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Systematic experiments to determine the concentration limits of detonation of ternary propane/methaneoxygensteam mixtures under
normal atmospheric pressure have been conducted. The experiments
are performed in an innovative pulse-detonation steam superheater
(PDSSH) with cyclic detonations of ternary mixtures at variation of
fuel-to-oxygen equivalence ratio (from 0.14 to 1.77 in propane mixtures and from 0.3 to 1.84 in methane mixtures) and steam volume
fraction (from 0 to 0.7). Experiments are supplemented by thermodynamic calculations. Cyclic detonations of ternary propane/methane
oxygensteam mixtures allow the generation of highly superheated
steam (HSS) with a temperature exceeding 2250 K at atmospheric
pressure. The detonation products of stoichiometric ternary mixtures under consideration can contain up to 80% HSS and up to 17%
CO2 as well as CO, O2 and H2 in trace amounts. It is proposed to
use such a high-temperature environment for deep processing (gasi¦cation) of organic municipal and industrial wastes to produce a gas
mixture of CO and H2 which can be further used as a fuel gas for
PDSSH operation, heat/electricity production, and as a raw material
for methanol and synthetic motor fuel production. Due to periodic
¦lling of the PDSSH with the cool ternary gas mixture, the temperature of PDSSH walls and inner elements increases insigni¦cantly, so
that conventional (not heat-resistant) construction materials can be
used for its production.
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1

Introduction

At present, the problem of ecologically clean processing and utilization of municipal and industrial wastes is one of urgent problems of
modern society. Thermal treatment of wastes is currently considered as the most e¨ective solution to this problem due to relatively
low environmental impact as well as the possibility of partially recovering energy and material resources. The corresponding technologies are based on physicochemical processes including de§agration
(combustion), detonation, pyrolysis, and gasi¦cation. De§agration
is the transformation of the matter due to overall exothermic selfaccelerating chemical reactions, like oxidation reactions, induced by
molecular and turbulent transport of energy and reactants. Detonation is the transformation of the matter due to overall exothermic selfaccelerating chemical reactions induced by a strong self-sustaining
shock wave due to volumetric compression and heating. Pyrolysis
and gasi¦cation usually imply the overall endothermic processes of
thermal degradation of the matter in the absence and in the presence
of a gasifying agent, respectively.
Combustion of wastes in air results in the formation of harmful
gaseous pollutants, like NOx, SOx, dioxins, furans, etc., as well as
§y ash and ashes [14]. Detonation is primarily used for disposal of
hazardous wastes like explosives and highly reactive materials (nitrocompounds, organic peroxides, etc. [5]). Pyrolysis and gasi¦cation
of wastes can potentially reduce the production of the various pollutants due to the absence or reduced amount of oxygen. However, for
providing the required heat for pyrolysis and gasi¦cation, the existing
technologies usually use combustion processes or apply air as a gasifying agent [6, 7]. The other substances applied as gasifying agents are
nitrogen, carbon dioxide, and steam [810]. Pyrolysis and gasi¦cation are implemented at temperatures ranging from 900 to 1300 K at
most and result in production of gases like light hydrocarbons, tarry
products, CO2 , H2 , CO, and solid residues (pyrocarbon) [1113]. The
technologies based on gasi¦cation of solids and liquids (coal, lignin,
biomass, plastics, crude oil, etc.), especially with steam as a gasifying
agent, are widely used for production of hydrogen, syngas, ole¦ns,
etc. [1418]. The conversion e©ciency and the yields of end gases are
known to drastically increase with the pyrolysis/gasi¦cation temper202
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ature, whereas the yield of harmful substances is known to drastically
decrease in these conditions. The gasi¦cation of wastes with supercritical water (at temperature T > 647 K and pressure P > 22.1 MPa),
despite many potential advantages, requires extremely high operation
pressures which makes the technology costly [19]. Thus, there is obviously a need in the technologies based on pyrolysis and gasi¦cation of
wastes in a steam-containing environment with temperatures well exceeding 1300 K and near-atmospheric pressures. Processing of organic
municipal and industrial wastes in such a high-temperature environment will be accompanied by their complete gasi¦cation and thermal
decomposition to the simplest molecules like H2 and CO composing
a syngas which could be further used for production of synthetic natural gas, methanol, diesel, or di-methyl ether. The target value of the
H2 /CO ratio is possible to adjust [20, 21]. Also, the resultant syngas
can be used as a fuel gas for producing heat and/or electricity. The
sulfur and chlorine containing wastes will be transformed to the corresponding liquid acids (after condensation [22]), while solid inorganic
materials will be transformed to the molten slag consisting of simple
oxides and salts, an excellent environmentally friendly construction
material.
One of the known technological solutions in this respect is based
on using the HSS (with a temperature above 2000 K) obtained by
burning hydrogenoxygen mixture [23]. Another solution is to use
a mixture of syngas, consisting of CO and H2 , with steam preheated
to the abovementioned temperature [24]. Practical implementation
of such technologies is believed to provide economically e©cient processing of wastes of any morphological and chemical composition with
full utilization of material and energy resources contained in wastes
without any harmful emissions into the atmosphere and water bodies. Unfortunately, due to problems with thermal insulation of combustion devices and reactors, these technologies have not yet been
implemented even in the form of pilot plants.
In [2527], we proposed a new method and devices for obtaining
HSS with temperatures exceeding 2000 K at atmospheric pressure, in
which the problems of thermal insulation of combustion devices and
reactors are solved by substitution of conventional de§agration by detonation and transition from steady-state to cyclic operation process.
Highly superheated steam is proposed to be obtained in a PDSSH
S. M. Frolov et al.
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by means of cyclic detonations of ternary fuel gas  oxidizer  steam
mixture. (The fundamentals of gaseous and spray detonations and
the operation principles of pulse-detonation devices are comprehensively reviewed in [28]). Hydrogen, syngas, natural gas, propane, etc.
can be used as a fuel gas, while oxygen, air enriched with oxygen,
or pure air can be used as an oxidizer. In [25], the variants of obtaining HSS in PDSSH are considered. One variant uses a premixed
fuel gas  oxidizer  steam mixture, the composition of which is within
the concentration limits of detonation, and HSS is obtained because
of compression and heating of the initial steam in propagating detonation waves (DWs). In the other variant, HSS is obtained through
compression and heating of steam by propagating shock waves generated by detonation of a fuel gas  oxidizer mixture. In both variants,
HSS is additionally obtained as a product of detonation of fuel gas.
With the help of devices proposed in [2527], there is a possibility
of practical implementation of technologies [23, 24]: the walls and
internal elements of PDSSH are heated to relatively low temperature (up to ∼ 800 K [29]) due to periodic ¦lling of cool ternary gas
mixture, i. e., steam superheater can be made of conventional (not
heat-resistant) construction materials.
It is worth noting that the literature contains many publications
on the e¨ect of steam on de§agration properties (see, e. g., [3032])
but only few publications on the e¨ect of steam on the properties
of gaseous detonations and shock-induced ignition. The latter deal
mainly with hydrogenous mixtures [30, 3339] as well as with mixtures of carbon monoxide [30] and H2 /CO blends [40] and are mostly
related to explosion safety of nuclear reactors rather than to production of HSS. Reported in [34, 35, 38] are the results of measurements
of the detonation cell size in hydrogenairsteam mixtures. The cell
width is shown to increase with the steam concentration in the mixture. Addition of steam to the mixture signi¦cantly narrows its range
of detonability in terms of hydrogen concentration. Detonation in
the stoichiometric ternary hydrogenairsteam mixture is possible
at steam volume fraction less than about 40% [38]. The ignition
delay times of hydrogenairsteam mixtures measured in a heated
shock tube behind re§ected shock waves show a strong dependence
on steam concentration and weak in§uence of pressure [39]. According to theoretical analyses in [40], addition of CO to H2 air mixtures
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can increase their detonation sensitivity. Thus, 10% H2 air mixture
becomes detonable when 5% CO is added. Addition of steam to H2 
COair mixtures reduces their detonation sensitivity.
The objective of this work is to determine the quantitative characteristics (velocity, detonability limits, etc.) of propagating detonations and detonation products (temperature, composition, volume
fraction of HSS, etc.) of premixed ternary propaneoxygensteam and
methaneoxygensteam mixtures at normal atmospheric pressure. It
is implied that propane and methane (natural gas) could be used as
starting fuels for PDSSH with further replacement by syngas generated during municipal and industrial wastes gasi¦cation in the HSS
environment.

