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Preface to ”Plasma Processes for Renewable Energy

Technologies”

One of the plasma industry applications expected to develop greatly in the future is

environmental protection technology. Although some environmental improvement systems, such

as odor control machines or deodorizers, indoor air cleaners, electrostatic precipitators, etc., have

already been put to practical use, there are new needs in a wide range of fields such as the

removal of atmospheric pollutants, cleaning of exhaust gas from combustion equipment, purification

of liquid pollutants, decomposition of volatile organic compounds, promotion of combustion by

plasma, and purification of the indoor environment. It is hoped that plasma technology will be

applied and developed through various approaches in the future as energy-saving environmental

improvement technology for combustion equipment. Accordingly, a Special Issue of the journal

Energies on plasma processes for renewable energy technologies was planned in response to a

request by MDPI. To publish papers that widely disseminate the role and potential of plasma from

the keyword “Environmental protection”, we requested works pertaining to cutting-edge research

contents from experts who have been engaged in research and development for many years in the

field of environment plasma, and papers in this field were solicited. In this issue, we could publish

papers on environmental plasma technologies that can effectively utilize renewable electric energy

sources. However, any latest research results on plasma environmental improvement processes were

accepted for publication. As a result, eight high-level papers were collected and peer-reviewed.

An excellent description of an atmospheric cleaning process and environmental plasma applications

was presented. This book is a compilation of these articles of this Special Issue. The explanations and

editorial details of each original paper are explained in the “Editorial”. It should be clearly stated

that the contents of this book include some of the remarkable achievements related to environmental

plasma technology but do not encompass the full scope of research. I hope that this book will

contribute to the development of environmental plasma application technologies and facilitate

technology development to restore a blue sky and get rid of the dirty sky caused by air pollution.

Masaaki Okubo

Special Issue Editor
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1. Introduction

The use of renewable energy is an effective solution to mitigate global warming. Environmental
plasma processing is also an effective means to mitigate global environmental hazards arising from
the emission of nitrogen oxides, (NOx), sulfur oxides (SOx), particulate matter (PM), volatile organic
compounds (VOC), and carbon dioxide (CO2) into the atmosphere. By combining both technologies,
we can develop an extremely effective environmental improvement technology. Nuclear energy used
for power generation is another effective source for the generation of discharge plasmas. Accordingly,
a special issue of the journal Energies on plasma processes for renewable energy technologies was
planned. In this issue, we focused on environment plasma technologies that can effectively utilize
renewable electric energy sources, such as photovoltaic power generation, biofuel power generation,
and wind turbine power generation. However, any latest research results on plasma environmental
improvement processes were welcome for submission. We were looking for studies on the following
technical subjects, among others, in which plasma can either use renewable energy sources or be used
for renewable energy technologies:

• Plasma decomposition technology of harmful gases, such as the plasma denitrification method;
• Plasma removal technology of harmful particles from combustion machines, such as

electrostatic precipitation;
• Plasma decomposition technology of harmful substances in liquid, such as gas–liquid

interfacial plasma;
• Plasma-enhanced flow induction and heat transfer enhancement technologies, such as ionic wind

device and plasma actuator;
• Plasma-enhanced combustion and fuel reforming;
• Other environmental plasma technologies.

The keywords are as follows: nonthermal plasma, plasma denitrification, electrostatic
precipitator, gas–liquid interfacial plasma, ionic wind, plasma actuator, plasma-enhanced combustion,
and fuel reforming.

2. A Short Review of the Contributions to This Issue

The contributions to the special issue are reviewed briefly as follows.
Liu et al. [1] contributed a paper entitled “Experimental and Numerical Investigations of Plasma

Ignition Characteristics in Gas Turbine Combustors”. This study reported a reliable ignition,
which is critical for improving the operating performance of modern gas turbine combustors.
Recently, plasma-assisted ignition has attracted interest to realize combustion improvement in internal
combustion engines. Based on an optical experiment, the plasma jet flow feature during discharge was
analyzed. Then, a detailed numerical study was conducted to investigate the effects of different plasma

Energies 2019, 12, 4416; doi:10.3390/en12234416 www.mdpi.com/journal/energies1
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parameters on the ignition enhancement of a combustor used in gas turbines. The results showed
that plasma has a good ability to expand the ignition limit and decrease the minimum ignition energy.
For the studied plasma ignitor, the initial discharge kernel was not a sphere, but a jet flow cone with a
length of approximately 30 mm. Furthermore, the numerical comparisons indicated that the additions
of plasma active species and the increases in the initial energy, plasma jet flow length, and discharge
frequency can benefit the acceleration of kernel growth and flame propagation via thermal, kinetic,
and transport pathways. The result is very effective for the improvement of combustion in internal
combustion engines and high-performance combustion.

Ahn et al. [2] contributed a paper entitled “Control Strategy for Power Conversion Systems in
Plasma Generators with High Power Quality and Efficiency Considering Entire Load Conditions”.
In this paper, a control method for the power conversion system (PCS) of plasma generators connected
with a plasma chamber was presented. The PCS generated the plasma by applying a high-magnitude
and high-frequency voltage to the injected gases in the chamber. With regard to the PCS, the injected
gases in the chamber were equivalent to the resistive impedance, and the equivalent impedance had a
wide variable range, according to the gas pressure, the amount of injected gases, and the ignition state
of gases in the chamber. In other words, the PCS for plasma generators should operate over a wide
load range. Therefore, a control method for the PCS in plasma generators was proposed to ensure
stable and efficient operation over a wide load range. In addition, the validity of the proposed control
method was verified via simulation and experimental results based on an actual plasma chamber.

Tamošiūnas et al. [3] contributed a paper entitled “Gasification of Waste Cooking Oil to Syngas
by Thermal Arc Plasma”. The objective of this experimental study was to conduct experiments
gasifying waste cooking oil (WCO) to syngas. WCO can be used as an alternative potential feedstock
for syngas production. The WCO was characterized to examine its properties and composition in
the conversion process. The WCO gasification system was quantified in terms of the produced gas
concentration, H2/CO ratio, lower heating value (LHV), carbon conversion efficiency (CCE), energy
conversion efficiency (ECE), specific energy requirements (SER), and the tar content in the syngas.
The best gasification process efficiency was obtained at the gasifying-agent-to-feedstock (S/WCO) ratio
of 2.33. At this ratio, the highest concentrations of hydrogen and carbon monoxide, the H2/CO ratio,
the LHV, the CCE, the ECE, the SER, and the tar content were 47.9%, 22.42%, 2.14, 12.7 MJ/Nm3, 41.3%,
85.42%, 196.2 kJ/mol (or 1.8 kWh/kg), and 0.18 g/Nm3, respectively. The authors concluded that the
thermal arc–plasma method used in this study can be effectively used for the gasification of WCO to
high-quality syngas with a low content of tars.

Yamasaki et al. [4] contributed a paper entitled “Plasma–Chemical Hybrid NOx Removal in Flue
Gas from Semiconductor Manufacturing Industries Using a Blade-Dielectric Barrier-Type Plasma
Reactor”. A combustion abatement system is used to treat perfluorinated compounds (PFCs), which are
used in the semiconductor manufacturing system. NOx is emitted in the flue gas from semiconductor
manufacturing plants as a byproduct of the combustion for the abatement of PFCs. To treat NOx

emission, a combined process consisting of a dry plasma process using nonthermal plasma and a wet
chemical process using a wet scrubber was performed. For the dry plasma process, a dielectric barrier
discharge plasma was applied using a blade-barrier electrode. Two oxidation methods, direct and
indirect, were compared in terms of NO oxidation efficiency. For the wet chemical process, sodium
sulfide (Na2S) was used as a reducing agent for NO2. Experiments were conducted by varying the gas
flow rate and input power to the plasma reactor, using NO diluted in air to a level of 300 ppm to simulate
exhaust gas from semiconductor manufacturing. The results demonstrated that the proposed combined
process is promising for treating NOx emissions from the semiconductor manufacturing industry.

Kawada et al. [5] contributed a paper entitled “Development of an Electrostatic Precipitator with
Porous Carbon Electrodes to Collect Carbon Particles”. Exhaust gases from internal combustion
engines contain fine carbon particles. If a biofuel is used as the engine fuel for low-carbon emission,
the exhaust gas still contains numerous carbon particles. For example, the ceramic filters currently used
in automobiles with diesel engines trap these carbon particles, which are then burned during the filter
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regeneration process, thus releasing additional CO2. Electrostatic precipitators are generally suitable to
achieve low particle concentrations and large treatment quantities. However, low-resistivity particles,
such as carbon particles, cause re-entrainment phenomena in electrostatic precipitators. In this study,
the author developed an electrostatic precipitator to collect fine carbon particles. Woodceramics
were used for the grounded electrode in the precipitator to collect the carbon particles on the carbon
electrode. Woodceramics electrodes had higher resistivity and roughness compared with those of
stainless-steel electrodes. We evaluated the influence of woodceramics electrodes on the electric
field formed by electrostatic precipitators and calculated the corresponding charge distribution.
Furthermore, the particle-collection efficiency of the developed system was evaluated using an
experimental apparatus.

Yoshida [6] contributed a paper entitled “Fundamental Evaluation of Thermal Switch Based on
Ionic Wind”. The author described that a significant amount of thermal energy (mainly under 200 ◦C)
is wasted across the world. To utilize the waste heat, efficient heat management and thermal switching
are required. In this paper, the basic characteristics of a thermal switch that controls the flow of heat
by switching on/off the ionic wind were discussed. The study was conducted through experiments
and numerical simulations. A heater made of aluminum block maintained at 100 ◦C was used as a
heat source, and the rate of heat flow to a copper plate placed over it was measured. Ionic wind was
induced by corona discharge with a needle placed on the heater. The ratio of heat transfer coefficients
was obtained in the range of 3–4, with an energy efficiency of approximately 10. The heat flux at this
condition was approximately 400 W/m2. The numerical simulations indicated that the heat transfer
was enhanced by ionic winds, and the results were observed to be consistent with the experimental
ones. The numerical prediction of heat transfer using the ionic wind is a novel result, and future
research and development can be expected.

Zukeran et al. [7] contributed a paper entitled “Collection Characteristic of Nanoparticles Emitted
from a Diesel Engine with Residual Fuel Oil and Light Fuel Oil in an Electrostatic Precipitator”.
The purpose of the study was to investigate the collection characteristics of nanoparticles emitted from
a diesel engine in an electrostatic precipitator (ESP). The experimental system consisted of a diesel
engine (400 mL) and an ESP; residual fuel oil and light fuel oil were used in the engine. Although
the peak value of distribution decreased as the applied voltage increased owing to the electrostatic
precipitation effect, the particle concentration, at a size of approximately 20 nm, increased compared
with that at 0 kV in the exhaust gas from the diesel engine with residual fuel oil. However, the efficiency
was increased by optimizing the applied voltage, and the total collection efficiency in the exhaust gas,
using the residual fuel oil, was 91%. In contrast, the particle concentration, for particle diameters
smaller than 20 nm, did not increase in the exhaust gas from the engine with light fuel oil. Zukeran et al.
are an expert group on ESPs and we believe their study will be a great success in the future.

Kuwahara et al. [8] contributed a result of high reduction efficiencies of adsorbed NOx in pilot-scale
after-treatment using nonthermal plasma in marine diesel-engine exhaust gas. The marine diesel-engine
exhaust gas is one of the recent targets to be treated from the viewpoint of global environmental
protection [9]. In this paper, an efficient NOx reduction aftertreatment technology for a marine
diesel engine that combines nonthermal plasma (NTP) and NOx adsorption/desorption was reported.
The aftertreatment technology can also treat particulate matter using a diesel particulate filter and
regenerate it via NTP-induced ozone. The investigated marine diesel engine generates 1 MW of output
power at 100% engine load. NOx reduction was performed by repeating the adsorption/desorption
processes with NOx adsorbents and NOx reduction using NTP. Experiments were performed for a
larger number of cycles compared with those in our previous study; the amount of adsorbent used was
80 kg. The relationship between the mass of desorbed NOx and the energy efficiency of NOx reduction
via NTP was established. This aftertreatment achieved a high reduction efficiency of 71% via NTP
and a high energy efficiency of 115 g(NO2)/kWh for a discharge power of 12.0 kW. This is a significant
value for marine NOx treatment in the exhaust gas.
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3. Conclusions

Plasma is an effective way to make, use, or treat gas. Plasma is also effective to build a better life.
Furthermore, to clean the atmospheric environment, which has been polluted by fossil fuel exhaust
gases, and to regain blue skies around the world, exhaust gas aftertreatments for thermal power
plants and vehicles are indispensable. However, it is not necessary to replace the existing exhaust
gas aftertreatment system, such as the selective catalytic reduction method, for thermal power plants
and vehicles with environmental plasma technologies. From a global perspective, the majority of
combustion systems do not have an exhaust gas aftertreatment system, mainly in developing countries.
Plasma treatment should be an effective low-cost method for mitigating this problem. In particular,
the wet NOx treatment method via ozone injection has been attracting attention because the cost of
plasma devices has recently decreased. This system should attract further attention in the future.

In addition to the exhaust gas cleaning from combustion equipment, the equipment and concepts
of cleaning machines for PM, NOx, and CO2 that have already diffused into the atmospheric air are
promising. The concepts of atmospheric air cleaners, such as “cleaning equipment for the atmosphere”,
which uses renewable energy sources or power generated by nuclear power plants, and “cars that
can clean the air”, which can use surplus power from electric vehicles, have already been proposed.
The air cleaner concept is already used in various industries such as an air cleaner in a closed space
of a subway station platform contaminated with PM generated by the friction of the train wheels.
In addition, there are significant advances in plasma environmental cleaning technology, and there is a
possibility of application to marine diesel engines [9]. We look forward to the future development of
various environmental plasma technologies reported in this special issue.

Acknowledgments: The authors are grateful to MDPI for the invitation to act as guest editors for this special issue
and are indebted to the editorial staff of Energies for their kind cooperation, patience, and committed engagement.
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Abstract: Reliable ignition is critical for improving the operating performance of modern combustor
and gas turbines. As an alternative to the traditional spark discharge ignition, plasma assisted
ignition has attracted more interest and been shown to be more effective in increasing ignition
probability, accelerating kernel growth, and decreasing ignition delay time. In this paper, the operating
characteristic of a typical self-designed plasma ignition system is investigated. Based on the optical
experiment, the plasma jet flow feature during discharge is analyzed. Then, a detailed numerical
study is carried out to investigate the effects of different plasma parameters on ignition enhancement
of a one can-annular combustor used in gas turbines. The results show that plasma indeed has a
good ability to expand the ignition limit and decrease the minimum ignition energy. For the studied
plasma ignitor, the initial discharge kernel is not a sphere but a jet flow cone with a length of about
30 mm. Besides, the numerical comparisons indicate that the additions of plasma active species
and the increases of initial energy, plasma jet flow length and discharge frequency can benefit the
acceleration of kernel growth and flame propagation via thermal, kinetic and transport pathways.
The present study may provide a suitable understanding of plasma assisted ignition in gas turbines
and a meaningful reference to develop high performance ignition systems.

Keywords: plasma; ignition; gas turbine; combustor

1. Introduction

Ignition reliability is a key index in designing combustors because it directly affects the operation
performance of gas turbines and their based power plant. In recent years, driven by the need for
energy conservation and emissions reduction, many lean combustion concepts including twin annular
premixing swirler (TAPS) [1], lean direct injection (LDI) [2], lean premixed prevaporized (LPP) [3],
trapped vortex combustion (TVC) [4], flameless combustion (FC) [5,6], and pressure gain combustion
(PGC) [7] were developed and attracted considerable attention. However, due to the fact that lean
mixtures have slow flame speeds and a highly unstable flame, reliable ignition becomes one of the
biggest challenges in the practice of lean combustion-based gas turbines. Besides, if affected by wet air
or carbon deposition, the combustor of gas turbines is usually inevitably confronted with performance
degradations of fuel spray nozzles and air swirlers, which can decrease ignition probability [8].
Therefore, developing an effective technology to achieve the reliable and robust ignition of gas turbines
under various extreme operation conditions is urgently needed.

Initial kernel formation with energy deposition, early kernel growth to generate flame, flame
stabilization and propagation to the whole reaction zone are the typical phases of ignition in gas turbine
combustors [9,10]. In order to achieve ignition enhancement, there are three types of pathways [11–15]:
thermal, kinetic and transport. Thermal enhancement is increasing the reactant temperature to

Energies 2019, 12, 1511; doi:10.3390/en12081511 www.mdpi.com/journal/energies5
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accelerate the chemical reaction rate according to temperature-sensitive Arrhenius dependence. Kinetic
enhancement is realized by decreasing activation energies with the addition of many active key species
and radicals, which can effectively accelerate, bypass or modify the slow initiation reaction pathways.
Transport enhancement is accomplished by increasing the early kernel size (greater than the so-called
critical flame initiation radius) and motion with multi-channels/points or jet flow.

Plasma, considered as a distinct “fourth state of matter”, provides an unprecedented opportunity
for ignition control and enhancement owing to its unique capabilities in fast thermal heating via electron
collision [16], producing active species (such as O, H, OH, O3, HO2, and NO) [17,18], reforming fuel from
large molecules to small ones [19] and increasing kernel size and reactant mixing via ionic wind [20].
Over the past few decades, a large number of experimental [21–28] and numerical [29–36] investigations
have been carried out to study the performance and mechanism of various plasma assisted ignition
systems. Mariani et al. [37] measured the ignition performance of radio frequency sustained plasma in
engines and observed that plasma had a great ability to remarkably decrease ignition temperature and
extend lean limit. Wang et al. [38], Hwang et al. [39], Wolk et al. [40], Michael et al. [41], Ikeda et al. [42]
and Le et al. [43] respectively experimentally investigated the ignition characteristics of microwave
plasma under various operating conditions. Their results consistently showed that compared to
traditional spark thermal ignition, microwave assisted plasma ignition not only significantly extended
the lean limit (about 20%), but also greatly improved flame stability due to the large kernel volume and
the high amount of active species. Meanwhile, they also indicated that the ignition ability of plasma was
heavily dependent on the discharge type, ignitor structure and operating parameters. Sun et al. [44,45]
measured the effects of nanosecond pulsed plasma on ignition and extinction of CH4–O2–He diffusion
flames and demonstrated that the non-equilibrium plasma generated by nanosecond pulsed discharge
could make the conventional S-curve with separated ignition and extinction limits degenerate to
the stretched S-curve without ignition or extinction limit, which thereby enhanced ignition. Besides,
other studies [46–48] revealed that owing to non-equilibrium plasma, nanosecond pulsed discharge
promoted the transition from the early ignition kernel to a self-propagating flame, and the increase of
pulse frequency could effectively accelerate the growth of the kernel and reduce ignition delay time and
minimum ignition energy. Using the well-defined counter-flow combustion system, Ombrello et al. [49]
experimentally and numerically studied the kinetic ignition enhancement of CH4–air and H2–air
diffusion flames by non-equilibrium magnetic gliding arc plasma. It was found that plasma discharge
of air leaded to significant kinetic ignition enhancement, illustrated by large decreases in ignition
temperature for a broad range of strain rates. They also stated that a combination of thermal/equilibrium
plasma and non-thermal/non-equilibrium plasma might be a better choice for ignition enhancement.
More research investigations into plasma assisted ignition can be found in the papers by Ju and
Sun [50,51] and Starikovskiy and Aleksandrov [52].

Up until now, although significant progress has been made in the validation of plasma assisted
ignition, the detailed enhancement mechanisms are still not clear because of the complex multi-scale
physical and chemical interactions between plasma and flame. Besides, for the present experimental
investigations, most of them are performed using simple lab burners, such as constant volume
combustion chambers, counter-flow systems, flow tunnels, and swirled flow reactors, etc., but limited
to one focus on the gas turbine combustor under the actual operating conditions. Moreover, in terms
of numerical simulation, the plasma ignition kernel is usually replaced by a spherical heat source and
ignores the effects of jet flow and active species, which further restrict the understanding of the plasma
ignition mechanism and the design of advanced plasma ignition systems in practice. So, it is very
necessary to do more investigations on plasma assisted ignition.

In this study, an unpublished self-designed plasma ignition system which has been successfully
used in a gas turbine is presented. Firstly, the discharge and jet flow characteristics of the plasma
ignitor in air are optically measured to obtain the actual shape of the initial kernel. Then, taking one
can-annular combustor of a gas turbine as a sample and based on the above experimental results,
the ignition process is numerically analyzed. Finally, the effects of several key factors including the
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initial energy, concentration of active species generated by plasma, plasma jet flow length and discharge
frequency on combustor ignition performance are discussed in detail.

2. Experiment Setup and Numerical Strategy

2.1. Experiment Setup

Figure 1 presents the test rig to measure the plasma jet flow characteristic during discharge in air.
The basic experiment setup mainly consists of a plasma ignition system, a visualization measurement
system, and a data acquisition and control system. As shown in Figure 1, the plasma ignition system
is composed of the plasma ignitor, high voltage power source and cable. Once the high voltage
pulse energy is delivered to the ignitor, a strong electric field between the anode and cathode will be
established. When the electric field strength exceeds the breakdown threshold of air or a combustible
mixture, discharge channels and the initial kernel are established. In order to obtain a large ignition
kernel, several holes in the cathode wall and a unique structure for the anode are designed. More
detailed information on the plasma ignition system can be found in [53]. Besides, the images of plasma
jet flow during the discharge process are recorded by a high-speed camera (Phantom V7.3) with over
190 × 103 fps in the standard mode. The data acquisition and control system is used to trigger the
high voltage power source and camera, record the discharge images, and change the discharge pulse
parameters including voltage, frequency, and width.

 
Figure 1. Schematic of the plasma ignition experiment setup.

2.2. Numerical Strategy

In the present study, a typical can-annular combustor (as shown in Figure 2) designed for gas
turbines is used to numerically analyze the effects of plasma parameters on the ignition process.
The length and outer diameter of the combustor are 760 mm and 1255 mm, respectively. There are
10 primary holes with a diameter of 14 mm, five dilution holes with a diameter of 13 mm (up) and
16 mm (down), and 10 rows cooling holes with diameter of 1–1.5 mm.

Comprehensively considering the basic ignition characteristics and the simulation ability of the
computer, a simple physical model shown in Figure 3a is selected as the computational domain. All of
its geometric parameters are consistent with the corresponding ones in Figure 2. Figure 3b presents the
location of the plasma ignitor. The structured grids are generated by ANSYS ICEM to discretize the
computational domain, and the grid densities near the ignition zone are sufficiently high. After the grid
convergence and mesh independence validations, the final total grid number used in this numerical
study is 360,000.
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Figure 2. Can-annular combustor of a gas turbine.

 
Figure 3. (a) Three-dimensional (3-D) computational domain and (b) 2-D profile.

Based on our previous numerical comparison and analysis [54], the ideal gas assumption and
pressure-based Navier–Stokes solver are employed to solve the equations. The viscosity of the
reactant mixture is considered, and the realizable k-ε turbulence model is selected. Gravity, buoyancy,
thermophoretic force, and radiation heat transfer are ignored. The eddy dissipation concept (EDC)
combustion model and cone spray model are employed. The numerical time step is 0.1 ms. The reaction
rate constant is calculated using the Arrhenius formula. Due the reasonable computational cost and
to discuss the effects of several plasma active key species on ignition enhancement, a reduced detail
chemical mechanism for air–C12H23 (12 species and 10 steps [55]) including the intermediate species of
O, OH, and CO, is used.

During numerical simulation, mass flow inlet boundaries are used for the inlet of air (0.19875
kg/s) and C12H23 (0.00600 kg/s) which are the actual values of one operating condition of a gas turbine.
The temperature and pressure of air are 366 K and 0.218 MPa, respectively. The outlet selects the
pressure outlet boundary. The ignition process simulation is realized by user defined function (UDF).

Figure 4 shows the numerical temperature fields of a can-annular combustor in Li [54] and the
above simple model. The comparison shows that there is little difference between them. This means
that it is feasible to numerically study the ignition process of a gas turbine combustor using the
presented simple computational domain and numerical approach.

 
Figure 4. Numerical results of (a) Li [54] and (b) the present study.
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3. Results Analysis and Discussion

3.1. Plasma Jet Flow Characteristics During Discharge

As mentioned above, the initial kernel size is an important factor affecting the ignition process
and directly dependent on the geometric and discharge characteristic of the plasma ignitor. To better
capture the jet flow information of plasma, the frequency and width of the discharge pulses are properly
increased in the present test. Based on the experiment setup shown in Figure 1, Figure 5 images one
discharge process of the self-designed plasma ignition system. As shown in Figure 5, a small initial
discharge kernel is generated at time of 0.4 ms with the trigger of a high voltage pulse. Then, due to
the design of the holes in cathode wall and the unique structure of the anode, the generated plasma or
the heated air expand quickly, which is the so-seen jet flow. After 2.4 ms, the jet flow size begins to
decrease gradually due to the interruption of the discharge.

t = 0.4 ms t = 0.65 ms t = 0.9 ms t = 1.15 ms t = 1.4 ms t = 1.65 ms t = 1.9 ms t = 2.15 ms 

t = 2.4 ms t = 2.65 ms t = 2.9 ms t = 3.15 ms t = 3.4 ms t = 3.65 ms t = 3.9 ms t = 4.15 ms 

Figure 5. Plasma jet flow sequence during discharge.

