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ABSTRACT— The dynamics of fast gas heating
in a high power microwave discharge in air, is
investigated in the framework of FDTD
simulations of the Maxwell equations coupled
with the fluid simulations of the plasma. It is
shown that, an ultra-fast gas heating of the
order of several 100 Kelvins occurs in less than
100 ns. The main role in the heating is played by
the electron impact dissociation of O,,
dissociation via quenching of metastable states
of N,, as well as, O(lD) guenching by nitrogen

molecules. Among the electronically excited
metastable states, N,(B,C,a) are the most

important species. Slow heating of the gas above
lusis attributed to the vibrational relaxation

processes of N,, among them vibrational-
translational relaxation of N, demonstrates the

highest heating rate. The heating rate and thus
the gas temperature are significantly increased
with increasing of the microwave pulse
amplitude, pulse width, and the gas pressure. In
all cases, enhanced O, dissociation is the main
factor behind the enhanced gas heating. The
same effects are observed for increasing of the
initial gas temperature, and O, percentage in a

N,- O, mixture.

KEYWORDS: Microwave discharges, FDTD
simulations, Fast gas heating, Gas temperature.

I. INTRODUCTION

In recent years, the study of high power
microwave (HPM) discharges has attracted a
lot of attention in connection with many
applications including plasma assisted ignition
and flame control, aerodynamic drag reduction
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at high speeds, sterilization of medical
instruments, surface flashover in dielectric
windows, design of microwave plasma jets,
application in plasma propulsion technology,
development of advanced radar systems,
removal of nitrogen oxides from exhaust
gases, generation of ozone, and purification of
the earth atmosphere [1-14]. HPM discharges
are characterized by a rapid enhancement of
the electron number density in a short period
of time of the order of a few nanoseconds.
Breakdown occurs when the amplitude of the
microwave pulse exceeds a critical value
which depends on the pressure and gas
composition. Different modes and spatial
structures of the HPM discharges are observed
at different gas pressures [4].

The formation of filamentary arrays due to
HPM breakdown at atmospheric pressure air
has been the subject of a number of recent
numerical and experimental studies [15-23].
The experimental results of Hidaka et al. [15]
and the numerical simulations by Boeuf et al.
[17] confirm the formation of such plasma
arrays. Chaudhury et al. [20], investigated the
dynamics of microwave streamers at the
antinode of two linearly polarized waves,
injected in opposite directions at atmospheric
pressure air with high frequency of 110 GHz
under the conditions close to experiments of
Hidaka [15] and Cook [21]. Their results
showed that, the enhanced electric field at the
head of microwave streamer causes the
streamer elongation in direction parallel to the
incident field, but due to the resonant effect,
the streamer growth may end. Later
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Kourtzanidis et al. [23] extended the model to
3D and studied the formation of plasma
patterns during the breakdown by linear and
circularly polarized waves. Their results
indicated that, because of uniform elongation
in the case of circular polarization, each
filament is in the form of a circular disc
resulting in formation of mushroom-like
patterns with a distance of 1/4 between the

filaments and with a propagation speed greater
than that of the linearly polarized mode.

In HPM discharges at atmospheric pressure
air, a major fraction of the electromagnetic
energy is converted to the Kinetic energy of the
atoms and molecules, leading to a significant
gas temperature rise. Gas heating is of crucial
importance in different applications such as
the plasma-assisted ignition of combustible
mixtures, processing of  nanomaterials,
aerodynamic flow control, plasma surface
treatment, the study of streamers dynamics,
and control of thermal instabilities [24-32].
Gas heating in air breakdown, usually takes
place in two stages: fast gas heating in a short
period of time of the order of a few 100
nanoseconds, and slow heating on the time
scale of milliseconds. Fast heating is related to
the transfer of discharge energy into the
electronic degrees of freedom of the gas
molecules and then the rapid energy relaxation
into translational kinetic energy. But the slow
heating is due to vibrational-translational
(V-T), and vibrational-vibrational (V-V)
relaxation of O, and N, .

