Universiteit
Antwerpen

This item is the archived peer-reviewed author-version of:

Revealing the arc dynamics in a gliding arc plasmatron: a better insight to improve C'O, conversion

Reference:
Ramakers Marleen, Medrano Jose A., Trenchev Georgi, Gallucci Fausto, Bogaerts Annemie.- Revealing the arc dynamics in a gliding arc plasmatron: a better

insight to improve C'O+, conversion
Plasma sources science and technology / Institute of Physics [Londen] - ISSN 0963-0252 - 26:12(2017), 125002

Full text (Publisher's DOI): https://doi.org/10.1088/1361-6595/AA9531
To cite this reference: https://hdl.handle.net/10067/1470230151162165141

uantwerpen.be

\-—-—-:L:E

Institutional repository IRUA


http://anet.uantwerpen.be/irua

Revealing the arc dynamics in a Gliding Arc Plasmatron: A better insight to improve CO, conversion
Marleen Ramakers®”, Jose A. Medrano®, Georgi Trenchev?, Fausto Gallucci® and Annemie Bogaerts?

2 Research group PLASMANT, Department of Chemistry, University of Antwerp, Universiteitsplein 1,
BE-2610 Antwerp, Belgium

® Chemical Process Intensification, Department of Chemical Engineering and Chemistry, Eindhoven
University of Technology, De Rondom 70, 5612AP Eindhoven, The Netherlands

Abstract

A Gliding Arc Plasmatron (GAP) is very promising for CO, conversion into value-added chemicals, but
to further improve this important application, a better understanding of the arc behavior is
indispensable. Therefore, we study here for the first time the dynamic arc behavior of the GAP by
means of a high-speed camera, for different reactor configurations and in a wide range of operating
conditions. This allows us to provide a complete image of the behavior of the gliding arc. More
specifically, the arc body shape, diameter, movement and rotation speed are analyzed and discussed.
Clearly, the arc movement and shape relies on a number of factors, such as gas turbulence, outlet
diameter, electrode surface, gas contraction and buoyance force. Furthermore, we also compare the
experimentally measured arc movement to a state-of-the-art 3D-plasma model, which predicts the
plasma movement and rotation speed with very good accuracy, to gain further insight in the
underlying mechanisms. Finally, we correlate the arc dynamics with the CO, conversion and energy
efficiency, at exactly the same conditions, to explain the effect of these parameters on the CO;
conversion process. This work is important for understanding and optimizing the GAP for CO,
conversion.
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1. Introduction

Plasmas are being used for several industrial applications, like etching, deposition and surface
treatment in materials technology and microelectronics, as lights, lasers, plasma televisions and for
medical applications [1]. Besides, they are also extensively applied for environmental applications. In
this domain, most research has been carried out on air purification [2,3]. However, in recent years,
more and more research is being performed on the conversion of CO; into value-added chemicals
and fuels [4-26]. Gliding arc plasmas prove to be very promising for the latter application [15,16,27—
34].

A classical gliding arc configuration typically consists of two plane diverging electrodes between
which a gas flows. By applying a high voltage over the electrodes, an arc discharge arises at the
narrowest point. The arc discharge is pushed by the gas flow towards the place where the electrodes
diverge. It elongates with rising interelectrode-distance until it extinguishes. In the meantime a new
arc appears at the narrowest point and in this way a new cycle starts [28,35,36].

This classical gliding arc configuration, however, has some downsides for applications of gas
conversion. Indeed, it is incompatible with various industrial systems because of its 2D geometry, the
gas treatment is non-uniform because only a limited fraction of the gas passes through the arc, and



the residence time of the gas inside the plasma is rather short. Therefore, a three-dimensional gliding
arc reactor with vortex flow, also called Gliding Arc Plasmatron (GAP), has recently been developed
[16]. This reactor can be easily implemented in industry and the specific gas flow configuration
forces the gas to pass through the plasma, which also results in a longer residence time.