2

Experimental Setup

Investigations are performed on a specially designed and fabricated
experimental setup (Fig. 1). The main elements of the setup are the
PDSSH, the system for supplying combustible mixture components
(fuel gas and oxidizer), the system for heating and supplying lowtemperature (slightly above 373 K) steam to PDSSH, the measuring
system, and the control system. Propane and methane are used as
fuel gases. Technical oxygen is used as an oxidizer.
The PDSSH is a 50-millimeter diameter, 2.7-meter long round
tube with one open and one closed ends, made of steel. The open
end of the PDSSH is connected to an acoustic absorber communicating with the atmosphere. The closed end of the PDSSH is
equipped with the ports for cyclic separate supply of fuel gas and
oxygen through lines with electromagnetic solenoid valves (EMV).
Two ignition sources (standard automotive spark plugs) are mounted
downstream from the ports. The supply of fuel gas to PDSSH is controlled by one EMV, whereas the supply of oxygen is controlled by
four EMVs. The power consumption and supply voltage of EMVs are
27 W and 24 V, respectively. For reliable cyclic initiation of detonation, a 1.5-meter long Shchelkin spiral (see [28]) made of steel wire
with a diameter of 6 mm and a pitch of 50 mm is inserted into the
PDSSH. The sections of PDSSH with Shchelkin spiral are equipped
with cooling jackets and cooled with water (see Fig. 1a).
S. M. Frolov et al.
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Figure 1 Schematic (a) and photograph (b) of the experimental setup.
Dimensions are in millimeters

