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Abstract—A new method was proposed for studying the kinetics of gas-dispersed systems in shock waves. The
method is based on the pulsed sputtering of microscopic amounts of finely grained powder immediately before
arrival of a shock wave. The method was used for investigating the oxidation of soot particles with molecular
hydrogen (T = 1700-2400 K) and their vaporization (T = 4000-6000 K) in an argon atmosphere. The rates of
these processes and the time dependence of the temperature of soot particles were measured. A model was pro-

posed for characterizing the vaporization of soot.

INTRODUCTION

The thermal decomposition and oxidation of soot
are of scientific and practical interest [1-3]. Shock-
wave tubes are particularly attractive for modeling
these processes owing to the possibility of the uniform
heating of large volumes of gases (gas-dispersion
media) in a wide range of temperatures and pressures
(T =500-10000 K, P =0.1-100 atm). The shock-wave
technique is efficient for investigating thermal pro-
cesses (relaxation of different degrees of freedom,
chemical reactions, and ionization) in homogeneous
systems [4]. However, the use of shock waves for inves-
tigating high-temperature processes in gas-dispersion
media involves difficulties. First, it is necessary to cre-
ate a sufficiently homogeneous distribution of hetero-
geneous particles in the test gas-dispersion medium.
Second, it is necessary to determine the parameters of
shock waves in gas-dispersion mixtures.

In this work, a new method for preparing gas-disper-
sion media in a shock-wave tube is described, and
results of a study of soot vaporization and oxidation
using this method are reported.

EXPERIMENTAL

A shock-wave tube 76 mm in bore with low- and
high-pressure chambers 3.2 and 1.5 m long was used.
Before each experiment, the low-pressure chamber was
evacuated out to a pressure of 10~ Torr using a diffu-
sion pump combined with a fore (rotary vane) pump
and additionally washed with pure argon.

A device designed for this method is schematically
depicted in Fig. 1. The essentials of the device are the
following: a pneumatic piston unit with a capacity of
2 ml (/), a socket for mounting the device at the end
face of the tube (2), a polyethylene membrane (3), and
a percussion trigger mechanism (4). A spreading disk

(5) (3 mm in diameter mounted at a distance of 2 mm
from the end face of the tube) serves to gain better dis-
persion of particles and more homogeneous particle
distribution over the tube. Particles were injected into
the shock-wave tube using a sprayer as described
below. The dispersing device was filled with a working
gas (argon or its mixture with oxygen, depending on the
aim of the experiment) through a rubber septum. Then,
the beak of the device was dropped into a layer of soot
1.5-2 mm thick. As a result, the beak was filled with the
powder to a height approximately equal to the layer
thickness (3—5 mg). In some experiments, soot was par-
tially removed by lightly tapping the beak. In this case,
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Fig. 1. Schematic diagram of the setup: (/) pneumatic pis-
ton device with a capacity of 2 ml; (2) mounting socket at
the end face of the tube; (3) polyethylene membrane;
(4) percussion trigger mechanism; (5) spreading disk;
(6) tungsten ribbon lamp SI-10-300; (7) monochromator;
and (8) data acquisition, storage, and processing system.
The probe beam of the absorption channel (not shown) is
directed at a right angle to the plane of the figure.
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1.5-2.5 mg of the powder was retained on the beak
walls. Then, polyethylene film 3 was placed between
the device and the socket, and the device was inserted
into the socket. In this case, the polyethylene mem-
brane served as a vacuum seal between the socket and
the beak of the device, which kept atmospheric air from
entering the shock-wave tube. To gain a tighter seal, the
film was coated on the socket side with a thin layer of
vacuum grease. The tube was evacuated out, washed,
and filled with the test gas mixture. Then, we started to
raise the pressure of the driver gas (helium) in the high-
pressure section. Two to three seconds before the mem-
brane separating the high- and low-pressure sections of
the shock-wave tube was broken, the percussion trigger
mechanism (a percussion hammer) was activated. The
hammer hit the piston, which compressed the gas in the
device. As a result, the polyethylene membrane was
broken, and soot was dispersed inside the tube.