Although the GAP is very promising for gas conversion, only limited research has been performed to-
date [16,23,37-39]. To our knowledge, no studies have been carried out yet on the gliding arc
hydrodynamics in a GAP using high-speed imaging. This information, however, is crucial to correlate
this behavior with applications of the GAP, such as CO, conversion. Furthermore, such information is
also very useful for the validation of models of the GAP [37], again to better understand and further
improve the applications. Therefore, in this paper we present a study of the arc behavior in a GAP,
making use of a high-speed camera, for different reactor configurations, gas flow rates and electrical
currents. This provides a complete picture of the behavior of the gliding arc, more specifically, the
exact shape and movement of the arc. We will also compare the measured arc movement with
computer simulations, to obtain more insight in the underlying mechanisms. Finally, by comparing
the results with data obtained for the CO; conversion in the GAP in the same range of conditions, we
can also provide a better understanding on how this behavior can influence the CO; conversion.

2. Methods
2.1 Description of the experiments

The arc dynamics in the Gliding Arc Plasmatron (GAP) are investigated by means of a CMOS high-
speed camera. The main objective of this study is to reveal the movement of the arc as a function of
different operating conditions, like the anode diameter, the feed flow rate and input current, as
reported in Table 1. A photo and a schematic drawing of the GAP are illustrated in figure 1. For these
experiments, we used four different stainless steel electrodes, i.e., a high voltage electrode and three
grounded electrodes. The high voltage electrode, which acts as the cathode, has a length of 20.30
mm and a diameter of 17.50 mm. All grounded electrodes, acting as anode, have the same length
(16.30 mm) but their diameter is 7.08, 14.20 and 17.50 mm, respectively. There is a 3 mm gap
between the cathode and anode. A more detailed description can be found in [33]. For all the
experiments CO, is used as feed gas. Therefore, the results allow an assessment of the influence of
the arc dynamics on CO; conversion.

Figure 1. Photograph of the Gliding Arc Plasmatron (GAP) (a) and schematic drawing of the internal structure (b).

The high-speed camera (Phantom SpeedSense 341 model) from DantecDynamics gives a
maximum resolution of 2560 by 1600 pixels at a frame rate of 800 Hz, with the possibility to
go up to 500 kHz at lower resolutions. For each experiment, the camera settings are first



optimized in order to enhance the detection of the rotating arc. More specifically, the frame
rate is selected to properly identify the arc rotation, and the exposure time of the detector is
optimized to increase the contrast between the arc and the reactor. Since the arc rotation
speed depends mostly on the anode diameter and the feed flow rate, it is important to
optimize the recording frequency, so that the arc can be tracked while rotating inside the
anode disk. In general, a frame rate of 3.4 kHz is selected for an image resolution of 800 x 800
pixels. Only for those cases where higher frequencies are demanded, like for high rotation
speeds, the image resolution is decreased to 288 x 288 pixels, thus leading to recordings with
a frame rate of 14 kHz. Similarly, the exposure time of the detector is optimized in order to
find the best compromise between the following two properties: on one hand, it should be
high enough to achieve sufficient contrast between the plasma and the reactor, so that it is
possible to identify and track the plasma movement. On the other hand, since the plasma
velocity is rather high, the exposure time should be low enough to avoid the plasma to
become blurred due to the plasma movement during the image acquisition. For most of the
cases, an exposure time of 5-10 ps is selected. Only in the case of reduced input current (0.05
A) an exposure time of 25 us is selected.

Table 1. Experimental conditions selected for the plasma dynamics investigation.

Anode diameter Feed flow rate Input current . .
. Different views recorded

(mm) (L/min) (A)

Frontal
7.08 10, 16, 22 0.35

90° angle

Frontal
14.20 10, 16, 22 0.35 90° angle

45° angle

Frontal
14.20 10, 16, 22 0.05

90° angle

Frontal
17.50 10, 16, 22 0.35

90° angle

To better understand the plasma dynamics inside the reactor, different views of the anode
disk are recorded (see figure 2). In particular, the arc rotation speed is calculated from a
frontal view of the anode, based on the number of turns measured through the recordings as
a function of the recording time. Since the plasma arc can rotate either inside the anode disk
or in the outer part of the anode, two other views are recorded as well for selected cases. A
45° view is recorded for the particular case of an anode diameter of 14.20 mm and a feed
flow rate of 16 L/min, to provide more information on the plasma behavior and also to obtain
a better description for the comparison to the plasma dynamics modeling. The third view
corresponds to the lateral recordings of the anode disk. In this case, the camera is aligned
perpendicular to the feed gas, leading to a 90° view of the anode. Through these experiments
it is possible to visualize the end of the arc in the anode side and to discuss differences
observed between the experiments.



Frontal view 45° view‘

Figure 2. Snapshots of the different views for an anode diameter of 14.20 mm and a feed flow rate of 16 L/min.