The fuel gas is delivered to the PDSSH from a 25-liter receiver.
Before the beginning of experiment, the receiver is ¦lled with a fuel
gas to a pressure of 0.30.4 MPa (propane) or 0.81.0 MPa (methane).
The supply pressure of fuel gas is controlled by a reducer (BPO-5-3)
and ranges from 0.02 to 0.12 MPa for propane and from 0.02
to 0.32 MPa for methane. Oxygen is delivered to the PDSSH from
a 40-liter high-pressure receiver (up to 6.0 MPa). The pressure of
oxygen supply to the PDSSH is controlled by a reducer (BKO-50)
and ranges from 0.09 to 0.2 MPa.
206
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The source of low-temperature steam delivered to the PDSSH is
a boiler with electric heaters of adjustable capacity, ¦lled with water. During the experiment, steam is delivered from the boiler to the
PDSSH through a thermally insulated line under a small overpressure (about 8 kPa) with a temperature of 375 K downstream from
the ignition sources (shown by the arrow in Fig. 1a). The steam
§ow rate is controlled by the capacity of electric heaters. A special guiding device ensures that steam is supplied only toward the
open end of the PDSSH. This ensures reliable initiation of a detonation in a fuel gas  oxygen mixture at a short distance from the
ignition sources and subsequent transmission of the detonation to
a ternary fuel gas  oxygen  steam mixture in a wide range of compositions. The feed system of ternary mixtures is set up so that
the PDSSH is ¦lled with the mixture completely. The mass §ow
rates of mixture components are varied within the following ranges:
propane (0.050.5 g/s), oxygen (0.22.0 g/s), and steam (01.5 g/s) in
propane mixtures, and methane (0.21.6 g/s), oxygen (1.26.3 g/s),
and steam (05.1 g/s) in methane mixtures, so that the fuel-to-oxygen
equivalence ratio (ER) is varied from 0.14 to 1.77 in propane mixtures and 0.3 to 1.84 in methane mixtures. The volume fraction of
steam injected into the combustible mixture, X, is varied between 0
and 0.7.
The propagation velocity of reaction fronts including DWs is measured by a set of eight ionization probes (IPs) using the methodology
described in detail in [41]. Ionization probes are installed along the
PDSSH as shown in Fig. 1a: IPs 1 to 4 are installed in the section of
PDSSH with Shchelkin spiral, whereas IPs 5 to 8 are installed in the
section of PDSSH without spiral. The reaction front velocity is determined by the distance between the IPs (measuring segments) and the
time taken for the reaction front to travel between them. The error of
reaction front velocity measurement is 100 m/s (∼ 5% at the velocity
on the level of 2000 m/s). Note that the measurements of the reaction
front velocity by IPs proved to be well consistent with measurements
based on high-frequency pressure sensors (PCB 113B24) installed in
the same measuring ports 5 to 8 in the experiments with successful
detonation initiation. However, in most of the experiments discussed
herein, expensive pressure sensors were not used due to the risk of
their failure during long-term operation within the PDSSH.
S. M. Frolov et al.
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The temperature of the PDSSH wall is controlled by a K-type
thermocouple with an error of 1%. The temperature of steam supplied
to the PDSSH is measured by the thermoresistor (TSP Pt100 type)
with an error of 0.5%. The average mass §ow rates of fuel gas and
oxygen are determined by the pressure drop in the fuel gas and oxygen
receivers at the end of the experiment after the temperature of the
receivers increases to the ambient temperature. The error in determining the average fuel-to-oxygen equivalence ratio of a combustible
mixture is estimated as 15%. The average mass §ow rate of steam
is determined based on the change in the weight of the boiler during
experiment. In preliminary experiments, the dependence of the boiler
weight change on the power of electric heaters is obtained. The error
of measurement of the steam mass §ow rate is estimated as 10%.
The experiment is fully controlled by the automatic control system. At ¦rst, the PDSSH operates in the frequency mode without
supply of low-temperature steam, so that the PDSSH walls are heated
to a temperature of about 380 K. Thereafter, low-temperature steam
is supplied to the PDSSH together with fuel gas and oxygen. From
that moment on, cycles with initiation of detonation and its propagation through the ternary mixture are counted. Each experiment
includes from 20 to 40 cycles with a pulse frequency of 0.2 Hz. The low
frequency is associated with relatively low mass §ow rates of steam
in the experiments, which imposed limitations on the mass §ow rates
of fuel gas and oxygen.

3

Results and Discussion

Figure 2 shows examples of primary records of IPs for the propagation
of DWs in the PDSSH ¦lled with the binary propaneoxygen mixture
(Fig. 2a) and the ternary mixture diluted with steam (Fig. 2b). In
the ternary mixture, the DW propagates with a lower velocity due to
dilution of the mixture by steam: the same distance from the ¦rst IP
(# 1 in Fig. 2) to the last IP (# 8) takes longer time (1 ms instead
of 0.82 ms).
In Fig. 3, solid curves with symbols show examples of changes in
the reaction front propagation velocity with the distance traveled during the transmission of DWs from the binary fuel gas  oxygen mixture
208
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Figure 2 Primary records of eight (1 to 8) IPs at detonation propagation
in binary propaneoxygen mixture (X = 0) (a) and ternary mixture with
steam (X = 0.58) dilution (b)

