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Abstract—It is well known that the propagation of traditional combustion and detonation waves was deter-
mined by the branched chain reactions discovered by Academician N.N. Semenov. This article discusses a
new type of detonation waves initiated by chemical condensation processes. Chemical condensation waves
arise as a result of the heat released during the explosive condensation of a highly supersaturated carbon vapor
formed as a result of the dissociation of the initial carbon-containing molecules behind the front of the initi-
ating shock wave. Unlike traditional combustion and detonation waves, the mechanism of chemical conden-
sation does not include branched chain reactions; nevertheless, the laws of propagation of detonation waves
of condensation are clearly described by the Zel’dovich—Neumann—Doring theory.
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INTRODUCTION

The overwhelming part of the energy consumed by
mankind is produced as a result of the combustion
processes of hydrocarbon fuels, which are based on the
discovered by Academician N.N. Semenov’s mecha-
nisms of branched chain reactions leading to an ava-
lanche-like development of ignition and the formation
of deflagration and detonation waves [1]. Interest in
these complex physicochemical phenomena based on
the interaction of chemical, thermodynamic, and gas-
dynamic processes is steadily increasing both from a
fundamental and from an applied point of view. In
addition to an in-depth study of the multisided aspects
of combustion, the search for new physical mecha-
nisms capable of initiating energy release waves and
opening up opportunities for the development of new,
more environmentally friendly energy cycles is highly
relevant.

From this point of view, the mechanism of the ini-
tiation of self-sustaining waves of condensation, which
is known to be characterized by significant heat
release, may be of particular interest. From a practical
point of view, heat release during condensation can
make a certain contribution to the combustion and
detonation of gaseous hydrocarbons, which prevail in
practice and nature, since most of these processes are
accompanied by the formation of condensed carbon
particles [2—4]. It is well known that the heat of con-
densation of carbon vapor into graphite is about

720 kJ/mol; therefore, it naturally raises the question
arises on the role of this energy in the development of
combustion waves and detonation of hydrocarbons.
Furthermore, if this energy is so great, is it possible to
generate a wave supported only by the heat released
from condensation? At first glance, the answer to this
question should most likely be negative: unlike igni-
tion reactions, the condensation process does not
accelerate with increasing temperature, there are no
branched chain mechanisms, and the growth of con-
densed particles may require millions of collisions.
The so-called condensation shock described by Lan-
dau [5] is known from the literature; it arises during
the sharp expansion and cooling of vapor in a super-
sonic jet. However, as Landau noted, with all its for-
mal resemblance to a detonation wave, this shock does
not transform the flow from supersonic to subsonic,
and therefore the shock wave is not supported by heat
release during condensation.

Moreover, if we consider a certain volume filled
with supersaturated vapor, then it is impossible to for-
mulate conditions for the propagation of a condensa-
tion wave. Indeed, if spontaneous condensation
occurs at some point of this volume, then it can only
lead to a decrease in pressure, and an increase in tem-
perature due to the release of the heat from condensa-
tion at this point will lower the degree of supersatura-
tion and, thus, slow down the rate of condensation.
Therefore, the conditions necessary for the formation
and propagation of a detonation wave do not arise: an
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increase in pressure and an increase in the speed of
sound due to exothermic reactions (in classical deto-
nation, during the oxidation of a combustible gas).

However, a more detailed analysis of this problem
allowed the authors to formulate the conditions for the
emergence of a self-sustained condensation wave. The
main condition should be that the supersaturated
vapor should be formed directly as a result of rapid
chemical reactions of the decomposition of the initial
gaseous substance in the wave front. Thus, the wave
itself should initiate the formation of a highly super-
saturated vapor and its subsequent immediate con-
densation, accompanied by a significant evolution of
heat. This set of processes, in contrast to the well-
known physical condensation, was called chemical
condensation by the authors. Indeed, in such a situa-
tion, the process of vapor formation due to the disso-
ciation of the initial molecules will exponentially
accelerate with increasing temperature, and the subse-
quent exothermic recombination condensation reac-
tions will provide a rapid and intense heat release. Of
course, this initial substance must be exothermic, i.e.,
the integral process of its pyrolysis and the subsequent
formation of the condensed phase should have a posi-
tive heat balance. The best known compound of this
type is acetylene. During the pyrolysis of acetylene,
graphitized soot and molecular hydrogen are formed
and a significant amount of energy is released:

C,H, — H, + Graphite + 227 kJ/mol. @9

The process of the appearance of deflagration and
detonation waves during the self-decomposition of
acetylene was first observed at the end of the 19th cen-
tury by Berthelot and Le Chatelier [6]. Since then, this
process has, of course, been investigated by a large
number of authors. However, it was rather difficult to
quantify the contribution of condensation energy to
the formation of deflagration and detonation waves in
this process due to the presence of a large number of
complex intermediate reactions of the growth of poly-
atomic hydrocarbons that precede the formation of
condensed carbon particles. Therefore, the authors of
this article set themselves the task of studying the fun-
damental possibilities of the emergence and propaga-
tion of a chemical condensation wave and determining
its quantitative characteristics.

