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Abstract

Dielectric barrier discharges (DBD) are often used for gas conversion, such as carbon
dioxide splitting, volatile organic compound removal or ozone generation. Due to the tiny
plasma filaments in DBD discharges, efficient mixing of the gas flow with the plasma is
essential. This is studied by using a surface dielectric barrier discharge (sSDBD) with an
electrode design similar to plasma actuators to optimize plasma-flow interaction. The flow
pattern has been measured by Schlieren diagnostics and compared to a fluid dynamic simu-
lation. Gas conversion efficiency has been tested by monitoring the conversion of 0.7%
CO, admixed to an N, gas stream via infrared spectroscopy in the exhaust. The actuator
design of the electrodes induces a significant plasma force on the fluid, which results in the
formation of vortices above the electrodes, as reproduced in the simulation. It is shown that
the height of the vortices created in the velocity field can characterize the mixing process,
which dominates the conversion efficiency of carbon dioxide at different gas flow rates.

Keywords Surface dielectric barrier discharge - Flow pattern - Vortex formation -
Schlieren imaging

Introduction

Dielectric Barrier Discharges (DBD) are well-known plasma sources for gas conversion
due to their easy scalability and flexibility for various applications [1, 2]. Different configu-
rations of DBDs have been used for CO, splitting to enhance the efficiency of conversion
by varying electrode material and design, including packed materials in different shapes
and sizes or adding catalyst in contact to the plasma [3—-6]. Removal of volatile organic
compounds (VOC) from a gas stream is another challenge in gas conversion by plasma and
has been investigated by so-called surface DBDs [7, 8]. The electrodes of a surface DBD
(sDBD) are placed on the same dielectric so that the volume to be treated can be very large
in comparison to a volume DBD (vDBD) where the electrodes and dielectrics are placed
opposite to each other at a distance of typically only 1 mm. Schiicke et al. performed exper-
iments using so-called twin sDBD, consisting of grid lines as electrodes on directly both
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sides of a dielectric plate, creating thereby two surface discharges within the electric stray
field in a large gas volume [9, 10]. This has the advantage that the pressure drop along the
gas stream is very small in comparison to a volume DBD (vDBD), where the pressure drop
is large since the gas has to pass a small gap in between the electrodes. Any large pres-
sure drop would limit the absolute gas flow or require elaborate pumping concepts to treat
large gas volumes. Schiicke et al. also monitored the density of reactive species in such
twin sDBDs and their role in the conversion of n-butane in air by using optical absorp-
tion spectroscopy as well as electrical characterization of the microsecond pulse generator
showing an efficient VOC removal. Nguyen-Smith et al. studied the electrode erosion of
these sSDBD in operation. They compared a microsecond and a nanosecond pulse generator
[11] to evaluate the durability of the design for long-term use. The scale-up of this sDBD
has been studied by Boddecker et al. [12] by combining 5 electrodes in parallel to treat up
to 500 slm of gas. The flow characteristic inside these sDBD has been investigated using
the Schlieren imaging technique to analyze the flow pattern and assess the conversion as it
depends on the gas flow and the plasma chemistry [13].

These experiments revealed that the gas conversion in these sDBD can be very large
despite the fact that the plasma is located at the very electrode surface and fills the gas
volume only to a minimal extent. It has been observed [13] that the sDBD exerts a force
on the gas, which induces a distinct flow pattern that leads to an efficient mixing of the gas
and plasma species. This plasma-induced flow was triggered by the ion wind generated by
the electric stray fields. In this paper, we aim to optimize this gas mixing by choosing a dif-
ferent electrode design that is derived from plasma actuators where the opposing electrodes
are intentionally displaced from each other. Aerodynamic plasma actuators often include
an exposed and an encapsulated electrode with a surface discharge expanding along the
dielectric surface [14]. The streamers propagate along the surface, accelerating the ions
and neutrals, thereby creating a thrust onto the gas. Many versatile electrode configurations
are used as plasma actuators to generate thrust and to manipulate, thereby, the flow pattern,
to for example, reduce the drag on an airfoil by controlling the transition from laminar to
turbulent flow [15]. Sato et al. [16] proposed unidirectional surface discharges to acceler-
ate an ion wind, which allows enhanced aerodynamic performance. The stabilization of
the surface discharge can be achieved by adding a third electrode which is usually biased
by a DC voltage that increases the propagation length of the plasma on the surface. This is
coined sliding discharge[17].

