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The article presents the results of the investigation of the reforming of ethanol into synthesis gas using a plasma-
catalytic system with either AC or DC wide-aperture rotating gliding discharge. Current and voltage oscillograms of
the wide-aperture rotating gliding discharge were measured. The time-dependence of the instantaneous power of the
discharge in the air was built. The photographs of the discharge in the airflow and discharge during the ethanol
reforming were compared. The optical emission spectra of the plasmas of the torches of AC and DC wide-aperture
rotating gliding discharges were studied. The rotational and vibrational temperatures of the plasma torch in the
reaction chamber were determined. The results of the gas-chromatography of the synthesis gas produced during the
plasm-catalytic reforming of ethanol using either AC or DC rotating gliding discharge are presented.

PACS: 52.50.Dg, 52.80.-s
INTRODUCTION

The development of technology constantly increases
an annual energy demand of the humankind, especially
a demand for the electrical energy. The electricity is
mainly produced from the underground energy
resources (coal, natural gas, uranium, crude oil, etc.).
Unfortunately, the use of fossil hydrocarbons, such as
coal, natural gas and crude oil, leads to an increase of
CO, concentration in the atmosphere, which contributes
significantly to the global warming. In addition, fossil
fuels are finite. These pushed the humanity towards the
sustainable development technologies [1, 2] (a decrease
of the production waste, an increase of the energy
efficiency, a frugal use of the resources, etc.) and
renewable or infinite energy sources (solar, wind, hydro
and geothermal energy, biomass, etc.).

The percentage of the electric cars on the
transportation market rises each year. However, electric
vehicles still have shorter range on one refuel compared
to the cars with the internal combustion engine.
Meanwhile, the cars based on the fuel cells with the
synthesis gas feed can become an alternative solution
due to higher energy efficiency and lower ecological
impact than the internal combustion engine cars, higher
safety than hydrogen cars and higher range than the
electric cars. To generate the synthesis gas onboard the
car the system need to be small and highly efficient. The
plasma-catalytic system with the rotating gliding
discharge [3, 4] can fulfill these requirements.

However, such systems require an investigation into
which power source should be used for the AC or DC
reforming.

1. EXPERIMENTAL SET-UP

Fig. 1 shows the scheme of the plasma-catalytic
system with rotating gliding discharge for the reforming
of ethanol into synthesis gas. The system consisted of
the quartz reaction chamber and metal discharge
chamber, which were connected by the metal flange.
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Reaction chamber height was 100 mm, and its inner
diameter was 36 mm. The discharge system had a
central T-shaped electrode and a grounded ring
electrode with the 20 mm diameter of the central hole,
which also worked as a flange between the discharge
and reaction chambers. The distance between the
electrodes was 1 mm.

The discharge was powered by either AC or DC
power supply. The AC power supply could output up to
30 kV at the set frequency between 30 and 90 kHz. The
DC power supply consisted of a BP-100 power source
and 33 kQ ballast resistance, which could provide up to
7 kV of the output voltage.
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Fig. 1. Scheme of plasma-catalytic system with wide-

aperture rotating gliding discharge for reforming of
ethanol into synthesis gas
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The oscillograms of the discharge voltage and
current were measured using an oscilloscope (O) with a
voltage divider (resistances R; and R,, R;:R, = 10000:1
for AC and R;:R,=1000:1 for DC) and a measuring
resistance (R3=10Q). The AC and DC discharge
operation modes were chosen such as to have
approximately the same average discharge current.

During the experiment, ethanol was reformed via
partial oxidation with the atmospheric air as an oxygen
source. Air was supplied using the Fiac Cosmos air
compressor. Total airflow was divided between the
discharge chamber and the reaction chamber. The
airflows into each chamber were controlled by Dwyer
RMA-22 SSV rotameters, the flow of reforming
products was measured by Dwyer RMA-23 SSV
rotameter [5]. The air that passed through the discharge
chamber was used to produce an air plasma, which
contained chemically active ions, free radicals, and
excited particles. These active species were introduced
into the reaction chamber via the torch of the rotating
gliding discharge. The air introduced into the reaction
chamber was mixed with ethanol, which was supplied
into the reaction chamber by a syringe pump at a
constant rate. All reactants were introduced into the
system tangentially to the walls of the discharge and
reaction chambers, which led to the appearance of the
vortex flows of the reactants in both chambers. The gas
chromatography of the produced synthesis gas was done
using Agilent 6890 N gas chromatograph. The mass-
spectrometry of the obtained synthesis gas was done by
MH-7301 mass-spectrometer.

