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HEAT AND MASS TRANSFER IN COMBUSTION PROCESSES

DETONATION COMBUSTION OF A HYDROGEN-AIR MIXTURE
WITH ADDITIVES OF ARGON AND OZONE

V. A. Levin and T. A. Zhuravskaya UDC 533.27:534.222.2

Using a detailed kinetic mechanism of chemical interaction, the effect of adding argon and ozone to a stoichiometric
hydrogen—air mixture on the detonation wave parameters was studied numerically. It has been established that the
mole fractions of the used additions can be chosen so that the cell size of the detonation wave in the resulting mixture
will be close to the average cell size in a pure hydrogen—air mixture, with the wave velocity and temperature of the
detonation products being reduced significantly. It has been found that the detonation wave in a mixture with additives
in selected concentrations is more stable against perturbations caused by multiple obstacles (barriers) located in the
channel than in the initial mixture. The found specific features make it possible to consider the introduction of the
indicated additives into the combustible mixture as a mechanism that lowers the temperature in the detonation wave
without a significant increase in the detonation cell size and that prevents the extinction of detonation combustion in
a channel with a number of barriers.

Keywords: detonation, stoichiometric hydrogen—air mixture, cellular detonation structure, argon, ozone, multiple
obstacles.

Introduction. Determination of new mechanisms of controlling detonation is one of the main directions of studying
detonation combustion. Here, of equal interest are both the mechanisms ensuring detonation damping and the methods
that guarantee its preservation and make it possible to control the wave propagation. One way to control detonation is to
change the composition of the mixture by introducing various additives into the combustible gas mixture or by preliminary
transformation of its components. So, it was found that the addition of inert particles to the hydrogen—air mixture entering a
pinched channel at a supersonic velocity can be used to stabilize the detonation wave in the flow and to control its position
in order to increase the efficiency of detonation gas combustion [1-3]. On the other hand, the results of experimental
study [4] indicate the possibility of using a curtain of nonreacting dust particles for complete destruction of a propagating
detonation wave. In [5, 6], the possibility of preventing the suppression of detonation combustion of a stoichiometric
hydrogen—air mixture in channels with obstacles by preliminary partial dissociation of molecular hydrogen and oxygen
into atoms, which leads to a significant decrease in the size of the detonation cell and an insignificant increase in the wave
propagation velocity, was established numerically [2, 3, 5, 6]. The refinement of the cellular structure of the detonation
wave found in a numerical study with a slight increase in its velocity as a result of the indicated preliminary dissociation
is confirmed by the results of experiments on the propagation of detonation in a hydrogen—oxygen mixture with addition
of ozone, which decomposes rapidly behind the leading shock wave with the formation of atomic oxygen [7]. A similar
refinement of the cellular detonation structure was also observed in experiments during the passage of a formed cellular
detonation wave through the plasma region containing atomic oxygen along with other radicals [8]. The study of the
structure of a plane one-dimensional stationary detonation wave (the Zeldovich—-Neumann—Doring (ZND) detonation
model) showed that both the preliminary partial dissociation of the fuel and oxidizer in a hydrogen—air mixture [6] and
the addition of ozone to the mixture [7] lead to a significant decrease in the length of the induction zone, with the velocity
of the Chapman—Jouguet wave and the parameters of the gas behind it varying insignificantly. However, to use detonation
in various power plants, it is necessary to solve the complex problem of cooling the walls of the detonation chamber.
Lowering the temperature of the combustion products greatly simplifies this task. A simple way to reduce the temperature
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behind the detonation wave is, for example, introduction of a sufficient amount of argon into the combustible mixture,
however, in this case a significant increase in the detonation cell is observed [9, 10]. In [11], within the framework of the
ZND detonation model, the influence of adding inert diluents and promoters (ozone and hydrogen) to the combustible
mixture was considered in order to reduce the post-detonation temperature and prevent an increase in the induction
zone.

