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On the basis of mathematical modeling and numerical experiments, the action of the gas flow after strong
discontinuities on particles has been investigated.

Introduction. The destructive action of strong shock and detonation waves in gases is a matter of common
knowledge and has been fairly well studied. For instance, methods of detonation deposition are being developed fruit-
fully and aspects of the practical use of detonation combustion of gases or gasified liquid fuels in rocket and aircraft
engines are being discussed [1, 2]. At the same time, investigations (excluding the works with our co-authorship, e.g.,
[3–6]) connected with the use of shock and detonation waves in gases for technological action on materials with the
aim of changing their composition, the aggregate state, and the dispersion degree are not known to the authors.

Note that the use of the detonation of condensed explosives for synthesis and structural transformations of
materials has been studied fairly intensively [7–10], whereas the use of gas detonation has many advantages in terms
of applications, among which is the possibility of organizing a cyclic process with a frequency of up to 100 Hz [2]
and relatively "soft" regimes (for instance, pressures in the Chapman–Jouguet plane differ by more than three orders
of magnitude) that guarantee a longer service life of equipment.

To assess the possibility of using the shock-detonation phenomena in gases in particular technological proc-
esses and choosing their parameters, one has to study the interaction of the flows after strong discontinuities with the
particles of the material being treated. Note that in the literature investigations of the interaction of gas flows after
shock and detonation waves and rarefaction waves with a cloud of suspended particles are widely presented. For in-
stance, in [11–37] the interaction of waves with a gas suspension of solid particles is investigated (including, in [15,
26, 29, 34], upon expansion of a compressed volume of a gas suspension and, in [38–41], the interaction of waves
with an evaporating gas suspension of liquid particles). However, in investigating the action of strong waves with the
aim of transforming the source material into a final product, this approach may turn out to be ineffective. For instance,
in [42, 43], in investigating the motion of particles deposited on a surface, to determine their trajectory the authors had
to introduce labeled particles, i.e., carry out additional procedures that complicate the investigation. Therefore, ignoring
the influence of the cloud of suspended particles on the gaseous medium and the shock- or detonation-wave intensity
but focusing only on the behavior of particles, it will be more logical and easier to investigate the wave action (accel-
eration, heating, evaporation, crushing, chemical and phase transformation) on a single particle. In so doing, the results
obtained will also be applicable to the case of the particle cloud, for which the approximation of "single" particles is
still admissible. According to the results of [19], it holds where the interparticle spacing lpart exceeds their size by two
orders of magnitude, i.e., lpart

 ⁄ 2r ≥ 102, and the ratio of the total mass of particles mpart to the gas mass mg in the
volume mpart

 ⁄ mg ≤ 10−2.
Mathematical Model and Numerical Computing Methods. Let us represent a system of equations describ-

ing the action of a gas flow with discontinuities on a single particle. If we ignore the action of the particle on the gas
flow and assume that its heat conductivity is infinitely large, then the system of equations can be given in the follow-
ing form:
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Note that the choice of expression (7) from the numerous relations for the aerodynamic drag coefficient is due
to the fact that it is applicable in a wide range of Reynolds numbers and was used in investigating the relaxation
zones after shock waves with Mach numbers M from 1.05 [40]–2.0 [17, 30, 39, 40] to 4.5–5 [23, 27] and even 8
[28], and — in the last three works — in simulating the evaporation and combustion after the shock-wave front. In
considering the heat exchange between phases, the Ranz–Marshall formula (8) is one of the most widely used formulas
[17, 23, 39, 40].

We assumed the following initial conditions. The particle and the gas in the initial state have the same tem-
perature T1 = 293.17 K and velocity v1 = 0. As a gas, we use air (M = 28.96 kg/kmole) with a density ρ1 = 1.20
kg/m3 at a pressure P1 = 1.01⋅105 Pa. A shock wave with intensity P2

 ⁄ P1 propagates through the gas and at time t =
0 begins to act on a particle of radius r. We considered tungsten, beryllium, glass, and silicon particles with a density
of 19,026, 1840, 2500, and 2333 kg/m3 and a specific heat capacity of 154, 1675, 670, and 712 J/(kg⋅K), respectively
[44–46]. Because of the model character of the problem, the phenomena of dissociation and ionization in the air after
the shock waves were not considered.

