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PLASMA-CATALYTIC SYSTEM WITH NARROW-APERTURE
ROTATING GLIDING DISCHARGE

O.A. Nedybaliuk, P.V. Tyshchuk, T.A. Tereshchenko, I.1. Fedirchyk

Taras Shevchenko National University of Kyiv, Kyiv, Ukraine

E-mail: oanedybaliuk@gmail.com

The article presents the results of the investigation of the rotating gliding discharge with the narrow aperture in
the airflow. The photographs of the rotating gliding discharge with the narrow aperture were matched with its
voltage oscillograms. Photographs were used to determine the maximum length of the discharge channel and its
dependence on the airflow Gy into the discharge chamber. Voltage oscillograms were used to determine the
difference between the maximum and minimum discharge voltage AU = U .x-Unmin. The dependence of the electric
field in the positive column on the airflow Gy into the discharge chamber was plotted. Optical emission spectra of
the plasma of the rotating gliding discharge with a narrow aperture were captured and used to determine the
distribution of the vibrational T, and rotational T, temperatures along the length of the plasma torch inside the

reaction chamber.
PACS: 52.50.Dg, 52.80.-s

INTRODUCTION

To achieve the goals of sustainable development,
humanity needs to shift as much of its production as
possible towards the use of renewable raw materials [1].
The biggest and most important for sustainable
development is the replacement of fossil hydrocarbons
with renewable feedstock based on biomass. However,
the technologies for the effective conversion of the
renewable raw materials into the targeted products are
still severely underdeveloped [2]. Traditional reforming
technologies, such as thermochemical and catalytic
reforming, were developed and optimized based on
fossil hydrocarbon raw materials, which have a less
complex and varied composition compared to the
renewable feedstock.

Plasma is a chemically active environment with a
high concentration of active particles (ions, electrons,
radicals, excited species, etc.), which can stimulate and
support the long-chain chemical reactions. This
interaction is known in plasma chemistry as plasma
catalysis [3]. The use of plasma catalysis instead of the
traditional catalysts removes the problems caused by the
catalyst poisoning and provides additional advantages,
such as short reaction time and a high degree of control
over the process.

Plasma-catalytic reforming of hydrocarbons is one
of the most energy-efficient processes that convert
hydrocarbons into synthesis gas, especially in
comparison with the conventional plasma reforming, as
shown in [4]. The plasma sources that were used during
the plasma-catalytic reforming include rotating gliding
discharges with wide [5, 6] and narrow [7, 8] aperture.
The presence of the plasma gas flow, which is
transverse to the discharge channel, allows rotating
gliding discharges to produce nonthermal plasma.
However, the plasma of the rotating gliding discharges
with the narrow aperture is studied insufficiently.

This work is focused on the investigation of the
rotating gliding discharge with the narrow aperture,
which is used for the plasma-catalytic reforming of the
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hydrocarbons into the synthesis gas. The knowledge of
the electric field E, rotational T, temperature, vibrational
T, temperature, and the flows of the reactant allows
conducting numerical modeling of the chemical Kinetics
during the plasma-catalytic reforming. The numerical
modeling will provide an opportunity to determine the
optimal operation modes aimed at the maximum yield
of targeted conversion products.

1. EXPERIMENTAL SET-UP AND
METHODOLOGY

Fig. 1 shows the scheme of the plasma-catalytic
system with narrow-aperture rotating gliding discharge.
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Fig. 1. Scheme of a plasma-catalytic system with
narrow-aperture rotating gliding discharge
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The plasma-catalytic system with the narrow-
aperture rotating gliding discharge comprises the three
cylindrical chambers, closed from both sides with
flanges: the discharge chamber, the reaction chamber,
and the mixing chamber. The wall of the discharge
chamber is made of quartz and shaped like a cylinder
20 mm high and 38 mm in diameter. The top and
bottom of the discharge chamber are sealed with the
flanges. The bottom flange of the discharge chamber is
made of PA-6 block, and the top flange was made of
stainless steel. A cylindrical stainless-steel electrode is
fixed to the bottom flange of the discharge chamber.
The top flange of the discharge chamber has a 4 mm
hole and serves as the second electrode. The plasma gas
is introduced into the discharge = chamber
perpendicularly to the quartz wall and forms a vortex
flow. Plasma gas flows toward the 4 mm hole in the top
metal flange and enters the reaction chamber.

