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1. Introduction

It is well known [1] that hydrogen (H,) as the environmentally friendly fuel is considered to
be one of the future most promising energy sources. Recently, interest in hydrogen energy has
increased significantly, mainly due to the energy consumption increase in the world, and
recent advances in the fuel cell technology. According to the prognosis, in the next decades,
global energy consumption will be increased by 59%, and still most of this energy will be
extracted from the fossil fuels. Because of the traditional fossil fuels depletion, today there's a
growing interest in renewable energy sources (f.e. — bioethanol, biodiesel). Bioethanol can be
obtained from the renewable biomass, also it can be easily and safely transported due to its
low toxicity, but it's not a very good fuel. Modern biodiesel production technologies are
characterized by a high percentage of waste (bioglycerol) which is hard to recycle.

It is common knowledge [2] that addition of the syn-gas to the fuel (H, and CO) improves the
combustion efficiency: less burning time, rapid propagation of the combustion wave, burning
stabilization, more complete mixture combustion and reduction of dangerous emissions
(NO,). Besides, the synthesis gas is an important stuff raw for the various materials and
synthetic fuels synthesizing. There are many methods of synthesis gas (including hydrogen)
production, for example — steam reforming and partial liquid hydrocarbons oxidation. Also,
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there is an alternative approach —biomass reforming with low-temperature plasma assistance.
Plasma is a very powerful source of active particles (electrons, ions, radicals, etc.), and
therewith it can be catalyst for the various chemical processes activation. However, a major
disadvantage of chemical processes plasma catalysis is weak processes control.

There is a bundle of electrical discharges that generate both equilibrium and non equilibrium
plasma. For plasma conversion — arc, corona, spark, microwave, radio frequency, barrier and
other discharges are used. One of the most effective discharges for the liquid hydrocarbons
plasma treatment is the "tornado" type reverse vortical gas flow plasma-liquid system with a
liquid electrode (“TORNADO-LE”) [3]. The main advantages of plasma-liquid systems are —
high chemical plasma activity and good plasma-chemical conversions selectivity. It may
guarantee high performance and conversion efficiency at the relatively low power consump-
tion. Moreover, those are systems of atmospheric pressure and above, and this increases their
technological advantages.

Also, syn-gas ratio —hydrogen and carbon monoxide concentration ratio should be mentioned.
As well, it should be taken into consideration that for efficient combustion (in terms of energy)
of the synthesis gas it should contain more hydrogen, and in the case of the synthesis materials
— they should contain more CO.

Relatively new possible solution to this problem — carbon dioxide recycling. Many modern
energy projects have difficulties with the large amount of CO, storing and disposing. And it
is also known that the addition of CO, to plasma during the hydrocarbons reforming may help
to control plasma-chemical processes [4]. That is why the objective of the research is to study
the influence of different amounts of CO, in the working gas on the plasma-chemical processes
during the hydrocarbons conversion.

This research deals with hydrocarbons (bioethanol, bioglycerol) reforming by means of the
combined system, which includes plasma processing and pyrolysis chamber. As a plasma
source the "tornado" type reverse vortical gas flow plasma-liquid system with liquid electrode
has been used [5].

Qualitatively new challenge is connected with a selectivity of the plasma chemistry strength-
ening by the transition of the chemical industry to "green chemistry". The last is a transition
from the traditional concept of evaluating the effectiveness of the chemical yield to the concept
that evaluates the cost-effectiveness as the exclusion of hazardous waste and non-toxic and/or
hazardous substances [6].

A quantitative measure of the environmental acceptability of chemical technology is the
ecology factor, which is defined as the ratio of the mass of waste (waste) to the mass of principal
product. Waste is all that is not the principal product.

By the way, the most promising approaches in green chemistry is the implementation of
processes in supercritical liquids (water, carbon dioxide) [7].

Water in supercritical condition unlimitedly mixes with oxygen, hydrogen and hydrocarbons,
facilitating their interaction with each other - oxidation reactions are very fast in scH,O
(supercritical water). One particularly interesting application of this water - efficient destruc-
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tion of chemical warfare agents. When mixed with other substances scH,O can be used not
only for oxidation but also in the reactions of hydrolysis, hydration, the formation and
destruction of carbon-carbon bonds, hydrogenation, and others.