This work aims to visualize the fluid flow in an optimized actuator design of an sDBD
electrode configuration using the Schlieren technique [18]. This method is sensitive to the
gradients in the refractive index and, therefore, to the concentration of the species in the
plasma, as these determine the refractive index of the medium. The gas conversion effi-
ciency is then assessed by analyzing the dissociation of the test molecules CO, seeded to a
defined N, gas stream.

Experiment
Plasma Reactor
The sketch of the experimental setup is depicted in Figs. 1 and 2. A twin sDBD is

employed, which consists of an aluminum oxide plate (190 x 88 X 0.63 mm) that is covered
by nickel grids in a comb design with 10 mm electrode width and 10 mm gap distance
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Fig. 1 Cross section of the experimental setup
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between the electrodes that are printed on both sides and offset from each other by 10 mm
(Fig. 2a). This yields an alternate electrode pattern, as illustrated by the cross-section in
Fig. 2b. This asymmetric actuator design of the nickel electrodes was chosen to extend the
length of the surface discharges along the dielectric surface due to an electric field distribu-
tion defined by the grounded nickel counter electrode on the opposite side of the dielectric.

The twin sDBD is placed inside a stainless steel chamber with an inner height of 30 mm
(20 mm above and 10 mm below the sDBD) and a width of 120 mm at atmospheric pres-
sure. Damped sinusoidal high voltage bursts with a microsecond rise time are applied at the
nickel electrodes (marked as dashed yellow rectangles in the images in Fig. 2c) generated
by an external transformer (G2000 Redline Technologies, Germany). The frequency of
these bursts is a few 100 kHz at a repetition frequency of 4 kHz. Typical peak-to-peak volt-
age V,,, values range from 6 kV to 11 kV. The discharges ignite along the dielectric surface
and by increasing the voltage, the area where the surface streamers propagate along the
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sDBD surface is extending. The surface discharges expanding from the electrodes (indi-
cated by 1 and 2 in Fig. 2c) may also meet each other at a certain power, which is expected
to enhance the gas mixing in the reactor even further. Nitrogen has been used as the main
gas with a purity of 99.999 % at flow rates of 1 slm, 2 slm and 5 slm with an admixture of
1% of carbon dioxide according to the flow controller setting. However, the quantification
of CO, in the exhaust revealed an actual mixing level of only 0.7% caused by the particular
design of the gas mixing panel. The mean flow velocities of 0.004 m/s, 0.009, and 0.023
m/s in the setup when dividing the volume flow by the cross-section of the chamber. The
simulation domain is shown in Fig. 2d.

Electrical Characterization

A high-voltage probe (P-6015) and a current monitor (Pearson, model 8590C,V/A1.0) have
been used to measure the voltage and current on the powered electrode. A typical current
and voltage waveform is shown in Fig. 3a for an experiment using 8 kV peak-to-peak volt-
age and 1 slm of nitrogen plus 10 sccm CO, flow. The average absorbed power (P) has
been calculated by the following equation:

dUmeas
(P> :f . Umeas Imeas - Csys dr dr (1)

with the measured current and voltage 1,,,,., and U,,,,,,, respectively. C,,  denotes the capac-
itance of the sDBD without the plasma. The latter is extracted directly from fitting a sin
wave corresponding to the system current without the plasma I, to the later part of the
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Fig.3 (a) Typical current and voltage waveform for a plasma operated at V,, = 8 kV at a flow of 1 slm
nitrogen and 10 sccm CO,. The system current is the displacement current of the setup with no plasma
characterized by a capacitance of 280 pF. (b) Dissipated power over time. The time-averaged power yields
47.95 W (Color figure online)
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line in Fig. 3a) yielding approximately C;,, = 280 pF. The time-resolved power per pulse is
plotted in Fig. 3b. One can see that the plasma ignites only for a few cycles of the 100 kHz

voltage bursts. The time-averaged power yields 47.95 W.