The system of Euler equations (1)–(4) was solved by the numerical flow correction technique (FCT) described
in [47, 48] and chosen after its consideration and comparison (also in terms of the program operation) with other tech-
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niques, including the Godunov method [49], MUSCL [50], and the TVD method, whose principles were presented by
Harten in [51]. Among the advantages of the FCT is the fact that it is not tedious, is easy to program and is graphi-
cal, and its programs can be used as blocks in other programs. Calculations based on it require less computer time as
compared to the other methods listed above. In performing large volumes of computing experiments, this is a serious
argument in favor of the FCT.

The system of equations (5)–(10) was solved by the Runge–Kutta method of fourth order of accuracy. The
general scheme of solving the system of equations (1)–(10) consisted in that at each time step first the distribution of
the quantities ρg, vg, P, and Tg was defined by formulas (1)–(4) and then the new values of the particle velocity, lo-
cation, and temperature were computed by (5)–(10) on the basis of the data obtained.

Results of the Computing Experiments. Before presenting the results, we stipulate that, because of the ab-
sence of a more exact and comprehensive definition, the processes of equalization of the particle velocity and tempera-
ture with the gas parameters will be termed the mechanical and thermal relaxation of the particle. As a criterion of the
corresponding relaxation of the particle, the attainment of a 1% difference from the flow parameters δv and δT will be
considered. The transition to a rougher level, e.g., to a difference of δv and δT of 10% leads, to a reduction of the
characteristic times and domains with preservation of the main mechanisms of the process.

Figure 1 presents the results of the experiments on the action on particles of shock waves with intensity
P2

 ⁄ P1 = 20 (P2 = 20.2⋅105 Pa, v2 = 1120 m/sec, r2 = 5.37 kg/m3, T2 = 1262.97 K) and shows the typical behavior
of tungsten, beryllium, and glass particles of radius 10 µm after the shock-wave front. The temperature and velocity
of particles are related to the gas parameters after the shock wave, which permits graphical representation of the ap-
proximation of the particle parameters to the gas parameters. Heating and acceleration of particles begin immediately
after the wave front; then the acceleration and the heating intensity steadily decrease and the particle parameters ap-
proach the gas parameters more and more slowly. Such a behavior is easy to predict and follows from the form of the
mechanisms of hydrodynamic and thermal gas-particle interaction that are used.

Note that, depending on the properties of particles, the rates of the thermal and mechanical relaxation proc-
esses may differently correlate with each other. For the tungsten particle, heating proceeds faster than acceleration; for
the beryllium particle, vice versa, it proceeds more slowly; and for the glass particle, the rates of these two processes
have the same order.

The subsequent numerical excitements were aimed at elucidating the features of the mechanical and thermal
processes depending on the properties and sizes of the particles.

We have considered the dependence of the relaxation characteristics of the processes for various types of par-
ticles on their size. Some of the experimental results are given in Table 1. It has been established that with increasing
radius of the particle the times and lengths of the relaxation zones increase, i.e., the retardation of the relaxation proc-
esses due to the increase in the particle mass and heat capacity is more substantial than the acceleration of these proc-
esses as a result of the increase in the force action and the heat-exchange intensity. In so doing, as follows from the
analysis of the results presented, for the mechanisms of hydrodynamic and thermal interaction used in the model, the
increase in the heat capacity of particles with increasing radius is compensated due to the intensification of the heat

Fig. 1. Change in the velocity (1) and temperature (2) of particles moving
along the tube: a) tungsten; b) beryllium; c) glass. x, m.
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exchange between the phases less effectively than the increase in the mass — by the growth of the force action on
the increased surface of the particle.

The results of the calculation at a fixed specific heat capacity and a varied particle density have shown that
the lengths of the relaxation zones increase with their density. This is easy to understand if we take into account the
increase with increasing particle density in its mass and heat capacity. However, unlike the case described below,
where the specific heat capacity changes with increasing density, the ratio between the thermal and mechanical relaxa-
tion rates remains unaltered.

It has been shown that in the case of a fixed density of particles and a variation of their specific heat capac-
ity the scales of the thermal relaxation zones increase with increasing heat capacity.

The results illustrating the dependence of the type of the dominant relaxation process on the specific heat ca-
pacity of the particles (with the example of quasi-glass) are shown in Fig. 2 (the quasi-particle is a particle in which
all properties correspond to the properties of a certain material, except one which varies over some reasonable range).
As above, the velocity and temperature of particles are related to the gas parameters after the shock wave. The veloc-
ity curves at different cp differ only in the scale of the x-axis.

