KINETICS OF PYROLYSIS OF ETHANOL-AIR MIXTURE
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The article presents the results of studying the high-temperature zone (about 1100 K) of ethanol pyrolysis at
atmospheric pressure. Physical model is proposed for this zone and its validation is done. ZDPlaskin software
package was used for numerical modeling of chemical reactions in this zone. It was shown with obtained results
that pyrolysis has several stages and molecular oxygen has strong influence on the process staging. Oxygen
influence on the chemical reactions during reforming was studied. The main channels of generating of ethanol
reforming aimed components such as H, and CO, were examined. The most important reforming reactions are

determined.
PACS: 80., 82., 82.20.Wt

INTRODUCTION

There are two main approaches for the conversion of
liquid hydrocarbons in plasma chemistry: plasma and
plasma-catalytic. During the first approach the
conversion takes place because of the plasma chemical
transformations in plasma itself. All required reagents,
such as hydrocarbon and various gases (H,O, O,, CO,,
air) are injected into the plasma. The peculiarity of the
second approach is that main  conversion
transformations occur in the high-temperature chemical
reactor. Plasma is used as a catalyst of the chemical
transformations. The distinct reforming products and
their mixtures can be used as plasma gases. At the same
time, the plasma can be used to activate only a part of
the reagents.

Various reforming techniques were examined under
the experimental studies [1, 2]. The reagents
composition at the system inlet and outlet was
controlled and the plasma emission spectra were
measured  during the experiments. So, these
measurements do not give a complete pattern what is
going on inside the reactor volume. Due to this, the
numerical modeling of the Kkinetics is required for the
more complete understanding of the physical and
chemical processes in plasma and plasma-catalytic
systems.

Nowadays, the numerical kinetics of conversion is
more researched for the plasma reforming, while for the
plasma-catalytic approach it was not conducted. This is
despite the knowledge that it is more promising based
on energy efficiency and productivity [3]. This is why
this work considers the available approaches to the
numerical modeling of the conversion of the
hydrocarbon vapors in the plasma-catalytic system with
the vortex injection of the reagents. The model
hydrocarbon was ethanol, which is a promising “green
fuel”.

1. PHYSICAL MODEL

Numerical modeling of the kinetic is performed for
the ethanol reforming in the plasma-catalytic systems.
Fig. 1 presents the scheme of one of the experimental
systems, which are used for studying the liquid
hydrocarbon reforming in the plasma-catalytic scheme
[4].
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Fig. 1. Scheme of experimental setup: 1 — quartz
chamber; 2, 3 — flanges; 4,5 — sleeves; 6 — t-shaped
electrode; 7 — water cooling; 8 — oxidant inlet;

9 — directing channel; 10 — gas flow direction;

11 — pyrolytic (reaction) chamber; 12 — heater;

13 — plasma torch; 14 — hydrocarbon inlet;

15 — reforming products outlet; 16 — gas flow direction;
17 — power source

The main goal of the numerical modeling of kinetics
is the study of the processes that take place in the
pyrolytic (reaction) chamber volume. The mixture of the
hydrocarbon vapors and a part of the oxidant was
introduced into the chamber tangentially to its wall via
the inlet 14 (see Fig.1.) and formed “tornado”-type
reverse vortex flow. Rotating mixture descended to the
bottom of reaction chamber, moved to the axis, where
plasma-activated oxidant is introduced into reaction
chamber, and then the mixture moves upwards and
leaves through the aperture 15. Thus, the volume of
reaction chamber can be separated into several zones:
chemical reforming process or pyrolytic part; plasma
part; main reforming zone.

The first zone has constant high temperature, the
mixture of the initial hydrocarbon and a part of the
oxidant is injected into this zone.
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The second zone is filled with the discharge plasma.
A part of the oxidant is injected and activated in this
zone. The peculiarity of the kinetics calculations in
plasma zone is ability to set reduced electric field
according to the experimentally measured field and a
gas temperature, which can be evaluated from the
plasma emission spectra [5].

The third zone is the main reaction zone of the
reactor, which receives the final products of the first and
second zones. The main processes of the initial
hydrocarbon reforming take place in this zone.

This work contains the numerical modeling of the
kinetics in the first zone. 130 chemical reaction between
30 components are examined [6]. Because there is no
plasma in the studied zone, the investigation can be
limited to the chemical reactions. The mixture
temperature in this zone was 1100 K and considered to
be stable. The modeling time was in the range of
10 ... 1 s. This range was selected because it is close to
the time that the mixture spends in the conditions of the
first zone in the hybrid plasma-catalytic reactors with
power less than 50 kW.