The sequence followed for the recordings and post-processing of the data is similar for all the
experiments and can be described as follows. At first, the camera is aligned and the lens is
focused to the anode disk. Subsequently, the exposure time is selected accordingly to fulfil
the two characteristics for a good recording, as mentioned above. Since the exposure time in
that case is rather low, the reactor can hardly be identified. Therefore, a second recording is
performed with a much higher exposure time (and absence of the arc) to overlap the arc
movement with the reactor as background. To do so, the camera is kept aligned to the
reactor and the recording is done with external (and homogeneous) illumination provided by
two LED lights. The recorded images are analyzed using the commercial software Davis 8.0
from LaVision. The arc diameter and the distance of the plasma to the anode disk in the 90°
view are measured by converting first the image pixels into metric units.

In order to gain more insights in the plasma dynamics, statistical analysis of the experimental
recordings has been carried out. In particular, a sufficiently long recording sequence (0.5 — 1 s) is
applied for all the experiments listed in Table 1, which ensures a realistic representation of time-
average results. Statistical analysis is carried out on the rotation speed by splitting the long-recording
sequence into shorter ones. To do so, each recording is divided into 10-20 shorter recordings, which
allows to elucidate better the arc rotation dynamics, especially in those cases where the arc moves
from the inner to the outer part of the anode disk as discussed in the results section.

The average diameter of the arc is measured in the in-focus region, thus next to the anode, for
random images at different positions within the anode disk. If the measurement is to be done in the
out of focus region, the method would lead to less accurate results since the arc is not well defined.
The analysis itself consists in the measurement of the number of pixels in the perpendicular of the
arc direction. These pixels are subsequently converted into metric units by a calibration of the image
size. The arc behavior in a GAP is a very dynamic process, thus it is important to repeat these
measurements over time and at different positions in the anode side to get representative results of
the arc properties. Statistics have been obtained by measuring the arc diameter of a minimum of 50
individual images in every experimental condition. Similarly, the average and standard deviation of
the arc elongation from the inner to the outer part of the anode is obtained by measuring the longest
perpendicular distance of the arc to the anode surface for more than 50 individual images of each
recording.



2.2 Description of the modeling work

Complementary to the experiments, a 3D plasma model is developed for the purpose of studying the
dynamic characteristics of the GAP. The model geometry is directly taken from the experimental
setup. Only the internal structure of the reactor is simulated (see figure 1(b)). The model is
developed in 3D for argon, because a 3D model in CO, would yield an excessively long computation
time. However, from our 2D modeling in both argon and CO; [40], we observed no difference in the
arc shape, although the plasma characteristics were different (i.e., lower plasma density and higher
gas temperature in CO,). Thus, we may assume that the arc behavior in the argon and CO, GAP is
quite similar.

The gas flow simulation is performed using the computational fluid dynamics (CFD) module of the
Comsol software package [41]. A RANS (Reynolds-Averaged-Navier-Stokes) turbulent model is used,
as the rather high flow velocity promotes significant turbulence. More specifically, the model used
for the gas flow is the Shear Stress Tensor (SST) model [42]. The details of the model are described in
the Supplementary Information.

3. Results and discussion
3.1 Arc behavior at different conditions

As mentioned in Table 1 above, we investigated the arc behavior for three different anode
diameters, which give rise to different gas flow vortex patterns. Figure 3 shows snapshots of the arc
in the different configurations (i.e., with different anode diameters). The results for the configuration
with anode diameter of 14.20 mm are presented at both low (0.05 A) and high (0.35 A) electric
current. In general, the arc can be seen as a thin wire with a spiral-like form. However, the arc
behaves differently for the three different anode diameters. More specifically, we see a difference in
arc diameter, elongation of the arc and rotation speed, as will be elaborated in more detail below.
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Figure 3. Snapshots of the arc discharge for the three different anode diameters investigated in this work. The top right and
bottom left pictures correspond to an input current of 0.05 A and 0.35 A, respectively. The results for the two other anode
diameters are at 0.35 A. The gas flow rate is 16 L/min in all cases.

