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ABSTRACT

The presented work investigates a surface dielectric barrier discharge (SDBD) operated dry synthetic air as the working gas using a com-
bination of experimental measurements and simulations. The primary objective is to characterize the production and consumption
dynamics of reactive oxygen and nitrogen species to enhance the understanding of their formation and facilitate control of the discharge
for applications. Densities of O3, NO,, and N,Os are measured under varying gas flow rates, utilizing optical absorption spectroscopy as
the diagnostic method. A semi-empirical chemical kinetics model is developed based on a compilation of reactions from previous studies
on similar types of discharges. The results reveal two previously known and distinct operating modes, with a mode transition occurring
between the modes as the flow rate is varied. The results indicate the dependency of the mode transition on the density of sufficiently
vibrationally excited nitrogen molecules, which is represented in the model by an increased vibrational temperature at lower gas flow
rates. Furthermore, key reactions responsible for the production and consumption of ozone and nitrogen oxides are identified, providing
insight into the importance of macroscopic parameters, such as gas temperatures and different time constants, that influence the non-
linear balance of these reactions.
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I. INTRODUCTION This dielectric material is crucial to prevent the formation of a
thermal arc, as it prevents the continuous flow of current, thus

Atmospheric pressure plasma sources are widely used and -
keeping the plasma in a controlled non-thermal state.

researched, for a range of applications such as biomedicine," sus- ! - non
tainable production of basic chemicals,” and surface processing.’ ) There are two main classifications of DBDs, the .Volum.e
For these applications, a range of different types of plasma sources dielectric barrier discharge (VDBD) and the surface dielectric
are available, such as the dielectric barrier discharge (DBD)," the barrier discharge (SDBD). In the VDBD configuration, one or both

plasma jet,s or the plasma needle. In this work, the focus will be electrodes are covered by a dielectric material, or the dielectric layer
on DBDs, where the plasma discharge occurs between two elec- may be located within the electrode gap containing the discharge
trodes, with at least one of them covered by a dielectric material. gas. A key feature of the VDBD configuration is that the volume of
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gas between the electrodes is occupied by the plasma, which allows
adjusting and controlling the volume of the discharge by varying
the size of the dielectric and electrode areas. On the other hand, in
the case of SDBD configuration, the space between the electrodes is
typically completely occupied by the dielectric material, which
forces the plasma discharge to occur along the surface of the dielec-
tric material. Some applications typical for this configuration are
the treatment of volatile organic compounds (VOCs),”” plasma
actuators in aerodynamic systems,'”'' or generation of ozone and
other reactive species.'” The use of SDBDs for the controlled gener-
ation of ozone, as well as nitrogen oxides from air as a process gas,
enables a range of potential applications. For example, ozone Oj is
found to be very useful for wastewater treatment'” and sterilization,
while nitrogen oxides NOy have application for plant growth stimu-
lation'* and wound healing."”

An important feature of reactive species production in SDBDs
is that they exhibit mode transitions where, depending on the gas
mixtures or characteristics of the system, the densities of reactive
species can vary over several orders of magnitude. The known
modes for DBDs operated in dry air are the O; dominated mode
and the NO, dominated mode, as observed and studied in
Refs. 16-23. The first mode is characterized by a high O density,
exceeding that of NOy by up to one or more orders of magnitude.
In contrast, the second mode shows the opposite trend, with NOy
density surpassing that of O;. Likewise, the presence of additional
modes under different conditions or gas mixtures cannot be ruled
out. In many SDBD systems, the transition from the O; dominated
mode to the NO, mode occurs after the discharge has been active
for a certain period of time, typically in the range of tens of
seconds. Shimizu et al.'® and Park et al.'® have developed semi-
empirical models to explain the mode transition on the basis of the
temporal variation in the vibrational excitation of N, molecules. In
these models, the vibrational excitation of N, increases exponen-
tially with a certain time constant, leading to NO formation via the
reaction below. This generally requires vibrational states above a
certain level, here denoted as v, to have a sufficient density,

O +N,(v) — NO + N. (1)

The produced NO subsequently reacts to consume O; and
drives the formation of a range of NO, species. As such, the mode
of operation of an SDBD is of profound importance when it comes
to application outcomes, as these are driven by the specific reactive
species produced in the system. While the models developed by
Shimizu et al. and Park et al. are not self-consistent, in that they
require a number of assumptions about the densities of reactive
species and vibrational states as input, variation in these free
parameters in the model can be used to fit modeled density profiles
to those measured experimentally, yielding insights into some of
the underlying chemical kinetics. Furthermore, the mode of opera-
tion of SDBDs has been demonstrated to depend on the operating
conditions, such as the characteristics of the voltage waveform and
the power deposited in the discharge,'™'”'**"** and the composi-
tion of the feed gas,” which gives potential to optimize these
systems for specific applications.

In this work, we apply experimental measurements and
numerical modeling to study reactive species production in a
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gridded SDBD system, which is intended for application in chemi-
cal conversion processes. In such applications, the flow rate of gas
through the system is an important control parameter, as it has a
strong influence on the degree of conversion by affecting the resi-
dence time of the gas molecules and, by extension, the energy
deposited per molecule of the treated gas in the system.”*”” The
key focus of this work is to study the influence of the experimen-
tally controlled gas flow rate, at a constant power, on the mode of
operation of the studied discharge. Experimentally, optical absorp-
tion spectroscopy is applied to measure reactive species densities. A
semi-empirical numerical model is implemented to explain and
better understand the experimentally measured density profiles.
This model is based on those developed by Shimizu et al.'® and
Park et al.'® but is extended to include two regions of differing
species densities, based on the geometry of the SDBD system. The
experimental setup is described in Sec. II, and the numerical model
is described in Sec. I'V. The results are described and discussed in
Sec. V, and conclusions presented in Sec. VI.

