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Abstract

Plasma decay in the afterglow of a repetitively pulsed nanosecond discharge in a stoichiometric
propane-oxygen mixture was experimentally investigated when a weak heating DC electric field was
applied and in its absence. The discharge was ignited at room gas temperature and a pressure of 1—
2 Torr and was characterized by low specific energy inputs (<0.004 eV per molecule in one pulse).
Using microwave interferometry, the temporal evolution of the electron density during plasma decay
was studied, and the effective recombination coefficients were obtained from data processing. It was
shown that the rate of plasma decay behaved in a non-monotonic manner with increasing degree of
propane oxidation; at first the decay rate grew, then passed through a maximum, fell and saturated in
the limit of a large (~2000) number of pulses. In this limit, the effect of the heating DC electric field
on the plasma decay decreased with approaching chemical equilibrium. Numerical simulation of the
observed effects was performed for low and high oxidation degrees of propane taking into account
changes in the composition of positive ions in the plasma. Good agreement was obtained between
measurements and calculations of the electron density during plasma decay in these cases. It was
shown that the formation of cluster ions in the discharge afterglow plays a fundamental role. The
plasma decay was controlled by electron recombination with hydrocarbon cluster ion at low
oxidation degree of propane and with water cluster (hydrated) ions at high oxidation degree. A
hypothesis was proposed to explain the observed nonmonotonic behavior of the plasma decay rate
with an increase in the propane oxidation in the discharge, based on the formation of hydrated

hydrocarbon ions C,H,*(H,O)x at moderate oxidation degrees.
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1. Introduction

In recent decades, it has been shown that using a nonequilibrium discharge plasma for
combustion control can significantly reduce the ignition delay time, reduce the ignition temperature,
control the flame propagation velocity and expand the boundaries of the region where combustion is
possible, both towards lean and rich mixtures [1-7]. Therefore, plasma-assisted ignition is currently
considered as one of the most promising methods of combustion control, including conditions of
power energy burners, aviation and automobile engines [4, 6].

Plasma-stimulated ignition and combustion at temperatures below the self-ignition threshold
(down to 300 K) are especially interesting. In this temperature range, the rates of chain-initiating and
chain-branching reactions are low, and oxidation can be accelerated only due to the additional
generation of chemically active species in non-equilibrium plasma. One of the most promising
methods for generating such plasma is a repetitively pulsed nanosecond discharge [4]. This type of
discharge makes it possible to control the direction of the energy input in the plasma by varying the
reduced electric field and the mean electron energy. Repetitively pulsed nanosecond discharges have
often been used to study the kinetics of fuel oxidation and ignition at low gas temperatures [3-7]. In
these discharges, the degree of fuel oxidation increases from pulse to pulse, while the gas temperature
can also rise or remain constant. A change in the composition of the gas mixture during fuel oxidation
affects the properties of the discharge plasma, including the electron swarm parameters, the rates of
molecule excitation by electron impact [8-10], the rate of plasma decay [11, 12] and plasma stability
[9, 10]. Therefore, these effects must be taken into account in the numerical simulation of plasma
properties in gas mixtures with variable composition.

The influence of nonequilibrium plasma on fuel oxidation and ignition is associated with the
production of active particles (first of all, atoms, radicals and electronically excited neutral particles)
in collisions of energetic electrons with molecules in the discharge [1-6]. Therefore, electron impact
ionization, dissociation and excitation of molecules, electron-ion recombination and a number of
other processes that control the production of active neutral particles in non-equilibrium discharges
have been studied for many years. Electron-ion recombination determines the rate of plasma decay
and therefore has been investigated in various gases including fuel-containing mixtures. It was
experimentally shown that the rate of plasma decay in hydrogen- and hydrocarbon-oxygen gas
mixtures excited by a repetitively pulsed nanosecond discharge changes as the fuel is oxidized [11-

13]. The effective electron-ion recombination coefficient passed through a maximum with increasing



oxidation degree in hydrocarbon-oxygen mixtures and increased monotonically in hydrogen-oxygen
mixtures. The peak value of the recombination coefficient in hydrocarbon-oxygen mixtures decreased
with gas heating [14].

In [15], it was proposed to use a so-called hybrid discharge for plasma-stimulated ignition. This
discharge was a combination of a repetitively pulsed nanosecond discharge and a DC discharge
maintained by applying an additional constant electric field. It was shown that such a heating electric
field could strongly influence the excitation of the gas in the plasma, even though this field was
insufficient for ionization. Electron heating between nanosecond pulses made it possible to produce
chemically active particles with low excitation thresholds (vibrationally excited molecules and singlet
oxygen Ox(a'Ay)). This provided additional opportunities for controlling the ignition of combustible
gas mixtures using nonequilibrium discharge plasma.

In this work, we experimentally studied the effect of electron heating in an external DC electric
field on the rate of plasma decay between pulses of a repetitively pulsed nanosecond discharge in a
stoichiometric C3Hg:O> mixture. Numerical simulation of plasma decay for very low and very high
propane oxidation degrees, taking into account the heating of electrons in the afterglow of the
discharge when a DC electric field was applied, made it possible to study the limiting cases of
electron-ion recombination kinetics. A hypothesis was proposed to explain the nonmonotonic
behavior of the plasma decay rate in a repetitively pulsed nanosecond discharge for hydrocarbon-

oxygen mixtures as the oxidation degree increased.

2. Experimental setup

The decay of plasma between pulses of a high-voltage repetitively pulsed nanosecond
discharge was investigated using an experimental setup and electron density measurements described
in detail in previous works (see [11, 13, 14] and references therein). The main difference of this
study from previous works is that an additional weak electric field was applied to the discharge gap.
This field was not sufficient for ionization of the gas between high-voltage pulses, but it allowed
additional electron heating in the afterglow of the discharge and thereby influenced the rates of
electron-ion recombination and electron attachment to molecules. Previously, this technique was
used to study plasma decay after a single high-voltage nanosecond pulse in ethane:argon mixtures
when there was no hydrocarbon oxidation [16].