In figure 4, the arc diameter is plotted for the three different anode diameters, and in the case of
14.20 mm diameter also for two different electric currents. It is clear that when the anode diameter
increases, the arc diameter rises as well. The arc diameter appears to be rather independent of the
electric current in case of the anode diameter of 14.20 mm, but it was visible in the experiment that
the arc is less bright for 0.05 A than for 0.35 A. This can be seen in figure 3 as the soft white glow in
the center for the 0.05 A case, while for 0.35 A, the glow around the arc is much brighter. The lower
electric current will lead to less excitation and thus less bright plasma. We can conclude that these
two cases correspond to different regimes of the arc, as was also demonstrated in [33]. Furthermore,
our experiments also revealed that changing the gas flow rate will not change the arc diameter.
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Figure 4. Arc diameter for the three different anode diameters, and in the case of 14.20 mm also for two different electric
currents. The arc diameter does not depend on the feed flow rate for each anode diameter.
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Figure 5. Snapshots at different times in the arc rotation for an anode diameter of 14.20 mm and an inlet gas flow rate of 16
L/min from a side view of 45°. It is observed how the arc moves from the inner part of the anode to the external face of the
anode disk.

Figure 5 shows snapshots at different times in the arc rotation for an anode diameter of 14.20 mm
and a gas flow rate of 16 L/min from a side view of 45°. It can be observed that the arc moves from
the inner part of the anode to the external face of the anode disk. This is also the case for the other



configurations. However, we observe another phenomenon in the case of the configurations with
anode diameter of 14.20 mm and 17.50 mm, that is not present in the configuration with anode
diameter of 7.08 mm. In the first two cases, the anchor point of the arc at the anode moves along the
external face of the anode disk towards the outer diameter of the anode, which has the same
dimension for all the configurations. When the inner anode diameter increases, the arc moves
further away from the inner diameter, as can be seen in movies 1 and 2, for the configurations with
anode diameter of 14.20 mm and 17.50 mm, respectively (see Supplementary Information). In these
cases the arc not only elongates from the inner part of the anode to the external face of the anode
disk (as illustrated in figure 5) but also along the external face of the anode disk towards the outer
diameter of the anode. This can have consequences for the gas mixing and therefore also for the CO,
conversion, which will be explained below.

14.20 mm 10 L/min 14.20 mm 16 L/min 14.20 mm 22 L/min
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Figure 6. Snapshots of the arc discharge for an anode diameter of 14.20 mm (and gas flow rate of 10, 16, 22 L/min) and
17.50 mm (16 L/min) from a side view of 90°, as well as a graph with the length of the arc out of the anode, plotted as a
function of the gas flow rate.

Because of the movement of the anchor point of the arc along the external face of the anode disk,
the arc comes out of the reactor, which can be seen in figure 6. This is only the case for the
configurations with anode diameters of 14.20 mm and 17.50 mm. In the configuration with anode
diameter of 7.08 mm, the arc does not leave the reactor. In figure 6, the length of the arc that comes
out of the anode is also plotted as a function of the gas flow rate. When the gas flow rate is increased
from 10 to 16 L/min in the configuration with anode diameter of 14.20 mm, the length of the arc
coming out of the reactor also increases. However, if we increase the gas flow rate even further to 22
L/min, the arc length does not change anymore. If we compare the configurations with anode
diameter of 14.20 mm and 17.50 mm, we see that for a gas flow rate of 16 L/min, the length of the
arc is smaller for a larger anode diameter. Moreover, if we compare the case with an anode diameter



of 14.20 mm at a gas flow rate of 10 L/min with the case with an anode diameter of 17.50 mm at a
gas flow rate of 16 L/min, the length of the arc is similar. These observations can both be explained
by the fact that for the configuration with anode diameter of 17.50 mm, the arc elongates more
towards the outer diameter of the anode instead of lengthwise.

Figure 7. Snapshots at different times in the arc rotation for an anode diameter of 14.20 mm and an inlet gas flow rate of 16
L/min.