In earlier studies of the plasma streamers in
HPM discharges the effects of gas heating
were not taken into account [20, 23]. But later
Kourtzanidis et al. [32] studied the effects of
gas heating on the microwave streamer
dynamics at 110 GHz in atmospheric pressure
air using the Maxwell’s equations coupled to
the plasma fluid model and gas dynamics
equations (Euler equations). They observed the
formation of a shock wave due to fast gas
heating which modifies the density distribution
and the ionization-diffusion mechanism in the
microwave streamer and tends to limit the
elongation of streamer due to enhanced
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resonant effects. The experimental results
obtained by Schaub et al. [33] for a focused
microwave beam at 110 and 124.5 GHz in air,
showed good agreement with the numerical
simulations of Kourtzanidis et al. [32]. They
found that, gas heating reduces the density of
neutral gas to more than 80% where the
plasma density reaches its maximum.

Due to the importance of gas heating for
various applications, numerous research works
have been devoted to the study of the
dynamics of heat release in air plasmas [32,
34-39, 48-52]. Popov developed a model of
rapid gas heating in nitrogen-oxygen mixture
by considering the dissociation of oxygen
molecules by direct electron impact and via
qguenching of the electronically excited
nitrogen molecules. It was shown that the
fraction of the discharge power, expended on
the excitation of electronic degrees of freedom
of molecules, is fixed in a wide range of the
reduced electric field, E/N. A lower

fractional concentration of oxygen molecules
in the mixture leads to a smaller fraction of the
energy of excited electronic degrees of
freedom which is spent on gas heating [35].
Later, Popov presented the dependence of the
rates of different processes involved in the fast
heating on the reduced electric field in a
significantly wide range. It was shown that, for
E/N >400 Td (10" Vcm?), the fast gas

heating is mainly due to the electron impact
dissociation of N, molecules and the

processes involving charged particles. For
E/N <200 Td, the dissociation of oxygen

molecules by electron impact and quenching
of electronically excited nitrogen molecules

and also the quenching of excited O(lD)

atoms by nitrogen molecules are the most
important processes in the gas heating [37].

The dynamics of fast gas heating has also been
studied experimentally by different research
groups [24, 25, 33, 40-47]. Aleksandrov et al.
[40] investigated the mechanism of electron
energy transfer into ultrafast gas heating in air
plasma at high electric fields, both for a high-
voltage nanosecond discharge and surface
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dielectric barrier discharge. They found that, at

high electric field of 10°Td, approximately
half of the discharge energy is converted into
heat for a short period of time of the order of
1 ps. Later Rusterholtz et al. [41] presented a
detailed experimental study of the ultrafast
heating in a nanosecond repetitively pulsed
discharge, produced between pin-to-pin
electrodes with distance of 4 mm, and pulses
of amplitude of 5.7 kV, duration of 10 ns, and
repetition frequency of 10 kHz, in preheated
air at atmospheric pressure. The ultrafast
heating leads to electronic excitation of
nitrogen molecules which in turn dissociate
O, molecules via quenching reactions with

the remaining energy going into gas heating.
They showed that about 50% of molecular
oxygen is dissociated and the gas temperature
is increased about AT =900 K in 20 ns,
indicating an ultrafast heating rate of about

5x10°Ks™.

The slow gas heating in air discharges occurs
on the time scale of ms or longer and is mainly
attributed to vibrational relaxation of N,

molecules including V-V exchanges between
nitrogen molecules and V-T relaxation in
N,-N,, N,-0O,, N,-N, and N,-O
reactions [49-52]. In [52], a time-dependent
model of gas heating with a complete set of
gas heating mechanisms in N, and N, - O,

plasmas was presented. The model also
considers the energy transfer via V-V and V-T

exchanges of N, for much longer times of 10

ms. The simulation results showed that for a
constant value of the reduced electric field
E/N, and the electron number density, the

total gas heating rate and also the gas
temperature are increased with increasing of
the fractional concentration of oxygen
molecule in the N, — O, mixture.

