ETHANOL CONVERSION IN GLOW AND BARRIER DISCHARGES
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The efficiency of ethanol conversion in glow and barrier discharges is analyzed. It is found that for a given
power the ethanol conversion is more efficient in glow discharge. This is caused by the principal difference in the
way of generation of active atoms and radicals in both types of discharges. In addition, the main channels leading to
the generation and quenching of H, and CO are studied. The method to increase the efficiency is proposed.
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INTRODUCTION

Nowadays, mixture of molecular hydrogen H, and
carbon monoxide CO (further, syn-gas) is used for the
synthesis of different chemicals [1], is used as an
intermediate reagent for the liquid fuel generation [2] as
well as it is proposed using as an alternative fuel [3].

One of the efficient ways of syn-gas production is its
generation from the ethanol in non-equilibrium plasmas
of electrical discharges in plasma-chemical reactors of
different types [3, 4]. The choice of non-equilibrium
plasma is caused by more efficient use of electrical
power [4-6]. The main types of discharges for the
generation of non-equilibrium plasma are glow
discharge (GD), dielectric barrier discharge (DBD),
high-frequency and microwave discharges. Both GD
and DBD are widely used discharges for the generation
of syn-gas. For instance, DBD was studied
experimentally in [7], while GD was studied in [8]. The
comparison between these two papers shows that for the
same power GD allows obtaining larger density of syn-
gas. Also, in accordance with [4] DBD has smaller
energy efficiency in comparison with other discharges.
The difference between these discharges requires
detailed study.

The aim of the present paper is the comparison of
efficiency of the ethanol conversion in DBD and GD.
For this purpose the global (zero-dimensional) model is
used. It is assumed in this model that the initial
component content of the gas mixture is identical for
both discharges. Also, the power introduced in the
discharge is also assumed to be the same.

1. PHYSICAL MODEL

In order to study the plasma kinetics in both
discharges the model developed in [10] is used. The gas
mixture consists of argon (typical density ~10" cm™),
ethanol (~10" cm?®) and water (~10'® cm™®). Argon is
used as a buffer gas. Its admixture increases the average
electron energy, which results in the increase in the rates
of electron-molecular reactions. In addition, since argon
is a rare gas it does not participate in chemical reactions.
This simplifies the analysis of the obtained results.

It is assumed that DBD is the sequence of discharges
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which temporal duration is 15 ns (power-on stage). At
this stage one obtains the electric current through the
cathode-anode gap. These discharges are separated by
the intervals when the power is turned off (power-off
stage). The frequency of discharges is 18 kHz. In the
opposite, in GD the power is introduced in the discharge
continuously. In order to compare DBD and GD the
calculations are carried out for the time during which
the same energy is spent.

The following assumptions are made in the model:
1) electrical power introduced in the discharge is
averaged over the entire discharge volume; 2) electric
field in the discharge is homogeneous and is constant in
time; 3) discharge plasma column is homogeneous; 4)
temperature of the gas mixture is constant and equal to
400 K. Such choice of the gas temperature is caused by
the fact that usually ethanol is converted in overheated
mixture. The gas pressure is atmospheric.

2. NUMERICAL MODEL

Numerical modeling includes the following steps: 1)
calculation of the electron energy distribution function
(EEDF) with the accounting for elastic and non-elastic
electron-neutral collisions (with argon, ethanol and
water); 2) numerical solution of the system of Kinetic
equations in zero-dimensional approximation. Kinetic
mechanism includes 30 species (C,HsOH, O,, H,0O, H,,
CO, CH,; CH3;CHO etc), 43 electron-molecular
reactions and 130 chemical reactions. The rate
coefficients of latter processes are taken from NIST
database (for details see [10]).

The following system of kinetic equations is solved
numerically:

BRU== = =S o
P | 3 B -0

Here N;, N;, N, are the densities of molecules and
radicals, ki, kin are the rate coefficients of chemical
reactions for i™ component of gas mixture, and S are
the rates of electron-molecular reactions. The method to
define S, as well as the list of these reactions is detailed
in [10]. In GD S; are calculated at each time step, while
in DBD they are calculated only during the power-on
stage. Otherwise, S; are assumed equal to zero.
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3. RESULTS

The simulation results have shown that in both
discharges the main channel of H, generation is the
reaction between ethanol and hydrogen atoms:

C2H5OH +H— CzHSO + Hz. (2)
However, as it is shown in Fig. 1, the density of H,

is 4 orders of magnitude larger in GD than in DBD. This
indicates on the larger efficiency of GD.
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Fig. 1. Temporal evolution of the H, density in glow and
dielectric barrier discharges

The variation of ethanol density during the
simulations can be neglected in comparison with the
variation of densities of active species. Therefore, in
further analysis the density of C,HsOH is assumed
constant. Keeping constant the ethanol density in
reaction (2) one concludes that the difference in
efficiency of DBD and GD is explained by the different
dynamics of H density in both discharges. The latter is
caused by the different temporal duration of reaction of
H generation. The simulation results have shown that
during the discharge the main reaction of H generation
is the ethanol dissociation by the electron impact:

C,HsOH + e — C,Hs0 + H + e. ©)

In DBD this reaction works only during 15 ns, i.e.
during the power-on stage. Between subsequent
discharges the mixture is not affected by the discharge.
Since the gas temperature is small the rate coefficients
of thermo-dissociation reactions are small. Therefore,
active species are not generated during the power-off
stage. These species very fast (during a few
microseconds) recombine generating stable molecules
(Fig. 2). Figs. 2,a,b show the comparison between the
time evolution of H density in GD and DBD. One can
see that in GD the density of H grows during =1 ps until
it reaches the saturation level (~10** cm’®).