Besides, a careful inspection of Figure 5 reveals that for the designed plasma ignition system,
the discharge kernel is cylindrical or cone-shaped which is significantly different from the normal
sphere obtained by most conventional spark or high-energy ignition systems. In addition, according to
the further quantitative analysis (as shown in Figure 6), it is found that the maximum jet flow size has
a length of 30 mm and a diameter of 10 mm. The kernel filled by active species and high temperatures
(which is the highlighted area in Figure 6) has a length of 10 mm and a diameter of 6 mm, which is
larger than those of many other spark or plasma assisted ignition systems [56,57]. This may mean
that the present plasma ignition system has great potential to enhance the ignition performance of
combustors and to improve the operational ability of engines.
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Figure 6. Plasma jet flow size at t = 2.4 ms.

3.2. Ignition Process Analysis in Gas Turbine Combustors

Considering the above plasma jet flow characteristic, Figures 7 and 8 respectively present the profile
and cross section (X = 130 mm) numerical temperature field evolution of a successful ignition process
of a can-annular combustor. Before ignition, the temperature of air is so low that the evaporation rate
of the fuel droplet is very slow. Once a discharge kernel is generated, the produced high temperature
can accelerate the evaporation of the droplet [10,14,16,58]. When the discharge heat energy is high
enough to trigger the chemical activity of the reactant, a local ignition kernel is formed. Subsequently,
owing to the comprehensive effects of plasma discharge in flow jet and active species (mainly including
O, OH and CO, etc.), the initial ignition kernel gradually grows and develops into a flame, as shown
at t = 6 ms. Then, the local flame rapidly propagates to the surrounding combustible reactant in the
secondary backflow zone. The temperature field at the time of 50 ms shows that the tangential flame
spread area is affected by the strong shear stress of the swirled air, and is now obviously larger than the
axial one. Later, with the propagation of the flame to the primary hole, the flame propagation speed in
the tangential direction will be slower than that in the axial direction. This is because for the present
combustor geometry and boundary conditions, the axial velocity of the flow field is high, as shown in
Figure 9. Besides, careful observation of Figures 7 and 8 reveals that up to a time of 150 ms, the flame
still mainly propagates in the secondary backflow zone and has not yet been into the main backflow
zone which has high turbulent kinetic energy and can easily cause the flame to extinguish. On this
basis, at a time of 260 ms, most of the reactants in the secondary backflow zone are ignited, and due to
the strong jet flow of air from the primary hole, the flame is rapidly transported to the main backflow
zone. After that, driven by the main backflow field, the flame gradually propagates towards the inlet
and then ignites the whole combustor head and forms the stable self-sustaining flame.

According to the above analysis, it can be concluded that both ignition parameters and flow field
distribution are important factors that affect ignition performance of a combustor. In order to realize
a successful ignition of a gas turbine under the actual operating condition, there are two necessary
constraints. Firstly, high temperature, large volume and massive active species for the initial ignition
process are needed to enhance the evaporation of the fuel droplet, the acceleration of the chemical
reaction, and the stable growth of flame kernel. Secondly, the heat generated by the formed local flame
must be higher than the cold flow, which ensures the stable propagation of the flame in the secondary
and main backflow zones. Otherwise, the generated ignition kernel or flame cannot be effectively
propagated and will be extinguished.
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t = 6 ms t = 50 ms t = 150 ms t = 260 ms 

    
t = 400 ms t = 500 ms t = 550 ms t = 600 ms 

Figure 7. Numerical temperature field of combustor profile.

    
t = 6 ms t = 50 ms t = 150 ms t = 260 ms 

    
t = 400 ms t = 500 ms t = 550 ms t = 600 ms 

Figure 8. Numerical temperature field of combustor cross section (X = 130 mm).

Figure 9. (a) Axial velocity and (b) streamline distribution.
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3.3. Effects of Different Factors on Plasma Ignition Performance

Thermal, kinetic and transport are three well-known mechanisms for plasma ignition enhancement.
In order to better understand the plasma assisted ignition process in an actual gas turbine combustor,
this section will discuss the effects of the above three mechanisms by changing the initial energy, active
species concentration, jet flow length and discharge frequency.

• Energy and Active Species

The generation, evolution and disappearance of active species during plasma discharge result from
the multiscale interactions between electrons, positive and negative ions, and radicals. Such complex
physical and chemical processes usually imply that the type of active species are directly dependent on
the plasma discharge behavior and reactant properties. To the best of our knowledge, it is still very
difficult to accurately numerically simulate the detailed characteristics of plasma active species and
their effects on ignition or combustion using the commercial software ANSYS FLUENT. In order to
overcome this problem, the effects of plasma active species on the air–C12H23 based ignition process is
realized by simply varying the concentrations of the O atom, OH radical and CO [59,60].

Table 1 lists the detailed parameters of one-time ignition for numerical comparisons. From Table 1,
it is clearly seen that under the present operating conditions, both increasing ignition energy and
increasing active species can enhance the ignition performance. In the absence of plasma, the energy
to ignite the combustor is not less than 400 W. However, when the active species are added, the
corresponding energy can be decreased to 300 W. Besides, the comparisons of Cases A–E show that the
addition of plasma active species improves the combustor ignition ability. One of the main reasons
behind this is that the excited O, OH and CO will significantly contribute to the induction of the chain
reaction and the enhancement of chain propagation with fuel molecules, which effectively shorten the
ignition delay time. This is commonly regarded as the kinetic mechanism of plasma.

Table 1. The detailed ignition parameters and results.

Cases Initial Kernel Radius (mm) Initial Jet Flow Length (mm) Ignition Energy (W) Active Species Results

A

4 12
300

0 failure
B 1% (O+OH+CO) failure
C 2% O + 1% (OH+CO) successful
D 3% O + 1.5%(OH+CO) successful
E 4% O + 2%(OH+CO) successful

F 400 0 failure

G 500 0 successful

Further, the results shown in Figure 10 indicate that at lower concentrations of active species,
plasma can reduce the time needed for successful ignition (it is the difference between the initial time
and the time when temperature is up to 660 K and chemical reaction rate is up to 2.0 kmol/m3 s).
For example, the time in Case C is about 276 ms, but the time in Case D is only 215.5 ms, which means
that there was a decrease of 28%. However, in the case of strong plasma (i.e., Cases D and E), active
species have little effect on ignition behavior. Compared to OH and CO, O plays a more positive
role in ignition enhancement. The above results indicate that the generation and control of plasma
active species is the key factor to realize the compact design and performance optimization of plasma
ignition systems.

In order to further evaluate the enhancement performance of plasma ignition, Figure 11 compares
the maximum excess air coefficient which can reflect the lean ignition limit under different inlet air
temperatures. The greater the maximum excess air coefficient, the more lean the reactant. As pictured
in Figure 11, due to the effects of active species, the lean ignition limit of the combustor can be extended.
The enhancement is about 3% when the inlet air temperature varies from 280 K to 400 K. Meanwhile,
the results show that with the increase of inlet air temperature, the ignition performance is also
enhanced. This is because increasing air temperature is beneficial to the evaporation of fuel droplets,
the mixing and transportation of the reactant, and the induction of the chemical reaction.
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Figure 10. The changing of the combustor (a) average temperature and (b) chemical reaction rate with
time in Cases A–E.

 
Figure 11. Effects of plasma active species on lean ignition limit.

• Jet Flow Length of Plasma

In practice, besides the geometry of the ignitor, the complex electromagnetic coupling phenomena
can accelerate the movement of electrically charged particles, which then improve the jet flow of plasma.
Motivated by this reason, this section will discuss the effects of plasma jet flow length (changing from
4 mm to 20 mm) on the ignition process of a combustor. All other parameters are consistent with those
in Case C.

Table 2 gives the ignition results under different jet flow lengths. The results show that when the
length is larger than 8 mm, the combustor can be ignited successfully. This effectively verifies the
concept of critical flame initiation radius discussed by Chen et al. [61], Kim et al. [62], Kelley et al. [63]
and Lin et al. [64]. However, in Case H, the jet flow length is so small that the high temperature and
large number of active species are only gathered near the combustor wall and cannot be effectively
transported into the secondary backflow zone (as shown in Figure 12a), which leads to the generated
local flame kernel being very unstable. Besides, the fuel field distribution shown in Figure 12b reveals
that due to the effect of velocity profile, the mass fraction of the fuel near the combustor wall is less
than 0.045. Such a lean mixture will furtherly decrease the ignition ability of a combustor.
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Table 2. Combustor ignition ability under different plasma jet flow lengths.

Cases Initial Jet Flow Length (mm) Results

H 4 failure
I 8 successful
J 12 successful
K 16 successful
L 20 successful

   
Figure 12. (a) Streamlines and (b) fuel mass fraction distributions.

On this basis, Figure 13 compares the time varying average temperature and chemical reaction
rate of the combustor with different plasma jet flow lengths. The results show that with the increase of
jet flow length, although the combustor can be ignited successfully, the time for successful ignition
will be increased firstly and then decreased. For Cases I–L, the corresponding times for successful
ignition are 211 ms, 276 ms, 251 ms and 202 ms, respectively. This is because although increasing jet
flow length increases the kernel volume, the energy density is decreased as the initial ignition energy is
consistent. Lower energy densities cause flame instability. So, the time for successful ignition will
decrease when the jet flow length is slightly larger than the critical value (about 12 mm in this study).
Then, with the further increase of jet flow length, a larger backflow zone center area and larger high
mass fraction fuel area can be covered by the local flame kernel. When the positive effects exceed the
adverse ones, the time for successful ignition will be shortened.

  
Figure 13. The changes of a combustor (a) average temperature and (b) chemical reaction rate with
time in Case I–L.
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From the above analysis, it can be concluded that plasma jet flow length is indeed an important
factor affecting the ignition performance of a combustor. Meanwhile, both the flow and fuel fields
should be considered comprehensively during the actual design of plasma ignition systems and
combustors. When the ignition energy is more concentrated in the center of the backflow zone and is
closer to the appropriate equivalent ratios, the ignition performance of the combustor is better.

• Discharge Frequency

Many available experimental investigations emphasized that at a constant discharge energy,
increasing the pulse number would benefit the plasma properties and extend the lean ignition limit.
In this section, the discharge frequency is varied from 19.2 Hz to 31.3 Hz, and all other parameters are
consistent with those in Case B.

Table 3 lists the ignition results under different discharge frequencies. From Table 3, it is observed
that the increase in discharge frequency can indeed enhance the ignition ability of a combustor.
Combined with the numerical temperature fields shown in Figures 14 and 15, we found that multi-time
discharge is helpful to improve the generation and propagation of the flame kernel. One of the main
reasons for this is that increasing the discharge frequency can effectively enhance the transport of
active species and heat to the surrounding mixture. Moreover, the results shown in Figures 14 and 15
also indicate that compared to Case N, Case O has a shorter time for successful ignition.

Table 3. Combustor ignition ability under different discharge frequencies.

Cases Discharge Frequency (Hz) Results

M 19.2 failure
N 23.8 successful
O 31.3 successful

M 

N 

O 

t = 6 ms t = 34 ms t = 100 ms t = 200 ms 

Figure 14. Numerical temperature field of combustor profile in Cases M–O.
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N 

    

O 

    
t = 6 ms t = 34 ms t = 100 ms t = 200 ms 

Figure 15. Numerical temperature field of combustor cross section (X = 130 mm) in Cases M–O.

To analyze the failure mechanism of Case M, Figure 16 illustrates the time varying average
temperature and chemical reaction rate of the combustor. The results show that although every
discharge can increase the chemical reaction rate, the formed local flame kernel is so small that
it extinguishes quickly before triggering next discharge. Since the ignition energy is difficult to
accumulate, the formed flame is usually very unstable and cannot self-sustain its propagation in the
combustor. On the other hand, in order to realize the ignition enhancement via control discharge
frequency, the time interval between two discharges should be shorter than the burnout time of the
previous discharge, especial for the early phase of ignition.

  
Figure 16. The changes of combustor (a) average temperature and (b) chemical reaction rate with time
in Case M.

Overall, the ignition of combustor is a very complex transit chemical reaction process and its
performance can be significantly affected by ignition parameters, inlet conditions and flow field
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distribution, etc. Therefore, in practice, the optimizing of various factors is very important to improve
the ignition ability of gas turbine combustors.

4. Conclusions

The effects of plasma on the ignition process is investigated for the combustor of gas turbines.
Taking one self-designed plasma ignition system as an example, high speed imaging is utilized to
capture the jet flow development of plasma. On this basis, the plasma assisted ignition phase and
the performance of the combustor are numerically analyzed at different ranges of initial energy,
active species concentration, jet flow length and discharge frequency. The major findings of this study
are summarized as follows:

(1) In contrast with the conventional spark ignitor, the present measured ignitor possesses the obvious
plasma jet flow feature during discharge. Based on the effective design geometry, the jet flow
length can be larger than 30 mm.

(2) The actual ignition process of a gas turbine combustor is related to the ignition parameters,
backflow zone and fuel distributions. Therefore, realizing the complex optimization of different
factors is the key to improve combustor ignition ability.

(3) The application of plasma can significantly enhance the ignition performance, not only for time
for successful ignition but also for lean ignition limit. Besides, initial energy, active species
concentration, jet flow length and discharge frequency are very critical factors affecting the
ignition process. With the increase of the above four parameters, the ignition ability can be
enhanced to different degrees.

(4) Although the effects of plasma on ignition is analyzed, the detailed physical and chemical process
of plasma generation and evolution are not considered in this study due to limitations in the
numerical approach and software. This means that many enhancement mechanisms of plasma
assisted ignition cannot be clearly understood. Therefore, it is very necessary to develop an
effective tool to improve the numerical precision of plasma assisted ignition.
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Abstract: In this paper, a control method for the power conversion system (PCS) of plasma generators
connected with a plasma chamber has been presented. The PCS generates the plasma by applying a
high magnitude and high frequency voltage to the injected gasses, in the chamber. With regards to
the PCS, the injected gases in the chamber could be equivalent to the resistive impedance, and the
equivalent impedance had a wide variable range, according to the gas pressure, amount of injected
gases and the ignition state of gases in the chamber. In other words, the PCS for plasma generators
should operate over a wide load range. Therefore, a control method of the PCS for plasma generators,
has been proposed, to ensure stable and efficient operation in a wide load range. In addition, the
validity of the proposed control method was verified by simulation and experimental results, based
on an actual plasma chamber.

Keywords: plasma generator; high-frequency DC-AC inverter; input-parallel and output-series
connected inverter; two-stage AC-AC converter

1. Introduction

There has been an increasing importance for a cleaning process in a semiconductor or a display
manufacturing process, as manufacturing processes have become more precise and require a high yield
rate [1,2]. The purpose of the cleaning process is to remove organic contaminants and particles on the
surface of a semiconductor or a display. Cleaning processes are divided into wet cleaning process (using
a chemical solution) and dry cleaning (a plasma cleaning) processes. Currently, the semiconductor
cleaning process is moving away from the wet cleaning process to the dry cleaning process, because
of environmental issues caused by chemical wastes and the development of precise semiconductor
processes [2–5]. The dry cleaning process requires a plasma generator and it comprises a power
conversion system (PCS), which supplies electric power to generate plasma, and a plasma chamber
that serves as a load of the PCS. In this configuration, the PCS which generates a high-frequency
and high-magnitude AC voltage, is an essential part to ensure a stable and efficient operation of the
plasma generator.

When controlling the PCS for the plasma generator, the characteristics of the plasma chamber
should be considered. According to the condition of the chamber such as the amount of injected gases,
pressure, and plasma ignition states, the required input power of the chamber to be supplied by the PCS
varies. In other words, when the chamber is equivalent to the load of the PCS, the load level of the PCS
is changed, depending on the condition of the chamber. The equivalent impedance of the chamber is
very large (ideally open), before the ignition of the injected gases and the impedance decreases, sharply
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after the ignition state. Therefore, the primary requirements of the PCS for a plasma generator is that it
should have a constant characteristic, to prevent a short circuit problem after ignition. Additionally,
the PCS should be capable of supplying high magnitude and high frequency voltage to the chamber in
the initial state, to ignite the injected gases. The next requirement is that the PCS should supply high
quality power to the chamber, regardless of the chamber conditions because high quality plasma gases
can be generated when the input power quality of the chamber is high. This means that the output
power quality of PCS determines the quality of the plasma gases. In addition, losses of the plasma
generator occur in the PCS. Thus, the efficiency of the PCS is also important for an efficient operation
of the plasma generator [5–9]. In previous studies on modular pulse generators, characteristics of
plasma chambers, the system efficiency, and the output power quality were not seriously considered.
Therefore, they were difficult to directly apply to plasma generators requiring a stable and efficient
operation [10–15].

In the previous studies on PCS for plasma generators, the characteristics of the plasma chamber
were considered. However, the PCS mainly consisted of a single-module PCS, and there were several
disadvantages to this configuration [6–9]. The main disadvantage arose from a transformer with a
high step-up ratio or a high magnitude of input voltage for the DC-AC inverter. In this case, the losses
of inverters were increased because of the increasing input current or input voltage of the inverters.
In addition, the design flexibility was decreased because the hardware design should have changed
according to the rated power of the plasma generator. For these reasons, in this paper, input-parallel
and output-series connected inverters were applied to the PCS for the plasma generator, as shown in
Figure 1. As several inverters were connected, a flexible design was possible, according to the rated
power. In addition, the input voltage of a filter network (vTR.S) was the sum of the secondary side
voltages of the transformers, so a high output voltage could be generated, which was supplied to
the chamber [16–19]. Another advantage was that, this configuration was not significantly affected
by the unbalance between DC-AC inverters. When the secondary sides of the transformers were
connected in parallel, problems of circulating currents could occur due to the unbalance between the
connected DC-AC inverters. However, there was no circulating current in this configuration because
the secondary sides were connected in series [18].

 

Figure 1. Configuration of the two-stage AC-AC converter for plasma generators.

Several control methods have been proposed for the two-stage AC-AC converters in Figure 1.
The first method employs an AC-DC converter that controls the DC-link voltage (VDC) at a constant
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value, and all of the connected inverters control the output power of the PCS, simultaneously [16,17].
When applying this control method, unnecessary power losses in the light and intermediate load region
occur, because all of the connected inverters are used in the operation, even if one or two inverters
are capable of controlling the output power. In addition, there is a disadvantage that the output
power quality is decreased because THD of vtr.s, which is the input voltage of the filter network in
Figure 1, is increased. The second method employs DC-AC inverters which operate with a fixed duty
ratio, and the AC-DC converter controls the VDC at variable values, to control the output power [19].
When adopting this method, the quality of the output power does not degrade sharply. However, this
method is not suitable for plasma generators because the impedance range of the plasma chamber is
wide. Another control method employs DC-AC inverters, which control the shape of vTR.S as in the
multi-level voltage waveforms [10,18]. However, these control methods mainly focus on the output
power quality, and system efficiency is not seriously considered.

Therefore, in this paper, a control method of the two-stage AC-AC converter with input–parallel
and output–series connected inverters, for plasma generators, is proposed. The proposed method
controls the number of operating inverters by considering the output power level and the output
power quality. Thus, by applying the proposed control method, not only the system efficiency but
also the output power quality could be improved. Additionally, the validity of the proposed control
method was verified through a simulation and an experiment based on an actual prototype of a PCS
for plasma generators.

2. Conventional Control Algorithm of DC-AC Inverters for Plasma Generators

As shown in Figure 1, the two-stage AC-AC converter for the plasma generator consists of a
three-phase AC-DC converter and DC-AC inverters. The three-phase AC-DC converter controls
the input currents to ensure a high input power factor and controls the VDC. The DC-AC inverters
are connected in input–parallel and output–series configuration, by transformers, and each inverter
performs phase-shift control with a high switching frequency, such as 400 kHz. Among these PCSs,
DC-AC inverters which are directly connected to the plasma chamber mainly affect the performance of
the plasma generator. The requirements of the DC-AC inverter for plasma generator are as follows.
(1) As inverters operate at a high switching frequency, a zero voltage switching (ZVS) operation
is necessary. (2) After the ignition of injected gases, the equivalent impedance of the chamber
decreases sharply. Therefore, the filter network can operate with a constant current output, to prevent
overcurrent, even though the chamber impedance drops rapidly. (3) The DC-AC inverter should be
able to supply high-quality output power to a plasma chamber, for high yield rates, by generating a
high-quality plasma. To satisfy the first and second requirements, selection and design of the filter
network is important. Among conventional filter networks, an LCL filter network satisfies these
requirements [5,20,21]. To meet the third requirements, the control method of the DC-AC inverter
is important, and the conventional control method has a limitation that the output power quality
decreases in the light and intermediate load region. Figure 2 shows waveforms of the DC-AC inverters
that are applied in the conventional control method. All of the connected inverters simultaneously
transfer power from the primary side to the secondary side of the transformers. Therefore, there are
several disadvantages of the conventional control method. (1) In the light and intermediate load region,
the phase shift angle (α) is the phase angle of the operating inverter switches, S1 and S3 in Figure 1.
As shown in Equation (1), THD of vTR.S is high when α is small. As a result, the power quality of the
output power in the light load region decreases because vTR.S is the input voltage of the LCL filter
network. (2) The efficiency of DC-AC inverters is drastically reduced because all of the connected
inverters operate, even in the load region. In other words, unnecessary switching losses occur in the
light and intermediate load region, when the conventional control method is applied.

THDv =

√
πα

8 sin2(α2 )
− 1 (1)
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(a) Light load condition (b) Full load condition 

Figure 2. Example waveforms of DC-AC inverters with the conventional control method.

3. Proposed Control Algorithm of DC-AC Inverters for Plasma Generators

3.1. Principle and Characteristics of the Proposed Control Algorithm

As shown in Equation (1) and Figure 3, when α of the inverters become less than 0.5π, THD of
vTR.s is increased so the quality of the output power is decreased. To solve this problem, the proposed
control method controls not only α but also the number of operating inverters (N). When N is reduced,
α should be increased to output the same power. Therefore, the proposed control method has a wide
operating range where THD of vTR.s is low in the light and intermediate load region, as shown in
Figure 3. By employing this control method, the degradation of output power quality can be reduced,
compared with that in the conventional control method. In addition, the efficiency of the PCS can be
increased because N is reduced. The proposed control method is described in detail as follows. (1)
As a high output voltage is required to ignite the injected gases, all connected inverters operate with
a maximum value of N and α, at the initial start. (2) After ignition, the DC-AC inverter controls α

according to the reference value. (3) When α becomes less than 0.5π, N is reduced. (4) After adjusting
N, α is controlled according to the reference value. (5) Steps 2 to 4 are repeated until the output
power of inverters and the reference value become the same or N becomes 1. (6) If N becomes 1, the
operating inverter controls α without a lower limit of α. When the reference value is smaller than
the output of inverters, N is increased when α becomes π. These steps are depicted as a flowchart
in Figure 4. In this flowchart, VREF is the reference output voltage and Vsen is the sensing voltage of
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the output voltage of the PCS. Example waveforms for the proposed control method are shown in
Figure 5. In order to prevent the injection of high-frequency induced currents to the DC-link, through
the non-operating inverters, these inverters operate in a freewheeling mode (freewheeling inverters).
The freewheeling current flows through the upper or lower switches. When the freewheeling current
flows only through the upper or lower switches, thermal imbalance between the upper and lower
switches in the same arm occurs. Therefore, as shown in Figure 6 that shows example gate signals of
the operating and freewheeling inverters, the freewheeling path of freewheeling inverters is changed
periodically. Additionally, the switching frequency of the freewheeling inverters should be relatively
smaller than that of the operating inverters, to prevent high switching losses of freewheeling inverters.

Figure 3. Comparison of operating areas according to the control methods.

 

Figure 4. Flow chart of the proposed control method.
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(a) Light load condition (b) Intermediate load condition 

Figure 5. Example waveforms of DC-AC inverters with the proposed control method.

 

Figure 6. Gate signals of an operating inverter and a freewheeling inverter.

3.2. Mathematical Model of the Proposed Control Algorithm.

In order to apply the proposed control method and to design the corresponding hardware, it is
necessary to analyze the characteristics of the input–parallel and series–connected DC-AC inverters,
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based on the mathematical model. The fundamental voltage and the RMS voltage of vTR.S, in terms of
N, α, and switching frequency (ωs) are shown in Equations (2) and (3).

vTR.S(1)(t) =
4
π

NVDC sin
(
α
2

)
sin(ωst) (2)

VTR.S(RMS)(1) =
2
√

2
π

NVDC sin
(
α
2

)
(3)

The output voltage and the output current (io) can be derived from the input current (iINV) and the
output gain, as shown in Equations (4) and (5). In this equation, Q is the Q factor of the LCL network,
γ is the ratio of the inverter-side inductor (L1) to the load-side inductor (L2), and ωn is the ratio of the
resonant frequency of the LCL network to the switching frequency [5,15,16].

Hinv =
Iinv(

VTR.S(RMS)(1)√
L1/C f

) =
(
1− γωn

2
)
+

jωn
Q

1
Q (1−ωn2) + j[(1 + γ)ωn − γωn3]

(4)

HO =
IO(

VTR.S(RMS)(1)√
L1/C f

) = 1
1
Q (1−ωn2) + j[(1 + γ)ωn − γωn3]

(5)

Using Equations (4) and (5) the output current, output voltage, and inverter-side current can be
derived as Equations (6)–(8), respectively, when the equivalent chamber impedance is Ro.