Besides, the use of pulsed electrical discharges in the liquid brings up new related factors:
strong ultraviolet emission and acoustic or shock waves. In literature it can be found that
systems with energies more than 1 kJ/pulse, that have negative influence on the lifetime of
such systems. Reasonable from this perspective is the usage of pulsed systems with relatively
low pulse energy and focusing of acoustic waves. In addition, the acoustic oscillations in such
systems can be used as an additional mechanism of influence on chemical transformations.

In using of acoustic oscillations for chemical reactions the most attention is paid to systems
with strong convergent waves. However, the processes during the collapse of the powerful
convergent waves are studied unsufficiently. In the literature the systems of cylindrical,
spherical or parabolic surfaces used in the focusing of shock waves for technological needs are
known [8]. However, among their disadvantages should be noted that partial usage of the
energy of acoustic wave and the problem of it's peripheral sources synchronization, which
leads to distortion of the shock wave front ideality and reduces the focusing effectiveness.

Probably, more perspective method of using acoustic waves is their generation by single axial
pulse electric discharge with further reflection from an ideal cylindrical surface. This approach
can provide better symmetry of compression by convergent acoustic wave both in the gas and
in the liquid. Probably, such mechanism can be exploited for scH,O production

In addition, the re-ignition of electrical discharge at the moment of collapse convergent acoustic
waves can lead to the plasma temperature increasing due to compression of the discharge
channel, as well as the appropriate amplification of acoustic waves after the collapse.

It's clear that plasma-liquid systems (PLS) mentioned above have some sharp differences.
Therefore, the first section of this article presents the results of our research on the addition of
CO, to the “TORNADO-LE”. And the second section of the article is devoted to investigation
of double-impulse system in underwater electric discharge.

2. Bioethanol and bioglycerol conversion in "tornado" type plasma-liquid
system with the addition of CO,

2.1. Experimental set up

The experimental setting is shown in Fig. 1. Its base is a cylindrical quartz chamber (1) with
diameter of 90 mm and height of 50 mm. Top (2) and bottom (3) it is hermetically closed with
metal flanges. Camera is filled with fluid (4), the level of which has been maintained by the
injection pump through the hole (5). Bottom flange is made of stainless steel. The stainless steel
T-shaped cylindrical electrode (6), cooled with water, immerses in the liquid through the
central hole in the bottom flange. There is a 5 mm thick metal washer on its surface (7) in the
middle of which there is a hole in diameter of 10 mm. Sharp corners are rounded. This washer
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is used for reducing the waves (which have been moving to the quartz wall) amplitude on the
liquid surface.

The top flange, made from duralumin, contains copper sleeve (13) with a diameter of 20 mm
is placed in the center (2), and plays the role of the second electrode. The nozzle with diameter
of 4 mm and length of 6 mm is located in the center of the copper sleeve (8). Gas is introduced
into the flange (2) through the aperture (9). Gas flow changes the direction at 90 degrees inside
the flange and injects tangentially into the channel (10). (10) The gas is rotated in the circular
channel. Rotating gas (11) lands on the surface liquid and moves to the central axis of the
system, where fells into the quartz cell through the nozzle (14), forming a plasma torch (12).
Camera (14), in its turn, plays a role of pyrolytic chamber. Flow rate reaches the maximum
value near the nozzle. Due to this, the zone of lower pressure is formed in the center of the gas
layer, compared to the periphery. The conical structure appears over the liquid’s surface near
the system axis (Fig. 1). External static pressureis 1 atm. and internal - 1.2 atm (during discharge
burning). Gas from quartz chamber (14) gets into the refrigerator (15), which is cooled with
water at room temperature.

Liquid Water

Figure 1. Schematic set up of the “TORNADO-LE".
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Condensed matter (16) together with the gas from the refrigerator gets to the chamber (17). At
the chamber exit (17) there's a flask (18), where gas is gathered for its composition diagnostics
by means of mass spectrometry and gas chromatography. Study of plasma parameters is
performed by emission spectrometry. The emission spectra registration procedure uses the
system which consists of optical fiber, the spectral unit S-150-2-3648 USB, and the computer.
Fiber is focusing on the sight line in the middle between the top flange (2) and the surface of
the liquid (4).

The spectrometer works in the wavelength range from 200 to 1100 nm. The computer is used
in both control measurements process and data processing, received from the spectrometer.