Besides the difference in arc diameter and elongation of the arc, also the rotation speed depends on
the anode diameter. Snapshots at different times in the arc rotation for an anode diameter of 14.20
mm at a gas flow rate of 16 L/min are shown in figure 7. The rotation is also visualized in movie 3 in
the Supplementary Information, where it is clearly observed that the arc “hops” around the
electrodes. It seems that the arc movement is dominated by reattachment on the electrodes and it
does not follow a stable rotation. Therefore, the calculated rotation speed is only indicative. In figure
8 the rotation speed is plotted as a function of the gas flow rate, for the three different anode
diameters, as well as two different currents in case of the 14.20 mm anode diameter. The rotation
speed significantly increases upon smaller anode diameter. Furthermore, in the case of 7.08 mm
anode diameter, the rotation speed clearly increases with increasing gas flow rate, while this trend is
less pronounced in the configurations with anode diameter of 14.20 mm and 17.50 mm. In case of
14.20 mm anode diameter at an input current of 0.05 A, we even see a decrease of rotation speed
with increasing gas flow rate. The reason is that at 10 L/min, the arc rotates more smoothly as
compared to the other gas flow rates, where we observed that the arc jumps backwards with a
corresponding decrease in the rotation speed.
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Figure 8. Rotation speed plotted as a function of gas flow rate, for the three different anode diameters, as well as two
different currents for the anode diameter of 14.20 mm.

The dependence of the arc behavior on the different parameters can be explained based on the gas
flow dynamics. First, gas flow rates and flow speed are directly linked to flow turbulence. Turbulence
stands for small, local oscillations in flow speed, pressure and density, accompanied with turbulent
“vortices” [43]. These vortices are an essential part of the gas flow and will directly affect the arc
shape by bending it into complex forms. Clearly, this has an impact on the arc length, which is linked
with the overall dynamics of the arc, as the plasma conducts the electricity in the circuit, i.e. voltage,
current and power will depend on the fluid dynamics. Using different anode diameters has a clear
impact on the gas flow speed, and therefore, on the arc movement, and this is evident in the
experiments. Furthermore, the mechanics of the arc also depend on factors such as electrode surface
and temperature. Small bumps and scratches on the electrode caused by machining and natural
wear can cause a local increase of the electric field, and attract the arc. Random arc jumps are indeed
visible in the experiments, and they are attributed to this very factor. Moreover, as the arc remains
at one spot for a longer time period, it will “drill” even more holes on the electrode surface,
eventually making a “hot spot”. Normally, the arc will remain attached there in an “anchored” state,
causing damage to the cathode. When this was observed in our experiments, the cathode was
replaced. Therefore, we believe that the effect of cathode wear was minor in our experiments,
compared to the effect of the arc current, gas flow rate and anode diameter. The arc current can also
cause numerous changes in the arc its behavior. First, higher current will contribute to higher Joule
heating of the arc, and affect its temperature and contraction. This effect is observed in the
experiments, where the low-current arc shows a wider, less defined arc body (see figure 3). In
addition, higher current can also increase the heating and therefore, “anchoring” the arc to a certain
point or a “hot spot” [37].

3.2 Arc dynamics — modeling results
To explain the behavior of the gliding arc, the results from the 3D plasma model are presented and
compared with the experiments. The main motivation is to gain insight into the arc movement and
its shape and position.

The gas flow pattern, simulated with the SST model, is illustrated in figure 9. The results are
represented as a streamline of the flow vector (figure 9(a)) and an arrow plot of a 2D cut-plane
(figure 9(b)), for the configuration with anode diameter of 7.08 mm and a gas flow rate of 22 L/min.



It is clear that the gas, when entering the reactor, first moves upward in the cathode part (which has

a larger diameter than the anode part) in an outer vortex, and when it arrives at the closed end of

the cathode part (= top in figure 9(b)) it starts to flow downwards in a so-called reverse inner vortex

with smaller diameter, because the gas has lost some rotational speed due to friction and inertia.

This allows the gas to leave the reactor through the outlet (= anode part with smaller diameter).
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Figure 9. Streamline plot of the gas velocity and direction (a) and 2D arrow plot (b) illustrating the gas flow pattern.

The plasma simulation is performed using the gas flow data shown in figure 9 as a stationary solution

and an arc current of 0.24 A. The convection coefficients from the particle and heat balance

equations (see Supplementary Information) are directly derived from the flow vector, i.e. the arc

moves in accordance with the gas flow. This can be clearly seen by visualizing the plasma density as a

function of time.
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Figure 10. Calculated plasma density at an early stage of the arc at 2 ms (a) and a later stage at 4.6 ms (b).

As can be seen in figure 10, the arc is ignited at the shortest distance between the anode and the
cathode (figure 10(a)), and it rotates in the reactor until it is stabilized in the reactor center by the
flow (figure 10(b)). The plasma density has a value around 10%° m3, which is typical for non-thermal

arc plasmas in argon. The main features of the arc shape are resolved — it is a bent column, with



characteristic hook-like attachment at the outlet (compare to figure 7). Nevertheless, we have to
keep in mind that the arc shape in the model is only approximate, as it is limited by the resolution of
the computational mesh.