IO.rms =
1
πZn

2
√

2
(1−ωn2)/Q + j[(1 + γ)ωn − γωn3]

nVDC sin
(
α
2

)
(6)

VO.rms =
1
πZn

2
√

2
(1−ωn2)/Q + j[(1 + γ)ωn − γωn3]

nVDCRO sin
(
α
2

)
(7)

Iinv.rms =
2
√

2
πZn

(
1− γωn

2
)
+ jωn/Q

(1−ωn2)/Q + j[(1 + γ)ωn − γωn3]
nVDC sin

(
α
2

)
(8)

The DC-AC inverter and magnetic components are designed based on the mathematical analysis
results, and the designed hardware is simulated and experimentally studied to verify the proposed
control method.

4. Simulation and Experimental Results

The design of the plasma generator described in previous sections was applied to the simulation
and an experiment. The specifications of the prototype, including the three-phase AC-DC converter
and DC-AC inverters, connected in input–parallel and output–series configuration, are listed in Table 1.
Using Equations (2) and (3), the RMS value of vTR.S (VTR.S(RMS)) was derived. To satisfy the output
power condition at the calculated VTR.S(RMS), the required gain of the LCL filter network was 0.57 or
higher. In addition, the resonant frequency of the LCL filter network for constant current operation
should have been close to the switching frequency (400 kHz), so it was designed to be 450 kHz, at
which the ZVS operation was possible. The parameters of the LCL filter network, which satisfied these
conditions, could be derived using Equation (4), as shown in Table 2. Simulation and experiments
were performed with the designed hardware, to verify the validity of the proposed control method.
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Table 1. Specifications of the power conversion system (PCS) for plasma generators.

AC-DC Converter

Parameter Value

Rated Power 30 kW
Grid voltage 3Φ 440VLL.RMS

Grid frequency 60 Hz
Switching frequency 10 kHz

DC-link voltage 800 Vdc

DC-AC Inverter

Parameter Value

Rated Power 10 kW (1 EA)
Number of connected inverters 3 EA

Switching frequency (operating inverter) 400 kHz
Switching frequency (freewheeling inverter) 10 kHz

Turn ratio of transformer 1
Equivalent resistor of chamber (Ro) 50 Ω

Table 2. Specifications of the designed LCL filter network for the PCS.

Parameter Value

L1 26 uH
L2 20 uH
Cf 4.7 nF

4.1. Simulation Results

The simulation was performed using PSIM based on the system parameters in Tables 1 and 2.
Three kW and 15 kW were set as the light load and intermediate load conditions, respectively. Figure 7
shows the simulation waveforms, when the proposed and conventional control methods were applied.
As shown in these waveforms, α of vTR.S was relatively large when the proposed control method was
applied, compared with α when the conventional control method was applied in the light and the
intermediate load region. Therefore, the quality of the output voltage (vout) was higher for the proposed
control method. From the simulation results, it could be confirmed that the proposed control method
was more advantageous than the conventional control method, in the light and the intermediate
load region.

 
(a) Output power: 3 kW (b) Output power: 15 kW 

Figure 7. Waveforms of DC-AC inverter according to the output power and control methods.
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4.2. Experimental Results

A prototype of the AC-DC converter and DC-AC inverters were designed using the same
conditions as the simulation. The experimental environment is shown in Figure 8. Figure 9 shows
the maximum output power, according to N and these experimental results corresponded to the
simulation and the numerical analysis results. Figure 10 shows the results of a comparative experiment
of the proposed and conventional control methods. When the output power exceeded 15.6 kW, the
experimental waveforms of the proposed and conventional control methods were the same, because
three inverters must operate in both control methods. However, when the output power was smaller
than 15.6 kW, the experimental results showed that the maximum value of vTR.S was relatively small
and αwas relatively large, when applying the proposed control method. These experimental results
showed that the proposed control method could improve the output power quality and increase the
efficiency of the PCS, by reducing N. Finally, THDv of the output voltage and the system efficiency,
according to the control methods, are presented in Figure 11. Figure 11a shows the THDv of the output
voltage (i.e., the input voltage of the chamber). THDv was improved in the light load conditions when
the proposed control method was applied (average 3% and maximum 3.5%). Likewise, the efficiency
in the light load conditions was also improved because α of vTR.S was relatively large and N was small
when applying the proposed control method in the light and intermediate load conditions. Therefore,
the output power quality and the system efficiency were improved in the proposed control method.
Both simulation and experimental results showed that the output power quality and system efficiency
were improved in the light load condition, when the proposed control method was applied. Hence,
these simulation results and experimental results validated the proposed control method.

 

Figure 8. Experimental environment.

Figure 9. Waveforms in the maximum output condition according to the number of operating inverters.
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(a) Output power: 3 kW (Conventional method) (b) Output power: 3 kW (Proposed method)

  

(c) Output power: 15 kW (Conventional method) (d) Output power: 15 kW (Proposed method)

  

(e) Output power: 20 kW (f) Output power: 30 kW

Figure 10. Waveforms of inverters according to control methods.

  

(a) THDV of output voltage of the PCS (b) Efficiencies of the PCS 

Figure 11. Experimental results of the PCS for the plasma generator.
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5. Conclusions

In this paper, a control algorithm and design for plasma generators with input–parallel and
output–series connected inverters were proposed by considering the characteristics of the plasma
chamber. The proposed control method controlled the number of operating inverters, according to the
chamber condition and controlled the inverter operation to make it suitable for a plasma generator
with an input–parallel and output–series configuration. The proposed control method and the design
method were verified through informative simulation and experiment. In addition, a comparative
simulation and the experiment results of the proposed control method and conventional control
method were presented. The simulation and experimental results showed that the proposed control
method and design method could be successfully applied to a PCS for an actual plasma generator.
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Abstract: The depletion and usage of fossil fuels causes environmental issues and alternative fuels and
technologies are urgently required. Therefore, thermal arc water vapor plasma for a fast and robust
waste/biomass treatment is an alternative to the syngas method. Waste cooking oil (WCO) can be used
as an alternative potential feedstock for syngas production. The goal of this experimental study was
to conduct experiments gasifying waste cooking oil to syngas. The WCO was characterized in order
to examine its properties and composition in the conversion process. The WCO gasification system
was quantified in terms of the produced gas concentration, the H2/CO ratio, the lower heating value
(LHV), the carbon conversion efficiency (CCE), the energy conversion efficiency (ECE), the specific
energy requirements (SER), and the tar content in the syngas. The best gasification process efficiency
was obtained at the gasifying agent-to-feedstock (S/WCO) ratio of 2.33. At this ratio, the highest
concentration of hydrogen and carbon monoxide, the H2/CO ratio, the LHV, the CCE, the ECE,
the SER, and the tar content were 47.9%, 22.42%, 2.14, 12.7 MJ/Nm3, 41.3% 85.42%, 196.2 kJ/mol
(or 1.8 kWh/kg), and 0.18 g/Nm3, respectively. As a general conclusion, it can be stated that the
thermal arc-plasma method used in this study can be effectively used for waste cooking oil gasification
to high quality syngas with a rather low content of tars.

Keywords: waste cooking oil; gasification; thermal arc plasma; water vapor; syngas

1. Introduction

Energy and transportation sectors face several issues on a global scale, such as a broad dependence
on fossil fuels, their fluctuating prices and environmental impact. A strong global dependence on
fossil fuels and their association with greenhouse gas emissions have laid emphasis on the prospects
of alternative biofuels at an economically sustainable level. Regarding these goals, there have been
significant achievements in the processing of biofuels. Strong attempts of commercialization of biofuels,
as well as the development of compatible engines have evolved to advanced levels. Various feedstocks,
such as lignocellulosic biomass (forestry residues, agricultural residues and energy crops), wastes
(municipal solid waste, sewage sludge, refuse-derived fuels, animal manure, and industrial wastes),
and algae, have been tested as sources in pyrolysis, gasification, liquefaction and anaerobic digestion
(fermentation) to produce biofuels (biodiesel, bio-oil, bioethanol, biogas, hydrogen and/or syngas) [1–5].

Vegetable oils can also be considered as a potential fuel to substitute fossil fuels. In general,
vegetable oil is categorized as edible and non-edible. Both may consist of triglycerides, which are
derived from glycerol and the chains of three fatty acids bounded to glycerol by the carbonyl group [6].
Long-time deep-frying at high temperatures leads to the loss of the cooking oil’s properties, such as
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nutritional value, flavour, texture, and formation of carcinogens and other toxic compounds due to
hydrolysis, oxidation, isomerization, and polymerization. As a result, the disposal of waste cooking oil
(WCO) has become an unattended problem in terms of environmental and human health issues.

The worldwide production of vegetable oils has been continuously growing, reaching about
200 million metric tons (MMT) in 2018. Between 2012 and 2018, the production volume of vegetable
oil increased by around 20% from 161.6 MMT to 204 MMT [7]. The consumption of vegetable oils
worldwide in 2018 was 197 MMT, which consisted of palm oil (69.57 MMT), soybean oil (57.05),
rapeseed oil (27.83 MMT), sunflower seed oil (17.75 MMT), palm kernel oil (7.95 MMT), peanut oil
(5.53 MMT), cottonseed oil (5.15 MMT), coconut oil (3.41 MMT) and olive oil (3.07 MMT) [8]. Therefore,
enormous amounts of waste cooking oil are generated globally every day at restaurants, pantry services
and at massive scale frying and food processing. The annual quantity of WCO production differs
in various countries and is around 18.5 million tons. Globally, the leader is the U.S., accounting for
10 million tons/year (or 55% of total production), followed by China (4.5 million tons/year), and the
EU-28 (2.6 million tons/year). Japan, Malaysia, Canada and Taiwan also report some production of
WCO, but only in much smaller quantities: 0.57, 0.5, 0.12 and 0.07 million tons, respectively [9].

Raw vegetable oil is not suitable for direct application in diesel engines. Problems related to
using vegetable oils as engine fuel may result in short-term and long-term problems. The short-term
problems are caused by its high viscosity (cold weather starting), the presence of natural gums and ash,
as well as a low cetane number causing engine knocking. Long-term usage of vegetable oil may cause
the coking of injectors, carbon deposition on pistons and the heads of engines due to the incomplete
combustion of fuel. Moreover, failure of engine lubrication may occur due to oil polymerization [10,11].

The transesterification of vegetable oil and animal fats is one of the most commonly used methods,
enabling the reduction of its viscosity, in addition to drying and condensation in cold weather. A number
of different biodiesel production technologies, from vegetable oils and waste vegetable oils to animal
fat, were investigated in [12–15]. However, the major challenge in the production of biodiesel from
vegetable oils is the cost of raw materials and their limited availability. Fangrui and Milford [12] report
that the cost of oils and fats accounts for 60% to 75% of the cost of biodiesel fuel. Therefore, the use
of waste cooking oil can reduce costs, but the quality of used waste cooking oils can be poor. Waste
cooking oil can also be a plausible source for the production of biolubricants [16,17].

Despite the production of biodiesel and biolubricants from WCO, it can also serve as a promising
precursor for hydrogen and/or synthesis gas (syngas) production via the thermochemical pathway.
Young-Doo Kim et al. [18] studied fresh and waste soybean oil gasification with air in a bench-scale
fluidised-bed reactor. The effects of the equivalence ratio on the gas composition and tar content, as well
as low-temperature oxidation on the fuel properties, were examined. It was stated that low-temperature
oxidation of fuel improved the quality of the producer gas as the oleic and stearic acids contents in
waste soybean oil increased, while the linoleic acid content decreased. Wu et al. [19] converted waste
rapeseed oil to gaseous products (H2, CO, CH4, C2H2, C2H4, C2H6) using the aerosol gliding arc
discharge plasma in the environment of an argon and oil mixture. It was found that 74% of the waste
rapeseed oil was converted into gases at an applied voltage of 10 kV and a temperature of 800 ◦C.
Meier et al. [20] performed WCO thermal cracking (fast pyrolysis) in a continuous tubular reactor under
three isothermal temperatures (475, 500 and 525 ◦C) and different residence time (5–70 s). The dominant
gaseous products detected were H2 and C3–C4, light hydrocarbons with concentrations of 45.7% and
48.9%, respectively, at a temperature of 500 ◦C. Yenumala et al. [21] conducted a thermodynamic
equilibrium analysis of steam reforming (SR) and autothermal steam reforming (ASR) vegetable oils to
syngas using the Gibbs free energy minimization method. The effects of a broad range of temperatures
(573–1273 K) and a steam-to-carbon ratio (1:6) on the H2 yield and the selectivity of CO and CH4 were
carried out. It was found that the yield of H2 increased with the increase of the steam-to-carbon ratio
and temperature, but the selectivity of CH4 decreased. The optimum experimental conditions for
steam reforming vegetable oil for a maximum H2 yield and a low selectivity of CH4 were found to be
875–925 K and a steam-to-carbon ratio of 5–6.
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Generally, there is limited scientific literature available on the conversion of waste cooking oil
for hydrogen-rich synthesis gas production via the thermochemical route of gasification. Therefore,
this study focuses on the gasification of waste cooking oil to syngas using thermal arc plasma. Water
vapor was used as the main plasma-forming gas with a small amount of air to protect the cathode
from erosion. The gasification of WCO was quantified in terms of the producer gas concentration, the
tar content in the producer gas and the condensate, the lower heating value (LHV), the H2/CO ratio,
the carbon conversion efficiency (CCE), the energy conversion efficiency (ECE), and the specific energy
requirements (SER).

2. Materials and Methods

2.1. Waste Cooking Oil and Its Characterization Methods

Waste cooking oil was received from a local JSC Bionova in Kaunas, Lithuania. The company
collects used cooking oil from restaurants and frying and food processing companies across Lithuania.
Generally, the type of used vegetable oil received could not be clearly identified. Therefore, a proximate
and ultimate analysis, as well as a gas chromatography method were used to characterise the waste
cooking oil. The proximate (volatile matter, fixed carbon, ash, moisture and lower heating value) and
the ultimate (content of C, H, N, S, O, Cl) analyses were performed by a fuel elements analyser Flash
2000 (ThermoFisher Scientific, the Netherlands), a fuel calorimeter IKA C5000 (IKA, Germany) and a
thermogravimeter TGA 4000 coupled with a gas chromatograph Clarus 680 and a mass spectrometer
Clarus 600 T (Perkin Elmer, USA) according to standards LST EN ISO 16948:2015, LST EN ISO
16994:2016 [22]. A gas chromatograph Clarus 500 (Perkin Elmer, USA) was used to measure the
composition of the fatty acids in the WCO according to the methodology provided in the standard
LST EN ISO5508 [23].

2.2. WCO Gasification Setup

For the gasification of waste cooking oil to syngas, a plasma chemical reactor of 0.0314 m3 was
used. The reactor was insulated with Al2O3 ceramics, with a thickness of 25 mm. The length of the
reactor was 1 m, with an inner diameter of 0.2 m. The schematic of the experimental setup is shown
in Figure 1, which includes the plasma torch (1), the chemical reactor (2), the plasma-forming gas
feeding system (3), the electric circuit (4), the waste cooking oil feeding with preheating (5), and a
line for producer gas sampling and analysis (6). T1, T2, T3, and T4 stand for the thermocouples used
to measure the temperature gradient in the reactor and the producer gas temperature. An R-type
thermocouple was used to measure the temperature at the position T1, and a K-type thermocouple was
used to measure the temperature at the positions T2, T3, and T4. However, temperature measurement
at the position T1 was challenging, as the thermocouple over-exceeded its temperature range, reaching
1430 ◦C. The rest of the temperature gradient is as follows: 950 ◦C at T2, 700 ◦C at T3, and 550 ◦C at
T4. A similar gasification system was used for waste glycerol gasification to syngas [24]. Additional
information about the experimental gasification system and the plasma torch can be found in previous
research [25–27].
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Figure 1. Experimental gasification setup of waste cooking oil.

A linear-type direct current (DC) arc plasma torch with 48–57.6 kW power (I = 160 A, U = 300–360 V)
was used to generate plasma stream at atmospheric pressure. The electrodes of the plasma torch were
made of copper and a hafnium cathode was used as an electron emitter. The anode of the torch had a
stair-step shape in order to minimize the electric arc’s pulsations, thus making the operation of the
plasmatron more stable. The length of the stair-step anode was 0.18 m with an inner diameter of 12 mm
at the narrowest part and 18 mm at the exit nozzle. The length of the narrow part of the anode was
30 mm and the remaining wider part was 150 mm. An electromagnetic coil was also used in order to
additionally increase the arc’s rotation and thus prolong the lifetime of the anode. The plasma torch
was water cooled. Water vapor was used as the main plasma-forming gas, heat carrier and reactant
with a small admixture of air (up to 17%) tangentially supplied near the hafnium cathode for erosion
protection. A 3 kW superheater was used to overheat the water vapor to 240 ◦C prior to its supply to
the plasma torch. This is an essential condition to avoid condensation on the inner walls of the arc
discharge chamber of the plasma torch and thus prolong the lifetime of the electrodes.

The waste cooking oil was preheated to around 110 ◦C in order to reduce its viscosity, thus
ensuring spraying stability, constant flow rate and better atomization. A special commercially available
spraying nozzle by the Danfoss company with a 2.21 g/s (7.95 kg/h) capacity was used to inject the
waste cooking oil into the plasma chemical reactor. A constant 10 bar pressure was kept in the WCO
feeding line in order to guarantee a stable flow rate at the capacity limits of the nozzle. The spraying
angle of the nozzle was 60◦ with an S-type solid spray pattern.

The producer gas was condensed and sent for sampling and analysis. The concentrations of
gaseous products were measured by an Agilent 7890 A gas chromatograph (GC) equipped with a
dual-channel thermal conductivity detector and a valve system.

2.3. Tar Content Measurement and Formation Mechanism

The measurement of the tar content in the producer gas and the condensate was also performed.
The entire procedure was done according to the standard EN 1948-2:2006 [28].

Extraction: tar extraction was performed with toluene at ambient temperature. The formed
emulsion was disrupted by the addition of a saturated sodium chloride solution.

Distillation: the flask was filled with liquid and inserted into the rotary distiller. The temperature
was about 60 ◦C and the pressure was 550 mmHg. The speed of the distillation was about 2–3 drops
per second.
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Analysis: Analysis of the calibrated compounds was performed with a Varian GC-3800 gas
chromatograph equipped with a flame ionization detector (FID). Restek RXI-5ms universal 60 m long
with a 0.25 mm inner diameter capillary column with a 0.25 μm thick (5% phenol) methylpolysiloxane
layer was used for chromatographic separation of the compounds. The main conditions of the
experiment are as follows: an injector temperature of −275 ◦C, a dilution gas ratio of 1:75, and
chromatographic column temperatures from 50 ◦C to 325 ◦C (8 ◦C/min). The carrier gas was helium
with a 1.2 mL/min gas flow. The compounds obtained during the experiment were identified by the
characteristic output times obtained by analyzing the calibration mixture EPA 610.

The formation of tars starts after the linear oil’s thermal decomposition to cyclic compounds.
At thermal degradation points, linear oils decompose, forming various polycyclic aromatic
hydrocarbons (PAHs). The formation of PAHs may have various mechanisms, wherein
hydrogen-abstraction acetylene addition is widely acknowledged. Below, a simple illustration
of naphthalene generation from benzene through intermediate phenyl acetylene is shown [29].

2.4. Quantification Parameters

In order to assess the performance of any gasification system, basic measure parameters were
used. These measure parameters include the concentrations of compounds present in producer
gas, the syngas yield, the H2/CO ratio, the LHV, the carbon conversion efficiency (CCE), the energy
conversion efficiency (ECE), and the specific energy requirements (SER). The methodology enabling
the evaluation of the performance of the gasification system is discussed in more detail in [24,26].

The LHV (MJ/Nm3):

LHV = 10.78H2(%) + 12.63CO(%) + 35.88CH4(%) + 56.5C2H2(%) + 64.5C2H6(%) + 93.21C3H8(%), (1)

where H2 (%), CO (%), CH4 (%), C2H2 (%), C2H6 (%), and C3H8 (%) are the content of gaseous products
in the producer gas (vol.%).

The CCE (%):

CCE = 12×Ydry gas ×
{
[CO + CO2 + CH4] + 2× [C2H2 + C2H6] + 3×C3H8

22.4×C

}
× 100%, (2)

where Ydry gas is the dry gas yield of dry feedstock (Nm3/kg), CO, CO2, CH4, C2H2, and C2H6 are in
v/v (%), and C is in wt.% of carbon in dry feedstock.

The ECE (%):

ECE =
msyngas × LHVsyngas

Pplasma + mWCO × LHVWCO
× 100%, (3)

where msyngas and mWCO are the mass flow rates of syngas and feedstock (kg/s), respectively. LHVsyngas

and LHVWCO are the net calorific values of the produced syngas and the feedstock (MJ/kg), respectively.
P is the plasma torch power (kW).

The SER (kJ/mol or kWh/kg):

SER =
Pplasma

msyngas
, (4)

where SER is the specific energy requirement (kJ/mol or kWh/kg), Pplasma is the plasma torch power
(kJ/s), and msyngas is the mass flow rate of produced syngas (mol/s).
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3. Results

3.1. WCO Characterisation

Tables 1 and 2 present the ultimate and proximate analysis of the waste cooking oil used as a
feedstock for gasification as well as the fatty acid composition in it, respectively. As can be seen from
Table 1, the WCO was mostly composed of carbon, hydrogen and oxygen compounds with traces of
nitrogen, sulphur and chlorine. The lower heating value of the WCO was determined to be 39.24 MJ/kg
and the volatile organic matter comprised 99.15 wt.%.

Table 1. Ultimate and proximate analysis of the waste cooking oil (WCO).

Parameter WCO Standard

Ultimate analysis, wt.%

C 71.84 ± 2.99

LST EN ISO 16948:2015
LST EN ISO 16994:2016

H 10.14 ± 2.11
N 0.06 ± 0.003
S <0.01 (0.008)

O * 17.71
Cl 0.003

Proximate analysis, wt.%

VOCs 99.15 ± 1.0
Fixed carbon 0.56 ± 0.003

Ash 0.24 ± 0.004
Water content 0.08

Lower heating value, MJ/kg 39.24 ± 0.03

* by difference.

Table 2. Fatty acid composition of the WCO.

Fatty Acids Structure a Formula Composition (wt.%) Detection Method

Myristoleic C14:1 C14H26O2 0.26 ± 0.008

LST EN ISO5508

Pentadecanoic C15:0 C15H30O2 0.04 ± 0.004
Palmitic C16:0 C16H32O2 6.85 ± 0.041

Palmitoleic C16:1 C16H30O2 0.23 ± 0.016
Stearic C18:0 C18H36O2 2.36 ± 0.037
Oleic C18:1 C18H34O2 54.44 ± 0.775

Linoleic C18:2 C18H32O2 27.08 ± 0.114
Linolenic C18:3 C18H30O2 5.96 ± 0.049
Arahidic C20:0 C20H40O2 0.86 ± 0.0082
Eikosenic C20:1 C20H38O2 1.00 ± 0.008
Lignoceric C24:0 C24H48O2 0.27 ± 0.041

Insoluble
impurities in the

WCO b
- - 6.31 ± 0.12 LST EN ISO 663

a xx:y indicates xx carbons in the fatty acid chain with y number of double bonds. b Insoluble impurities detected in
the WCO, including oxidized fatty acids.
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Since vegetable oils are considered as a mixture of triglycerides, i.e., an ester consisting of glycerol
and three fatty acids, saturated or unsaturated aliphatic hydrocarbon compounds present in the
vegetable oils generally vary from 8 to 24 carbon atoms. The dominant majority of carbon atoms
usually varies between 16 and 18 [21]. As can be seen from Table 2, the dominant carbon atoms in
the WCO used for gasification to syngas ranged from 16 to 18. Palmitic, stearic, oleic, linoleic, and
linolenic acids were the major fatty acids constituting the waste cooking oil used as a feedstock, which
comprised more than 90 wt.%. It was also detected that insoluble impurities, including oxidized fatty
acids, were present in the WCO, amounting to 6.31 wt.%.

3.2. Effect of Gasifying the Agent-to-Feedstock Ratio on the Gasification Efficiency of Waste Cooking Oil

Water vapor was used as the gasifying agent, but it also served as the main plasma-forming gas
and heat carrier, constituting a generated plasma stream with active radicals inside. The flow rate of the
water vapor entering the plasma torch to be heated by the electric arc to form the plasma stream ranged
from 2.4 g/s to 4.65 g/s, whereas the flow rate of the WCO was kept constant at 2.21 g/s. Generally,
the change in the flow rate of water vapor is directly linked with the change in the power of the plasma
torch through the relation P = IU. At the constant arc’s current intensity, the change in the flow rate of
plasma-forming gas may increase or decrease the arc voltage. As a result, the power of the plasma
torch changes. The change in the power of the plasma torch is also directly coupled with the change in
the enthalpy of the generated plasma stream, and thus the temperature, due to the relation hf = f(Tf).
Therefore, the effect of the water vapor-to-waste cooking ratio on the gasification process efficiency
was determined. For simplicity, this ratio was chosen as a principle and is noted as an S/WCO ratio.
It should be kept in mind that this ratio also corresponds (is equal) to the power-to-WCO ratio or
the temperature-to-WCO ratio, as the trend of the curves in the figures remains the same. The mean
temperature of the generated plasma stream entering the plasma chemical reactor was in the range of
2600–3000 ± 50 K.

