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A Reduced Set of Air Plasma Reactions
for Nanosecond Pulsed Plasmas
Moon Soo Bak and Mark A. Cappelli

Abstract— The reduction of a mechanism describing plasma
chemistry for dry air has been carried out for conditions
of nanosecond-pulsed discharge plasmas. The discharge conditions include both diffuse glow and filamentary spark modes.
A reduced set for glow discharges is found to have inelastic
electron-impact reactions of N2 and O2 , quenching of excited N2 ,
+
+
+
electron attachment to O−
2 , ion conversion between N2 , N4 , O4 ,
+
+
O2 · N2 , and O2 , and ion–ion and electron–ion recombination.
When the discharge is in a filamentary mode, additional reactions
are required beyond those for the glow discharge as a result of the
increased electron number density and high levels of molecular
dissociation. Those additional reactions include electron-impact
excitation of N and O, quenching of excited N2 by N and O,
and associative ionization by collisions between excited N2 .
A significant reduction in the number of species and reactions
is obtained without compromising the predicted species’ number
densities and temperature. These results provide researchers with
reduced kinetic mechanisms that high-fidelity simulations could
rely on to save computational time.
Index Terms— Plasma chemistry, plasma simulation.

I. I NTRODUCTION

H

IGHLY nonequilibrium nanosecond pulsed discharges
that have been generated at relatively high pressures
have been shown to have a lower power budget than other
methods in forming plasmas of high electron densities [1]. For
over a decade now, these types of nonequilibrium discharges
have been used to enhance and stabilize combustion [2]–[5]
and to actuate aerodynamic flows [6]–[9]. These applications
take advantage of the high reactivity of the plasma to
promote new chemical pathways, or the highly ionized state
as a means to transfer momentum to the background air flow.
High-fidelity numerical simulations of plasma-assisted
combustion or plasma actuation of air flows require a detailed
understanding of the plasma kinetics. Equally important is
the need to develop reduced yet accurate kinetic mechanisms
so as to reduce the computational time. In this paper, we
describe a reduced kinetic mechanism that captures all of
the critical kinetic pathways seen in the use of much larger
mechanisms that have been described in [10].
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While several mechanisms have been proposed that describe
plasma air chemistry [11]–[15], some of which have been
tested against the experimental data [11]–[13], one that is
commonly encountered in the literature is [10], which is
specifically developed for plasma discharges in dry air.
Despite the limited validation of this mechanism, the reactions
included in its kinetic subsets were not systematically chosen
and the mechanisms have not been tested for a broad range of
conditions.
Many studies have been carried out on the reduction
in the number of species and reactions that are needed
to describe hydrocarbon combustion chemistry [16], [17].
In general, the complexity of a reaction mechanism increases
exponentially as the number of species increases. A systematic
reduction in the size of the mechanism can save considerable computational expense. Despite the several reduced
mechanisms available for combustion [16], [17], a very few
studies have been carried out for reducing plasma reaction
mechanisms [18], [19]. In this paper, we report on the performance of a reduced kinetic mechanism that is used to describe
air plasma chemistry, in particular, that driven by a nonequilibrium nanosecond pulsed discharge [20]–[22]. Our approach
that is used is a method that is sometimes referred to as
detailed reduction in the combustion chemistry literature [16].
The method is tested under conditions comparable with
what is found in nanosecond pulsed discharges operating in
either a diffuse glow mode [20] or in a filamentary spark
mode [21]. We show that in the later regime, the increased
plasma density requires including additional reactions that are
not necessary for conditions of lower plasma density. Since
nanosecond pulsed plasmas are now used for combustion and
flow control at high pressures (>1 atm) [5], [8], [9],
it is important to understand the reaction pathways
relevant to relatively high plasma densities, particularly
when n e  1014 cm−3 .
II. C OMPUTATION D ETAIL
The method of detailed reduction [16] is applied here
to the mechanism proposed in [10] that describes plasma
reactions in dry air. Detailed reduction requires calculating
all of the elementary reaction rates and associated heating
rates for forward and reverse reactions that are in the detailed
(starting) mechanism. These rates are then compared against
the maximum rates at the given time to sort out important
reactions. Since a reaction rate is a strong function of gas
temperature and electric field, the importance of each reaction
varies during the reaction time. Reactions that will ultimately
be included in a reduced mechanism are, therefore, selected

0093-3813 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Stanford University. Downloaded on September 21,2020 at 17:12:17 UTC from IEEE Xplore. Restrictions apply.