At low heat capacities (e.g., at cp = 100 J/(kg⋅K)), the thermal equalization proceeds faster than the equaliza-
tion of velocities. Then, at some values of cp close to 600 J/(kg⋅K), the relaxation rates of the thermal and mechanical
processes have one order. Finally, at high heat capacities (the case of cp = 2000 J/(kg⋅K) is given), the particle accel-
erates faster than it is heated. In so doing, the increase in the thermal relaxation time is due not only to the increase
in the quantity of energy to be supplied to the particle in order to increase its temperature to the given value but also
to the decrease in the rate of heat exchange of the particle with the gas. At low heat capacities, the particle is heated
mainly in the zone of large relative velocities of the gas and the particle, where the intensity of the heat exchange be-
tween the phases is high. But if the particle has a high heat capacity, then the heating region is extended to the space
where its velocity relative to the gas is low; therefore, the heat exchange is small, which considerably decreases the
heating rate and increases the relaxation time. Analogous results, i.e., a faster thermal relaxation at cp = 100 J/(kg⋅K),
almost equal rates of mechanical and thermal processes at cp = 600 J/(kg⋅K), and a lag of the heating processes at
cp = 2000 J/(kg⋅K), have been obtained in numerous experiments for quasi-tungsten and quasi-beryllium particles. Only
the scales of the relaxation zones differ. While for the quasi-beryllium they are about 20% smaller than in the quasi-

TABLE 1. Length of Mechanical and Thermal Relaxation Zones for Different Particles

Material r, µm lv, m lT, m lv/lT

Tungsten
1 0.160 0.0042 38

50 59 7.8 7.6

Beryllium
1 0.016 0.032 0.5

50 5.5 61 0.09

Glass
1 0.021 0.0089 2.4

50 7.9 15 0.5

Fig. 2. Change in the velocity (1) and temperature (2) of the quasi-glass parti-
cle under the action of the shock wave at various specific heat capacities: a)
cp = 100; b) 600; c) 2000 J/(kg⋅K). x, m.
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glass, for the quasi-tungsten particles the sizes of the thermal zones are 7–8 times larger (for each of the above values
of cp) than for the quasi-glass. Thus, the main parameter of the particle influencing the relation between the mechani-
cal and thermal relaxation rates is its specific heat capacity.

The following numerical experiments were conducted to elucidate the dependence of the character of the ther-
mal and mechanical behavior of particles on the shock-wave parameters.

We investigated the behavior of tungsten, beryllium, and silicon particles at various parameters of shock per-
turbations. The calculations have shown that in more intensive waves the particles are heated and accelerated faster.
Moreover, it follows from them that in the entire investigated range of intensities P2

 ⁄ P1 the attainment of higher ve-
locity and temperature is impossible without an increase in the length and time of action.

To form ideas about the temporal and spatial scales of the final stage of the relaxation process, Fig. 3 shows
the times and spacings needed for particles of diameter 10 µm to attain a given level of velocities and temperatures
with respect to the parameters after a shock wave with intensity P2

 ⁄ P1 = 20. From the graphs it is seen that from 65
to 85% of the time and spacing are expended in heating and accelerating the particles for attaining from 90 to 99%
of the gas parameters. It is clear that, proceeding from the necessary conditions for the technological process being de-
veloped, one can choose a reasonable combination of shock-wave parameters and the length of the channel in which
it will be realized. Thus, in the case of an insignificant excess (by a few percent) of the wave intensity needed ac-
cording to the calculation, one can attain equal effects of the action on a particle by reducing the treatment times and
spacings by 50%.

It was shown above that the behavior of the particle after the shock wave is influenced by the particle–gas
interaction intensity, which is determined by the gas viscosity and heat conductivity. Let us consider the influence of
the above gas properties on the particle in more detail.

With increasing viscosity, the scales of mechanical relaxation decrease and those of thermal relaxation in-
crease, and at a certain value of viscosity the thermal and mechanical relaxation rates are equal. At a small viscosity
of the gas, the force of its action on the particle is also small, due to which the particle accelerates slowly. As a con-
sequence of this, the relative velocities of the particle and the gas remain high for a fairly long time, which, in turn,
leads to an intensive heat exchange between the gas and the particle and to a small time and spacing of its heating.
With increasing viscosity there is an increase in the drag force and the particle accelerates faster; therefore, the con-
vective heat exchange decreases. All of this is responsible for the decrease in the characteristic parameters of the me-
chanical relaxation and the increase in the thermal relaxation parameters.

