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Introduction

Greenhouse gases emission and energy insufficiency
are among the major concerns regarding fossil fuel
utilization. In addition, CO, is the main contributor
of greenhouse gases with 76% of total emission.
Moreover, methane consumption produces the least
amount of CO, compared to other fossil fuels and
has the potential of reforming into hydrogen which
can be utilized in internal combustion engines, fuel
cell technology, gas turbines and etc. Furthermore,
conventional method of producing hydrogen from
natural gas is steam reforming followed by water
gas shift reaction. However, a large amount of CO,
emission and energy consumption are drawbacks of the
process. In the recent decades, hydrogen production
from plasma reforming of gaseous hydrocarbons has
attracted attention.

Dae Hoon et al. [ 1] showed that in plasma reforming
of methane, the AC spark and rotating arc caused high-
er methane conversion and lower operational costs
compared to other plasma sources. They evaluated the
effect of arc length on C2 selectivity in the rotating
gliding arc system and proposed that the discharge
length plays an important role in controlling chemical
reactions.

Materials and Methods

An overall schematic of the experimental setup is
shown in Fig. 1. Moreover, the apparatus includes feed
supply system, power supply system and the reactor.
Feed supply system consists of gas cylinders, mass flow
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controller (Brooks 5850), steel tubes, on/off valves
and connections. Furthermore, an AC transformer
(up to 12 kV) is employed to provide high voltage.
In addition, the output voltage of the transformer is
manually coupled by diode and capacitor to make
DC power supply. In addition, the plasma power is
measured through a high voltage probe (PINTEK
HVP-39pro), an oscilloscope (GW Instek, GOS-620),
and a galvanometer. Furthermore, the plasma power
is tuned to be 20 W in all experiments. Moreover, the
reactor and ballast resistor (IMQ) are connected in
series in order to prevent a sudden current rise which
can damage the transformer. Methane and argon with
purity of 99.999% are supplied from separate gas
tanks by mass flow controllers and are perfectly mixed
before flowing into the reactor at ambient temperature
and atmospheric pressure. Moreover, feed flow rates
of 100, 200 and 300 ml/min with ratio of CH/Ar
=1 are studied. The output flow rate of the reactor is
measured by a bubble flow meter. Gaseous product
is analyzed by a gas chromatograph (GC, Agilent)
equipped with a flame ionization detector (FID) and a
thermal conductivity detector (TCD).

Results and Discussion

Methane Conversion

Fig. 2 shows methane conversion versus electrode
angular velocity at various methane flow rates and
cross-sectional areas for the passing gas. Methane
conversion considerably increased by changing the arc
mode from stationary to rotating.



Petroleum Research, 2025(April-May), Vol. 35, No. 140

Mass flow controller

2 b
> VN
I b
” N
Plasma
Ballast Reactor
O Resistor .

| ..-Rotating

Voltage Electrode

probe

Plasma \
H T Region
AC b Vent
transformer J_ X }{
= Bubble

[Oscilloscope] [ Sample to GC ] Flow meter

Fig.1 Experimental set-up

methane conversion (%)

..... S=a o Q=150ml/min
20¢ -- S=b * Q=100ml/min
— S=c ©O Q=50ml/min

(0] 200 400 600 800

high voltage electrode velocity (rpm)

Fig. 2 Methane conversion.

In the reactors with stationary arc, the zone away
from the arc discharge cannot efficiently participate
in the reactions and a fraction of gas bypasses the arc
stream without any successful interaction. Whereas,
the rotation of arc due to rotation of HV electrode
causes a better distribution of active species. Scan of
the reactant by the plasma zone not only permits the
fresh gas to be exposed to the arc discharge but also
prevents dissociation of products. Eventually a higher
conversion is achieved in the rotating arc mode. No
significant change in methane conversion was noticed
by increasing the angular velocity of the HV electrode.
It seems that perfect mixing with no concentration
gradient in the theta (0) direction is achieved at a
velocity of 200 rpm and further increase in angular
velocity was almost ineffective. Methane conversion
decreases by increasing feed flow rate and the slope
of this descending trend reduces as feed flow rate
increases. This implies nonlinear relationship between
methane conversion and feed flow rate that will be
discussed phenomenologically and quantitatively in
the later sections. Moreover, a slight rise in conversion
occurs by increasing the cross-sectional area for the
passing gas at constant flow rate as shown in Fig.
2. This suggests that arc rotation at larger areas for

passing gas increase the active surface of the plasma
zone and provides a higher chance for the methane
molecules to be scanned by plasma zone. On the other
hand, increasing cross-sectional area for the passing
gas at stationary mode has in fact diverse effect on the
methane conversion. Also, this is due to higher bypass
of reactant from arc discharge without successful
interaction with arc column at larger areas. In addition,
methane conversion of 58% was achieved which is
considerably higher than those reported in previous
studies.