Il. EXPERIMENTAL SETUP
A. Surface dielectric barrier discharge

The surface dielectric barrier discharge used for all measure-
ments in this work has been studied in detail in previous
works.***™*® The discharge is ignited on an q-aluminum oxide
plate with two symmetrical metallic grids printed onto both sides,
which serve as driven and grounded electrode, respectively. They
are separated by the aluminum oxide plate, which acts as the
dielectric ~ barrier ~and  has  outer  dimensions  of
190 x 88 x 0.635mm. The metallic grid is 150 x 50 mm in size,
0.45 mm wide, and has a lattice constant of 10 mm. The discharge
is driven by voltages in the order of 8-13kV and ignites directly to
the side of the metallic grid and on both sides of the dielectric
surface. The plasma occupies a height of roughly 0.1 mm and has a
width of roughly 1 mm.”” A sketch of the whole configuration is
shown in Fig. 1.

The discharge is driven by a damped sine wave provided by a
high voltage generator with external transformer (Redline G2000,
Redline Technologies, Germany) at repetition frequencies of 250-
4000 Hz and a resonance frequency of about 86 kHz. The damped
sine wave is the result of a series resonant circuit formed by the
transformer’s inductance and the electrode’s capacitance. The rect-
angular voltage pulses applied to the primary side of the trans-
former are converted into the kilovolt range on the secondary side,
while exciting the resonance circuit. The plasma ignites several
times per pulse, while the voltage of the damped sine wave still
exceeds the ignition voltage. The system is capable of driving dis-
charges with dissipated powers in the range of 0.5 W at 250 Hz and
8kV to 70 W at 4kHz and 11 kV. Higher voltages are technically
possible, but the repetition frequency has to be reduced, to avoid
damaging of the electrode at higher powers. Further details are
given in the work of Schiicke et al.”

For all measurements in this work, the highest power setting
of 70W at 4kHz and 11kV is used. Dry synthetic air
(ALPHAGAZ 1 Luft, AIR LIQUIDE Deutschland GmbH,
Germany) at flow rates of 0-10 slm is applied using mass flow con-
trollers (EL-FLOW  Select, Bronkhorst High-Tech B.V.,
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FIG. 1. (a) Sketch of the electrode configuration used to ignite the SDBD. The
plasma ignites on both sides of the system, directly next to the driven (visible
side) and grounded (opposite side) metallic grid. For illustrative purposes, the
image is split into two parts, with (top half) and without (bottom half) an active
discharge. From Schucke et al., Plasma sources Sci. Technol. 29, 114003
(2020).” Copyright 2020, Institute of Physics (the “Institute”) and IOP Publishing
Limited 2019. (b) Photograph of a segment of the discharge in operation (11 kV,
4 kHz, 70 W) and under dimmed ambient lighting.

Netherlands). The corresponding gas stream velocity is in the range
of 0.0-0.1ms~ !, at a constant pressure of 1bar. The shortest
average residence time, along the active part of the electrode and
for the maximum flow of 10 slm, is around 1.5s.

B. Reactor chamber and devices

Like the discharge itself, the surrounding experimental setup
and methodology used for the measurements in this work are
mostly the same as presented by Schiicke et al. in Ref. 26. A reactor
chamber made from aluminum, together with stainless steel
vacuum parts, is used to ensure well-defined operating conditions.
In contrast to the chamber used in Ref. 8, the one used in this
work has been modified to provide larger areas of optical access
through now three rectangular quartz windows (GVB GmbH,
Germany). Two small windows, with dimensions of 75 x 15 mm?,
are located to each side of the discharge along the gas flow direc-
tion, in order to allow an optical path across the reactor’s width. A
third, larger window is embedded into the lid of the reactor and
allows optical access to the surface of the electrode configuration.
Since all measurements in this work are performed in transmission,

J. Appl. Phys. 137, 203306 (2025); doi: 10.1063/5.0265368
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only the two smaller side windows are used here. A schematic
drawing of the setup is shown in Fig. 2.

Additionally, the setup is equipped with two Pt100 sensors to
measure the gas stream temperature at the inlet and outlet of the
chamber. The results obtained showed only a marginal increase in
gas temperature, while the used absorption cross sections, used in
Sec. 111, do not consider temperature dependency and are defined
for the 300 K range. The setup is fully automated using a modular
PLC (BC9000, Beckhoff Automation GmbH & Co. KG, Germany)
and a digital user interface (LabVIEW 2019, National Instruments
Corporation, USA), allowing for precise and reproducible
measurements.

I1l. DIAGNOSTIC METHODS
A. Optical absorption spectroscopy

Optical absorption spectroscopy (OAS) is a technique used to
determine absolute densities of specific species in an otherwise
transparent medium. The technique is based on the Lambert-Beer
law, according to Eq. (2), which describes the difference in the
intensity of light after being transmitted through the absorbing
medium,

I =1y exp(—o(A, T) - n-1). 2)

The properties of the medium are given by its density #, its
effective absorption cross section o(4, T) (where A is the wave-
length and T is the temperature), and the absorption length . The
light that passes through the medium I, is partially absorbed,
resulting in a lower intensity I, after transmittance. Under most
circumstances, ambient light and the light emitted by the plasma
would have to be taken into consideration. However, in the pre-
sented case, the light emitted from the plasma does not reach the
detector due to the plasma’s very thin nature, and the ambient light
was dimmed for all experiments. This means that the Lambert—
Beer law can be solved for the density, as shown in Eq. (3),

“in(t) 3)

" T I

In this work specifically, the measured absolute densities of
reactive oxygen and nitrogen species are acquired by a setup for
OAS as shown in Fig. 3. The method is the same as previously
described in Ref. 26. A thermally stabilized (TECMount 284,
Arroyo Instruments LLC, United States) broadband light source
(EQ-99X LDLS, Energetiq Technology Inc., United States) emits
divergent light, that is then focused into a parallel beam by a plano-
convex quartz collimating lens (#48-274, Edmund Optics Ltd,,
United Kingdom) and restricted by an iris diaphragm. The latter
eliminates possible distortions due to lens’s edge effects and also
restricts reflections. After passing through the reactor chamber, the
light beam, which is oriented perpendicular to the gas flow, falls
onto a photodiode (APD440A2, Thorlabs Inc., United States). The
active area of the photodiode is circular and has a diameter of
1 mm, which faces the reactor chamber’s side window. It is posi-
tioned in the center of the light spot projected by the light source.
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— = —
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FIG. 2. Schematic drawing of the reactor chamber and periphery. Optical
absorption measurements are performed either across the electrode configura-
tion or through the KF25 cross attached to the chamber outlet. The power con-
nectors are not shown for the sake of simplicity. Adapted from Schucke et al.,
J. Phys. D: Appl. Phys. 55, 215205 (2022).“ Copyright 2022 Author(s), licensed
under a CC BY 4.0.