Fig. 1 shows that at this stage the density of H, also
grows. Since the time duration of one current pulse in
DBD is only 15 ns, the power is turned off before the
density of H reaches the steady-state value. It reaches
much smaller value of ~10™ cm™. This results in the
substantial difference between rates of reaction (2)
obtained in DBD and GD. As a consequence, one
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obtains different efficiency of syn-gas generation in
these discharges. In addition, one can conclude from
Fig. 2 that in DBD each consequent discharge acts on
the mixture which is free from active species. That is,
reaction (2) starts with some time delay.
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Fig. 2. Temporal evolution of the densities of H, O and
OH (a) in the initial moment of time, and (b) at later
times

Another important component of syn-gas is the
carbon monoxide CO. Fig.3 shows its temporal
evolution obtained for both discharges.
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Fig. 3. Temporal evolution of the CO density in glow
and dielectric barrier discharges
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One can see that again the efficiency of CO
generation is higher in GD. Analysis of the plasma
kinetics has shown that CO is mainly generated in the
following reactions:

CH3CO + M — CH3 + CO + M, 4)
HCO + O, — CO + HO,, (5)

where M is the third body (in the present model it is
H,O or C,HsOH). Radicals CH3CO and HCO are
generated efficiently only during the discharge (or the
power-on stage of DBD). During the power-off stage
these radicals are quenched. Thus, in analogy with H,,
the difference in efficiency of CO generation in DBD
and GD is explained by different ways of power
introduction in the discharge.

CONCLUSIONS

Thus, one can conclude that the ethanol conversion
in DBD occurs only during short current pulses having
temporal duration of 15ns. As a consequence, the
efficiency of ethanol conversion is higher in GD than in
DBD for the same initial conditions and the same power
introduced in the discharge. From this point of view the
use of GD for the generation of H,/CO mixture is more
profitable. This result is in qualitative agreement with
the results presented in [7, 8].

The disadvantage of pulsed discharge can be
removed by the increase in the frequency of discharge
pulses. As was obtained above, the main channel of H
quenching is the reaction (2), which leads to the
generation of H,. The rate coefficient of this reaction at
gas temperature of 400K is =~2.4x10cm3s™.
Assuming that the largest density of H in DBD is
~2x10° cm® one estimates the rate of (2) as
~7x10™ cm®s™. The estimation of time during which the
density of H decreases by the order of magnitude gives
~1 ps. Thus, it is possible to increase the efficiency of
ethanol conversion in DBD, if one increases the
frequency of the pulses up to 1 MHz. This will occur

because each subsequent discharge will act on the
mixture containing enough active atoms and radicals.
However, the majority of dielectrics are damaged at
high frequency due to capacitive currents. Therefore, it
seems promising to replace DBD by high-frequency and
microwave discharges. For these discharges the
frequency 1 MHz and higher is standard. Moreover, for
these discharges high frequencies are supported easily at
atmospheric pressure. In the opposite, different
instabilities develop in glow discharges at these
conditions.
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KOHBEPCHS 3TAHOJIA B TJIEIOIIEM 1 BAPBEPHOM PA3PAJJAX

J.C. Jleexo, A.H. I[bimbaniok, B.B. Konzcan

Amnanmmupyercst 3p(heKTHBHOCTD ITPeoOpa30oBaHMs 3TaHOIA B TICIOMEM M OapbepHOM paspsaax. OOHapyxeHo,
YTO NPH 33JaHHOH MOIIHOCTH NpeoOpa3oBaHME TAHONA SBISETCS Oosiee S3PPEKTUBHBIM B TICIOIIEM paspsize. ITo
00YCIIOBJICHO Pa3iIMYMeM B CHOCOOE TeHepalny aKTHBHBIX aTOMOB M PaJHMKaloOB B 000OMX THUIax pa3psaoB. Taxoke
M3Yy4alOTCsl OCHOBHBIE KaHANbI, BeAylMe K reHepanuu W tymenuto monekyn H, m CO. Ilpemnoxen crmocod mo
MOBBIIIEHHIO 3P (PEKTHUBHOCTH KOHBEPCHH 3TaHOJIa B OaphepHOM paspsizie.

KOHBEPCIA ETAHOJY ¥ TJIIIOYOMY TA BAP’EPHOM PO3PSIJIAX
JI.C. Jleeko, A.M. llumbaniox, B.B. Konzan

AHaitizyeTbes e(eKTUBHICTD NIEPETBOPEHHS €TAaHOIY B TIiI0doMy i O6ap'epHOMY po3psnax. Buseneno, mo npu
3aJaHIil TOTY)XKHOCTI TIEPETBOPEHHS €TaHoNy € eQeKTHBHIIIUM Yy TiifodoMy pospsni. lle oOymoBneHo
PO3XO/KEHHSIM Yy criocoli reHepanii akTUBHHX aTOMIB 1 paJuKaiiB B 000X THMax po3psiB. Takoxk, BUBUAIOTHCS
OCHOBHI KaHaJIH, 110 BEAYTh /10 TeHepauii ta racinasa monekyin Hp i CO. IIponoHyeTsest croci6 1m1o/10 miIBUIEHHS
e(eKTUBHOCTI KOHBEpCii eTaHoiry B 6ap’€pHOMY PO3psIi.
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