The voltage between the top flange and electrode, immersed in the liquid, is supplied by the
power unit "PU". DC voltage provided is up to 7 kV. Two modes of operation have been
considered:

1. '"liquid" cathode (LC) — electrode immersed in the liquid has "minus" and the top flange
has "plus";

2. solid" cathode (SC) - with the opposite polarity.

Electrode which has "plus" is grounded. Breakdown conditions are controlled by three
parameters: the fluid level, the gas flow value and the voltage magnitude between the
electrodes. The several modes of operation have been studied:

1. Various air flow and CO, ratio;
2. Discharge voltage varied within Uy =22 +2.4kV;
3. Discharge current varied within I, = 220 + 340 mA (ballast resistance hasn’t been used).

At first, for the analysis of the plasma-chemical processes kinetics the distilled water (working
fluid), and ethanol (ethyl alcohol solution in distilled water with a molar ratio C,H;OH/H,O =
1/9.5), as a hydrocarbon model have been used. As the working gas mixture of air with CO,,
in a wide range of air flow and CO, ratios has been used. The ratio between air and CO, in the
working gas changes in the ranges: CO,/Air = 1/20 + 1/3 for the working fluid C,H;OH/H,O
(1/9.5) and CO,/Air = 0/1 + 1/0 (by pure air to pure CO,) - for distilled water.

Plasma component composition and population temperature of the excited electron (T,),
vibration (T,’) and rotational (T,") levels of plasma components and relative concentrations of
these components have been determined by the emission spectra. For the temperature
population determination of the excited oxygen atoms electron levels the Boltzmann diagram
method has been used [5]. T, of oxygen atoms has been determined for the three most intense
lines (777.2 nm, 844 nm, 926 nm). Temperature population of excited hydrogen atoms electron
levels has been determined by the two lines of 656.3 nm and 486 nm relative intensities.

The effect of the presence of CO, in the system on the initial gas products has been investigated
by means of “TORNADO-LE” current-voltage characteristics with changes in the working gas
composition. T, and T,” have been determined by comparing the experimentally measured
emission spectra with the molecules spectra simulated in the SPECAIR program [9]. With help
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of this program and measured spectra, relative component concentrations in plasma have been
determined. Also, the concentration of atomic components has been obtained by calculating
the amount of oxygen that fell into a working system with the working gas flow. The hydrogen
amount has been received from the electrolysis calculations. The output gas in reforming
ethanol has been analyzed by gas chromatography and infrared absorption.

2.2. Results

The process of discharge ignition occurred as follows: the chamber is filled with liquid to a
fixed level (5 mm above the washer). At the next stage a certain amount of gas flow forms the
stationary cone from liquid; the voltage applied between the top flange and electrode im-
mersed in a liquid starts gradually increase. When the voltage reaches a break-out value - U,
a streamer appears for the first time. After that, burning discharge starts in split second, and
then voltage decreases and current increases. After a second or two it is stabilized. During this
time — static pressure rises inside the chamber from 1 to 1.2 atm. If you maintain the liquid
level fixed, then the discharge is quite steady.

Liquid layer thickness of 5 mm has been chosen because that is the minimum liquid thickness
in which the discharge burns between the liquid surface and the top flange. If the thickness is
smaller plasma pushes the water toward the electrode immersed in the liquid and the
discharge starts burning between two metal electrodes. Discharge goes into the arc regime.
When the thickness of the distilled water layer above the washer is 5 mm (in the case of air
flow only) break voltage reaches 4.5 kV and for a CO, flow - 6 kV. It is known [10], this increase
in break-out voltage derives from the appearance of an additional loss channel of electrons —
due to their sticking onto CO, molecules. This sticking has dissociative character and it is
accompanied by the energy expense.

For example, the threshold reaction with CO, is 3.85 eV. Therefore CVC in pure CO, is
decreased (Fig. 2). When the thickness of the C,H;OH/H,O (1/9.5) solution layer above the
washer is 5 mm (in the case of air flow only) the break voltage is 5.5 kV, and for the air flow
mixture with CO, (CO,/Air =1/3) — 6.5 kV. Adding CO, to the air leads to the increase in the
break-out voltage value. Adding ethanol to distilled water (C,H;OH/H,O =1/9.5) results in the
increase of break voltage on 1 kV. Power supply unit provides maximum voltage of 7 kV.
Increasing the thickness of the fluid layer above the washer (> 5 mm) leads to the increase of
the break-out voltage value. There is no discharge ignition with a break-out voltage value of
more than 7 kV. Therefore, 5 mm thickness of the liquid layer above the surface immersed in
a liquid metal electrode (washer) has been chosen as the optimum one.