Infrared Spectroscopy

CO, is detected inside the reactor by its infrared absorption signature measured by a
Bruker Vertex 70V Fourier transform infrared spectrometer equipped with a vari-
able multipass cell (0.8-8.0 m) as sampling compartment at a temperature of 25 °C.
The second harmonic of the asymmetric stretching vibration of CO, in the range
of 4800-5175 cm™!, CO and N,O have been observed at 2050-2175 cm~! and at
1240-1330 cm™', respectively. At first, the reactor is evacuated and then filled with
nitrogen at atmospheric pressure. The multipass cell is connected to the outlet of the
reactor and a reference background spectrum is taken with pure nitrogen. For the actual
measurement, the total flow of N, and CO, has been varied by keeping the CO, admix-
ture at 0.7%. Each concentration was measured after 15 min so that the plasma conver-
sion and the species transport from the reactor to the multipass cell reached an equi-
librium. Spectrum fitting and data evaluation has been performed using the HITRAN
database and the Beer—Lambert law [19, 20].

Schlieren Diagnostic

A single mirror Schlieren optical setup was built to visualize the gradient of the refrac-
tive index of the medium, as illustrated in Fig. 4. The optical system to analyze the flow
pattern is designed as follows: a halogen lamp is focused with a lens (f = 50 mm) on a
pinhole, creating a point light source. This light then propagates towards a beam split-
ter. One part passes through the sDBD, reaches a spherical mirror (with a focal length
of 1150 mm), is reflected through the plasma, and is split by the beam splitter again.
The image of the pinhole is then focused onto a knife edge (which is placed in a normal
direction with respect to the sDBD electrode surface) before it is recorded by a digital
camera (Canon EOS 60D) ISO speed 120 and an exposure time of 1/100 s.

The analysis of the images is performed as illustrated in Fig. 5. At first, a background
image (Fig. 5b) is recorded when there is no plasma and gas flow in the chamber. Then,
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Fig.4 Schematic of the Schlieren diagnostic used in this work
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Fig.5 Example Schlieren diagnostic: a Schlieren image of plasma in 1 sim N, at V,,, = 10 kV, b Schlieren
image plasma off, ¢ difference image, gray-scale

the image of the plasma (Fig. 5a) is taken at different operating parameters. Finally, the
background image is subtracted from the plasma image and converted to a gray scale
yielding the actual Schlieren image (Fig. 5c).

Modeling

2d fluid simulations have been performed using COMSOL to predict the behavior of the
plasma aerodynamic. The model solves Navier Stokes equations on a mesh assuming com-
pressible laminar flow and small Reynolds numbers. A 2d cross-section of the electrode
inside the chamber is defined with a chamber height of 30 mm and a dielectric thickness
of 0.63 mm, and the height of the comb electrodes is 0.05 mm. A sketch of the simulation
domain is shown in Fig. 2d. The gas flow enters on the left side of the domain and exists
on the right side. The slight heating of the electrode during plasma operation is taken into
account by setting the surface temperature to 340 K. The gas flow is considered to be pure
nitrogen at different mean flow velocities in the simulation, depending on the gas flow rate
in the experiment. For simplicity, the effect of the surface discharges on the gas flow has
been substituted by a volume force in a defined volume (2d cross-section with a width of
2.8 mm and a height of 0.05 mm in front of the electrodes) with a direction pointing away
from the electrode edges as illustrated in Fig. 2b. This is a typical approach for simulating
plasma actuators [21-23]. In principle, also a plasma model could be employed to actually
calculate the ion wind as the propagating streamers accelerate it. This ion wind then exerts
a force on the neutrals and induces a thrust on the flow. Such a model is beyond the scope
of this paper. Since the plasma is much smaller than the reactor volume, a simple volume
force in a small region is sufficient to describe the plasma’s impact on the flow pattern.
The absolute value of this volume force is, however, arbitrary and is only chosen to reach a
match between the simulated and the measured flow patterns.

An example of this fluid simulation is shown in Fig. 6 for high and low mean flow
velocity. One can see the creation of a very distinct flow pattern with vortices being formed
that are attached to the electrodes and being pushed by the incoming flow toward the outlet.