The absorption length [ is given by the reactor’s width of 10 cm.
The front of the photodiode is covered by an optical interference
filter chosen specifically for the desired wavelength, based on the
absorption cross section o(1) for each species, as highlighted in
Fig. 4.

Two criteria are considered when selecting the wavelengths at
which OAS is performed for each reactive species: The absorption
cross section of each respective species in the selected interval
should be as high as possible while also being sufficiently separated
from those of the other species at that interval. A list of the band-
pass filters (Edmund Optics Ltd., United Kingdom) that were
chosen based on these criteria can be found in Table I.

The difference in absorption cross section at 193 nm, for
N,0, and N,Os, is only about 72 %, which means that absorption
caused by these two species cannot be sufficiently separated. In our
previous work, absorption at this wavelength was interpreted as a
superposition of both species densities.”” Here, we update this
interpretation based on measurements in the literature, which indi-
cate that densities of N,O, are significantly lower than those of
N,Os in SDBDs, under broadly similar conditions to those in the
system studied in this work.”” Based on this, we interpret

Photo Optical
dio;ie filter

Lens

Light
source

Plasma chamber

FIG. 3. Schematic of the optical absorption spectroscopy setup. Adapted from
Schucke et al., J. Phys. D: Appl. Phys. 55, 215205 (2022).%°. Copyright 2022
Author(s), licensed under a CC BY 4.0.
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FIG. 4. Absorption cross sections of the considered reactive oxygen and nitro-
gen species.”’ Wavelength sections accepted by the band pass filters (see
Table 1) are highlighted in red. Reproduced from Schucke et al., J. Phys. D:
Appl. Phys. 55, 215205 (2022).”° Copyright 2022 Author(s), licensed under a
CC BY 4.0.

absorption at 193 nm to be caused by N,Os and O;. Using the
density of O3, known from the absorption at 254 nm, the contribu-
tion of O3 at 193 nm can be calculated and the remaining absorp-
tion attributed to N,Os. In this way, the density of N,Os can be
measured. In addition to N,Os and O3, NO, is also measured by
absorption at 400 nm. No significant amount of NO; could be
detected, using the absorption line at 660 nm.

IV. MODELING

A semi-empirical two-zone zero-dimensional chemistry model
based on works by Sakiyama et al., Shimizu et al, and Park et al. is
used to gain further insight into the reaction kinetics of oxygen
and nitrogen species in the discharge and the surrounding neutral
gas.' '’ The model is divided into one zone “close” to the
plasma and one zone “far” from the plasma, to allow for different
species densities and gas temperatures in each region, as is expected

to be the case in the experimental system. Reactive species that are

TABLE I. List of measured species with the respectively used filters’ center wave-
length and full width at half maximum, as well as the supplier's (Edmund Optics
Ltd., United Kingdom) item number. Reproduced from Schucke et al., J. Phys. D:
Appl. Phys. 55, 215205 (2022).%° Copyright 2022 Author(s), licensed under a CC
BY 4.0.

Species Filter range (nm) EO item number
N,04, N,Os 193.0 £ 7.5 #67-836
(07 254.0 £ 5.0 #67-808
NO, 400.0 = 5.0 #65-677
NO; 660.0 + 5.0 #11-981
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FIG. 5. Schematic drawing of the spatial assumptions considered for transport
within the model (not to scale). In the gas layer “close” to the plasma constant
in time densities of O, NA(A®Z) and O,(a'A) as well as a constant production
rate of N are assumed.

formed in the “close” to plasma volume are transported to the “far”
from plasma region due to diffusion and drift, caused by
plasma-induced convection. A simplified schematic drawing of the
geometric features and transport processes is given in Fig. 5. The
regions are indicated in this figure by their respective heights d,
and d; and use the corresponding temperatures T}, and Ty in the
chemical kinetics scheme.

As for the models of Shimizu et al. and Park et al,'®'® the
properties of the plasma are not simulated directly. Instead, the
chemistry is mainly driven by assuming a fixed density of atomic
oxygen (ng), which drives the formation of O;, and a temporally
varying density of highly vibrationally excited N,, with vibrational
level v > 12 (ny (v > 12)). As described above, the combination of
both species forms NO, which leads to a mode transition after a
certain period of time, when ny (v > 12) reaches a sufficient level.
In contrast to the models of Shimizu et al. and Park et al.,''® the
model developed here assumes that atomic oxygen is only present
in the zone “close” to the plasma. This assumption is motivated by
the fact that atomic oxygen is mainly produced in the plasma and
is sufficiently short lived that it cannot be transported over large
distances away from the plasma. On the other hand, vibrationally
excited N, molecules are long-lived and are expected to be distribu-
ted more evenly in the volume of the reactor, so the densities of
these molecules are assumed the same in both regions. The tempo-
ral evolution of ny (v > 12) is given by

12Ae,
nN, ) = nN, Fy>12 = ny, exp| — T )’ (4)
—t
T, =Ty +T) {1 — exp (T—ﬂ (5)

In these equations, £, represents the vibrational energy for a
harmonic oscillator, kg is the Boltzmann constant, T2 describes the
vibrational temperature at steady state, 7, is the time constant over
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which the vibrational temperature increases, T, is the gas tempera-
ture, and T, is the vibrational temperature.