Special measurements showed that the gas-disper-
sion cloud occupied a volume of about one liter and
extended for a distance of 20 cm from the end face of
the shock-wave tube. In this case, at a distance of 5—-12 cm
from the end face, the particle density was constant and
decreased in both directions from this range. At typical gas
pressures in the low-pressure chamber (30-40 Torr), the
characteristic time of settling of soot particles was
20-30 s. This time was measured by a decrease in light
adsorption by the gas-dispersion medium. Thus, in the
2-3 s period between the dispersion of the powder and
the breakage of the membrane generating the shock
wave soot did not settle noticeably on the walls of the
shock-wave tube.

The test soot was synthesized by the oxidation of
methane in rich mixtures with air (¢ = 2.5) in shock
waves. Soot particles dispersed in a shock-wave tube at
P,. = 30 Torr and then deposited on a copper support
were investigated using a scanning electron micro-
scope. The investigation showed that individual soot
particles had a near-spherical shape with an average
radius of ~20 nm. Approximately half the total amount
of particles was associated in agglomerates of 3—5 indi-
vidual particles; that is, with the sputtering method
described above, the powder was not dispersed entirely.
In an analogous study of deposited soot subjected to
(incident and reflected) shock waves, it was found that
the sample was composed dominantly of individual
particles. Hence, it is likely that agglomerates were bro-
ken down in the shock front. Thus, it is believed that the
gas-dispersion medium behind the reflected shock
wave is composed of individual particles. The same
conclusion was made in [2].

In this work, the emission from and absorption by a
gas-dispersion medium at 530 nm were measured
simultaneously at the same section at a distance of
10 mm from the end face of the shock-wave tube (the
two-beam method) [5]. The measuring scheme is illus-
trated in Fig. 1. The measurements of the time depen-
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dence of absorption and emission provide a means of
determining the true or effective temperature of the gas
(gas-dispersion) medium in equilibrium or nonequilib-
rium conditions, respectively. The calculation proce-
dure was described in detail in [6]. With a gas phase
transparent to emission at the operating wavelength, the
calculated temperature refers to particles. This is the
case in this work because oxygen and argon do not
absorb in the visible spectrum.

RESULTS AND DISCUSSION

Typical absorption and emission curves and the cal-
culated time dependence of the temperature for the
thermal decomposition of soot particles behind the
shock wave in argon are presented in Fig. 2. The emit-
ted intensity is given with reference to the emission
from a SI-10-300 tungsten filament lamp with a dc
source of 24 A. It is seen that the temperature of soot
particles steeply rises (during their heating), reaches a
maximum, and then gradually decreases. In all cases,
even when soot particles were not vaporized (absor-
bance was virtually constant), the measured tempera-
ture of soot particles was below the temperature of the
gas behind the shock wave. The temperature of the gas
(argon) was calculated in terms of conservation laws
from the data [7]. The temperature difference was
found to be nearly proportional to the calculated tem-
perature: ~200 K for 2000 K and ~300 K for 3000 K.
The vaporization of particles occurred at a calculated
gas temperature of ~4000 K. In this case, the difference
between the calculated temperature of the gas and the
measured temperature of the particles was greater than
that in the absence of vaporization and further
increased with the rate of vaporization.

In the absence of particle vaporization, the differ-
ence between the calculated temperature and the tem-
perature determined from optical measurements can be
explained by gas-dynamic and heat effects: the shock
wave propagating in pure argon is partially reflected
from the gas-dispersion cloud with a loss of the kinetic
energy of the gas. Moreover, the particles contribute to
the heat capacity of the gas-dispersion medium, which
also decreases the temperature as compared with the
temperature calculated for pure argon from the mea-
sured shock wave velocity. The calculation of parame-
ters of the gas-dispersion medium behind shock waves
is a rather complex problem; therefore, the temperature
determined from optical measurements was taken as
the temperature behind the shock wave.

The vaporization and oxidation of particles addi-
tionally complicated the determination of the tempera-
ture and other parameters of the gas-dispersion medium
behind shock waves. Therefore, in the range 7= 1700—
3000 K, the initial temperature of the gas-dispersion
medium behind the shock front was estimated by the
dependence of the temperature determined from optical
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Fig. 2. (a) Absorption and (b) emission oscillograms of the
gas-dispersion medium and (c) the time dependence of the
effective temperature of soot particles calculated from the
oscillograms (see the text). The gas temperature calculated
from the shock wave velocity in pure argon is equal to
4290 K; the gas temperature estimated as described in the
text is equal to 3870 K.

measurements on the temperature calculated from the
shock wave velocity in argon, in conditions when nei-
ther combustion of the particles nor their vaporization
occurred. In the temperature range above 3000 K,
which corresponds to the thermal decomposition of the
particles, a linear extrapolation of this dependence was
used.