The effect of the S/WCO ratio on the producer gas concentrations is shown in Figure 2. As can be
seen from the figure, the prevailing producer gases were hydrogen and carbon monoxide, followed by
carbon dioxide and methane, with highest concentrations of 47.9%, 22.42%, 7.74%, 7.83%, respectively,
at the S/WCO ratio of 2.33. Moreover, higher hydrocarbons were also observed, such as acetylene
(C2H2), ethane (C2H6) and propane (C3H8), with concentrations of 2.27%, 0.42% and 0.37%, respectively,
at the same ratio. As the S/WCO ratio increased from 1.31 to 2.33 (the plasma torch power increased
from 48 kW to 57.6 kW), the concentrations of the constituents in the producer gas did not change
significantly. The highest increase was observed only for H2 when the concentration increased from
40.58% to 47.9%. This is mostly attributed to the dominance of steam reforming, water–gas shift (WGS)
and cracking reactions [24]. The concentration of CO was almost stable at any S/WCO ratio and was
around 22%–23.5%. During the WCO conversion to syngas process, the observed concentration of CH4

was rather high, up to 9.44%. The increased S/WCO ratio, from 1.31 to 2.33, led to a slight decrease
in the methane content, from 9.44% to 7.83%. This can be explained by reverse methanation and
hydrogenation reactions, whereby methane and water forms hydrogen, carbon monoxide or carbon
dioxide. The concentration of the latter at this ratio increased from 5.83% to 7.74%. Additionally, higher
hydrocarbons, such as acetylene, ethane and propane, formed due to insufficient residence time to
fully convert the carboxylic acids with long aliphatic chains to simple H2, CO and CO2 molecules.
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Figure 2. Effect of the S/WCO ratio on the producer gas composition.

The effect of the S/WCO ratio on the quality of the produced syngas and the H2/CO ratio is shown
in Figure 3. The lower heating value of the producer gas (syngas) did not change significantly over the
variable range of the S/WCO ratio during the experiments. The LHV was in the range of 12.5 MJ/Nm3

to 13.2 MJ/Nm3, which shows the production of good quality syngas. This was mostly attributed to the
steam reforming reaction. Since water vapor was simultaneously used as a plasma-forming gas, a heat
carrier and a gasifying agent, an additional portion of hydrogen came from the water-splitting reaction
to hydrogen and oxygen, induced by its passage through the high temperature electric arc discharge
region. According to the thermodynamic equilibrium calculations, the content of hydrogen coming
from the water vapor plasma may constitute up to 9–10% (vol.) at the mean plasma stream temperature
of 2800–3000 K [30]. The obtained H2/CO ratio of 2 showed the potential of the produced syngas to be
directly used for biofuels production via Fischer–Tropsch (FT) synthesis without any ratio adjustment
by the WGS reaction. The only problem might be the requirement of tar removal from the syngas prior
to the application of the reaction. In the case of the syngas to be used for methane production via
hydrogen methanation with carbon monoxide (5) or carbon dioxide (6), the process would require a
H2/CO or H2/CO2 ratio adjustment. To perform a methanation reaction (5), the stoichiometric CO:H2

ratio should be 1:3. Therefore, in this experimental case, an extra hydrogen molecule would be required
to ensure the success of the reaction. A methanation reaction (6) could be of greater interest, because
the H2/CO2 ratio was around 6 to 7, when the theoretically required CO2:H2 stoichiometric ratio should
be at least 1:4. In this case, like in the FT synthesis, tar removal prior to syngas upgrading to methane
should be ensured. The tar content in the syngas will be discussed in the next section.

CO + 3H2 ↔ CH4 + H2O, ΔH = −206
kJ

mol
, (5)

CO2 + 4H2 ↔ CH4 + H2O, ΔH = −165
kJ

mol
, (6)
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Figure 3. Effect of the S/WCO ratio on the producer syngas quality and the H2/CO ratio.

The effect of the S/WCO ratio on the carbon conversion efficiency is shown in Figure 4. The highest
value of the CCE was obtained at the S/WCO ratio of 2.33 and exceeded 41.3%. As a result, the carbon
present in the waste cooking oil was not fully converted into gaseous products. Some solid carbon
deposition was observed during the experiments. Due to the presence of 18 carbon atoms in the WCO,
the cracking of the long-chain hydrocarbons into smaller and simpler ones takes time. Therefore, some
amounts of higher gaseous hydrocarbons as well as solid carbon were obtained.

Figure 4. Effect of the S/WCO ratio on the carbon conversion efficiency (CCE).
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The effect of the S/WCO ratio on the gasification process performance in terms of the energy
conversion efficiency (ECE) and the specific energy requirements (SER) is shown in Figure 5. As can
be seen from the figure, the increased S/WCO ratio from 1.31 to 2.33 led to an increase in the ECE
and a decrease in the SER from 51.54% to 85.42% and 294.7 kJ/mol (2.73 kWh/kg) to 196.2 kJ/mol
(1.82 kWh/kg), respectively. As the power of the plasma torch increased from 48 kW to 57.6 kW due
to the increased flow rate of the water vapor, this should lead to a decrease in the energy conversion
efficiency. However, more syngas was produced at the constant flow rate of feedstock (Equation (3))
which compensated for the energy losses and led to an increase in the ECE. All the spent energy for the
process should be included in the optimized process case, which would lower the value of the ECE.
This should include the energy consumed during steam production, steam superheating, feedstock
heating, etc., which is not currently optimized. In addition, the utilization of the process waste heat
would help to reduce the overall losses and increase the ECE. The specific energy needed to convert
one mole of the waste cooking oil to syngas decreased, thus making the process more efficient, even
if the power consumed to run the plasma torch increased. This was mostly attributed to the higher
syngas production volume (Equation (4)).

Figure 5. Effect of the S/WCO ratio on the energy conversion efficiency (ECE) and the specific energy
requirements (SER).

3.3. Tar Content in the Producer Gas (Syngas)

The tar content in the producer gas, as well as in syngas, is an important parameter showing
how clean the produced syngas is and what kind of methods should be chosen in case of a syngas
upgrade to biodiesel, methane, hydrogen or direct burning. The effect of the S/WCO ratio on the tar
concentration in the producer gas (syngas) is shown in Figure 6 and the main compounds present in
the tar are shown in Table 3.
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Figure 6. Effect of the S/WCO ratio on the tar content in the producer gas (syngas).

Table 3. Composition of tars detected in the syngas at the ratio of S/WCO 1.31 and 2.33.

Identified Compound
Concentration in Syngas (g/Nm3)

S/WCO—1.31 S/WCO—2.33

Naphthalene 0.222 0.13
Fluorene 0.022 0.012

Fluoranthene 0.022 0.013
Pyrene 0.020 0.012

Benzo[ghi]perylene 0.019 0.0011
Antracene 0.008 0.005

Phenanthrene 0.003 0.002
Total: 0.317 0.185

A qualitative and quantitative analysis of the main tar compounds obtained in the syngas shows
that naphthalene was present as the main polycyclic aromatic compound with the highest concentration
exceeding around 70% of the total concentration. The remaining identified compounds, such as fluorine,
fluoranthene, pyrene, benzo[ghi]perylene, antracene and phenanthrene all comprised up to 30% of the
total concentration defined in the tar. The highest concentration of tar in the producer gas was obtained
at the S/WCO ratio of 1.31 and was 0.317 g/Nm3, whereas the lowest content of 0.185 g/Nm3 was found
at the S/WCO ratio of 2.33. Normally, if syngas is used in an internal combustion engine (ICE) for
power generation, the tar content should be lower than 0.1 g/Nm3 [31]. Therefore, the produced syngas
quality in this experimental research would require additional tar removal or process optimization if
the syngas was planned to be used for power generation in the ICE. Kim et al. [18] used the activated
carbon filter installed just after the electrostatic precipitator in the treatment of the WCO to syngas in
a fluidised-bed reactor. It was reported that the filter did not affect the concentration of the syngas,
but the tar content decreased significantly from 0.308 g/Nm3 to 0.069 g/Nm3. Besides the tar content,
the concentration of solid particles in the producer gas is also an important parameter. The limit value
of the particulates must be lower than 50 mg/Nm3 for the ICE to be powered by syngas for electricity
production. However, this parameter was not determined in this study. Various gas cleaning systems
might be used for tar and particle removal, as reported in [32]. Generally, the use of the plasma method
may also help to reduce the tar and particulate content in the product gases without a need for filtering,
catalyzing or other cleaning methods [33].
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4. Conclusions

In this experimental study, waste cooking oil was gasified to syngas using the DC thermal
arc-plasma method. Water vapor was simultaneously used as a gasifying agent, a heat carrier and
a reactant. The gasification system was quantified in terms of several basic parameters, such as
the concentration of the producer gas, the H2/CO ratio, the LHV, the CCE, the ECE, and the SER.
Additionally, the tar content in the product gas was also determined. The findings show that the best
process efficiency was achieved at the S/WCO ratio of 2.33, 57.6 kW plasma torch power and the mean
plasma stream temperature of 2800 K. In these conditions, the content of syngas in the producer gas
was around 70% (H2—47.9% and CO—22.42%) with some amounts of carbon dioxide (7.74%), methane
(7.83%), acetylene (2.27%), ethane (0.42%), and propane (0.37%). The H2/CO ratio was 2.14, indicating
that the produced syngas can be used for biofuels production via FT synthesis. The lower heating
value of 12.7 MJ/Nm3 shows that the syngas was of a high calorific value. The highest CCE was around
41.3%, indicating that the WCO was not fully converted to gaseous products. The ECE and the SER
were calculated to be 85.42% and 196.2 kJ/mol (or 1.18 kWh/kg), respectively. The tar content in the
producer gas exceeded 0.18 g/Nm3.

As a general conclusion, it can be stated that the thermal arc-plasma method used in this study can
be effectively applied for waste cooking oil conversion to high quality syngas with a rather moderate
content of tars.
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using thermal water vapor plasma. Int. J. Hydrog. Energy 2014, 39, 2078–2086.

31. Hasler, P.; Nussbaumer, T. Gas cleaning for IC engine applications from fixed bed biomass gasification.
Biomass Bioenergy 1999, 16, 385–395. [CrossRef]

32. Han, J.; Kim, H. The reduction and control technology of tar during biomass gasification/pyrolysis:
An overview. Renew. Sustain. Energy Rev. 2008, 12, 397–416. [CrossRef]
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Abstract: NOx is emitted in the flue gas from semiconductor manufacturing plants as a byproduct of
combustion for abatement of perfluorinated compounds. In order to treat NOx emission, a combined
process consisting of a dry plasma process using nonthermal plasma and a wet chemical process
using a wet scrubber is performed. For the dry plasma process, a dielectric barrier discharge plasma
is applied using a blade-barrier electrode. Two oxidation methods, direct and indirect, are compared
in terms of NO oxidation efficiency. For the wet chemical process, sodium sulfide (Na2S) is used as
a reducing agent for the NO2. Experiments are conducted by varying the gas flow rate and input
power to the plasma reactor, using NO diluted in air to a level of 300 ppm to simulate exhaust gas
from semiconductor manufacturing. At flow rates of ≤5 L/min, the indirect oxidation method verified
greater removal efficiency than the direct oxidation method, achieving a maximum NO conversion
rate of 98% and a NOx removal rate of 83% at 29.4 kV and a flow rate of 3 L/min. These results
demonstrate that the proposed combined process consisting of a dry plasma process and wet chemical
process is promising for treating NOx emissions from the semiconductor manufacturing industry.

Keywords: nonthermal plasma; NOx reduction; PFC; sodium sulfide; wet scrubber; blade-barrier
electrode; semiconductor manufacturing

1. Introduction

Since 1950, the semiconductor manufacturing industry has continued to grow, raising concerns
about the increasing emissions of perfluorinated compounds (PFCs) [1]. PFCs are characterized by a
very high global-warming potential, meaning that they produce a large environmental impact, even
at low concentrations. As a result, the Kyoto Protocol (COP3) in 1997 set country-specific targets for
reducing PFCs. In 2018, COP24 established guidelines for certain regulations on PFCs in developing
countries, highlighting the urgency of the task of eliminating PFCs. Methods for eliminating PFC gas
used in the semiconductor manufacturing industry include combustion methods, which burn the PFC
gas together with such fuels as oil and natural gas to decompose it into hydrogen fluoride and carbon
dioxide [2,3], and catalytic methods, which use catalysts to decompose the gas into hydrogen fluoride
and carbon dioxide by means of the hydrolysis reaction [4,5]. The hydrogen fluoride generated during
treatment is dealt with by dissolving it in water and processing it as hydrogen fluoride solution, or by
causing it to react with calcium hydroxide to immobilize it as CaF2 [6]. Because the catalytic and CaF2

fixing methods are not suitable for large-scale treatment of PFCs, large-scale treatment facilities have
used the combustion method followed by wastewater processing. In the combustion method, NOx

(NO +NO2) is generated as a byproduct of the decomposition of the PFCs. NOx, which is generated
mainly by the combustion of fuel, is a harmful substance that causes photochemical oxidation processes
and other chemical changes in the atmosphere and produces aerosols, such as nitric acid (HNO3), that
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cause acid rain. Selective catalytic reduction (SCR) is a common technique for processing NOx. In
the combustion method, however, immediately after the PFCs are burned, a water spray is applied to
dissolve the resulting hydrogen fluoride (HF) in water. The problem for SCR is that the water spray
brings the target exhaust gas down to a normal temperature, at which the catalyst cannot be activated.
Furthermore, the HF can sometimes poison the catalyst for the SCR [7,8], which poses a problem for
the treatment of the NOx generated during processing of the PFCs.

Plasma–chemical methods that use nonthermal plasma have been proposed as a method of
removing the NOx at low temperatures [9–14]. The plasma–chemical method oxidizes NO to NO2

by using nonthermal plasma to promote oxidation, and then it applies a scrubber to reduce the NO2

to N2. Our research group has achieved highly efficient removal of NOx through treatment by a
combined process of indirect oxidation by nonthermal plasma together with a sodium sulfite (Na2SO3)
scrubber [9–12]. Kim et al. have also achieved NOx removal efficiency of more than 80% using
nonthermal plasma–chemical methods to treat the NOx discharged from semiconductor plants [15].
Comparing the NOx removal efficiency of two different reducing agents, Na2S and Na2SO3, Kim et al.
found that Na2S was highly efficient at removing NOx at 1/10 the concentration of Na2SO3 (0.1 mass%).
Although the cost of using Na2S is approximately three times higher than that of using Na2SO3,
using Na2S as the reducing agent suppresses the reaction of the exhaust gas with oxygen, making
high-efficiency treatment of NOx possible at 1/10 concentration (0.1 mass%) and reducing the cost of
treating NOx to one-third the cost of Na2SO3 [15].

With respect to dielectric barrier discharge (DBD) plasma excitation, research has been conducted
on the effect of changing the shape of the electrode on its DBD discharge characteristics and
ozone-generating characteristics [16]. This research shows that the discharge energy efficiency
and ozone generation efficiency are improved by using a multipoint electrode or trench electrode
rather than a plate electrode. In concentric cylindrical plasma reactors, which are commonly used in
environmental plasma processing, the high voltage is applied perpendicular to the direction of the gas
flow, which means the voltage value imposes limits on the possible cross-sectional area or distance
between electrodes. Parallelization is therefore required to increase the processing flow rate. However,
in the blade-barrier electrode-based plasma reactor proposed in this study, the discharge direction is
parallel to the gas flow, making it suitable for high-flow treatment of exhaust gas with no limit on the
flow rate, and promising a highly efficient treatment of exhaust gas.

As mentioned above, previous studies have evaluated individual performance such as NOx

reduction by chemical scrubber and NO oxidation by ozone generator, but the performance of the
plasma-chemical hybrid technique has not been clarified. In the present study, a method for treating
NOx is considered that combines the nonthermal plasma oxidation method at normal temperatures
with a wet scrubber. For the plasma process, there are two different plasma oxidation methods: a direct
oxidation method, which irradiates plasma directly into the exhaust gas, and an indirect oxidation
method, which combines the exhaust with radical gas irradiated with plasma in the air. NO in the
simulated exhaust gas is oxidized to NO2 by using a blade-barrier electrode reactor as a plasma reactor,
and then NOx reduction is performed by Na2S scrubber.

2. Principle

In this section, the principle underlying the removal of NOx by means of a combined process
consisting of a dry plasma process using nonthermal plasma and wet chemical process using a wet
scrubber is described. The nonthermal plasma causes some of the oxygen present in the air to change
into ozone (which is an oxidizer) and oxygen radical (O). Although some of the NO is reduced to N2 by
the reactions indicated in Equations (1) and (2) [17], most of the NO is oxidized to NO2 by the ozone
and radical oxygen, as shown in Equations (3) and (4) [17],

N2 + e-→·N +·N + e (1)

NO +·N→ N2 + O (2)
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NO + O3 → NO2 + O2 (3)

NO + O +M→ NO2 +M (4)

where N and O are radicals, e- is an electron, M is the third-body substance, and N2 and O2 are
molecules in the air. Reaction (4) proceeds in the presence of oxygen radicals in the plasma. Because
the NO2 obtained by oxidation reactions (3) and (4) is water-soluble, by using the Na2S scrubber after
oxidation, the NO2 is reduced to N2 and Na2SO4, which are nontoxic and water-soluble. This reaction
is shown in Equation (5).

2NO2 + Na2S→N2 + Na2SO4 (5)

3. Experimental Apparatus and Method

In this study, a blade-barrier electrode plasma reactor is used to generate ozone and radical oxygen
for the purpose of oxidizing the NO, as shown in Equations (3) and (4). A schematic diagram of the
blade-barrier plasma reactor and a detailed view of the blade electrode are shown in Figure 1. To
increase the strength of the electric field, a multihole (ϕ2 × 16) blade electrode is used. The gas flows
from the top of the reactor, passes through the multihole blade electrode, and enters the discharge
part. After the reaction in the discharge part, the gas flows out of the reactor through the holes in the
lower electrode (ϕ2 × 4). To elicit DBD discharge, a dielectric barrier made of acrylic is installed on the
lower electrode. The upper electrode is equipped with 10 blades shaped like knife edges. The distance
between the blades is 5.3 mm, the width of each blade is 1.5 mm, and the height is 11 mm. The two
end blades are 35 mm in length, and the remaining eight blades are 50 mm in length. The upper and
lower electrodes are 72.5 mm in diameter with a distance between the electrodes of 7 mm, including
the thickness of the dielectric barrier.

 

 
Schematic diagram of the plasma reactor Detail view of the blade electrode 

Figure 1. Schematic diagram of the plasma reactor and detail view of the blade electrode.

In this study, the practicality of the proposed NOx removal device is considered by two methods of
NOx removal: direct oxidation and indirect oxidation. The direct oxidation method enables simulated
exhaust gas to flow directly into the plasma reactor, where the nonthermal plasma directly irradiates
the simulated exhaust gas, oxidizing the NO gas into NO2. A schematic diagram of the experimental
setup for the direct plasma oxidation method is shown in Figure 2. The external air is compressed with
a compressor, the fine particles are removed with a filter, and the moisture is removed with a desiccant
to dry the air. The dry air is mixed with NO gas supplied from a gas cylinder (2%, N2 balance), with
the flow rate and concentration regulated by mass flow controllers. After the simulated exhaust gas is
passed through the plasma reactor and irradiated with the nonthermal plasma, it is passed through a
heater at a flow rate of 3 L/min and heated to 270 ◦C to remove the O3 that is generated in the plasma
reactor. The remaining gas is then exhausted. After removal of the O3, the simulated exhaust gas
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passes through the reduction process by a bubble injection-type Na2S scrubber and then flows into a
gas analyzer. The respective concentrations of NO, NOx (NO+NO2), CO, and N2O were measured
with a gas analyzer (Horiba Co. Ltd., PG-240, Kyoto, Japan, chemiluminescense for NO, NOx, infrared
absorption for CO and O2 for zirconia method,) and N2O meter (Horiba Co. Ltd., VIA-510, Kyoto,
Japan, infrared absorption for N2O). To ensure that the pressure inside the plasma reactor remained at
atmospheric pressure during the experiment, the pressure was monitored upstream of the reactor. In
this experiment, the concentration of NO was set at 300 ppm, and the total flow rate flowing into the
reactor was changed to 3, 5, 10, and 15 L/min.

Figure 2. Schematic diagram of the experimental setup for direct plasma oxidation method.

A schematic diagram of the experimental setup for the indirect plasma oxidation method is shown
in Figure 3. Unlike the direct plasma oxidation method, in which the simulated exhaust gas is directly
irradiated with nonthermal plasma, in the indirect plasma oxidation method where only dry air flows
through the reactor, and ozone is generated by irradiating this air with the nonthermal plasma. This
ozone is then combined with the simulated exhaust gas to oxidize the NO in the gas to NO2. In
the direct plasma oxidation method, when the exhaust gas is at a high temperature, the gas volume
expands compared to room temperature. This decreases the residence time of the gas and reduces
oxidation performance. In contrast, the indirect plasma oxidation method offers the advantage that the
air is treated at normal temperatures, so the residence time does not change, and oxidation performance
does not decrease. The external air is compressed with a compressor, the fine particles are removed
with a filter, and the moisture is removed with a desiccant to dry the air. The dry air is branched,
with one part going to the plasma reactor and the other part mixed with NO gas supplied from a gas
cylinder (2%, N2 balance). The dry air irradiated by the nonthermal plasma in the plasma reactor is
combined with the simulated exhaust gas and then passed through the heater to remove the O3. The
residence time of the mixture between the mixing point and the heater is 0.2–0.5 s. The residence time
is enough time to react and mix NO with ozone since oxidation of NO is immediately occurred by
ozone. Especially in this experiment, a tube with diameter of 4mm is used, which is quite small and
considers that NO and ozone mix completely in the tube. In this experiment, the concentration of NO
was set at 300 ppm and the flow rate of dry air flowing into the reactor at 1.0 L/min. The total flow rate
of the air passing through the reactor and mixing with the exhaust gas was changed to 3, 5, 10, and
15 L/min.

The voltage applied to the plasma reactor was the same for the direct and indirect methods. An
insulated gate bipolar transistor power supply was used to apply high-voltage pulses (max. 38 kV)
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at the following frequencies: 210, 420, 630, 840, and 1020 Hz. The discharge power in the plasma
reactor was measured by an oscilloscope (Yokogawa Electric Corporation DL1740, Tokyo, Japan)
using a high-voltage probe (Tektronix Co. Ltd., P6015A, Beaverton, USA) and an electric current
probe (Tektronix Co. Ltd., P6021, Beaverton, USA). Figure 4 shows typical waveforms of the voltage,
the current, and the product of the voltage and current as measured by the oscilloscope. To find
the discharge power, the integral of the product of the voltage and current was calculated over
one wavelength and then multiplied by the frequency. For the wet scrubber, sodium sulfide (Na2S,
9-hydrate, Sigma-Aldrich, Japan Co. LLC, Tokyo, Japan) was used in an aqueous solution of 500 mL
with an initial concentration of 0.1 mass%. Before processing, the pH was measured as 11.9 ± 0.2,
and the oxidation-reduction potential (ORP) was measured as −300 ± 20 mV using a pH/ORP meter
(Horiba Co. Ltd., D-53, Kyoto, Japan). The pH level requires careful attention because if it drops
to less than 10, the Na2S will react with the acid to generate highly toxic H2S [18]. An H2S detector
(Honeywell International Inc., ToxiRAE3-H2S) is therefore installed near the Na2S scrubber vessel for
the duration of the experiment to ensure that the pH would never drop to less than 10.

 

Figure 3. Schematic diagram of the experimental setup for indirect plasma oxidation method.

To evaluate the combined process of the dry plasma process and the wet chemical process using the
wet scrubber, in this study NOx concentrations at various discharge power are measured. Furthermore,
NO conversion efficiency and NOx removal energy efficiency are calculated and compared.

Figure 4. Waveform of voltage V, current I and instantaneous power V × I in air +NOx (300 ppm) at
Q = 5 L/min by the direct oxidation way. (horizontal axis: 200 μs for 1 div, vertical axis: 5 kV and 0.5 A
for 1 div).
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4. Results and Discussion

To evaluate the NO oxidation and removal characteristics of the treatment by the combined dry
plasma and wet chemical processes using the direct oxidation method, the components of the treated
gas relative to the discharge power are measured. Figure 5a–d show the gas concentrations after the
combined process under each flow condition (Q = 3, 5, 10, and 15 L/min). From Figure 5a–d, it is seen
that the NO decreased as the discharge power increased. Furthermore, as the NO decreased, the NO2

increased, causing a reduction in NOx as the NO2 is removed by the Na2S scrubber. In Figure 5a, as the
discharge power rose from its initial value to 10.5 W (Vp-p = 25.6 kV), the NO concentration decreased
from 271 to 30 ppm, and the NOx concentration decreased from 295 to 80 ppm. This represents an
89% reduction of NO and a 73% reduction of NOx. In Figure 5b, when the discharge power was 9.0 W
(Vp-p = 24.7 kV), the NO was reduced by 75% and the NOx by 62%. In Figure 5c, when the discharge
power was 11.3 W (Vp-p = 26.6 kV), the NO was reduced by 54% and the NOx by 45%. In Figure 5d,
when the discharge power was 10.1 W (Vp-p = 24.9 kV), the NO was reduced by 47% and the NOx

by 40%. These results demonstrate that treatment by the combined dry plasma and wet chemical
processes effectively reduce NOx. In Figure 5a–d, CO and N2O were each less than 10 ppm.
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Figure 5. Gas concentrations in dry plasma and wet chemical processes by the direct oxidation method.
((a) Q = 3 L/min, (b) Q = 5 L/min, (c) Q = 10 L/min and (d) Q = 15 L/min).

