HYBRID PLASMA-CATALYTIC REFORMING OF ETHANOL AEROSOL
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Hybrid plasma-catalytic reforming of the ethanol aerosol with plasma activation of only the oxidant (air) was
studied. Part of the oxidant (~20%) was activated by means of rotational gliding arc with solid electrodes and
injected into the reaction (pyrolytic) chamber as a plasma torch. This part of the oxidant interacted with a mixture of
hydrocarbons and the rest of the oxidant (~80%) in the reaction chamber. Temperature changes in the reaction
chamber, the composition of the synthesis-gas and the products of synthesis-gas combustion were analyzed.

PACS: 50., 52., 52.50.Dg, 94.05.Bf

INTRODUCTION

Some of the already conducted research clearly
established that using plasma for direct conversion of
hydrocarbons is less economically viable [1] when
comparing with plasma catalysis. Plasma as a source of
active particles can activate and significantly accelerate the
plasma-chemical conversion. The injected plasma can be
generated by low power discharge.

Plasma-liquid system (PLS), which is based on low-
powered rotating gliding arc with solid electrodes, was
used in researches of reforming process of
hydrocarbons. The process of hydrocarbons partial
oxidation was used as a main reaction for reforming.
During plasma-catalytic reforming process only an
oxidant is activated by a discharge and then mixed with
a hydrocarbon [2, 3]. The plasma reforming has one
essential difference — oxidant and hydrocarbon are
simultaneously processed by the discharge [4].

1. EXPERIMENTAL SETUP

Fig. 1 shows the scheme and photo of the hybrid
plasma-liquid system with low power rotational gliding
arc with solid electrodes purposed for plasma-catalysis
reforming of ethanol aerosol. System uses the prototype
discharge chamber from the PLS with reverse vortex
gas flow type tornado with liquid electrode [5, 6], but
without liquid and with much shorter distance between
the solid electrodes. System consists of cylindrical
plasma chamber made of glass and sealed on both ends
with metal flanges. Its diameter is 90 mm and height is
32 mm. T-like electrode (with a 30 mm diameter) is
placed through a hole in bottom flange and upper flange
has a hole with stainless steel sleeve in it, which works
as a second electrode. Both electrodes are water-cooled
through cooling channels. The distance between the
electrodes is 1 mm. Power was supplied by a DC power
source, which provided voltage up to 7 kV.

Upper flange has an inlet for oxidant, which directs
its flow into circular channel in such way that to form a
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vortex. The oxidant moves through discharge leading to
plasma generation. Through this way, about 20% of
total amount of oxidant are introduced into the system.
The hole in upper flange allows plasma to get into
pyrolytic chamber. In its upper part, pyrolytic chamber
has an inlet for aerosol of hydrocarbon mixed with the
rest 80% of oxidant.
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Fig. 1. Scheme (a) and photo (b) of PLS for hybrid
plasma-catalytic reforming of ethanol aerosol
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Fuel inlet is set to create a reverse vortex flow of
fuel, as it descends along inner chamber wall towards
plasma. Reforming products rise to the top exit from the
chamber along its axis by employing so-called
“tornado” effect. Pyrolytic/reaction chamber has
cylindrical shape with an inner diameter of 42 mm,
outside diameter 46 mm and height of 100 mm, and is
made of stainless steel. With the help of heating element
the temperature of pyrolytic chamber could be
maintained in the range of 100...900 °C. The external
wall of the pyrolytic chamber has two thermocouples
attached at heights of 15 mm (T-down) and 75 mm (T-
upper) to determine the temperature of the outer wall of
pyrolytic chamber from below and from above,
respectively.

Hydrocarbon was fed into the reaction chamber as
an aerosol. Aerosol was formed by ultrasound emitter
with a frequency of ~ 800 Hz. Mixture of hydrocarbon
aerosol with 80% of total oxidant was fed tangentially
through the channel to the lateral wall of the reaction
(pyrolytic) chamber, forming reverse vortex flow of
“tornado” type. Because this system could work for a
long time, it was decided to avoid the accumulation of
synthesis-gas by burning the output products of the
reforming.

