An expansion fan (2) is
formed in the neighborhood of the backward-facing step. The
characteristics converge towards the corner point at a super-
sonic flow or trend to the duct wall in front of the corner point
at a subsonic flow (Fig. 2). The flow behind the backward-
facing step is characterized by the presence of a vortex (3),
secondary shock (4), contact surface (dashed line 5), and atta-
ched shock (6). The contact surface and the secondary shock
manifest themselves most clearly for high values of the Mach
numbers (M > 2). The wave pattern is on the whole similar
to that in a non-dusty gas, with vortex, secondary shock, and
an expansion wave separating regions of different densities
in Fig. 3b.

The effect of SW strength on the flow pattern behind the
backward-facing step is similar to SW diffraction in gases
[1,2]. An increase in the incident SW Mach number affects
the shape of the regions corresponding to the fan of expansion
waves and the vortex zone as well as the type of diffracted
SW reflection from the backward-facing step wall.

The presence of particles affects considerably the form
and dimensions of the typical flow structures. In particular,
the contact discontinuity 5 is localized inside the region and
does not reach the front. Besides, a shock wave in the mix-
ture is followed by the relaxation zone, which reveals itself
in particular by a transformation of shapes of the contours
corresponding to the expansion fan.

An analysis of the particles density patterns (Fig. 3c)
shows that an expansion zone with a very low content of par-
ticles (the mean density of particles being less than
0.05 kg/m3) forms behind the backward-facing step. This is
caused by the fact that immediately after the shock wave
passes over the backward-facing step, the direction of the gas
motion changes abruptly while the particles continue moving
in the same direction due to their larger inertia. Thus, a zone
exists behind the backward-facing step, which the particles
do not reach as they flow from upstream. The particles ini-
tially present in this zone behind the backward-facing step
follow the diffracted shock wave and escape from that region.
The vortex gas flow (Fig. 3d) forming behind the backward-
facing step contributes to a further separation of particles.
Accumulation of particles occurs in a layer adhering to the
contact surface, which may clearly be seen in Fig. 3c. Since
the discrete phase (as well as the gas phase) velocity in the
expansion fan is much higher than behind the diffracted SW
(by virtue of its weakening behind the backward-facing step),
the particles decelerate in a region behind the contact sur-
face and the secondary shock. This results in a considerable
concentration increase, the mean density of particles rea-
ching a value of 5.36 kg/m3, an increase of nearly an order
of magnitude. Thus a peculiar kind of a ρ-layer appears, that
is proper to the SW structures in gar-particle mixtures. It is
worth emphasizing that in the current case, this particle layer
occurs near the contact discontinuity.

Influence of the particles mass loading on the diffraction
pattern is shown in Fig. 4. Pressure contours and numerical
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Fig. 4 Influence of the particles loading in the gas–particle mixture on flow pattern, pressure contours and numerical Schlieren pictures for the
gaseous phase, M =3, d = 1 µm, t = 30µs: ρ2,0 = 0.027 kg/m3 (a, b), ρ2,0 = 0.27 kg/m3 (c, d)

Fig. 5 Particles size influence on the wave pattern. Pressure contours and numerical Schlieren pictures of gaseous phase, M =3, ρ2, 0=0.69 kg/m3,
t =34µs, d =1µm (a, b), d =3µm (c, d)

schlieren images are presented for d = 1µm, t = 30 µs and
for two particle mass fraction values, ρ2,0 = 0.027 kg/m3 (a,
b) and ρ2,0 = 0.27 kg/m3 (c, d). The variation of mass load
of particles leads to an alteration of the equilibrium adiaba-
tic exponent γe of the mixture hence different shock waves.
Therefore, the SW location is different for the same moment
in time in Fig. 4a, b, c, d. Besides, if for ρ2,0 = 0.027 kg/m3

(Fig. 4a, b) the pattern nearly coincides with the pattern in
gases, for ρ2,0 = 0.27 kg/m3 (Fig. 4c, d), features characte-
ristic of two-phase mixtures become noticeable. Effects rela-
ted to the influence of relaxation zones include: bending of
the expansion waves, different flow between the diffracted
SW front and the contact discontinuity and flow in the vor-
tex zone are revealed in Fig. 4c and d. In particular, as a
result of the interaction of the fan of expansion waves with
the relaxation zone, the gas density contours turn to the sym-
metry line in Fig. 4c rather than to the leading SW front in
Fig. 4a. The contours are also strongly curved near the dif-
fracted SW front and they merge with the front under very
small angles. Thus, the influence of particles on the flow is
substantial already at values of relative mass concentration
of particles ξ2 = ρ2,0/(ρ2,0+ρ1,0) of the order of 0.1.