At a low heat conductivity of the gas, the heat-exchange intensity is also low. Therefore, the time and the
length of the thermal relaxation zone are large, markedly exceeding the scales of the mechanical relaxation. With in-
creasing heat conductivity, the relation between them changes, and at a certain value of the heat conductivity the or-
ders of these processes become equal, as the calculations show. Its further increase leads to the fact that the scales of
the mechanical processes exceed those of the thermal ones.

Fig. 3. Particle acceleration and heating time (a) and particle path under accel-
eration and heating (b) needed for tungsten (1), beryllium (2) and silicon (3)
particles to attain a given velocity (solid curves) temperature (dashed lines)
relative to the gas parameters. t, µsec; x, mm.
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Thus, the relation between the thermal and mechanical relaxation times depends on the properties of both the
particle and the gas. If it is possible to change the particle’s properties, one can select the conditions under which the
thermal processes will proceed faster than the mechanical ones, and vice versa. If the properties of the material are
fixed, then the ratio between the rates of the relaxation processes can be changed by selecting the gas.

Consider the features of the behavior of the investigated particles in the gas flows that are formed by the dis-
continuity decay when the partition (diaphragm) between the regions of motionless gas with different pressures is re-

Fig. 4. Typical behavior of particles under the action of a shock wave (a, b)
(particles of a different mass) and a rarefaction wave (c, d, e) (process dynam-
ics for the tungsten particle of radius 40 µm) formed upon continuity break: a)
silicon particle of radius 60 µm in the region of constant parameters after the
shock wave; b) tungsten particle of radius 90 µm in the region of constant pa-
rameters after the rarefaction wave; c, d) particle in the region of the rarefac-
tion wave fan; e) the particle catches up with the region of constant parame-
ters after the rarefaction wave [1) gas pressure P; 2) gas density ρg; 3) gas ve-
locity vg; 4) gas temperature T; 5) particle velocity vpart; 6) particle tempera-
ture Tpart]. x, m; P, MPa; ρg, kg/m3; Tg, K; vg, vpart, m/sec.
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moved. As the computing experiments have shown, the behavior of particles in such flows is much more diverse than
the above-described behavior in flows after the shock wave. Additional factors appear: the particle position relative to
the diaphragm (in a high-pressure chamber (HPC) or in the low-pressure chamber (LPC); distance from the diaphragm;
parameters of the gas flow formed upon the diaphragm break.

If, at the initial instant of time, the particle is in the LPC, then, under the action on it of a shock wave, three
variants of its motion are possible. In the first case, the particle will be accelerated by the shock wave to the gas ve-
locity in the zone of constant parameters (to a contact discontinuity) and will stay in this region of the flow for the
shock-wave lifetime (Fig. 4a). In the second variant, where the particle will have no time to accelerate in the flow
after the shock wave, a contact discontinuity will catch up with it and it will "jump out" into the zone of constant
parameters after the last characteristic of the rarefaction wave (Fig. 4b). It is seen that, upon passing through the con-
tact discontinuity, the particle begins to cool down and undergoes additional acceleration. This is illustrated by the
maximum on the temperature curve and the kink on the velocity curve. Finally, the case is possible where the last
characteristic of the rarefaction fan will also catch up with the particle and will get into the rarefaction zone wave.
Note that, in so doing, the situation where the particle accelerated by the flow in the rarefaction wave can again return
to the region of constant parameters of the pushing gas is possible.

Unlike the particle motion after a solitary shock wave, where it is steadily heated, in the gas flow upon the
diaphragm break the particle can be both heated and cooled, depending on in which zone of the flow it is situated. If
the particle is situated between the shock-wave front and the contact surface, it is heated. In all other instances it is
cooled.

As the computing experiments show, the character of the particle motion is also dependent on its position
relative to the diaphragm. For instance, if the particle located in the LPC is close to the diaphragm, then it may have
no time to accelerate under the action of the shock wave and "jump out" beyond the contact discontinuity. Moving it
away from the diaphragm, one can obtain a variant of motion in which the particle will remain in the region of con-
stant parameters before the contact discontinuity. This is easy to understand, taking into account that as the shock
wave propagates, the zone of its constant parameters expands.