Combination of pyrolysis and plasma catalysis is
what makes this a hybrid system. Separate injection of
plasma and fuel reduces hydrocarbon impact on plasma
and keeps plasma non-isothermal. The system has a
refrigerator before its exit, which decreases the
temperature of exhaust gases to the room level. Part of
conversion products is condensed and kept as a sample
after cooling, part is stored in a flask as gas and a candle
burns the rest of them to prevent an accumulation of
high-flammable gases in a laboratory.

Ethanol (96% ethyl alcohol) was chosen as model
hydrocarbon. The air was used as a working gas
(oxidizing agent). The airflow (33 cm*s™) was injected
into reaction chamber with rotational gliding arc
discharge, providing plasma activation of an oxidant.
The reaction chamber was fed a mixture of air
(142 cm®s™) with ethanol aerosol (0.17 ml-s™).

At the beginning of experiments pyrolytic chamber
was always heated to a temperature of 485 °C, system
had continuous air supply in 33 + 142 cm®s™ range.
Ignited discharge had a current set at 100 mA, while the
discharge voltage was in range of 600...750 V. Then
high-frequency ultrasonic transducer was turned on to
supply the system with ethanol aerosol. Several modes
of ethanol reforming where investigated: when the
temperature of the external heater of the reaction
chamber did not change during the work; when at the
beginning the voltage, which powered external heating,
was reduced by 10, 15 and 25%.

The efficiency of the reforming system is
characterized by the coefficient of transformation of
electrical energy into the heat of complete combustion
of produced synthesis-gas — a [7]. A following formula
is used to calculate a:

> Syngas x LHV (Syngas)

o = ’
IPE
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where Syngas; — components of synthesis-gas,
LHV (Syngas ;) — calorific value of i-th component of
synthesis-gas, IPE — energy invested in the discharge.

2. RESULTS AND DISCUSSION

The influence of plasma on the process of ethanol
reforming was investigated by studying the mode with
turned off discharge and turned on external heating of
pyrolytic chamber. In this case, the initial temperatures
of the outer wall of the pyrolytic chamber T-down = T-
upper =485°C and slightly decreased during
experiment. Output gas, in this case, consisted of
77.24% — Ny, 19.33% — O,, 2.71% — H,0, 0.06% — CO,,
0.66% — C,HsOH. Since there was no synthesis-gas (H,
and CO) and other light hydrocarbons (CH,4 C,H,,
C,H,, CyHg) in the output gas the coefficient of
electrical energy transformation « =0. In the system
without plasma reforming processes did not occur.

The distribution of the outer wall temperature of
pyrolytic chamber during plasma catalytic reforming of
ethanol aerosol in dependence on the duration of system
work and after it is turned off was analyzed. In case of
discharge absence, the temperature slightly decreased.
Temperature inside the chamber slowly increased
during experiments with plasma activation of oxidant,
except for the case of external heating voltage reduction
at 25 %, where it remained constant. Special attention
should be paid to processes that occur after discharge
turns off and ethanol aerosol stops to be fed into the
system (Fig. 2).
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Fig. 2. Temperature distributions in the reaction
chamber during the system running (l), after switching
off the plasma torch (11) and cessation of ethanol in the
system (111), for the case when external heating voltage
was reduced by 25% after the start of the system work

It should be noted that after rotating gliding arc was
turned off there were sharp and rapid changes of
pressure inside the system, which lasted about
30 seconds, after which the initial gas flow rate was
reduced to ~ 200 cm*s™, at the same time the working
gas supply system was stable (175 cm®s™). Although
high-frequency ultrasonic transducer was turned off, the
airflow seized previously formed droplets and vapors of
ethanol. This may explain the higher value of the gas
flow at the outlet of the system in comparison to the
entrance. The value of the gas flow at the system output
was equal to what was fed into the system (175 cm®s™)
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after a few minutes of work. Ethanol vapor still got into
the reaction chamber carried by air, but the temperature
was too small for ethanol pyrolysis to occur.