The characteristic lengths of relaxation zones depend on
particle diameter. The influence of particles size on the dif-
fracted SW structure in the mixture is shown in Fig. 5, where
results are presented for M=3, ρ2,0 = 0.69 kg/m3, t = 34 µs,
for two values of particle diameter: 1µm (Fig. 5a, b) and 3µm
(Fig. 5c, d). It is seen from the comparison of the gas pres-
sure contours (Fig. 5a, c) and numerical schlieren images
(Fig. 5b, d) that an increase in particle diameter leads to a
change in the inclination angle of the secondary shock so
that the vortex region shape and the expansion fan shape
change.

Since the relaxation zone scales depend upon particle size,
and the scales of typical flow structures at the SW diffraction
behind the backward-facing step (the diffracted SW, vortex
zone, etc.) change with time, then for each particles size there
exists a time interval in which the effect of the presence of a
solid phase is maximum. This occurs when the scales of typi-
cal zones and the scales of relaxation zones are comparable.
If relaxation scales are much larger than the structure of the
diffracted wave (at small times) then the flow may be consi-
dered as a frozen particle flow. In the opposite case (at very
large times) the flow may be considered as an equilibrium
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Fig. 6 Detonation behaviour
in the supercritical regime,
d =1µm, H1=0.01 m,
t =0.14 ms (a); 0.15 ms (b);
0.16 ms (c); 0.18 ms (d)

corresponding to a gas flow with an adiabatic exponent γe

corresponding to the equilibrium value of the mixture.

5 Detonation diffraction in gas–particle mixture

Three different scenarios of gaseous detonation wave
propagation and diffraction on a backward-facing step
are observed experimentally and described theoreti-
cally in [7–9]. A continuous propagation of the deto-
nation front is possible (the supercritical propagation
regime); a complete detonation failure (the subcritical
regime) may also occur, as well as a partial detona-
tion failure with a subsequent re-initiation (the critical
regime). Transition from one regime to another in the
same gaseous mixture depends upon channel geometry.
In heterogeneous detonation of a gas–particle mixture,
the combustion zone scale is determined by the par-
ticle size. Additionally, there are velocity and thermal
relaxation zones for phases in shock-wave and detona-
tion structures. Therefore, the particles size may also
affect the regime boundaries.

The problem of detonation wave diffraction on a
backward-facing step in the gas–particle mixture was studied
for a stoichiometric mixture of aluminum particles in oxy-
gen with particle diameter 1µm, 2µm, 3.5µm. The channel
width H1 was varied from 0.01 m to 0.03 m.

Computations show that three regimes similar to these
observed for gaseous detonations [9] are also possible in the

gas–particle mixture: a regime with a complete detonation
failure, with a partial failure, and with a continuous deto-
nation propagation. Examples of detonation structures for
each regime are presented in Fig. 6 (the supercritical regime),
Fig. 7 (the subcritical regime), and Fig. 8 (the critical regime).
Numerical schlieren images constructed from gas density
gradients are shown for several times.

The detonation wave structure in a gas–particle mixture
includes the leading SW, zones of velocity and thermal relax-
ation of phases, and a combustion zone. For continuous deto-
nation propagation, the width of the detonation front structure
does not change with time (although it depends on the particle
size). For partial detonation failure (in critical regimes) or for
complete detonation failure (in subcritical regimes), decou-
pling of the combustion front and the leading SW occurs. In
the critical regime, decoupling only occurs over part of the
front, on top in Fig. 8, until reinitiation. In the subcritical
regime, decoupling of the combustion front from the leading
SW occurs along the entire front and recoupling/reinitiation
never takes place (Fig. 7).

As can be seen from the comparison of Figs. 6–8, the wave
pattern in the neighborhood of the expansion angle is similar.
Here also, the flow is similar to gaseous mixtures [9] since
the particle concentration (remaining after combustion has
ended) is very low. The general behavior in each regime is
similar to gaseous detonation.

The formation of the primary transverse wave in criti-
cal regimes is also revealed in the diffracted wave interval
(Fig. 6) as a consequence of a Mach configuration develop-
ment near the wall. The appearance of secondary transverse
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Fig. 7 Detonation failure
(subcritical regime): d =3.5µm;
H1=0.03 m, t =0.19 ms (a),
0.25 ms (b)

Fig. 8 Critical regime of
detonation propagation:
d = 2 µm, H1=0.03 m,
t =0.18 ms (a), 0.23 ms (b)

waves related to propagation of disturbances in flow structure
is discussed in [9]. Weak regular transverse waves (whose
predecessors may be seen in Fig. 3d) also arise in the part of
the front close to the symmetry plane, which lead to cellular
detonation.

Decoupling between the leading front and the combustion
front in subcritical regimes leads to shock-wave weakening
and detonation failure.

In critical regimes, the wave front behind the expansion
corner is divided into two parts: a detonation wave (in the
neighborhood of the symmetry plane) and a shock decoupled
from a lagging combustion front (close to the lateral wall).
The wave propagation in the transverse direction slows down,
and the flow structure in the region behind the backward-
facing step is similar to the subcritical case. The detona-
tion part of the front expands, becomes convex, and part of
it propagates towards the wall of the backward-facing step,
through the region of unburnt mixture between the diffracted
SW and the lagging combustion front. After this transverse
wave reflects from the wall of the backward-facing step, the
front propagation acquires supercritical features.