The vaporization or oxidation of soot particles
decreased both absorption by the particles and emission
from them. Microscopic studies showed that the maxi-
mum of the particle size distribution corresponded to an
average radius of about 20 nm. With the distribution
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function recommended for different kinds of soot [8],
this corresponds to the characteristic radius of the dis-
tribution R, = 10 nm. Since the particles are much
smaller than the wavelength in the absorption measure-
ments (the Rayleigh absorption regime), in accordance
with the Mie theory [9], the absorbance is proportional
to the mass of condensed particles in a unit volume.
Consequently, the observed decrease in the absorbance
is due to the decrease in the mass of soot particles in
their vaporization or oxidation. The kinetics of these
processes was described in terms of the rate of mass
loss from unit surface area of the particles in unit time
®, g cm~ s7'. The values of @ were determined from
oscillograms of light absorption by the gas-dispersion
medium using nomograms constructed under the
assumption that the particle size distribution represents
an asymmetric Gaussian distribution [8]. These nomo-
grams are of the form

o

1/

(x g ’c)3exp(—x)dx

D) _ 2
= 1
Dmax - ’ ( )
J.xy2 exp(—x)dx

0

where D(7) is the running absorbance; D,y,, is the max-
imum absorbance at the shock front (z = 0); x = (R/R.)%;
R (cm) is the running particle radius; T = #/pR, is the
dimensionless time; p (g/cm®) is the density of the
material of soot particles; and # (s) is the running time.
The values of ® were chosen so that the experimental
D(t)/D,,.«x function fit the theoretical function. The
determination of the parameter o is illustrated in Fig. 3
with the experiment presented in Fig. 2.

The dependence of the vaporization rate on the mea-
sured effective temperature of particles is presented in
Fig. 4. Also shown is the temperature dependence of the
vaporization rate for graphite, which was calculated
from the tabulated values of vapor pressure over graph-
ite [7]. The calculation was carried out under the
assumption that the accommodation (adhesion) coeffi-
cient of the carbon atom in its collision with the graph-
ite surface is equal to unity. It is seen that the experi-
mental data are in sufficiently good agreement with the
calculated values.

As already mentioned, the decomposition of parti-
cles is accompanied by a decrease in their temperature
due to heat losses by vaporization. As a result, the tem-
perature of the particles differs from the temperature of
the gas. An analogous phenomenon was observed in the
vaporization of iron clusters [35, 6]. The difference in
temperature between the particles and the gas can be
described in terms of a simple model based on the
assumption that the energy lost by the particle through
vaporization is compensated due to its collisions with
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Fig. 3. Calculation of the vaporization rate of soot particles
by fitting (/) the measured absorbance profile to (2) the the-
oretical profile in dimensionless coordinates.

surrounding gas molecules; that is, energy fluxes corre-
sponding to these processes are equal to each other. For
simplicity, the back process of attachment of carbon
atoms to the particles and the energy lost in ionization
and emission are ignored in the model. The Monte
Carlo simulation [10] of the decomposition of iron
clusters showed that the influence of these processes on
the energy state of particles at high temperatures is
small compared to their vaporization. To test the valid-
ity of this model, we correlated the rates of vaporization
calculated by the model with rates determined from
absorbance profiles by the procedure described above.

In our experiments, soot particles were much
smaller than the free path length of diluent gas mole-
cules, and the process of energy transfer was controlled
by the rate of energy transfer in collisions of the mole-
cules with the particle surface [11]. This rate can be
represented as

Weol = O('ZC()I[M](/‘V(Tg_ Tp)v (2)

where o is the thermal accommodation coefficient;
Z. (7)) is the collision frequency of gas molecules
with the particle; [M] (cm™) is the concentration of
diluent gas molecules; C,, is the heat capacity at con-
stant volume for diluent gas molecules (C, = 3/2k;
k (J/K) is the Boltzmann constant); and 7, and T, are
the temperatures of the gas and particles, respectively.