The arc rotation can also be traced over time, after stabilization. In figure 11, this process is
illustrated in frontal view for a full (360°) revolution. The calculated rotation period in the model is
0.7 ms for a gas flow rate of 22 L/min, which is in reasonable agreement with the experimental
rotation period of 0.77 ms (i.e., rotation speed of 1300 rps; see figure 8).

4.0 ms 4.35 ms 4.7 ms

Figure 11. Arc position in frontal view, after stabilization in the reactor center, for a full rotation.

It is clear that several of the geometrical features of the arc, as observed in the high-speed
photographs (see experimental section) are still missing from this simulation. In the model, the arc
demonstrates a much simpler shape, resembling a bent column, while in the experiments many
crooks and twists are present along its body, resembling a spiral spring. Computational limitations
are the reason for this. First, the RANS flow model averages many of the turbulent vortices normally
resulting in the flow, yielding a much smoother flow vector. This issue has been discussed before
[37], and it can only be solved by significantly higher computational power, which is not available at
the moment for the method in use, i.e. Comsol. Second, the discrete mesh density is limited, in order
to provide reasonable computation times, which also leaves out many of the arc body details. Third,
the boundary condition for the electrodes is adiabatic, meaning that they do not transfer heat. This
effect can have an important influence, as already discussed in the experimental results section.

3.3 Influence of arc behavior on CO; conversion

To further improve the application of CO; conversion in a GAP, it is important to understand how the
arc behavior influences this conversion. Therefore, we analyzed the feed and product gases by using
gas chromatography. The conversion of CO2, X¢(,, is defined as:

XCOZ _ flCOZ(L’.n)_ﬁCOZ(out) % 100% (1)
Nco,(in)

where 7¢o,(in) @and 7ico, (our) are the molar flow rate of CO, without and with plasma, respectively.

As the method mentioned above does not account for the gas expansion due to CO; splitting, a

correction factor is used, which is explained in the Supporting Information of Ref. [33].

By measuring the plasma voltage and current, the plasma power can be calculated as follows:

1 ~t=T
Pplasma = ;fo Vplasma X Iplasmadt (2)



In our case, the voltage and current are in phase.

In order to calculate the energy efficiency of CO, conversion, the specific energy input (SEI) in the
plasma is defined as:

SEI (%) _ Plasma power (kW) % 60 (L) (3)

Flow rate (ﬁ) min

where the flow rate is expressed in L/min with reference conditions at a temperature of 0 °C and a
pressure of 1 atm.
The energy efficiency of CO, conversion, n, is calculated as follows:

k
AHR(m—ﬁ,)x Xco, (%)

n(%) = sel()xaz2.4(-1) )

T

where AHg is the reaction enthalpy of CO; splitting (i.e., 279.8 kl/mol), Xco, is the amount of CO;
converted, SEl is defined above and 22.4 L/mol is the molar volume at 0 °C and 1 atm.

To elucidate how the arc behavior can influence the CO; conversion, we plot in figure 12 the CO;
conversion (a), plasma power (b), SEl (c) and energy efficiency (d) for the different configurations at
various operating conditions.

We showed before that the arc diameter increases with increasing anode diameter (see figure 4).
This can lead to a drop in electron density as the same power is distributed over a larger volume,
which can result in a lower conversion. Furthermore, when the anode diameter increases, the gas
velocity and therefore also the rotation speed will decrease (see figure 8). Thus, there will be less
mixing of plasma with the gas to be treated, so that less CO, can be converted. Another fact that
indicates poor mixing in the configuration with larger anode diameter is the arc leaving the reactor.
For the configuration with anode diameter of 7.08 mm the arc does not go outside of the reactor.
However, as illustrated in figure 6, in the case of 14.20 mm and 17.50 mm the arc leaves the reactor
lengthwise, as well as along the external face of the anode disk. The length of the arc that comes out
of the reactor is similar for both cases, but the elongation along the external face of the anode disk
clearly differs. In the configuration with anode diameter of 17.50 mm the arc moves all the way to
the outer diameter of the anode, while in the case of 14.20 mm this elongation is limited. The arc
leaving the reactor both lengthwise as well as towards the outer diameter of the anode has a
negative effect on the conversion as there is less interaction of the plasma with the gas. All these
effects, together with the fact that a smaller anode diameter leads to a more pronounced reverse
vortex flow effect [33], explain why the reactor with smaller anode diameter gives rise to a higher
CO; conversion and energy efficiency, as is indeed obvious from figure 12. The obtained CO;
conversion is around 5.1 — 8.6 % (rising with decreasing flow rate), while the energy efficiency is 30 —
35 % (rising with increasing flow rate).