In a previous work, we presented a self-
consistent numerical model to study the
diffusive mode of a HPM discharge in air and
investigated the effects of variation in different
parameters, such as the gas pressure, the
width, frequency and amplitude of the
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microwave pulse on the properties of the
plasma and evolution of the concentrations of
the electrons, ions and radicals [53]. For the
conditions considered there, the energy
absorbed by the electrons from the wave field,
was very high and as a result, the electron
energy is effectively transferred into electronic
states of the gas molecules and then to fast gas
heating. On the other hand, the fast gas heating
significantly affects the rates of different gas
phase reactions and consequently the
dynamics of radicals and charged particles. In
that work we briefly discussed the effects of
temperature increase on the evolution of the
number densities of electrons, O, NO,

N,(A), N,(B), and N,(C), without

presenting a detailed calculations model for
fast gas heating. On the other hand, there are
few studies on the effects of different control
parameters on the gas heating in HPM
discharges. In this work, we present a
numerical model of fast gas heating in a HPM
discharge in air, and investigate the effects of
gas parameters and the properties of
microwave source on the heating rate, gas
temperature and evolution of radicals and
plasma particles. To this end, we study the
effects of variation in the air pressure, initial
gas temperature, oxygen percentage, and the
amplitude and duration of the microwave pulse
on the heating rate and gas temperature for a
single pulse with the total simulation time of
about 10 us. Instead of listing an exhausted set
of all chemical reactions, we only present the
most important reactions involved in the fast
gas heating.

The structure of the paper is as follows:
Section Il presents the theoretical model
including the equations describing the
propagation of microwave pulse and evolution
of the plasma parameters and gas temperature,
as well as the chemistry model and the
associated data set. Section Il provides the
results of numerical simulations along with a
detailed discussion of different effects, and
compares them with the available results in the
literature. Finally, the paper is concluded in
Section IV with a summary of the main
findings.
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Il. THEORETICAL MODEL

In this section, we address the theoretical
model used in the simulation of the HPM
pulse. The finite-difference time domain
(FDTD) method has been extensively used to
obtain the numerical solutions of the Maxwell
equations in conjunction with the fluid
equations describing the evolution of the
plasma particles [13, 14, 17-20, 23, 32]. In the
following we first introduce the Maxwell
equations along with the electron fluid
equations and then briefly discuss the chemical
model of the discharge with focusing on the
most important reactions in the gas heating.

A. Maxwell
Dynamics
The one-dimensional Maxwell equations for
propagation of a microwave pulse through the
plasma along z direction are given as [13]:

Equations and Plasma

@__ i 6Hy _queux (1)
ot & ) oz g

ok, B q.N.u, @)
ot g

8Hy _ i oE, 1 3)
ot M, ) oz

where E, and E, are the x and z components
of the electric field, H, is the y component of
the magnetic field. g, and N, are the electron
charge and number density, u, and u, are the

mean electron velocity components along x
and z directions, &, and g, denote the

permittivity and permeability of free space.

In fluid approach the electron dynamics is
described by the continuity, momentum and
energy equations [13]:

o(N
: :(Vi_va)Ne_(a—;uZ)1 (4)
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where, m, is the electron mass, &, is the mean
electron energy. v,, and v, are the ionization

and attachment frequencies for the electrons,
v, is the momentum transfer collision

C

frequency, and Q, is the electron energy loss

rate in collisions (elastic and inelastic). The
ionization, attachment, and momentum
transfer collision frequencies as well as the
electron energy loss rate are calculated using
BOLSIG+ software [54].

The temporal evolution of the gas temperature
under isobaric conditions can be written as
[50]:

n.c

%:/1 VT +Q,, (8)
mUP ot ¢ g in

where n_ - and c, denote the molar density
and the molar heat capacity at constant
pressure, 4, is the thermal conductivity, and
Q,, is the total rate of gas heating in the
exothermic reactions considered, for example:

A+B — C+D, 9)

Q,, = NANgKAE, (10)
where, N, denotes the number density of

species i, k is the rate constant, and AE is the
energy released during the reaction.

B. Chemical Kinetics

In the chemical model presented here, we
mainly focus on the most important species
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and chemical reactions involved in fast gas heating.