ZDPlaskin software package was used for
numerical modeling of chemical reactions in this zone
[7,8]. This software code allows investigating the
evolution of component concentrations in time for the
non-thermal plasma with the freely set processes
between the components while taking into account the
chemical reactions.

2. RESULTS AND DISCUSSION

Fig. 3 shows the results of the numerical modeling
of the components concentration change with time. The
modeling was performed at T=1100 K, P = 1 atm, and
with 10°s discreet modeling time step. The ratio
between the ethanol and oxygen was 4 to 1. This ratio
was chosen because during the plasma catalytic
reforming part of the oxidant is introduced with ethanol
and other part is activated by plasma and only then it is
mixed with the main mixture. Only part of the oxidant
has to be taken into account because only the first zone
is modeled.

The changes in the dependence of H, and CO
concentrations on time are shown in Fig. 2. Rather sharp
decrease (approximately during 0.15s) of O, can also
be seen. The concentrations of H,, CO and H,O start to
increase with the beginning of the decrease of O,
concentration.  After the decrease of oxygen
concentration by an order of magnitude the
concentrations of H,O and CO achieve stable value, and
almost do not change after that.

As we can see from Fig. 2, the decrease of O,
concentration correlates with the increase of H,0O
concentration. Aside from that, after the significant
decrease of O, concentration the increase of H20
concentration stops and remains stable. This allows us
to assume that H,O is one of the final products that are
generated using O,.

From the conducted analysis of the rate of the
chemical reaction we can conclude that the decrease of
O, concentration is caused by the reactions:

C2H50H+02 — CH3CHO+H02 (1)
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Fig. 2. The results of the numerical modelling of the
dependence of some components concentrations on time

The domination of this reaction explains the
decrease of HO, concentration after the decrease of O,
concentration. After the generation, HO, becomes an
important link in the reforming reaction chain.

For the whole time the most important H, generation
reactions are

CH,0 +M — CO+H,+M. @)

Also important is H component. The main channels
of its generation are the reactions like:

CH;0 + M — CH,0+H+M, 3)
HCO +M — CO+H+M. 4
But before 0.15 s the dominant generation reaction is
(5), and after that (6).
CO generation can be also separated into two stages.
Before the stage of sharp O, concentration decrease the
main reaction for CO generation is:

HCO+02 — CO + HOZ (5)

After the decrease of O, concentration, following
reactions become dominant:

HCO+M — CO+H+M, (6)

HCO + CH3 - CH4 + CO. (7)

HCO is also the important component for the

generation of CO during the whole time. The main
channels of its generation are:

CH3;CHO — CHj; + HCO, (8)

CH,0 + CHz — CH, + HCO. 9)

CONCLUSIONS

The numerical modeling of the high-temperature
pyrolysis of the reach ethanol and oxygen mixture (4 to
1 ratio) was performed with usage of ZDPlaskin
software complex. The obtained results were analyzed.
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According to modeling results the reforming has several
stages.

The active radicals are produced during the first
stage via the reactions of C,HsOH with oxygen. Their
products turn after several transformations into H,O,. It
fractures onto OH radicals and they create new link of
reaction chain.

The period of rapid decrease of oxygen
concentration can be considered as the second stage. It
can be characterized as a start of oxidizing dry
reforming. The role of H,0, during this reforming stage
should be noted. This component is the important link
that supports the reforming chain. The period after the
almost complete “burning” of oxygen, during which the
sufficient amount of water is produced (which can point
out at the beginning of steam reforming) can be
considered as the third stage.

The disappearance of oxygen decreases the
production rate of the desired reforming components.

REFERENCES
1. A. Czernichowski. Further development of plasma
sources:  the  glidarc-iii/  A. Czernichowski,

M. Czernichowski // Pap. 17th International Symposium
on plasma Chemistry. 2005, p. 1-4.
2. 0.V. Solomenko, O.A. Nedybaliuk, V.Ya. Chernyak,

V.V. lukhymenko, Iu.P. Veremii, K.V. lukhymenko,
E.V. Martysh, V.P. Demchina, I.1. Fedirchyk,
D.S. Levko, O.M. Tsymbalyuk, A.l. Liptuga,

S.V. Dragnev. Hybrid plasma-catalytic reforming of
ethanol aerosol // Problems of Atomic Science and
Technology. 2015, Ne 1, p. 231-234.

3. V.Ya. Chernyak, O.A. Nedybaliuk, E.V. Martysh, et
al. Plasma catalysis of chemical reactions// Problems of
Atomic Science and Technology. 2014, Ne 6, p. 124-129.
4. O.A. Nedybaliuk, V.Ya. Chernyak, V.V.Kolgan,
V.V. lukhymenko, et al. Plasma-Catalytic Reforming of
Liquid Hydrocarbons // Problems of Atomic Science and
Technology. 2015, Ne 1, p. 235-238.