to the ternary fuel gas  oxygen  steam mixture at di¨erent values of
ER and X. From now on, each ¦gure contains the results for propane
and methane separately. Di¨erent symbols correspond to di¨erent cycles in the PDSSH operation. Horizontal dashed lines correspond to
the thermodynamic ChapmanJouguet (CJ) detonation velocity DCJ
in the ternary mixture predicted by the CANTERA code [42]. In all
the examples, a dip in the reaction front velocity is ¦rst observed, with
the depth and width of the dip increasing with the steam volume fraction in the ternary mixture. After the dip, the reaction front velocity
increases and attains a level close to DCJ . In Figs. 3a and 3d, there
is a small (3%4%) de¦cit in the detonation velocity as compared
with DCJ , which is explained by momentum and energy losses [43].
In Figs. 3b and 3e, the de¦cit is getting somewhat inde¦nite due
to enhanced §uctuations in the velocity of propagating detonations.
In general, the examples in Figs. 3a, 3b, 3d, and 3e demonstrate
good cycle-to-cycle reproducibility of the results with achieving a selfsustaining detonation at the last three measuring segments (56, 67,
and 78) of the PDSSH. The corresponding mode of the reaction front
propagation is treated by us as the normal detonation mode.
S. M. Frolov et al.
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Figure 3 Dynamics of detonation transmission from the binary fuel gas 
oxygen to ternary fuel gas  oxygen  steam mixture at di¨erent values of
ER and X: (a) ER = 1.0, X = 0.3; (b) ER = 1.04, X = 0.58; (c) ER
= 1.17, X = 0.62; (d ) ER = 1.22, X = 0.0; (e) ER = 1.19, X = 0.33;
(f ) ER = 1.08, X = 0.42; left column ¡ propane; and right column ¡
methane
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The examples shown in Figs. 3c and 3f correspond to the case
when cyclic instability is observed: in some random cycles, there is
a dip in the reaction front propagation velocity with the subsequent
recovery of the detonation and its propagation in the overdriven mode,
and in others, there is a progressive reduction of the propagation velocity, i. e., detonation decay. This mode of reaction front propagation
is interpreted by us as the limiting detonation mode, i. e., corresponding to the concentration limit of detonation in terms of steam content. In addition to the normal and limiting modes of detonation, the
experiments register a trivial mode with detonation decay, in which
a progressive decrease in the propagation velocity of the reaction front
is registered from cycle to cycle.
Figure 4 shows the dependences of the DW propagation velocity
on di¨erent steam contents in the ternary mixtures (X = 0, 0.3, 0.4,
0.5, and 0.6 for propane mixtures and X = 0; 0.2; 0.3; and 0.4 for
methane mixtures). From now on, the DW velocities are obtained
by averaging the values measured at the last three measuring segments 56, 67, and 78 of the PDSSH. For the sake of comparison,
the results of thermodynamic calculations are shown by curves. The
measured values of detonation velocity are seen to be generally in
reasonable agreement with the thermodynamic calculations.

Figure 4 Detonation propagation velocity as a function of ER for ternary
propane (a) and methane (b) mixtures with di¨erent steam dilution: curves
correspond to thermodynamic calculations and symbols correspond to measurements at di¨erent values of ER and X: 1 ¡ X = 0.0; 2 ¡ 0.2; 3 ¡
0.3; 4 ¡ 0.4; 5 ¡ 0.5; and 6 ¡ 0.6
S. M. Frolov et al.
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Figure 5 Detonation propagation velocity in the ternary stoichiometric
propane (a) and methane (b) mixtures diluted with steam as a function of
steam volume fraction: solid curves correspond to the thermodynamic calculation (ER = 1), symbols correspond to measurements at ER = 0.91.1
for propane and ER = 0.81.2 for methane (1 ¡ normal detonation mode;
and 2 ¡ limiting detonation mode); 3 ¡ detonation decay; and dashed
curves approximate measurements

Figure 5 shows the dependences of the measured and thermodynamic DW velocity on the steam volume fraction in the ternary
propane and methane mixtures with composition close to stoichiometric (ER ≈ 1). In the PDSSH under consideration, the limiting
volumetric content of steam in the ternary mixture (concentration
limit of detonation in terms of steam content), Xlim , is about 0.6
for propane and 0.4 for methane. When the steam volume fraction in
the triple mixture increases above Xlim , the self-sustaining detonation
becomes impossible. It should be noted that the thermodynamic calculation does not include the momentum and energy losses from the
reaction zone [43]; so, the predicted concentration limit of detonation
tends to occur at Xlim → 1.
Figure 6 shows the parametric domains of existence of cyclic detonations in the ternary propane and methane mixtures on the XER
plane. The curves separating the region ¤detonation go¥ from the
region ¤detonation no go¥ are drawn between experimental points
corresponding to the normal and limiting detonation modes. In some
cases, the limiting detonation mode is not detected in the experiment:
212
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Figure 6 Domains of detonation existence for the ternary propane (a)
and methane (a) mixtures on the XER parametric plane: 1 ¡ normal
detonation mode; 2 ¡ limiting detonation mode; and 3 ¡ detonation
decay