Table 1. The reactions included in the gas heating, the corresponding rate coefficients and energies converted on gas
heating. T, and T are the electron temperature in Volts and gas temperature in Kelvins, respectively.

[ Downloaded from mail.ijop.ir on 2025-06-13 ]

No.  Reaction Rate constant (cm’s™)  AE(eV) Reference
1 e+0, > e+0+0 f(T,) 0.8 [54]
2 e+0, > e +0+0('D) f(T.) 1.26 [54]
3 e+N, > e+N+N(’D) f(T,) 0.9 [54]
4 N, (A) +0, > N,(X) +0+0 254107 1.05 [55]
5 N,(A) +N,(A) > N,(B) +N,(v=2) 7 7x107% 4 [49]
6 N, (A) +N,(A) > N, (C) +N, (v=2) 15x107™ 0.4 [49]
7 N, (A) +0(°P)—> NO+N(’D) 7.0x10™2 0.5 [55]
8 N,(B) +0, > N,(X) +0+0 3.0x107 2.23 [49]
9 N,(B) +N, > N,(A) +N, 2.85x10°" 1.18 [49]
10 N,(B) +0O(°P)—> NO+N(’D) 3.0x107™ 1.74 [38]
11 N,(C) +O, > N,(X) +0+0 3.0x10%° 5.91 [49]
12 N,(C)+0O(°P)> NO+N(’D) 3.0x107 5.42 [38]
13 N,(a') +O, > N,(X)+0+0 28x10°" 3.28 [49]
14 N, (a") +O(°P)— NO+N(’D) 3.0x107% 2.79 [38]
15 N,(a) +O, > N,(X) +0+0 4.3x107%° 3.43 [49]
16 N,(w) +0, > N,(X) +0+0 1.0x107%° 3.77 [49]
17 N(’D) +N, - N(“s) +N, 6.0x10"° 2.38 [55]
18 N(’D) +0, —» NO+0('D) 6.0x10%%(T/300)" 1.76 [55]
19 N(’D) +0, - NO+0O(°P) 1.5x107 (T/300)"° 3.73 [55]
20 N(’D) +0O(°P) — N(*s) +O(°P) 1.8x107%2 2.35 [38]
21 N(’P) +N, - N(*s) +N, 2.0x107%8 3.58 [56]
22 O('D) + N, > O(°P) +N, 1.8x10 " exp(107/T) 1.38 [55]
23 o('D) + 0, O(°P) +0, 6.4x10™ exp(67/T) 1.38 [56]
24 O('D) + 0, > O(°P) +0,(b's;) 2.56x10 " exp(67/T) 0.33 [55]
25 o(lD) + NO > o(sp) +NO 1.7x107% 1.97 [38]
26 O('D)+ O(°P)—> O(°P) +O(°P) 8.0x10°* 1.97 [56]
27 O('s) + o(°P) > O('D) +O(°P) 5.0x10 " exp(-301/T) 2.22 [55]
28 O('s) + No— O(°P) +NO 2.9x107% 4.19 [56]
29 O('s) + NO— O('D) +NO 5.1x107% 2.22 [56]
30 0,(b'z;)+0(°P) > O(°P)+0,(a'a,) 8.0x107™ 0.65 [55]
31 N(*S) +NO - N, (v~3)+O(°P) 1.05x107°T° 2.45 [52]
32 N(S) +NO - N, (v=4,5)+0(°P) 3.0x10 2.45 [38]
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We consider 31 different species, including the
excited states of the molecular and atomic
nitrogen and oxygen

N, (v.i=1,...8), N, (A®S;, B’II,, C°I,, 2",
a'll, w'A,), 0,(a'A,,b'z;), O('D,'s),
N(?D, ?P), as well as the neutral species

0, 0,,0,, N,N,, NO, NO,, N,O, NO,, N,,O;,
besides electrons. 278 different chemical
reactions including electron impact reactions,
V-T relaxations, V-V exchanges and reactions
involving neutrals in N, and O, mixture are

included in the model.