In order to directly observe the appearance of a wave
of chemical condensation, the authors used another,
rather unique substance, carbon suboxide C;0,. The
latter is a very unstable volatile compound, the mole-
cules of which, when heated to 1400—1600 K, rapidly
decompose, forming a carbon atom and two CO mole-
cules. The resulting highly supersaturated carbon vapor
immediately begins to condense in the form of clusters
and nanoparticles. The thermal decomposition of car-
bon suboxide in shock waves and the subsequent forma-
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tion of condensed carbon nanoparticles were studied in
[7—11]. The integral heat balance of the conversion of
carbon suboxide into condensed carbon and CO is also
significantly positive, although somewhat lower than
that of acetylene [8]:

C;0, — 2CO + Graphite + 142 kJ/mol. 2)

However, the fundamental difference between the
condensation process during the pyrolysis of carbon
suboxide from the pyrolysis of any hydrocarbons is
that carbon atoms and clusters are direct products of
the dissociation of C;0,, while in the pyrolysis of
hydrocarbons, the formation of condensed carbon
nanoparticles proceeds through the sequential growth
of polyhydrocarbon compounds with a decrease in the
content of hydrogen atoms. Another important feature
of carbon suboxide pyrolysis is that the rate-limiting
stage (bottleneck) of the entire process, up to the for-
mation of condensed particles, is the reaction of car-
bon vapor formation, the rate of which exponentially
increases with increasing temperature [7].

Thus, this rather unique exothermic carbon com-
pound, which does not contain hydrogen, turned out
to be the ideal model substance for studying the prob-
lem of the appearance and propagation of a chemical
condensation wave.

EXPERIMENTAL

The experiments were carried out behind shock
waves in mixtures of carbon suboxide with argon con-
taining 10—30% C;0, [12—15]. The temperature and
pressure behind the reflected shock wave before chemi-
cal transformations (the so-called frozen parameters)
were in the ranges 1400—2000 K and 4—9 bar, respec-
tively. The actual pressure and velocity of the shock
wave were measured by several piezoelectric sensors
installed at distances from 0 to 300 mm from the end
of the shock tube. In addition, the radiation intensity
in the range A = (633 = 10) nm and the extinction of
the laser beam, reflecting the formation of condensed
particles, were recorded through various observation
windows. Figure 1 shows several examples of the
experimental signals. Figure 1A shows the propagation
of a shock wave in a mixture of 10% C;0, + 90% Ar
when the frozen temperature behind the wave is T5 =
1390 K, and the measured wave velocity is V5 =920 m/s.
At this relatively low temperature, the chemical trans-
formations of C;0, during measurements are insignif-
icant [8, 9] and the shock wave propagates with con-
stant velocity and pressure, while radiation and extinc-
tion are absent, except for a sharp schlieren signal at
the moment of the passage of the shock front.

Figure 1B presents the experimental graphs
observed in the same mixture, 10% C;0, + 90% Ar,
Vol. 15
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Fig. 1. Schematic of shock tube and measuring windows, as well as time pressure profiles (a), radiation at 633 nm (b), and atten-
uation of laser radiation—extinction (c) measured behind shock waves in mixtures C;0, + Ar at different distances (70, 140, and
295 mm) from the end of the shock tube. Mixtures and frozen temperatures 75 behind the wave near the end: (A) 10% C;0, +
Ar, Ts = 1390 K; (B) 10% C30, + Ar, T5 = 1620 K; (C) 20% C;30, + Ar, T5 = 1440 K. Figures on charts b and ¢ (case c¢) show

the characteristic rise time of the extinction.