In this work, within the framework of the detailed kinetics of chemical interaction, we numerically study the
influence of adding argon and ozone to a stoichiometric hydrogen—air mixture on the detonation wave parameters in order
to reduce the wave propagation velocity and the temperature of combustion products without a significant increase in the
size of the detonation cell, which is a fundamental characteristic of the detonation ability of a mixture. This paper considers
detonation combustion of the resulting mixture with additives in a flat channel, on one of the walls of which there is a region
with barriers. The effect of the addition of argon and ozone to a stoihiometric hydrogen—air mixture on the parameters of a
plane cellular detonation wave was first investigated in [12].

Mathematical Formulation of the Problem. The paper considers the propagation of a detonation wave in a gas
mixture resting under normal conditions ( pg = 1 atm, Ty = 298 K) in a semi-infinite flat channel of width L (L = 1 cm). To
initiate detonation, an instantaneous uniform supercritical (sufficient for direct initiation of detonation) energy supply in a
region in the form of a thin layer near the closed end of the channel is used. Deformation combustion is studied of both a
pure stoichiometric hydrogen—air mixture, which is modeled as a mixture of gases H,, O,, and N, in a molar ratio 42:21:79,
respectively, and a mixture with the addition of argon Ar and ozone Os.

The system of equations describing a plane two-dimensional unsteady flow of an inviscid multicomponent reacting
gas mixture has the form
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Here x and y are the longitudinal and transverse Cartesian coordinates; u and v are the corresponding components of the
velocity; ¢ is the time; p, p, and % are the density, pressure, and the specific enthalpy of the mixture; n; and ®; are the specific
concentration and rate of formation of the ith component of the mixture. The equations of state of the combustible mixture
are
M
p:pROTZn,-, h =

i=l1 i

M=

nihi(T) ,

where T is the temperature and Ry is the universal gas constant. Dependences of partial enthalpies on temperature 4;(7) are
determined from the reduced Gibbs energies of the corresponding components of the mixture [13]. To describe the chemical
interaction, use is made of the detailed kinetic mechanism of hydrogen oxidation proposed in [14].

To solve the equations of gas dynamics, an explicit second-order difference scheme based on the Godunov scheme
[15—18] was used: to ensure the second order of accuracy in space, a piecewise linear reconstruction of the solution was
performed over "averaged" grid quantities with a MINMOD limiter; the second order of accuracy in time was achieved
using a predictor—corrector algorithm. The calculation was carried out on a grid with a partition step A = 5 um, which
ensures the correct resolution of the structure of the detonation wave. For numerical simulation use was made of an original
software module that implements hybrid parallelization of MPI/Open MP calculations. The study was carried out using
the equipment of the Center for Collective Use of Ultrahigh Performance Computing Resources of the M. V. Lomonosov
Moscow State University [19].
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Fig. 1. Cellular structure of a detonation wave propagating in a plane channel: a) stoi-
chiometric Hy—air mixture; b) Hy—air—80% Ar—1.5% O3; ¢) Hy—air—70% Ar—0.6% O3;
d) Hy—air-70% Ar-1% Os. Here and below, X = x/L, Y = y/L, where L is the channel
width; the wave propagates from left to right.

TABLE 1. Detonation Wave Parameters in Mixtures under Normal Conditions: Average Velocity of Propagation of a Self-
Sustaining Plane Cellular Detonation D, Velocity of Chapman—Jouguet Detonation Wave Dj, Pressure pcj, and Temperature
Tcy behind the Wave

Mixture D, m/s Dcy, m/s Py, atm Tcp, K
Hy—air 1964 1975 15.82 2964
Hy—air—1% O3 1975 1979 15.96 2991
Hy—air—80% Ar—1.5% O3 1171 1172 8.44 1623
Hy—air—70% Ar—0.6% O3 1293 1329 10.52 1998
Hy—air—70% Ar—1% O; 1300 1333 10.62 2011

