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VORTEX FLOW FOR PLASMA-CATALYTIC REFORMING

A plasma-liquid system with the reverse vortex flow and a liquid electrode, which was de-
signed for the plasma-catalytic reforming of hydrocarbons, has been studied. Discharge oper-
ation modes with the solid and liquid cathodes are compared, including the discharge voltage
dependences on the distance between the upper flange and the liquid surface. The influence
of the water content in a plasma-forming gas on the average energy of plasma electrons is

analyzed.
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1. Introduction

Numerous researches that were aimed at the devel-
opment of new alternative energy sources stimulated
the growth of interest to new applications of plasma
chemistry in power engineering. Plasma is an excel-
lent source of active particles, and it can be used
to improve the efficiency of various industrial chem-
ical technologies [1]. Of special interest is the devel-
opment of technologies for reforming hydrocarbons
into hydrogen or synthesis gas with the use of plasma
[2]. Those technologies may initiate an active intro-
duction of such renewable hydrocarbons as biofuel
into chemical, power, and transport industries.
Previous researches definitely testify that the
straightforward application of isothermal plasma for
reforming hydrocarbons is inefficient in comparison
with the application of non-isothermal plasma [3] and
the plasma-catalytic approach [4] to hydrocarbon re-
forming. In order to satisfy the requirements that
would open a way for the plasma-catalytic reform-
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ing to commercialization, the discharge system that
is used in a reforming installation must be capable
of generating the non-equilibrium (non-isothermal)
plasma at the atmospheric pressure and effectively
introducing it into a reforming chamber. The largest
obstacle for the wide implementation of plasma-
catalytic technologies is the short term of a contin-
uous work of ordinary plasma generators.

To overcome the restrictions inherent to traditional
plasma sources, plasma-liquid systems [5] on the basis
of rotating gliding discharges can be used. The latter
combine the ability of gliding discharges to generate
non-equilibrium plasma at the atmospheric pressure
[6] and a possibility to substantially prolong the ser-
vice life of a discharge system due to the gliding of
a discharge channel along the surface of electrodes
in the course of its rotation under the influence of
a gas flow. The operating time of the discharge sys-
tem increases additionally, because one of its elec-
trodes is covered with liquid and, in effect, forms a
liquid electrode. The main advantage of liquid elec-
trodes is their capability to maintain a stable level
of liquid and, therefore, prevent the electrode de-
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struction and maintain stable values of discharge pa-
rameters. Furthermore, the composition of generated
plasma strongly depends on the composition of lig-
uid; this circumstance creates new ways to control
parameters for plasma sources of this type.

The efficiency of the plasma-catalytic system for
reforming hydrocarbons directly depends on the vol-
ume occupied by the plasma torch in the reaction
chamber. To provide the maximum plasma volume,
the optimum way is to inject plasma in the form of
plasma torch, which is suitable for the use in plasma-
catalytic systems and provides a design with a high
scaling ability. In order to obtain the maximum con-
trol over the plasma torch injection, the torch has
to be stabilized. Stability of high-pressure discharges
in powerful plasmatrons is reached, as a rule, by in-
troducing a vortex gas flow [7]. The introduction of
a reverse vortex gas flow of the “tornado” type into
the plasma-liquid system ensures both formation and
stabilization of a plasma torch [8].

2. Experimental Installation and Methods

A schematic diagram of the experimental installa-
tion is shown in Fig. 1. The installation was con-
structed on the basis of a plasma-liquid system with
liquid electrode. The reforming system included a
discharge and a reaction chamber. The discharge
system consisted of a cylindrical quartz chamber,
which was closed from both its sides by stainless
steel flanges. T-shaped cylindrical electrode (1) was
mounted at the center of the lower flange. The upper
flange had an aperture, in which copper plug (3) was
fixed. The quartz chamber was filled with distilled
water (2), which completely covered the lower metal
electrode. The required level of liquid in the chamber
was maintained by supplying water into the chamber
through an input aperture in the lower flange with
the use of a syringe pump. Gas was let into the sys-
tem through input apertures (5) located in the upper
flange. The gas flow was directed along the tangent
to the wall of a quartz chamber, which gave rise to
the formation of a vortex gas flow moving along the
water surface to the quartz cylinder axis and leaving
the discharge chamber through the aperture in the
upper flange.

One of the ends of the discharge-generated plasma
channel was connected with the copper plug surface,
and the other end with the liquid surface. The reverse
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Fig. 1. Schematic diagram of the experimental installation
for the plasma-catalytic reforming

vortex gas flow invoked the plasma channel to rotate
around the axis of the system and to exit from the
aperture in the copper plug in the form of a plasma
torch (4). The plasma channel end that was located
at the solid electrode glided along the copper plug
surface at the rotation. The potential difference be-
tween the electrodes was created with the use of a
dc power source, which could supply a voltage of up
to 7 kV.