The given threshold of a vibrational level of 12 and above is
approximately consistent with those used in more detailed kinetic
models of NO formation in plasmas.”” It is important to note that
this expression is designed to reproduce experimental observations
and does not have a strict physical basis. However, detailed kinetic
modelling, albeit for different discharge configurations, in which
state-to-state vibrational kinetics have been included, does show an
exponential increase in the population of highly vibrationally
excited nitrogen on comparatively long time scales, which support
the general form of the expression.”> As noted in Shimizu et al.,'®
the expression above implies a Maxwellian vibrational distribution
function, which is unlikely to be the case in the experiment. As a
result, the vibrational temperatures used here are not expected to
be quantitatively equivalent to those in the experimental system,
they are rather used to approximate the density of ny,(v>12),
which could also be achieved with different shapes of vibrational
distribution function. Here, the simplified description of the vibra-
tional states of nitrogen serves as a tool to highlight the significance
of their number density that exceeds a required energy threshold to
facilitate a specific reaction (R9), rather than requiring a fully
resolved vibrational energy distribution function. While more com-
plicated vibrational distribution functions and energy exchange
process usually better reflect reality and are of importance for other
processes, such as CO, conversion, the DBD mode transition can
be replicated with this simplified approach. This is consistent with
the works of Shimizu et al.'® and Park et al'® who have used
similar models to explain these mode transitions in similar dis-
charge systems

Within the “close” to plasma region, in addition to atomic
oxygen and vibrationally excited nitrogen, fixed densities of
N,(A’Z) and O,(a'A) are also assumed, following the approach of
Park et al.'” Finally, a temporally fixed production term for atomic
nitrogen, ry, is also included, as given in R17 of Table IV. This is
designed to approximate atomic nitrogen formation via reactions
that do not rely on vibrationally excited nitrogen and can occur
both before and after the densities of vibrationally excited nitrogen
have increased, such as electron impact dissociation of N,. This is
implemented as a fixed production rate, rather than a fixed density
of N, so that the variation in N density as a result of the temporally
varying rate of R9 (see Table IV) can also be accounted for.

Overall, the chemical model has eight free parameters: no, Te,
Ty Ty T nNZ(A3E), nol(alA), and ry. These parameters drive the
overall chemistry, initiated by atomic oxygen, atomic nitrogen,
N,(A’Z), O,(a'A), and vibrationally excited nitrogen. As is
described later, these eight free parameters are empirically varied in
order to fit the simulated species densities to those measured in the
experiment.

In contrast to reality, a simplified, homogeneous plasma layer
that generates a constant in time density of O, N,(A’S) and
0,(a’A), and production rate of N is assumed. The pulsed nature
of the discharge is neglected, which may lead to significant differ-
ences between measurements and model, as will be further illus-
trated in a later section. Overall, the O density, Nz(A3Z) density,
0,(a'A) density, and the production rate of N in the model are not
necessarily reflective of the instantaneous values of these quantities
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TABLE |I. Diffusion coefficients for the considered reactive species as derived by
Sakiyama et al. from Bird et al. using gas kinetic theory.*"**

Species D (mzs_l)
03 1.5%x107°
N 29%107°
NO 20%x107°
NO, 1.7%x107°
NO; 0.9x107°
N,O 1.6x107°
N,O; 1.0x107°
N,O, 1.0x107°
N,Os 1.0x107°

but are rather effective values that average over spatially and tempo-
rally variable profiles.

An expression for the transport of species between the two
regions of the model by diffusion, considering the difference in
height between “close” to plasma volume and “far” from plasma
volume, is adapted from Sakiyama et al,’' as shown in Eq. (6),
using the diffusion coefficients D given in Table II.

In the presented geometry, the height of the visible plasma
has been determined by Offerhaus et al. to be roughly 100um.
Here, the height of the region “close” to the plasma d;, has been
chosen as 1 mm, based on the estimated typical distance the reac-
tive species O and O,(a), which are produced by the discharge and
treated as input parameters, can travel. That distance is limited by
the main loss mechanisms of these species (see reactions R2 and
R21 of Table IV). By multiplying the densities of the collisional
partners with the respective rate constants, a loss frequency can be
estimated. The inverse of the loss frequency gives the lifetime,
which is then multiplied with a typical maximum gas velocity in
close proximity to the discharge (=0.5m/s)’ to give characteristic
travel distance. As the densities of the involved species are not
known with spatial resolution, their densities change over time, and
the gas velocity changes over time, this is just a first-degree approx-
imation. The resulting length for d;, of 1 mm has been chosen as a
compromise between these lengths. For reference, 1 mm is similar
to the typical distance over which O,(a) can travel before reacting
in our system, but larger than the distance that O atoms are can
typically travel before reacting. A significant change of d, would
necessitate a corresponding adjustment of the model’s fitting
parameters, as would any change of the systems’ geometrical
assumptions. The height of the surrounding gas stream up to the
wall of the reactor d, is fixed by the reactor geometry at 10 mm.
The densities of each reactive species in the plasma volume and the
gas volume are given by 7, and n,, respectively. Species transport
between these regions is given by flux terms that relate to transport
due to diffusion and plasma-induced convection. The flux due to
diffusion is given by the following expression:

D(n, — ng)

. (6)
3y +dy)

Faer =

The rate of transport due to drift is estimated based on
Boddecker et al,””> who performed particle image velocimetry

ARTICLE pubs.aip.org/aip/jap

measurements (PIV) of an identical DBD system. In these works,
typical mean vertical gas velocities Vargpg are in the order of
0.1 ms™". These velocities are used to define the flux due to convec-
tion in the model according to Eq. (7),

Carife = Varife * Np- (7)