Influence of Argon and Ozone Additives on the Detonation Combustion of the Mixture. Initial uniform supply
of energy initiates a plane detonation wave in the channel, the front of which is distorted with time, transverse waves arise,
resulting in the formation of a self-sustaining detonation wave with a stable cellular structure [20, 21]. In the case of a pure
hydrogen—air mixture, the self-sustaining wave obtained in the calculations has an irregular structure. Thus, the maximum
value of the relative deviation of the cell size from the average is quite large and amounts to more than 60%. A numerical
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Fig. 2. Propagation of a detonation wave in a pure stoichiometric hydrogen—air mixture
in a plane channel with multiple barriers: a) preservation of detonation at L, = 3 cm,
ALy, = 0.1 cm, Hy, = 0.02 cm; b) recovery at Ly, = 1 cm; AL, = 0.1 cm, Hp = 0.1 cm;
¢) quenching of detonation combustion at L, = 1 cm, ALy, = 0.1 cm, H, = 0.3 cm.

analog of the trace left by a wave propagating in a plane channel on a sooty plate located along the wall is shown in Fig. 1a.
The irregularity of the structure of the wave obtained by numerical simulation corresponds to the results of an experimental
study of detonation in mixtures diluted with nitrogen [9]. The average velocity of propagation of a self-sustaining plane
cellular detonation wave (D), as well as the wave velocity in the Chapman—Jouguet regime (D¢j) and the parameters of the
gas behind it obtained when considering the ZND detonation model for both a pure moisture and mixtures with additives
are presented in Table 1. According to the calculations, the deficit of the self-sustaining wave velocity with respect to the
Chapman—Jouguet detonation rate for the considered mixtures does not exceed 2.8%.

Anumerical study of the effect of ozone addition on the detonation wave showed that the cellular detonation structure
becomes substantially finer, while the wave velocity increases insignificantly, which corresponds to the experimental results
[7]. So, in the case of xp, = 1% (xo, is the mole fraction of O3), the detonation cell decreases by 3.2 times, while the
velocity of the cellular detonation wave increases by only 0.56% (Table 1). Moreover, the addition of ozone makes the
cellular structure of the detonation wave more regular, which was also observed in [7]. Note that the temperature of the
combustion products, when ozone is added to the mixture, changes insignificantly and is close to 3000 K.

It is known that the dilution of the mixture with Ar leads to a decrease in the temperature in the detonation products
and to a significant increase in the size of the detonation cell. However, the introduction of ozone into a hydrogen—air
mixture diluted with argon will reduce the size of the detonation cell without significantly increasing the temperature in the
detonation wave. The calculations performed showed that the mole fractions of Ar and O3 can be chosen so that the size of
the detonation wave cell in the resulting mixture will be close to the average cell size in a pure hydrogen—air mixture, while
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Fig. 3. Recovery of detonation in a plane channel with barriers Ly, = 1 cm, ALy, = 0.1 cm,
Hy = 0.3 cm; a) Hy—air-80% Ar—1.5% O3; b) Hy—air—70% Ar—0.6% O3; ¢) Hy—air—70%
Ar—1% 0Os3. Here and below, X = x/L, Y = y/L, where L is the channel width; the wave
propagates from left to right.

the wave velocity and temperature of the detonation products will be reduced significantly. For example, it was found that
the cell size of a detonation in a hydrogen—air mixture on addition of 80% Ar and 1.5% Os is slightly more than in a pure
mixture (Fig. 1b), with the temperature in the detonation wave not exceeding 1800 K with the velocity of the self-sustaining
wave being 1.68 times lower than the detonation velocity in a pure mixture (Table 1). The amount of argon introduced
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Fig. 4. Propagation of a detonation wave in an Hy—air-70% Ar—0.6% O3 mixture at
ALy, = 0.1 cm, Hy = 0.3 cm: a) recovery of detonation at Ly, = 3 cm; b) quenching of
detonation combustion at L, = 5 cm.