The current-voltage characteristics of the discharge are shown for the SC mode (Fig. 2 a; 2b).
The cell has been filled with distilled water (Fig. 2a) or bioethanol (Fig. 2b).

The "tornado" type reverse vortex gas flow is formed by gas flow, which is a mixture of air
with CO, in varying proportions. Ratio of CO,/Air is changed in the range from 1/20 to 1/3,
and in the case of ethanol and 1/0 in the case of water. Current varied in the range from 230 to
400 mA. The initial level of the working liquid is the same in all cases.
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Figure 2. a) Current-voltage characteristics of the discharge at different ratios of CO,/Air in the working gas. Working
liquid - distilled water. Airflow - 55 and 82.5 cm?/s, the flow of CO, - 4.25, 8.5 and 17 cm? /sec. b) Current-voltage
characteristics of the discharge at the ratio CO,/Air = 1/5 in the working gas. Working liquid - C,HsOH/H,0 (1/9.5)
solution. Airflow - 82.5 cm?/s, the flow of CO, - 17 cm?/s.

The current-voltage characteristics show that adding a small amount of CO, (near 20%) to the
working gas has no effect on the discharge type in various studied working liquids. In the
range of flow ratios CO,/Air from 1/20 to 1/5 characteristics are straight lines. It was observed
that the increasing of CO, share in working gas causes discharge voltage supply rise.

Typical emission spectra of the plasma are shown in Fig. 3a and Fig. 3b for the cases with the
distilled water as the working liquid and the solution of C,H;OH/H,O (1/9.5).

The emission spectra show that when the working liquid is distilled water, plasma contains
the following components: atoms H, O, and hydroxyl OH. In case when the working liquid is
C,H;0H/H,O solution (1/9.5), plasma has the following components: atoms — N, O, C, Fe, Cr,
molecules — OH, CN, NH. The emission spectra shows that the replacement of the working
liquid with distilled water with ethanol CN and lower electrode material made of stainless
steel (anode) occur in plasma. Occasionally, during discharge burning breakdown may occur
in C,H;OH/H,O layer solution (1/9.5).

Those breakdowns may occur due to the fact that during the discharge burning, thickness of
liquid layer, when the working fluid has a significant share of C,H;OH, a current channel is
formed through the liquid layer to the metal electrode. And in the case of distilled water -
plasma channel discharge ends near the surface of the liquid. It may indicate the presence of
large liquid surface charge.

It was observed that the increase of CO, in the working gas (CO,/air > 0.3) leads to an increase
in the intensity of hydrogen and oxygen radiation lines (H and O) at the time when the intensity
of the molecular component (OH) radiation, within the error, is stable (I=300 mA, U=1.9-2.4
KV, air flow 0 - 82.5 cm?¥/sec, the flow of CO, - 4.25 - 85 cm?/sec).

Fig. 4 shows the ratio of the hydrogen (Ha A = 656.3 nm) and oxygen (O, A=777.2 nm) radiation
intensity to the highest point of band hydroxyl (OH, A =282.2 nm) small intensity at different
ratios of CO,/air (I =300 mA, U =1.9 — 2.4 kV, air flow - 27.5, 55 and 82.5 cm?/s, the flow of
CO,-4.25,8.5,17,42.5 and 85 cm?/s). High intensity bands haven't been used in the calculations
because of the possible reabsorption. (I =300 mA, U=2-2.2kV). In the case of distilled water
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Figure 3. a) Emission spectrum of the plasma in TORNADO-LE plasma-liquid system, where the working liquid is distil-
led water. Working gas - a mixture of CO,/air = 1/0, Id =300 mA, U = 2.2 kV, the flow of CO, - 85 cm?/s and CO,/air =
1/20, Id = 300 mA, U = 1.9 -2.0 kV, air flow - 82.5 cm?/s, the flow of CO, - 4.25 cm3/s. b) Emission spectrum of the
plasma in the TORNADO-LE plasma-liquid system, where the working fluid is bioethanol. Working gas - a mixture of
CO2/air=1/20, Id =300 mA, U =2 kV, air flow - 82.5 cm3/sec, the flow of CO2 - 4.25 cm3/sec.