As a third transport mechanism, a continuous gas flow, as
supplied during the measurements, is considered. As the neutral
gas density according to the ideal gas law is kept constant and con-
sists of 20.8 % oxygen and 79.2 % nitrogen, the applied gas flow
removes all simulated species in accordance with Eq. (8). Here, @,
denotes the applied gas flow in standard liters per minute (slm)
and 0.06 is a factor used to convert from slm to SI units. The gas
particles are replaced as fractions of the total gas density, which
cancels out with the gas density introduced from converting slm to
rate, which is why it does not appear in Eq. (8),

q)gas [sIm] - 710t dp,g

. . 8
60 - 1000 - Vieactor dP + dg o

kﬂow;p,g -

Finally, the total change of the density of each considered
species is given by rate equations below supplemented by the indi-
vidual transport processes as outlined above. These equations are
solved for the species listed in Table II,

dny, Tar Darife n
_ZE k|| om0 T fowine - —Es 9
dt - j Ny dp dp flow;p,g Mot ( )

dng Laitt | Tarie ng
— = ki i — Kflowsp,g - —= - 10
at ZJ: i H Ny, + dg + dg flow;p,g Mot ( )

V. RESULTS AND DISCUSSION
A. Measured densities of reactive species

Measured densities of the reactive species O3, NO,, and N,0Os
were obtained during SDBD operation and for varying flow rates
from 0 to 10 slm. Figure 6 illustrates the obtained densities for the
species O3, NO,, and N,Os, for the lower flow rates of 0, 1, and
2slm, which are equivalent to flow speeds of 0, 0.01, and
0.02ms ™', respectively. During the initial operation of the dis-
charge, from 0s to approximately 40 s, the densities for all three
species increase significantly, approaching an intermediate steady
state. After this initial increase, however, the densities of O3 and
N,Os decrease again, while the density of NO, increases again and
even further. As discussed in the Introduction, this behavior, which
can be described as a distinct mode transition, is known in litera-
ture and has been demonstrated and studied in other works, such
as Shimizu et al., Pavlivich et al, or Park et al.'®'”*® These two
modes are typically called the O; mode and the NO, mode, pre-
senting a transition over operating time.

These measured results and the observed mode transition
can be analyzed in greater detail with the help of the reaction
scheme given in Table IV, which is also used for the simulations
in the following section. For all cases, the discharge starts in the
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T I I T T The mode transition is then initiated by the increasing vibra-
a) — 0 slm tional temperature of molecular nitrogen, here simplified as N,(v),

—
S
©
T
T

when the highly vibrationally excited molecules (v > 12) reach suffi-
cient densities to dominate the chemical kinetics via reaction RO.

1 \ 2slm This reaction describes the dissociation of N,, forming the products
10 O and NO, the latter of which reacts further to produce NO, and
N,Os. While the general behavior of the species densities is similar
for flow rates between 0 and 2 slm, the time point at which the
mode transition occurs later as the flow rate increases. This poten-
tially implies a change in the densities of vibrationally excited N, as

—1slm

Oj density / 10** m™
=

103 Wi 7 will be discussed in more detail in Sec. V B. The fluctuations for a
‘ flow rate of 2 slm and at a time of around 200 s in Fig. 6(a) could be
104k h caused by an interaction between the complex gas dynamics above

the discharge and the comparably slow mode transition. Density gra-
1 1 T T dients caused by the flow dynamics could cause the mode transition
b) to not occur uniformly at the same point in time. Furthermore, the

10°+ - discharge induces vortices in the gas stream with dimensions in the
order of centimeters, while the measured area is in the mm range,

1 F which may lead to such fluctuations during a slow mode transition.
10°F / o 7 In addition, the continuous density of N,Os for the 0 slm case
P in Fig. 6(c) contradicts the trend observed for 1 and 2 slm, which

suggest that it should fall below the measurement threshold. A pos-
sible explanation for this discrepancy could be the indefinite resi-
dence time of all species in the reactor time for the 0slm case. A
103§ . similar qualitative effect, albeit at a much lower density, can be
observed in the simulation below. Possible explanations for this
effect are likely to be differences in the non-linear reaction dynam-
ics that become especially pronounced at a flow rate of 0 slm, as no
f i i i . new molecular oxygen and nitrogen is supplied, and no reactive
C) species are lost to gas flow. In addition, after the initial density
transition has occurred, at a flow rate of 0 slm, the reaction dynam-
ics could then lead to a following accumulation of N,Os in the
chamber, as no gas flow is present to remove it. In contrast, for 1
and 2 slm, the finite residence time results in a constant removal of
reactive species, preventing N,Os from accumulating over time.
This could explain the observed drop of N,Os after 100 s for 1 slm,
and slightly later for 2slm, while a constant, higher density is
observed for 0 slm. Another possible cause that we do not take into
 — account in our model could be the influence of surface interactions
at the reactor walls, which could be increasingly important when
no flow through the chamber is present.
On the other hand, Fig. 7 illustrates the temporal evolution of
1 the densities measured at higher flow rates. In these cases, the dis-
0 50 100 150 200 250 300 tinct mode transition cannot be observed during the measurement.
time / g The behavior of the densities for the three species has the same
initial increase as described before and slowly approaches a steady
state over several minutes, with the density of NO, gradually
FIG. 6. Measured densities of (a) O, (b) NO,, and (c) N,Os during SDBD increasing, and those of O; and N,0Os gradually decreasing after
operation for gas flows of 0, 1, and 2 sIm of dry synthetic air. the initial increase over roughly 10s. These differences, compared
to the measurements at lower flow rates, can potentially be
explained by the increase in the gas velocity, which reaches up to

—1 . s s
O; mode, which is driven by the electron impact dissociation of 0.1m™" for a flow rate of 10slm, with increasing flow rate. A

0,, into O, and the subsequent production of Os, according to R2 higher gas velocity reduces the residence time of the species in the
of Table TV, chamber, thereby limiting interactions between species and hinder-

ing reactions that take place on longer time scales. Since the time
scales required for the production of highly vibrationally excited N,
0+0,+M—0; + M. (11)  are comparatively long, it would be expected that their densities
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FIG. 7. Measured densities of (a) O, (b) NO,, and (c) NoOs during SDBD
operation for gas flows of 4, 6, 8, and 10 slm of dry synthetic air.

would decrease with decreasing residence time. This is broadly con-
sistent with the lack of an observable mode transition at higher
flow rates, as a lower level of vibrational excitation would lead to
less NO production via reaction R9 and correspondingly less Os
consumption and lower densities of NO,. These concepts will be

ARTICLE pubs.aip.org/aip/jap

elaborated on further in Sec. V B, which focuses on the results of
the numerical model.