into the mixture can be reduced. It was found that in the case of 70% Ar and 0.6% O3, a detonation wave is formed in the
mixture, the cell size of which slightly exceeds the average size of a detonation cell in a pure mixture (Fig. 1c), and an
increase in the fraction of ozone to1% leads to the formation of a detonation wave with a finer (compared to a pure mixture)
cellular structure (Fig. 1d). In this case, the temperature of the combustion products changes insignificantly on increase
of the fraction of ozone and is close to 2000 K, and the wave velocity in both considered cases is less than the detonation
velocity in a pure mixture by more than 1.5 times (Table 1). Moreover, in contrast to the detonation combustion of a pure
mixture, the detonation wave in the mixture, diluted simultaneously with Ar and Os, has a regular cellular structure. So, the
maximum relative deviation of the transverse dimension of the detonation cell from the average in the considered mixtures
does not exceed 25%.

Propagation of Detonation in a Channel with Multiple Barriers. To investigate the stability against strong
perturbations of detonation combustion of a mixture obtained after addition of Ar and Oj3 into a stoichiometric hydrogen—
air mixture, the interaction of a cellular detonation wave with a barriers-containing region located on one of the channel
walls, which is a simple model of an insert with a porous coating on the inner surface of the channel (for example, covered
with steel wool) [22], was considered. Porous coatings of walls are taken to be tool for suppressing detonation combustion
[23-25]. On the other hand, experimental studies of wave propagation in a channel filled with a porous material showed
that porous media can be used to facilitate reinitiation of detonation when a wave enters the volume of a reacting mixture
[26, 27].
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Fig. 5. Propagation of a detonation wave in an Hy—air-70% Ar—0.6% O3 mixture of
Ly =5 cm, H, = 0.2 cm: a) recovery of detonation at AL, = 0.1 cm; b) quenching of
detonation combustion at ALy = 0.025 cm.

In the case of a region with barriers, the result of interaction of a wave with obstacles is determined by the length
of the region Ly, barrier height Hy, and by the distance between adjacent barriers ALy, It is known that both in the case of
a single barrier [28], and of multiple obstacles [6] (at fixed values of L, and ALy), the detonation wave is suppressed, if the
height of barriers exceeds a certain critical value, which depends on the channel width. Numerical traces illustrating the
preservation, recovery, and quenching of detonation in a hydrogen—air mixture in a channel with multiple barriers are shown
in Fig. 2.

As a result of the numerical simulation, it was found that the critical height of obstacles in the cases of mixtures
with additions of Ar and O3 (at the concentrations indicated above, see Table 1) is higher than in the case of a pure mixture
with other constant parameters. The numerical trace prints illustrating the detonation recovery in a mixture with additions
of Ar and O3 after passing the region with barriers that quench the detonation combustion in a pure mixture (Fig. 2c) are
presented in Fig. 3. The calculations showed that an increase in the length of the region with barriers or a decrease in the
distance between adjacent obstacles in a number of cases significantly reduce the critical height (Figs. 4 and 5). So, in a
mixture of Hy—air—70% Ar—0.6%03 at AL, = 0.1 cm the height of obstacles A}, = 0.3 cm is subcritical if the length of the
region L, = 3 cm (Fig. 4a) and becomes supercritical (obstacles destroy detonation) when L}, increases up to 5 cm (Fig. 4b).
When Ly, =5 cm and AL, = 0.1 cm, the height of the barriers H, = 0.2 cm (Fig. 5a) is subcritical, however, an increase in the
frequency of their location to ALy = 0.025 cm leads to the suppression of detonation by obstacles (Fig. 5b), i.e., the height
of barriers becomes supercritical. Note that when detonation combustion is reinitiated after the interaction with barriers,
the size of the detonation cell of the self-sustianing wave being formed in a number of cases differs from the size of the
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Fig. 6. Preservation of detonation combustion in an Hy—air—70% Ar—0.6% O3 mixture at
Ly=3cm, AL, =0.1 cm, and H, = 0.02 cm.

cell of the detonation wave approaching the obstacles. This is associated with the existence of the range of the cell size of
self-sustaining detonation, which was noted during numerical simulation [28] and was observed in experiments for various
mixtures, including those with a large amount of argon [29].