The rate of heat loss by a particle through vaporiza-
tion is expressed as

Wep = 4R OAH /M, 3)
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Fig. 4. (1) Dependence of the vaporization rate of soot par-
ticles on the measured temperature of the particles and (2)
the calculated temperature dependence of the vaporization
rate of graphite (see the text).

where R is the particle radius, o is the vaporization rate,
AH,,, is the heat of vaporization of graphite, and L. is
the atomic weight of carbon. Equating (2) and (3) and
taking into account that Z_; = TR?v,,, where vy, is the
mean thermal velocity of diluent gas (argon) atoms, we

obtain the following expression for m:

3
o = gauCVArk(Tg_Tp)[M]/AHvap' (4)

According to [11], the thermal accommodation coeffi-
cient can be approximately calculated by the formula

0= 2.4(1a/pe)/ (1 + pa/iie)’ = 0.42,

where |1,, is the atomic weight of argon.

The ratio of the vaporization rate ®; calculated by
Eq. (4) from the measured temperature of soot particles
and the temperature of the gas determined as described
above to the rate of vaporization of the particles w, cal-
culated from the time dependence of the absorbance are
presented in Fig. 5. It can be seen that the rates of
vaporization of soot determined by the two methods
agree to within a factor of 2 (a typical scatter for kinetic
measurements in shock waves). This indicates that the
proposed model is realistic. The observed discrepancy
can be explained by errors in the measurement of the
temperature of particles and in the determination of the
temperature of the gas, by ignoring the back process of
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Fig. 5. Ratio of the vaporization rate of soot particles calcu-
lated by Eq. (4) from the measured temperature of the par-
ticles (wp) to the vaporization rate determined from the

absorbance profile (m,).

attachment of carbon atoms to the particles and the
energy lost by the particles in ionization and emission,
and also by deviation of the particle distribution from
the asymmetric Gaussian distribution, which was used
in this work.

The oxidation of soot with molecular oxygen in a gas
phase was studied extensively in the last 30-40 years
(see [1] and references therein). In this work, the oxida-
tion of soot particles with molecular oxygen in argon
was studied in the temperature range 1720-2420 K at
oxygen concentrations of 20 and 50%. The oscillo-
grams of optical absorption and emission were similar
in shape to those for the vaporization of soot. We were
the first to measure the effective temperature of parti-
cles during their oxidation. A comparison of this tem-
perature with the temperature measured in experiments
with equivalent amounts of nitrogen instead of oxygen
showed that, in oxidation, the temperature of particles
is 100-200 K higher than the temperature of the diluent
gas. This means that the heat evolved in the exothermic
process at the particle surface is transferred, if only in
part, to the particle. According to [12], this process is

2C, + 0, = 2CO.

The heat of the overall reaction is equal to ~220 kJ/mol.
The observed difference in temperature between the
particles and the diluent gas can be qualitatively
explained under the assumption that the energy evolved
in the oxidation process goes entirely into the heating of
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Fig. 6. The temperature dependence of the probability of
oxidation of soot particles with O,—Ar mixtures at O, con-

centrations of (/) 20 and (2) 50%. The total density of the

gas mixture is 2.0 X 10~ mol/em?. The solid line indicates
averaged data from [2, 8, 12].

particles. This value can be estimated by Eq. (4) with
the heat of oxidation of carbon in place of AH,

vap*

The temperature dependence of the probability of
oxidation of soot particles 7y is presented in Fig. 6. This
probability is determined as the number of acts of oxi-
dation of carbon atoms on unit surface area of the par-
ticle in unit time divided by the number of collisions of
oxidant (oxygen) molecules with the same surface in
the same time. For comparison, we plotted averaged
data from [2, 8, 12], which agree with each other and,
as is seen, with the results of this work.

Thus, the new method proposed for investigating
gas-dispersion mixtures in shock waves was tested in
the vaporization and oxidation of soot. The rate of
vaporization of prepared soot behind shock waves was
measured for the first time. The results on the oxidation
of soot particles with molecular oxygen are in good
agreement with published data. This suggests that the
proposed method is efficient, and it can be used for
investigating other gas-dispersion systems.
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