with a small change in X or ER, there is a transition from the normal
detonation mode to the mode with detonation decay. In these cases,
the curves in Fig. 6 are drawn between the points corresponding to
the normal detonation mode and the mode with detonation decay.
It follows from Fig. 6a that the maximum steam content (60%), at
which detonation of the ternary propane mixture is still possible, is
achieved at ER ≈ 1.05. Detonation of fuel-rich propane mixtures
with ER > 1 looks considerably less sensitive to steam dilution than
detonation of fuel-lean propane mixtures with ER < 1. Thus, the
detonation limit of fuel-lean propane mixtures with ER = 0.40.8
is reached with the addition of 30%35% steam, whereas the detonation limit of fuel-rich mixtures with ER = 1.21.7 is attained with the
addition of 45%50% steam. As for the ternary methane mixtures,
the maximum steam content (40%), at which cyclic detonations are
still possible, is also achieved at ER ≈ 1.05. Contrary to the ternary
propane mixtures, detonation of fuel-rich ternary methane mixtures
with ER > 1 looks somewhat more sensitive to steam dilution than
detonation of fuel-lean ternary methane mixtures with ER < 1. It is
important to note that for the ternary mixtures of both fuel gases,
the measured wall temperature of PDSSH in the current experiments
does not exceed 400 K.
S. M. Frolov et al.
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Reasonable agreement between the measured and calculated values of the detonation velocity obtained in Figs. 4 and 5 suggests
that the thermodynamic calculations correctly estimate the temperature and composition of detonation products obtained in the experiment. Figure 7 presents the results of thermodynamic calculations
of temperature, TCJ (Figs. 7a and 7b), and composition (Fig. 7c
and 7d ) of detonation products (at the CJ point) of ternary propane
and methane mixtures depending on ER and X. Shaded areas indicate the conditions in which the normal detonation mode has been
experimentally registered. One can see that the minimal temperature of detonation products exceeds 2900 K for ternary propane mix-

Figure

7 Temperature and composition of detonation products of
ternary propane (left column) and methane (right column) mixtures in
the CJ plane at di¨erent values of ER and X. Curves correspond to the
thermodynamic calculations. Shaded areas indicate conditions in which
the normal detonation mode is experimentally registered
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tures (see Fig. 7a) and 3200 K for ternary methane mixtures (see
Fig. 7b). The maximum volume fraction of steam in the detonation
products of the ternary stoichiometric propane mixture reaches 70%
(at X = Xlim = 0.6, see Fig. 7c). In addition to steam, the detonation products of such a mixture mainly contain CO2 (up to 12%), CO
(up to 5%), O2 (up to 3%), and H2 (up to 4%). As for the ternary
stoichiometric methane mixtures, the maximum volume fraction of
steam in its detonation products reaches 63% but at Xlim = 0.4,
while the volume fractions of CO2 , CO, O2 , and H2 attain nearly the
same values as in the ternary propane mixture (see Fig. 7d ).
The pressure in DWs is much higher than the atmospheric pressure. According to the thermodynamic calculations (Fig. 8), the pressure at the CJ point, PCJ , under experimental conditions varies from
about 1.3 to 3.2 MPa for ternary propane mixtures (Fig. 8a) and from
about 2.0 to 3.1 MPa for ternary methane mixtures (Fig. 8b). When
the detonation products expand to 0.1 MPa (i. e., when the DW exits
from the PDSSH to the atmosphere or to a waste-gasi¦cation reactor), their temperature decreases. To determine the temperature of
the detonation products after expansion, we have performed additional thermodynamic calculations.

Figure 8 Pressure of detonation products of ternary propane (a) and
methane (b) mixtures in the CJ plane at di¨erent values of ER and X.
Curves correspond to the thermodynamic calculations. Shaded areas indicate conditions in which the normal detonation mode is experimentally
registered
S. M. Frolov et al.
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Figure

9 Temperature and composition of detonation products of
ternary stoichiometric propane (left column) and methane (right column)
mixtures as functions of steam volume fraction X after isentropic expansion to 0.1 MPa: shaded areas indicate conditions in which the normal
detonation mode is experimentally registered
Figure 9 shows the predicted temperature and composition of
isentropically expanded detonation products as functions of steam
volume fraction X in the stoichiometric ternary propane (Fig. 9a) and
methane (Fig. 9b) mixtures. Again, the shaded areas indicate the conditions in which the normal detonation is experimentally registered.
An important conclusion follows from Fig. 9: within the concentration limits of detonation, the temperature of expanded detonation
products of the stoichiometric ternary propane and methane mixtures
exceeds 2250 and 2500 K, respectively. In these conditions, the detonation products of the ternary propane mixture contain mainly HSS
(about 80%) and CO2 (about 18%), whereas the detonation products
of the ternary methane mixture contain mainly HSS (about 75%) and
CO2 (about 15%) (see Figs. 9c and 9d ).
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4