In cases where the height of obstacles is substantially less than the critical value, detonation combustion persists
across the channel as the wave propagates along the region with barriers. The size of detonation cells increases, while
[in contrast to a pure mixture (Fig. 2a)] the structure of detonation is close to a regular one (Fig. 6), which was observed in
experiments with mixtures with a large content of argon [25]. On the other hand, when the wave propagates in a mixture
with additives along the region with obstacles, a number of characteristic features are revealed typical of mixtures with an
irregular cellular structure. Thus, along with the suppression of transverse waves, new transverse waves are generated on
the barriers from local perturbations in the zone of reaction (Fig. 6), and with increase in the height of obstacles (the height
is still lower than the critical), local quenching of detonation combustion is observed.

When a wave propagates along a series of barriers in a mixture with additives of argon and ozone, a more intense
(compared to a pure mixture) formation of diverging shock waves near obstacles is observed, which is a consequence of the
decomposition of ozone behind reflected shocks between the barriers, which is accompanied by energy release. This leads
to more intense formation of transverse waves on the detonation front, as well as to enhancement of the leading shock wave,
which increase the resistance of detonation against perturbations caused by the obstacles located in the channel.

When detonation is recovered in a mixture with additives after passing the region with obstacles, a detonation
with a larger cell is initially formed, the size of which gradually decreases (Fig. 3). This character of detonation
combustion recovery is typical of mixtures with a regular cellular structure of detonation [30] and differs qualitatively
from the character of detonation recovery in a pure mixture (Fig. 2b) corresponding to gases with irregular wave
structure [30].

Conclusions. Using the detailed kinetic mechanism of chemical interaction, the effect of additions of argon and
ozone to a stoichiometric hydrogen—air mixture on the parameters of the detonation wave is studied numerically.

It has been established that the molar fractions of introduced additives can be chosen so that the size of the detonation
wave cell in the mixture obtained will be close to the average size of the cell in a pure mixture, while the wave velocity and
temperature of the detonation products will be lowered considerably. It was found that the detonation combustion of the
mixture obtained after the introduction of argon and ozone in selected concentrations is more stable to perturbations caused
by multiple obstacles located in the channel than in a pure gas. It is shown that introduction of indicated additives makes
the structure of the detonation wave regular and qualitatively changes the mechanism of reinitiation of detonation after the
region with obstacles is passed.

The established characteristic features of detonation combustion of a mixture with additives of argon and ozone
make it possible to use the introduction of these additives both to decrease the temperature in detonation products without
a significant increase in the size of the detonation cell and to present destruction of detonation in a channel with barriers.

Acknowledgment. This work was supported financially by the Ministry of Science and Higher Education of the
Russian Federation (Agreement No. 075-15-2020-806 of September 29, 2020).

NOTATION

D, propagation velocity of a self-sustaining plane cellular detonation wave, m/s; Dy, velocity of Chapman—Jouguet
detonation wave, m/s; Hy, height of barriers, cm; Ly, and ALy, length of the region with barriers and the distance between ad-
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jacent barriers, cm; L, channel width, cm; M, number of components in a mixture; p, initial pressure of a gas mixture, atm;
pcy, pressure behind the Chapman—Jouguet wave, atm; 7, initial temperature of the mixture, K; 7j, temperature behind
the Chapman—Jouguet wave, K; xo,, molar fraction of O3; X and Y, dimensionless longitudinal and transverse Cartesian
coordinates, respectively.

REFERENCES

1. V.A.LevinandT. A. Zhuravskaya, Controlling the position of a stabilized detonation wave in a supersonic flow of a gas
mixture in a plane channel, Tech. Phys. Lett., 43, No. 3, 316-319; doi:https://doi.org/10.1134/S1063785017030191).