The wall of the reaction chamber is made of quartz
and has a cylinder shape 100 mm high and 38 mm in
diameter. The reaction chamber is sealed from top and
bottom with stainless-steel flanges. The bottom flange is
shared with the discharge chamber, and the top flange is
shared with the mixing chamber. The mixture of the
hydrocarbon and part of the air is introduced into the
reaction chamber through the holes in the top flange
perpendicular to the quartz wall of the reaction
chamber. The flow of the hydrocarbon-air mixture
moves downward, into the area where the active
particles are introduced from the discharge chamber,
and exits along the axis into the mixing chamber, which
creates a reverse vortex flow.

The wall of the mixing chamber is made of stainless
steel and has a cylinder shape 100 mm high and 38 mm
in diameter. The chamber is sealed from top and bottom
with stainless-steel flanges. The flow of gas in the
chamber is introduced tangentially to the chamber wall
and then mixed with the gas flowing from the reaction
chamber.

A scheme in Fig. 2 describes the movement of the
plasma gas near the electrodes. The plasma channel
formed between the metal electrodes has a changing
length due to the influence of the gas flow. One end of
the discharge channel (1) was at the center of the
cylindrical electrode (2), while the other end was
moving along the top metal flange (3). In the area near
the symmetry axis, the flow of the plasma gas is
directed alongside the discharge channel while it passes
transversely to the discharge channel in other areas.

Fig. 2. Schematic representation of plasma gas flow
near electrodes: 1 — discharge channel; 2 — cylindrical
electrode (anode); 3 — top metal flange (cathode)
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The narrow-aperture rotating gliding discharge was
powered by a BP-100 power supply (PS) via the 33 kQ
ballast resistance (Ry), which provided a discharge gap
with a voltage of up to 7 kV. The voltage and current
oscillograms were measured by MTX 1054B
oscilloscope (O) with the voltage divider made of
resistances R; and R, (R;:R,=1000:1) and a 10 Q
measuring resistance Rs.

The air was supplied by a Fiac Cosmos compressor.
The total airflow was divided between the discharge
chamber and the reaction chamber. The airflow into
each chamber was controlled using Dwyer RMA-22
SSV and Dwyer RMA-23 SSV rotameters.

The optical emission spectra of the plasma were
captured using a system comprising a Solar Tl S-150-
2-3648 USB spectral device and an optic fiber, which
was secured at a distance h from the bottom of the
reaction chamber. Obtained optical emission spectra
were used to determine the rotational and vibrational
temperatures of the N, molecules inside the reaction
chamber. The temperatures were determined via the
comparison between the experimental optical emission
spectra and spectra modeled using SpecAir 2.2 software
[9]. Both experimental and modeled spectra were
normalized based on the maximum intensity near the
380 nm wavelength.

The change of the discharge channel length AL was
obtained by using the images of the rotating gliding
discharge with a narrow aperture captured by a video
camera at 125 ps exposure. This was done by choosing
the images with the longest discharge channel (Lax)
that was arranged in the same plane as an image
(perpendicular to the camera’s line of sight). The
change of the discharge channel length was calculated
as a difference between the maximum (L., Which
includes the visible part of the channel and the part
hidden by the flange) and the minimum (L, the
distance between the electrodes) length of the discharge
channel (AL = Lax-Lmin)-

The voltage oscillograms were used to calculate the
difference between the maximum (Upn.) and minimum
(Unin) discharge voltage AU = Ugax-Unmin. The electric
field E in a positive column of the discharge was
obtained by dividing the voltage difference AU by the
change of the discharge channel length AL.

2. RESULTS AND DISCUSSION

Fig. 3 shows the typical emission spectrum of the
plasma inside the reaction chamber. The emission
spectrum contains the bands of the second positive
system of nitrogen N, (CII,—BIly transition) and
hydroxyl OH (A“£*—X?I1 transition). Comparison of
the plasma emission spectra of the narrow-aperture
rotating gliding discharge (see Fig. 3) with the spectra
of the wide-aperture rotating gliding discharge [10]
show that the N, bands have a higher intensity than OH
bands. This can indicate lower rotational temperature T,
of the rotating gliding discharge with the narrow
aperture.

Rotational T, and vibrational T, temperatures of the
N, molecules were determined using a comparison
between the experimentally measured optical emission
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spectra of the plasma of the rotating gliding discharge
with the narrow aperture and the spectra modeled using
Spec Air 2.2 software [9]. Fig.4 presents the
dependences of the vibrational T,(N,) and rotational
T.(N,) temperatures on the height h over the electrode
(cathode) surface.