Concluding Remarks

Systematic experiments to determine the concentration limits of detonation of ternary propaneoxygensteam and methaneoxygensteam
mixtures under normal atmospheric pressure are conducted. The experiments are performed in the PDSSH with multiple cyclic detonations of the ternary mixtures at variation of ER from 0.14 to 1.77
in propane mixtures and from 0.3 to 1.84 in methane mixtures, and
steam volume fraction X from 0 to 0.7. The experiments are supplemented with thermodynamic calculations for estimating the temperature and composition of detonation products. The following results
are obtained:
 three modes of reaction front propagation are experimentally
registered: normal detonation mode, limiting detonation mode,
and detonation decay;
 the parametric domains of detonation existence on the ERX
plane are determined experimentally for the ternary mixtures of
both fuels. The maximum steam content (60%), at which a detonation of a ternary propane mixture is still possible, is achieved
at ER ≈ 1.05. For the ternary propane mixtures, the detonation
of fuel-rich mixtures with ER > 1 appears to be considerably
less sensitive to steam dilution than the detonation of fuel-lean
mixtures with ER <1. As for the ternary methane mixtures,
the maximum steam content (40%), at which a ternary mixture
detonation is still possible, is also achieved at ER ≈ 1.05. Contrary to the ternary propane mixtures, detonation of fuel-rich
methane mixtures with ER > 1 appears to be somewhat more
sensitive to steam dilution than detonation of fuel-lean methane
mixtures with ER < 1;
 the measured values of the detonation velocity are generally in
reasonable agreement with thermodynamic calculations;
 in the normal detonation mode, the calculated minimal temperatures of detonation products of ternary mixtures in the
CJ plane exceed 2900 K for propane mixtures and 3200 K for
methane mixtures. The calculated volume fractions of steam,
S. M. Frolov et al.
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CO2 , CO, O2 , and H2 in the detonation products of the stoichiometric ternary mixtures at the limiting Xlim values are about
70%, 16%, 5%, and 4% for propane and 60%, 12%, 5%, and 4%
for methane mixtures, respectively;
 isentropic expansion of detonation products of the stoichiometric ternary propaneoxygensteam and methaneoxygensteam
mixtures with the limiting Xlim values (0.6 and 0.4, respectively) to the atmospheric pressure leads to their temperature
decrease to 2250 and 2500 K, respectively, and to increase in the
maximum content of HSS to about 80% and 75%, respectively;
 the measured temperature of PDSSH walls in the experiment
does not exceed 400 K. Despite this temperature increases with
the operation frequency, it will remain relatively low due to
periodic ¦lling of the PDSSH with the cool ternary gas mixture;
and
 it is expected that due to the known dependence of detonability
limits on the detonation tube diameter (the less the diameter,
the narrower the concentration limits), a PDSSH with a larger
detonation tube will exhibit wider detonability limits in terms of
ER and Xlim . The results obtained herein provide the grounds
for further scalability studies required for designing a practical
PDSSH.
Thus, cyclic detonations of ternary propaneoxygensteam and
methaneoxygensteam mixtures allow one to obtain HSS with temperatures above 2250 K at atmospheric pressure. The volumetric
content of HSS in the expanded detonation products can attain 75%
80% with the rest mostly represented by CO2 . Processing of organic
municipal and industrial wastes in such a high-temperature environment is accompanied by their pyrolysis, thermal decomposition, and
complete gasi¦cation (including pyrocarbon). As a result, a gas mixture of CO and H2 (syngas) is generated which can then be used
as a fuel gas for the PDSSH, for heat/electricity production, and as
a raw material for methanol and synthetic motor fuels. The sulfur
and chlorine containing wastes will be transformed to the corresponding liquid acids (after condensation), while solid inorganic materials
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will be transformed to the molten slag consisting of simple oxides
and salts, an excellent environmentally friendly construction material. Due to periodic ¦lling of the PDSSH with the cool ternary gas
mixture, the temperature of PDSSH walls and internal elements increases insigni¦cantly, so that conventional (not heat-resistant) construction materials can be used for its production. It is thus implied
that available propane or methane (natural gas) could be used in this
waste processing process as starting fuels for PDSSH with further replacement by syngas generated during organic wastes gasi¦cation in
the HSS environment.
Further work will be focused on replacing oxygen with air or
oxygen-enriched air and on combining the PDSSH with a reactor for
processing municipal and industrial wastes.

Acknowledgments
A part of this work is supported by the subsidy given to the Federal
State Institution ¤Scienti¦c Research Institute for System Analysis of
the Russian Academy of Sciences¥ to implement the state assignment
on the topic No. 065-2019-0005 ¤Mathematical modeling of dynamic
processes in deformed and reactive media using multiprocessor computational systems¥ (Registration No. AAAA-A19-119011590092-6).

References
1. Werther, J., and T. Ogada. 1999. Sewage sludge combustion. Prog.
Energ. Combust. 25(1):55116.
2. Demirbas, A. 2004. Combustion characteristics of di¨erent biomass
fuels. Prog. Energ. Combust. 30(2):219230. doi: 10.1016/j.pecs.
2003.10.004.
3. Tame, N. W., B. Z. Dlugogorski, and E. M. Kennedy. 2007. Formation of dioxins and furans during combustion of treated wood.
Prog. Energ. Combust. 33(4):384408. doi: 10.1016/j.pecs.2007.01.
001.
4. Williams, A., J. M. Jones, L. Ma, and M. Pourkashanian. 2012. Pollutants from the combustion of solid biomass fuels. Prog. Energ. Combust. 38(2):113137. doi: 10.1016/j.pecs.2011.10.001.
5. Saxena, S. C., and C. K. Jotshi. 1996. Management and combustion of
hazardous wastes. Prog. Energ. Combust. 22(5):401425.
S. M. Frolov et al.