Figure 1 shows a scheme of the experimental setup. A repetitively pulsed nanosecond
discharge was ignited in a quartz tube with an inner diameter of 4.2 cm. The distance between the
conical high-voltage and ring grounded electrodes was L = 90 cm. Pulses with an amplitude of 30 kV

were supplied to the conical electrode though a coaxial cable with an impedance of Z = 50 Ohm. The



voltage rise time and the pulse FWHM duration were 5 and 25 ns, respectively. The pulse repetition
rate was sufficiently low, fouise = 3.3 Hz, to avoid gas heating from pulse to pulse. Every high-voltage
pulse was followed by several additional pulses induced by partial reflections of the signal from the
discharge tube and generator. The additional pulses decayed in amplitude and in most cases did not
produce additional ionization although they could lead to a short-duration heating of the electrons
generated in the main pulse. The discharge was studied in a stoichiometric propane-oxygen mixture
at room temperature and a pressure of P =1-2 Torr. The energy input into the discharge was
measured using a back-current shunt. The specific energy input during the first discharge pulse was
q =0.003 eV per molecule at P = 2 Torr and g = 0.004 eV per molecule at P = 1 Torr. The analysis
of pressure sensor measurements showed that a small gradual increase in the measured gas pressure
with increasing number of pulses was well explained by fuel oxidation leading to the gradual
transition from a C3Hg:O2 = 1:5 mixture to a CO2:H20 = 3:4 mixture. This means that the

temperature of the gas mixture did not increase noticeably with discharge pulses.
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Figure 1. Schematic of the experimental setup: (1) quartz tube, (2) high-voltage electrode, (3) low-
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voltage electrode, (4) high-voltage generator, (5) back-current shunt, (6) microwave interferometer,
(7) waveguide, ( 8) horn antenna, (9) reflector, (10) oscilloscope, (11) vacuum pump, (12) pressure

sensor, (13) cylinder with gas mixture, (14) grounded shielding, (15) and DC voltage source.

Electric current and a weak DC electric field in the interval between high-voltage pulses were
maintained using a capacitor with C = 1 pF, which was charged by a DC voltage source to U =1 kV.
This voltage was measured with a high-voltage probe and remained constant all the time. As a result,

an average electric field of E~ 10 V/cm was created in the discharge gap. This field was not



important for the development of a high-voltage nanosecond discharge, but significantly affected the
plasma decay between high-voltage pulses due to a change in the electron temperature in the plasma
afterglow.

The temporal evolution of the electron density between high-voltage pulses was studied using
a microwave interferometer at a frequency of 94 GHz (wavelength 3 mm). The microwave signal
passed through the volume occupied by the plasma in the forward and backward directions. The
electron density was determined from the phase shift between the incident and reflected MW waves
[17]. The experimental error in measuring the electron density was around 30% [18].

The electric field in the afterglow of the discharge was estimated as the difference between
the voltage across the electrodes and the voltage drop in the near-cathode layer, divided by the
distance between the electrodes L (similar to [16]). The voltage drop in the cathode region was
estimated from the data for a DC glow discharge [19]. The magnitude of this drop is relatively small
and has little effect on the obtained estimate for the electric field in the discharge gap. As a result, the
reduced electric field E/N (N is the gas number density), which controls the electron energy
distribution function (EEDF) and integral electron characteristics, turned out to be equal to 12 Td (1
Td = 107 V cm?) for P = 2 Torr and 25 Td for P = 1 Torr. These values correspond to ~10% and

~20% of the breakdown electrical field value for the mixture under study, respectively.

3. Experimental results

Figure 2 shows the results of measuring the electron density during plasma decay after the
first discharge pulse, when hydrocarbon oxidation is negligible. The results are presented both in the
case when a weak constant electric field is applied and in its absence. As follows from the data
obtained, the rate of plasma decay is noticeably reduced in a heating electric field. Measurements
show that the higher is E/N in the afterglow phase, the stronger is the slowing down of plasma decay.
Similar data for the case of plasma decay after the 3000" discharge pulse are shown in Figure 3.
Here, the oxidation degree defined as B=1 - [C3Hsg]/[C3Hs]o ([C3Hs] is the propane density and
[CsHgJois its initial value) is close to unity. This means that the gas under study is, to a large extent, a
mixture of H>O and CO», rather than a C3Hg:O, = 1:5 mixture. The change in gas composition can
significantly affect the electron characteristics and other plasma properties. From Figure 3, in the
case of a high oxidation degree, the effect of the electric field on the rate of plasma decay is less
pronounced.

Estimates show that at the conditions under consideration the main channel of electron loss in

the discharge afterglow, at least in the absence of a heating electric field, is the dissociative



recombination of electrons with positive ions. Therefore, the effective recombination coefficient can
be introduced to characterize the rate of plasma decay. If the loss of electrons is determined by two-
body recombination with positive ions, and if the recombination coefficient a does not depend on

time, then the decrease in the electron density ne(?) is described as
1/ne(t) = 1/n.(0) + at, (1)
where n¢(0) is the initial electron density. It follows from (1) that
a = (ne(0)z12)", (2)

where 712 is the time it takes to halve the initial electron density. Equation (2) can be used to
introduce the effective recombination coefficient a.; when either the coefficient itself changes with
time, or there are several recombination channels due to the complex ion composition, which can
also change with time. This makes it possible to more clearly evaluate the effect of a heating electric

field on the plasma decay when the composition of the gas mixture changes due to chemical

reactions.
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Figure 2. Temporal evolution of the electron density in the discharge afterglow after the 1% pulse in a
stoichiometric CsHg:O,mixture. The measurements (solid lines) and calculations (dotted lines) are

performed at pressures of 1 and 2 Torr with and without a heating electric field.
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Figure 3. Temporal evolution of the electron density in the discharge afterglow after the 3000™
discharge pulse in the products of oxidation of a stoichiometric C3Hs:O» mixture converted to a
H>0:CO; = 4:3 mixture. The measurements (solid lines) and calculations (dotted lines) were

performed at pressures of 1 and 2 Torr with and without a heating electric field.

Figure 4 shows the effective recombination coefficient o, evaluated from the electron density
measurements in the discharge afterglow as a function of the number of high-voltage pulses. The
values of a.f are given both in the case of additional electron heating in the discharge afterglow due
to the application of a weak electric field and without such heating. Similar data without a heating
electric field were obtained earlier [11, 14]. As in [11, 14], the effective recombination coefficient is
small in the beginning, when the oxidation degree is low. The coefficient grows with an increase in
the number of pulses N,, passes through a maximum at N, ~ 500-800, then decreases and shows
saturation behavior when the oxidation degree of the fuel is close to = 1. Unlike this behavior, the
coefficient a.p in a stoichiometric H2:O> mixture increases monotonically with N, [11, 13] (see
Figure 4). Additional electron heating in the C3Hs:O> mixture causes a decrease in a.p, whereas a
non-monotonic behavior of the function a.s(/N,) becomes less pronounced. The decrease in the
recombination coefficient due to the application of a heating electric field reaches 4 times at low

oxidation degrees of propane and turns out to be much less at high oxidation degrees.
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Figure 4. Effective recombination coefficient in the afterglow of a repetitively pulses nanosecond
discharge in a stoichiometric C3Hg:O2 mixture as a function of the number of discharge pulses. The
measurements were performed at different pressures with and without a heating electric field. For

comparison the measured values of a.gin a stoichiometric H»:O» mixture [13] are added.