The NO-to-NO2 conversion characteristics of the dry plasma process are evaluated by the direct
oxidation method. The relationship between the discharge power and the NO conversion efficiency
at different flow rates is shown in Figure 6. In these experiments, the oxygen concentration was 22%
to 24% at all flow rates. It is noted that NO2 is produced at zero discharge power. It is known that a
portion of NO converts to NO2 upon coming into contact with oxygen by following reaction (2NO +
O2→ 2NO2). Figure 6 shows that the NO conversion efficiency increases with an increase in discharge
power at any flow rate. It also shows that the NO conversion efficiency increased as the flow rate
decreased. As the flow rate increased, it reduced the residence time of the simulated exhaust gas in the
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plasma reactor, thereby decreasing the amount of oxidation promotion reactions shown in Equations (3)
and (4).

 

Figure 6. NO conversion efficiency varying with the discharge power at different flow rate by the direct
oxidation method.

To evaluate the NOx removal characteristics of the combined dry plasma and wet chemical
processes by the direct oxidation method, the NOx removal efficiency and NOx removal energy
efficiency at different flow rates is shown in Figure 7. The actual gas flow rate into the scrubber was
fixed at 3 L/min. Here, it was assumed that the full flow rate was processed. The NOx removal energy
efficiency was calculated as the total flow rate relative to the NOx removal amount. Figure 7 shows that
as the total flow rate increased, the NOx removal efficiency decreased, and the NOx removal energy
efficiency increased. Furthermore, at each flow rate, as the NOx removal efficiency increased, the NOx

removal energy efficiency decreased. This is because, as shown in Figure 6, the NO oxidation efficiency
rises as the discharge power increases. Within the scope of this experiment, when the NOx removal
efficiency is 60%, the NOx removal energy efficiency is approximately 20–25 g (NO2)/kWh.
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Figure 7. Measurement relation between NOx removal efficiency and NOx removal energy efficiency
at different flow rate by the direct oxidation method. (The NOx removal energy efficiency is calculated
as total flow rate Q = 3–15 L/min from the inflow rate of exhaust gas to the chemical scrubber of
Qs = 3 L/min).

Examining Figures 6 and 7 to evaluate the efficiency of the wet chemical process, the average
ratio of the decrease in NO concentration to the decrease in NOx concentration is 89%, and the Na2S
scrubber can reduce the NO2 over 80%. At no time was the pH of the solution after treatment greater
than 11. In addition, the ORP remained at or more than −263 mV, and no H2S was detected.

In order to evaluate the NO oxidation and removal characteristics of the combined dry plasma and
wet chemical processes using the indirect oxidation method, the components of the treated gas relative
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to the discharge power was measured. Figure 8a–d shows the gas concentrations after the combined
process under each flow condition (q = 1 L/min, Q = 3, 5, 10 and 15 L/min). From Figure 8a–d, it is seen
that the NO decreased as the discharge power increased. Furthermore, as the NO decreased, the NO2

increased, causing a reduction in NOx as the NO2 is removed by the Na2S scrubber. In Figure 8a, as the
discharge power rises from its initial value to 6.6 W (Vp-p = 25.8 kV), the NO concentration decreased
from 281 to 7 ppm, and the NOx concentration decreased from 298 to 52 ppm. This represents a 98%
reduction of NO and an 83% reduction of NOx. In Figure 8b, when the discharge power is 7.8 W
(Vp-p = 31.4 kV), the NO is reduced by 82% and the NOx by 66%. In Figure 8c, when the discharge
power is 8.3 W (Vp-p = 26.0 kV), the NO is reduced by 43% and the NOx by 36%. In Figure 8d, when
the discharge power is 8.1 W (Vp-p = 27.2 kV), the NO is reduced by 36% and the NOx by 32%. These
results demonstrate that, using the indirect oxidation method as well, treatment by the combined dry
plasma and wet chemical processes effectively reduce NOx. In Figure 8a–d, CO and N2O are each less
than 10 ppm.
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Figure 8. Gas concentrations in dry plasma and wet chemical processes by the indirect oxidation
method. ((a) Q = 3 L/min, (b) Q = 5 L/min, (c) Q = 10 L/min and (d) Q = 15 L/min).

In order to evaluate the NO to NO2 conversion characteristics of the dry plasma process by the
indirect oxidation method, the relationship between the discharge power and the NO conversion
efficiency at different flow rates is shown in Figure 9. In these experiments, the oxygen concentration
was 22% to 24% at all flow rates. In the indirect oxidation method, even if the total flow rate is changed,
the flow rate into the plasma reactor was constant (Q = 1 L/min), which means the ozone generated in
the plasma reactor stayed constant regardless of the total flow rate. Therefore, as shown in Figure 9,
the NO conversion efficiency varies by roughly the same magnitude as the flow rate (Q-q), which
is the total flow rate Q minus the flow rate q flowing into the plasma reactor. However, when the
total flow rate was low, the ozone might be used for further oxidation of NO2, which suggests that
an optimal flow rate may exist. In this experiment, as the flow rate increased, the NO conversion
efficiency decreased, but the production of CO and N2O was suppressed.
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Figure 9. NO conversion efficiency varying with the discharge power at different flow rate by the
indirect oxidation method.

To evaluate the NOx removal characteristics of the dry plasma and wet chemical processes by the
direct oxidation method, the NOx removal efficiency and NOx removal energy efficiency at different
flow rates is shown in Figure 10. The NOx removal energy efficiency was evaluated based on the
molecular mass of NO2 per discharge power with the unit of g(NO2)/kWh. The actual gas flow rate
into the scrubber was fixed at 3 L/min. Here, it is assumed that the full flow rate is processed. The NOx

removal energy efficiency was calculated as the total flow rate relative to the NOx removal amount.
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Figure 10 shows that, as the flow rate increased, the NOx removal efficiency decreased, and the NOx

removal energy efficiency increased. As shown in Figure 10, it is clear that the flow rate affects the
relationship between the NOx removal efficiency and the NOx removal energy efficiency. In the indirect
oxidation method, the flow rate into the plasma reactor is constant at q = 1 L/min, which means the
ozone and radical oxygen produced stay constant, regardless of the total flow rate. This explains why
the energy efficiency of NOx removal varies for each flow rate. Within the scope of this experiment,
when the NOx removal efficiency was 80%, the NOx removal energy efficiency was approximately
22–25 g(NO2)/kWh.
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Figure 10. Measurement relation between NOx removal efficiency and NOx removal energy efficiency
at different flow rate by the indirect oxidation method. (The NOx removal energy efficiency is calculated
as total flow rate Q = 3–15 L/min from the inflow rate of exhaust gas to the chemical scrubber of
Qs = 3 L/min).

Examining Figures 9 and 10 to evaluate the efficiency of the wet chemical process, it is observed
that the average ratio of the decrease in NO concentration to the decrease in NOx concentration is
85%, and the Na2S scrubber can reduce the NO2 over 80%. At no time was the pH of the solution
after treatment greater than 11. In addition, the ORP remained at or more than −233 mV, and no H2S
was detected.

To compare the efficiency of NOx removal using the direct and indirect oxidation methods in this
experiment, the relationship between the NOx removal efficiency and the specific energy (SE) per unit
flow rate is shown in Figure 11. The SE is calculated based on the total flow rate (3–15 L/min). The
solid line is a trendline calculated by the least-squares method. Figure 11 shows no difference between
the direct and indirect oxidation methods at SEs less than 50 J/L, when the NOx removal efficiency is
20–40%. Although the indirect oxidation method generates a certain amount of ozone in the reactor
regardless of the total flow rate, in this experiment, the amount of ozone generated by the indirect
oxidation method is not enough to oxidize the NO in the simulated exhaust gas at the high flow rate
(of 10 and 15 L/min). As the SE exceeds 50 J/L, the efficiency of NOx removal by indirect oxidation
increases, achieving an 80% removal efficiency at an SE of 132 J/L. It is considered that the amount of
ozone generated by indirection oxidation method is larger than that of the direct oxidation method
due to the increase of residence time as mentioned above.

These results demonstrate that the combined process of the dry plasma process using the indirect
oxidation method and the wet scrubber process can remove NOx with greater efficiency and energy
savings. The plasma dry etching process used in the semiconductor industry requires a high-frequency
voltage power supply and consumes several hundred to 1000 W of power. Because the power associated
with the NOx processing performed in this study was less than 10 W, the electricity consumption costs
are very low. For example, assuming a 2 m3/min exhaust class semiconductor plant that discharges
NOx at 25 g(NO2)/h, the plasma power costs required to achieve 80% or greater NOx removal using the
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proposed system at a NOx removal energy efficiency of 25 g(NO2)/kWh would be very economical at
$0.20 /h (assuming $0.20/kWh). There is a risk that H2S may occur as a byproduct of using Na2S as the
chemical scrubber. However, by maintaining the pH at a sufficiently high value, it is possible to reduce
NOx using Na2S at a third of the cost of using Na2SO3. In the actual semiconductor manufacturing, the
concentration of NOx is emitted 100 ppm at 2000 L/min [15]. The mass flow rate is much larger than in
our experiment (maximum 15 L/min). Since our experiment is fundamental research to remove NOx at
room temperature and atmospherically pressure, practical research should be performed for realizing
development. The combined dry plasma and wet chemical processes can therefore be expected to
serve as a low-cost and highly efficient method for treating NOx emissions from the semiconductor
manufacturing industry.
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Figure 11. NOx removal efficiency with direct and indirect oxidation method with respect to
specific energy.

5. Conclusions

In this research, NOx removal in simulate exhaust gas from semiconductor manufacturing is
performed by a combined process of a direct/indirect DBD plasma process and a wet chemical process
using a Na2S scrubber. The research results contribute treatment NOx emissions from the semiconductor
manufacturing industry. We obtained the following results:

1. When the direct oxidation method was used, a maximum NO conversion rate of 89% and a
NOx removal rate of 73% at 25.6 kV and a flow rate of 3 L/min was achieved. When the indirect
oxidation method was used, maximum NO conversion rate of 98% and a NOx removal rate of
83% at 29.4 kV and a flow rate of 3 L/min was achieved. Although the N2O and CO are detected
as byproducts, they are less than 10 ppm in this experiment.

2. In the case used direct oxidation method, the NOx removal energy efficiency was
10–25 g(NO2)/kWh with NOx removal efficiency of 60%. In the case used indirect oxidation
method, the NOx removal energy efficiency is 20–25 g(NO2)/kWh with NOx removal efficiency
of 80%.

3. As results comparing the NOx removal efficiency with the specific energy, when the specific
energy was more than 50 J/L, the indirect oxidation method exhibited greater removal efficiency
than the direct oxidation method, achieving a maximum NOx removal efficiency of 83% at the
specific energy of 132 J/L.

4. In the NOx reduction process by Na2S scrubber, NOx reduction efficiency more than 80% was
achieved. In this experimental range, at no time was the pH of the solution after treatment greater
than 11. In addition, no H2S was detected.
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Abstract: Exhaust gases from internal combustion engines contain fine carbon particles. If a biofuel
is used as the engine fuel for low-carbon emission, the exhaust gas still contains numerous carbon
particles. For example, the ceramic filters currently used in automobiles with diesel engines trap
these carbon particles, which are then burned during the filter regeneration process, thus releasing
additional CO2. Electrostatic precipitators are generally suitable to achieve low particle concentrations
and large treatment quantities. However, low-resistivity particles, such as carbon particles, cause
re-entrainment phenomena in electrostatic precipitators. In this study, we develop an electrostatic
precipitator to collect fine carbon particles. Woodceramics were used for the grounded electrode in
the precipitator to collect carbon particles on the carbon electrode. Woodceramics are eco-friendly
materials, made from sawdust. The electrical resistivity and surface roughness of the woodceramics
are varied by the firing temperature in the production process. Woodceramics electrodes feature
higher resistivity and roughness as compared to stainless-steel electrodes. We evaluated the influence
of woodceramics electrodes on the electric field formed by electrostatic precipitators and calculated
the corresponding charge distribution. Furthermore, the particle-collection efficiency of the developed
system was evaluated using an experimental apparatus.

Keywords: electrostatic precipitator; corona discharge; woodceramics; low-resistivity particle;
re-entrainment phenomena; agglomeration

1. Introduction

In the interest of realizing a low carbon emission society, internal combustion engines powered by
biofuels have been developed; however, the combustion of biofuels generates carbon particles similar
to those generated from conventional fuels. Filters made from porous cordierite, silicon carbide, steel
mesh are often used to collect carbon particles suspended in the exhaust gases of boilers and internal
combustion engines [1]. The ceramic filters used in diesel engines called diesel particulate filters (DPFs)
are regenerated by burning the collected carbon particles with the help of the diesel engine control,
thus generating CO and CO2. However, if the collected particles are gathered but not burned, the
carbon density is higher than in the gas phase and the CO2 emission can be efficiently reduced.

In an electrostatic precipitator, the particles are charged and collected on an electrode by the
Coulomb force. Electrostatic precipitators offer advantages of limited pressure loss and highly
effective particle collection. When the target gases have low particle concentration and high flow
rates, electrostatic precipitators are suitable for particle collection [2]. Electrostatic precipitators have
wide-ranging applications in, for example, thermal power plants, cement factories, and home air
cleaners. The performance of an electrostatic precipitator is strongly influenced by the physical
properties of the particles. The particle resistivity also affects the collection performance as particles
with high resistivity remain charged for a long time. As the collected particles are charged to an
inverse polarity relative to the polarity between the surface and the contacted grounded electrode,
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high particle resistivity results in a breakdown in the electric field across the layer of collected particles
as the generated ions and charges arising from the charged particles are diminished. However, when
the particle resistivity is low, charged particles are collected on the grounded electrode, and the electric
charge is released; thus the collected particles are charged to the opposite polarity. The collected
particles are agglomerated on the electrode surface move into the gas flow [3,4].

In general, particles in diesel exhaust feature low resistivity. In previous studies, electrostatic
precipitators were attached to the diesel engines; the influence of re-entrainment phenomena
was avoided by improving electrode structure and by using electrohydrodynamics [5,6], however,
re-entrainment was not prevented. In another study, water or a surfactant solution was sprayed
into the gas stream upstream of the electrostatic precipitator because of the addition of the liquid
bridge force by the Coulomb force; this bridge force prevented the agglomerated particles on the
collection electrode from moving into the gas flow. Because of the effects of the liquid bridge force
with the surfactant, the agglomerated particles formed a lump-like shape rather than a pearl-chain-like
structure [7]. Additionally, in another study, the polarity of the high voltage applied to the electrode
were changed after a constant time interval. As a result, the collecting electrode area increased and
the agglomeration particles on the electrode did not grow because of the change in the electric field
direction [8]. As the collected particles remain charged, researchers have investigated the use of
insulating sheets on the collector electrode [9]. In this method, the collection efficiency decreased with
increasing operation time because of charging the surface of the insulating sheets.

In this study, carbon particles were collected on carbon electrodes made of woodceramics.
Stainless-steel or aluminum are generally used as the electrode materials in the electrostatic precipitator.
The woodceramics whose electric resistance and surface roughness were high compared with
stainless-steel were used as the electrode materials. This woodceramics was formed using sawdust
charcoal and phenol resin powder under specific pressure and temperature conditions; the formed
pieces were then fired under a vacuum [10,11]. Woodceramics are eco-friendly materials. The
electrical resistivity and pore distribution were modified by varying the firing temperature. At a firing
temperature of approximately 600 ◦C, the wood fiber remained and the resistivity was high. When the
firing temperature was above 900 ◦C, the carbon content was high, and the resistivity was low. The
woodceramics electrodes are porous media with large surface areas on which particles may be collected.
Also, woodceramics electrodes offer higher electrical resistance than stainless-steel electrodes. The
electric potential near the surface of the grounded electrode might be high, thus decreasing the Coulomb
force. In the present study, the electric field and charge distribution around the woodceramics electrodes
are calculated and compared with those around the stainless-steel electrodes [12,13]. Furthermore, the
particle collection efficiency of the proposed electrode is evaluated experimentally.

2. Calculation of the Corona Discharge Model

2.1. Calculation Model

The space charge and electrical field distributions were calculated by the finite-element method
(FEM) using COMSOL Multiphysics FEM software [14,15]. The calculation model is shown in Figure 1.
The air gap between the high voltage wire electrode and the grounded electrode was 9 mm the voltage
supplied to the wire electrode was +8 kV, and the grounded electrode was assumed to be 0.1 mm thick
in the case of stainless steel and 10 mm thick in the case of woodceramics. The electrical potential at
the bottom of each electrode was 0 V. The overall mesh size was 0.4 mm or less, and the mesh above
the grounded electrode was further divided of 0.08 mm in width or less. In this model, it was assumed
that the woodceramics electrode was a solid material. The stainless-steel material was not defined in
this model but, as a substitute a boundary condition between d and c in Figure 1 was set as 0 V. In the
woodceramics, the gas-flow velocity was set to zero, other parameters of the woodceramics are shown
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in Table 1 [16–19]. The diffusion constant of the woodceramics was calculated using the Einstein’s
equation for Brownian motion as follows:

D
μ

=
k·T
e

, (1)

where D is the diffusion constant, μ is the mobility, k is the Boltzmann constant (1.380662 × 10−23 J/K), e
is the elementary charge (1.602 × 10−19 C), and T is the temperature (278 K).

 
(a) Stainless-steel electrode model (b) Woodceramics electrode model 

x

y

x

y

Figure 1. Calculation models for (a) the grounded electrode with a stainless-steel electrode and (b) the
grounded electrode with a woodceramics electrode (which is defined as a solid substance of 10 mm
thickness).

Table 1. Calculation parameters in the air and woodceramics domains.

In Air Woodceramics

Mobility (m2/V·s) 2.34 × 10−4 1.00
Diffusion constant (m2/s) 2.89 × 10−6 0.256

Relative permittivity 1.00 5.68
Gas flow (m/s) - 0

The space charge was analyzed by the FEM with reference to [14,15]. The spatial electric field was
calculated by the following Poisson equation:

−∇ · ε0εr∇V = ρ, (2)

where ε0 is the dielectric constant, V is the electric potential, and εr is the relative permittivity of air
(1.0). The space charge density, r, is expressed by the following equation:

ρ = −eNp, (3)

where Np is the number density of positive ions (in Num/m3) and e is the elementary charge (in C). The
applied voltage and number density of charges were multiplied by tanh (105 t) (where t is the time in
seconds) to obtain 90% of the applied voltage at 15 μs and 99.5% of the number density at 30 μs. The
charge density Np is given around the wire. However, the calculations revealed that there was a gap
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between high density and zero density in the unmodified model. Hence, given the central position of
the wire was x = 0, Np was multiplied by the following parameter:

α = 1− x2

l2
, (4)

where x is the position in the horizontal direction, and l is half of the wire radius. It should be noted
that this calculation method does not result in attenuation compared with the real charge density. The
number density of positive ions, Np, was calculated as follows:

Np =
Id
Lw
× 1
μp × Lg

× LAir
Vap
× 1

e
× 1

2
, (5)

where Id is the corona discharge current, Vap is the applied voltage, Lw is the length of each wire
electrode (88 mm × 2), and μp is the mobility of the positive ions (2.34 × 10−4 m2/V·s).

The transport equation for positive ions, including the ion wind and the gas flow, is given in
Equation (6).

∂Np

∂t
+ ∇ ·

(
−Dp∇Np − μpENp

)
+ ∇ ·

(
NpUg

)
= 0, (6)

where Dp is the diffusion constant of the positive ions in the air (2.89 × 10−6 m2/s), Ug is the gas flow
(in m/s), and E is the electric field strength (in V/m):

E = −∇V. (7)

Note that this equation does not account for thermal diffusion.
The Navier–Stokes equation is used to model the gas flow and ion wind as follows:

ρg
∂Ug

∂t
+ ρg

(
Ug · ∇

)
Ug = −∇P + μg∇2Ug + F, (8)

where P is the pressure (in Pa), rg is the air density (1.205 kg/m3), μg is the dynamic coefficient of air
viscosity (1.822 × 10−5 Pa·s), and F is the external Coulomb force (in N), which is the product of the
space charge density, ρ and the electric field E.

2.2. Numerical Results

The potential distributions are shown in Figure 2. The contour lines represent the equipotential
line from 500 to 4000 V. With the woodceramics electrode, the potential is high near the grounded
electrode. In addition, the ion distributions over 2.0 × 1014 Num/m3 are shown in Figure 3. The two
graphs are similar in shape demonstrating that the ion distribution area in the corona discharge has not
changed. Due to the influence of the electrode material, the electric field and ion number distribution
were evaluated directly below the wire electrode. The electric fields between the wire and the grounded
electrode are shown in Figure 4a. The electric field at the surface of the woodceramics electrode was
approximately 10% less than that at the surface of the stainless-steel electrode. The ion distribution
between the wire and the grounded electrode is shown in Figure 4b. This curve was smoothed with
a moving average algorithm over an averaging distance of 0.48 mm for approximately 20 sampling
points. With the stainless-steel electrode, the ion density slightly fluctuated. The ion density increased
close to the electrodes but remained comparable for the two types of electrodes.
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(a) Stainless-steel electrode (b) Woodceramics electrode 

Figure 2. Electrical potential of the corona electrode structure with the (a) stainless-steel grounded
electrode and (b) woodceramics grounded electrode. The bottom side of the woodceramics was
grounded, so, the potential near the woodceramics surface was approximately 480 V because of the
current flow in the woodceramics.

 
(a) Stainless-steel electrode (b) Woodceramics electrode 

Figure 3. Illustration of the charge number densities of charges at the (a) stainless-steel grounded
electrode and (b) the woodceramics electrode. These distributions are similar in shape to the charge
distribution. It can be seen that the resistivity of the grounded electrode does not have strong influence
on the overall charge distribution.

(a) Electric Field for y direction (b) Charge density 

Figure 4. (a) Electric field in the y direction and (b) charge density between the wire electrode and
grounded electrode. The horizontal axes represent the distance from the wire electrode. With the
woodceramics electrode, the electric field decreased by 10% and the charge density was slightly lower
than that with the stainless-steel electrode.
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These results shed light on the particle-collection process; the particle charge and immigration
velocity decrease when using a woodceramics electrode, unlike with a stainless-steel electrode, because
of the decrease in the electric field.

3. Experimental Methods

3.1. Woodceramics

Figure 5 shows the process of manufacturing woodceramics by molding charcoal powder or a
part of a plywood board. In this study, sawdust charcoal was used as the charcoal powder; it was
pulverized to a particle size of less than 1 mm and mixed with phenol resin powder (Kanebo, Bellpearl
S899) at a weight ratio of 8:2 using a ball mill. The mixed powder was placed in a mold temporarily
while degassing at 200 ◦C and 4.0 MPa. Thereafter, the samples were compressed at 160 ◦C and 20 MPa
and cooled from 160 ◦C to 40 ◦C for 10 min. The samples were then molded elsewhere. Under a
vacuum of less than 50 Pa, the molded samples were fired at 300 ◦C or 600 ◦C for 3 h to complete
the woodceramics manufacturing process. Microscopic photographs were taken using a digital still
microscope (KEYENCE, VH-5000) (see Figure 6). In the woodceramics, the wood fibers remained on
the surface, which was rougher than that of the stainless-steel electrode.

μ

Figure 5. The process of manufacturing woodceramics. First, the carbon powder was made by mixing
sawdust charcoal and phenol resin powder by ball milling. Then, the mixed powder was compressed
and heated. Finally, the formed test piece was fired under a vacuum.

  

(a) Stainless-steel plate electrode (b) Woodceramics plate electrode 

Figure 6. (a) Stainless-steel surface and (b) woodceramic surface. On the stainless-steel surface, the
marks of the grinder are seen. On the woodceramic surface, the wood fiber appears dotted.
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The electric resistivities of the woodceramics and stainless-steel electrodes were measured
according to the Japanese Industrial Standard (JIS K7194 Testing method for resistivity of conductive
plastics with a four-point probe array) using the measurement probe is shown in Figure 7. The needles
were sewing needles with radii of curvature of R= 70 μm and diameters ofΦ= 0.71 mm. Woodceramics
and stainless-steel electrodes were prepared for each of three samples, and five points were measured
on each sample. A current of 1 or 10 mA was flowed between A and D while the voltage between B
and C was measured with a source measure unit (Yokogawa GS610). The contacts at the tips of the
needles and the test piece were adjusted to a minimum voltage between B and C. The resistivity was
calculated as follows:

ρ = F·t·R, (9)

where r is the resistivity (in Ω·cm), t is the thickness (in cm) of the test piece, and R is the resistance
(in Ω) obtained from the current and voltage measurements. The thickness, t was in the range of
0.106–0.138 mm for the stainless-steel electrodes and in the range of 11.4–11.9 mm for the woodceramics
electrodes. Thus, the correction factor for the thickness, F was 4.2353 for the stainless-steel electrodes
and in the range of 2.3693–2.4014 for the woodceramics electrodes.

Figure 7. Four terminal probes used for measuring resistivity. Terminals A to D are needles of the same
shape. Current flowed from A to D or from D to A, while the voltage was measured between B and C.

The average resistivities are shown In Table 2. The resistivity of the woodceramics material was
98.2 Ω·cm, which was 4400 times higher than that of stainless steel which was measured as 0.0281 Ω·cm.

Table 2. Resistivities of woodceramics and stainless-steel.