996

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 43, NO. 4, APRIL 2015

when each reaction satisfies the criteria of
|Ri | > ε R |Rmax |

(1)

|Ri Hi | > ε Q |Q max |

(2)

at any of the tested times. The parameters, ε R and ε Q ,
determine the ultimate number of reactions and species in
the reduced mechanism, and their values are typically set
to be significantly smaller than unity. In this paper, we set
ε R = ε Q = 10−2 . In (1) and (2), Ri is the rate of reaction i,
Rmax is the maximum reaction rate, Hi is the heating rate of
reaction i, and Q max is the maximum heating rate. It is noteworthy that in applying the criteria we categorize reactions into
two subsets (one that contains ionized particles in the reaction
and the other that does not). This is because the former
reactions tend to have smaller rates although those reactions
determine the electron population and plasma behavior.
The detailed reaction mechanism in [10] consists of
46 species and 445 reactions. When counting species, we
consider each excited (electronic or ionized) state as different species. The species in the mechanism are electron (e),
N2 (X, A, B, a, C), O2 (X, a, b, c, C, A), N, N (2 D, 2 P), O,
+
O (1 D, 1 S), O3 , NO, NO2 , NO3 , N2 O, N2 O4 , N2 O5 , N+
2 , O2 ,
+
+
+
+
+
+
+
+
+
N , O , NO , N3 , N4 , O4 , O2 · N2 , NO · N2 , NO · O2 ,
−
−
−
−
+
−
−
NO+ · NO, NO+
2 , N2 O , O2 , O , O3 , O4 , NO , NO2 ,
−
∗−
−
NO3 , NO3 , and N2 O . The reactions are classified into:
1) inelastic electron-impact processes (i.e., electronic excitation, dissociation, and ionization); 2) associative ionization;
3) recombination between electrons and positive ions;
4) electron attachment and detachment; 5) quenching of electronically excited species; 6) ion conversion; 7) recombination
between positive and negative ions; and 8) other reactions
between neutral species in their ground state. The complete
description of reactions is provided in [10]. Most of the
reaction rate coefficients, except those for electron-impact
reactions, are adapted from [10]. Those for the electronimpact reactions are tabulated as a function of the reduced
electric field (E/n). We use cross-sectional data for the
electron impact of N2 [23], O2 [24], N [25], and O [26]. The
computation of the electron energy distribution function and
the reaction rate coefficients is facilitated using the Boltzmann
equation solver, BOLSIG + [27].
As mentioned above, two different plasma conditions are
studied here. One is that of a typical diffuse glow discharge
and the other is that of a filamentary spark discharge. The glow
discharge plasma is in general achieved by either preheating
the base flow or lowering the pressure. Similar to [20]–[22],
our modeled voltage pulse has a trapezoidal shape in time
with a 3-ns rise time, a 4-ns fall time, and a 10-ns plateau,
as shown in Fig. 1. The peak voltage, electrode spacing, and
gas temperature are chosen to be 6.7 kV, 5 mm, and 1100 K
for the glow discharge and 7.3 kV, 5 mm, and 1000 K for the
filamentary discharge. The base flow (e.g., co-flow) refreshes
the discharge region and its speed is taken to be 2 m/s.
The simulation that is carried out here to test the kinetic
mechanism is quasi-0-D. The schematic of the simulation is
shown in Fig. 1 (top). The plasma reactions progress while
species from the surrounding flow enter and exit the finite

Fig. 1. Schematic of the discharge simulation (top) and the model voltage
pulse applied between electrodes separated by 5 mm (bottom). The corresponding peak voltage is used to form a glow discharge.