4. Simulation of plasma decay in a propane-oxygen mixture and in the mixture of oxidation
products

The main channel of plasma decay at the conditions under study is the dissociative
recombination of electrons with positive ions, which can be either simple molecular or cluster ions.
At high mean electron energies, the dissociative attachment of electrons to molecules with the
formation of negative ions can also become important. The diffusion of charged particles to the walls
of the discharge chamber turns out to be negligible in comparison with the bulk electron loss
processes.

The main attention in this work was paid to modeling plasma decay in two limiting cases with
respect to propane oxidation. These cases were the limit of a low oxidation degree when only C3Hg
and O2 molecules were present in the gas mixture and the limit of complete oxidation when the main
components of the mixture were H>O and CO». It is difficult to carry out calculations in the

intermediate case, since there is no reliable kinetic model with the corresponding rate coefficients for



propane oxidation at room gas temperature. Nevertheless, in the next section, we will describe the
assumption that makes it possible to qualitatively explain a non-monotonic behavior of the effective
recombination coefficient with increasing degree of hydrocarbon oxidation.

Plasma decay between discharge pulses was simulated in a zero-dimensional approximation
taking into account dissociative and three-body electron-ion recombination (the third body is electron
or H,O molecule), electron attachment to molecules, and ion-molecule processes leading to a change
in the ion composition in the discharge afterglow. We ignored three-body electron-ion recombination
when the third body M was Oz, C3Hg or COz. This process is most efficient when the third neutral
body have a high permanent dipole moment. The rates of three-body recombination for M = O,
C3Hsg or CO,, which have zero or low dipole moments, are several orders of magnitude lower than
the rates of three-body recombination for M = H,O [20, 21] and the rates of binary dissociative
recombination, which dominate for the pressures under consideration.

The calculations were carried out using the kinetic scheme and reaction rate coefficients
proposed in [14] to describe plasma decay in a stoichiometric C3Hg:O» mixture for various gas
temperatures and E/N = 0. As in [14], the complex and poorly known kinetics of ion-molecular
processes involving hydrocarbon ions was replaced by a simplified kinetic model based on the
introduction of two types of ion species, which are simple molecular CH," ions and cluster
C,H,*(CsHg) ions. The need to distinguish between these types of ions is due to the fact that the rates
of dissociative electron recombination with cluster ions are an order of magnitude higher than those
with simple molecular ions [22]. When simulating plasma decay, the following charged components
were taken into account: electrons, C.H,*, CH,*(C3Hs), O2*, O4", CO,*, HCO,*, CO2*(COy),
02*(H20), H>O", H30"(OH) and H30*(H2O)x for k =0-6, as well as O and other negative ions
formed during the dissociative attachment of electrons to molecules. The kinetic scheme included ion
charge exchange, two- and three-body conversion of ions into each other, and electron-ion and ion-
ion recombination. The dependence of the recombination coefficients on the effective electron
temperature Te for CyH,* and C,H,*(C3Hs) ions was taken in the form of 7., by analogy with the
Te-dependence of this coefficient for H3O*(H20)x ions [22]. The effective electron temperature was
determined as Te = 2E¢/(3kp) (Ee is the mean electron energy and kg is the Boltzmann constant) in the
case of a non-equilibrium electron energy distribution when an electric field was applied. In
comparison with the kinetic scheme suggested previously [14], only three-body electron attachment

to oxygen was added

e+ 02+ C3Hg— 02 + C3Hg,  r3(Te =300 K) = 3x107% cm%s [23], 3)



where the third body was a C3Hg molecule.

The dependence of the attachment coefficient for this process on 7. was taken the same as for
the three-body electron attachment when Cs;Hg was replaced by O». In addition, in the case of
electron heating in an electric field between pulses, dissociative electron attachment to molecules
was also taken into account.

When an electric field is applied, the electron energy distribution in a weakly ionized plasma
becomes non-equilibrium, which should be taken into account when determining the coefficients of
dissociative electron attachment and the effective electron temperature in the afterglow of the
discharge. Such calculations were performed in the well-known two-term approximation of the
Boltzmann equation for electrons using a computer code [24]. In this case, self-consistent sets of
electron cross sections were used for CsHsg, Oz, CO2, and H2O (see references in [14]). In [14], it was
demonstrated that the effect of intermediate neutral components formed during hydrocarbon
oxidation on the electron energy distribution can be neglected. Calculations of the effective electron
temperature and attachment coefficients were performed for fuel oxidation degrees from f=0to S =
1. Here, the condition f = 0 corresponded to an initial C3Hs:O2 = 1:5 mixture, while f=1
corresponded to an H20:COz = 4:3 mixture formed due to fuel oxidation. Intermediate values of f
identified C3Hs:02:H20:CO2 mixtures.

The approach under consideration corresponds to the local-field approximation, which is valid
for steady and slowly varying electric fields (and electron energy distributions) when the inequality
veT >> 1 is satisfied (see, for instance, [25]). Here, v; is the frequency of electron energy distribution
relaxation and 7 is the characteristic time of electric field (and electron energy distribution) variation.
This inequality is fulfilled under the conditions studied when an electric field is applied. In this case,
at low S, the mean electron energy is sufficiently high in the decay phase and the electron impact
excitation of electronically excited states of molecules leads to high values of the frequency v.. At
not-too-low £, the electron impact excitation of vibrational and rotational states of H>O favors a fast
electron energy distribution relaxation.

Figure 5 shows the calculated effective electron temperature 7. in the discharge afterglow as a
function of the propane oxidation degree, which increases with an increase in the number of
discharge pulses. The results are shown for E/N = 12 and 25 Td. A sharp decrease in T is observed
with an increase in the oxidation degree. At E/N = 12 Td, the electron temperature is 0.85 eV in the
initial mixture (f =0) and decreases almost to the gas temperature 7 upon complete oxidation
(f=1). At E/N =25 Td, the electron temperature drops from 1.6 to 0.038 eV as the oxidation degree
increases from O to 1. The observed decrease in 7. during hydrocarbon oxidation is associated with

the production of H>O and CO> molecules, for which the cross sections of vibrational and rotational



excitation by electron impact are anomalously large. As a result, a change in the neutral composition
of the gas mixture leads to a significant decrease in the electron temperature in a weakly ionized
plasma at a given value of E/N [8, 9].