5. O.A. Nedybaliuk, O.V. Solomenko, E.V. Martysh,
I.I. Fedirchyk. Plasma-liquid system with rotational
gliding discharge with liquid electrode // Problems of
Atomic Science and Technology. Series “Plasma
Physics ”. 2014, Ne 6 (20), p. 191-194.

6. A.N. Tsymbalyuk, D.S. Levko, V.Ya. Chernyak,
E.V. Martysh, O.A. Nedybalyuk, and E.V. Solomenko.
Influence of the Gas Mixture Temperature on the
Efficiency of Synthesis Gas Production from Ethanolin
a Nonequilibrium Plasma // Technical Physics. 2013,
V. 58, Ne 8, p. 1138-1143.

7. S. Pancheshnyi, B. Eismann, G.J.M. Hagelaar,
L.C. Pitchford. Computer code ZDPlaskin // University
of Toulouse, LAPLACE, CNRS-UPS-INP, Toulouse,
France, 2008. http://www.zdplaskin.laplace.univ-tlse.fr.
8. R. Snoeckx, R. Aerts, X.Tu, A.Bogaerts. Plasma-
Based Dry Reforming: A Computational Study Ranging
from the Nanoseconds to Seconds Time Scale // J. Phys.
Chem. C. 2013, v. 117 (10), p. 4957-4970.

Article received 20.10.2016

KHUHETHUKA ITUPOJIN3A CMECH 3TAHOJI-BO3YX
A.H. HQuimbanok, BA. Yepuak, E.B. Mapmuuu, T.C. /Jlonuenxo, A.A. @aiizyrun

IIpuBeneHsl pe3yabTaThl UCCIEIOBAHUSA 30HBI BBICOKOTeMIeparypHoro (okoio 1100 K) muponmsa stanona mpu
arMocdepHom naBnenuu. st 3T0it 30HBI MpeaiokeHa (U3NUecKas MOJieNb, U AaHo e€ obocHoBaHMe. [IpoBeneHo
YHUCIIEHHOE MOJICJIMPOBAHUE TEUEHMsI XMMHYECKMX peakluMid C IMoMoLIblo IporpamMmmuHoro nakera ZDPlaskin.
Vcnone3yst mMoJydeHHBIE pe3yabTaThl, IOKAa3aHO, YTO IMPOJIM3 IPOTEKaeT B HECKOJbKo craguid. IlokazaHo
3HAUUTEIIbHOE BIIMSHIE MOJEKYISPHOIO KUCIOpOJa Ha CTaAMWHOCTB mpouecca. VccnenoBaHo ero BIMSHUE HA XO
XMMHUYECKUX peaknuii B mponecce pedopMHpoBaHUs. PaccMOTpeHBI OCHOBHBIC KaHAJIBl TEHEPAIMH IIETEBBIX
KOMITOHEHTOB pedopMupoBanust staHosa, a mMeHHo H,; m CO. Ompenenensl Haubosnee BakKHBIE peakINU
pedopMHUPOBaHUSL.

KIHETHUKA HNIPOJII3Y CYMIIII ETAHOJI-ITIOBITPA

O.M. HMumbanwk, B.A. Yepuak, €.B. Mapmuw, T.C. /lonuenxo, A.O. @Daiizynin

Hagezneno pesynbraTé IOCIiUKEHHS 30HH BHCOKOTeMneparypHoro (mpu6imsno 1100 K) miponizy eraHony mpu
armocepHomy THCKy. Jlnst miel 30HM 3amporoHoBaHa (i3W4HA MOJENb Ta JaHO ii oOrpyHTyBaHHs. [IpoBeneHo
YHCIIOBE MOJIENIIOBAHH TIepediry XIMIYHMX peakuii 3a Jgormomoror mporpamHoro makery ZDPlaskin.
BukopucToByroun pe3ynsTaTH, sIKi OTpHMaHi, II0Ka3aHo, 10 MipoJIi3 MPOTiKae B AeKiibKa cTaiii. [lokasano 3HaYHMI
BIUIMB MOJIEKYJSIPHOTO KHCHIO Ha CTaiifHICTh npouecy. JlocmipkeHo HOro BIJIMB Ha Nepedir XiMiYHUX peakiid B
nporieci pedopmyBaHHs. PO3MISIHYTO OCHOBHI KaHAJIM Te€Hepallil [iTbOBUX KOMIIOHEHTIB pe(OpMyBaHHS €TaHONIY, a
came H; Ta CO. BusnaueHo HaiOinpmI BaykuBi peakuii peopmyBaHHs.
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