219

DETONATION: LATEST ACCOMPLISHMENTS

6. Ahrenfeldt, J., T. P. Thomsen, U. Henriksen, and L. R. Clausen. 2013.
Biomass gasi¦cation cogeneration ¡ a review of state-of-the-art technology and near future perspectives. Appl. Therm. Eng. 50:14071417.
doi: 10.1016/j.applthermaleng.2011.12.040.
7. Ismail, T. M., and M. A. El-Salam. 2017. Parametric studies on
biomass gasi¦cation process on updraft gasi¦er high temperature
air gasi¦cation. Appl. Therm. Eng. 112:14601473. doi: 10.1016/
j.applthermaleng.2016.10.026.
8. Bartocci, P., M. Zampilli, G. Bidini, and F. Fantozzi. 2018. Hydrogenrich gas production through steam gasi¦cation of charcoal pellet. Appl.
Therm. Eng. 132:817823. doi: 10.1016/j.applthermaleng.2018.01.016.
9. Wang, G., J. Zhang, X. Huang, X. Liang, X. Ning, and R. Li. 2018.
Co-gasi¦cation of petroleum coke-biomass blended char with steam at
temperatures of 11731373 K. Appl. Therm. Eng. 137:678688. doi:
10.1016/j.applthermaleng.2018.04.026.
10. Wu, H., Q. Liu, Z. Bai, G. Xie, J. Zheng, and B. Su. 2020. Thermodynamics analysis of a novel steam/air biomass gasi¦cation combined
cooling, heating and power system with solar energy. Appl. Therm.
Eng. 164:114494. doi: 10.1016/j.applthermaleng.2019.114494.
11. Klass, D. L. 1998. Biomass for renewable energy fuels and chemicals.
San Diego, CA: Academic Press. 651 p.
12. Quaak, P., H. Knoef, and H. Stassen. 1999. Energy from biomass ¡
a review of combustion and gasi¦cation technologies. Washington, DC.
The World Bank Technical Paper No. 422.
13. Santoleri, J. J., J. Reynolds, and L. Theodore. 2000. Introduction to
hazardous waste incineration. 2nd ed. New York, NY: Wiley. 656 p.
14. Darivakis, G. S., J. B. Howard, and W. A. Peters. 1990. Release rates
of condensables and total volatiles from rapid devolatilization of
polyethylene and polystyrene. Combust. Sci. Technol. 74:267281. doi:
10.1080/00102209008951692.
15. Simon, C. M., W. Kaminsky, and B. Schlesselmann. 1996. Pyrolysis of
polyole¦ns with steam to yield ole¦ns. J. Anal. Appl. Pyrol. 38:7587.
doi: 10.1016/S0165-2370(96)00950-3.
16. Demirbas, A. 2004. Pyrolysis of municipal plastic wastes for recovery
of gasoline range hydrocarbons. J. Anal. Appl. Pyrol. 72:97102. doi:
10.1016/j.jaap.2004.03.001.
17. Scheirs, J., and W. Kaminsky, eds. 2006. Feedstock recycling and pyrolysis of waste plastics: Converting waste plastic into diesel and other
fuels. Wiley ser. in polymer. Hoboken, NJ: Wiley. 816 p.
220

S. M. Frolov et al.

Pulsed and Continuous Detonations

18. Ki-Bum, P., J. Yong-Seong, G. Begum, and K. JooSik. 2019. Characteristics of a new type continuous two-stage pyrolysis of waste polyethylene. Energy 166:343351. doi: 10.1016/j.energy.2018.10.078.
19. Chen, Z., X. Zhang, L. Gao, and S. Li. 2017. Thermal analysis of supercritical water gasi¦cation of coal for power generation
with partial heat recovery. Appl. Therm. Eng. 111:12871295. doi:
10.1016/j.applthermaleng.2016.10.110.
20. Rauch, R., J. Hrbek, and H. Hofbauer. 2014. Biomass gasi¦cation for
synthesis gas production and applications of syngas. WIREs Energy
Environ. 3:343362.
21. Zheng, X., Z. Ying, B. Wang, and C. Chen. 2018. Hydrogen and
syngas production from municipal solid waste (MSW) gasi¦cation
via reusing CO2 . Appl. Therm. Eng. 144:242247. doi: 10.1016/
j.applthermaleng.2018.08.058.
22. Ma, W., T. Wenga, F. J. Frandsen, B. Yan, and G. Chen. 2020. The fate
of chlorine during MSW incineration: Vaporization, transformation,
deposition, corrosion and remedies. Prog. Energ. Combust. 76:100789.
doi: 10.1016/j.pecs.2019.100789.
23. Bebelin, I. N., A. G. Volkov, A. N. Gryaznov, and S. P. Malyshenko.
1997. Development and research of an experimental hydrogenoxygen
steam generator with a capacity of 10 MW(t). Therm. Eng. 8:4852.
24. Sariev, V. N., V. A. Veretennikov, and V. V. Troyachenko. 12.08.2016.
System of complex recycling of solid domestic and industrial waste.
Patent of Russian Federation No. 2648737 dated 28.03.2018.
25. Frolov, S. M., V. A. Smetanyuk, K. A. Avdeev, and S. A. Nabatnikov.
26.02.2018. Method for obtaining highly overheated steam and detonation steam generator device (options). Patent of Russian Federation
No. 2686138 dated 24.04.2019.
26. Frolov, S. M., V. A. Smetanyuk, and S. A. Nabatnikov. 24.05.2018.
Method of gasi¦cation of coal in a highly overheated water vapor and device for its implementation. Patent of Russian Federation
No. 2683751 dated 01.04.2019.
27. Frolov, S. M., V. A. Smetanyuk, I. O. Shamshin, A. S. Koval£,
F. S. Frolov, and S. A. Nabatnikov. 2020. Cyclic detonation of the
ternary gas mixture propaneoxygensteam for producing highly superheated steam. Dokl. Phys. Chem. 490(2):1417. doi: 10.1134/
S0012501620020025.
28. Roy, G. D., S. M. Frolov, A A. Borisov, and D. W. Netzer. 2004.
Pulse detonation propulsion: Challenges, current status, and fuS. M. Frolov et al.