If, at the initial instant of time, the particle is in the HPC, then the character of its behavior will depend on
the initial pressure ratio on the diaphragm, which will specify the rate and direction of motion of the last characteristic
of the rarefaction wave. When the wave tail is moving in the direction of motion of the head, then any particle ap-
proaches the last characteristic of the rarefaction fan moving from the opposite direction and goes from the rarefaction
wave into the flow region with constant parameters of the pushing gas. But if the tail is moving towards the wave
front, then the particle, being accelerated by the flow in the rarefaction wave, will strive to catch up with the zone of
constant parameters of the pushing gas that is moving away from it. However, practical realization of this at reason-
able distances will only be possible for the lightest of particles, whose sizes (and densities) are the smaller, the higher
the initial pressure ratio on the diaphragm. Such a type of behavior is given in dynamics in Fig. 4c, d, e. It is seen
that in the given case the particle catches up with the last characteristic of the rarefaction fan. As the particle stays
further in the region of constant parameters after the rarefaction wave, its velocity and temperature approach the push-
ing-gas parameters. It will be recalled that when, at the initial instant of time, the particle is in the HPC, it is cooled
during the whole process.

Let us mention the following feature of the action on the particle of flows formed when the diaphragm be-
tween the gas regions with different pressures is removed. As shown above (see Fig. 4b), in the zone of constant pa-
rameters between the shock wave and the rarefaction wave, the force action of the flow between the rarefaction wave
and the contact surface on the particle is more effective than the action of the flow between this surface and the wave
front, which is due to the higher density of the pushing gas. Interestingly, a comparable and, in individual cases, a
stronger force action on the particle can be produced by the flow directly in the zone of the rarefaction wave fan, be-
ginning with flow velocities slightly exceeding the local velocity of sound (from Fig. 4c, d it is seen that the particle
follows, with a small delay, the rapidly changing gas velocity). This is due to the fact that the dynamic pressure com-
ponent of the flow has a sufficiently sloping maximum in the vicinity of the Mach number M F 2.1 (at the 1.4 ≤ M
≤ 2.9 interval boundaries, the deviation of the value of ρgvg

2/2 from the maximum value does not exceed 10%). Thus,
upon discontinuity break, the flow in the supersonic region of the rarefaction wave fan and in the region of constant
parameters after this wave provides a faster acceleration of the particle than after the shock wave.
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Possible Applications of Flows after Strong Discontinuities for the Synthesis and Treatment of Materials.
The analysis of the numerical experiments has revealed several variants of the behavior of particles under the action
of flows in a shock tube. Varying the intensity of perturbations, the parameters of gases in the high- and low-pressure
chambers, and, to a reasonable extent, the sizes of the particles being treated, as well as the region of gas suspension
dislocation before the process, one can provide a wide spectrum of regimes of pulsed static and dynamic loading and
high-amplitude thermal action on particles (including those with alternating heat loads), which cannot be obtained for
the types of technological equipment known to us.

The use of a shock tube will apparently be especially expedient when the source material and intermediate
and end products have to be kept in an inert atmosphere. The shock tube may turn out to be a difficult-to-replace ele-
ment of equipment also for technological processes, in which it is required to first rapidly heat and then sharply cool
the treated gas suspension (in times of the order of 10−3–10−2 sec). One can predict its use also for the cases where
it is required to atomize and freeze in the form of finely dispersed powder a just-synthesized, thermally unstable com-
pound introduced into the high-pressure chamber just before diaphragm breaking.

Having chosen, with the help of the results presented, the necessary amplitude parameters of the process and
determined the flow diaphragm of treatment (e.g., the duration and intensity of action of the heating and cooling
phases), one can formulate requirements for structural materials and specify the length of the high- and low-pressure
chambers for the equipment being developed.

It should be noted that when air is used as a pushing gas, its considerable heating is needed to obtain shock
waves with an intensity of P2

 ⁄ P1 F 10. To obtain waves with an intensity of P2
 ⁄ P1 F 20, it is necessary to use hy-

drogen or heated helium in the HPC, and a further increase in the wave intensity can only be provided by heated hy-
drogen. However, the consideration given in the present paper to the action of flows after strong shock waves
(P2

 ⁄ P1 ≥ 20) is not incidental. Pressures close to the above value (at P1 = 0.1 MPa) are observed after detonation
waves in hydrocarbon–air mixtures; in strongly detonating mixtures, the pressure in combustion products can reach 4
MPa [54]. Having selected flow parameters after a stationary shock wave close to the Chapman–Jouget parameters for
a particular combustible mixture, one can estimate the action of the flow after the detonation wave on the particle.
Suggestions on the technological use of flows after strong discontinuities (based on the method of detonation synthesis
of refractory oxides [3]) for obtaining finely dispersed electronic and heat-insulation ceramics are given in [55].

CONCLUSIONS

1. The possibility of using shock and detonation waves in gases for technologies of synthesis and treatment
of materials has been considered.