The obtained values of 7. were used to determine the electron-ion recombination coefficients,
which were required for simulating the plasma decay in the discharge afterglow between high-
voltage pulses. The electron attachment coefficients were determined by numerically integrating the
attachment cross sections over the electron energy distribution. The calculated attachment
coefficients versus the oxidation degree are shown in Figure 6. Since the dissociative electron
attachment to molecules has rather high energy thresholds, the attachment coefficients decrease with
a decrease in the effective electron temperature. Therefore, the attachment rates increase by orders of

magnitude as E/N increases from 12 to 25 Td and rapidly decrease with increasing oxidation degree
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Figure 5. Effective electron temperature in a stoichiometric C3Hg:O, mixture as a function of the

oxidation degree at different values of E/N.
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Figure 6. Coefficients of dissociative electron attachment to molecules in a stoichiometric C3Hs:O»

mixture as a function of the oxidation degree at different values of E/N.

In this simulation, the influence of excited molecular and atomic states on the plasma decay
was neglected although excited species can play an important role in nanosecond discharges.
Excitation of atoms and molecules in the discharge phase can lead to the production of charged
particles in the discharge afterglow due to electron-impact ionization of the excited states and

associative ionization:

A*+B — e+ AB* “)
or

A* + B* — e + AB*. 4)

These processes can make a notable contribution to ionization when the excitation fraction is
sufficiently high and the excitation energy is comparable with J/2, where J is the ionization energy of
molecules. In particular, singlet Ox('Ay) states have too low (0.98 eV) excitation energy and cannot
lead to additional ionization during the plasma decay although they can be accumulated from pulse
to pulse because of extremely low quenching rates. Vibrationally excited molecules produced in the

discharge and its afterglow also have low excitation energies and, in addition, are efficiently



quenched in collisions with polyatomic molecules [26, 27]. Therefore, only electronically excited
molecules with sufficiently high energy could produce ionization during the plasma decay under
consideration. These excited states are more efficiently generated in diatomic gases because most of
the deposited energy in polyatomic gases is generally spent on molecule dissociation, whereas a
smaller part of this energy is spent on excitation [28]. Therefore, we estimated the role of
electronically excited particles during the plasma decay for f = 0 when the neutral composition was
dominated by O, molecules.

In this case, O('D) states were efficiently generated due to the electron impact dissociation of

0]

e+02—e+0+0(D). (6)

From a numerical calculation of the electron Boltzmann equation, the rate coefficient for reaction (6)
was kex = 10 cm?/s for E/N = 500 Td in the discharge phase at 2 Torr. Excitation of this state in the
discharge afterglow at E/N = 25 Td and lower values was negligible. Then, the density of O('D)
atoms produced in one pulse was estimated to be Nex ~ neNkext ~ 1013 cm, where 7 = 25 ns is the
duration of the voltage pulse. These excited atoms were not accumulated from pulse to pulse because
the rate coefficient of O('D) quenching in collisions with O> was 2.6110!! cm?/s [20] and the
characteristic quenching time was ~ 1 ps, much shorter than the time between pulses. The obtained
value of N.x was not sufficient for additional ionization in the discharge afterglow. For instance, the
rate coefficients of reactions (4) and (5) are in the range ks =~ 10 — 10! cm?/s and the time of
associative ionization under the conditions studied does not exceed (ksNex)' ~ 1 ms, much longer
that the time of the plasma decay in our case. Similar estimates for the excitation of CO(a’IT) and
OH(AZ") states due to electron impact dissociation of CO, and H>O molecules, respectively, in the
H,0:CO, mixture for # = 1 showed that their densities are much lower than that of O('D) atoms. It
may be concluded that we could neglect the effect of excited states on the plasma decay in our
simulation.

The initial electron density, which was equal to the initial value of the total density of all
positive ions, was assumed to be approximately equal to the measured value of n.. Reflected pulses
after the main voltage pulse induced electromagnetic interference, which hindered electron density
measurements in the beginning of the discharge afterglow. Therefore, in the simulation, we varied
the initial electron density within the experimental error to reach better agreement between
calculations and measurements. It was more difficult to specify initial electron density and the instant

of the beginning of plasma decay for the simulation at 1 Torr when an additional electric field was



applied. In this case, a reduced electric field of 25 Td was sufficient for additional breakdowns by
reflected pulses. Our model could not describe this effect and, in this case, we specified the
beginning of simulation after termination of all ionizing reflected pulses.

The initial ion species at the beginning of the decay phase were assumed to be controlled by
primary ions (02", CxHy*, CO;*, and H>O") produced due to direct electron impact ionization of
molecules. Ion composition at the initial moment was determined on the assumption that the ion
densities are related to each other as the corresponding electron impact ionization frequencies of the
neutral molecules. This assumption is reasonable because, during a nanosecond discharge, the
primary ions generated in it do not have time to participate in ion-molecule reactions, and all
processes with their participation occur after the end of the discharge phase. In particular, all cluster
ions were formed during the decay phase. The ionization coefficients were also calculated using the
non-equilibrium electron energy distribution. Calculations were performed for reduced electric fields
E/N, typical for this type of discharge. The ratios between the ionization coefficients for different
neutral components of the mixture are weakly dependent on E/N for typical values of the reduced
electric field in high-voltage nanosecond discharges. Therefore, a precise determination of this
parameter was not required and the value of E during the discharge phase was estimated as the peak
applied voltage divided by the distance between the electrodes.

Due to the presence of a strong electric field, the effective electron temperature in the
discharge is much higher than that in the discharge afterglow. Estimates show that in a weak electric
field between discharge pulses the relaxation of 7. from values typical for the discharge to
equilibrium values occurs at times much shorter than the plasma decay time. Therefore, the plasma
decay was simulated by numerically solving the balance equations for charged particles, whereas the
values of 7. were taken corresponding to the heating electric field (Figure 5). In the absence of an
additional electric field, the relaxation of 7. becomes rather slow and can affect the rate of plasma
decay at low oxidation degrees when the amount of CO> and H>O molecules is low in the mixture.
Therefore, in the absence of a heating electric field, the plasma decay was simulated by a
simultaneous numerical solution of the balance equations for charged particles and the equation for

the electron temperature (see, for example, [16])

dTe 2 dayj dasj I
= v (1. - T) - 2723 L + 3, (73] + ay F) nen;| . 7

Here, v. is the relaxation frequency of the electron energy in collisions with neutral particles, n; is the

ion density of the j ™ type, a,; and as; are the coefficients of dissociative and three-body electron



recombination with these ions, I is the energy transferred to a third body (electron) during three-body
electron-ion recombination. The last term in rectangular brackets on the right-hand side of equation
(7) describes the so-called recombination heating [29]. It is connected with the fact that electron-ion
recombination cross sections decrease with increasing electron energy and recombination
coefficients decrease when 7, grows. Thus, low-energy electrons are preferentially removed in
recombination, whereas unrecombined electrons are leaved at an elevated mean energy. This effect
can be interpreted as an additional heating of the electron ensemble. Recombination heating was
described by Young and Myers [29] for dissociative electron-ion recombination and generalized to
take into account three-body recombination [30]. In three-body collisions, the recombination
frequency is proportional to n.n; rather than to n; and a fraction of the released energy is transferred
to a third body. Therefore, the term describing recombination heating due to three-body
recombination in (7) is not homogeneous and contains the energy I. In these calculations, the
electron energy relaxation frequencies for C3Hg, Oz, CO, and H>O were taken from [8]. The value of
I was taken to be 0.136 eV [31].