(Fig. 4a), results are presented for the three air flows - 27.5, 55 and 82.5 cm?/s and five CO,
streams - 4.25, 8.5, 17, 42.5 and 85 cm®/s (I =300 mA , U =1.9 - 2.4 kV). Air and CO, flows are

variated so that the total flow compiles similar values and achieves ratios of CO,/air in a wide

range from 1/20 to 1/0.
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Figure 4. The ratio of the radiation intensity of hydrogen (H, A = 656.3 nm) and oxygen (O, A = 777.2 nm) to the peak
of the band hydroxyl (OH A = 282,2 nm) at different ratio CO,/Air in the working gas. Working liquid - distilled water
(a)1=300 mA, U=1.9-2.4kV and bioethanol (b) | =300 mA, U=2-2.2 kV.

In calculating the relative concentration ratio of hydrogen to oxygen from the emission spectra,
it was observed that the hydrogen concentration is two times as much of the oxygen concen-
tration for the case of distilled water as the working liquid - (I=300mA, U=1.9-2.4kV, airflow
- 27.5,55 and 82.5 cm?/sec, the flow of CO, - 4.25, 8.5, 17, 42.5 and 85 cm?/sec), and ten times as
much when the working liquid is C,H;OH/H,O solution (1/9.5) (I=300 mA, U=2-2.2kV, air
flow - 55 and 82.5 cm®/sec, the flow of CO, - 4.25, 8.5 and 17 cm?/sec). However, according to
the calculations, these components production by means of electrolysis and their extraction
from the working gas, the oxygen concentration exceeds the average hydrogen concentration
in three orders of magnitude, unless the case when the pure CO, is used as a working gas.

It should be noted that the addition of CO, reduces the discharge stability, especially in the
case of bioethanol. In determination of the temperature population excited electron levels of
plasma atomic component the most intense lines (spectra with the smallest possible accumu-
lation in the experiment measurement of 500 ms) have been used, according to the discharge
burning particularity. Also, it affects the parameters determination accuracy.

Temperature of excited hydrogen electron population levels is determined by the relative
intensities (two lines of 656 nm and 486 nm). For the case where the working liquid is distilled

water — T;(H) =5500 + 700 K (I =300 mA, U =1.9-2.4 kV, air flow - 27.5, 55 and 82.5 cm?/s, the

flow of CO, - 4.25, 8.5, 17, 42.5 and 85 cm?/s) and as for the bioethanol T;(H) = 6000 + 500 K -
(I=300 mA, U=2-2.2KV, air flow - 55 and 82.5 cm?/s, the flow of CO, - 4.25, 8.5 and 17 cm?/
s). Also, the oxygen T, (O) has been defined by the Boltzmann diagrams method, in the case
of distilled water. The three most intense lines (777.2 nm, 844 nm, 926 nm) are used in this
method. So, we have T, (O) = 4700 + 700 K.

Temperatures of OH excited vibrate and rotational population levels have been determined
by comparing the experimentally measured emission spectra with the molecular spectra
modeled in The SPECAIR program. In the case when the working liquid is distilled water,

appropriate temperatures are: T, (OH) = 3000 + 1000 K, T, (OH) = 4000 + 1000 K (I = 300 mA,
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U =1.9-24 kV, air flow - 27.5, 55 and 82.5 cm3 / s, the flow of CO, - 4.25, 8.5, 17, 42.5 and 85
cm?’/s). Also, population temperatures of vibration and rotational levels for OH and CN have

been determined in case of C,N;ON/H,O (1/9.5) solution as the working liquid, they are: T,

(OH) = 3500 + 500 K, T, (OH) = 4000 + 500 K, T, (CN) = 4000 + 500 K, T, (CN) = 4500 + 500 K) (I
=300 mA, U =2 -22kV, air currents - 55 and 82.5 cm?/s, the flow of CO, - 4.25, 8.5 and 17
cm?’/s). Temperatures for other molecular components haven't been determined because of
their bands low intensity.