2. On the basis of the investigation made, it has been shown that selecting parameters of gases and particle
sizes, it is possible, as a rule, to attain the required force and thermal action on the particle with the aim of making
phase and chemical transformations in it, as well as momentum transfer to it for mechanical treatment.
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emy of Sciences of Belarus) for supplying materials on numerical methods for solving discontinuity problems and for
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shire, UK) for sending us paper [50] and a series of their own works on TVD-methods.
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NOTATION

Cd, aerodynamic drag coefficient; M, Mach number; Nu, Nusselt number; P, pressure, Pa; Pr, Prandtl number;
Re, Reynolds number; T, temperature, K; v, velocity, m/sec; cp and cV, specific heat capacities at constant pressure and
volume, J/(kg⋅K); e, internal energy, J/kg; l, length of the relaxation zone, interparticle spacing, m; m, mass, kg; M,
molar mass, kg/mole; r, particle radius, m; t, time, sec; x, coordinate, m; α, heat-transfer coefficient, W/(m2⋅K); δ,
relative quantity; γ, ratio between specific heat capacitors; λ, heat-conductivity coefficient, W/(m⋅K); µ, viscosity,
kg/(m⋅sec); ρ, density, kg/m3; τ, relaxation time. Subscripts: 1 and 2, parameters before the shock wave and after the
shock wave; g, gas; part, particle; d, drag; p, pressure; V, volume.

335



REFERENCES

1. Yu. A. Nikolaev, A. A. Vasil’ev, and V. Yu. Ul’yanitskii, Gas detonation and its use in engineering and tech-
nologies, Fiz. Goreniya Vzryva, 39, No. 4, 22–54 (2003).

2. T. V. Bazhenova and V. V. Golub, Use of gas detonation in a controlled frequency mode, Fiz. Goreniya
Vzryva, 39, No. 4, 3–21 (2003).

3. E. V. Borisov, V. N. Yaglov, and O. S. Babushkin, A Method for Obtaining Powders of High-Melting Oxides,
Inventor’s Certificate No. 1649738 (USSR).

4. D. M. Kukui, V. D. Bolotskii, E. V. Borisov, O. G. Martynov, and V. N. Mironov, Gas-pulse technology of
obtaining high-quality betonites for foundry based on the raw materials of Belorussian deposits, in: Ext. Abstr.
of Papers presented at 2nd Sci.-Tech. Conf. "Resources Saving and Ecologically Pure Technologies" [in Rus-
sian], Grodno (1996), pp. 145–146. 

5. E. V. Borisov, O. G. Martynov, and V. N. Mironov, Dehydration of clay in detonating gas mixtures, in: Heat
and Mass Transfer-97 [in Russian], ITMO, Minsk (1997), pp. 69–73.

6. E. V. Borisov, O. G. Martynov, and V. N. Mironov, Study of the features of the process of drying and crush-
ing materials under the action of shock and detonation waves in gases, in: Proc. XII Symp. on Combustion and
Explosion "Chemical Physics of the Processes of Combustion and Explosion" [in Russian], Pt. 3, Cherno-
golovka, Russia (2000), pp. 124–125.

7. R. Pru
..

mmer, Explosivverdichtung pulvriger Substanzen [Russian translation], Mir, Moscow (1990).
8. A. V. Molotkov, A. B. Notkin, D. V. Elagin, V. F. Nesterenko, and A. N. Lazaridi, Specific features of the

microstructure of explosive compacts from granules of fast-quenched titanium alloys after thermal treatment,
Fiz. Goreniya Vzryva, 27, No. 3, 117–126 (1991).

9. A. G. Beloshapko, A. A. Bukaemskii, I. G. Kuz’min, and A. M. Staver, Ultradispersed powder of stabilized
zirconium dioxide synthesized by a dynamic method, Fiz. Goreniya Vzryva, 29, No. 6, 111–112 (1993).

10. A. A. Bukaemskii, Nanopowder of zirconium dioxide. Explosive technique of obtaining and properties, Fiz.
Goreniya Vzryva, 37, No. 4, 129–134 (2001).

11. F. Marble, Dynamics of dust-laden gases, in: Mechanics, Republican Interbranch Collection of Papers [Russian
translation], 130, No. 6, Mir, Moscow (1971), pp. 48–89.