The discharge had two operating modes, which
could be chosen by selecting the position of the cath-
ode in the discharge system. Namely, it was the lower
electrode in the liquid cathode (LC) mode, and the
upper electrode in the solid cathode (SC) one. During
the experiment, the anode was grounded, and a high
voltage was supplied to the cathode.

The behavior of a discharge in various operat-
ing modes was recorded on a videocamera to be
analyzed visually. The required discharge parame-
ters were obtained by analyzing the corresponding
current-voltage characteristics. The obtained data
were used to study the dependences of discharge pa-
rameters on the distance between the solid and liquid
electrodes. Plasma diagnostics was carried out with
the help of optical emission spectroscopy.

The emission spectra were registered, by using a
spectral device consisting of an optical fiber and a
calibrated spectrometer Solar TII S-150-2-3648 USB.
The device allowed spectral lines to be registered in a
wavelength interval from 200 to 1000 nm with a res-
olution of less than 0.13 nm/pixel. The electron tem-
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Fig. 2. Schematic diagram of the discharge system: the LC
mode (A), the SC mode (B)
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Fig. 3. Dependence of the discharge voltage on the dis-

tance between the upper flange and the liquid surface: the SC
mode (A), where lines mark the points, at which the discharge
changes its type; the LC mode (B). d is the distance between
the upper flange and the cylindrical T-shaped electrode imbed-
ded into liquid. The current equals 340 mA
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perature T, of atomic hydrogen H was determined by
analyzing the relative integrated intensities of spec-
tral lines H, (656.3 nm) and Hg (486.1 nm). The
electron temperature of atomic oxygen was calculated
with the help of Boltzmann diagrams and with the
use of three most intense multiplets of atomic oxy-
gen (at 777.2, 844.6, and 926.6 nm). The rotational,
T, and vibrational, T, , temperatures of hydroxyl
(OH) and nitrogen (N3) were determined, by com-
paring the experimental emission spectra of plasma
with the spectra calculated with the help of software
code SPECAIR [9] and with the use of the electron
temperature of atomic oxygen (O) obtained with the
help of Boltzmann diagrams.

3. Results and Their Discussion

The analysis of the video recorded during the experi-
ment showed that the discharge channel has a larger
diameter in the LC mode than in the SC one. In
Fig. 2, the behaviors of a discharge in two operating
modes are compared. The discharge channel diame-
ter amounted to 7.4 £ 0.5 mm in the SC mode and
12.8 + 0.5 mm in the LC one.

Depending on the operating mode, the gas gener-
ated in a liquid owing to its electrolysis had different
compositions. It was hydrogen in the LC case, and
oxygen in the SC one. The presence of a discharge
channel reduced the surface tension of water and in-
voked an intense bubbling through the interaction
interface between plasma and liquid. It is worth to
note that the width of the channel, along which the
gas bubbles move, decreases nonlinearly starting from
the surface of the lower solid electrode (Fig. 2). At a
certain distance, the width of the channel with gas
bubbles acquires a constant width.

The current-voltage characteristics of the discharge
were measured at distances of 18, 22, and 27 mm
between the upper and lower solid electrodes. The
measurements were carried out after the liquid sur-
face had been stabilized at the interface of its inter-
action with the discharge channel. The corresponding
experimental data on the current-voltage character-
istics can be found in work [10]. The interelectrode
gap (the distance between the solid and liquid elec-
trodes) was varied during the experiment from the
minimum observable value (3 mm) to the distance
between the solid electrodes. In Fig. 3, the depen-
dence of the discharge voltage on the interelectrode
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gap width is shown for two distances between the
solid electrodes: 18 and 22 mm.

The discharge behaviors are quite different in the
SC and LC modes. In the former case, the voltage
dependence on the gap width is nonmonotonic: at
first, it pronouncedly grows; then it has a short sta-
ble section, which afterward transforms into a drastic
voltage drop. The voltage growth at the initial stage
can be a result of the interelectrode distance growth
and the introduction of oxygen, which is formed in
the liquid at electrolysis, into the discharge channel.
Oxygen is an electronegative gas, and, when getting
into the discharge channel, it increases the voltage
required to maintain the discharge. Since an increase
of the interelectrode distance corresponds to a re-
duction of the liquid layer thickness, there is a time
moment, when the width of the channel filled with
oxygen bubbles exceeds the width of the discharge
channel. As a result, the amount of oxygen in the
discharge channel decreases, and its influence on the
discharge becomes weaker, which reduces the voltage
magnitude required to maintain the discharge. When
the water layer reaches a certain minimum thick-
ness, the discharge channel pushes the liquid aside
and gets fixed at the surface of the lower solid elec-
trode. Accordingly, the discharge system passes to the
mode with two solid electrodes and a fixed interelec-
trode distance. This transition leads to a reduction
in the discharge gap resistance and diminishes the
voltage drop across the water layer. This explanation
is supported by a change in the discharge behavior,
which was registered during the visual analysis of
the video obtained for the process under study. The
points of transition from the discharge with a liquid
electrode to the discharge with solid electrodes are
marked in Fig. 3 by vertical dashed lines.