221

DETONATION: LATEST ACCOMPLISHMENTS

ture perspective. Prog. Energ. Combust. 30(6):545672. doi: 10.1016/
j.pecs.2004.05.001.
29. Frolov, S. M., V. S. Aksenov, K. A. Avdeev, A. A. Borisov, V. S. Ivanov,
A. S. Koval£, S. N. Medvedev, V. A. Smetanyuk, F. S. Frolov, and
I. O. Shamshin. 2013. Teplovye ispytaniya impul£sno-detonatsionnoy
gazovoy gorelki bez prinuditel£nogo okhlazhdenya [Thermal testing of
a pulsed detonation burner without forces cooling]. Goren. Vzryv
(Mosk.) ¡ Combustion and Explosion 6:98103.
30. Lewis, B., and G. Elbe. 1987. Combustion, §ames and explosions in
gases. 3rd ed. Academic Press. 739 p.
31. Mazas, A. N., B. Fiorina, D. A. Lacoste, and T. Schuller. 2011. Effects of water vapor addition on the laminar burning velocity of
oxygen-enriched methane §ames. Combust. Flame 158:24282440.
doi:10.1016/j.combust§ame.2011.05.014.
32. Grosseuvres, R., A. Comandini, A. Bentaib, and N. Chaumeix. 2019.
Combustion properties of H2 /N2 /O2 /steam mixtures. P. Combust.
Inst. 37(2):15371546. doi: 10.1016/j.proci.2018.06.082.
33. Adler, L. B., and J. A. Luker. 1959. Detonation overpressure in saturated knallgassteam mixtures. Combust. Flame 3:157167.
34. Adler, L. B., E. C. Hobaica, and J. A. Luker. 1959. The e¨ect of external factors on the formation of detonation in saturated knallgas-steam
mixtures. Combust. Flame 3:481493.
35. Kumar, R. K. 1990. Detonation cell widths in hydrogenoxygendiluent
mixtures. Combust. Flame 80:157169.
36. Ciccarelli, G., T. Ginsberg, J. Boccio, C. Economos, and M. Kinoshita.
1994. Detonation cell size measurements and predictions in hydrogen
airsteam mixtures at elevated temperatures. Combust. Flame 99:212
220.
37. Chan, C. K., and W. A. Dewit. 1996. De§agration to detonation transition in end gases. 26th Symposium (International) on Combustion
Proceedings. Pittsburgh, PA: The Combustion Institute. 2679 2684.
38. Breitung, W., C. Chan, S. Dorofeev, A. Eder, B. Gelfand, M. Heitsch,
R. Klein, A. Malliakos, E. Shepherd, E. Studer, and P. Thibault. August 7, 2000. Flame acceleration and de§agration-to-detonation transition in nuclear safety. Nuclear Safety NEA/CSNI/R.
39. Wang, B. L., H. Olivier, and H. Groenig. 2003. Ignition of shockheated H2 airsteam mixtures. Combust. Flame 133(1-2):93106. doi:
10.1016/S0010-2180(02)00552-7.
222

S. M. Frolov et al.

Pulsed and Continuous Detonations

40. Kumar, R. K., G. W. Koroll, M. Heitsch, and E. Studer. 2000. Carbon monoxide  hydrogen combustion characteristics in severe accident
containment conditions. NEA/CSNI/R(2000)10.
41. Frolov, S. M., V. S. Aksenov, A. V. Dubrovskii, A. E. Zangiev,
V. S. Ivanov, S. N. Medvedev, and I. O. Shamshin. 2015. Chemiionization and acoustic diagnostics of the process in continuous- and
pulse-detonation combustors. Dokl. Phys. Chem. 465(1):273278. doi:
10.1134/S0012501620020025.
42. Cantera. Available at: www.cantera.org (accessed December 3, 2020).
43. Zel£dovich, Ya. B., and A. S. Kompaneets. 1955. Teoriya detonatsii
[Theory of detonation]. Moscow: Gostekhteorizdat Publ. 268 p.

S. M. Frolov et al.

223