The set of the most important chemical
reactions in the gas heating is given in Table 1.
Our chemical model also takes into account
the heating arising from V-T relaxation in
N,- N,, N,- N, N,- O, and V-V energy
exchange in N,— N,. We have used
BOLSIG+ free software to calculate the rates
of ionization, electron impact dissociation and
excitation of the particles, due to their
dependence on the electron temperature [54].
The reduced electric field E/N is an
important  factor in  determining  the
contribution of different reactions in fast gas
heating. According to Ref. [37], for
E/N <200 Td (1 Td=10"Vcm?) in air,
electron impact dissociation of O, as well as
the dissociation via quenching of the
electronically excited nitrogen molecules,
along with O('D) quenching by N, are the
most important processes in the fast gas
heating:

e+0,—> e+0+0(°P, 'D), (11)
N,(A B,C,aa,w)+0,—> N,+20, (12)
O('D) + N,—> O(°P) +N,, (13)

where, the energy converted to gas heating in
processes (11) and (12) can be directly
obtained from the difference between the
threshold energies for excitation of N, and
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O, molecules and the dissociation energy of
the products, which is 7.08 eV for producing
O(°P)+O('D) and 512 eV for

o(°P) +0O(°P).

In reaction of the excited species, part of the
released energy may go to vibrational
excitation of the products, but we have
assumed that, in most of the exothermic
reactions considered in this work, all of the
released energy is converted to gas heating. In
reaction (13) about 70% of the released energy
IS spent on gas heating that is equal to 1.38 eV.

The electron impact dissociation of nitrogen
molecules

e+N, > e+N(’s) +N(*D), (14)
also contributes to fast gas heating with an

energy<l eV. Other chemical processes,
important in fast gas heating are:

N,(a, B, C) +O(°P)—> NO+N(’°D), (15)

N(’D) +0, > NO+O(°P, 'D) (16)
Due to large increase in the atomic oxygen
density during breakdown, the following V-T
relaxation:

N, (v) +O(°P)—> N,(v-1) +O(°P), (17)
is the most important process among the

relaxation reactions of vibrationally excited
states of N, in N,— O, mixtures, but the

contribution of this process in the fast gas
heating is much less than processes (11)-(16).

I1l. NUMERICAL RESULTS AND
DiscuUsSION

For numerical simulation of the model
equations, FDTD method is used to discretize
the Maxwell Egs. (1)-(3). At the same time
CPML (convolutional perfectly matched layer)
boundary condition is applied to update the
field components at the boundaries of the
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simulation domain. Also, the fluid Egs. (4)-(7)
are solved by explicit Euler scheme.
Moreover, Eq. (8) is solved along with the rate
equations for the neutral species to update the
gas temperature and the number densities of
the neutrals. The numerical stability condition
required by the FDTD method is the CFL
condition

At < %, (18)

where, ¢ is the speed of light in free space.
The computational domain in this simulation is
20 cm in air. Modulated Gaussian microwave
pulses are injected from the left boundary and
the default values for the microwave pulses
are: frequency f=2.85 GHz, pulse width
7,=30 ns, electric field amplitude

E,=10 MV/m, and the initial gas temperature

T=300 K. It was assumed that the number
densities of N, and O, are fixed and do not

change during the discharge. Because of the
symmetry in the spatial and temporal profiles,
we only present the time evolution of different
quantities at a given position (z =0.07 m).

First, we study the time evolution of the
number densities of the main species involved
in the gas heating during a microwave pulse.
This can be used to explain the contribution of
different reactions in the heating rate and thus
in the gas temperature rise. During the
discharge pulse, the electron number density
(not shown) rises very quickly, then as seen
from Fig. 1, the number densities of the

excited N,(A B, C,aa,w), and
N(°D,’P), and O('D,'S) states are

increased as a result of electron impact
excitation from the ground state. Also, the
concentrations of N and O are increased due to
the electron impact dissociation processes.
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Logso(N,m™)

Logo(t,s)
Fig. 1. Time evolution of the concentrations of the
most important radicals and excited species
involved in gas heating for a microwave pulse with
amplitude of 10 MV/m, duration of 30 ns,
propagating in air with initial temperature of 300 K,
and pressure of 760 Torr.