Figure 12 indeed illustrates, also for the other configurations, that a lower gas flow rate gives rise to
a higher conversion, but a lower energy efficiency. This is merely attributed to the longer residence
time of the gas in the plasma (for the conversion) and to the higher specific energy input (for the
energy efficiency), and not so much to the arc dynamics itself. Indeed, the arc diameter does not
change as a function of the gas flow rate. Furthermore, the effect of gas flow rate on the rotation
speed and length of the arc coming out of the reactor for the configurations with anode diameter of
14.20 mm and 17.50 mm is also negligible. For the configuration with anode diameter of 7.08 mm,
the rotation speed increases with increasing gas flow rate. In this respect, we would expect that the
conversion would increase because of a better mixing. However, the results indicate that the effect



of the residence time has a larger contribution than the latter effect, which leads to a lower
conversion for a higher flow rate. Since the plasma power is rather constant for each gas flow rate
(see figure 12(b)), it is logical that the SEI decreases with increasing gas flow rate (figure 12(c)). As a
consequence, the energy efficiency rises with increasing gas flow rate (figure 12(d)).

Finally, if we compare the effect of electric current, for the configuration with anode diameter of
14.20 mm, it is clear from figure 12 that a higher electric current results in more CO; conversion. The
arc diameter is more or less the same for both cases (see figure 4), while the rotation speed increases
only slightly upon rising electric current (see figure 8). However, these two currents form a different
regime, as discussed in [33]. Figure 3 clearly shows that the arc is less bright for an electric current of
0.05 A compared to 0.35 A. Hence, there is less excitation, due to the lower electron density, and
therefore also a lower conversion, as indeed illustrated in figure 12(a). This last phenomenon is also
observed for the plasma power (figure 12 (b)). The plasma power is lower at an input current of 0.05
A compared to 0.35 A. This can be correlated with the observation that the arc is less bright for an
input current of 0.05 A, and it supports our assumption that there is less excitation in this plasma
regime. For some flow rates, the energy efficiency is higher at an input current of 0.05 A compared to
0.35 A. However, the corresponding conversion in these cases is quite low (figure 12 (a)). Therefore,
these cases are overall not so interesting for CO, conversion [33].

The CO; conversion and energy efficiency obtained in these experiments are quite promising, also
when compared to other plasma reactors, including other types of gliding arcs. A detailed
comparison of these results with data from literature for other plasma reactors was presented in our
previous paper [33].



,-..
©
2
-
=)
—
=2
2
(=]
S

600 -
_ 500
g =
5 5 400
w
§ g
g = 300
£
Qo
o 3
o - *
i
i
i 100
J\AQ%
(© 4.0 (d) 40
g
ey g
] ©
w >
=2
@
& .
_@'
_

Anode diameter (mm)

Anode diameter (mm)

Figure 12. CO; conversion (a), plasma power (b), SEI (c) and energy efficiency (d) for the different configurations at various
operating conditions.

4. Conclusion

We present here the arc dynamics of a novel type of gliding arc discharge, i.e., the Gliding Arc
Plasmatron (GAP), which has reverse vortex flow stabilization, and we also discuss the effects of the
gliding arc dynamics on the CO, conversion capabilities. We present for the first time high-speed
camera images, which illustrate the arc stabilization process and the arc geometrical features in a
GAP. Clearly, the arc movement and shape relies on a number of factors, such as gas turbulence,
outlet diameter, electrode surface, gas contraction and buoyance force. We present results for
different gas flow rates, arc currents and anode (outlet) diameters, showing how these parameters
affect the arc diameter, rotation speed and elongation. In addition, we compare the experimental
images to a state-of-art 3D-plasma model, which predicts the plasma movement and rotation speed
with very good accuracy. Finally, we correlate the arc dynamics with the CO, conversion and energy
efficiency, at exactly the same conditions, to explain the effect of these parameters on the CO;
conversion process. This work is important for understanding and optimizing the GAP for CO;
conversion.
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