The approach based on equation (7) corresponds to the local-mean-energy approximation and
takes into account the non-local (in time) effects on the electron characteristics. This approach is
more adequate than the local-field approximation when the condition v,z >> 1 is not satisfied.

Figures 2 and 3 compare the calculated results with the measured temporal evolution of the
electron density in the discharge afterglow in the initial C3Hs:O» mixture (plasma decay after the 1%
high-voltage pulse) and at complete propane oxidation (decay after the 3000 pulse), respectively.
The simulation describes well the experimental data on plasma decay at different pressures,
including an increase in the decay rate during hydrocarbon oxidation and a slowdown in decay upon
additional electron heating in a weak DC electric field. In addition, the simulation describes the
experimentally observed decrease in the effect of the heating electric field on the plasma decay
during hydrocarbon oxidation.

The calculations in Figure 3 show a nearly linear decrease in n.(f) unlike in Figure 2. This
difference is explained in the following way. For ¢t >> (an.(0))!, we have from (1) that n.(f) = (at)™!,
which corresponds to straight lines on logarithmic scales. In the discharge afterglow after the 1%
pulse, we obtain (an.(0))"! = 2 us and a nearly linear decrease in n.(f) is observed at ¢ > 2 ps only, in
agreement with Figure 2. After the 3000" discharge pulse, the values of a are several times higher
(see Figure 4). Therefore, the calculated curves in Figure 3 show a nearly linear decrease in the
electron density at # > 0.5 ps.

In order to understand the mechanism of the effect of the heating electric field on plasma

decay, we analyzed the time evolution of the ion composition of the plasma and the frequencies of



electron loss in various processes in the discharge afterglow. The analysis was carried out, like the
calculations of the electron density, for the initial C3Hg:O> mixture and for a H>O:CO; =4:3 mixture
consisting of the products of complete propane oxidation.

Figure 7 shows the temporal evolution of the densities of charged species and the frequencies
of electron loss channels during plasma decay in the C3Hs:O> mixture after the first high-voltage
pulse. The calculations were performed for P = 2 Torr when a heating electric field of E/N =12 Td
was applied. During the nanosecond discharge, O>* ions dominate, since the fraction of O molecules
is five times higher than that of propane in the initial mixture. From Figure 7(a), at 7 ~ 20 ns, O2* ions
are recharged on C3Hg molecules to form hydrocarbon ions, which become the dominant ion species.
At first, these are simple molecular ions C,H,*, but at ¢ ~1 ps they are converted to C,H,*(C3Hs)
cluster ions, which leads to a significant acceleration of electron-ion recombination. At these times,
the main plasma decay begins. According to Figure 7(b), the dominant channel of electron loss here
is dissociative recombination with C H,*(C3Hs) ions. Electron recombination with CxHy* ions and
dissociative attachment to molecules are less important. This attachment is negligible in the absence
of heating electric field when electrons are rapidly thermalized by the beginning of plasma decay.
The results shown in Figure 7 are qualitatively close to those obtained at E/N = 0.
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Figure 7. Temporal evolution of (a) the ion and electron densities and (b) the frequencies of electron
loss through different channels during plasma decay in a stoichiometric C3Hg:O» mixture after the
first discharge pulse. Calculations are for P =2 Torr and E/N = 12 Td. Curve M" corresponds to the
density of all negative ions but Oy". Curves e + M2, e + O2 + M, and e + ¢ + M>" correspond to the
total frequencies of dissociative attachment, three-body attachment, and three-body recombination,

respectively.

Figure 8 shows the same data as in Figure 7, but for P = 1 Torr, when the reduced electric field
during the plasma decay phase increases to E/N = 25 Td due to a decrease in the gas number density
N. Here, on the one hand, due to a decrease in N, the ion charge exchange frequencies and especially
the rates of the three-body conversion of simple ions to cluster ones decrease. Therefore, the
transition from simple C,H," ions to cluster ions occurs only at ¢ > 6 us, which leads to a slowdown
in the plasma decay. But there is also an opposite effect on the plasma decay; due to a stronger
electron heating in the DC electric field, dissociative electron attachment to molecules (primarily to
dominant O, molecules), which is a threshold process, becomes important. From Figure 8(b), it is
this process that becomes the main channel of plasma decay after the first discharge pulse. A
decrease in the rate of electron-ion recombination at P = 1 Torr is compensated by an increase in the
rate of dissociative electron attachment to molecules with increasing E/N. Therefore, the effective

recombination coefficients obtained for P =1 and 2 Torr in the presence of a heating electric field



are close to each other (see Figure 4), despite significant differences in the plasma decay
mechanisms.

Figures 9 and 10 show, respectively, the temporal evolution of the ion and electron densities
and the frequencies of electron loss through different channels during plasma decay after the 3000™
pulse, when the propane oxidation was completed, and the dominant neutral components of the
mixture were H>O and COa. In this case, at the same electric field, due to the large cross sections of
vibrational and rotational excitation of these molecules by electron impact, the values of 7. in the
discharge afterglow decreased significantly (by more than an order of magnitude according to
Figure 5). As a result, at P =2 Torr (E/N = 12 Td), the electron temperature became 7. ~ 320 K, and
the frequencies of electron loss through different channels practically coincide with the data given in
[14] for the case of plasma decay in the absence of an electric field. In this case, as in [14], the main
role is played by water ions, which rapidly form H3O*(H2O)x clusters. These cluster ions control the
rate of plasma decay (Figure 9(b)). With time, the sizes of cluster water ions grow, which leads to the
acceleration of electron-ion recombination. The transition to a pressure of P =1 Torr (E/N = 25 Td)
increases the electron temperature slightly, to T. ~ 435 K. In this case, as follows from Figure 10, the
reactions of ion transformation, primarily three-body clustering processes, somewhat slow down. As
a result, plasma decay occurs when electrons recombine with smaller hydrated ions, which slows
down the recombination. Therefore, the effective recombination coefficient at P = 1 Torr turns out to
be slightly lower than that at P =2 Torr (see Figure 4). However, an increase in the reduced electric
field in the products of propane oxidation during the plasma decay phase has a much smaller effect
on the recombination rate than the same increase in the electric field in the initial C3Hg:O2 mixture.
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Figure 8. Temporal evolution of (a) the ion and electron densities and (b) the frequencies of electron
loss through different channels during plasma decay in a stoichiometric C3Hg:O» mixture after the
first discharge pulse. Calculations are for P = 1 Torr and E/N = 25 Td. Curve M" corresponds to the
density of all negative ions but O2". Curves e + M2 and e + Oz + M correspond to the total

frequencies of dissociative attachment and three-body attachment, respectively.
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Figure 9. Temporal evolution of (a) the ion and electron densities and (b) the frequencies of electron
loss through different channels during plasma decay in a H2O:CO» = 4:3 mixture (the result of
complete propane oxidation in the initial C3Hs:O> mixture after the 3000 discharge pulse).
Calculations are for P = 2 Torr and E/N = 12 Td. Curve 2e + M>" corresponds to the total frequency

of three-body recombination.
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electron loss through different channels during plasma decay in a H>O:CO; = 4:3 mixture (the result
of complete propane oxidation in the initial C3Hs:O> mixture after the 3000 discharge pulse).

