PLASMA-CATALYTIC REFORMING OF LIQUID HYDROCARBONS
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The series of experiments studying the plasma-catalytic reforming of liquid hydrocarbons was carried out. The
dynamic plasma-liquid system based on a low-power rotating gliding arc with solid electrodes was used for the
investigation of liquid hydrocarbons reforming process. Conversion was done via partial oxidation. A part of
oxidant flow was activated by the discharge. Synthesis-gas composition was analysed by means of mass-
spectrometry and gas-chromatography. A standard boiler, which operates on natural gas and LPG, was used for the

burning of synthesis-gas.
PACS: 50., 52., 52.50.Dg

INTRODUCTION

Plasma chemistry of XX century considered plasma
as chemically active environment, which activity is
accomplished by high temperature and high
concentration of active components: ions, electrons,
radicals, excited particles and photons. Plasma as the
source of active particles can initiate and significantly
accelerate  plasma-chemical transformations. The
plasma-dynamic systems with the vortex [1-3] and
reverse vortex [4, 5] gas flow, in contrast to the classical
gas discharges, have additional factors that strongly
affect plasma energy parameters. The use of dynamic
plasma-liquid systems for conversion of hydrocarbon
fuels into synthesis-gas is among the most promising
areas of modern plasma chemistry. However, the use of
plasma reforming [5, 6] of hydrocarbons is not
economically viable [5] in comparison with plasma-
catalytic reforming [5, 7-11]. In latter the plasma is used
only as a catalyst, therefor less electric energy, which is
the most expensive type of energy, is spent on plasma
generation. That is why the development and
investigation of new plasma systems that would work at
high pressures, generate non-equilibrium plasma, and
have long service life and high energy efficiency are
among the top priorities of plasma chemistry.

The investigation of ethanol reforming process was
conducted on the dynamic plasma system based on the
low-power rotational gliding arc with solid electrodes.
Discharge chamber of this dynamic system is the
prototype of discharge chamber of plasma-liquid system
with reverse vortex flow of tornado type, but without
liquid [12, 13]. Hydrocarbon reforming was done via
partial oxidation process. It is well-known that plasma
reforming is based on a process where the oxidant and
hydrocarbon are passed through discharge plasma.
During the plasma-catalytic reforming only part of
oxidizer is activated by a discharge and mixed with the
hydrocarbon fuel in the pyrolytic reactor after that. This
part of the oxidizer (~30%) was activated using
rotational gliding arc with solid electrodes and was
introduced as a plasma torch into the reaction
(pyrolytic) chamber, where it interacted with the
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mixture of hydrocarbon and the rest of oxidant (~ 70%)).
In addition, this approach made it possible to increase
plasma derivation from equilibrium state [14].

1. EXPERIMENTAL SET-UP

Schematic view and photo of the experimental setup
are shown in Fig. 1. The base of experimental setup is
the cylindrical quartz discharge chamber and the metal
reaction (pyrolytic) camera. The top and the bottom of
quartz chamber is sealed with flanges. The top metal
flange, the center of which contained a stainless steel
sleeve, worked as one of the electrodes. The sleeve had
a nozzle at its center and one end of the discharge glided
on its surface. The second electrode was cylindrical and
T-shaped. It had been introduced into the chamber
through a hole in the lower flange. Both electrodes were
made of stainless steel and was water-cooled to room
temperature. Discharge was supplied by BP-100 DC
power source, which provides a voltage of up to 7 kV.
With a ballast resistor of 4...120 kOhm, the stability
range of discharge current is 20...400 mA. Working gas
was injected into the discharge chamber tangentially to
the sidewall of quartz cylinder, forming a vortex flow.
Rotating gas moved to the nozzle and entered through it
into the pyrolytic chamber, forming a plasma torch. The
temperature in pyrolytic chamber was maintained by the
heating element in 200...900°C range. Two
thermocouples were attached to the outer wall of
pyrolytic chamber. The mixture of hydrocarbon and
oxidant was introduced tangentially to the side wall of
reaction chamber, forming a reverse vortex flow of
“tornado” type. Synthesis-gas generated in the pyrolytic
chamber fell into a fridge, which was water-cooled to
the room temperature. Thereafter, synthesis-gas flow
rate was measured by a rotameter. Next, the synthesis-
gas was gathered into a flask, and its composition was
analyzed using mass spectrometry and gas
chromatography. Because the system can work
continuously for a long time, produced synthesis-gas
was burned as a safety precaution against its
accumulation. The synthesis-gas was burned in a
standard boiler by NAVIEN that normally operates on
natural gas and LPG.
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Fig. 1. Schematic (a) and photo (b) of experimental
setup: 1 — quartz chamber: 2,3 — flanges; 4,5 — sleeves,
6 — T-shaped electrode; 7 — water cooling; 8 — oxidizer

inlet; 9 — directional pipe; 10 — gas flow direction;
11 — pyrolitic chamber; 12 — heater, 13 — plasma torch;
14 — hydrocarbon inlet; 15 — reforming products outlet,