The fluid simulation yields a velocity field and a density distribution of the gas in the
reactor. From this, artificial Schlieren images are calculated to be compared with the exper-
iment. We use the refractive index of the plasma medium as

1 e p
e
4mey 2mm,c;

1 1
n=1+ %2a+(ﬂ)p+ + %Zan(/l)pn - (2)
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Fig.6 Simulated flow pattern of the SDBD using a volume force of 3 kN/m? and flow of a 1 slm and b 5
slm N, (Color figure online)

where a, (1) and a,(4) are the polarizabilities of ions and neutrals, p,, p, and p, the densi-
ties of ions, neutrals and electrons, A, ¢, light wavelength, light velocity, €,, m, and the per-
mittivity, mass, and charge of an electron, respectively [18]. Equation (2) can be expanded
to more species to describe a plasma more precisely. Due to the low degree of ionization,
the contribution of the charged species can be neglected in the first order. In addition, due
to the minimal CO, admixture, only the static polarizability of N, of 1.72 x 1073 m3, N
atoms and 400 ppm concentration of CO, as, 1.1 X 107" m? and 2.64 x 1073 m3 [24, 25]
is used in Eq. (2).

The contrast e, in the Schlieren image corresponds to the spatial derivative of the
refractive index in Eq. (2) in x direction parallel to the sDBD (perpendicular to the knife
edge direction in the experiment) that is integrated along the optical path z through the

discharge:
1 on
=— [ —d
K- / P 3)

Results and Discussion
Power Absorption

Figure 7 shows the dissipated power in the sSDBD for a flow of nitrogen of 1, 2, 5 slm with
one percent admixture of carbon dioxide for varying peak-to-peak voltage of 6, 7, 8, 9, and
10 kV at 4 kHz repetition frequency of the high voltage bursts. In the most simple case,
the scaling of the dissipated power in a dielectric barrier discharge should follow a linear
scaling based on the analysis of an equivalent circuit model by Manley [26]. However,
in practice, many different scalings can also be observed due to only partial coverage of
the electrodes by plasma, especially at low voltages. In addition, depending on the excita-
tion scheme, a varying degree of filamentation of the plasma may induce different scalings
of power versus voltage. This can be accounted for by more elaborate equivalent circuit
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Fig.7 Absorbed power in the 120
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models [27]. In the end, a more general approach has been established to use a scaling
according to [14, 28]:

Px(V-Vy)" 2<n<3 4)

This scaling was used to fit the data in Fig. 7 yielding an exponent n = 2 and an offset volt-
age V, = 2.66 kV. The observation of scaling with an exponent 2 might be explained by
the expansion of the plasma filaments along the dielectric at higher powers, as described in
detail by Pipa et al. [29]. One could also see that the power absorption in the setup does not
depend on the gas flow.

Flow Pattern

The plasma-induced flow pattern is analyzed by comparing Schlieren measurements and
simulations for a plasma operated at 10 kV peak-to-peak voltage with a burst frequency
of 100 kHz being repeated at a frequency of 4 kHz for 1, 2, 5 slm nitrogen. Without the
plasma, the flow pattern appears to be laminar and homogeneous in the Schlieren images.
Figure 8 shows the measured Schlieren images for constant plasma power at V,, = 10 kV
at a varying gas flow rate of 1, 2, and 5 slm, respectively (top row in Fig. 8). The second
row shows the simulated Schlieren images using a volume force of 3 kN/m? for the same
gas flow rates. The third row shows the velocity fields from the simulations. Small arrows
emphasize the direction of the flow. The dashed yellow lines mark the location of the elec-
trodes in Fig. 8.