It should be noted that the ozone densities measured here cor-
respond to production yields of 0.5 g/kWh (3 slm) to about 4.2 g/
kWh (10 slm), which is much lower than values for similar sources
that are specifically tailored toward the production of ozone, such
as in a work by Homola et al., where up to 544 g/kWh are achieved
in a nanosecond pulsed discharge.”” The discharge presented in
our work is intended for the energy-efficient purification of gas
streams with low pollutant concentrations. For this application,
more complex purification mechanisms are required than just oxi-
dation by ozone, such as induction of turbulence and short lived
reactive species close to the discharge region.”*

B. Comparison of experiment and model

To better understand the interactions between species involved
in the discharge, a two-zone zero-dimensional chemistry model
was developed, as described in Sec. IV. The model simulates the
densities of the species involved in the reactions listed in Table IV,
for flow rates ranging from 0 to 10 slm. The objective of the model
is to describe the chemical reactions that primarily drive the pro-
duction and consumption of ozone and nitrogen oxides.

Initially, the model was developed based on the chemistry
considered in previous works, *'® with several modifications. The
chemical reactions presented in Table IV rely on macroscopic
fitting parameters as drivers of the overall chemical system, as men-
tioned in Sec. IV. These define the densities of O, vibrationally
excited nitrogen, N,(A’T), O,(a'A), the production rate of N, and
the rate of reactions that depend on the neutral gas temperature.
The final values of these parameters are provided in Table III. To
determine these values, initial estimates were taken from previous
works for 1o, TS, and 7., and nNz(A3Z), noz(alA), and room tem-
perature were assumed for the gas temperatures in both regions T,
and T,. Subsequently, the influence of various parameters was
studied by systematically changing them individually. Once the
impact of each parameter was understood, the model was com-
pared with measurements to adjust the necessary parameters for a
flow rate of Oslm. Finally, by running simulations where these
parameters are varied at each flow rate and comparing the results
with the experimental measurements, the final values of each
parameter, for the considered flow conditions, were determined. It
should be emphasized that the parameters’ combinations are not
necessarily unique in giving a certain level of agreement with the
experimental data, and that a different combination of these
parameters may also lead to good agreement with the experimental
data. Nevertheless, the general trends in these parameters can
provide some insight into the reasons for the changing temporal
profiles as a function of the gas flow rate.

As described in Sec. V A, the density of highly vibrationally
excited nitrogen directly influences the reaction dynamics and is
described by Eqgs. (4) and (5), where the parameters listed in
Table III define the density ny, (v > 12) as a function of time.
These parameters include T, which is the gas temperature in the
“close” to the plasma region, Ty, which is the gas temperature in
the “far” from plasma region, and T and 7., which define the tem-
poral evolution of ny (v > 12). In the following, together with ng,
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TABLE lll. Parameters used to fit the simulated densities to the measured ones, for each of the tested gas flow rates.

Gas flow rate

Parameter 0 slm 1slm 2 slm 3slm 4slm 5slm 6 slm 7 slm 8 slm 9slm 10 slm
no- 10" (m™) 7.30 8.40 8.50 8.60 8.70 9.00 10.00 11.00 12.00 13.00 14.00
0,(a'A) - 10" (m™) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
N,(A’Y) - 10"° (m™ 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
- 1018 (m™3s7h) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
T° (K) 6500 6000 5000 4900 4900 4500 4500 4500 4500 4500 4500
7 (8) 18 25 25 25 30 30 35 35 35 35 35
Ty (K) 310 310 310 310 310 310 310 310 310 310 310
T, (K) 335 335 335 335 335 340 340 340 340 340 340

these values are referred to as fitting parameters, and their influ-
ence on the simulated densities is discussed to better understand
the mechanisms of NO generation from N,(v > 12), according to
reaction R9 in Table IV, and its role in the suppression of O; for-
mation through reaction R18. As mentioned above, in order to get
insight into the qualitative effects of each of the fitting parameters
on the simulated density profiles, a manual variation in the param-
eters has been performed and their influence will be explained in
the following. As each parameter has a distinct impact on the quali-
tative characteristics of the results, the iterative parameter fitting
procedure was comparably straightforward, without any obvious
ambiguities. Physically sensible value ranges for each parameter
were also taken into account, in order to avoid compensation of
parametrical inconsistencies.

¢ An increase in T, leads to an earlier transition between the O;
and NO, modes, which is likely related to the gas temperature
dependencies of O; production and consumption. The rate coef-
ficient for O3 production via reaction R2 decreases with increas-
ing gas temperature, while the rate coefficients for several O,
consumption reactions R18 to R21 increase with gas tempera-
ture. The combined effect is an earlier transition to the NO,
mode.

e An increase in the steady-state vibrational temperature T also
leads to an earlier transition between the O; and NO, modes
because T9 defines the temporal variation in the vibrational tem-
perature and therefore the N,(v > 12) density. With more
N,(v > 12) molecules, their reaction with atomic oxygen, as
described in reaction R9 in Table IV, becomes more frequent.
Consequently, more NO is produced. This increases the rate of
O3 consumption by R18. The result is a shorter duration of the
05 mode, leading to lower maximum Oj; densities and an earlier
transition to the NOy mode.

e A change in the vibrational time constant 7, affects the expres-
sion that determines the onset time of the increasing vibrational
temperature T. Therefore, changing the value of 7, causes a shift
in the densities over time, i.e., the rapid initial production of NO
starts later with larger values of 7z, and, in the same way, the
transition time between the modes also occurs later.

e An increase in the value of ry tends to lead to higher rates of
NO production via reactions R14 to R16, leading to an earlier
increase in the density of NO,. However, large values of ry tend

to decrease the steady-state densities of NO, and N,Os, as N
atoms also contribute to consumption of NO and NO, via reac-
tions R11 and R12.

o By increasing the densities of N,(A’Z) and O,(a'A), it was found
that the mode transition occurs a few seconds earlier, the
maximum value of O; decreases, and is reached earlier.
Although both species produce this effect, the impact of O,(a'A)
is lower. The influence of these densities can be understood
through reactions R22 and R23 for the case of N,(A’E) and R21
for the case of Oy(a'A). These reactions lead to higher O; con-
sumption, explaining the decrease in its maximum density. On
the other hand, increasing these species’ densities allows for a
faster increase in the densities of NO, and N,Os, as reactions
such as R8 and R23 promote greater NO production.

e The unintuitive step-like response of the parameters, e.g., of T9
(Table III), is a result of the manual fitting procedure in combi-
nation with the strongly non-linear characteristic of the system.
We aimed for a visually best fit, rather than a numerically best
fit, as several automated fitting procedures were tested but did
not yield satisfactory results.