16 — gas flow direction, 17 — power source

Ethanol (C,HsOH) was used as a model hydrocarbon
and air oxygen - as a model oxidant. The flows of air
and ethanol were chosen correspondingly to the
stoichiometry of partial oxidation reaction:

C,HsOH + 1/20, =2CO + 3H, + 1.44 eV/molec . (1)

During all plasma-catalytic reforming test modes the
highest wall temperature of pyrolytic chamber was
maintained at (450 = 10) °C, the discharge current was
60 mA and near 30% of airflow was blown through the
discharge. Additional research of plasma-catalytic
reforming of diesel fuel of petroleum origin and
vegetable oil, from which biodiesel is produced, was
carried out.

2. RESULTS AND DISCUSSION

Fig. 2,a shows the dependence of discharge voltage
Uy on the amount of air flow through the discharge with
Is=60 mA. Power, which was introduced in the
discharge, increased as an air flow raised in the range of
(0...4 L'min"). However, the power put into the
discharge has not changed when airflow was between
5L-min" and 8 L'min™. Fig. 2,b shows the air flow into
the system and the synthesis-gas flow out of the system
as the functions of power which is delivered by C,HsOH
into the pyrolytic chamber. There was no C,HsOH
reforming when discharge was turned, it evaporated in
the pyrolytic chamber, and subsequently condensed in a

236

refrigerator. Synthesis-gas flow increased linearly with
the increase of power delivered by C,Hs;OH.

The results of gas chromatography of gaseous
products of C,HsOH reforming are shown in Fig. 3. The
composition of gas mixture does not depend on the
amount of converted ethanol.

The data about the synthesis-gas flow at the outlet,
its composition and density of electrical energy required
for the plasma-catalytic reforming, was used to calculate
the electrical energy transformation coefficient — o and
the conversion efficiency — #:

w2 02 0% 2)

0, ’ C,HsOH
where Q; — heat energy released by the complete
combustion of synthesis-gas, O, — the electrical energy
necessary for supporting reforming, Qcsyson — thermal
energy released by the complete combustion of

C,HsOH.
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Fig. 2. Voltage in discharge gap as function of air
flow (a), input air flow and output synthesis-gas flow as
functions of power delivered by C,Hs;OH into pyrolytic
chamber (b)
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Fig. 3. Results of gas-chromatography of synthesis-gas
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C,HsOH conversion efficiency during this
experiment was higher than 80%. Fig. 4,a shows the
electrical energy transformation coefficient (o) as
function of power which is delivered by C,HsOH into
the pyrolytic chamber. Fig. 4,b shows: the calculated
power of combustion of synthesis-gas produced by the
reforming reaction (1); the power of synthesis-gas
combustion, based on the results of gas chromatography
and the value of synthesis-gas flow (see Fig. 2,b); the
power of C,Hs;OH combustion, in an assumption that
CO, presented at the output of system was formed with
the full ethanol combustion as the functions of power
which is delivered by C,HsOH into the pyrolysis
chamber:

C,H;O0H + 30, =2CO, + 3H,0 — 13.26 eV/molec. (3)

The reactor temperature of (450+10)°C is
substantially lower (by approximately 50%) in
comparison with a conventional pyrolysis. The electric
energy transformation coefficient of presented system
for plasma-catalytic reforming of liquid hydrocarbons
into synthesis-gas is several tens times higher (o = 90
for C,HsOH) than in plasma reforming systems (o~ 0.8
[15-17], a= 1.5 [18, 19], a. =2 [6]) and two times higher
than in well-known analogues (a=30..40 [5]). As
mentioned before, produced synthesis-gas was burned
in the boiler to prevent its accumulation. Fig. 5 shows
the photos of synthesis-gas flame.
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Fig. 5. Photos of flame: a — synthesis-gas (5 kW) from
C,H;0H; b — synthesis-gas (5 kW) produced from
vegetable oil that is used for biodiesel production;

¢ — synthesis-gas (5 kW) produced from diesel fuel of

petroleum origin; d —synthesis-gas (10 kW) produced

from C,H;0H, burning in the standard boiler;

e — combustion of synthesis-gas (10 kW) produced from

C,H;0H via transverse arc (50 W)

The flame of synthesis-gas produced from the
vegetable oil was more stable and had much lower
content of carbon black than the flame of diesel fuel.
Synthesis-gas flame from C,HsOH had blue color and
temperature of 1050...1100°C. Synthesis-gas is
effectively burned by the standard boiler, which is
designed to operate on natural gas and LPG.