The measured and simulated Schlieren images agree well, especially directly above the
electrodes, where the refractive index gradient is the largest. One may see that both surface
discharges starting from the electrode edges (indicated by 1 and 2 in Fig. 8a) meet each
other and lead to the formation of upstream and downstream vortices with dark and bright
patterns in the image (Fig. 8a).
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1slm N,

Schlieren diagnostic

Schlieren simulation

Velocity field

Fig.8 Flow pattern for V,,, = 10 kV, f = 4 kHz as measured (a—c) and simulated (d—f) as well as the veloc-
ity fields (g—i) for gas flows of 1 slm, 2 sIm, and 5 slm N,. The dashed yellow lines mark the location of the
electrodes

At larger distances to the electrodes, the Schlieren images become rather faint.
Therefore, we extract the details of the flow pattern for this region more from the fluid
simulations. From these, one can clearly see the formation of vortices above the elec-
trode, which expand further into the volume at low flow rates. This is easy to understand
since the surface discharge’s volume force counteracts the chamber’s overall gas flow.
If the gas flow is high, the vortices become relatively small, because the volume force
by the plasma cannot so easily compete with the momentum transfer from the gas flow
through the reactor. This is discussed in the following:

In Fig. 8a and d, the measured and modeled Schlieren images for a mean flow veloc-
ity of 0.0034 m/s (flow 1 slm) are shown. One can clearly see that the flow pattern in the
experiment can be reproduced in the simulation. The velocity field from the simulation
in Fig. 8g, shows vortices that are created in the vicinity of the electrodes, as empha-
sized by streamlines. The overlap of vortices creates the different velocity regions illus-
trated in Fig. 8g—the bright region with high velocity and the dark blue color marks a
low-speed region. The color bar is as same as shown in Fig. 6.

In Fig. 8b and e, the measured and modeled Schlieren image for a mean flow velocity
of 0.009 m/s (flow 2 slm) is shown. Again, a very good agreement between experiment
and simulation is found.

In Fig. 8c and f, the measured and modeled Schlieren image for a mean flow velocity of
0.023 m/s (flow 5 slm) is shown for an experiment using 5 slm of gas flow. One can see in
the Schlieren image in Fig. 8c that the upstream and downstream vortices are almost absent
since the incoming flow dominates the flow pattern direction(following the arrows).
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Based on the simulated velocity fields in Fig. 8g, h, and i, one can state that the
incoming flow bends the vortices towards the electrodes and prevents the vortices from
expanding into the reactor volume, especially at higher flows. As a result, the height of
these vortices gets smaller.

One might argue, however, that such a pattern might also be induced by simply heat-
ing effects of the plasma [30-32]. This is investigated by comparing the flow pattern at
a boundary temperature of the electrode of room temperature of 293 K and at 340 K in
the simulations showing no distinct impact on the flow pattern (not shown).

The effect of the applied voltage on the Schlieren pattern is presented in the first row in
Fig. 9 for peak-to-peak voltages V,, of 8, 9 and 10 kV and a flow of 2 slm N,. The second
row in Fig. 9 shows artificial Schlieren images from the simulation for a volume force of 1,
2, and 3 kN/m? at the same mean flow velocity. The third row in Fig. 9 shows the velocity
field from the simulations. Following the sequence of images in Fig. 9a—c, one can see that
an increase in the voltage and, thus the volume force from surface discharges counteracts
the incoming gas flow by pushing the upstream and downstream vortices toward the vol-
ume and enhance, thereby, the gas mixing.

The formation of these vortices corresponds to an efficient mechanism for plasma gas
mixing by pulling the incoming flow into the plasma region close to the electrode. The effi-
ciency of this gas mixing can be defined by the extension of the vortex into the gas volume.
Simulations quantify this by inspecting the velocity field images. Figure 10 shows simu-
lated velocity fields and artificial Schlieren images for volume forces of 1000 and 3000
N/m? and varying mean flow velocities of 0.004 m/s, 0.009 m/s, and 0.023 m/s. From the

Schlieren diagnostic

Schlieren simulation

Velocity field

Fig.9 Measured (a—c) and simulated Schlieren images (d—f) and velocity fields (g—i) for experiments using
Vop of 8,9, 10kV at a flow of 2 slm N,
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Fig. 10 Evolution of the plasma pattern expressed as velocity field (left) and as Schlieren simulation (right)
at different mean flow velocities. The plasma volume force is assumed to be 1 and 3 kN/m?>. The red cut
line in the velocity field images determines the height of the vortices. The depicted geometry for all images
is 3 cm in height and 7 cm in width (Color figure online)