Relative concentrations of the gas components at the
outlet of the system for different modes of conversion is
shown in Table 1. The coefficient of electrical energy
transformation « for studied modes was calculated
according to the results of gas chromatography. They
are given in the last row of Table 1.

Table 1. Relative concentrations of gas components at
the outlet of the system while the voltage of the external
heater was reduced by 10, 15, and 25% after turning on

the discharge

Substance | T=565°C | T=560°C | T=485°C
H, 12.03 13.26 13.05
Co 17.86 18.28 17.28

CH, 6.68 9.91 11.63
C,H, 1.47 2.99 4.88
C,H, 0.53 0.62 0.46
C,Hs 0.17 0.3 0.94
CsHs 0 0 0.07
iCsH1o 0.11 0 1.05
0, 0 0 0
N, 53.1 47.85 43.09
CO, 35 2.99 2.03
C,HsOH 0.74 0.63 2.45
H,O 3.1 3.17 3.07
o 38 42 56

Studies have shown the absence of oxygen in the
produced gas, which may indicate that all of it was used
for the conversion and combustion. Relative
concentration of nitrogen is reduced by increasing the
gas flow at the outlet of the system while keeping the
flow of air at the inlet stable (175 cm*s™). Lowering the
temperature of the external heater slightly affects the
content of H, and CO, but increases the percentage of
methane (CHy), ethylene (C,H,4) and ethane (C,Hg). It
should be noted that in the studied system H,
concentration is lower than the CO concentration.

Coefficient of electrical energy transformation is
higher due to increased percentage of CH,, C,H, and
C,Hg in the output gas and decreased temperature of
external heating of pyrolytic chamber. It is also worth
noting that the value of « was by an order of magnitude
higher during plasma catalytic reforming when
compared with plasma reforming of ethanol. The
obtained results allow for a comparison of the gas
components and coefficient o between the systems

studied in this work and those presented in other
sources. This comparison is depicted in Table 2.

It is clear from the results presented in the table that
the use of plasma catalysis for hydrocarbon conversion
by an order of magnitude increases the coefficient of
electrical energy transformation and allows for effective
reforming of the gaseous and liquid fuels of varying
viscosity with smaller input of electrical energy. The
output synthesis-gas was burnt to avoid the
accumulation of large quantities of exhaust gas (Fig. 3).

c

Fig. 3. Photos of output gas burning during different
modes of the system: a — discharge is “off”, heater is
“off”’; b — discharge is “on”, heater is “on”;
¢ —discharge is “off”, heater is “on”

Research of the flame of burned output gas showed
that the flame at the system output disappeared after
rotational gliding arc discharge was switched off, which
implies that ethanol conversion into synthesis-gas in
system only occurs through plasma activation process.
The flame intensity varied depending on the speed of
the output gas. The flame reached 5 cm in diameter at a
distance of ~ 10 cm, its length exceeded 50 cm.

Table 2. Results of conversion of various hydrocarbons into synthesis-gas using plasma and plasma-catalytic

reforming
Method Reference | Hydrocarbons H, CO CH,4 C,H, C,H, H,/CO a
[8-10] Bioethanol 26 14 0.9 0.5 0.5 1.77 0.8
Plasma Bioethanol
reforming [11-12] (CO,-17%) 31 23 4 0.4 0.9 1.36 15
[4] C,Hs0OH 36 23 1.2 0.8 1.57 1.8
Plasma- [2] C,HsOH 19...28 | 9...22 | 0...61]0...11 0 1.1...3 | 18...44
catalytic [3] C,Hs0OH 55 12 10 1 4.58 15.8
reforming - C,Hs0OH 12...13 18 7..12 | 15..5|05...06 | 0.6...0.8 | 38...56
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CONCLUSIONS

When the temperature of reaction chamber is
<600 °C, ethanol conversion into synthesis-gas occurs
only in presence of plasma activation processes.
Therefore, it is possible to use plasma for effective
management of the reforming process.