Resistivity (Ω·cm)

Stainless-Steel Woodceramics

Average 0.0218 96.2
Max. 0.032 137
Min. 0.0143 67.3

3.2. Experimental Setup and Conditions

A schematic diagram of the experimental apparatus is shown in Figure 8. The test particles were
generated by the combustion of vegetable oil. Particle-laden gas was introduced via the experimental
duct with the updraft, and the gas was diffused by a diffusion fan. Then, the sample gas was absorbed
into the electrostatic precipitator and treated with a positive corona discharge and diffused by the fan.
The treated gas then resided in the downstream test duct. The number density of particles in this gas
was measured with a particle counter (RION, KC-01E + diluter KD-01); the number densities of the
room air and target gas are shown in Table 3. The concentration of 0.3–0.5 μm particles in the target
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gas was 1.2 × 105 Num/L and over 80% of these particles originated from the combustion. To verify the
particle concentration, the sampling position was moved to upstream of the electrostatic precipitator
before and after each test was completed. Thus the particle-collection efficiency was calculated as
follows:

η =

(
1− Nout

Nin

)
× 100 (%) , (10)

where Nin indicates the upstream particle number concentration, and Nout is the downstream particle
number concentration of the electrostatic precipitator. Instead of Nin, the averaged particle concentration
measured downstream of the electrostatic precipitator without an applied voltage was used.

Figure 8. Schematic diagram of the experimental apparatus. An oil lantern was used as the particle
generator. The particle concentration was measured downstream of the electrostatic precipitator.

Table 3. Average concentrations of particles in various size ranges in the room air and target gas.

Particle Size Range (μm) Room Air (Num/L) Target Gas (Num/L)

0.3–0.5 1.6 × 104 1.2 × 105

0.5–1.0 9.6 × 102 5.8 × 103

1.0–2.0 3.0 × 10 5.8 × 102

2.0–5.0 0 1.7 × 102

3.3. Electrostatic Precipitator

A top-down view of the electrostatic precipitator is shown in Figure 9. The gas treated with
corona discharge passed through the strainer with the perforated metal plate and was channeled to the
downstream exhaust duct. The gas-flow velocity was adjusted by varying the fan speed. The fan and
the gas flow were stopped when measuring the discharge current. The mean gas velocity was kept at 3
m/s when evaluating the particle collection.

Figure 9. Top view of the electrostatic precipitator. The gas flow is from the left to the right. The treated
gas propelled the fan, and the exhaust gas flows into the downstream duct.
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The electrode structures of the corona discharge with the woodceramics grounded electrode and
stainless-steel grounded electrode are shown in Figure 10. The two grounded electrodes were placed
parallel to each other at a distance of 18 mm apart, and the two wire electrodes for the applied high
voltage were set at the midpoint between the grounded electrodes. The electrostatic precipitator duct
was 88 mm in total width and 18 mm high. The wire electrode was connected to a DC + high-voltage
power supply (Matsusada Precision, HAR-20R15), and the discharge current was measured with an
ammeter attached to the power supply. In each grounded electrode, the distance between the wire
electrode and grounded electrode was 9 mm. In addition, the thickness of the woodceramics was
approximately 10 mm, and a copper grounded electrode was attached behind the woodceramics.

 
(a) Stainless-steel plate electrode (b) Woodceramics plate electrode 

Figure 10. Side view of each electrode structure. In the corona discharge electrode configuration, the
grounded electrode was either a (a) stainless-steel grounded electrode or (b) woodceramics grounded
electrode. Each grounded plate electrode structure was placed such that its surface was the same
distance from the wire electrode.

4. Results and Discussion

Figure 11 shows the discharge current as a function of the applied voltage. The corona on-set
voltage was approximately 6.0 kV. The current-voltage curves for the woodceramics and stainless-steel
grounded electrodes were very similar.

Figure 11. Corona discharge current as a function of the applied voltage for various electrodes. The
discharge current characteristics of the two electrodes follow similar trends.
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Figure 12 shows the collection efficiencies using woodceramics and stainless-steel grounded
electrodes for operating times of 0–5 min, 5–10 min, 10–15 min, and 15–20 min. The particle-collection
efficiency with the woodceramics electrode was high and remained constant over the entire operating
period. On the other hand, when using the stainless-steel electrode, the particle-collection efficiency
was constant for particles smaller than 1 μm during the operating time, but that for particles larger than
1 μm decreased over the operating period. This decrease can be attributed to the particle agglomeration
on the electrode surface and the occurrence of particle re-entrainment phenomena. However, such
particle re-entrainment phenomena were prevented by using the woodceramics electrode. Thus, the
surface roughness and the electrical resistivity of woodceramics improve the collection efficiency.
In future studies, we will investigate the mechanism underlying the agglomeration of the collected
particles and the effect of improving the particle collection using a woodceramics electrode.

Figure 12. Particle-collection efficiencies over time for various electrode types and particle size ranges.
With the woodceramics electrode, the collection efficiency for large particles remained high while that
with the stainless-steel electrode decreased with the operating time.

5. Conclusions

Stainless-steel or aluminum are generally used as electrode materials in the electrostatic precipitator.
In this study, we utilized a novel electrostatic precipitator to collect carbon particles on a carbon
electrode based on charged particles and the Coulomb force. A woodceramics made from sawdust
charcoal which has an electrical resistivity 4400 times higher than stainless steel was used as the carbon
electrode. Because the woodceramics material has a porous surface, it was expected to improve the
particle collection. The electric field and charge distribution were calculated and the actual particle
collection was evaluated experimentally.

The calculation results showed that, using woodceramics electrodes, the electric field near the
electrode surface was reduced by approximately 10%, and the particle-collection efficiency was reduced
accordingly. However, the adhesion force of the particles after contact with the electrode depended on
the intermolecular force and not the Coulomb force. Therefore, the only concern was the reduction in
the migration speed.

Our experimental results showed that, with the use of the woodceramics electrode, the
particle-collection efficiency improved in all particle size ranges while the re-entrainment phenomenon
decreased. However, the present study serves only as a feasibility study. In future research, the applied
voltage characteristics and flow velocity characteristics should be further tested.

Author Contributions: Conceptualization, Y.K. and H.S.; Methodology, Y.K.; Software, Y.K.; Validation,
Y.K.; Formal Analysis, Y.K.; Investigation, Y.K. and H.S.; Resources, Y.K. and H.S.; Data Curation, Y.K.;
Writing-Original Draft Preparation, Y.K.; Writing-Review & Editing, Y.K.; Visualization, Y.K.; Supervision,
H.S.; Project Administration, Y.K.; Funding Acquisition, Y.K. and H.S.

69



Energies 2019, 12, 2805

Funding: This research received no external funding.

Acknowledgments: The authors would like to thank Enago for the English language review.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses, or interpretation
of data; in the writing of the manuscript, and in the decision to publish the results.

References

1. Pajdowski, P.; Puchałka, B. The Process of Diesel Particulate Filter Regeneration under Real Driving
Conditions. IOP Conf. Ser. Earth Environ. Sci. 2019, 214, 012114. [CrossRef]

2. Godish, T. Indoor Air Pollution Control, 3rd ed.; Lewis Publishers: Chelsea, MI, USA, 1991; pp. 247–263.
3. White, H.J. Industrial Electrostatic Precipitation; Addison-Wesley Publishing: Reading, MA, USA, 1963;

pp. 319–329.
4. Takahashi, T.; Zukeran, A.; Ehara, Y.; Ito, T.; Takamatsu, T.; Kawakami, H. Influence of Re-entrainment

Phenomena on Particle Deposit in Electrostatic Precipitator. IEEJ Trans. Fundam. Mater. 1999, 119, 254–260.
[CrossRef]

5. Yamamoto, T.; Abe, T.; Mimura, T.; Otsuka, N.; Ito, Y.; Ehara, Y.; Zukeran, A. Electrohydrodynamically
Assisted Electrostatic Precipitator for the Collection of Low-Resistivity Dust. IEEE Trans. Ind. Appl. 2009, 45,
2178–2184. [CrossRef]

6. Masuda, S.; Moon, J.-D. Electrostatic Precipitation of Carbon Soot from Diesel Engine Exhaust. IEEE Trans.
Ind. Appl. 1983, 19, 1104–1111. [CrossRef]

7. Kawada, Y.; Jindai, W.; Zukeran, A.; Ehara, Y.; Ito, T.; Kawakami, H.; Takahashi, T. Influence of Lyphophile
on Preventing Re-entrainment in Spraying Surfactant Type Electrostatic Precipitator. In Proceedings of the
7th International Conference of Electrostatic Precipitation, Kyonju, Korea, 20–25 September 1998.

8. Kubo, T.; Kawada, Y.; Takahashi, T.; Ehara, Y.; Ito, T.; Zukeran, A.; Takamatsu, T. The relation between shape
of particles and collection efficiency by electrostatic precipitators. J. Aerosol Sci. 2000, 31, 452–453. [CrossRef]

9. Takahashi, T.; Kawada, Y.; Zukeran, A.; Ehara, Y.; Ito, T. Inhibitory effect of coating electrode with dielectric
sheets on re-entrainment in electrostatic precipitator. J. Aerosol Sci. 1998, 29, S485–S486. [CrossRef]

10. Shibata, K.; Kasai, K.; Okabe, T.; Saito, K. Development of Porous Carbon Material
“Woodceramics”—Electrical Properties with in Low-Temperature Region. J. Soc. Sci. Jpn. 1995, 44,
284–287. (In Japanese) [CrossRef]

11. Kawada, Y.; Shimizu, H. C-H Bonds and Phenol Resin Contents in Woodceramics under Fabrication. In
Proceedings of the 25th Annual Meeting of MRS-J, Yokohama, Japan, 8–10 December 2015.

12. Kawada, Y.; Shimizu, H.; Ohkawa, M.; Mori, S.; Kakishita, K. Elect of Woodceramics Grounded Electrode on
Electrostatic Precipitation with Positive Corona Discharge. Trans. Mater. Res. Soc. Jpn. 2018, 43, 187–190.
[CrossRef]

13. Kawada, Y.; Shimizu, H.; Ohkawa, M.; Mori, S.; Kakishita, K. A Study on Woodceramics Collector in
Electrostatic Precipitator. In Proceedings of the Annual Meeting of IESJ, Osaka, Japan, 11–12 September 2017;
pp. 27–30. (In Japanese).

14. Takeuchi, N. Simulation of Ionic Wind Induced by Corona Discharge Using COMSOL Multiphysics. J. Inst.
Electrost. Jpn. 2016, 40, 168–171. (In Japanese)

15. Kawada, Y.; Shimizu, H.; Zukeran, A. Numerical Study of the Suitable Precharger Grounded Electrode
Length in Two-Stage-Type Electrostatic Precipitators. IEEE Trans. Ind. Appl. 2019, 55, 833–839. [CrossRef]

16. The Institute of Electrostatics Japan (Ed.) Handbook of Electrostatics; Ohmsha, Ltd.: Tokyo, Japan, 1980. (In
Japanese)

17. Chang, J.S.; Kelly, A.J.; Crowley, J.M. (Eds.) Handbook of Electrostatic Processes; Marcel Dekker, Inc.: New York,
NY, USA, 1995.

18. Waker, P.L., Jr.; Thrower, P.A. (Eds.) Chemistry and Physics of Carbon, Volume 16; Marcel Dekker, Inc.: New York,
NY, USA, 1981; p. 141.

19. Okabe, T. (Ed.) Woodceramics; Uchida Rokakuho Publishing: Tokyo, Japan, 1996; p. 65. (In Japanese)

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

70



energies

Article

Fundamental Evaluation of Thermal Switch Based on
Ionic Wind

Keiichiro Yoshida

Department of Electric and Electronic Systems Engineering, Osaka Institute of Engineering, Osaka 535-8585,
Japan; keiichiro.yoshida@oit.ac.jp; Tel.: +81-6-6954-4236

Received: 20 June 2019; Accepted: 30 July 2019; Published: 1 August 2019

Abstract: A significant amount of thermal energy (mainly under 200 ◦C) is wasted in the world.
To utilize the waste heat, efficient heat management and thermal switching is required. The basic
characteristics of a thermal switch that controls the flow of heat by switching on/off the ionic wind is
discussed in this study. The study was conducted through experiments and numerical simulations.
A heater made of aluminum block maintained at 100 ◦C was used as a heat source, and the rate of
heat flow to a copper plate placed over it was measured. Ionic wind was induced by corona discharge
with a needle placed on the heater. The ratio of heat transfer coefficients was obtained in the range
of 3–4, with an energy efficiency of around 10. The heat flux at this condition was approximately
400 W/m2. The numerical simulations indicate that the heat transfer is enhanced by ionic winds,
and the results were found to corroborate well with the experimental ones.

Keywords: thermal switch; ionic wind; corona discharge; thermal management; waste heat

1. Introduction

The global thermal energy waste amounts to a significant fraction of the total energy consumption.
For instance, only the industrial sector in Japan is discharging around 3.3 × 1018 J/y heat as waste [1],
despite the enormous efforts that have been put for waste heat recovery since the oil crisis in 1973.
In fact, the amount corresponds to approximately 40% of the total energy consumption in Japan [2],
indicating that efficient waste heat recovery is crucial to save fossil fuels and reduce CO2 emission.

Therefore, a thermal switch that controls the flow of heat is essential. Literature shows that a
thermal switch could stabilize the high temperature at the hot end of a thermoelectric element and
improve the electrical output [3]. Further, the low energy conversion efficiency of thermoelectric
devices limit their use in a low temperature range (<200 ◦C, waste heat in this range contributes to 60%
of the waste heat from the Japanese industry [1]), and heat energy has to be utilized as heat if possible.
However, a thermal switch enables the thermoelectric device to operate in low temperature ranges.

Various thermal switch technologies have been studied in the literature including mechanical
control of the contact between two surfaces [3], the phase transition of VO2 between electrical conductor
and insulator [4], the use of liquid–vapor phase transition of working fluid [5], and electrowetting of
liquid [6–9]. Nonetheless, the devices are desired to be simple without any moving parts and should be
able to control the flow of heat at any temperature to have precise and long-term thermal management
for an effective heat recovery. The reported techniques fail to meet all of these requirements in one.
Thus, the present author proposes a simple method that uses ionic wind. In this method, the ionic
wind induced by corona discharge between two surfaces controls convective heat transfer. The device
has a simple structure and can control heat flow at any temperature without any moving part.

It is worth mentioning that heat transfer enhancement by using ionic wind devices has been
studied for decades [10–19]. For example, [18] showed that ionic wind induced by a wire-type discharge
electrode enhanced the heat transfer between two of the surfaces that face each other of a rectangular
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duct (the duct had a primary airstream). Reference [19] showed numerical simulation results that
represent the heat transferred by the ionic wind induced by a wire-type corona electrode from heat
sources attached on the outer surface of a circular duct to the air inside the duct. However, as for now,
those studies have been simply aimed at the enhancement of cooling objects and lack either of the
following two requirements as the thermal switch base on ionic wind: (1) the device has both heat
emitter and heat receptor surfaces, and (2) heat flow should be as small as possible when corona wind
is off (i.e., it has no primary airstream). In this study, a device that met the above-mentioned conditions
was prepared, and the basic characteristics of a thermal switch that uses ionic wind were investigated.
Particularly, (a) the ratio of heat transfer coefficient between the surfaces in the presence and absence
of corona discharge, and (b) the ratio of controlled rate of heat flow to the power consumed by corona
discharge were evaluated through experiments and numerical simulations.

2. Materials and Methods

2.1. Experimental Methods

Figure 1 shows the schematic of the setup for thermal switch tests. The temperature of the 10 mm
thick and 50 mm square aluminum block was maintained at 100 ◦C using an embedded nichrome-wire
heater and a temperature controller. This configuration supposed a minimum unit that is taken out of
a thermal switch which has multiple discharging electrodes in a regular pattern. The electric current
and driving voltage of the heater were obtained using voltages V1 and V2 (refer to Figure 1). A 0.5 mm
thick copper plate was placed at a vertical distance of 12.5 mm from the block. The heat transfer
happened between upper surfaces of the aluminum block and the copper plate. Corona needles with
1 mm diameters and different heights (L = 6–9 mm) were placed at the center on the block. The needles
were made from brass and polished with an abrasive compound before use. When high positive DC
voltage, Vc, was applied to the copper plate with respect to the aluminum block (connected to the
ground), negative ions were generated at the vicinity of the needle tip and ionic wind was induced in
the gap. The electric current due to the corona discharge was calculated by measuring the voltage
across a 10 kΩ resistor (refer to Figure 1).

Figure 1. Schematics of the thermal switch test setup.
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The copper plate and the aluminum block were separated with acrylic spacers. To minimize
unintended heat conduction (a) the acrylic spacers were placed on an aluminum plate (t = 1 mm) that
was connected only at four corners of the square, and (b) 1 mm gaps were provided between the edges
of the block and the spacer unit (shown in detailed illustration presented in Figure 1). The set was
thermally insulated by using ceramic wool. Because the ceramic wool is permeable to air, the gap
space was not strictly sealed, but probably air slightly entered and exited through the 1 mm gap.
The complete setup was enclosed in a plastic mesh to restrict any wind from the surrounding without
affecting the natural convection over the copper plate.

The temperature at the top surface of the copper plate was measured using a thermographic
camera. This temperature could not be measured with contacting probes such as thermocouples
because of the high voltage applied to the copper plate. The top surface of the copper plate and the
electrode holder was painted with a black paint (suspension of graphite particles, F-142 manufactured
by Fine Chemicals Japan Co., Ltd., Tokyo, Japan) to avoid the measurement errors caused by emissivity
less than one. Although the Infrared camera can observe the temperature distribution, the standard
deviations of the temperature over the copper surface were approximately found to be 0.3 ◦C. The heat
transfer coefficient (K) is defined as,

K =
Q

(Th − Ts)A
, (1)

where Q is the rate of heat flow (in Watt) from the surface of the aluminum block to the copper
plate, A is the area of the surfaces between which heat is transferred (equal to the surface area of the
aluminum block and the copper plate in the present case), Th is the temperature of the top surface of
the aluminum block, and Ts is the average temperature of the top surface of the copper plate. Q was
determined by the power supplied to the heater to maintain Th at 100 ◦C. Further details to determine
Q are discussed in the results section.

2.2. Numerical Simulation

Airflow and transfer of heat induced by corona discharge were numerically simulated using finite
element method in COMSOL Multiphysics 5.3. The calculations were performed on an axisymmetric
region having 25 mm radius, as illustrated in Figure 2. The region was vertically divided into two
parts—one part had air (12.5 mm), and the other had copper (0.5 mm). A needle was placed in the
air gap such that its axis aligned with the axis of the region and its base touched the bottom surface.
The needle consisted of a conical tip (with 2 mm height and 0.05 mm radius of curvature of the tip) and
a cylindrical base of 0.5 mm radius. The radius of curvature of the tip was determined from the needle
typically used in such experiments (Figure 3). Henceforth, “the tip” indicates the surface that has a
radius of curvature of 0.05 mm. The sizes of the elements (for finite element method) at the surface of
the needle tip were kept less than 2 μm × 2 μm to calculate ionic flow correctly.

Figure 2. Calculation region and boundary conditions.
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Figure 3. The tip of a corona needle.

To simulate the corona discharge, electrical potential (V) and negative ion density (Nn) in the
air-filled region were estimated using Poisson’s Equation (2) and continuity Equation (3). Further,
the space charge was assumed to consist of negative ions of molecular oxygen (O2

−) only. Due to two
orders of magnitude higher speed of ions than airstream in corona discharge (in general), the effect of
airflow on the transportation of ions was neglected.

∇ · (ε0∇V) = eNn (2)

∇ · (μn∇V −Dn∇Nn) = 0 (3)

Here e is the elementary charge, μn is the mobility of the negative ions, and Dn is the diffusion
coefficient of the negative ions. Mobility μn was calculated by multiplying Tg/293.15 with the value
at 293.15 K (1.69 × 10−4 m2/V·s) [20,21], where Tg (=(Th + Ts)/2) is the average temperature in the
air-filled region. Further, the Einstein’s relation was used to determine Dn using μn at temperature Tg.

The simulations were performed under the following boundary conditions. The boundary
conditions for the potential (V) were determined using the Dirichlet conditions (Equations (4) and (5))
at the top surface and the bottom surface including the needle and the Neumann condition (Equation
(6)) at the sidewall. Likewise, Neumann boundary condition (Equation (7)) was used for ion density
Nn at the top surface of the air-filled region. The ion flux was set to zero at the sidewall (Equation
(8)). Further, the ion density at the bottom surface except for the tip of the needle was set to zero
(Equation (9)), while the ion density at the tip was set to Nn0 (Equation (10)). The following procedure
was followed to determine Nn0: i) first, the corona onset voltage (Vo) was determined for each needle
length (L) through experiments, ii) second, the maximum electric field strength (Emax) at the tip of
the needle (the field strength when Vo is applied to the needle without the corona discharge) was
calculated, and iii) third, Nn0 was adjusted so that the maximum field strength at the tip became
Emax when Vc was applied to the needle. This procedure is based on Katpzov’s hypothesis [22] and
validated through numerical simulation, e.g., by Umezu et al. [23].

V = Vc (4)

V = 0 (5)

∂V
∂n

= 0 (6)

∂Nn

∂n
= 0 (7)

μn∇V −Dn∇Nn = 0 (8)

Nn = 0 (9)
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Nn = Nn0 (10)

The velocity field (u) of the laminar flow induced by the corona discharge was determined by the
Navier–Stokes Equation (11) at a stationary state. The equation uses volume force (eNn∇V) exerted
by the ion movement and buoyancy force (−ρag) to determine u. To solve the equation, the wall was
considered to have zero slip (Equation (12)). However, the thin opening between the acrylic spacer
and the aluminum block (see the experimental setup section) was represented by setting stress normal
to the bottom 1 mm part of the sidewall to zero (Equation (13)).

ρa(u · ∇u) = −∇p + ηΔu− ρag + eNn∇V (11)

u = 0 (12)

(u · ∇)un = 0 (13)

Here ρa is the density of air, p is a static pressure, η is the viscosity of air, and g is the acceleration
due to gravity. Air density and viscosity are the functions of temperature and were determined as
discussed below.

The temperature field (T) in the air-filled region and at the copper plate was calculated to determine
the rate of heat flux. Dissipation Equations (14) and (15) govern the temperature field in the air-filled
and the copper-filled regions, respectively. Boundary condition (16) was used at the surface of the
heater block and the needle. The experimentally measured value of Ts was used in boundary condition
(17). The temperature gradient in the normal direction at the bottom 1 mm opening of the sidewall
was set to zero (Equation (18)).

ρaCp,au · ∇T + ∇ · (−ka∇T) = 0 (14)

∇ · (−kc∇T) = 0 (15)

T = Th (16)

T = Ts (17)

∂T
∂n

= 0 (18)

In the above equations, Cp,a is the isobaric specific heat of air, ka and kc are the thermal conductivity
of air and copper, respectively. ka approximated by Equation (19) (Reference [24]) at Tg (= (Ts + Th)/2)
was used.

ka = 7.46× 10−5(T − 273.15) + 2.48× 10−2(W/(mK)) (19)

3. Results and Discussion

3.1. The Heat Transfer by Natural Convection and Analysis of the Rate of Heat Flow (Q)

In the absence of a needle in the gap, the heat is transferred by natural convection from the heater
surface to the copper plate. This section discusses the rate of heat flow (Q) by natural convection.
Figure 4 shows the variation of heater powers with respect to elapsed time in two cases: (a) when the
copper plate is exposed to the atmosphere, as illustrated in Figure 1, and (b) when the copper plate is
insulated from the atmosphere by using ceramic wool. Since a significant amount of heat leaks from
the sidewalls and the bottom surface of the heater, the difference in the heater powers in two cases is
expected to be equivalent to the rate of heat flow from heater to copper plate by natural convection.
The average difference in the heater powers in two cases is 0.36 W (the stabilized heater powers are
6.17 and 5.81 W). The average temperature of the top surface of the copper plate (Ts) is 46.8, while the
temperature of the heater (Th) is 101 ◦C. With this temperature difference, only the thermal conduction
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provides approximately 0.33 W heat flow. That implies most of the heat is transferred by thermal
conduction alone.

Figure 4. Heater powers in the cases with and without thermal insulation over the copper plate. (No
corona discharge was applied in the gap).

Figure 5 shows the result of numerical simulation in the absence of ionic wind in the gap.
The temperature gradient is almost uniform, with no influence of the opening at the bottom of the
sidewall. The result supports the claim that heat was transferred mainly by conduction in the absence
of ionic wind. The simulated value of Q (0.258 W) is less than the experimental value because the
surface area of the heater is smaller in numerical simulation.

Figure 5. Temperature distribution in the gap when only natural convection occurs (numerical simulation).

In the purview of the above results, herein, Q in the absence of ionic wind can be approximated as
0.33 W. Accordingly, the heat flow rate in the presence of ionic wind can be given by

Q = Ph1 − Ph0 + 0.33(W), (20)

where Ph0 is the heater power upon stabilization before the corona discharge, and Ph1 is that 30 min
after the beginning of the corona discharge.

3.2. The Effect of Ionic Wind

3.2.1. The Corona Onset Voltages (Vo)

Figure 6 shows the experimental results of corona discharge current (Ic) as a function of applied
DC voltage (Vc) for needle length L ranging from 6 mm to 9 mm. In most of the cases, Equation (21)
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with a constant C [25] very closely approximates Ic (Vo in the equation is the corona onset voltage).
However, for L = 9 mm some outliers against the fitting curve at lower voltages (less than 3 kV) can be
observed, probably because of oxidation of the needle tip.

Ic = CVc(Vc −Vo) (21)

I

V

Figure 6. Discharge currents (Ic) vs. applied voltage (Vc) (experiment).