images, it can be seen that the mean flow velocity is changing the vortex structure and thus
the flow pattern. The height of the vortices has been estimated by following the outermost
arrows of a vortex in the velocity field images (marked as a red line in Fig. 10). The largest
distance from the electrode defines the height of the vortex.
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The enhancement of the mixing between plasma and the gas stream by these vortices
can be regarded as similar to the concept presented by Timmermann et al. [33] using a
third electrode to induce an ion wind that drags reactive species from the plasma into the
passing gas flow. The vortex-induced gas mixing, as presented here, can be regarded as
equivalent because the ion wind in the plasma filament itself generates a vortex, which in
turn enhances the mixing between gas flow and plasma species.

Plasma Conversion

The efficiency of the plasma-based species conversion in the sDBD and its dependence
on the gas flow rate and plasma power is tested for splitting of CO, being admixed to
0.7% in nitrogen.

Figure 11 shows the temporal variation of the CO,, CO, and N,O density, as meas-
ured by FTIR during the plasma process using 0.7% CO, in N, and a peak-to-peak volt-
age of V,, = 10 kV and a flow of 1 slm. The plasma was switched on at 32 min and
switched off at 47 min. It can be seen that CO, is dissociated into CO and a small con-
centration of N,O is also visible. The latter originates from the reaction of O with N,.
No other species could be detected in the FTIR spectra or may be below the detection
limit. If one regards the absolute numbers, one sees that the depletion of CO, is almost
the same as the formation of CO. The residual difference may be due to other C,N;O,
species being below the detection limit of the FTIR since no carbon deposits on the
electrodes are observed. The mass balance of oxygen, however, shows that only a small
fraction of the O atoms originating from CO, dissociation react with the abundant N, to
form N,O. This is reasonable since the rate coefficient for three body O recombination
is of the order of 1.07 - 10733 cm™%~'[34], whereas the rate coefficient for the recombi-
nation of N, and O is of the order 5.02 * 1073 ¢m=%s~'[35]. Therefore, despite a large
dilution of N, most of the O may recombine with CO or O back to CO, or O, which is
not visible to the infrared spectrometer.

Based on these data, we assume that CO, molecules that enter the plasma filaments
adjacent to the electrode are dissociated by electron impact, similar to the reaction
sequence in pure CO, DBD discharges. The large dilution in nitrogen leads to a smaller

Fig. 11 Molar fractions of CO,, 7,010 2,010
CO and N, O measured during plasma on
an experiment using 0.7% CO,
in N, and a peak-to-peak voltage 3 3
6,5x10 1,5%x10
of V,,=10KkV and a flow of 1 I3
slm. The plasma was switched on 6 §
at 30 min and switched off at 45 5 @)
min. The dashed line marks the © 6,0x10° 1,0x10° ="
reference CO, admixture level in ~ Q o)
. . . &) 15)
the feed gas in this experiment
of 0.66% " "
5,5x10 5,0x10
0,0

5,0x10°®
25

time (min)
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contribution of secondary reactions such as the reaction of O with O, CO, and CO,.
The dilution in nitrogen might also have a beneficial effect since the vibrational energy
transfer from nitrogen to CO, is very efficient so that the rate for electron-induced dis-
sociation of CO, might be larger due to the vibrational excitation of CO,. This will be a
topic of future research. Most important, however, is the fact that the conversion of CO,
depends not only on the plasma properties of the DBD plasma itself but also on the effi-
ciency of the transport of CO, from the gas stream into the plasma region.
The conversion y of CO, is defined as:

_ _ Coutlet
=(-22)

inlet

with C,., and C;,, being the concentrations of CO, with plasma on and off. The conver-

sion is quantified for different specific energy inputs (SEI). The SEI is defined as:
P[kW]
®IL/s] ©

SEITkJ /L] =

with P the absorbed power and ® the gas flow.