Figs. 5 and 6 show the typical voltage (see Fig. 5)
and current (see Fig. 6) oscillograms of the rotating
gliding discharge with the narrow aperture for the
Gy¢=101'min? flow of the air into the discharge
chamber.

The measured current and voltage oscillograms were
used to build the time dependence of the instantaneous
discharge power. Fig.7 shows the typical time
dependence of the instantaneous power of the narrow-
aperture discharge.

The discharge current is regulated by changing the
transformer voltage using a constant ballast resistance
of 33 kQ2. This means that the angle of the power supply
load line does not change with the increase of the
voltage, instead, the load line shifts up toward higher
voltages. The discharge disappears when the voltage-
current characteristic of the discharge is located over the
power supply load line, and they do not intersect each
other.
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Fig. 3. The typical emission spectrum of plasma
inside reaction chamber produced by rotating gliding
discharge with narrow aperture: height h = 0 mm;
airflow into discharge chamber G4 = 10 I'min™
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Fig. 4. Dependences of vibrational T, and rotational T,
temperatures determined using bands of second positive
systems of nitrogen N, (CI1,— BIl, transition) on
distance h above electrode (cathode) surface
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Fig. 5. Typical voltage oscillogram of rotating gliding
discharge with narrow aperture: airflow into discharge
chamber is G4 = 10 I'min™

200 7 I, mA

150 1

100

50 +

0

0,0 0,5 1,0 1,5 2,0
t, ms

Fig. 6. The typical current oscillogram of rotating
gliding discharge with narrow aperture: airflow into
discharge chamber is Gg = 10 I-'min™
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Fig. 7. The typical time dependence of instantaneous
power of narrow-aperture discharge: airflow into
discharge chamber is Gy = 10 I'min™
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Figs. 8, 9 shows the load line of the BP-100 PS,
which outputs 7 kV voltage with 33 kQ ballast
resistance, and the voltage-current characteristic of the
discharge. The angle of the load line corresponds to the
experimental value and the shape of the voltage-current
characteristics is apparent. Fig. 8 presents the shift of
the load line from top to bottom relative to the voltage-
current characteristic of the discharge, which took place
with the decrease of the power source output voltage.
The length of the discharge channel stayed the same
during the voltage decrease. The intersection between
the load line and the voltage-current characteristic of the
discharge determines the operating point. In the case of
two intersections, the operating point is the one with
lower voltage. With the decrease of the PS output
voltage, the load line shifts downward and the operating
point moves left towards the lower current. In this way,
the current can be regulated without changing the ballast
resistance. However, if the load line (see Fig. 8) drops
below the voltage-current characteristic and will not
have an intersection with it, the discharge will die out
and the current will stop flowing.
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Fig. 8. The shift of load line from top to bottom relative
to voltage-current characteristic during the decrease of
PS output voltage
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Fig. 9. The shift of voltage-current characteristic
from bottom to top relative to load line due to increase
of discharge channel length

ISSN 1562-6016. BAHT. 2021. Nel(131)

Fig. 9 shows the shift of the voltage-current
characteristic from the bottom to top relative to the load
line due to the increase of the discharge channel length.
The intersection between the load line and the voltage-
current characteristic (see Fig. 9, pink) corresponds to
the shortest discharge channel, the lowest voltage, and
the highest current on the oscillograms. The intersection
between the load line and the voltage-current
characteristic (see Fig. 9, red) corresponds to the longest
discharge channel, the highest voltage, and the lowest
current on the oscillograms. If the length of the
discharge channel increases further, the voltage-current
characteristic (see Fig. 9, green) will be located higher
than the load line and the discharge will extinguish. This
is caused by the rise of the potential difference needed
to support the discharge due to the increase of the
discharge channel length.

Fig. 10 shows the dependence of the discharge
channel length on the airflow into the discharge
chamber. Fig. 10 shows that the length of the discharge
channel depends on the airflow value. With the aperture
diameter of 4 mm, the discharge channel length grows
with the increase of the airflow and reaches its
maximum when the airflow rises to 10 I'-min™. The
further increase of the airflow leads to the decrease of
the discharge channel length. This can be due to the
change of the character of the airflow, which leads to
the breaking of the discharge channel.

Fig. 11 shows the dependence of the electric field on
the airflow into the discharge chamber. Fig. 11 shows
that the electric field rises with the increase of the
airflow into the discharge chamber.
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Fig. 10. Dependence of discharge channel length on
airflow Gy into the discharge chamber
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Fig. 11. Dependence of electric field on airflow into the
discharge chamber
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This may be caused by the rise of the mean value of
the voltage needed to support the discharge.