CONCLUSIONS

Research of the scheme of plasma-catalytic
reforming of liquid hydrocarbons into synthesis-gas,
proposed in this paper, showed that its electric energy
transformation coefficient is several tens times higher
(0= 90) than in plasma reforming (o =2 [6]) and two
times higher than in well-known analogues (o = 30...40
[5]); reactor temperature is substantially less (by
approximately 50%) when comparing with conventional
pyrolysis; synthesis-gas component composition stays
almost unchanged and C,HsOH conversion efficiency is
>80% in the tested power range; the synthesis-gas is
effectively burned by the NAVIEN boiler, which is
designed to operate on natural gas and LPG.
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IVIASMEHHO-KATAJIMTUYECKOE PE@OPMUPOBAHMUE KUJAKHUX YIJIEBOJOPOJOB

O.A. Heowibaniox, B.A. Yepnax, B.B. Konzan, B.B. IOxumenxo, E.B. Conomenxo, H.U. @edupuuk,
E.B. Mapmouu, B.I1. /lemuuna, H.B. Knouok, C.B. /I[pazues

IIpoBeaeHa cepusi SKCIEPUMEHTOB, HM3YYAMONIUX I[UIA3MEHHO-KATATUTHISCKOE pehOPMUPOBAHUE HKHUIKUX
YTIeBOIOPOAOB. JlMHaMUYecKas TIJIa3MEHHO-)KUAKOCTHAs CHCTeMa Ha OCHOBE MAaJIOMOINHOHN BpalaTeabHON
CKOJIB3SIICH Oyrd C TBEPABIMH 3JIEKTPOJAMH HCIIOJB30Balach JJIS HMCCICIOBAaHUS IMpoiecca peopMHUPOBAHUS
KUAKUX YTIIeBoaopooB. KoHBepceus Oblila peain3oBaHa MyTeM YaCTUYHOTO OKUCIIeHHS. YacTh TOTOKA OKUCITUTENS
akTUBHpOBaIU paspsgoM. CocTaB CHHTE3-Ta3a aHAIU3UPOBAICS C TIOMOIIBID MAacCC-CIEKTPOMETPUHM M Ta30BOM
xpomarorpaduu. CTaHTapTHBIN KOTEN, KOTOPEIH pabdoTaeT Ha MPUPOTHOM U CKIKCHHOM ra3e, ObUT UCIIOJIb30BaH
JIUISL COKUTaHUSI CUHTE3-Ta3a.

INJTASMOBO-KATAJIITUYHE PEOOPMYBAHHA PI/IKUX BYI'JIEBOJHIB

O.A. Heoubanwk, B.A. Yepnsax, B.B. Konzan, B.B. IOxumenko, O.B. Conomenko, 1.1. @edipuuk, €.B. Mapmuu,
B.I1. /lemuina, M.B. Knouok, C.B. /Ipaznee

[IpoBeneHo cepiro eKCTIEPUMEHTIB, SIKi BUBYAIOTH IUIA3MOBO-KaTAJITHYHE pedOpPMyBaHHS PIAKUX BYTJIEBO/HIB.
Jna nmocmimxeHHA mporecy peQopMyBaHHA PIAKHX BYTJICBOJHIB BHKOPHUCTOBYBAjlacs IWHAMIYHA ILIa3MOBO-
pinuHHA cucTeMa 3 00epTAIbHOI0 KOB3HOIO IYror0 Mayioi MOTY)KHOCTI 3 TBepAUMH enekTpoaamu. Konsepcis Oyma
peani3OBaHa NUIAIXOM YaCTKOBOI'O OKHUCJICHHSI. qaCTI/IHy IMOTOKY OKHMCHHKa aKTHUBYBaAJIW PO3PAIOM. CKHa}I CHUHTE3-
ra3y aHajli3yBaBcs 3a IOTIOMOTOI0 Mac-CIeKTpOMETpii Ta ra3oBoi xpomartorpadii. JIis cnamoBanHs cuHTE3-Ta3zy OyB
BHKOPUCTAHNH CTAaHAAPTHUH KOTEIN, SIKUH MPAIO€ Ha IPUPOJHOMY Ta 3piIKEHOMY Tasi.
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