Figure 12b shows the conversion versus SEI conversion. At first glance, the typical
behavior as it is known for many plasma chemistry systems, is observed as the conver-
sion increases until it saturates for increasing SEI. This would be consistent with regular
plasma-based conversion of CO, showing a decrease in conversion for increasing the gas
flow rate [36, 37]. This saturation is usually either at 100% indicating complete conver-
sion or at a characteristic value below 100% when a dissociation reaction’s forward and
back reactions are in equilibrium. In our experiment, however, only 15% conversion can
be reached and any backreaction can be excluded since our test molecule CO, is heavily
diluted in N,. The low conversion in our sDBD design may be explained by the fact that a
large fraction of CO, bypasses the plasma region explaining the saturation of the conver-
sion already at low values of 15%. This leads to the hypothesis that the characteristic scal-
ing of the conversion with SEI is not induced by the plasma chemistry alone, but also by
the efficiency of the vortex-based plasma-gas mixing in our setup. This is different from
conventional volume DBDs where a perfect mixing of plasma and gas is assured since the
gas has to pass a narrow discharge gap.

This is analyzed by quantifying the efficiency of the plasma-gas mixing using the
heights of the vortices from the simulation, as shown in Fig. 12a. These can be directly
compared to the conversion versus SEI data, by using an equivalent scaling parameter from
the simulations. For this, we selected the volume force F by the plasma exerted on the gas
stream divided by the mean flow velocity. This should be proposed to the SEI because the
volume force is selected to be proportional to the plasma power and the mean flow veloc-
ity is proportional to the flow rate. The exact correlation is based on the analysis of the

Table 1 Scaling of the force

in the simulation with the Plasn;a force in simulation Plasma power in experiment V), [kV]
) . [N/m’] [W]
applied voltage and power in the
experiment yielding a similar 1000 45+ 3.08
flow pattern -
2000 67 + 1.86 9
3000 85 +2.68 10
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experiment’s Schlieren images and the fluid simulations’ flow pattern. Thereby, the plasma
force in the simulation can be connected to the plasma power or peak-to-peak voltage for
the same mean flow velocity, as listed in Table 1. Based on this comparison a volume
force of 3000 N/m? at a gas flow of 1 slm (= 750 kN/m3/m/s) yields a simulated Schlieren
image that is very similar to the measured Schlieren pattern in an experiment using 86 W
absorbed plasma power at the same gas flow corresponding to SEI of 5.16 kJ/I. This cor-
relation is used to align the x-axes in Fig. 12a and b. One can see that the saturation behav-
ior of the SEI is identical to the saturation behavior of the heights of the vortices. These
vortices saturate in height because they fill above a certain force per mean flow velocity the
complete cross-section of the reactor chamber. In summary, one may state that the satura-
tion behavior of the SEI is not created by the complete depletion of the source gas mol-
ecules, but rather by a saturation of the mixing efficiency of the plasma actuator-driven gas
vortices.

Despite perfect mixing, when the vortices are as large as the reactor volume, a conver-
sion of only 15% is reached. This may be caused by the limited conversion of CO, mol-
ecules passing the plasma volume directly above the electrode. We can even speculate
that the dissociation of CO, directly inside the plasma may not be affected by the varying
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plasma power, because an increasing plasma power also induces an increase in the local
mean flow velocity within the plasma so that the dissociation efficiency inside the plasma
itself (being the ratio between absorbed power and flow) could stay constant. This is differ-
ent from volume DBDs, where the force exerted by the streamer on the gas is perpendicu-
lar to the gas flow. In the case of the plasma actuator design, the gas is accelerated at higher
plasma powers, so that the residence time decreases.

The crucial role of the plasma-induced flow pattern in gas conversion is identified as
vortex formation in the vicinity of the surface discharges. The interaction of upstream and
downstream flows creates the vortices. The incoming flow is pulled into these vortices but
also bends them toward the surface. Therefore, the incoming flow velocity also regulates
the height of these vortices.

Conclusion

The combination of plasma-based species conversion and plasma-based flow control is
studied in a surface dielectric barrier discharge. The flow patterns were recorded by the
Schlieren imaging technique, and the species concentrations by infrared spectroscopy. It
is observed that characteristic vortices are formed that enhance the plasma gas mixing and
species conversion. In the future, more elaborate plasma models will be required to calcu-
late the plasma force on the flow directly. Furthermore, plasma electrode designs like dif-
ferent comb designs or stacks of electrodes need to be explored to optimize the flow control
concerning the efficiency of species conversion.
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