During the study, it turned out that the addition of CO, weakly affects the population
temperature of excited electron, vibration and rotational levels of plasma components (Fig. 5)
(I=300 mA, U=1.9-24KkV, air flow - 27.5, 55 and 82.5 cm?/s, the flow of CO, - 4.25, 8.5, 17,
42.5 and 85 cm?/s). Weak tendency to temperature decrease has been observed, but these
changes do not exceed the error.
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Figure 5. Population temperatures of excited electron, vibration and rotational levels of plasma components at differ-
ent ratio of CO,/Air in the working gas. Working liquids - distilled water (a) and ethanol (b)

Fig. 6-7. shows the results of gas chromatography bioethanol conversion output products.
Results are presented for two air streams 55 and 82.5 cm?®/s + three CO, streams: 4.25, 8.5 and
17 em®/s (I =300 mA, U =2 - 2.2 kV). CO,/Air ratio in the range from 1/20 to 1/3 has been
changing exactly this way. Selection of gas into the flask has been taken place at the refrigerator
output. The flask has been previously pumped by the water-jet pump to the pressure of
saturated water vapor (23 mm Hg).

Fig. 6 shows the gas chromatography comparison of bioethanol conversion output products
with and without the addition of CO,. The air flow is constant — 55 cm?/s, in case of CO,/Air =
1/3 =17 ecm?®/s of CO, has been added to the air (the total flow has been increased, which may
explain the decrease in the percentage of nitrogen at a constant air flow; [=300 mA, U=2-2.2
kV). This histogram shows that adding of carbon dioxide leads to a significant increase of the
H, component percentage, CO (syn-gas) and CH, in the output gas. This may indicate that the
addition of CO, during the ethanol reforming increases the conversion efficiency, because
CO, plays a burning retarder role.
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Figure 6. Gas chromatography comparison of bioethanol conversion output products with and without the addition
of CO,.
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Figure 7. Gas chromatography comparison of bioethanol conversion output products by adding different amounts of
CO.,.

The ethanol solution consumption for the SC mode with current of 300 mA and air flow of 55
cm’/ equals 6 ml/min, and for the air flow of 82.5 cm?/s and CO, of 17 cm?/s mixture - 10 ml/min.

Accordingto the gas chromatography, in the studied correlationsrange of CO,/Air, syn-gasratio
([H,]/[CQO]), changes slightly —look at Fig. 8. Measurements were made by two air streams of 55
and 82.5 cm®/s and three CO, streams of —4.25, 8.5 and 17 cm®/s; =300 mA, U=2-2.2kV.

Besides the gas chromatography, the output gas composition has been studied by means of
infrared spectrophotometry (IRS). Fig. 9 shows a typical IRS spectrum of the output gas. In the
SC mode (current 300 mA, voltage 2 kV) the working liquid is ethyl alcohol and distilled water
mixture (C,H;OH/H,O = 1/9.5), and the working gas — air (82.5 cm®/s) and CO, (4.25 cm?/s)
mixture. Research has been carried out in a ditch with a length of 10 cm and a diameter of 4
cm. Pressure inside the ditch has been 1 atm. The ditch walls have been made of BaF,.
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Figure 8. Syn-gas ratio of bioethanol conversion output products for various ratios of CO,/Air in the range between
0/1-1/3.

Fig. 10 shows the dependence of the CO transmission standardized maximum intensity peaks
(2000 - 2250 cm™) in the syn-gas, depending on the CO concentration according to gas chro-
matography results. Standardization has been conducted for the maximum intensity value of
the CO transmission peak bandwidth at the SC mode with the current of 300 mA, voltage - 2
kV, the mixture of ethyl alcohol and distilled water (C,H;OH/H,O = 1/9.5) as the working
liquid, and the mixture of air (82.5 cm®/s) and CO, (4.25 cm?¥/s), as the working gas.

According to IR spectrophotometry CO fraction in the synthesis gas is practically the same.
According to gas chromatography CO fraction in the synthesis gas in the different operation
modes stays on the same level as well (the changes are in the range of 1%). So IR spectropho-
tometry can be used determine the composition of synthesis gas under ethanol reforming.
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Figure 9. The SC mode (current 300 mA, voltage 2 kV) the working liquid is ethyl alcohol and distilled water mixture
(C,HsOH/H,0 = 1/9.5), the working gas — air (82.5 cm3/s) and CO, (4.25 cm?3/s) mixture
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Figure 10. Dependence of the normalized maximum intensity peaks (2000-2250 cm™") transmission of CO in the syn-
gas, depending on the concentration of CO according to gas chromatography data.