The results obtained by the simulation can now be analyzed
and compared to the experimental results, for more detailed
insight. Figure 8 illustrates the simulated densities for O3, NO,, and
N,Os with flow rate increments of 2 slm. Once again, the mode
transition from the O3 mode to the NO, mode is observed at low
flow rates, while at higher flow rates, a steady state is achieved after
a transition period. To analyze the influence of flow rate on the
density of ny (v > 12), as well as the influence on the final densi-
ties obtained for the other species, Fig. 9 presents the density over
time for varying flow rates.

A comparison of Figs. 8 and 9 shows that an increase in gas
flow rate leads to a decrease in ny (v > 12). This supports the
hypothesis presented in Sec. V A that this variation is a key factor
for the absence of the mode transition at higher flow rates, as the
decrease in ny (v > 12) is evident.

Figure 10 compares the measured and simulated densities of
O3 and NO, for a flow rate of 0slm. The results demonstrate a
good qualitative agreement between the simulation and the mea-
surements, with absolute agreement in the order of 50%. Although
the maximum and steady-state density values are slightly higher in
the simulation, they remain comparably close, when considering
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TABLE V. System of heavy particle collisions considered in the zero-dimensional model for the determination of the temporal evolutions of the listed reactive species. Energy
units: Gas temperature Ty (K). Rate coeff. units: Single body reaction (s™"); two-body reaction (m%s~"); three-body reaction (m®s~"). M represents a third body and is given by
the neutral gas number density as determined by the ideal gas law. Where no T dependence is given for a reaction, values refer to those determined at 300 K.

No. Reaction Rate coefficient Reference
Atomic oxygen reactions

R1 O+0+M—0,+M 4.5 x 10 46¢530/T; 38

R2 0+0,+M — 05+ M 6.0 x 107*%(T,/300)~>° 39

R3 0+0; — 0,+0, 8.0 x 107182060/ 39

R4 0O+NO+M — NO, + M ATy 40°

R5 0+ NO; — NO+ 0, 5.1 x 10718198/ 39

R6 O0+NO, +M — NO; + M ATy 39°

R7 O+ NO; — 0, + NO, 1.7x107Y 39

RS O + N,(A’S) — NO + N(*D) 7.0x 10718 41

R9 O+ N;(v) — NO+N 1.0x107Y 41
Atomic nitrogen reactions

R10 N+N+M—>N,+M 8.3 x 107*°(500/Ty) 38

R11 N+NO — N, +0 2.1x107"7(100/T,) 38,42

R12 N +NO, — N,O+ O 5.8 x 107"%(220/T,) 38,42

R13 N + NO; — NO + NO, 3.0x 1078 38

R14 N+O+M—NO+M 6.3 x 107*°(140/T,) 38°

R15 N+0, —NO+O 3.3 x 10718¢3150/T, 42

R16 N+0; — NO+ 0, 1.0x107% 42

R17 0—N 10 m™3s~! ¢
Ozone and nitrogen oxide reactions

R18 03 + NO — NO, + O, 2.07 x 1071871400/ 39

R19 0; + NO, — NO; + O, 1.4 x 107192470/ Ty 39,
R20 0;+M —0+4+0,+M 9.61 x 10716~ 11600/T 43 =z
R21 03 + 0,(a'A) — 0+ 0, + 0, 5.2 x 107172840/ T 3839 32
R22 05 + Ny(A’E) — N, + 0, + O 336x 107" 0 B
R23 03 + N,(A%%) — NO +NO + 0O 84x1071® 0 8
R24 03 +NO; — NO, + 0, + O, 1.0x107% 44> R
R25 NO +NO, +M — N,0; + M ATy 39°

R26 NO + NO; — NO, + NO, 1.8 x 107 17¢110/T; 39

R27 NO, + NO, + M — N,0, + M ATy 39°

R28 N02 + NO3 + M — N205 + M f(Tg) 39a

R29 NO, 4+ NO; — NO, +NO + O, 4.35 x 1072071335/ T, 39

R30 NO; + NO; — NO, + NO, + O, 8.5 x 107192450/ T, 42

R31 NO; — NO + O, 2.6 X 106¢6100/T¢ 45

R32 N,O03 + M — NO + NO, + M ATy 39°

R33 N,O4 + M — NO, + NO, + M ATy 39°

R34 N,Os + M — NO; + NO; + M ATy 39°

R35 N,O + Np(A3Z) — O+ N, + N, 9.3 x 107 18¢7120/T; 40

R36 N,O + Np(A’E) — N, + N, + O 3.3 x 107187120/ T¢ 38

R37 NO + NO + 0, — NO, + NO, 4.25 x 107515635/ T 39

Calculated using the analytical expression given in the cited reference.

PRate coefficient estimated in the cited reference.

“Production rate in m™>s™", estimated by comparison of measured and simulated density profiles. This reaction is a general source of N, included here as a
proxy for processes such as electron impact dissociation of N, for example.

the full dynamic range of the densities. The experimentally mea-
sured behavior of Oj; is followed by the modeled density, with the
temporal evolution matching the rise, peak, and decline observed
in the measurements. For NO,, there is a slight discrepancy in the

initial increase timing; however, the simulation aligns well with the
time of the mode transition.