Calculations are for P =1 Torr and E/N = 25 Td.

Thus, there is a sharp decrease in the effect of the electric field on the rate of plasma decay
with an increase in the oxidation degree of the mixture. A theoretical analysis of the ion composition
and the frequencies of electron loss within the limits of small and large fuel oxidation degrees (small
and large numbers of discharge pulses) shows that the decrease in the effect of the electric field on
plasma decay is associated, first of all, with a sharp decrease in the electron temperature in the same
electric field when replacing the C3Hs:O> mixture with a H2O:CO; = 4:3 mixture. On the other hand,
the general increase in the plasma decay rate with an increase in the number of discharge pulses is
explained by the fact that cluster water (hydrated) ions with high recombination coefficients [22] are
formed in the discharge afterglow and are dominant in the ion composition during the plasma decay
at sufficiently high degrees of fuel oxidation [22].

In this simulation, the changes in gas density and temperature were neglected and calculations
were performed for the same values of E/N, regardless of the oxidation degree. Complete propane
oxidation at a constant temperature leads to a 14 % increase in the value of N in the enclosed volume.
For the same value of E, the reduced electric field E/N should decrease by 14 %. Our additional
calculations showed that this decrease of E/N did not influence noticeably the effective
recombination coefficient and the temporal evolution of n. at f =1 because in this case the effect of

electric field was small. The density N could also increase due to electron impact dissociation of



molecules in the discharge phase, whereas this process was not efficient in the discharge afterglow
when the electric field was small or absent. Our calculations of the Boltzmann equation for electrons
showed that the dissociation coefficient during the discharge pulse (E/N ~ 500 Td) is ks ~ 10 cm?/s.
Then, the density of atoms produced in one discharge pulse is estimated as Ny ~ ksn.Nz ~ 103 cm™
for 2 Torr and 300 K, where 7 = 25 ns is the duration of the pulse. Atoms produced in one discharge
pulse were spent on oxidation chemical reactions and were not accumulated from pulse to pulse. For
instance, a numerical simulation of hydrogen oxidation in a stoichiometric H2:O2 mixture under the
conditions similar to those of this work showed a sharp increase in the densities of O and H atoms to
20110" cm™ in each pulse and a decrease by six orders of magnitude for 0.3 s between the pulses
[13]. It follows from this estimate that the dissociation degree does not exceed 0.1 % and the change
in N due to electron impact dissociation can be neglected.

Pressure sensor measurements showed that the heating effect is small. This follows from a
small gas heating in one discharge pulse and a long (0.3 s) time between successive discharge pulses.
The specific deposited energy in one pulse did not exceed 0.005 eV per molecule. Even if this energy
were spent on gas heating only, the increase in gas temperature would not exceed 20 K. In reality,
this quantity should be several times lower. Heating was not accumulated in the gas for a large
number of pulses because the time between pulses was much longer than the characteristic time of
heat transfer to the tube wall, 7., due to molecular thermal conductivity. For 2 Torr and 300 K, we
have 7. ~ R*y ~ 0.03 s, where R is the tube radius and y is the thermal diffusivity. Finally, oxidation
reactions produced little heating. Our thermodynamic calculations showed that the total energy
release due to complete propane oxidation for 1 Torr and 300 K was 18 mJ/cm?®. This corresponded
to an increase in gas temperature by ~ 1 K only. It may be concluded from this consideration that the
heating effect was small under the conditions studied, in agreement with pressure measurements.

We studied the effect of an additional electric field on plasma decay in a repetitively pulsed
nanosecond discharge ignited in the propane-oxygen mixture at low (1-2 Torr) pressures and room
temperature. Most combustion processes occur at much higher pressures and temperatures. The
effect under study is associated with additional electron heating, which is controlled by the reduced
electric field E/N in weakly-ionized non-equilibrium plasmas [19]. Similar results are expected for
higher gas pressures and temperatures if the values of E/N remain the same. The effect of cluster ion
formation decreases with increasing gas temperature and is expected to disappear at temperatures 7" >
1000 K. An increase in gas pressure to 1 atm leads to an increase in the rates of cluster ion formation
by several orders of magnitude. Therefore, in atmospheric pressure gaseous mixtures, at first glance
cluster ions are generated even during a high-voltage nanosecond discharge and the timescale of

electron recombination is orders of magnitude faster than that at 1 Torr. However, this situation is



more complicated since the ions are so heated in a strong electric field during the discharge phase
that cluster ions have no chance to be generated. These ions can be formed only by the end of a high-
voltage pulse when the electric field is reduced to sufficiently low values. As a result, the rate of
plasma decay depends on the rate of electric field decrease. Here, the kinetics of charged particles in
the discharge afterglow should be considered simultaneously with electron and ion temperature
relaxation. Ion kinetics is much more complicated to simulate in comparison with electron kinetics
because the well-known two-term approximation is not valid for describing the ion energy
distribution in a strong electric field [19]. In addition, little is known about the cross-sections for ion-
molecule interactions, which are required to calculate ion energy distributions and integrated ion
properties. It is expected that the description of the plasma decay after a nanosecond discharge at
high pressures is simplified when the characteristic time of electric field collapse by the end of the
discharge is much shorter or much longer than the time of plasma decay.