Plasma provides gas generation, which contains a certain amount of the syn-gas. The energy
needed for this plasma support (Q,) has been calculated by the following formula:

Qp =P, (1)

where P, - power that has been embedded into the discharge, t — production time of gas volume
unit during the reforming process. Electrical energy transformation coefficient a has been
calculated by the formula:

=== 2)

where Q, - energy that is released during the complete combustion of syngas (obtained in the
reforming process).

Electrical energy transformation coefficient a has value of 0.81 for the "TORNADO-LE" with
an ethanol solution and pure air flow 55 cm®s. And the CO, addition (the ratio of CO,/air =
1/3) gives the value of a = 1,01. System electrical parameters are as follows: I =300 mA, U =2

-22kV.

2.3. Model and calculations

In the model of calculations was assumed that the discharge is homogeneous over the entire
volume. It is justified at zero approximation, because the time of gas mixing in the radial
direction is less than the times of characteristic chemical reactions. Also we neglect the
processes in the transitive zone between the discharge to post-discharge. Thus, the time of gas
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pumping through the transition region is too short for the chemical reactions to have a
sufficient influence on the concentration of neutral components.

The total time of calculation is divided into two time intervals: the first one is the calculation
of the kinetic processes of fast generation of active atoms and radicals in the discharge region.
Those components accelerate the formation of molecular hydrogen, carbon oxides and
production of other hydrocarbons. The second time interval is the oxidation of the gas mixture
in the post-discharge region as a result of the high gas temperature and the presence of O and
OH. These components remain in the mixture after the dissociation of water and oxygen
molecules by electron impacts in the plasma. The oxidation of generated hydrocarbons has a
noticeable influence on kinetics in the investigated mixture due to the high gas temperature.

Under the aforementioned conditions, the characteristic time of oxidation is approximately
equal to the air pumping time through the discharge region (~10°-107s). The following system
of kinetic equations is used in order to account for the constant air pumping through the
system:

dN, G
?zsm.+Zki].N].+ZlkiﬂN].N,+.--+1<i—VNi—kNl. 3)
J Js

N, N, N,in the equation (3) are the concentrations of molecules and radicals; k;; k;,, are the rate
constants of the processes for the i-th component. The rates of electron—-molecule reactions S,
are connected with discharge power and discharge volume. The last three terms in equation
(1) describe the constant inflow and outflow of gas from the discharge region. The term K; is
the inflow of molecules of the primary components (nitrogen, oxygen, carbon dioxide, water
and ethanol) into the plasma, G/VN; and kN; are the gas outflow as the result of air pumping
and the pressure difference between the discharge region and the atmosphere. In order to
define the initial conditions, the ethanol/water solution is assumed to be an ideal solution.
Therefore, the vapor concentrations are linear functions of the ethanol-to-water ratio in the
liquid. The evaporation rates K; of C,H;OH and H,O are calculated from the measured liquids’
consumption. The inflow rates K; of nitrogen and oxygen are calculated by the rate of air
pumping through the discharge region:

K =S N 4)
V

where N?; correspond to [N,] and [O,] in the atmospheric pressure air flow.

The gas temperature in the discharge region is taken to be constant in the model. In reality,
the gas temperature T is dependent on the gas pumping rate and the heat exchange with the
environment. Therefore, in order to take into account those influences, T is varied in the
interval 800-2500K (similarly to the experimentally obtained temperature spread). After ~10
s, the balance between the generation and decomposition of the components leads to saturation
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of concentrations of all species. This allows us to stop the calculations in the discharge region
and to investigate the kinetics in the post-discharge region. System (3) is solved without
accounting for the last three terms on the time interval without the plasma. The calculations
are terminated when the molecular oxygen concentration reaches zero level.

The full mechanism developed for this experimental work is composed of 30 components and
130 chemical reactions between them and its closed to [11]. The charged particles (electrons
and ions) are ignored in the mechanism, because of low degree of ionization of the gas (~ 107
—107). Nitrogen acts as the third body in the recombination and thermal dissociation reactions.
In the non-equilibrium plasma almost the entire energy is deposited into the electron compo-
nent. The active species, generated in the electron-molecular processes, lead to chain reactions
with ethanol molecules.

Numerical simulation of kinetics showed that the main channels of H, generation in the plasma
were ethanol abstraction for the first 10-100us, and hydrocarbon abstraction afterwards.
Additionally, the conditions when the reaction between H,0O and hydrogen atoms was the
main channel of H, prod<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>