RAPID COMMUNICATIONS

PHYSICAL REVIEW E 79, 035303(R) (2009)

Detonation wave driven by condensation of supersaturated carbon vapor
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An experimental observation of a detonation wave driven by the energy of condensation of supersaturated
carbon vapor is reported. The carbon vapor was formed by the thermal decay of unstable carbon suboxide
C50, behind shock waves in mixtures containing 10-30% C30, in Ar. In the mixture 10% C;0,+Ar the
insufficient heat release resulted in a regime of overdriven detonation. In the mixture 20% C50,+ Ar measured
values of the pressure and wave velocity coincident with calculated Chapman-Jouguet parameters were at-
tained. In the richest mixture 30% C3;0,+Ar an excess heat release caused the slowing down of the conden-
sation rate and the regime of underdriven detonation was observed.
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Lately there has been a renewed interest in detonation
problems. This phenomenon, studied already for more than a
century [1], still has many unanswered questions [2,3]. In
addition to the classical detonation, initiated by exothermic
reactions in fuels and explosives, the formation of “light-
detonation waves,” generated by the impact of laser radia-
tion, was recently predicted [4] and observed [5]. Among the
applications (besides the constantly growing importance of
safety) is the extremely active research area of pulse detona-
tion engines, which could be a more effective energy con-
verter than traditional combustion engines [3]. Finally, one
more rather promising application of a detonation is the syn-
thesis of nanodiamonds [6] and other types of nanoparticles
[7]. Therefore a search for new physical mechanisms capable
of initiating a detonation is a quite topical problem.

One such mechanism is the process of condensation, ac-
companied by the essential heat release. From the practical
point of view, this mechanism can contribute to detonation of
gaseous hydrocarbons, predominant in practice and in nature,
since most of these processes are accompanied by the forma-
tion of condensed carbon particles [1,6]. Very recently a
study of the process of carbon cluster formation in detona-
tion waves in various gas mixtures was published [7]; how-
ever, the quantitative contribution of condensation energy to
a detonation wave has not been investigated hitherto to our
knowledge. On the other hand, the discovery of the condi-
tions for the generation of a detonation wave driven only by
the heat release of condensation is intriguing.

Recently [8], the phenomenon of considerable heating of
a reacting mixture, caused by the condensation of carbon
vapor formed during the shock wave pyrolysis of carbon
suboxide C;0,, was observed. Carbon suboxide is a rather
unstable volatile compound and under heating up to
1400-1600 K its molecules decompose to a carbon atom
and two CO molecules. The complete transformation

C30, — CO + carbon nanoparticles

in mixtures containing only 3% C;30, in Ar resulted in a
temperature rise of 300 K [8]. Estimations have shown that

*eremin @ihed.ras.ru

1539-3755/2009/79(3)/035303(4)

035303-1

PACS number(s): 47.70.Nd, 82.33.Vx, 82.40.Fp

the observed heat release (~120 kJ/mol) is rather high and
comparable with the combustion of hydrogen-air mixtures
(~140 kJ/mol). An important peculiarity of this process is
that the limiting pathway for condensed particle growth is
the reaction of carbon vapor formation, exponentially accel-
erating with temperature [8,9]. At temperatures between
1800 and 2500 K and pressures between 3 and 30 bar, a
stage of cluster growth up to the sizes 103—10* atoms, which
is accompanied by active heat release, lasts for approxi-
mately 1-10 us. Therefore one can assume that at appropri-
ate conditions the process of energy liberation can proceed in
a heat explosion regime and form a self-sustaining detona-
tion wave.

Another important property of the process of C;0, de-
composition and consequent carbon condensation is the total
absence of secondary gaseous reactions. (Only CO remains
in the system, which is chemically stable for 7<4000 K.)
This fact presents the opportunity to perform a reliable
analysis of the relationship between cluster growth and heat
release behind shock waves of various intensities.

This Rapid Communication presents an experimental ob-
servation of the influence of supersaturated carbon vapor
condensation (formed behind shock waves in the mixtures
C;0,+Ar) on the process of shock wave propagation and
formation of a detonation wave of condensation.