Table 1 summarizes Vo as obtained by fitting Ic vs. Vc data using Equation (21). It is observed
that the onset voltage decreases with decrease in the gap between the needle tip and the copper plate.

Table 1. Corona onset voltage (Vo) vs. the length of corona needle (L).

L (mm) Vo (kV)

6.0 3.46
7.0 2.85
8.0 2.65
9.0 2.38

Figure 7 shows Ic as a function of Vc, as obtained from numerical simulations. Like the experimental
results, the relationship between Vc and Ic can be expressed by Equation (21), and Ic is larger for larger
L. However, the magnitudes of the corona discharge currents are significantly smaller than that in
the experiment. Interestingly, the difference between the simulated and the experimental Ic values
increases with L, e. g., the numerically simulated values are around one-fifth of the experimental
values for L = 6 mm, while the same are one-tenth of the experimental values for L = 9 mm. It may be
due to high local electric field around the nonspherical tip of the needle causing easier breakdown of
air; however, the exact reason is not known at this stage.

I

V

Figure 7. Applied voltage (Vc) vs. discharge currents (Ic) (numerical simulation).
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3.2.2. The Relationship Between Applied Voltage and the Rate of Heat Transfer

Figure 8a–d show the experimental and simulated (a) rate of heat flow (Q) normalized by the heat
transfer area (A), and (b) temperature difference between the heater and the top surface of the copper
plate (Th − Ts) for each L. The area (A) used in experiments and simulations are 2.5× 10−3 m2 and 1.963×
10−3 m2, respectively. For every L, the average heat flux, Q/A, increases with increase in Vc, while the
surface temperature of the copper plate Ts approaches the heater temperature Th. The numerical
simulations reproduced the experimental trend between the applied voltage and Q/A. The following
discussion further justifies the accuracy of the simulated airstream. In the experiment, an increase in Q
causes a decrease in the temperature difference between Th and Ts, which in turn decreases Q (negative
feedback for Q works). Here, Ts obtained from the experiment was used as a boundary condition in the
simulation. Accordingly, if the simulated convection were (a) less active than that in the experiment,
Q would not have increased with Vc, and (b) more active than that in the experiment, Q would have
increased more rapidly with Vc than was observed in the experiment. The best agreement between
experimental and simulated results was observed for L = 7 mm, which could be attributed to the status
of the tip of the needle (although any deviation was not apparent). In addition, a few calculations were
performed for the Vc that were not tested in the experiment. In such cases, the boundary value Ts was
linearly interpolated from the experimental values.

(a) L = 6 mm (b) L = 7 mm 

(c) L = 8 mm (d) L = 9 mm 

T
T

Q
A

V

T
T

Q
 / 

A

V

T
T

Q
 / 

A

V

T
T

Q
 / 

A

V

Figure 8. (a–d) Average heat flux (Q/A) and temperature difference (Th − Ts).

Table 2 summarizes the heat transfer coefficient K. The ratio Kon/Koff defines the ability of the
device to control the flow of heat. Kon/Koff can be increased by applying higher voltages. The maximum
value for the same in the present study is 5.12 (Vc = 6.0 kV and L = 7 mm). At 4.0–4.1 kV, K increases
with L (experimentally as well as in the simulation), except for L = 7 mm. The result is an outcome of
the smaller gap between the needle tip and copper plate resulting in higher electric field and larger
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discharge current. However, the optimum L in the context of energy efficiency is discussed in the
next section.

Table 2. Heat transfer coefficients (K) and the ratio of K between with and without corona discharge
(Kon/Koff).

Vc (kV)
K (W/(K·m2)) Kon/Koff

Experiment Calculation Experiment Calculation

L = 6 mm

0 2.32 2.31 - -
3.5 2.32 3.25 1 1.41
4.1 5.36 5.77 2.31 2.50
4.5 6.58 6.88 2.84 2.98
5.0 7.16 8.41 3.08 3.64

L = 7 mm

0 2.32 2.31 - -
3.3 3.24 4.60 1.45 2.06
3.7 5.94 6.14 2.65 2.75
4.1 7.85 7.49 3.50 3.35
5.0 10.1 9.90 4.50 4.43
6.0 11.5 11.7 5.12 5.25

L = 8 mm

0 2.32 2.31 - -
2.7 2.32 4.01 1.0 1.78
3.1 4.38 5.32 1.93 2.36
3.6 5.26 6.30 2.32 2.79
4.0 6.39 7.62 2.82 3.37
4.5 7.74 9.02 3.41 4.00

L = 9 mm

0 2.32 2.31 - -
2.8 2.33 4.11 1.01 1.79
3.1 3.59 5.42 1.55 2.36
3.5 5.23 6.06 2.26 2.63
4.1 6.79 8.06 2.93 3.50

Figure 9a–f shows the simulated distributions of temperature and air flow velocity for L = 6 mm.
It is evident that an increase in the speed of flow with the applied voltage increases the temperature
gradient on the copper plate right above the needle and on the peripheral area of the heater; hence,
enhances the rate of heat transfer. Three types of ionic wind patterns appeared depending on the
applied voltages. At the lowest voltage (3.5 kV), when the airstream above the needle reached the
copper plate it turned outward, descended, cooled down, reached the sidewall, and then returned
to the axis. Thus, the wind circulated clockwise. Regardless, a slight clockwise circulation occurred
at a peripheral region due to natural convection. At Vc = 4.0 kV, the circular flow at the center
region induced a counterclockwise circulation at the peripheral region. At the highest V (5.0 kV),
the discharge-induced flow at the axis went outward along the copper plate and reached the sidewall,
then descended before being cooled. It resulted in the formation of a high-speed flow layer near the
center of the upper surface which grows with increase in Vc. Further, the flow layer breaks down the
temperature boundary layer and results in an enhanced rate of heat transfer. Additionally, for the other
values of L, the same orders of flow pattern were observed including a single circulation localized to
the central region, twin circulation, and a global single circulation, as it was for L = 6 mm.

79



Energies 2019, 12, 2963

(a) Vc = 3.5 kV, temperature (b) Vc = 3.5 kV, velocity 

(c) Vc = 4.0 kV, temperature (d) Vc = 4.0 kV, velocity 

(e) Vc = 5.0 kV, temperature (f) Vc = 5.0 kV, velocity 

Figure 9. (a–f) Temperature and velocity distributions in the gap (numerical simulation, L = 6 mm;
arrows are velocity vector indicating relative strength of the flow with logarithmic scale).

Figure 10 shows the Nusselt number (Nu) as a function of the Reynolds number (Re) based on the
numerical simulation results. The gap height d = 12.5 mm is adopted as the representative length d.
The representative velocity is the average airstream speed in the radial direction at 1 mm below the
upper surface of the gap (|u|ave defined by Equation (23)). There is a significant correlation between
Nu and Re. It should be noted that this correlation does not depend on L and this correlation means
that the effect of the change in the convection regime (twin or single circulation) can be reduced to
Re. It can be understood that the flow in the radial direction induces the circulating flows in the gap,
which transfer heat.

Nu =
Kd
ka

(22)

|u|ave =

∫ 25mm

0
2πr|u|dr (23)

Re =
|u|aved
μ

(24)
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N
u

Re

Figure 10. The Nusselt number as a function of the Reynolds number based on the numerical simulation.

3.2.3. Energy Efficiencies

In the present study, energy efficiency (η) can be defined as the ratio of the increased rate of heat
flow (ΔQ) to the input discharge power Pc (= Ic × Vc) (see Equation (25)). The experimental and
simulated values of the same are shown in Figures 11 and 12, respectively.

η = ΔQ/Pc, (25)

where ΔQ = Qon − Qoff (Qon is Q in the presence of corona discharge, and Qoff is Q in the absence
of corona discharge). As evident from Figure 11, the efficiency is extremely high if Q/A is less than
200 W/m2, then it decreases rapidly with increase in the voltage. As can be found in Figure 10, in the
almost absence of convection, only a small radial flow has a large enhancement effect for heat transfer,
which is the reason for high η at low Q/A region. The decrease in ηwith higher Q/A is attributed to
decrease in conversion efficiency from electrical energy to the kinetic energy of airstream. In the range
of Q/A larger than 250 W/m2, the needle with L = 7 mm resulted in the highest η, followed by 6, 8,
and 9 mm (the order is hard to determine in the range less than 250 W/m2). The reason of the low
efficiencies for larger values of L is the less amount of air in the space above the needles, which reduces
the effect of the discharge on the rate of heat transfer. Further, L = 6 mm did not give the highest
efficiency because of the weaker outward flow compared with that of L = 7 mm that resulted due to
the lower velocity at the axis. However, the reason of larger variation in η in the experiment than in
the numerical simulation is not fully understood in this study. Among the reasons would be that the
incomplete spherical shape of the needle tips might have increased current that did not contribute to
creation of the air flow, especially in cases of L = 8 and 9 mm (see Section 3.2.1). The energy efficiency
is more than one for all the conditions in the range of this study. For example, it is ~10 when L is 7 mm
and Q/A is ~400 W/m2 (Kon/Koff = 3–4). In a viewpoint of energy consumption, these results mean
that transferring thermal energy from where waste heat is exhausted has an advantage compared
with newly creating heat at the site. The simulations’ results (Figure 12) show the same trend as the
experiment, with the highest η for L = 7 mm. However, the much larger efficiencies obtained from
simulations are due to smaller discharge current compared with that of the experiment. Analysis
indicates that for Vc = 4.1 kV and L = 7 mm, Q/A and η are 370 W/m2 and 12.0, respectively, in the
experiment, while the corresponding simulated values are 353 W/m2 and 58.0. Very large values of
efficiency obtained from simulation show a great potential of the ionic wind-based thermal switches.

Although this device is promising from the energy efficiency point of view, the heat flux needs to
be 2–3 orders of magnitude higher for practical purposes. Accordingly, while keeping in mind the
advantage of ionic wind that it can be generated in a small region (like the heat transfer gap in this
study), the future studies should identify the optimum arrangement of multiple needles that could
generate mutually driving winds, causing a very strong circulating flow.
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Q / A

Figure 11. Energy efficiency vs. heat transfer rate (experiment).

Q A
Figure 12. Energy efficiency vs. heat transfer rate (numerical simulation).

3.2.4. The Influence of the Heat Generation by Corona Discharge in the Gap

The numerical simulation results discussed until now did not include the heating effect of the
corona discharge. All of the energy from the corona discharge was dissipated in the gap. Since it is
difficult to identify the distribution of such a heat source, heat transferred was calculated by assuming
a volume heat source distributed uniformly throughout the gap. Heating power per unit volume was
determined using Equation (21) at various applied voltages for the case of L = 6 mm. It should be noted
that experimental values of the discharge power were used in the calculation. The simulated values of
the rate of heat transfer after considering the volume heat sources are shown in Figure 13. Due to a
little temperature rise in the gap, the rate of heat flow from the heater surface decreased, while the heat
received by the upper surface of the gap increased. The difference (between black triangles and circles
in the graph) in the rates of heat flow correspond to the discharge power. The introduction of a volume
heat source has less effect on the rate of heat flow at the heater surface as compared with the upper
surface (copper plate). This result suggests that the experimental values of Q are hardly affected by the
discharge power dissipated in the gap because Q is determined as the heater power in the experiment.
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Q

V

Figure 13. Heat transfer rates with and without the discharge power dissipated in the gap (numerical
simulation using the discharge powers that were determined experimentally).

4. Conclusions

To summarize, the basic characteristics of the thermal switch using ionic wind were investigated
in this study. The ionic wind-based thermal switches could control the rate of heat flow, with energy
efficiencies (the ratio of controlled heat flow rate to input discharge power) more than 10. Further,
the ratio of heat transfer coefficients between two surfaces in the presence and absence of corona
discharge ranged from 3 to 4, and the heat flux was around 400 W/m2. The future study should focus
to enhance the heat flux in a controlled manner.
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Abstract: The purpose of this study was to investigate the collection characteristics of nanoparticles
emitted from a diesel engine in an electrostatic precipitator (ESP). The experimental system consisted
of a diesel engine (400 cc) and an ESP; residual fuel oil and light fuel oil were used for the engine.
Although, the peak value of distribution decreased as the applied voltage increased due to the
electrostatic precipitation effect, the particle concentration, at a size of approximately 20 nm, increased
compared with that at 0 kV, in the exhaust gas, from the diesel engine with residual fuel oil. However,
the efficiency increased by optimizing the applied voltage, and the total collection efficiency in the
exhaust gas, using the residual fuel oil, was 91%. On the other hand, the particle concentration,
for particle diameters smaller than 20 nm, did not increase in the exhaust gas from the engine with
light fuel oil.

Keywords: diesel engine; ion-induced nucleation; collection efficiency; nanoparticle; electrostatic
precipitator

1. Introduction

Although a renewable energy sources, such as biodiesel are effective in preventing global warming,
it is necessary to remove particle emission. Nanoparticles are included in various diesel exhaust
gases from diesel automobiles [1], power generation engines, marine diesel engines, and construction
machines. These particles can penetrate into alveoli and are harmful to human health. Thus, electrostatic
precipitators (ESPs) have been used or developed to negate these effects.

ESPs have been used to clean gas emissions from diesel automobiles in road tunnels [2].
The collection efficiency estimated by dust weight reached 90% at a gas speed of 9 m/s. Ehara et al. [3]
investigated the collection of nanoparticles emitted from a diesel engine, with light fuel oil, in order
to improve an ESP for road tunnels, and the efficiency for nanoparticles, with a size between 20 and
800 nm, was greater than 90% at a gas speed of 10 m/s.

ESPs have also been developed for power generators, farm engines, construction machines,
and marine diesel engines. An ESP combined with an after-cyclone dust collector [4], a system
with a mechanical filter located after an ESP [5], and an electrostatic cyclone diesel particulate filter
(DPF) for marine engines [6], were proposed. However, the nanoparticle collection efficiency was
not investigated. Kuroki et al. [7] reported the removal performance of nanoparticles (polystyrene
latex) in a wet-type discharge plasma reactor, and showed a high collection efficiency greater than
99%. Mizuno et al. [8,9] investigated the effects of gas temperature and the addition of a DPF on
collecting diesel nanoparticles in an ESP. Kim et al. [10–12] investigated the submicron particulate
matter (PM) removal of an ESP, combined with a metallic filter for diesel engines and the nanoparticle
collection of a novel two-stage type ESP, using KCl particles. Yamamoto and Ehara [13,14] suggested
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an electrohydrodynamic (EHD) assisted ESP, and a hole-type ESP, respectively. They measured the
collection efficiency for nanoparticles emitted from diesel engines with light fuel oil. Authors have
investigated nanoparticle collection efficiency for exhaust gas from a diesel engine with residual fuel
oil [15]. As described so far, there are some studies on nanoparticle collection efficiency. However,
the influence of the kind of fuel oil, applied voltage on nanoparticle collection efficiency, and efficiency
for particles smaller than 20 nm, were not fully investigated.

In this study, we carried out an experiment using exhaust gases from a diesel engine, with residual
and light fuel oils, to clarify the collection characteristics of nanoparticles in an ESP.

2. Experimental Setup

The schematic of the experimental system is shown in Figure 1. The system consists of a diesel
engine (DA-3100SS-IV, 400 cc, 5.5 kW output, 0% load; Denyo Co., Ltd., Tokyo, Japan) and an ESP.
Residual fuel oil (ENEOS LSA; sulfur content: 0.61%) and light fuel oil (ENEOS; sulfur content:
0.0009%) were used. The temperature of the exhaust gas was between 130 ◦C and 150 ◦C, and the gas
temperature inside the ESP was between 70 and 80 ◦C. The wind velocity inside the ESP was 2.4 m/s.

NOx    0ppm
SO2 0ppm
CO      0ppm
CO2 0vol%
O2 0vol%

Figure 1. Schematic diagram of experimental system.

Figure 2 shows the structure of the ESP. It has a coaxial cylinder structure consisting of the
grounded case (stainless; length: 80 mm; inner diameter: 58 mm) and high-voltage application wire
electrode (tungsten; diameter: 0.26 mm). Negative or positive DC high voltage is applied to the
wire electrode.

A portion of the gas in the duct (2.7 L/min) was drawn to measure the particle size distribution.
The temperature of the sampling tube was controlled using the heater so that it would be equal to
the temperature of the gas in the duct, in order to prevent cooling of the sampling tube, which could
cause condensation inside the tube and change the rate of the components. The sampled gas was
cooled to room temperature, after 10-fold dilution by the diluter (Palas KHG-2010 heatable dilution
system), at the same temperature as the exhaust gas. It is considered that the vapor content in a gas is
diluted to less than the saturated vapor content after the gas is cooled, whereby condensation hardly
occurs. Although the diluter and dilution ratio were different from this equipment, Kim et al. [16,17]
used a similar sampling and measurement system. The particle size distribution was measured using
a scanning mobility particle sizer (SMPS) (Model 3936, TSI, Shoreview, MN, USA). The SMPS can
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measure the particle concentration for diameters between 6 nm and 200 nm. The collection efficiency η
was calculated by Equation (1),

η =

{
1−
(

N
N0

)}
× 100% (1)

where N is the particle number concentration (parts/m3) after applying the voltage, and N0 is the
particle number concentration (parts/m3) before applying the voltage.

Figure 2. Structure of the electrostatic precipitator (ESP).

To measure the SO2 and NOx concentrations using an analyzer (PG-350, Horiba, Kyoto, Japan),
a portion of the exhaust gas was drawn from the duct and diluted by the diluter at the same temperature
as the exhaust gas. The SO2 concentration was measured by the infrared absorbing method, with a
measurement limit of 2 ppm. The NOx concentration was measured by the chemiluminescence detector,
with a measurement limit of 2.5 ppm.

3. Results and Discussion

3.1. Influence of Fuel Oil on Distribution

The relationship between the applied voltage and the discharge current in the exhaust gas, when
residual and light fuel oil were used, is shown in Figure 3. The polarity of the voltage was negative.
The corona onset voltage was approximately 5 kV, and the spark voltage was 15 kV or 16 kV at the
residual fuel oil. Although the corona onset voltage and spark voltage at the light fuel oil were almost
the same, the discharge current was slightly greater than that at the residual fuel oil. The cause of this
requires future study.

The size distribution of various applied voltages in negative polarity when residual fuel oil
is used is shown in Figure 4. The distribution at a voltage of 0 kV had a peak value of 7.0 × 1012

parts/m3 at a size of 76 nm. The peak value decreased as the applied voltage increased, and that was
2.6 × 1011 parts/m3 at 10 kV, due to the electrostatic precipitation effect. The collection efficiency was
approximately 96%. However, the concentration at a size of 16 nm at 8 kV increased to 7.0 × 1011

parts/m3, and at a size of 20 nm at 10 kV increased to 3.4 × 1012 parts/m3.
Thus, the experiment was carried out using the light fuel oil to investigate the reason for this. The

particle size distribution for various applied voltages when light fuel oil was used is shown in Figure 5.
The distribution at a voltage of 0 kV had a peak of 2.3 × 1012 parts/m3 at a size of 79 nm. The particle
concentration at 79 nm decreased to 4.2 × 1011 parts/m3, due to the electrostatic precipitation effect at a
voltage of 10 kV. Furthermore, the particle concentration of approximately 20 nm did not increase,
compared with Figure 4.
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Figure 3. Relationship between applied voltage and discharge current when residual oil and light oil
are used.

Δ
Δ

Figure 4. Size distribution of various applied voltages when residual oil is used.

Figure 5. Size distribution for various applied voltages when light oil is used.
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It is known whether nanoparticles are generated through a binary homogeneous nucleation and
ion-induced nucleation in corona discharge [18,19]. Kim et al. [20,21] showed that particle concentration
increased due to the ion-induced nucleation, caused by H2O and the binary homogeneous nucleation
from the effects of SO2. H2SO4/H2O particles were generated due to the interaction between SO2 and
OH radicals generated by the ionization of H2O. This influence increased with increasing SO2 and
H2O concentrations [19,22], as well as the addition of NO2 [22]. On the other hand, Yohaness et al. [23]
showed that the particle concentration, generated by corona discharge, decreased when NO2 was
added to SO2/H2O/air mixed gas. Thus, the SO2 and NOx concentrations were measured in this
study. The analysis of the components in the exhaust gas revealed that the SO2 concentration in the
exhaust gas, using residual fuel oil, was 37 ppm, whereas it was less than 2 ppm in the case of light
fuel oil. However, the measurement limit of the SO2 analyzer was 2 ppm. The NOx concentration
in the exhaust gas, using residual fuel oil, was 149 ppm, and the concentration using light fuel oil
was 120 ppm. Therefore, the increased concentration for a particle size of approximately 20 nm in the
exhaust gas, using residual fuel oil, may be due to the generation of H2O particles and H2SO4/H2O
particles. H2SO4 molecules are generated from H2O and OH– in corona discharge. H2SO4 molecules
easily convert to H2SO4/H2O particles, due to binary homogeneous nucleation when H2O particles,
which are generated by ion-induced nucleation, are present in the gas.

3.2. Influence of Polarity on Distribution

It has been shown in Figure 4 that the particle concentration, at a size of approximately 20 nm,
increased due to corona discharge. Thus, the influence of the polarity of the applied voltage in the
exhaust gas, when residual fuel oil is used, was investigated.

The relationship between the applied voltage and the discharge current, when negative and
positive voltages were individually applied, is shown in Figure 6. The corona onset voltage at the
negative corona discharge was approximately 5 kV, and the spark voltage was between 15 kV and
16 kV. The onset voltage at the positive corona discharge was approximately 6 kV, and the spark was
generated at 13 kV or 14 kV. Compared with the result of the negative corona discharge, the corona
onset voltage was greater, and the spark voltage was smaller, at the positive corona discharge.

Figure 6. Relationship between applied voltage and discharge current (residual oil).

Although the peak value of the size distribution in negative polarity, at a voltage of 0 kV, decreased
as the applied voltage increased, and the concentration at 20 nm size increased, as shown in Figure 4.
The size distribution for various applied voltages in positive polarity is shown in Figure 7. The overall
tendency was similar to the result in negative polarity, as shown in Figure 4. However, nanoparticle
generation occurred from 8 kV at negative polarity, but it did not occur at 8 kV at the positive polarity.
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This is considered to be caused by the corona discharge current at the positive polarity, less than that at
the negative polarity, as shown in Figure 6.

Δ
Δ

Δ
Δ

Figure 7. Size distribution for various applied voltages in positive polarity (residual oil).

A comparison between the results of negative and positive polarities, at a voltage of 10 kV,
is shown in Figure 8. Figure 8a shows a comparison of the size distributions. In this Figure, the size
distributions of both polarities, at 0 kV were not the same, so it is difficult to investigate the influence of
polarity on the increased particle concentration of approximately 20 nm. Therefore, the enhancement
rate α is defined as Equation (2):

α = N/N0 (2)

where N is the particle number concentration (parts/m3) after applying the voltage, and N0 is the
particle number concentration (parts/m3) before applying the voltage.

 
(a) (b) 

Δ
Δ

Δ
Δ

Figure 8. Comparison between results of negative and positive polarities: (a) size distribution; (b)
enhancement rate.

Figure 8b shows a comparison of the enhancement rates between negative and positive polarities.
The enhancement rate was calculated from the average concentrations, as shown in Figure 8a, thus the
error bar is not indicated in Figure 8b. The maximum enhancement rate at negative polarity was 30 at
a size of 16 nm, and that at positive polarity was 22 at a size of 13 nm. This result indicates that the
increased nanoparticles, due to the corona discharge in negative polarity, is greater than that in positive
polarity. Nagato et al. [19] reported that the increase of particles in positive polarity was greater than
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that in negative polarity, which was different from our result. Although, their experiment was carried
out with the same discharge current, the experiment in this study was at the same voltage. This is most
likely option, because the discharge current in the negative corona is greater than that in the positive
corona at the same voltage, as shown in Figure 6. The reason why sharp peaks occurred at different
size ranges needs to be investigated in the future.

3.3. Collection Efficiency

An increase of fine particles is undesirable for an ESP. Thus, the effects of the applied voltage were
investigated. The polarity of the voltage was negative, where the residual fuel oil was used.

The collection efficiency, as a function of particle diameter for various applied voltages, is shown
in Figure 9. The collection efficiency, at a voltage of 10 kV, decreased with decreased particle diameter,
and had a minimum value of approximately −2900% at a particle size of 16 nm. A negative collection
efficiency means that the particle number concentration after the application of voltage is greater
than before. Thus, the concentration at 16 nm increased by 30 times after the application of 10 kV.
However, the efficiency at a size of approximately 16 nm increased as the applied voltage decreased.
Kim et al. [16,17] reported that a nanoparticle collection efficiency of greater than 90% was achieved in
an electrostatic filtration system, combined with a metallic flow-through filter for diesel exhaust gas,
which was different from the result in this study. This is the most likely option, as their electrostatic
filtration system, combined with a metallic flow-through filter, may have been suitable for preventing
an increase of nanoparticles.

Figure 9. Collection efficiency as a function of particle diameter for various applied voltages in negative
polarity (residual oil).

The total collection efficiency value, as a function of applied voltage, is shown in Figure 10.
The efficiency increased as the applied voltage increased, and reached 91% at 8 kV, while the efficiency
at 10 kV was 65%. This result shows that an optimum voltage exists for collection efficiency. This is
probably due to ion-induced and binary homogeneous nucleation, as already described.
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Figure 10. Collection efficiency as a function of applied voltage in negative polarity (residual oil).