The dependence of the discharge voltage on the in-
terelectrode distance in the LC mode monotonically
increases. Due to a larger contact area between the
discharge channel and the water surface in the LC
mode, we may assume that the amount of hydrogen
that gets into the discharge channel does not become
smaller, as the interelectrode distance grows. Accor-
dingly, the voltage dependence on the interelectrode
distance corresponds to the same behavior of the dis-
charge system as was observed at the stage of initial
voltage growth in the SC mode. For an interelectrode
distance to be 18 mm, the liquid layer reaches the
critical minimum, and the discharge changes to the
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Fig. 4. Emission spectra of discharge plasma in the SC and
LC operating modes

electric arc mode, which results in a drastic decrease
of the discharge voltage. In the case where the dis-
tance between the electrodes equals 22 mm, the dis-
charge dies away before the thickness of the liquid
layer reaches the critical value. So that the transition
to the electric arc regime is not observed in this mode.

According to the plasma emission spectra (Fig. 4),
the main active plasma components are OH, H, and
O. The bands of Ny are observable due to its high
content in air used as a working gas. The spectra are
free of bands corresponding to the products of reac-
tions with the participation of nitrogen. In particular,
there are no nitrogen oxides NOx. This fact takes
place, because the concentration of particles with en-
ergies that are high enough to dissociate nitrogen
molecules (9.82 €V) is low under the experimental
conditions considered in this research. For this rea-
son, we assume that nitrogen does not participate
in any chemical reaction that runs in plasma. The
emission spectra of discharge plasma do not contain
traces of the metal electrode materials. This fact can
testify to a low level of electrode destruction and the
absence of anode dissolution. The described results
confirm the prediction about the potentially longer
operation time for electrodes in plasma systems with
a liquid electrode in comparison with systems that
contain only solid electrodes.

The emission spectra were used to determine the
electron temperatures 7T, of atomic hydrogen and
oxygen, as well as the rotational, T, and vibra-
tional, TiF, temperatures of hydroxyl (OH) and ni-
trogen (N3). For plasma in the discharge gap, the ro-
tational and vibrational temperatures of OH have the
same value, 4000 £+ 200 K. This coincidence probably
occurs, because the gas flow near the water surface is
directed in parallel to the discharge channel and along
the electric current direction. At the same time, the
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Fig. 5. Dependence of the average energy of electrons in
plasma on the reduced electric field
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Fig. 6. Dependence of the average energy of electrons in

plasma on the composition of a plasma-forming gas and the
reduced electric field in the discharge

electron temperatures of H and O atoms in the dis-
charge gap do not coincide: T (H) = 3200 £ 500 K
and T (0) = 5000 + 500 K. Plasma in the torch be-
comes non-isothermal right after its exit from the
discharge gap. At a distance of 5 mm above the up-
per flange, the vibrational temperatures amount to
Tx(OH) = 4200 £ 200 K and 7} (N3) = 5000 £ 200 K,
and the rotational ones to 7;*(OH) = 3200 + 200 K
and T(N3) = 3500 + 200 K. The temperature dif-
ference can be associated with the appearance of a
component of the gas flow that is directed across the
plasma channel. The electron temperatures of atomic
plasma components amount to 7. (H) = 3500+ 500 K
and T7(0) = 5200 £ 500 K, and this difference
demands for the additional research. The obtained
plasma torch was introduced into the reaction cham-
ber to a depth of approximately 150 mm.

The dependence of the discharge voltage on the in-
terelectrode distance is used to calculate the electric
field in the discharge gap, when the current was equal
to 340 mA. In the case of LC mode, the whole depen-
dence can be used. On the other hand, in the case of
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SC mode, only the section of initial growth is suitable
for calculations.