discharge region through diffusion and advection processes.
We assume that the discharge is spatially uniform although it is
true that the electric field in the near cathode region is stronger
than that in the bulk region of the plasma. A pulsing circuit
is also considered in the simulation since in a filamentary
mode, the electrical current associated with the plasma can
be sufficiently high so as to affect the voltage drop across the
electrodes.
In the computations, the species conservation equations



 ν
 ν
dn j

i
i
=
(ν j − ν j ) k f
n reac,i − kb
n prod,i
dt
reactions

i

i

n total + n total,coflow c j − c j,coflow
− Dj
2
R2
∗
nj
n j,initial
∗ nj
+ Vadv
− Vadv
− Vc
R/2
L
L

(3)

for a reaction

i

kf

νi n reac,i ← →
kb



νi n prod,i

(4)

i

are solved together with an overall energy equation (5), as
shown at the bottom of the next page.
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TABLE I
R EACTIONS OF A R EDUCED S ET TO S IMULATE THE K INETICS

In (3)–(5), n j and c j are the number density and mole
fraction of species j, n total is the total number density,
ν j , cv, j , and h f, j and h s, j are the corresponding stoichiometric
coefficients, heat capacity (at constant volume), and formation
and sensible enthalpies. We note that we take h †s, j = h s, j
if c j − c j,coflow > 0, otherwise h †s, j = h s, j,coflow, and n ∗j = n j
and h ∗s, j = h s, j if Vc > 0, otherwise n ∗j = n j,coflow and
h ∗s, j = h s, j,coflow. In addition, in these equations, k f and kb are
the forward and reverse reaction rate coefficients, T is the gas
temperature, E is the electric field, e is the electron charge,
μe is the electron mobility, D j is the diffusion coefficient
of species j, k is the thermal conductivity, Vadv is the initial
advection velocity, and R and L are the effective lengths for
∗ are the local
diffusion and advection, respectively. Vc and Vadv
convection and advection velocities, calculated to satisfy

c j −c j,coflow
+n
n
−D j M j total total,coflow
2
2R
Vc =

species, j


species, j

M j n ∗j
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(6)

and
∗
Vadv
=

ρinitial
Vadv .
ρ

(7)

Here, M j is the molecular weight of species j and ρ is the
gas density. In (5), the first term of right-hand side accounts
for joule heating of the electrons within the discharge, and
the second and third terms of the right-hand side describe
the volumetric rate of net energy gain as a result of reactions
and species diffusion/advection and thermal conduction to the
surrounding flow.
As mentioned earlier, the pulsing circuit is included in the
simulation. The circuit is modeled as a discharging capacitor
across a resistive load, and the consequential effect of a voltage
drop across the load as the current charges the high-voltage
capacitor is accounted for when calculating the reduced electric field. The energy stored in the capacitor bank (W ) is
assumed to be 1 mJ. The effective capacitance (Cpulser ) of
the pulser corresponding to the programmed voltage (V p ) is,
therefore, expressed as
Cpulser (t) =

2W
.
V p (t)2

(8)

The actual voltage after reflecting the charge accumulation into
the capacitor is calculated by

and



t

Q e (t) =

en e μe E Ad dt  .

(10)

0

V = Vp −

Qe
Cpulser

− en e μe E Ad Z

(9)

The output impedance of the pulser (Z ) is assumed to
be 100 . Since the simulation is quasi-0-D and computes the

⎤
⎡
dn j
−h f, j
⎥
⎢
dt
⎢
† n total + n total,coflow c j − c j,coflow⎥

⎥
⎢
h
−D
j s, j
 ⎢
 d cv,j n j T
⎥
2
R2
⎥ − k T − Tcoflow
⎢
∗
∗
= en e μe E 2 +
h
n
⎥
⎢
s, j j
dt
R2
⎥
species j
species j ⎢
⎥
⎢−Vc R/2
⎦
⎣
h s, j,initialn j,initial
∗ h s, j n j
+Vadv
− Vadv
L
L
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Fig. 2. Comparison for the time histories of (a) negatively charged species
and (b) positively charged species densities calculated using a full reaction
set and the reduced set when the discharge is in diffuse glow mode.