12. R. I. Nigmatulin, Dynamics of Multiphase Media [in Russian], Pt. 1, Nauka, Moscow (1987).
13. G. Rudinger, Some properties of shock relaxation in gas flow carrying small particles, Phys. Fluids, 7, No. 5,

658–663 (1964).
14. A. R. Kriebel, Analysis of normal shock waves in a mixture of gas with particles, Proc. ASME, J. Basic Eng.,

86, No. 4, 20–32 (1964).
15. G. Rudinger and A. Chang, Analysis of nonsteady two-phase flow, Phys. Fluids, 7, No. 11, 1747–1754 (1964).
16. G. Rudinger, Some effects of finite particle volume on the dynamics of gas–particle mixtures, Raketn. Tekh.

Kosmonavt., 12, No. 5, 5–7 (1974).
17. B. Otterman and A. S. Levine, Analysis of gas–solid particle flows in shock tubes, Raketn. Tekh. Kosmonavt.,

12, No. 5, 5–7 (1974).
18. A. A. Gubaidulin, A. I. Ivandaev, and R. I. Nigmatulin, Some results of numerical study of nonstationary

waves in gas suspensions, Izv. Akad. Nauk SSSR, Mekh. Zhidk. Gaza, No. 5, 64–69 (1976).
19. A. P. Alkhimov, A. N. Papyrin, A. L. Predein, and R. I. Soloukhin, Experimental study of the effect of veloc-

ity delay of particles in a supersonic gas flow, Prikl. Mekh. Tekh. Fiz., No. 4, 80–88 (1977).
20. A. I. Gulidov, R. I. Safin, and V. M. Fomin, Numerical study of one-dimensional nonstationary flows of two-

phase media, in: Nonlinear Wave Processes in Two-Phase Media [in Russian], Novosibirsk (1977), pp. 143–
152.

21. S. K. Matveev and L. P. Seyukova, Calculation of one-dimensional nonstationary gas flows with particles, Uch.
Zap. LGU, No. 393, 139–146 (1977).

22. O. M. Todes and S. V. Tarakanov, Features of shock waves formed in a shock tube in the presence of sus-
pended solid particles in a low-pressure chamber, in: Physics of Aerodisperse Systems [in Russian], Republican
Interbranch Collection of Papers, Issue 16, 83–93 (1977).

336



23. H. Krier and A. Mozzaffarian, Two-phase reaction particle flow through normal shock waves, Int. J. Multiphase
Flow, 4, No. 1, 65–79 (1978).

24. A. I. Ivandaev, A. G. Kutushev, and R. I. Nigmatulin, Numerical study of the scatter of a cloud of dispersed
particles or droplets under the effect of explosion, Izv. Akad. Nauk SSSR, Mekh. Zhidk. Gaza, No. 1, 82–90
(1982).

25. A. I. Ivandaev, Flow in a shock tube in the presence of suspended particles, Fiz. Goreniya Vzryva, 20, No. 3,
105–110 (1984).

26. B. E. Gel’fand, A. V. Gubanov, S. P. Medvedev, E. I. Timofeev, and S. A. Tsyganov, Shock waves under ex-
pansion of a compressed volume of a gas suspension of solid particles, Dokl. Akad. Nauk SSSR, 281, No. 5,
113–1116 (1985).

27. I. E′lperin, O. Igra, and G. Ben-Dor, Analysis of normal shock waves in a carbon particle-laden oxygen gas,
Proc. ASME, J. Basic Eng., No. 3, 294–304 (1986).

28. O. Igra, G. Ben-Dor, and I. E′lperin, Parameters affecting the postshock wave relaxation zone in an oxygen
carbon particle suspension, Proc. ASME, J. Basic Eng., No. 3, 304–311 (1986).

29. Yu. V. Kazakov, A. V. Fedorov, and V. M. Fomin, Calculation of expansion of a compressed volume of a gas
suspension, Prikl. Mekh. Tekh. Fiz., No. 5, 139–144 (1987).

30. D. Elata, G. Ben-Dor, and O. Igra, The effect of distributions of particle nonuniformities on the flow fields be-
hind steady normal shock waves, Int. J. Heat Fluid Flow, 10, No. 2, 152–159 (1989).

31. S. M. Frolov and B. E. Gel’fand, Attenuation of shock waves in gas suspensions, Fiz. Goreniya Vzryva, 27,
No. 1, 130–136 (1991).

32. A. G. Kutushev and U. A. Nazarov, Attenuation of shock waves by the layers of homogeneous and nonhomo-
geneous mono- and polydisperse gas suspension, Fiz. Goreniya Vzryva, 27, No. 3, 129–134 (1991).

33. V. F. Volkov, A. V. Fedorov, and V. M. Fomin, Problem of interaction of a supersonic flow with a particle
cloud, Prikl. Mekh. Tekh. Fiz., 35, No. 6, 26–31 (1994).