Process Characterization and Modeling Perspective
Comparison between the characteristic time of
plasma reactions and residence time provides useful
information on the plasma chemistry process. In order to
estimate the order of gas processing time in the present
study, the residence time of gas inside the plasma zone
is calculated based on the fraction of gas that might
pass through the arc column. Moreover, the residence
time is estimated to be 0.2-3.9 s which is much longer
than the time needed in plasma chemistry process that
is generally about several tens nanoseconds [2-4].
Therefore, one might question why the conversion and
the energy efficiency are below the expected range and
how the feed flow rate affects the conversion. In fact,
conversion is restricted due to the relatively low mass
transfer rate between the gas and plasma phase, which
some authors have implied in their publications. In
view of aforementioned, concept of mass transfer have
been directly or indirectly emphasized in all of the
above publications. Therefore, in the present study, it
was assumed the rate of methane consumption (RCH4)
to be as the rate of methane transfer toward plasma
zone according to Equation 1, where K (m/s) is the
mass transfer coefficient between the gas and plasma
obtained from the empirical Equation 2. Furthermore,
C_y, s the bulk concentration of methane, which was
constant amount of 20.4 mole/m® in all experiments.
Moreover, methane concentration at the interface of
gas and plasma phase supposed to be zero (completely
consumed) due to the very fast reactions at the plasma
zone.
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In the above equations, A (m?) is cross-sectional areca
for the passing gas at vicinity of arc discharge and
Aa (m?) is the active contact area between the gas
and plasma. Sh and Re are Sherwood and Reynolds
numbers. D (m?%s) is diffusion coefficient and a0 is a
constant. In addition, da(m) refers to the characteristic
length and here it is defined as the discharge length
which is 6 mm. Moreover, the physical properties are
constant in all experiments. Accordingly, the mass
transfer coefficient is obtained from Equation 3.
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The rate of methane consumption (mole/s) is
determined by substituting K from Equation 3 into

Equation 1 and accordingly methane conversion is
given by Equation 4.

K =a,Dd,"\( % (3)
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At constant operating conditions as well as a constant
cross-sectional area for the passing gas, methane
conversion would simplify to Equation 5, which a, is
a constant pre-factor.

XCH4=(x] (FCH4i“) ™o, =cte (5)
According to the Equation 5, methane conversion
would be a power function of feed flow rate. Moreover,
the values of o, and (m-1) for each cross-sectional
area may be determined by applying curve-fitting to
experimental data. According to the fitted parameters,
the value of m is approximately 0.55. Therefore,
methane conversion is written as Equation 6, which
shows its dependency to active surface area of plasma
zone (Aa) at each cross sectional area.
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According to the experimental results, at constant feed
flow rate there was just a slight variation in methane
conversion by changing the cross-sectional area for
the passing gas. This implies that A /A%* =cte, i.e. the
active surface area of the plasma zone is propertional
to A% (approximately the square root of the cross-
sectional area for the passing gas).

Subsequently, the mass transfer correlation is expressed
as Equation 7 in which the Reynolds number is
less than 5 at the range of feed flow rates and cross-
sectional area for the passing gas in the present study.
Sh=Kd D=0,.Re"*Re< 5 (7
The rate of methane decomposition may be presented
as an pseudo-first order reaction as Equation 9 where
kapp represents the apparent rate constant of methane
decomposition in plasma reactor and is obtained as
Equation 9 .

RCH4:kapp'CCH4'VP ®)
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The apparent kinlétic constant, kapp, as function of
feed flow rate at different cross sectional areas is
shown in Fig. 3. In general, if the process behavior is
controlled by the mass transfer phenomena, then the
apparent rate constant should increase with feed flow
rate. The apparent rate constant coefficient is in the
order of 200-450 s-1, which is increased by increasing
the feed flow rate.
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Fig. 3 The apparent kinetic constant, kapp, as function of
feed flow rate at different cross sectional areas.

Conclusions

Decomposition of methane in a rotating arc plasma
reactor with different cross-sectional areas for the
passing gas was studied. The reactor design ensures
stable plasma and uniform gas treatment to achieve
effective methane conversion. In addition, effect
of cross-sectional area for the pssing gas, angular
velocity of arc stream and feed flow rate were
examined. Moreover, it is concluded that rotating arc
shows a better performance with a relatively higher
energy yield compared to the stationary arc, especialy
at higher cross-sectional arcas for the passing gas.
Also, experimental results showed that 95% hydrogen
selectivity and 28 gH /kWh energy yield is achieved
under stable conditions despite solid carbon formation.
Furthermore, the residece time of reactant is estimated
to be 0.2-3.9 s which is much higher than time scale
of plasma chemistry process. Therfore, it is concluded
that mass transfer is the main rate controlling factor
at the range of feed flow rate in this study. Moreover,
methane conversion is simulated to be the fraction of
methane transferd toward the plasma zone. Ultimately,
on this basis, a mass transfer reaction model is
proposed, and a mass transfer correlation is obtained
that relates the apparent reaction rate constant to the
square root of Re number. In addition, active surface
area of rotating arc plasma is propertional to the square
root of the cross-sectional area for the passing gas at
the vicinity of arc discharge.

Nomenclatures
FID: Flame ionization detector
TCD: Thermal conductivity detector
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