The total introduced airflow during the plasma-
catalytic reforming of ethanol was 15 1:min™. The flow
of air into the discharge chamber was Gq = 10 I-min™,
the flow of air into the reaction chamber was
G, = 10 I-min, and the flow of ethanol into the reaction
chamber was Gen=8.5g-min®. The total injected
airflow was 51'min? higher than required by the
stoichiometry of the partial oxidation reaction (1). The
stoichiometry for the ethanol reforming (2) was chosen
such as to completely oxidize part of the ethanol flow
(Getn n = 0.69 g'min) (3). This produced energy
approximately at a rate of P,, = 330 W, which was used
to heat reactants and keep the reaction chamber at
constant temperature (approximately at 200 °C).

C2H5OH + 0502 = 3H2 + ZCO, (l)

C,HsOH +0.75 0, = 2.75H, + 1.83 CO +
+0.25 H,0+0.17CO,,  (2)

0.08 C,HsOH + 0.25 O, = 0.25 H,0 + 0.25 CO,. (3)

As approximately 1/12 of the total ethanol flow
would be used to keep the constant temperature of the
reaction chamber, the theoretically highest ethanol
reforming efficiency nmax (4) will be less than 92% even
without considering the energy spent on plasma
generation.

1
_ QcyH50H—13Q0,H50H
nmax -

(4)

Qc,H50H
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Optical emission spectroscopy of plasma radiation,
emitted through quartz wall of the reaction chamber,
was done using Solar Tl S-150-2-3648 USB spectral
device with an optical fiber put at a distance h from the
top surface of the ring electrode at the bottom of the
reaction chamber. The fiber used for light capture was
set perpendicularly to the axis of the reaction chamber.
Obtained optical emission spectra were used to calculate
the rotational and vibrational temperatures of the OH
and N, molecules inside the reaction chamber. The
temperatures  were determined by comparing
experimental optical emission spectra to the spectra
modeled for the specific temperatures using Spec Air
2.2 [6] software. For more information about this
method and obtained temperatures please refer to [7-8].

2. RESULTS AND DISCUSSION

Fig. 2 presents the photographs of the DC rotating
gliding discharge. Fig. 2,a shows the discharge when no
ethanol was supplied to the system, while Fig.2,b
shows the discharge during the ethanol reforming. The
photograph that was taken during the ethanol reforming
(see Fig. 2,b) clearly shows the existence of three zones
in the reaction chamber. The first zone is located near
the wall of the reaction chamber, where the reactants are
heated. The second zone is near the discharge chamber,
where the active species are produced in a discharge
channel. The third zone is in the middle of the reaction
chamber, where reforming takes place. The colors of the
second and third zones are distinctly different.
Photographs in Fig.2 point out that the ethanol
reforming is initiated by the active species produced in
the rotating gliding discharge plasma.

Fig. 3 shows the typical current oscillograms of the
AC rotating gliding discharge. The airflow into the
discharge chamber was 10 I'min™ and the airflow into
the reaction chamber was 51'min. The output
frequency of the AC power supply was set to
(90+0.5) kHz, which corresponds with the obtained
current oscillograms (see Fig. 3,a). Over the larger time
intervals (100 ms) current oscillograms (see Fig. 3,b)
show the pulsations of the current with the period of
10 ms.

Fig. 4 shows the typical current (see Fig. 4,a) and
voltage (see Fig. 4,b) oscillograms of the DC rotating
gliding discharge as well as its instantaneous power (see
Fig. 4,c). The airflow into the discharge chamber was
10 1I'min™ and the airflow into the reaction chamber was
51'min. Oscillograms (see Fig.4) show that the
change of current (see Fig. 4,a) correlates with the
change of voltage (see Fig. 4,b). The rise of voltage is
connected to the change of the length of the discharge
channel, which was shown in the previous research on
the wide-aperture rotating gliding discharge [7]. The
increase of discharge channel length leads to the rise of
voltage required for supporting the discharge. At the
same time, the current decreases. The power of DC
discharge calculated from the values measured by an
ammeter and a voltmeter was 100 W, while the average
instantaneous power determined from (see Fig. 4,c) was
150 W.
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Fig. 2. Photograph of rotating gliding discharge at
different operation modes (125 us exposition):
10 I-min™* airflow into discharge chamber, 5 I-min™
airflow into reaction chamber, 0 g-min™* ethanol
flow (a); 10 /-min airflow into discharge chamber,
5 I'min™ air flow into reaction chamber,