The differences in wave pattern of the detonation flow
from gaseous detonation are clear and they are related to
relaxation.

The flow patterns in the near-wall region behind the
backward-facing step are different for mixtures with different
particle sizes. This leads to differences in the combustion
front formation. Figure 9 shows the instantaneous stream-
lines patterns for mixtures with different particle sizes, in
which the contours of the leading edge of the combustion
front (the contours of particle temperature T2 = Tign) are
shown by thick lines. For particles with d = 3.5 µm (Fig. 9a,
H1 = 0.03 m, the subcritical regime) the width of the deto-
nation wave structure is comparable with the forming vortex
size. Some gas and particle mixture which has not reached
the ignition temperature is entrained in the vortex motion, in a
backward direction, which leads to a bend in the combustion
front along the backward-facing step wall. From comparison
of Figs. 9a and 7, it is clear that the near-wall bend of the
combustion front is preserved in further developments and
leads to its stretching along the wall.

In the mixture with d = 2 µm for H1 = 0.005 m, the
regime is also subcritical, but the flow pattern in the near-
wall region is different. The vortex zone and the complex of
the leading SW with an adhering relaxation and combustion
zone develop here separately. The combustion front does not
stretch along the wall but sets against it (Fig. 9b), although
a small bend of the front forms. The contact discontinuity
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Fig. 9 Particles size influence
on the wave pattern behind the
backward-facing step. d =3.5
MKM, H1=0.03 m, t =0.14 ms
(a); d =2µm, H1=0.005 m,
t =0.16 ms (b)

Fig. 10 Parameters influence
on detonation propagation
regime: detonation regime map
(a); maximum pressure
envelopes (b), d =2µm,
H1 = 0.005 m (curve 1),
0.01 m (2), 0.015 m (3),
0.02 m (4), H1= 0.03 m (5)

adhering to the bend point of the combustion front, which
can be seen in Fig. 8, represents what remains of a relaxation
reflection of the near-wall wave (relaxation type of the SW
reflection from a wall was noted in numerical computations
in [26]).

The influence of particle size on transition from one regime
to another is demonstrated in Fig. 10a, where a map of the
regimes of detonation propagation is presented in the para-
meter plane of channel width and particle size. For each
particle fraction there exists theoretically a range of chan-
nel widths corresponding to each regime. For example, for
the gas–particle mixture of 1µm, the critical regime is iden-
tified in numerical computations for the channel width of
0.001 m, for 2µm at the channel width of 0.015 m. Figure 10b
shows the envelope curves of the maximum pressure in the
symmetry plane. Curves 1–2 correspond to detonation fai-
lure, and curves 3–5, to detonation preservation. A temporary
detonation failure due to interaction with the expansion fan
emanating from the corner manifests itself as a temporary
reduction of the peak pressure on curves 3–5. Subsequent
growth signals a re-initiation of the detonation wave. It can

be concluded from analysis of our results that the propagation
regime is determined by the ratio between geometric scales
and relaxation scales (velocity, thermal, and chemical relaxa-
tion) that result from particle size.

Thus, detonations in gas–particle mixtures exiting from a
channel into ambient space differs from the same process in
gaseous mixtures because two factors. First, mixture disper-
sion affects the propagation regime. Second, the flow struc-
ture behind the backward-facing step differs due to interphase
interaction.

6 Conclusions

1. Shock wave propagation in a gas–particle mixture in
a flat duct with a sudden change in cross-section has
been investigated numerically using a physical and
mathematical model of the mechanics of heterogeneous
media based upon a two-velocity and two-temperature
approximation.
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• Overall, the flow structure in mixture following SW
diffraction at the cross-section discontinuity has been
found to be qualitatively similar to diffraction in
gases. The presence of particles, however, affects the
shape and dimensions of the flow structure.

• For particle mass concentration values of the order of
0.1 and higher, particles mass loading affects signifi-
cantly the expansion fan shape, the flow between the
diffracted SW front and the contact surface, and the
flow in vortex zone.

• The influence of particle size on diffraction pattern is
most pronounced in the time interval when the typical
dimensions of the structures are comparable with the
relaxation scales.

2. Detonation wave diffraction in gas–particle mixture on a
backward-facing step at the exit of a planar channel were
studied numerically. The following was established:

• As in gases, three regimes of detonation propagation
are possible: subcritical (detonation failure), critical
(partial failure with subsequent re-initiation), super-
critical (continuous detonation propagation).

• Which regime will occur depends not only upon the
channel width but also on particle size.

• Some of the differences in the flow structure behind
a backward-facing step are related to the influence
of relaxation processes. In particular, in subcritical
regimes, the interaction of relaxation zones with the
vortex zone at the expansion corner gives rise to
various combustion front shapes in the region behind
the backward-facing step.
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