We showed that the effect of applying an additional electric field on the plasma decay in the
C3Hsg:02 mixture is explained by electron heating, which depends on the oxidation degree f. The
higher is £, the smaller is the effect of electric field because the efficiency of electron heating
decreases with increasing fraction of H2O in the mixture and disappears in water vapor. The situation
is expected to be different for C3Hg:air mixtures in which the dominant component N> is independent
of the oxidation degree. To demonstrate this, we compared the electron energy distribution function
(EEDF) at E/N = 25 Td in stoichiometric C3Hg:0> and CsHsg:air mixtures. The set of electron cross
sections for N2 was taken from the same source as the cross sections for O2. Figure 11 shows the
calculated EEDF for £ = 0 and 1. In the absence of N>, the fuel oxidation leads to a dramatic change
of the EEDF. In this case, the effective electron temperature decreases from 7. = 1.61 eV for =0
to 0.037 eV for f =1 (see Figure 5). In the C3Hg:air mixture, complete fuel oxidation causes a much
smaller change in the neutral composition. As a result, the difference between the EEDF for f = 0
and 1 is much less profound. The change in 7. is also small for the C3Hs:air mixture. Here, we have
T. = 0.67 eV for f = 0 and 0.46 eV for f = 1. As a result, in this case, complete oxidation of the
mixture leads to a 20 % decrease in the recombination coefficient a only assuming that o ~ 7,7%3. It
may be concluded that the dependence of the EEDF and 7. on the oxidation degree can be neglected
as a zero approximation when time-consuming calculations for C3Hg:air mixtures are performed. At
the same time, the dependence of o on the oxidation degree is associated with a change in the ion
composition. This change is also expected in the CsHg:air mixture because the ionization energy of
N> is higher than that of CsHs, Oz, and H2O. As a result, nitrogen ions formed in the discharge phase

are rapidly converted to other ions due to fast charge exchange reactions. Hence, the ion composition



in the CsHs:air mixture during the plasma decay is close to that in the C3Hs:O> mixture and the
dependence of a on the oxidation degree is almost independent of N> addition.
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Figure 11. Electron energy distribution functions in stochiometric (a) C3Hs:O2 and (b) CsHs:air

mixtures. Calculations are performed at E/N = 25 Td for f =0 and 1.

5. Simulation of plasma decay in a partially oxidized mixture



It was experimentally shown that the effective recombination coefficient in the afterglow of a
repetitively pulsed discharge in hydrocarbon-oxygen mixtures passes through a maximum as the
number of discharge pulses increases [11]. The maximum became less pronounced in rich and lean
mixtures [11], as well as when the gas mixture was heated [14]. As opposed to hydrocarbon-
containing mixtures, the recombination coefficient in H2:0, mixtures increased monotonically with
an increase in the number of discharge pulses. The effect of a nonmonotonic dependence of the
recombination coefficient on the number of discharge pulses was attributed in [11, 14] to the
influence of chemical processes occurring in the mixture. It was assumed that, in partially oxidized
hydrocarbon-oxygen mixtures, intermediate neutrals are such that their ions become dominant in the
discharge afterglow and are characterized by anomalously high recombination coefficients.
However, the specific type of such intermediate components was not established. In this work, we
made an attempt to indicate possible recombination channels and components that could explain the
nonmonotonic behavior of the plasma recombination rate during fuel oxidation.

In the oxidation of hydrocarbons in mixtures with oxygen, the fractions of intermediate
neutral components are usually orders of magnitude lower than the fractions of the main components
(fuel, Oz, CO2, and H>0) [32]. When a gas is ionized in the discharge at a high reduced electric field,
positive ions of the main components are first formed, and only then these primary ions can transfer
charge to other particles with lower ionization potentials, including intermediate neutral components.
The main intermediate components in the oxidation of hydrocarbons in the plasma of nanosecond
discharges are H, and CO (see, for example, [33]). However, these molecules have ionization
potentials that are higher than the ionization potentials of O» and hydrocarbons. Therefore, charge
transfer from primary ions to H> and CO is energetically impossible. The fraction of intermediate
components with low ionization potentials (CH>O, C,H», CoH4, CH30H, etc.) in the nanosecond
discharge plasma of hydrocarbon-oxygen mixtures is significantly lower and does not exceed 107
[33]. Overestimating the charge-exchange rate constant as 10 cm?®/s, we obtain an estimated time of
t ~ 20 us for the charge-exchange of primary ions in collisions with such intermediate molecules
under the conditions of this work (P =2 Torr and 7T = 300 K). Plasma decay occurs at times that are
about an order of magnitude shorter than the time of such a charge exchange. It can be concluded
that the ions of the intermediate components typical for the oxidation of hydrocarbons at
temperatures below the self-ignition threshold do not have time to form in the discharge afterglow,
and that there must be another mechanism for the appearance of a maximum in the rate of plasma
decay during the oxidation process.

In the previous section, it was shown that the bottleneck in the recombination process is the

formation of C,H,*(C3Hg) cluster ions in the limit of low oxidation degrees and the formation of



H30*(H2O)x cluster ions in the limit of high oxidation degrees. We assumed that C,H,*(H2O)x cluster
ions could be formed at partial hydrocarbon oxidation when the main neutral components of the
mixture are C3Hg, Oz, Hz, CO, H20O, and CO,. The formation of these cluster ions requires the
simultaneous presence in the mixture of initial components (propane) and the products of oxidation
(water vapor). It is known that clusters of this type exist in nature [34], although there are no data on
the rate constants of the formation and destruction of their ions in the literature. In particular, the
C3H7*(H20) and C3Hs"(H20) ions have enthalpies of formation, respectively, - 73.6 kJ/mol [35] and
- 43.5 kJ/mol [36]. Their absolute values and corresponding dissociation energies are more than an
order of magnitude higher than the temperature of neutral particles (expressed in energy units) under
normal conditions. Consequently, such ions do not dissociate in gas mixtures in the absence of strong
gas heating. In addition, hydrated hydrocarbon ions C.H,*(H2O)r can contain up to eight H.O
molecules [37].

Hydrated water ions are formed during clustering processes [38]

H3;0*(H20)x + H2O + M — H30"(H20)i41 + M . (8)

We assumed that C,H,*(H20)x+1ions (k = 0-5) are formed in similar reactions

and that the rate constant of reaction (9), regardless of the size of cluster ions, is re(k) = 5x107%’
cm®/s, which is close to the rate constants of reaction (8) at k = 1-3 [38].

The coefficients of dissociative electron recombination with CH,*(H2O)x ions are unknown
and varied in our calculations starting from the values corresponding to the recombination
coefficients for H3O*(H20)x ions. The best agreement with the experimental data was obtained with a
set of recombination coefficients, which were double those for H3O*(H2O)x ions. In addition, the
processes of ion charge exchange were added to the kinetic scheme, which were unimportant at low

oxidation degree and complete oxidation:

COx" + 0, — COy + O2* r1=5.0x10" ecm®/s  [39] (10
H,O* + CsHg — H30" + C3H> rg= 10" cm?/s (11)
H,0* + C3Hs — CyHy* + products ~ ro=2x10" cm?/s (12)

COy" + C3Hg — CxHy" + products  rio=2x10" cm?/s (13)



The values of the rate constants of reactions (11) — (13) were taken by analogy with the
processes of charge exchange of other molecular ions. We also took into account three-body electron

attachment to Oz with CO; and H>O as a third body (by analogy with reaction (3))

e+02+C02— 0y +COs,  r11(Te =300 K) =3.2x10°% cm%s  [23] (14)
e+ 02+ H0— 0y + HO, r12(T: =300 K) = 1.4x102° cm%s  [23] (15)

The dependence of the attachment coefficients on the electron temperature for reactions (14) and
(15) was taken the same as for reaction (3).