Experiments were performed behind reflected shock
waves in a shock tube of 70 mm inner diameter in mixtures
initially containing 10-30 % C;0, in Ar. The temperature
and pressure behind the reflected shock wave before chemi-
cal transformations (“frozen” parameters) were in the range
1400-2000 K and 4-9 bar. The actual pressure and shock
wave velocity were measured by several piezogauges in-
stalled at various distances 0—300 mm from the end plate of
the shock tube. In addition, the radiation intensity at A
=633+ 10 nm and laser light attenuation (or extinction), de-
picting the condensed particle formation, were recorded at
various measurement windows. Figure 1 shows several
sample experimental traces. Figure 1(A) shows the propaga-
tion of a shock wave in the mixture 10% C;0,+90% Ar,
when the frozen temperature behind the wave is T
=1390 K. At this relatively low temperature the chemical
transformation of C;0, during the residence time is negli-
gible [9] and the shock wave demonstrates a steady velocity
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FIG. 1. Schematic of shock tube and measurement windows and the time profiles of pressure (a), radiation at 633 nm (b) and laser light
attenuation (extinction) (c), measured behind shock waves in the mixtures C30,+Ar at various distances (70, 140, and 295 mm) from
the end plate of shock tube. Mixtures and frozen temperatures 75 behind the wave near end plate: (A) the 10% C30,+Ar, T5s=1390 K;
(B) 10% C50,+Ar, T5s=1620 K; (C) 20% C30,+Ar, T5=1440 K. Embedded values in plots (Bc) and (Cc) show the characteristic time of

extinction increase.

(V5=920 m/s) and pressure. No radiation or extinction (ex-
cept for the sharp schlieren signal at the moment of shock
front passage) is observed. Figure 1(B) represents experi-
mental plots, observed in the same mixture 10% C;0,
+90% Ar, when the calculated velocity of the reflected shock
wave was Vs=1040 m/s and the frozen temperature was
higher (T5=1620 K). At this temperature the process of
C;0, decomposition and carbon particle formation proceeds
quite effectively, and one can see that immediately after
achievement of the calculated values of pressure behind the
shock wave front (Ps=4.5 bar, dashed line) an additional
pressure rise up to about 6 bar is observed. Further propaga-
tion of the shock wave is characterized by the noticeable
increase of its velocity up to Ve,=1290 m/s and appearance
of a sharp pressure peak just behind the front. These pro-
cesses are accompanied by the rise of radiation peaks testi-
fying to a temperature increase in the narrow zone behind the
wave front. The lower row of records demonstrates the rise
of extinction, reflecting the formation of condensed particles.
Obviously the condensation process is also accelerating with
the propagation of the wave.

In the mixtures containing 20% C;0, [Fig. 1(C)] a much
faster and more intensive acceleration of the shock wave
from V5=1090 m/s up to V., =1490 m/s, accompanied by
the formation of sharp peaks of pressure and radiation as
well as stepwise condensation, has been observed. The pro-
files of pressure and radiation, shown in Fig. 1(C), are quite
typical for gaseous detonation waves [1,2].

In Fig. 2 the temperature dependence of the shock wave
velocity measured in the mixture 10% C3;0,+Ar at 195 mm
from the end plate of the shock tube is compared with the

computed values for frozen conditions. The acceleration of
the shock wave starts at temperatures above 1500 K, corre-
sponding to onset of the thermal decomposition of C;0, [9].
At temperatures above 2500 K the velocity difference comes
to a maximum, indicating the entire input of the condensa-
tion energy to the dynamics of the shock wave. Note that the
control experiments in nonreacting mixtures showed a very
good agreement between the calculated and measured veloci-
ties of the reflected shock wave (AV/V<0.01).

Condensed carbon nanoparticles formed behind the wave
were analyzed using x-ray spectroscopy and electron micros-
copy. Particles consist of pure carbon, have the structure of
amorphous graphite, and look like spheres with an average
size ~15-30 nm (see Fig. 3).

To analyze the observed phenomena, recent data on the
heat release of carbon particle formation during the thermal
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FIG. 2. Comparison of shock wave velocity V., ((]) measured
at 195 mm from the tube end with the values Vs (*) calculated for
frozen conditions. Mixture: 10% C50,+Ar.
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FIG. 3. Size distribution of carbon nanoparticles formed behind
the shock wave in the mixture 20% C;0,+Ar.

decomposition of C;0, behind shock waves [8] were used.
Numerical calculations of the kinetics of C30, dissociation
and the subsequent condensation of carbon vapor, accounting
for the energy balance of each reaction, were performed us-
ing the kinetic scheme proposed in [10]. The total heat Q
released from the reaction

C;0, —2CO + Cy/N
is calculated from
Q = AHf(C302) - AHf(CO) - AHf(CN),

where AH; are the enthalpies of formation of the mixture
components. In the above reaction, N is the number of car-
bon atoms in a particle.