34. A. G. Kutushev and O. N. Pichugin, Mathematical simulation of the scatter of a compressed burning gas sus-
pension of unitary fuel in the shock tube, Fiz. Goreniya Vzryva, 32, No. 1, 85–93 (1996).

35. E. F. Nogotov, E. V. Borisov, O. G. Martynov, and V. N. Mironov, Simulation of interaction of shock and
detonation waves with the cloud of raising solid particles, EUROTERM-53: Advanced Concepts and Techniques
in Thermal Modelling, Mons–Belgium (1997), p. 24.

36. A. G. Kutushev and A. V. Tatosov, Mathematical simulation of the emission of a gas suspension from the
shock tube channel under the action of compressed gas, Fiz. Goreniya Vzryva, 36, No. 3, 107–116 (1998).

37. E. V. Borisov, O. G. Martynov, V. N. Mironov, and E. F. Nogotov, Interaction of shock and detonation waves
in gas media with dispersed materials and solid barriers, Inzh.-Fiz. Zh., 73, No. 1, 180–188 (2000).

38. H. Y. Lu and H. H. Chiu, Dynamics of gases containing evaporaing liquid droplets behind a normal shock,
Raketn. Tekh. Kosmonavt., 4, No. 6, 64–68 (1966).

39. R. Panton and A. K. Oppenheim, Shock relaxation in a particle–gas mixture with mass transfer between phases,
Raketn. Tekh. Kosmonavt., 8, No. 11, 29–37 (1968).

40. Y. Narkis and B. Gal-Or, Two-phase flow through normal shock wave, Proc. ASME, J. Basic Eng., 97, No. 3,
182–187 (1975).

41. H. J. Smolders and M. E. H. van Dongen, Shock wave structure in a mixture of gas, vapour and droplets,
Shock Waves, No. 2, 255–267 (1992).

42. A. M. Gladilin, E. I. Karpilovskii, and A. D. Kornev, Calculation of two-phase medium parameters in the bar-
rel of the detonation facility used for deposition of coatings, Fiz. Goreniya Vzryva, 14, No. 1, 123–128 (1978).

43. E. I. Karpilovskii, Account for the particles melting under detonation spraying, Fiz. Goreniya Vzryva, 18, No.
3, 120–122 (1982).

44. V. A. Grigor’ev and V. M. Zorin (Eds.), Theoretical Principles of Heat Engineering. Thermotechnical Experi-
ment: Handbook [in Russian], E′nergoatomizdat, Moscow (1988).

45. I. K. Kikoin (Ed.), Tables of Physical Quantities: Handbook [in Russian], Atomizdat, Moscow (1976).
46. N. B. Vargaftik (Ed.), Thermophysical Properties of Substances: Handbook [in Russian], GE′I, Moscow–Lenin-

grad (1956).

337



47. E. S. Oran and J. P. Boris, Numerical Simulation of Reactive Flow [Russian translation], Mir, Moscow (1990).
48. C. A. J. Fletcher, Computational Techniques for Fluid Dynamics [Russian translation], Vol. 2, Mir, Moscow

(1991).
49. S. K. Godunov, A. V. Zabrodin, M. Ya. Ivanov, et al., Numerical Solutions of Multidimensional Problems of

Gas Dynamics [in Russian], Nauka, Moscow (1976).
50. B. van Leer, Towards the ultimate conservative difference scheme. V. A second-order sequel to Godunov’s

method, J. Comput. Phys., 32, 101–136 (1979).
51. A. Harten, High resolution schemes for hyperbolic conservation laws, J. Comput. Phys., 49, 357–393 (1983).
52. R. I. Soloukhin, Shock Waves and Detonation in Gases [in Russian], GIFML, Moscow (1963).
53. A. G. Gaydon and I. Gerl, Shock Tube in the Chemical Physics of High Temperature [Russian translation], Mir,

Moscow (1966).
54. L. N. Khitrin, Physics of Combustion and Explosion [in Russian], Izd. MGU, Moscow (1957).
55. V. A. Sychevskii, E. V. Borisov, and V. N. Mironov, Use of numerical simulation for choosing the parameters

of gas flows in shock-detonation technologies, in: Proc. Vth Minsk Int. Forum on Heat and Mass Transfer
"Heat and Mass Transfer–MIF-2004" [in Russian], Vol. 2, 24–28 May 2004, Minsk (2004), pp. 447–450.

338