when the velocity of the reflected shockwave was V5 =
1040 m/s, and the frozen temperature was 75 = 1620 K.
At this temperature, the process of the decomposition
of C;0, and the formation of carbon particles pro-
ceeds quite efficiently, and it can be seen that immedi-
ately after reaching the calculated pressure values
behind the shock wave front, P; = 4.5 bar (dashed
line), an additional increase in pressure is observed,
which reaches about 6 bar. Further propagation of the
shock wave is characterized by a noticeable increase in
its velocity up to V., = 1290 m/s and the appearance
of a sharp pressure peak immediately behind the front.
These processes are accompanied by an increase in
radiation peaks, which indicate a significant increase
in temperature in a narrow zone behind the wave
front. The bottom row of records shows an increase in
extinction, reflecting the formation of condensed par-
ticles. Obviously, the condensation process also accel-
erates as the shock wave propagates.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 15

In mixtures containing 20% C;0, (Fig. 1C), a
much faster and more intense acceleration of the
shock wave from V5 = 1090 m/s to V,,, = 1490 m/s,
accompanied by the formation of sharp peaks of pres-
sure and radiation, as well as abrupt condensation, was
observed. It should be noted that the pressure and
radiation profiles shown in Fig. 1C are quite typical for
gas detonation waves [2, 16, 17]. For the subsequent
series of experiments aimed at the continuous registra-
tion of the shock wave propagation process, the tube
was equipped with a special additional section with
two rectangular sapphire windows of 160 mm X 5 mm,
the edge of which was located at a distance of 25 mm
from the end of the pipe. Time-resolved images of
radiation behind the shock wave in the wavelength range
of 300 to 800 nm were recorded through these windows
using an ICCD camera (StreakStar II, LaVision
GmbH). In addition, through the same windows at
different distances from the end of the tube, the
extinction of laser radiation was recorded at a wave-
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Fig. 2. Diagram of an additional section of a shock tube and multichannel diagnostics of detonation formation behind a reflected
shock wave (RSW) using pressure sensors (PS1—PS4), time scale of radiation using rectangular sapphire windows (W) and an
ICCD camera (CC), as well as measurements of laser extinction and intrinsic radiation of the flow using a continuous helium-
neon laser (L), a system of mirrors (M), and a photomultiplier (PMT1—-PMT4).

length of A = 633 nm, reflecting the formation of con-
densed particles. Figure 2 shows a diagram of the
experimental setup and the main diagnostic methods.

Figure 3 shows the time base of the radiation inten-
sity behind shock waves in mixtures of carbon subox-
ide with argon, initially containing 10, 20, and 30%
C;0,. The frozen temperatures behind the front of the
reflected shock wave are in all cases so low that the
radiation of the mixture before the heat release could
not be detected. In the case of a 10% mixture, the most
vivid picture of the gradual development of a detona-
tion-like structure is observed. It is clearly seen how
the condensation wave accompanied by radiation
overtakes the shock front in the region of the middle of
the window and accelerates the shock wave from V5 =
1050 to 1300 m/s. In a mixture containing 20% C,0,,
despite the lower frozen temperature, the condensa-
tion wave reaches the shock front much earlier. Imme-
diately after this, a bright emission peak is formed at
the front, and then a stable shock wave velocity of
~1500 m/s is observed (at the initial value V5= 1050 m/s).

In the mixture with 30% C,0,, the most surprising
behavior of the shock wave is observed: at first it accel-
erates from V5= 1100 to 1600 m/s and then decelerates
to 1300 m/s. The reason for this nonmonotonic behav-
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ior of the detonation condensation wave with the
increasing intensity of the initiating shock wave lies in
the fundamental difference between the condensation
kinetics and the kinetics of combustion processes.
With an increase in temperature and as it approaches
to the temperatures of the phase transition (sublima-
tion) of the forming nanoparticles, the effective rate of
their condensation inevitably decreases and at certain
temperatures becomes lower than the rate of their
decay (disintegration) [10, 18].

ANALYSIS OF THE OBTAINED RESULTS

The efficiency of the contribution of the condensa-
tion energy to the dynamics of the initiating shock
wave strongly depends on the real time of the growth
of the particles to their final size. This time can be
qualitatively estimated from the extinction profiles
shown in Fig. 1c (B, C). It can be seen that, with an
increase in the shock wave intensity (and an increase in
temperature), this time decreases from 80 to 10 ps. It is
important to note again that the reason for the appar-
ent acceleration of condensation with increasing tem-
perature is that the limiting stage that determines the
rate of the entire process is the dissociation reaction of
carbon suboxide C;0, — CO + C,0 with a constant
Vol. 15
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Fig. 3. Time scale of the radiation intensity and cross section at its maximum values behind the shock front in mixtures initially
containing 10 (a), 20 (b) and 30% (c) C50; in Ar. The initial pressure behind the front of the reflected shock wave in all experi-

ments was (6 £ 1) atm; 75 = 1650 (a), 1530 (b), and 1490 K (c).