current density, the cross-sectional area of the discharge (Ad )
is required to estimate the current. From the previous
experimental results, the diameters of 500 and 350 μm are
used for the glow and filamentary discharges [22].
The mechanism reduction is carried out at various times
within the discharge pulse to validate it over the entire period.
The selected times are 1.5 ns, 8 ns, 15 ns, 200 ns, 2 μs,
and 20 μs. As explained before, the final reduced mechanism
includes all of the reactions that satisfy the criteria for all
of these times. As we simulate the repetitive discharges, the
simulation is carried out for a series of pulses rather than
a single pulse. This is because excluding some potentially
important plasma reactions could result in a different quasisteady state for species densities and temperature. The results
shown in this paper are for a train of 50 pulses, during which
initial number densities of species and gas temperature reach
their quasi-steady-state values.
III. R ESULTS
The mechanism reduction is first carried out for the low
plasma density (glow discharge) case. The reduced mechanism
is determined to require 20 species of e, N2 (X, A, B, a, C),
+
+
+
+
O2 , O, O(1 D), O3 , N2 O, N+
2 , O2 , N4 , O4 , O2 · N2 ,
−
−
−
O2 , O− , O3 , and O4 and 49 reactions listed in Table I.
We note that excited states of O2 and their reactions are not
included in the reduced set since their contribution to chainbreaking reactions and temperature is small. From Table I,

Fig. 3. Comparison for the time histories of (a) N2 (A, B, a , C) and
(b) O and O3 densities calculated using a full reaction set and the reduced
set when the discharge is in diffuse glow mode.

most of the electron-impact inelastic collisions of N2 and O2
(i.e., electronic excitation, dissociation, and ionization)
are found to be important. As a result, quenching of the
excited states of N2 (A, B, a, C) is also important. It is
notable that there is a significant reduction in the number of
reactions needed to describe ion conversion and electron–ion
recombination. Dominant ion conversion pathways are found
+
to be R31–R38 through which N+
2 transfers its charge to N4 ,
+
+
+
+
O4 , and O2 · N2 , and finally to form O2 . The O2 then recom−
bines with electrons (R10) and negative ions of O−
2 , O , and
−
O3 (R44–R49). This reduced set is somewhat similar to that
proposed in [19] that is obtained from a sensitivity analysis
of the importance of individual reactions to gas heating.
Time histories of species’ number densities calculated by the
simulation with the reduced reaction mechanism are compared
with those calculated with the detailed mechanism to provide a
sense of how accurately the reduced mechanism reproduces the
results of the detailed mechanism. Comparisons for negatively
−
−
−
charged species (e, O−
2 , O , O3 , and O4 ) and positively
+
+
+
+
charged species (N2 , O2 , N4 , O4 , and O+
2 · N2 ) densities
are shown in Fig. 2(a) and (b), respectively. Comparisons for
N2 (A, B, a, C) and O and O3 are shown in Fig. 3(a) and (b),
respectively. The calculation carried out with the reduced set
is found to reach a quasi-steady state over tens of pulses and
also appears to be in good agreement with the species time
traces that are obtained from the detailed mechanism. For all
of the species except O3 , the reduced set slightly overestimates
the number density. This is attributed to a slightly elevated
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TABLE II
R EACTIONS R EQUIRED IN A DDITION TO T HOSE IN TABLE I TO S IMULATE
THE

K INETICS OF F ILAMENTARY S PARK D ISCHARGES IN D RY A IR

Fig. 5.
Comparison for the time histories of (a) N2 (A, B, a, C) and
(b) O, O (1 D), O(1 S), and NO densities calculated using a full reaction set
and its reduced set when the discharge is in filamentary mode.

