Development of novel swirl flow induced rotating arc discharge reactor for CO:
conversion
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Abstract: A swirl-induced turbulent rotating arc discharge reactor was developed for
conversion of CO, to CO and Oz. In this specially designed plasma reactor, plasma was
generated by applying high voltage AC at line frequency. The effects of feed flow rate on
conversion has been investigated. The results demonstrate that the conversion and energy
efficiency of the process are improved with increasing flow rates, which is due to the high

swirl strength and increased turbulent intensity.
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1. Introduction

Due to anthropogenic activities in the recent years, there
is a rise in CO; concentration in the atmosphere, which is
a major greenhouse gas responsible for global temperature
rise [1]. Majority of CO, emissions is from power sector
by the combustion of fossil fuels. To limit this, some
approaches are employed, which include use of (a)
renewable feedstocks instead of coal, (b) non-carbon
energy sources, and (3) carbon capture and utilization
(CCU). Among these approaches, CCU seems to attract
many researchers due to its possible economic market and
cost-effective way of CO, mitigation [2].

Dissociation of captured CO and converting it into value
added chemicals is of great interest. However, using
thermal conversion process of splitting CO, to CO and O
(egn.1) requires immense energy to achieve higher energy
efficiencies. Moreover, the higher operating temperature
makes it strenuous for large scale deployment.
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Due to higher stability of the CO, molecule, an
alternative method of using non-thermal plasma appears to
be a more viable technique [3]. Non-equilibrium
conditions favour the formation of high energetic
electrons, which will initiate thermodynamically
unfavourable reactions at low temperature and atmospheric
pressure. Non-thermal plasma can be generated using
dielectric barrier discharge (DBD), corona discharge,
microwave discharge and gliding arc discharges (GAD).

One of the major advantages of using non-thermal
plasma is the reduction in activation energy induced by
high electron temperatures 10%-10° K (mean electron
energy 1-10 eV), which otherwise involves a high
activation barrier for reactive processes. Additionally, as a
result of non-equilibrium condition between electrons,
ions, radicals and neutral gas molecules, low temperatures
(< 400K) is attained [4].

Although a lot of research has been done on DBD for CO;
dissociation, the process lacks the energy efficiency
required for industrial scale deployment. The major
disadvantage of microwave discharge is the low-pressure

operation (50-500mbar). Although GAD shows promising
operating conditions and higher electron energy compared
to DBD, due to higher flow rates employed, not all the
molecules undergoes dissociation inside the arc. A new
method of rotating arc discharges was reported by Zhang
et al. [4] for CO; conversion, where rotating gliding arc
(RGA) discharge was generated by the tangential inlet flow
and Lorentz force. Moreover, it is evident that RGA plasma
has high electron density and relatively higher gas
temperature.

In this study, we have developed a novel rotating arc
discharge (RAD) by creating a swirl induced turbulent flow
between two electrodes for CO, dissociation. The main
objective of our study is to investigate the effects of CO,
flowrate on CO; dissociation.

2.Swirl induced rotating arc discharge

Figure 1 shows the schematic of swirl injector acting as a
high voltage electrode, and a ring ground electrode of 1.6
mm diameter was placed at 25 mm above the exit.
Applying high voltage across these electrodes creates an
arc discharge. Due to the swirl motion of the incoming CO,
the arc tends to rotate along the edges of injector wall.
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Figure 1. Schematic of swirl induced RAD



The swirl flow was created by 8 guided vanes at a
constant angle of 60°. These vanes were mounted on a
central hub of 20 mm diameter. The spiralling motion of
the CO, stream exiting the swirl injector creates an axial
and radial pressure gradient, resulting in central
recirculation zone (CRZ). Also, due to sudden expansion,
outer recirculation zone (ORZ) is formed between quartz
wall and swirler exit [5]. The degree of swirl is
characterised by geometrical swirl number S, given by
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where d (25 mm) and dn (20 mm) are injector and hub
diameters, respectively, with @ as swirl vane angle.

By applying high voltage across the two electrodes, the
generated arc discharge is carried along the tip of
electrodes by helical motion of the gas stream. High
energetic electrons produced in the arc is transferred to gas
molecules in the recirculation zones, which enhances the
bulk CO, dissociation.

3.Experimental setup

The schematic of experimental setup for swirl induced
rotating arc discharge reactor is shown in Figure 2. The
CO; gas stream entering the swirl injector was controlled
by two mass flow controllers (Alicat MC-2SLPM). The
plasma was generated using AC high voltage transformer
unit (0-125 kV,50 Hz). The simultaneous voltage and
current profiles were measured using high voltage probe
(Tektronix 6015A) and current probe (Pearson current
monitor). Both current and voltage were recorded using
two channel oscilloscope (Tektronix TBS 1102B). A
current limiting resistor 50 kQ was placed in series with
the reactor. The temperature of the reactor quartz wall was
measured using an IR camera (Fluke Ti400). The gaseous
products were analysed using online gas analyser (Bhoomi
Analyzer, India).

The electrical power deposited to the reactor was
determined based on instantaneous values of voltage and
current:
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Figure 2. Schematic of the experimental set-up

Input power to the reactor was kept constant at 150 W.
The conversion of CO», specific energy input (SEI) and
energy efficiency were determined using the following
expressions:

__ Conwverted C0O3(%)
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SEI (L ) - CO, Flowrate (L/min) x 60 (min) (5)
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4.Results and Discussion

The effect of CO, feed flow rate on conversion and
energy efficiency is shown in Figure 3. It is evident that
increasing the flow rate (from 2 to 4 L/min) increases the
conversion (from 2.8 to 6.1%) and energy efficiency (from
7.9 to 34 %). This is due to the fact that high flow rate
creates more turbulent vortices thereby increasing the
retention time of CO, molecules in the plasma regime. It is
also possible that increased flow velocity creates a strong
CRZ, where the dissociated product gases pre-heat the
incoming new stream of molecules, and reduce the energy
requirement for CO, dissociation.

The effect of CO, flow rate on reactor wall temperature
is shown in Figure 4. An increased temperature from 368
K to 423 K with increasing flow rate suggests that product
gas temperature follows the same trend of increased
conversion and energy efficiency. It can be concluded that
the increased conversion is due to the combination of swirl
induced turbulence and gas temperature. It is worthwhile
to mention that no carbon deposition on injector surface or
walls of the reactor was observed. Therefore, the
dissociation of CO; produces only CO. Qualitatively it was
seen that the rotational speed of arc discharge increased
with flow rate due to high tangential velocity component
of the swirl stream.
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Figure 3. Effect of CO- flow rate on conversion and
energy efficiency
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Figure 4. Effect of CO. flowrate on Reactor wall
temperature

5.Conclusion

In this study, we developed a novel swirl-induced
turbulent rotating arc discharge reactor for the conversion
of CO; to CO and O». Highest conversion of 6.12% and
energy efficiency of 34% were achieved at CO- flow rate
of 4 L/min due to strong swirl-induced turbulence. The
investigation of the effects of flow field characteristics
using quantitative visualization techniques are currently
underway. The effects of other parameters such as the
influence of DC and pulsating voltages on the conversion
of CO; and the selectivity of the products are worthy of
investigation.
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