To evaluate the model’s response at higher flow rates, Fig. 11
compares the measured and simulated densities at a flow rate of
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FIG. 8. Simulated densities of (a) Os, (b) NO,, and (c) N,Os during SDBD
operation for gas flows of 0, 2, 4, 6, 8, and 10 slm of dry synthetic air.

10 slm. The O; production is accurately represented in the model.
However, NO, shows greater discrepancies as the flow rate
increases, with the primary difference being a delayed onset of
modeled NO, production compared with that observed in the
experiment. One pathway for the production of NO, involves N to
enable reactions R13 to R16 (see Table IV). Comparing with Fig. 9,
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FIG. 9. Exemplary simulated density profiles of N,(v > 12) for the parameter

set given in Table |II.

where the density of N,(v > 12) at 10 slm reaches a level close to
steady state after 50s, in Fig. 11, it is evident that simulated NO,
only increases when N,(v > 12) archives sufficient density. One
possibility for the delayed production of NO, at these higher flow
rates may be that the model underestimates the production of N

before the increase in N,(v > 12), hindering NO, formation at
earlier time points. For these conditions, increasing the constant N
atom source, reaction R17, in the model does lead to an earlier pro-

duction of NO,; however, larger values

state NO, density. This points to the potential importance of N
atoms for the accurate simulation of NO, densities, particularly at

also decrease the steady
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FIG. 10. Comparison of (a) O3, (b) NO,, and (c) N,Os densities for measure-
ment and simulation at a gas flow of 0 slm of dry synthetic air.
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FIG. 11. Comparison of simulated and measured densities of (a) O3, (b) NO,,
and (c) N,Os for a flow rate of 10 slm of dry synthetic air.

higher flow rates where the role of vibrationally excited nitrogen
appears to be decreased.

The production of N,Os, as described by reaction R28 in
Table TV, is determined by the densities of NO, and NOs;.
Therefore, analyzing the N,Os density at flow rates of 0 and 10 slm
is beneficial for understanding the impact of NO, and, conse-
quently, of NO on the broader chemistry. Figure 12 compares the
measured and simulated N,Os5 densities at these flow rates.

The behavior observed at 10 slm is consistent with the analysis
for NO,. The main difference between measurements and model is
the delayed onset of the N,Os production caused, as before, by the

; 0 — (0 slm meas 0 slm sim

= 107F — 10 slm meas = — 10 slm sim ||
Q
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FIG. 12. Comparison of simulated and measured densities of N,Os for gas
flows of 0 and 10 slm of dry synthetic air.
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delayed production of NO,. On the other hand, at 0slm, the
density profile of N,Os does not follow the density profile of NO,.
Rather, the N,O5 density decreases as the discharge transitions into
the NOy mode, as its formation requires both NO, and NOs. In
the NO, mode, the density of NO; remains low (not shown) and
acts to limit the formation of N,Os even when the NO, density is
large.

Considering that the model was developed with a focus on the
production and consumption dynamics of O, through the genera-
tion of NO by R9 as the main pathway, it can be stated that the
model accurately simulates O; during the SDBD operation, fulfill-
ing its initial objective. On the other hand, it is observed that, for
low flow rates, the simulation of other species shows greater differ-
ences but illustrates the general behavior of those densities. At high
flow rates, the simulation deviates further from the experimental
measurements. This indicates weaknesses in the model when the
role of vibrationally excited nitrogen is decreased at higher flow
rates. It should also be noted that the determined input parameters
were mainly tailored to achieve a good match between measured
and simulated O densities. Attempts at tuning these parameters
toward achieving better agreement for NO, and N,Os, however,
generally lead a worse overall agreement. In addition to the chemis-
try, an improvement of the way in which gas transport is treated in
the model may also be lead to improved results at higher flow rates.
Overall, the current model is capable of producing accurate dynam-
ics for O; but requires further improvements to achieve good agree-
ment with the dynamics of NO, production across the mode
transition, especially at higher flow rates.

VI. CONCLUSION AND FUTURE WORK

The densities of O3, NO,, and N,Os; were measured in an
SDBD reactor, operated with dry synthetic air as the feed gas of the
system, with flow rate variations from 0 to 10slm. At low flow
rates, two distinct operating modes were observed: O; was the dom-
inant species in the first mode, while NO, dominated the second.
This transition between modes has been demonstrated in other
works before, which our work builds upon.'®'® At higher flow
rates, the mode transition was not clearly observed, highlighting
the necessity of the vibrational state of nitrogen, N,(v) with v> 12
to drive the mode transition. The increase in the flow rate impacts
the residence time and appears to reduce the vibrational tempera-
ture, leading to lower densities of N,(v > 12).

A chemical kinetics model was developed to enhance the
understanding of the processes behind the discharge dynamics.
The model simulates the densities of the species involved in the
reactions, within the dry synthetic air mixture. The results point to
the importance of N,(v > 12) and its influence on the mode tran-
sition. As part of the code development, parameters such as gas
temperature T, steady-state vibrational temperature T, and vibra-
tional time constant 7, were defined. It was observed that these
parameters directly affect the steady-state values and the initial rise
times of the considered reactive species.

The measured results were compared with the simulated
values. The agreement obtained for O; was sufficiently accurate to
conclude that the presented reactions and mechanisms describe the
main processes involved in O; production and consumption
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during the discharge operation. In the case of NO,, the agreement
was acceptable but insufficient to fully describe the process, with
each increase in flow rate leading to greater discrepancies with the
measured data. Specifically, for the densities of NO, and N,Os, a
potentially significant role for N atoms was proposed, which
requires further study.

Finally, it is possible to conclude that the model achieves an
adequate representation of the experimental behavior of this type of
SDBD discharge. However, the focus in this work was on the pro-
duction and consumption dynamics of O; and its dependency on
the highly excited vibrational state of N, N,(v > 12). Likewise, the
importance of dissociative production of N on the production of
nitrogen oxides was proposed, presenting a potential approach for
future works to achieve a more complete description of the entire
system.
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