8.5 g-min’* ethanol flow (b)
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Fig. 3. Typical current oscillograms of AC rotating
gliding discharge at different time intervals 100 us (a)
and 100 ms (b): 10 /-min’ airflow into discharge
chamber, 5 /'min™ airflow into reaction chamber,
0 g'min’ ethanol flow, 90 kHz frequency

Fig. 5 shows the results of the gas chromatography
of the syngas samples obtained during the plasma-
catalytic reforming of ethanol using AC and DC rotating
gliding discharges. The flow of air into the discharge
chamber was Gy =10 I'min™, the flow of air into the
reaction chamber was G, = 10 I-min, and the flow of
ethanol into the reaction chamber was G, = 8.5 g-min™.
The AC and DC discharge operation modes were
chosen such as to have the average discharge current of
AC discharge (60 mA) equal to the discharge current of
DC discharge, which was measured by the ammeter.
The synthesis gas obtained during the plasma-catalytic
reforming of ethanol by the AC rotating gliding
discharge has a higher syngas ratio (H,/CO = 1.5) than
in the case of reforming using DC discharge
(H,/CO = 1). The content and flow of hydrogen in the
syngas is lower in the case of AC discharge
(G(Hy) =2.31'min™") in comparison to the DC
discharge (G(H,) = 2.8 I'min™).
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Fig. 4. Typical current (a), voltage (b), and
instantaneous power (c) oscillograms of DC rotating
gliding discharge: 10 /-min™* airflow into discharge
chamber, 5 /-min™ airflow into reaction chamber,
0 g-min™* ethanol flow
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Fig. 5. Gas chromatography of synthesis gas produced
during plasma-catalytic reforming of ethanol using AC
(grey) or DC (black) rotating gliding discharge:

10 /'min’* airflow into discharge chamber, 5 /-min™
airflow into reaction chamber, 8.5 g:min ethanol flow

Both mass-spectrometry and gas chromatography
showed the same ratios between the concentrations of
H, and CO and the concentration of nitrogen in
reforming products.

Measured optical emission spectra of discharge
plasma contain bands of hydroxyl (OH) and nitrogen
(Ny). Nitrogen is present as a major component of the
air, while hydroxyl can be produced from the water
vapor present in the injected air.

The detailed results of the optical emission
spectroscopy of the plasma of the wide-aperture DC
rotating gliding discharge operating at different modes
can be found in the previous works [7-8].

In the case of the AC discharge, calculated rotational
and vibrational temperatures were T,=(5000 + 500) K
and T,=(1000 = 500)K, while in the case of the DC
discharge  they  were  T,=(4000 +500) K and
T,=(2800 + 500) K.

CONCLUSIONS

It was discovered that during the plasma-catalytic
reforming of ethanol using rotating gliding discharge
the syngas ratio is higher in the case of AC discharge
(H/CO=1.5) than in the case of DC discharge
(Hx/CO = 1). The content and flow of hydrogen in the
products of the plasma-catalytic reforming of ethanol
using rotating gliding discharge is higher while using
the DC discharge (G(H.) =2.81-min™) in comparison
with the AC discharge (G(H,) = 2.3 I‘min™). Despite the
lower vyield of hydrogen, the system with the AC
discharge has a much smaller and lighter power supply,
which can become a significant advantage in some
applications.

It was discovered that the rotational temperature of
plasma species is higher in the AC discharge
T,= (1000 £+500) K than in the DC discharge
T,= (2800 + 500) K.
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PE®OPMHUPOBAHUE TAHOJIA B IINTASMEHHO-KATAJIMTUYECKOW CUCTEME
C BPAIIATEJBHBIM CKOJIB3AINM PA3PAJTOM NOCTOAHHOI'O U HIEPEMEHHOI'O TOKA