Coefficient of the electrical energy transformation is
by an order of magnitude higher in a case of hybrid
plasma-catalytic conversion of ethanol in comparison
with plasma conversion. This leads to more efficient
reforming with less electrical energy spent.

Temperature in pyrolytic reactor is considerably
lower during hybrid plasma-catalytic conversion of
ethanol aerosol than during conventional pyrolysis.
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I'MBPUIHOE IIVIASMEHHO-KATAJIMTHNYECKOE PE@OPMHUPOBAHUE A3P0O30JI51 9TAHOJIA

E.B. Conomenxo, O.A. Heovioantwk, B.A. Yepnax, B.B. FOxumexo, FO.11. Bepemuii, K.B. Oxumnko,
E.B. Mapmouu, B.I1. /lemuuna, U.H. ®eoupuux, /1.C. Jleexo, O.H. Ilumbantok, A.U. lunmyza, C.B. /I[paznes

HccnenoBano THOpUIHOE IIa3MEHHO-KAaTaIUTHYECKOEe pedopMUpOBaHHE a’po30Ji 3TaHONA C INIA3MEHHOMN
aKTUBAaIMEeH HCKIFOUUTENIFHO OKHUCIHTeNs (Bo3myxa). HacTe okucnurens (~20%) akTHBHPOBAnach C IOMOIIBIO
BpalIaTEeNIbHOM CKOJB3SIIIEH AYyrd C TBEPIABIMH JJIEKTPOJAaMH W BBOAWIACH B BUJAE IUIa3MEHHOTo (akena B
PEaKIMOHHYIO (IUPOIUTHYECKYIO) KaMepy. DTa 4acTh OKUCIUTENS B3aUMOCHCTBOBAIA CO CMECBIO YIIIEBOJOPOa U
ocTaipHOi dacTero okuciutens (~80%) B peakuuoHHOW Kamepe. BbulM NpoaHaNIM3UPOBAHBl HM3MECHEHUS
TeMIIepPaTyphl pEaKLHOHHOI KaMepbl, COCTaB CHHTE3-I'a3a M MPOAYKTOB IJIaAMEHH CHHTE3-Ta3a.

I'BPUJHE IIJIABMOBO-KATAJIITUYHE PE@OPMYBAHHA AEPO30JII0 ETAHOJY

O.B. Conomenko, O.A. Heoubaniox, BA. Yepnsak, B.B. Oxumexo, FO.I1. Bepemii, K.B. Oxumnko,
€.B. Mapmuw, B.II. /lemuuna, 1.1. @edipuux, /1.C. Jleeko, O.M. Luméaniok, A.l. Jlinmyza, C.B. /I[paznes

HocnijpkeHo riOpuaHe MIa3MOBO-KaTaliTHIHE peOpMYBaHHS aepo30JI0 €TaHONIy 3 IUIa3MOBOIO AKTHBALIEO
BHKIIIOYHO OKHCHUKa (moBiTpsi). YacTnHa okucHuka (~20%) aKkTHBYBaiach 3a JOIMOMOTOK 00epTalibHOI KOB3HOL
JIyT'H 3 TBEPANMH €JIEKTPOJIaMHM i BBOJMIIACH y BUTIISI TIa3MOBOTo (hakesa B peakiiiHy (mpomiTuuHy) kamepy. Ll
YacTHHA OKHCHMKA B3A€EMOJIISUIA 3 CYMIIIIIIO BYTJIEBOJHIO Ta IHIIOK YaCTHHOIO OKMcHUKA (~ 80%) B peakuiiiHiit
KaMmepi. 3MiHU TeMIEpaTypHu PEeaKIiiHOI KaMmepw, CKIajJ CUHTe3-Tasy Ta MPOAYKTIB MOJyM’s CHHTE3-Tazy Oyiu
MIpOaHaTi30BaHi.
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