Because of its lower excitation energy,
N,(A) is more populated than the other
metastable states of nitrogen molecule. This
reason is also true for O(lD) compared to
O('s). After
concentrations of the excited species decrease
both due to decrease in the electron number

density and quenching by oxygen and nitrogen
molecules.

the discharge pulse, the

To scrutinize the contribution of different
processes in gas heating we study the time
evolution of the heating rate for the most
important exothermic reactions. For the source
parameters considered in this work, the mean
value of the reduced electric field is less than
200 Td. Therefore, as shown in Fig. 2, electron
impact dissociation of O, and dissociation via

quenching of the electronically excited
nitrtogen molecules, as well as O('D)

quenching by N, are the most important

reactions in the fast gas heating. These are in
good agreement with the results of Popov [37].
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Fig. 2. The time evolution of the heating rates of
different reactions for the same microwave pulse
parameters and air conditions as in Fig. 1.

Figure 2(a) compares different channels of O,

dissociation by different electronically excited
states of nitrogen molecules. It is obvious that

N,(C), N,(B), and N,(a) have more
contribution than the other three excited states.
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This is related to the higher rate constant and
higher energy release in these reactions.
Although, according to Fig. 1, the peak

number density of N,(A) is higher than that

of the other electronically excited states, but
the associated rate constant times the energy
spent on gas heating is much lower. The
contribution  of the electron  impact
dissociation channels in gas heating, depends
on the rate constant, the electron number
density, and the amount of energy released as
heat. Due to rapid increasing of the electron
number density during the breakdown, these
processes are very important in HPM
discharges, as is clear from Fig. 2(b). The

reaction e+0, > e+0+0('D), has a

higher heating rate compared to the other two
reactions due to its higher rate constant and
larger heat release. The other important
channels in the gas heating, are shown in Figs.
2(c) and 2(d). Because of high concentrations

of O(lD) and N,, and also a larger rate

constant compared to the other reactions, the
process (13) has a significant contribution in
the gas heating.

Time evolution of the population of the 8
lowest excited vibrational states of N, and the
associated heating rates in different relaxation
processes, are presented in Fig. 3. The highest
heating rate among these processes belongs to
N,— O vibrational-translational relaxation

with the maximum of 4.7x10'Ks*. N,-N

vibrational-translational  relaxation is an
important process for small times of the order
of hundreds of nanoseconds while V-V
N, - N, overcomes above microseconds.

Vibrational-Translational relaxation of
N, — N, plays little role in the gas heating

among the vibrational processes. From
comparison of Figs. 2 and 3, we find that the
gas heating at times t<1 us is mainly due to

O, dissociation processes by electron impact

and quenching of electronically excited
species of N, , while for times above 1 ps the

vibrational relaxation of N, molecules plays
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the main role in the heating. It is noted that,
the population of vibrational levels of N,,

increases with decreasing of the vibrational
number.

25

24

23

N
N
T

|-°910(N2(V),m_3)

N
T
1

(@]
T

Log,o(Heating rates,K/s)

o

-8 -7 -6 -3

Logo(t,s)
Fig. 3. Temporal evolution of the population, and
the associated heating rates of different vibrational

levels of N, for the same conditions as in Fig. 1.

To investigate the effects of different control
parameters on the heating rate and gas
temperature, we first study the effects of
variation in the pulse amplitude. Figure 4
shows the time evolution of the total heating
rate and the gas temperature for four different
amplitudes of the pulse electric field. The gas
temperature increases in two different stages:
an increase on the order of a few hundreds
Kelvins in less than 100 nanoseconds and then
an increase after t=1 ps. For default field

amplitude of E;=10 MV/m in the Fig. 4, the

heating starts after 15 ns, when the pulse
amplitude reaches its maximum and the
heating rates associated with the dissociation

163

Vol. 13, No. 2, Summer-Fall, 2019

processes (11) and (12) become high enough
to increase the gas temperature. The gas
heating after t=1 ps is due to vibrational

relaxation of N, molecules, among them the
most important process in air is V-T N, - O,
as seen from Fig. 3. For E,=10 MV/m the gas

temperature reaches 960 K at t=10 ps with the
corresponding total heating rate peaking at

t=30 ns with a maximum value of
2.2x10"°Ks™,
2100 T T T
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| [
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i /
x /
E-:» /'
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300___.
3x‘|0'° - T - r . T
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| ) - 8 MV/m
0 . 3 .
-9 -8 -7 -6 -5

LOgm(t,S)
Fig. 4. Time evolution of the gas temperature and
the total heating rate for different amplitudes of the
pulse electric field.