The main uncertainty in the calculations was caused by
the lack of reliable data on the equations of state and enthal-
pies of formation of carbon nanoparticles of various sizes. In
Fig. 4 the approximation Q=/f(N), based on data taken from
Refs. [8,11,12], is presented. According to the accepted val-
ues, the dissociation energy of C;0, (~573 kJ/mol) is al-
ready compensated for at the cluster size N=~20 atoms, and
later the process becomes exothermic. One can see from Fig.
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FIG. 4. Total heat balance of the process C30,—2CO+(1/N)
Cy as a function of the final particle size N.
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4 that at final particle size 20 nm (which corresponds at par-
ticle density 1.86 g/cm™ [13] to N~ 10° atoms) the heat of
reaction approaches ~120 kJ/mol.

The efficiency of the contribution of the energy of con-
densation to the shock wave dynamics strongly depends on
the real time growth of the particles up to their final size.
Qualitatively this time can be estimated from the extinction
profiles shown in Figs. 1(Bc) and 1(Cc). One can see that
with the amplification of the shock wave (and the associated
temperature rise), this time decreases from 80 to 10 us. It
was already mentioned above that the reason for the apparent
acceleration of condensation with the temperature rise is that
the rate-determining step of the whole process is the decom-
position reaction C30, — CO+C,0 which has a rate constant
k,~2x 10" exp(=225 kJ/mol/RT) cm® mol~' s™! [9]. All
other reactions proceed faster. In experiments [8] it was
shown that the effective rate constant of particle growth
practically coincides with k,;. However, this behavior of the
process is correct until the reversal reactions of nanoparticle
decay come into play.

Toward temperatures higher than 2500 K, the particle for-
mation rate becomes slower [14]. At T=3000 K the total
particle rise time is more than 100 us and at 7=3400 K the
rate of particle decay (evaporation) is already higher than the
formation rate [14]. Therefore it is obvious that, in contrast
to classical detonation caused by combustion processes, the
phenomenon discussed herein must have an extreme depen-
dence on integral heat release and the process will become
self-destructive at excessive overheating.

This reasoning is clearly illustrated in Figs. 5(a)-5(c) by
the comparison of the observed shock wave parameters with
the behavior of Hugoniot adiabatic curves [1,2] for the initial
mixtures (curves I) and for the mixtures after condensation
(curves II). Straight lines 2-5 correspond to the calculated
velocity of the reflected shock wave. Points 6 and rays 2-6
represent the experimentally measured pressure maxima and
velocity of the accelerated wave front. Points P, show the
steady pressure values and the points C-J demonstrate the
Chapman-Jouguet parameters of detonation, calculated using
a one-dimensional approximation [1,2].

One can see that in the mixture 10% C;0,+ Ar [Fig. 5(a)]
ray 2-6 intersects adiabat II at the pressure coincident with
the value P, which is larger than Pc_j, and the measured
velocity of the wave is a bit higher than the Chapman-
Jouguet velocity (tangent to curve II from point 2). This
behavior of the wave can be caused by insufficient heat re-
lease resulting in the wave being supported by the pressure
behind it. Such a flow regime is usually called overdriven
detonation.

In the mixture 20% C;0,+Ar [Fig. 5(b)] very good
agreement between measured and calculated values of pres-
sure and wave velocity is observed. At these conditions the
calculated temperature behind the detonation front is
2460 K, which, according to [14], corresponds to nearly the
maximum condensation rate. This fact is clearly demon-
strated by the extinction profile in Fig. 1(Cc).

In richer mixture 30% C;0,+ Ar [Fig. 5(c)] the measured
values of pressure and wave velocity lie below the calculated
parameters of detonation. This fact could be explained by the
excess heat release resulting in incomplete condensation at a
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FIG. 5. Behavior of Hugoniot adiabatic curves for the initial mixtures (curves I) and for the mixtures after condensation (curves II). (a)
mixture 10% C30,+Ar, T_;=2050 K; (b) mixture 20% C30,+Ar, T.;=2460 K; (c) mixture 30% C;0,+Ar, Tc_;=2830 K.

temperature rise above 2800 K. At these temperatures the
reversal processes of particle decay, which slow down the
effective condensation rate, begin to play a role. Owing to
that, the energy of condensation cannot be completely trans-
mitted to the wave dynamics and the so-called regime of
damping, an underdriven detonation, is observed.

In summary, this paper presents the observation of the
phenomenon of formation of a detonation wave that is driven

by the condensation of a supersaturated vapor. The important
practical application of this issue is the new understanding of
the role of condensation processes in the detonation of gas-
eous fuels that yield condensed products.
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