2. V. A. Levin and T. A. Zhuravskaya, Control of detonation combustion in a high-velocity gas mixture flow, in: Proc.
V. A. Steklov Inst. Math., 300, 114—125 (2018); doi:https://doi.org/10.1134/S0081543818010091).

3. V.A.Levin and T. A. Zhuravskaya, The methods of control of stabilized detonation location in a supersonic gas flow in
a plane channel, Combust. Sci. Technol., 195, No. 7, 1-13 (2019); doi:https://doi.org/10.1080/00102202.2018.1557641.

4. A. A. Vasil'ev, A. V. Pinaev, A. A. Trubitsyn, A. Yu. Grachev, A. V. Trotsyuk, P. A. Fomin, and A. V. Trilis, What is
burning in coal mines: Methane or coal dust? Combust. Explos. Shock Waves, 53, No. 1, 8-14 (2017); doi:https://doi.
org/10.1134/S0010508217010026).

5. V. A. Levin and T. A. Zhuravskaya, Detonation combustion control using preliminary preparation of the gas mixture,
Tech. Phys. Lett, 46, No. 2, 189-192 (2020); doi:https://doi.org/10.1134/S1063785020020248).

6. T. A. Zhuravskaya and V. A. Levin, Control of a detonation wave in a channel with obstacles using preliminary gas
mixture preparation, Fluid Dyn., 55, 488—497 (2020); doi:https://doi.org/10.1134/S0015462820040138).

7. J. Crane, X. Shi, A. V. Singh, Y. Tao, and H. Wang, Isolating the effect of induction length on detonation structure:
Hydrogen—oxygen detonation promoted by ozone, Combust. Flame, 200, 44-52 (2019); doi:https://doi.org/10.1016/].
combustflame.2018.11.008).

8. M. A. Cherif, S. A. Shcherbanev, S. M. Starikovskaia, et al., Effect of non-equilibrium plasma on decreasing the
detonation cell size, Combust. Flame, 217, 1-3 (2020); doi:https://doi.org/10.1016/j.combustflame.2020.03.014).

9. F.Pintgen, C. A. Eckett, J. M. Austin, and J. E. Shepherd, Direct observations of reaction zone structure in propagating
detonations, Combust. Flame, 133, Issue 3, 211-229 (2003); doi:https://doi.org/10.1016/S0010-2180(02)00458-3.

10. J. E. Shepherd, Detonation gases, in: Proc. Combust. Inst., 32, Issue 1, 83-98 (2009); doi:https://doi.org/10.1016/j.
proci.2008.08.006.

11. D. S. Kumar, K. Ivin, and A. V. Singh, Sensitizing gaseous detonations for hydrogen/ethylene—air mixtures using
ozone and H,O, as dopants for application in rotating detonation engines, Proc. Combust. Inst., 38, Issue 3, 3825-3834
(2021); doi:https://doi.org/10.1016/j.proci.2020.08.061.

12. V. A. Levin and T. A. Zhuravskaya, Control of detonation combustion of a hydrogen—air mixture by argon and ozone
addition, Dokl. Phys., 66, 320-324 (2021); doi:https://doi.org/10.1134/S1028335821110057).

13. L. V. Gurvich and I. V. Veyts (Eds.), Thermodynamic Properties of Individual Substances, Vol. 1, Part 2, New York:
Hemisphere (1989).

14. L.V.Bezgin, V. 1. Kopchenov, A. S. Sharipov, N. S. Titova, and A. M. Starik, Evaluation of prediction ability of detailed
reaction mechanisms in the combustion performance in hydrogen/air supersonic flows, Combust. Sci. Technol., 185,
Issue 1, 62-94 (2013); doi:https://doi.org/10.1080/00102202.2012.709562.

15. S. K. Godunov, A. V. Zabrodin, M. Ya. Ivanov, et al., Numerical Solution of Multidimensional Problems of Gas
Dynamics [in Russian], Nauka, Moscow (1976).

16. V. P. Kolgan, Application of the principle of minimal values of the derivative to construction of finite-difference
schemes for calculating discontinuous solutions of gas dynamics, Uch. Zap. T5AGI, 3, No. 6, 68—77 (1972).