Fig. 4. Comparison for the time histories of (a) negatively charged species
and (b) positively charged species densities calculated using a full reaction
set and its reduced set when the discharge is in filamentary mode.

electron number density that is maintained between pulses.
For this glow mode simulation, the electron density peaks at
about 9 × 1012 cm−3 , and the temperature increase beyond

the initial 1100 K was found to be negligible (e.g., about 4 K,
not shown).
The mechanism reduction is then carried out for the
high plasma density (filamentary discharge mode) case.
The reduced mechanism under these conditions requires
19 species [e, N2 (X, A, B, a, C), O2 , N, N(2 D, 2 P), O,
+
+
+
−
O(1 D, 1 S), NO, N+
2 , O2 , N4 , NO , and O ] and the reactions
listed in Table II, in addition to those with asterisk in Table I
(total of 48 reactions). Compared with the low plasma density
case, we find that the high plasma density case requires the
contributions of dissociated species and the quenching of
excited species by these dissociated species to the chemistry
to obtain good agreement with the results based on the full
(detailed) mechanism. The additional required species and
reactions are due to the increased level of electron density.
For ionization, the contribution of associative ionization
(R57 and R58) to the overall ionization is no longer negligible
as the collisions between the excited states of N2 become
likely. Ion conversion pathways are found to be simpler for
+
+
this type of discharge: N+
2 transfers its charge to N4 and O2 ,
+
+
+
and finally to NO+ . N2 , N4 , O2 , and NO+ then recombines
with electrons mostly through dissociative recombination. It is
noteworthy that NO formation reactions are included into the
reduced set since the level of N and O densities is high.
Time histories of species densities calculated by the plasma
simulation with the reduced mechanism are compared with
those using the detailed mechanism in Figs. 4 and 5. Comparisons for negatively charged species (e and O− ) and positively
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Fig. 6. Comparison for the temperature time histories calculated using a full
reaction set and its reduced set when the discharge is in filamentary mode.
+
+
+
charged species (N+
2 , O2 , N4 , and NO ) densities are shown
in Fig. 4(a) and (b), and comparisons for N2 (A, B, a, C)
and other products [O, O(1 D, 1 S), and NO] are shown
in Fig. 5(a) and (b), respectively. As seen in the glow discharge
case, the proposed reduced set is stable over repetitive pulses
and reproduces the results obtained from the full reaction set
reasonably well. Slight differences are shown for O− and NO+
while they decay below 5 × 1014 cm−3 . We see that the
electron density peaks at about 6 × 1015 cm−3 , and the N2 (B),
N2 (C), and O number densities reach 6 × 1016 , 3.7 × 1016,
and 6.7 × 1017 cm−3 , respectively.
The temperature calculated using the full and reduced
reaction sets for the filamentary discharge mode are compared
in Fig. 6. As expected, based on the favorable species comparisons, the difference between the temperatures over all times
is small. The temperature is found to increase up to 5600 K
after the voltage pulse as the excited species relax their internal
energy to heat the gas, consistent with [21].

IV. C ONCLUSION
We have demonstrated a reduction in the kinetic mechanism
that is often used to describe plasma reactions in dry air. The
reduced mechanism was validated for conditions that lead to
both diffuse glow and filamentary discharge plasmas driven
by high-voltage nanosecond pulses. The reduced mechanism
for conditions that lead to the diffuse glow plasma contained
electron-impact processes of N2 and O2 , quenching of
excited N2 , electron attachment to O−
2 , ion conversion between
+
+
+
+
N+
2 , O2 , N4 , O4 , and O2 · N2 , and ion–ion and electron–ion
recombination. For conditions that lead to high density
plasma formation, the reduced mechanism was expanded to
include electron-impact excitation of N and O, quenching of
excited N2 by N, O, and NO, and associative ionization that
results from the collisions between the excited states of N2 .
This addition of reactions and relevant species is due to the
increased level of electron number density. We expect that our
result will provide a reduced yet accurate set that could be
employed by high-fidelity simulations. The reduced reaction
mechanism also provides insight into the plasma chemistry.
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