O.A. Heowvioanwk, T.A. Tepewenko, H.H. @eoupuux, I1.B. Tuwyx, B.I1. /lemuuna

[IpencTaBneHsl pe3ynbTaThl HMCCIEAOBaHUS peGOpMUpPOBAHMS JTAaHONA B CHHTE3-Ta3 C HCIOJIb30BAaHHEM
IUTa3MEHHO-KaTaIUTHYECKON CHCTEMBI ¢ IMIMPOKOANEePTYPHBIM BPAILAIOIIUMCS CKOJIB3AIINM Pa3ps oM MOCTOSHHOTO
U TEepeMEHHOro ToKa. I3MepeHBl OCIUUIOTpaMMbl TOKAa M HANpSIKEHHUS TOPEHUS MHIMPOKO-alepTypHOTO
BpAIIAIOIIETOCS CKONB3AIIero paspsaa. [locTpoeHa 3aBUCHMOCTh MTHOBEHHOM MOIIHOCTH paspsa B IIOTOKE
BO31yxa oT BpeMeHH. ComocTasieHs! (oTorpaguu TOpeHus paspsia B MOTOKE BO3IyXa ¢ mogadel u 0e3 momaun
9TaHOJA B PEAKNMOHHYIO Kamepy. llcciienoBaHsl SMHCCHOHHBIE CHEKTpPBI IUIa3Mbl (pakena MHMPOKOANEepTypHOTO
BpAIAIOIIETOCS  CKOJB3SIIEr0 paspsiia IOCTOSHHOTO W IEepeMEeHHOro Toka. OTpeneneHsl TeMIepaTrypbl
(xonebarenbHble T, 1 BpamaTenbHbIe T,) INIa3MEHHOTO (hakena B peaklHOHHOH kamepe. [IpesicTaBieHsl pe3ynbTaThl
ra3oBoil xpomarorpadguu cumHTE3-Ta3za, O0Opa3oBaHHOTO MpH pehOPMHPOBAHMHM ITAHOJIA B IUIA3MEHHO-
KaTAINTHYECKOW CHCTEME C IIMPOKOANEepPTYPHHIM BPAINAIOMIMMCS CKOJB3SIIMM Pa3psioM IOCTOSIHHOTO U
MEPEMEHHOTO TOKa.

PE®OPMYBAHHSI ETAHOJIY B IIJIA3MOBO-KATAJIITUYHIN CUCTEMI 3 OGEPTOBUM
KOB3HHUM PO3PS10M INOCTIMHOI'O TA 3MIHHOI'O CTPYMY

O.A. Heouobanwk, T.A. Tepewenxo, 1.1. @edipuux, I1.B. Tuwyk, B.I1. /lemuuna

[IpencraBneHo pe3yabTaTH AOCIIUKEHHS peOpMyBaHHS €TaHOIy B CHHTE3-Ta3 3 BUKOPHCTaHHSIM ILIa3MOBO-
KaTaJITUYHOI CHCTEMH 3 IIMPOKOANEPTYpHUM OOEPTOBMM KOB3HMM pO3PSAAOM MOCTIHHOTO Ta 3MIHHOTO CTPyMY.
BumipsiHO ocummorpamu CTpyMy 1 Halpyrd TOPIiHHS IIMPOKOANEPTYpHOTO OOEpTOBOIO KOB3HOTO PO3PSLy.
[ToOymoBaHO 3alIeXKHICTP MHTTEBOI MOTYXKHOCTI PO3PsAYy B MOTOII HOBITps Bix dacy. CmiBcraBieHi ¢oTorpadii
TOPIiHHS PO3pPSIy B MOTOII MOBITPs 3 MoJadeio Ta 0e3 Mmojadi eTaHOIy B peakiiiHy kamepy. JocmimkeHo eMiciiiHi
CIEKTpHU IUIa3MHu (hakesla MIMPOKOANEPTYPHOrO 0OEPTOBOIO KOB3HOTO PO3PSy HMOCTIHHOTO Ta 3MIHHOTO CTPyMY.
Buznaueno temneparypu (xonuBHi T, Ta obeproBi T,) muasmoBoro ¢dakena B peakuiiiHiii kamepi. I[IpencrasneHo
pe3ynbTaTé ra3oBoi xpomatorpadii cuHTe3-razy, YTBOpEHOro miai uyac pedOopMyBaHHS €TaHOJY B ILIa3MOBO-
KaTaJIiTHYHIN CHCTEM] 3 IIMPOKOATIEPTYPHUM 00EpTOBUM KOB3HHM PO3PSIIOM MOCTIITHOTO Ta 3MiHHOTO CTPYMY.
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