These are in good agreement with the results
of [38]. W.ith increasing of the pulse
amplitude, the electron number density and the
mean electron energy are increased and as a
result the rates of electron impact dissociation
processes are enhanced. This in turn results in
increasing of the number densities of the
vibrational and electronically excited species
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of N, and O, and hence in increasing of the
corresponding heating rates.

Figure 5 represents the time dependence of the
gas temperature, the total heating rate, and the
number density of atomic oxygen for four
different values of the pulse width 7.

3100 T T T y

(a) /
2400} ©
E" 1700 F LE
1000 |

300
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Total heating rate(K/s)

24.2

(c)

23.7F
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23.2 . .
-9 -8 -7 -6 -5
Logyo(t.s)

Fig. 5. Time dependence of (a) the gas temperature,
(b) the total heating rate, and (c) the number density
of atomic oxygen for four different values of the

pulse width.

It is clearly seen from Fig. 5 that, with
increasing of 7, the total heating rate and the

gas temperature are increased. For long pulse
widths, more electric energy is transferred to
the electrons and thus the electron number
density and the mean electron energy are
enhanced. This results in more electron impact
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dissociation of O, and also in enhanced
electronic excitation of N, molecules which
take part in the O, dissociation as well.

Therefore, the heating rate and the gas
temperature are increased with increasing of
7,. Enhanced dissociation of O, molecules at

longer pulse durations leads to higher
concentration of atomic oxygen, as seen from
Fig. 5(c). Higher O number density, in turn
accelerates the V-T N, - O relaxation and thus

leads to a larger heat release and thus to a
higher gas temperature.

2400 X ' " ! ) ! ]

(a) /

300
3.6x10'° — T -

2.7x10'"°F

1.8x10"F

9.0x10°

Total heating rate(K/s)

0 . L .
-9 -8 -7 -6 -5
Logyo(t.s)
Fig. 6. Time evolution of the gas temperature and
the total heating rate for three different values of the
initial gas temperature.

Now we study the effects of gas parameters on
the dynamics of fast gas heating. Figure 6
displays the time evolution of the total heating
rate and the gas temperature for three different
initial gas temperatures. Although, the rate
constants for the electronically excited states
involved in the gas heating as well as that of
the electron impact reactions do not depend on
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the gas temperature, but some processes are
still, like reactions 18, 19, 27, and 31 in Table
1, which are accelerated with increasing of the
gas temperature. This leads to a higher gas
heating rate, as seen from Fig. 6(b). For an
initial gas temperature of 500 K, the peak
heating rate increases to 3.5x10"Ks®
compared to 2.2x10°Ks™ for 300 K. The
ratio of the final gas temperatures is 2.5.

Due to the importance of O, dissociation in

the heat release, we investigate the effects of
variation in O, percentage on the heating
dynamics in a HPM discharge in N,- O,
mixture. Figure 7 displays the heating rate, the
gas temperature, and O atom concentration for
five different O, percentages. The heating rate
and the gas temperature are increased with
increasing of the oxygen population. For
instance, with increasing of O, population
from 21% to 80% the final gas temperature is
doubled. The electron impact dissociation of
O, as well as the dissociation via

electronically excited N, molecules are

enhanced which in turn lead to more heat
release and thus to increasing of the gas
temperature. Enhanced O, dissociation also
results in enhanced atomic oxygen population
as is clear from Fig. 7(c). Atomic oxygen can
then participate in numerous heating processes
such as reactions 10, 12, 14, and 20 in Table 1.
Moreover for t>1 ps, due to increasing of O

number density with O, percentage, the
heating rate of V-T N,— O reaction is

enhanced which in turn leads to more gas
heating. Further increasing of O, population

above 80%, leads to a saturation in the gas
temperature. This is attributed to the reduction
in the N, population, as less electronically

excited N,
dissociated O, and release heat.

molecules are available to

Finally, we explore the effects of gas pressure
on the fast gas heating. Figure 8 represents the

gas temperature, the total heating rate, N, (C)
concentration, and O atom number density for
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five different gas pressures. As is obvious, the
heating rate and the gas temperature are
increased with increasing of the pressure.