CONCLUSIONS

The length of the discharge channel depends on the
value of the airflow. With the aperture 4 mm in
diameter the discharge channel length initially increases
and reaches the maximum at the 10 I'min™ airflow.
Further increase of the airflow leads to the decrease of
the discharge channel length. This may be connected to
the change of the nature of the airflow, which leads to
the breaking of the discharge channel at a shorter length.

The electric field rises with the increase of the
airflow into the discharge chamber. This correlates with
the change of the mean value of the voltage needed to
support the discharge.
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HNJIASMEHHO-KATAJIMTUYECKAS CUCTEMA C Y3KOAIEPTYPHBIM BPAILIATEJIBHBIM
CKOJIB3AIUM PA3PAIOM

O.A. Heowibaniox, I1.B. Tuwyk, T.A. Tepewenxo, H.H. Dedupuux

[IpencraBneHbl pe3yiabTaTHl HCCICIOBAHNS BPAIIAOMIETOCS CKOJB3SIIETO pa3psaa ¢ Y3KOH anepTypoi B IOTOKE
Bo3ayxa. ComocraBieHsl (HOTOrpaduu ¢ OCIIIUIOTPAMMaMH HATIPSHKCHHS BPAMIAIOIIETOC CKONB3SIIET0 pa3psaa ¢
y3Koil ameprypoii. U3 dotorpaduii onpeneneHbl MakCUMalbHas JJIMHA TOKOBOTO KaHaja M €€ 3aBUCHMOCTHh OT
MOTOKa BO3AyXa B paspsaHyio kamepy Gy M3 ocuumiorpamMm HampspKeHHs! OMpeNelieHa pa3HUIla MEXTy
MaKCUMajJbHbIM ¥ MUHUMaNbHbIM 3HaueHUussMH HanpskeHuss AU = Upa-Upmin.  TlocTpoeHa 3aBHCHMOCTH
AJIEKTPUYECKOTrO MoJisi E B MOJIOKUTEIHLHOM CTOJ0E OT MOTOKAa BO3AyXa B paspsaaHyio kamepy Gy. M3mepeHsr
OMUCCHOHHBIE CHEKTPHI IJa3Mbl BPAIAIONIETOCsd CKONB3SIIEro paspsia C Y3KOH amepTypod H OmpeaesieHo
pacrpeneneHue konedarenpHBIX T, M BpamatensHeIX T, TeMnepaTyp BIOJb IIa3MEHHOTO (pakeia B PeaKIMOHHON
Kamepe.

IJIASMOBO-KATAJITUYHA CUCTEMA 3 BY3bKOATIEPTYPHUM OBEPTOBUM KOB3HUM
PO3PAAOM

O.A. Heoubanwk, I1.B. Tuwyk, T.A. Tepewenko, 1.1. @edipuux

IIpencraBneHo pe3ynbTaTH AOCTIIKEHHS OOEPTOBOTO KOB3HOTO PO3PSAY 3 BY3BKOIO alepTypor0 B IOTOI
noBiTpsa. CmiBcraBiaeHo Qororpadii 3 ociporpaMamMy Hanmpyrd OOEpTOBOTO KOB3HOTO PO3PSAAY 3 BY3BKOKO
aneptyporo. 3 ¢ororpadiii BU3HaAYCHO MaKCHUMAaJbHY JOBXHHY CTPYMOBOTO KaHANy Ta ii 3aJIe)KHICTh BiJ] MOTOKY
MOBITPS B po3psanHy kamepy Gq. 3 ocIuiorpaM Hanpyrd BU3HAYEHO PI3HHUINI0 MK MaKCUMAaIbHUM Ta MiHIMaJTbHAM
3HaueHHAMHU Hanpyrd AU = Upma-Unin. TloOynoBaHO 3aneXHICTh €JIEKTPUIHOTO oS E B MO3UTUBHOMY CTOBIII Bif
MIOTOKY HOBITPSl B po3psiaHy kamepy Gq. BuMipsiHO eMiciiiHi criekTpH Iuta3Mu 00€pTOBOIO KOB3HOTO PO3psLy 3
BY3bKOIO alepTypol0 Ta BH3HAYEHO PO3MOALT KONMMBHHX T, Ta 00eproBux T, TemmepaTyp B3JIOBX ILIa3MOBOTO
(hakena B peakuiiiHiil kamepi.
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