rate ky =2 % 10Bexp (—107207) cm?® mole~' s~! [7]; all
the other reactions proceed faster. It was shown in the
experiments [19] that up to temperatures 7' = 2200 K,
the effective particle growth rate constant practically
coincides with k4. However, this behavior of the pro-
cess is realized until the reverse reactions of the
decomposition of clusters and nanoparticles come
into play due to an increase in temperature. It was
shown in [9, 10] that as the temperature behind the
shock wave increases to 2800—3000 K, the rate of par-
ticle formation slows down. At 7= 3000 K, the total
time of particle growth is more than 100 us, and at 7=
3400 K the rate of the decay (evaporation) of the par-
ticles is higher than the rate of their formation [10].
Consequently, it is obvious that, in contrast to the
classical detonation, supported by combustion pro-
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cesses, this phenomenon should have an extremum in
temperature, depending on the integral heat release,
and the process should become self-decaying upon
excessive overheating.

This reasoning is clearly illustrated in Fig. 4 com-
paring the observed parameters of the shock wave with
the behavior of the Hugoniot adiabats [20, 21] for the
initial mixtures (curves /) and for mixtures after con-
densation (curves II). The straight lines 2—5 corre-
spond to the calculated velocity of the reflected shock
wave. Points 6 and rays 2—6 show the experimentally
measured pressure maximums and the velocity of the
accelerated wave front. Points P, show the steady-state
pressure values, and points C—J demonstrate the Chap-
man—Jouguet detonation parameters calculated in the
one-dimensional approximation [21].
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Fig. 3. (Contd.).

It can be seen that in a mixture of 10% C;0, + Ar
(Fig. 4a), ray 2—6 crosses adiabat /] at markedly lower
pressures than P,,,, and the measured wave velocity is
slightly higher than the Chapman—Jouguet velocity
(tangential to curve I/ from point 2). This behavior of
the wave can be caused by insufficient heat release, in
which case the wave propagation continues to be sup-
ported by the pressure of the gas compressed at the end
of the tube behind its front. This flow mode is com-
monly referred to as over-compressed detonation.

In a mixture of 20% C,0, + Ar (Fig. 4b) there is a
very good agreement between the measured and cal-
culated values of the pressure and wave velocity.
Under these conditions, the calculated temperature
behind the detonation front is 2460 K, which, accord-
ing to [10, 22—24], corresponds to almost the maxi-

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

mum condensation rate. This fact is clearly demon-
strated by the extinction profile in Fig. 1c.

In a richer mixture of 30% C;0, + Ar (Fig. 4c), the
measured values of pressure and wave velocity lie
below the calculated values of the detonation parame-
ters. This can be explained by the excessive heat
release, leading to incomplete condensation when the
temperature rises above 2800 K. At these tempera-
tures, particle decay processes begin to play a role,
slowing the effective condensation rate. As a result, the
condensation energy cannot be completely transferred
to the wave dynamics, and the so-called damped,
under-compressed detonation mode is observed.

Thus, the studies have shown quite convincingly
that there are conditions under which a detonation
wave is formed and maintained exclusively due to the
Vol. 15
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condensation energy of carbon nanoparticles. Based
on the results of these studies, it can be argued quite
definitely that the mechanism for the occurrence of
deflagration and detonation waves, which are repeat-
edly observed in acetylene, is also based on the phe-
nomenon of chemical condensation.

CONCLUSIONS

In the studies carried out, a new physical phenom-
enon was observed: the formation of a detonation
wave, supported exclusively by the condensation
energy of a highly supersaturated carbon vapor formed
during the dissociation of carbon-containing mole-
cules directly behind the front of the initiating shock
wave. This type of condensation has been called
chemical condensation. It is important to note here
that, despite the fundamental difference between the
kinetics of chemical condensation and the traditional
kinetic mechanisms of ignition and detonation, i.e.,
the absence of branched chain reactions, the thermo-
dynamics and gas dynamics of the detonation wave of
chemical condensation completely obey the same laws
and are fairly well described in the one-dimensional
Zeldovich—Neumann—Doring theory, and the
parameters of the steady-state detonation wave coin-
cide well with the Chapman—Jouguet parameters.

Another important feature of the chemical con-
densation wave, which opens up interesting prospects
for the practical use of this process, is that, in contrast
to the classical combustion and detonation of hydro-
carbon fuels based on oxidation reactions, this process
is completely anoxic and its products do not contain
carbon oxides. Thus, it can be used as the base for the
development of a fundamentally new and environ-
mentally friendly energy cycle.
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