17. Van Leer B, Towards the ultimate conservative difference scheme. IV. A new approach to numerical convection,
J. Comput. Phys., 23,276-299 (1977).

18. A. V. Rodionov, Monotonic scheme of the second order of approximation for the continuous calculation of non-
equilibrium flows, USSR Comput. Math. Math. Phys., 27, Issue 2, 175-180 (1987); doi:https://doi.org/10.1016/0041-
5553(87)90174-1).

19. VI. Voevodin, A. Antonov, D. Nikitenko, P. Shvets, S. Sobolev, 1. Sidorov, K. Stefanov, Vad. Voevodin, and

S. Zhumatiy, Supercomputer Lomonosov-2: Large Scale, deep monitoring and fine analytics for the user community,
Supercomp. Front. Innov., 6, No. 2, 4-11 (2019); doi:https://doi.org/10.14529/jsfi190201.

1767



20.
21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

R. I. Soloukhin, Shock Waves and Detonations in Gases, Baltimore: Mono Book (1966).

J. H. S. Lee, The Detonation Phenomenon, Cambridge: Cambridge University Press (2008).

G. Yu. Bivol, S. V. Golovastov, and V. V. Golub, Detonation suppression in hydrogen—air mixtures using porous
coatings on the walls, Shock Waves, 28, Issue 5, 1011-1018 (2018); https://doi.org/10.1007/s00193-018-0831-3.

O. V. Sharypov and Y. A. Pirogov, On the mechanism of weakening and breaking of gas detonation in channels with
acoustically absorbing walls, Combust. Explos. Shock Waves, 31, Issue 4, 466—470 (1995); doi:https://doi.org/10.1007/
BF00789368).

A. Teodorczyk and J. H. S. Lee, Detonation attenuation by foams and wire meshes lining the walls, Shock Waves, 4,
Issue 4, 225-236 (1995); doi:https://doi.org/10.1007/BF01414988).

M. L. Radulescu and J. H. S. Lee, The failure mechanism of gaseous detonations: experiments in porous wall tubes,
Combust. Flame, 131, Issues 1-2, 29-46 (2002); doi:http://dx.doi.org/10.1016/S0010-2180(02)00390-5.

S. A. Zhdanok, P. N. Krivosheyev, and O. G. Penyaz'kov, Investigations of propagation and transition of detonation
from porous medium to volume, Russ. J. Phys. Chem., 24, No. 7, 27-36 (2005).

S. A. Zhdanok, P. N. Krivosheev, M. Mbawara, and O. G. Penyaz'kov, Ranges of rates of supersonic combustion in a
porous medium, J. Eng. Phys. Thermophys., 78, No. 4, 625-630 (2005); https://doi.org/10.1007/s10891-005-0106-6).
T. A. Zhuravskaya, Propagation of detonation waves in plane channels with obstacles, Fluid Dyn., 42, Issue 6, 987-994
(2007); doi:https://doi.org/10.1134/S0015462807060142).

0. V. Achasov and O. G. Penyaz'kov, Investigation of the dynamic properties of the cellular structure of a gas-detonation
wave, J. Eng. Phys. Thermophys., 73, No. 5, 915-920 (2000); doi:https://doi.org/10.1007/BF02681580).

H. Qin, J. H. S. Lee, Z. Wang, and F. Zhuang, An experimental study on the onset processes of detonation waves
downstream of a perforated plate, Proc. Combust. Inst., 35, Issue 2, 1973-1979 (2015); doi:http://dx.doi.org/10.1016/].
proci.2014.07.056.

1768



	Abstract
	Introduction
	Mathematical Formulation of the Problem
	Infl uence of Argon and Ozone Additives on the Detonation Combustion of the Mixture
	Propagation of Detonation in a Channel with Multiple Barriers
	Conclusions
	Acknowledgment
	NOTATION
	REFERENCES