2100 . ' ) ' | '
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Total heating rate(K/s)

-9 -8 -7 -6 -5
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Fig. 7. The gas temperature, the total heating rate, and
the number density of atomic oxygen as functions of
time for five different O, percentages.

This effect can be explained in terms of the
enhanced collision frequency at higher gas
pressures. With increasing of the collision
frequency, the electron impact dissociation of
O, as well as the dissociation via

electronically excited N, molecules are
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enhanced. Then, as shown in Fig. 8(d), the O
atom number density increases.
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Fig. 8: The gas temperature, the total heating rate,

and the concentrations of atomic oxygen and

N,(C) as functions of time for five different

pressures.
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On the other hand, due to more frequent
collisions at higher pressures, electronically
excited metastable states of N, are effectively

consumed in O, dissociation process. Then, as

seen from Fig. 8(c), the concentrations of
N,(C) and the other metastable states (not

shown) are reduced. Enhanced O, dissociation

along with higher O atom number density
results in more heat release and thus to
increasing of the gas temperature.

I\V.CONCLUSION

We studied the process of fast gas heating in a
HPM discharge at atmospheric pressure air.
We presented a self-consistent numerical
model by coupling the FDTD simulation of
Maxwell equations with fluid description of
the plasma and investigated the effects of
different control parameters such as air
pressure, initial gas temperature, oxygen
percentage, the microwave pulse amplitude,
and the pulse width on the heating rate and gas
temperature. The main results of the
simulation are summarized as follows:

The concentrations of electrons and the excited
species of atoms and molecules are increased
in a short period of time in the order of a few
nanoseconds. Then the electron impact
dissociation of oxygen molecules and
dissociation via quenching of electronically

excited nitrogen molecules, as well as O(lD)

quenching by N, lead to fast gas heating of a

few 100 Kelvin in less than 100 ns. The next
phase of gas heating, the so called slow
heating, occurs above 1 ps second and is

attributed to the vibrational relaxation of N,

molecules. Among the metastable states of
N,, the most important species in gas heating

are N,(B,C,a), while N(ZD, 2P) and
O('D,'s) are the most important atomic

species. The highest heating
vibrational relaxation processes

belongsto N, — O V-T relaxation.

rate among
of N,,
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The heating rate and consequently the gas
temperature are increased with increasing of
the microwave pulse width and amplitude.
This is because, at higher pulse amplitude and
duration, more electromagnetic energy is
transferred to the electrons. Then the electron
number density and mean electron energy are
increased. This in turn leads to more O,

dissociation both by direct electron impact and
via quenching of the metastable states of N, .
The energy released during these O,

dissociation processes is converted to heat and
results in increasing of the gas temperature. On
the other hand, higher dissociation leads to
higher atomic oxygen concentration which can
participate in different heating reactions like
V-T N, - O relaxation.

Increasing of the pressure and the percentage
of O, ina N,- O, mixture has similar effects.

At higher gas pressures the collision frequency
of electrons with neutral is increased. Then O,

dissociation by direct electron impact is
enhanced. On the other hand, due to more
frequent collisions, metastable states of N,

can effectively dissociate O, molecules. The
higher O, dissociation, corresponds to more

heat release and thus to higher gas
temperature. O, dissociation also increases

with increasing of O, percentage up to 80%.
At higher O, percentage, less metastable N,
is available to dissociate O,. Moreover, the
contribution of vibrational relaxation of N, in

the gas heating diminishes. As the rate
constant of some of the reactions involved in
gas heating depends on the gas temperature,
the heating rate and the gas temperature are
enhanced with increasing of the initial gas
temperature.
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