While calculating the average energy of electrons
in plasma, which is one of the key parameters gov-
erning the chemical reaction processes, the software
code BOLSIG+ (version 06/2013) [11] was used (the
database of cross-sections was downloaded from the
site www.lxcat.net in June 2013). In order to carry
out the required calculations, some approximations
were applied, which were united into a physical
model. The translational temperature of plasma was
put equal to the rotational temperature (4000 K) on
the basis of the data obtained from the plasma emis-
sion spectra. The pressure was selected at a level of
1 atm, and the electric field at a level of 70 V/mm,
which was obtained during the experiment. The com-
position of model gas was chosed according to the as-
sumption that the entire introduced air interacts with
the discharge, and all water losses take place due to
the water evaporation from its surface at the inter-
face of water contact with the discharge channel. The
calculated values of electron temperatures in plasma
and their dependences on the reduced electric field
are exhibited in Fig. 5.

Figure 5 distinctly demonstrates that if the dis-
charge current is the same, the operating mode has
no effect on the average energy of electrons in the
plasma of a rotating gliding discharge with a reverse
vortex flow of air of the “tornado” type and a lig-
uid electrode. Additionally, we calculated the average
energies of plasma electrons for various compositions
of a plasma-forming gas such as, Ny, Oo, Hs, air, wa-
ter-air mixtures (in both operating modes, LC-exp
and SC-exp, and taking the products of water elect-
rolysis into account), and an experimental mixture in
the LC mode with twice as low (H20/2) and twice as
high (H20 x 2) water contents. The average energies
of plasma electrons calculated for the indicated plas-
ma-forming mixtures and various magnitudes of the
reduced electric field (25, 35, and 45 Td) are shown
in Fig. 6.

The obtained plot clearly testifies that if the
plasma-forming gas is nitrogen or air (nitrogen con-
tent in air approximately equals 80%), the variation
of the reduced electric field weakly affects the average
energy of electrons in plasma. The difference between
the average energies of electrons for the experimen-
tal mixtures of gases at various operating modes is
small in comparison with the calculation error for
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the average electron energy. The presence of water
vapor in the gas mixture gives rise to large mis-
matches between the average energies of plasma elec-
trons obtained for different values of reduced electric
field. The higher the water content in the mixture, the
higher is the average energy of electrons in plasma.

From the analysis of the data obtained, we may as-
sume that there is a way to control the average energy
of electrons in plasma by varying the water content
in a plasma-forming gas. Taking into account that the
energy of plasma electrons is one of the main factors
that govern the generation of specific active particles
in plasma, the control over the water content in a
plasma-forming gas can become an additional mecha-
nism to drive the process of chemical transformations
in the reaction chamber.

4. Conclusions

A plasma-liquid system with the reverse vortex gas
flow and a liquid electrode has been developed. The
plasma in the torch is non-isothermal and consists of
such active components as OH, O, and H, which initi-
ate chemical transformations. The length of the sta-
bilized plasma torch is sufficient for the efficient injec-
tion of plasma into the volume of a chemical reactor.

Our researches have shown that the presence of wa-
ter vapor in plasma-forming mixtures strongly affects
the average energy of electrons in plasma, and the
higher relative concentration of water results in the
higher average electron energy. This fact can be used
as an additional mechanism to control the average en-
ergy of electrons in plasma and, accordingly, to govern
the generation of active particles in plasma, which are
required to catalyze a definite chemical process.

The gas formed during the water electrolysis is
found to modify the discharge parameters. Its intro-
duction into the discharge channel gives rise to the
growth of the potential difference between the elec-
trodes at a fixed discharge current.
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Translated from Ukrainian by O.I. Voitenko

L.1I. @edipuux, O.A. Hedubanrox, B.5. Yepnsax, B.II. Temuuna

TIJTABMOBO-PIJIMHHA CUCTEMA

31 3BBOPOTHUM BUXPOBUM ITOTOKOM

HJI TIJTASMOBO-KATAJIITUYHOI'O
PEOOPMYBAHHA

PezmomMme

JocniizkeHo 111a3MOBO-PIIMHHY CUCTEMY 31 3BOPOTHUM BUXPO-
BHM IIOTOKOM ra3y Ta PIIKHM €eJIEKTPOIOM, sIKa Oyja po3po-
OJieHa IS TJIA3MOBO-KATAJITUIHOTO peddOpMyBaHHS BYIJIEBO-
nuiB. [IpoBeeHo MOPIBHAHHS MiXK pesKuMaMu poOOTH PO3PSLy
3 TBEPJUM KaTOJAOM Ta 3 PIJIKUM KaTOJOM, BKJIIOYAKYH I10-
PiBHSIHHS 3aJI€2KHOCTEN pPO3PsIAHOI HAIPYTrU Bij Bigcrani mixk
BepxXHIM (pJiaHIleM Ta mOBepxHero piguHu. JOCiigKeHo BILINB
BMICTY BOJU y IJIA3MOTBIpHOMY ra3i Ha CepeJHIO €Hepriio eJie-
KTPOHIB IJIa3MH.
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