For a quantitative comparison of the calculated results with measurements, it is necessary to
know the dependence of the hydrocarbon oxidation degree on the number of discharge pulses.
Kinetic models of propane oxidation at room temperature in undiluted stoichiometric mixtures are
currently not available [4] and do not allow one to reliably simulate hydrocarbon oxidation.
However, propane oxidation was experimentally investigated [40, 41] under the conditions similar to
those used in the present work. It was shown in [40, 41] that the oxidation time of propane in a
stoichiometric propane-oxygen mixture to a level of £=0.95 is r ~ 25 s at pressures P = 1-2 Torr
and a pulse repetition rate of f=40 Hz. The specific energy input per pulse was g ~0.012 eV per
molecule [41]. Taking into account that the specific energy input in the present work is
approximately three times lower (¢ ~0.004 eV per molecule) and that the oxidation rate is
significantly slowed down at the later stages of the process, it can be assumed that the oxidation
degree S during its major growth increases proportionally to the number of discharge pulses as
S ~ Np/1400. In this approximation, the effective recombination coefficient was calculated on the
basis of the kinetic scheme taking into account the possible formation of C,H,*(H,O)x ions.
Comparison of the calculated results with measurements for a repetitively pulsed discharge in a
stoichiometric C3Hs:O2 mixture at P =2 Torr is shown in Figure 12. The comparison is made both in
the presence of a heating electric field in the discharge afterglow and without it. From Figure 12, this
approximate model allows to describe the non-monotonic behavior of the effective recombination
coefficient (and the rate of plasma decay) in the C3Hs:O> mixture with increasing fuel oxidation. In
this case, satisfactory agreement between the calculations and measurements is obtained both in the

case with a heating electric field and without it.
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Figure 13. Frequencies of electron loss through different recombination channels during the plasma
decay in a stoichiometric C3Hg:O, mixture as a function of the number of discharge pulses.

Calculations are for P = 2 Torr in the absence of a heating electric field.



Figure 13 shows the frequencies of the electron loss in the discharge afterglow versus the
number of discharge pulses at the moment when the electron density halves with respect to its initial
value. It follows from this figure that the dominant channel of electron loss is the dissociative
recombination of electrons with CH,"(H>O)x ions at the fuel oxidation degree corresponding to the
peak value of the effective recombination coefficient a.p. A slight decrease in the maximum value of
o upon application of a heating electric field (see Figure 12) is associated with the heating of
electrons in this field. In this case, according to the model used, the recombination coefficients for
C.H,*(H20) ions decrease with increasing 7. as a ~ T.">, by analogy with the recombination
coefficients for H30"(H20)x ions.

The agreement between calculations and measurements in Figure 12 was obtained within a
rough kinetic model using a number of rate coefficients that are currently unknown and were taken
here by analogy with other processes. This model does not account for a number of effects that might
influence the results. For example, it was assumed here that the rates of formation of H3O"(H2O)x«
and C,H,*(H2O) ions (reactions (8) and (9), respectively) do not depend on the type of the third
body M. At the same time, it is known that the rates of reaction (8) can be higher if a third body is a
hydrocarbon molecule [38]. Taking such effects into account could lead to a more profound non-
monotonic behavior of the coefficient o,y with increasing oxidation degree. Therefore, at present, we
can only say that the proposed hypothesis about the significant influence of hydrocarbon hydrated
ions CiH,"(H2O)x on the recombination rate makes it possible to qualitatively describe the non-
monotonic behavior of the rate of plasma decay in hydrocarbon-oxygen mixtures with an increase in

the oxidation degree of the fuel.

6. Conclusions

Using microwave interferometry, the plasma decay between pulses of a repetitively pulsed
nanosecond discharge was experimentally studied in a stoichiometric propane-oxygen mixture at
pressures of P =1-2 Torr and room temperature. The specific energy input in one discharge pulse
was small (~0.003-0.004 eV/molec) to ensure the absence of gas heating and a small change in the
neutral composition between two adjacent pulses. Measurements of the electron density were
performed both with the application of a weak DC electric field, which heated electrons in the
discharge afterglow, and in the absence of this field. The rate of plasma decay was characterized by
the effective electron-ion recombination coefficient. It increased with increasing oxidation degree,
passed through a maximum, decreased, and finally reached a stationary value. Applying a heating

electric field led to a decrease in the effective recombination coefficient. At small numbers of



impulses, this decrease was the largest and reached a factor of 4. In the limit of large numbers of
pulses, the effect of the heating electric field on the plasma decay rate was minimal.

Numerical simulation of the plasma decay was performed under the experimental conditions
in two limiting cases: after the first high-voltage pulse, when the propane oxidation was negligible,
and in the limit of a large number of discharge pulses, when the fuel was practically oxidized and the
main neutral components of the mixture were H>O and CO». Good agreement was obtained between
the calculated results and measurements of the temporal evolution of the electron density during
plasma decay in these two limiting cases. The analysis of the calculated results showed that the
decrease in the effect of the heating electric field on the rate of plasma decay with increasing
oxidation degree is associated with the effective electron temperature. In the limit of low oxidation
degree, the influence of the electric field was strong due to the efficient (up to 1.6 eV) electron
heating in the DC electric field. This effect was greatly reduced in the limit of complete oxidation
due to the fact that the heating efficiency of electrons in an electric field sharply decreased because
of the production of H>O and CO». These molecules have anomalously large cross sections for
vibrational and rotational excitation by electron impact in comparison with the cross sections for
excitation of O2 and CsHs molecules. This prevented electron heating in the mixtures with high
propane oxidation degrees. The electron-ion recombination coefficients decrease with increasing
electron temperature. Therefore, the effect of an electric field on the rate of plasma decay is less
profound at higher oxidation degrees.

A hypothesis was proposed to explain the non-monotonic behavior of the rate of plasma
decay and effective recombination coefficient with increasing fuel oxidation. It was assumed that
such a non-monotonic dependence is explained by the formation of CH,"(H2O)k cluster ions with
high recombination coefficients. These ions were absent in the limits of low and high oxidation
degrees, and their effect on plasma decay became most profound at partial hydrocarbon oxidation. It
was shown that this hypothesis makes it possible to qualitatively explain the complicated dependence

of the effective electron-ion recombination coefficient on the hydrocarbon oxidation degree.
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