4. Conclusions

The experiments were conducted to investigate the collection characteristics of nanoparticles,
emitted from a diesel engine, with a residual fuel oil and light fuel oil in the ESP. The results are follows:

(1) The peak concentration, at 76 nm of size distribution in the exhaust gas from residual fuel oil,
decreased with an in increase in the applied voltage. However, the nanoparticle concentration at a
size of 20 nm increased. On the other hand, the nanoparticle concentration did not increase in the
exhaust gas when light fuel oil was used. These results indicate that the increased nanoparticle
concentration in the exhaust gas, using residual fuel oil, may be due to ion-induced and binary
homogeneous nucleation.

(2) The amount of nanoparticle increase due to corona discharge in negative polarity was greater
than that in positive polarity at the same voltage.

(3) An optimum voltage, used to suppress nanoparticle concentration, exists for the
collection efficiency.
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Abstract: An efficient NOx reduction aftertreatment technology for a marine diesel engine that combines
nonthermal plasma (NTP) and NOx adsorption/desorption is investigated. The aftertreatment technology
can also treat particulate matter using a diesel particulate filter and regenerate it via NTP-induced
ozone. In this study, the NOx reduction energy efficiency is investigated. The investigated marine
diesel engine generates 1 MW of output power at 100% engine load. NOx reduction is performed
by repeating adsorption/desorption processes with NOx adsorbents and NOx reduction using NTP.
Considering practical use, experiments are performed for a larger number of cycles compared with
our previous study; the amount of adsorbent used is 80 kg. The relationship between the mass of
desorbed NOx and the energy efficiency of NOx reduction via NTP is established. This aftertreatment
has a high reduction efficiency of 71% via NTP and a high energy efficiency of 115 g(NO2)/kWh for a
discharge power of 12.0 kW.

Keywords: aftertreatment; energy efficiency; marine diesel engine; nonthermal plasma; NOx

1. Introduction

The advantages of diesel engines are low CO2 emissions and high fuel efficiency with respect to
the output power. In general, ships use diesel engines as propulsion and auxiliary engines because
various types of fuels can be employed. However, their emissions contain harmful particulate matter
(PM) and NOx (NO +NO2). Therefore, exhaust purification requires aftertreatment technologies [1].
These technologies have been extensively studied and developed in recent years, e.g., in our previous
studies [2,3].

Reduction of NOx from diesel emissions is difficult. However, emissions requirements have become
increasingly stringent in recent years. The improvement of fuel injection in these engines has been
investigated [4]. To reduce NOx emissions in O2-rich environments, selective catalytic reduction (SCR)
using urea solution or ammonia has been utilized [5–11]. Some methods combine SCR with nonthermal
plasma (NTP) [12–16]. However, SCR requires a high temperature of 300 ◦C for catalyst activation,
and there are issues regarding the production of nanoparticles, leakage of harmful ammonia, use of
harmful heavy-metal SCR catalysts, and storage of the urea solution. Additionally, NOx reduction
technologies using NTP without a catalyst have been investigated [17,18].

Energies 2019, 12, 3800; doi:10.3390/en12193800 www.mdpi.com/journal/energies94
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Marine diesel engines are the next target of regulations. Normally, NOx concentrations in the
emissions of marine diesel engines are relatively high (500–1000 ppm), and the emissions contain SOx

(typically 100 ppm) in addition to PM [2].
The regulations that govern marine diesel engines are specified by the International Maritime

Organization (IMO) as explained for a rotation speed of 900 rpm in [2]. In these regulations, the emission
is restricted by the mass of NOx emitted per unit of engine output energy for a given engine rotation
speed, and is divided into Tiers I, II, and III according to the enforcement period. For a marine diesel
engine with a rotation speed of 900 rpm, which is the target engine type in this study, NOx emissions
should be <11.5 g/kWh for Tier I in 2000, 9.20 g/kWh for Tier II in 2011, and 2.31 g/kWh in a NOx-
regulated emission area for Tier III in 2016. Therefore, a NOx reduction of 6.89 g/kWh is required
from Tier II to the current Tier III applied in 2016. This corresponds to a 75% reduction. Given the
importance of NOx emissions, more stringent regulations may be imposed on marine diesel engines in
the future, which could require a similar amount of NOx reduction.

Considering the circumstances of marine diesel emission and the emission regulations, NOx

treatment, as well as the removal of PM, must be urgently addressed [19–22]. In 2011, the main
manufacturers of marine diesel engines were able to successfully satisfy the Tier II NOx emission
standards via combustion improvements. However, to satisfy the more stringent Tier III, an effective
aftertreatment technology is indispensable. Urea-SCR technology is presently the most promising
approach. However, it requires the storage of large amounts of urea solution inside the vessels. NOx

reduction via wet scrubbing using a chemical solution has also been investigated [23]. However,
it requires a tank of chemical solution in the ship, which has limited space.

In this study, an aftertreatment technology for NOx reduction and PM treatment using NTP
for a marine diesel engine is developed on the basis of our previous studies in a laboratory-scale
experiment [24,25]. Considering practical use, experiments are performed for a larger number of cycles
compared with our previous study to obtain more data. The objective is to obtain a more accurate
relationship between the mass of desorbed NOx and the mass of NOx reduced by NTP with the
data. The amount of adsorbent is 80 kg. Compared with SCR, this technology offers the advantages
of eliminating the requirement of urea solution or harmful heavy-metal catalysts and operation at
a temperature of <150 ºC. In our previous investigation [3], PM and NOx reductions were studied
in the aftertreatment for a marine diesel engine with an output power of 610 kW. In another one
of our previous studies [2], NOx reduction with NOx adsorbents unused in the aftertreatment was
investigated for a marine diesel engine with an output power of 1071 kW. In the present study, according
to the results of our previous investigations regarding NOx reduction [2], experiments involving
aftertreatment for a marine diesel engine with an output power of 1071 kW are repeated for a longer
period (up to 19 cycles). In the aftertreatment, estimation of the NOx reduction efficiency is significant
for the design and operation of the system. Compared with the previous studies, considerably more
data are obtained to provide a highly accurate estimation of the efficiency of NOx reduction via NTP.

2. Operating Principle of NOx Reduction in Aftertreatment

In the previously reported technology [2,24,25], given that NOx cannot be efficiently and directly
reduced by NTP under O2-rich conditions, it is first adsorbed by adsorbents under O2-rich conditions.
After the adsorption, NOx is desorbed by heating the adsorbents under O2-lean (preferably O2 < 2%)
and fuel-rich (CO and hydrocarbon-rich) gaseous conditions. Switching the different processes is
achieved by changing the exhaust path flows and by using the waste-heat recovery of the engine.
The high-concentration NOx desorbed from the adsorbents is effectively reduced to N2 and N radicals
by NTP. O2-lean or N2 gaseous conditions can be achieved using an O2 penetration membrane or by
controlling the engine operating mode (fuel-injection mode). The following chemical reaction for NOx

reduction is performed under O2-lean conditions with NTP:
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2NOx + 2N→ 2N2 + xO2 (>room temperature). (1)

The NTP reactors should only be turned on when high concentrations of NOx are desorbed
and only during the short desorption period, reducing the required plasma energy. Laboratory-scale
experiments based on this procedure in which NOx was treated with a high energy efficiency were
reported in our previous papers [26–29], and a related patent was filed [30].

Figure 1 shows process diagrams of the PM and NOx simultaneous reduction system for a marine
diesel engine. Because the objective of the present study is to investigate the NOx reduction efficiencies
in a larger number of cycles compared with our previous study [2], the experimental setup and
processes are the same. The system mainly consists of the marine diesel engine, diesel particulate filters
(DPFs), an adsorption chamber, and NTP reactors. PM reduction is first performed with a pair of DPFs,
and the DPFs are regenerated via ozone injection. Next, NOx reduction is achieved through two flow
processes: an adsorption process followed by a desorption process combined with the NTP reaction.
The sequential application of these two processes in the same adsorption chamber realizes continuous
NOx reduction. In the adsorption process, the flow rate of the exhaust gas determines the flow velocity,
which is measured by pitot tubes. After the exhaust gas is cooled using a water-cooling-type cooler, it
passes through the adsorption chamber, where NOx is adsorbed by adsorbents. The NOx concentrations
are measured at the inlet and outlet of the chamber. In the desorption process, the exchanged waste
heat is added to the adsorbent pellets via a heat exchanger to induce the thermal desorption of NOx.
Simultaneously, N2 gas flows over the packed adsorbent pellets. Then, high concentrations of NOx are
desorbed from the chamber. The desorbed NOx is reduced in the NTP reactor. Thus, the simultaneous
reduction of PM and NOx is achieved [2]. In the next section, the experimental apparatus and results
are presented.

Figure 1. Process diagram of the NOx reduction system for a marine diesel engine: (a) adsorption
process; (b) desorption process.

3. Experimental Apparatus

A photograph of the diesel engine (6DK-20e, Daihatsu Diesel MFG Co. Ltd., Japan) is shown in
Figure 2. Experiments are performed using an electrical sub-power generation marine engine bench
in the laboratory. Table 1 shows the specifications of the engine. The specifications are four strokes,
six cylinders with a cylinder bore of 200 mm and a stroke of 300 mm, and a constant rotation rate of
900 rpm. Table 2 shows the operating conditions. The maximum (100%) output power is 1071 kW. The fuel
was marine diesel oil (A-heavy oil (the same grade as marine diesel oil), sulfur content = 0.075 mass%,
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nitrogen content = 0.01 mass%, heating value = 45.4 MJ/kg). The exhaust flow rate was 3920 Nm3/h for
50% load or output power, 5526 Nm3/h for 75%, and 6815 Nm3/h for 100% (N denotes the standard
state of 0 ºC, 0.1 MPa) [2].

Figure 2. Photograph of the targeted marine diesel engine (6DK-20e, maximum power = 1071 kW).

Table 1. Specifications of the marine diesel engine (6DK-20e).

Specification Value

Number of Cylinders 6

Bore, mm 200

Stroke of cylinder, mm 300

Rotating speed, rpm 900

Weight of engine with a dynamo, tons 16

Table 2. Operating conditions of the marine diesel engine (6DK-20e).

Specification Value Value Value

Load, % 100 75 50

Power, kW 1071 803 536

Exhaust gas flow, Nm3/h 6815 5526 3920

Air flow rate from supercharger, Nm3/kWmh 6.36 6.88 7.32

Exhaust gas components
NOx, ppm
CO, ppm
CO2, %
O2, %

HCs, ppm

780
105
5.4

13.6
120

710
63
4.9

14.2
120

660
33
4.8

14.4
120

Figure 3 shows a schematic of the experimental setup for the aftertreatment for the marine diesel
engine. Figure 4 shows the experimental setup for exhaust-gas aftertreatment in the marine diesel
engine system. Approximately 16% of the bypassed exhaust gas passes into a 150A pipe (in Japanese
Industrial Standards; inner diameter= 155.2 mm) and through a set of ceramic DPFs (material: SiC, TYK
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Corporation, Japan). Here, most of the PM is removed. Subsequently, the flow velocity is measured by
a set of pitot tubes (L type, FV-21A, OKANO WORKS, Ltd. Japan). The accumulated PM in the DPF is
treated using NTP-induced ozone (O3) injection technology, as we previously reported [2,31]. After the
PM removal, the NOx in the exhaust gas is treated via adsorption and desorption processes with NTP
in the same way as the previous experiment [2] as well as the measurements. The concentration of
untreated NOx from the engine is 400-760 ppm, and the ratio of NO2/NOx is approximately 15%. N2

gas at a low flow rate in the desorption process is 11.8 Nm3/h (200 L/min at 5 ºC). A significantly
higher concentration (typically 3660-25,000 ppm) of NOx compared with that of the previous study
(typically 4000 ppm) [2] flows out of the chamber and enters the NTP reactors, with a total energy
consumption of 12.0 kW. NOx is reduced into N2 and O2 according to reaction (1). As the upper limit
of the analyzer is 2500 ppm, high-concentration desorbed NOx gas in excess of 2500 ppm is diluted
with atmospheric air. The actual NOx concentration is estimated by comparing the O2 concentration of
the diluted exhaust gas with that of the raw exhaust.

Figure 3. Schematic of the experimental setup for exhaust-gas aftertreatment in the marine diesel engine.

Figure 4. Photograph of the experimental setup for exhaust-gas aftertreatment in the marine diesel
engine system.
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Figure 5 shows the adsorption chamber equipped with a waste-heat exchanger that is specially
designed and manufactured by Sumitomo Precision Products Co. Ltd. (type: XS6083). The directions
of gas flow and the dimensions are shown. The same chamber that was used in a previous experiment is
employed [2]. The adsorption chamber is designed optimally based on our results of the laboratory-scale
experiment [25] and the previous pilot-scale ones [2,3]. The amount of packed adsorbent pellets is
80 kg, which represents 101 L by volume. Compared with the previous study [3], the dimensions
of the chamber are different, and the cross-sectional area is 3.9 times larger. However, the vertical
length is 0.7 times shorter. The volume of the adsorption chamber including relevant externals is
approximately 0.5 m3, which is smaller than the typical volume of 6.0 m3 of a urea-solution tank.
The mass of the adsorbent chamber without adsorbents is almost equal to that of empty urea-solution
tank. Figure 5a shows a cross section of the chamber with two types of flow paths—flow path I
(the number is 47, and each gap is 3.2 mm) and flow path II (the number is 48, and each gap is
8.9 mm)—alternately stacked inside. Figure 5b shows a side view of flow path I, in which the hot
exhaust gas flows. Flow path I is empty, and flow path II is packed with adsorbent pellets, as shown in
Figure 5c. In the adsorption process, while exhaust gas flows from the bottom inlet to the top outlet of
flow path II, NOx is adsorbed onto the pellets. In the desorption process, heated exhaust gas travels
along flow path I to heat the adsorbent pellets. Simultaneously, N2 gas from a liquid N2 cylinder
flows from the top inlet to the bottom outlet of flow path II at a low flow rate to achieve O2-lean
condition, as shown in Figure 5b,c. Switching between these two processes is performed by opening
and shutting the ball valves. The adsorbent used in this study is a MnOx–CuO oxidative compound
(N-140, 1.2–2.4 mm-sized granular pellets, Süd-Chemie Catalysts Japan, Inc.). The measurement points
for the adsorbent temperature are shown in Figure 5c. The temperatures measured at these points are
averaged for evaluating the efficiencies.

Figure 5. Schematic of the adsorption chamber containing 80 kg of adsorbents with gas flows in the
desorption process. (a) Cross section B-B; (b) Side view; (c) Cross section A-A;
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Table 3 presents the design specifications of the adsorption chamber. A counter-flow-type heat
exchanger is used in the adsorption chamber. The design specifications are the same as those used
in a previous study [2]. Thus, the total heat-exchange quantity is 61.2 kW. The pressure drop and
space velocity are also presented in the table. When the amount of packed adsorbent pellets is 40 kg,
the space velocity is higher than that in our previous study [3], with a ratio of 1.96 (i.e., 16,000/8150).
Figure 6 shows a photograph and schematic of the NTP reactor used for reducing NOx. The reactor
consists of a surface-discharge element (ET-OC70G-C, Masuda Research Inc., Japan), air-cooling fins,
and a flange to fix the discharge element to the frame. The structure of surface discharge is also
presented in the figure. As shown, NOx in the N2 gas flows on the surface-discharge element. NOx is
reduced to the clean gases of N2 and O2 with the surface discharge plasma. The surface-discharge
element is cooled with an air-cooling fan. The specifications of one unit of the NTP generator in
Figure 3, which includes the power supplies and the NTP reactors, are as follows. Two of these
reactors are powered by a single-pulse high-voltage power supply (HCII-70/2, Masuda Research Inc.).
The maximum peak-to-peak voltage is 10 kV, with a frequency of 10 kHz. The maximum input power
is 450 × 2 = 900 W. A unit of the NTP generator (HCII-OC70×12) consists of 12 NTP reactors and six
power supplies. The total input power of a unit is 900 W × 6 = 5.4 kW, and the discharge power
is 5.0 kW.

Table 3. Specifications of the adsorption chamber.

Specification Value

Operation Gauge Pressure 0.1 MPa

Heatproof temperature 300 ºC

Material of heat-exchanger fin Stainless steel

Area and type of heat-exchanger fin
Flow path I
Flow path II

55 m2, serrated fin
72 m2, plain fin

Mass of adsorbent chamber without adsorbent pellets 920 kg

Amount and volume of packed adsorbent pellets 80 kg, 101 L

Pressure drop in adsorption process with adsorbent pellets (80 kg) 2 kPa
(Load 75%, 810 Nm3/h)

Space velocity
(exhaust gas: 800 Nm3/h, 175 ◦C; adsorbents: 80 kg) 16,000/h

Figure 6. Schematic of the nonthermal plasma (NTP) reactor, showing the structure of the discharge
section, along with a photograph of the NTP reactor.
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4. Results and Discussion

Experiments are performed for 19 operation cycles. The NOx reduction performance in the
aftertreatment is evaluated. The engine operation was stopped once during each process.

Figure 7 shows the time-dependent NOx emissions before and after the gas passes through
the aftertreatment for cycles 16–19. Cycles 16–19 represent the transition of the adsorbent from the
unsteady state to the steady state. The engine load is set as 75% for all adsorption processes and
50% for all desorption processes, considering the exhaust-gas temperatures for the adsorption and
desorption of NOx. This setting of the engine load is chosen to investigate the performance in a severe
condition because it gives the severe condition for the aftertreatment, that is, high concentration of
NOx in adsorption and lower temperature in desorption processes. The amount of adsorbent pellets
in the adsorption chamber is 80 kg. The mass flow rate for NOx, which is shown on the vertical
axis in Figure 7, is evaluated according to the molecular mass of NO2, with the unit of g(NO2)/h.
Untreated NOx in the adsorption process is represented by white circles with lines. Treated NOx is
represented by black circles with lines. NTP is applied only in the desorption processes, and the
input power to the NTP generator is 12.0 kW. The mass flow rate of NOx in the untreated exhaust
gas is 1330–1500 g(NO2)/h in the steady state of engine operation. The engine operation is stopped
at t = 3900 min in the adsorption process of cycle 17 and at t = 4192 min in the adsorption process of
cycle 18. Each stoppage lasts for approximately half a day. It is noted that the difference in the duration
of the desorption is just due to the engine operation timing. In the adsorption processes, the mass flow
rate of NOx decreases to 970–1280 g(NO2)/h. In the desorption processes, the maximum concentrations
of desorbed NOx are 8180, 11,380, 3660, and 17,830 ppm in cycles 16–19, respectively. On average,
49% of the desorbed NOx is reduced by the application of NTP. For example, considering cycle 19 in
the graph, similar to the previous report [2], the hatched area represents the total mass of adsorbed
NOx, and the area in the desorption process represents the total mass of NOx reduced by the NTP.
The desorption of NOx is enhanced in cycle 19.

Figure 7. Time-dependent NOx emissions before and after the gas passes through the aftertreatment
for operation cycles 16–19.

Figure 8 shows the time-dependent temperature of the adsorbent pellets in cycles 16–19. At the
beginning of each adsorption process, the adsorbent temperature is high because of residual heat
from the previous desorption process. However, the temperature rapidly decreases to 50 ºC under
cooling. The exhaust gas is exceptionally uncooled at the beginning and is cooled at t = 3606 min in the
adsorption process of cycle 16. Therefore, the temperature of the adsorbent pellets is high and becomes
constant at t = 3606 min in cycle 16. The temperature decreases at t = 3900 min in the adsorption
process of cycle 17 and at t = 4192 min in the adsorption process of cycle 18 because the engine is
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stopped for approximately half a day. Consequently, the appropriate temperatures are achieved for
both the adsorption and desorption processes.

Figure 8. Time-dependent temperature in the adsorption chamber packed with 80 kg of adsorbent
pellets in cycles 16−19.

Table 4 shows the resulting adsorbed, desorbed, reduced, and treated amounts of NOx in cycles
16–19, as well as the gaseous flow rates and energy efficiencies in aftertreatment. The adsorbed
mass of NOx, Wa, ranges from 855 to 1651 g(NO2). The desorbed mass of NOx, Wd, ranges from
41.4 to 160 g(NO2). The mass of NOx reduced by the application of NTP, WNTP, is in the range of
17.3–114 g(NO2). The total amount of NOx removed by the system is calculated as

Wsystem = Wa −Wd + WNTP (2)

The energy efficiency of the NTP treatment, which shows how to efficiently treat a mass of NOx

per unit of energy, is calculated as follows.

ηNTP = WNTP
ENTP

(3)

where, ENTP represents the applied NTP energy. ηNTP is determined to be 1.1–8.1 g(NO2)/kWh.
The NOx removal energy efficiency of the system is calculated as

ηsystem =
Wsystem
ENTP

(4)

The present technology exhibits the highest system energy efficiency, i.e., ηsystem = 115 g(NO2)/kWh,
in cycle 19. The low NTP power of 12.0 kW contributes to this high efficiency. In the adsorption
process of cycle 19, the typical concentrations of gaseous NO2, NO, CO, and O2 downstream of the
adsorption chamber are 100 ppm, 430 ppm, 69 ppm, and 13.9%, respectively. In the desorption process
of cycle 19, the NOx concentrations upstream and downstream of the NTP generator are 5610 and
1620 ppm, respectively.

Figure 9 shows the relationship between the mass of desorbed NOx and the reduction energy
efficiency in the NTP treatment in the desorption processes of cycles 16–19. The data for the desorption
processes of cycles 5–12 of the previous experiments [2] are also shown. Cycles 13–15 are not shown,
because NOx reduction via NTP is not performed. The data plots are presented with the time period
of the desorption process. The relationship between the reduction and the mass of desorbed NOx is
approximately given by the line of
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ηNTP = 0.0442Wd. (5)

The coefficient, 0.0442, is improved compared with that reported in the previous study [2], because it is
determined using a larger amount of data in repeated experiments. Furthermore, a high reduction
efficiency of 71% is achieved in cycle 19 for the discharge power of 12.0 kW. The efficiency of reduction
via NTP, ηre, is defined as the ratio of the amount of reduced NOx to the amount of desorbed NOx:

ηre =WNTP/Wd × 100. (6)

Table 4. Treated NOx amount and removal energy efficiency (g(NO2)/kWh) in cycles 16−19.

Cycle 16 17 18 19

Averaged flow rate of exhaust gas, Nm3/h 944 999 948 946

(1) Adsorbed, Wa, g(NO2) 1248 855 937 1651

(2) Desorbed, Wd, g(NO2) 49.9 113 41.4 160

(3) Reduced by NTP, WNTP, g(NO2) 26.0 35.4 17.3 114

(4) Removed in system, Wsystem, g(NO2)
Wsystem =Wa −Wd +WNTP

1224 777 913 1605

NTP power, kW 12.0 12.0 12.0 12.0

NTP energy, ENTP, kWh 14.8 14.4 15.6 14.0

ηNTP =WNTP/ENTP, g(NO2)/kWh 1.8 2.5 1.1 8.1

ηsystem =Wsystem/ENTP, g(NO2)/kWh 82.7 54.0 58.5 115

Figure 9. Relationship between the energy efficiency of NOx reduction via NTP and the mass of
desorbed NOx from the adsorbent in the adsorption process with 80 kg of adsorbent pellets.

The system energy efficiency of ηsystem = 115 g(NO2)/kWh is lower than ηsystem = 161 g(NO2)/kWh
observed in the previous study [2]. This is because the previous investigation is performed by
exploiting the high-adsorption performance of relatively new adsorbents. However, the present study
is conducted in the steady state of the adsorption and desorption of NOx, in which the adsorption
performance decreases. However, the desorption performance and efficiency of NOx reduction via
NTP are higher those in the previous study. For a marine diesel engine with a rotation speed of 900 rpm,
NOx emissions should be reduced by 6.89 g/kWh to satisfy the IMO emission standards from Tier II to
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III. The recorded energy efficiency of the system (ηsystem = 115 g(NO2)/kWh) corresponds to only 6.0%
(6.89/115 × 100) of the engine output power satisfying the requirement. Thus, the high-performance
aftertreatment using the present technology satisfies the most recent IMO emission standards.

5. Conclusions

A pilot-scale aftertreatment technology for NOx reduction in marine diesel exhaust gas was
developed. An experiment using a marine diesel engine (output power of 1 MW) was conducted using
an NTP generator with a power of 12.0 kW for a larger number of cycles compared with our previous
study. The amount of adsorbents was 80 kg. The characteristics of NOx adsorption/desorption and
the NOx reduction efficiencies were analyzed according to experimental data. The experiments were
repeated for up to 19 cycles (longer period than the previous study). Significantly more data were
obtained to increase the accuracy for estimating the efficiency of NOx reduction via NTP. A high
reduction efficiency of 71% was achieved using NTP. Additionally, the technology exhibited a high
system energy efficiency of 115 g(NO2)/kWh for NOx removal. Given that a high-concentration NOx

was treated by NTP after NOx adsorption and desorption from adsorbents, the present aftertreatment
can simultaneously achieve high reduction and energy efficiencies. This high efficiency satisfies
the most recent requirement of NOx reduction of 6.89 g/kWh based on the IMO emission standards
from Tier II to III for a marine diesel engine with a rotation speed of 900 rpm [2]. Thus, the efficient
aftertreatment technology requires only 6.0% of the engine output power. The present aftertreatment
technology can satisfy the same-level requirement in the future. Because this aftertreatment technology
does not use any rare or precious-metal catalysts, harmful ammonia, or a urea-solution storage tank
inside the ship, it has significant advantages compared with conventional exhaust-gas treatments, such
as the marine SCR method.
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