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Abstract

Abstract

Nowadays, many works so far have focused on the utilization of energy with high efficiency
or for high-value production. Dielectric barrier discharge (DBD) plasma as the representational
non-thermal plasma can be generated at atmospheric pressure with the advantages of highly
transient, low-temperature, and non-equilibrium discharge. For the solid-particle systems,
spouted bed reactor, as one typical type of the fluidized bed reactor, can be primarily proceeded
for tiny particles and large particles in the industrial processes. Due to the capability of reforming
certain useful cyclic operations, the spouted bed has been proposed to get over the comparatively
random particle motion and unstable fluidization manner which is shown in a fluidized bed. In
the past several decades, the combination of the fluidized/spouted bed reactor and non-thermal
plasma irradiation technique has been played an essential role in the industrial chemical processes.
It is feasible to use the effective conversion of electric field energy into the physical chemistry
processes. However, the fundamental study of fluidization behavior for particles and plasma
property in a plasma-enhanced spouted bed is poorly understood.

This study proposed a combination system of DBD plasma with a spouted bed reactor. DBD
plasma was generated with an alternating current (AC) and a constant frequency of 20 kHz. The
DBD plasma jet replaced the spouted bed jet, which contributed to the gas state changing to the
plasma state. The parameters such as particle volume, particle type, and gas velocity which
related to the fluidization situation of particles were changed. Besides, the effect of applied
voltage and working gas, which affected the plasma generation were altered. The fluidization

behavior of fine behavior, the fluid dynamic of large particles, and the effect of particles on the
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plasma feature were investigated.

1)  Fluidization behavior of fine particles with plasma irradiation

To obtain the fluidization behavior of fine particles, we analyzed the minimum spouted
velocity (ums) and pressure drop of white fused alumina (WA) particles with an average diameter
of 58.6 um under the plasma irradiation in a three-dimensional (3D) spouted bed. Essential
operation parameters, such as static bed height, gas velocity, applied voltage, and working gas,
were changed. The minimum spouted velocity, pressure drop, bed void fraction, and spouted bed
temperature with the enhancement of plasma were measured.

As a result, the maximum value of the pressure drop of solid bed decreased and ums declined
by the enhancement of applied voltage irrespective of the static bed height and type of working
gas. The void fraction of solid bed was enhanced when the gas velocity less than the uys. It means
the plasma irradiation improved the distance between particle and particle. Moreover, the entire
solid bed was expanded not only the central part of the solid bed as a high voltage applied.
Besides, even for a solid fixed bed with a low gas velocity, enhancing applied voltage leads the
solid bed changed from a stable manner to spouted fluidization. Fluidization behavior varied with
the working gas that the ums with N2 was much higher than that of Ar at the same applied voltage.
The temperature of the spouted bed and the particle surface did not show apparent changes when
the voltage applied. The mechanism was proposed to show that the ionization of gas improved
the interaction force between particles and may cause the minimum spouted velocity decreasing.

The inherent interparticle forces (triboelectrification and Van der Waals) and interparticle forces
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from the charge by the plasma irradiation, especially by repulsive force form the charge on the
surface of WA particles (insulated particles) may be the main reason.

2) DBD plasma property with particles addition

To gain an insight into the effect of fluidization behavior of particles on the characteristic of
plasma in this combined system, we investigated the changes of optical emission spectroscopy
(OES) for plasma with the fluidized polypropylene (PP) and black polypropylene (BPP, covered
by the carbon material with a tiny layer) particles with a same diameter of 3 mm. Fluidization
experiments with the DBD plasma irradiation were performed in a two-dimensional (2D) spouted
bed. Essential operation parameters, such as particle type, applied voltage, gas velocity, and
particle numbers, were changed. The pressure drop of particles, emission intensity of plasma,
and high-speed camera images of the pattern was measured.

The pressure drop and ums of large particles had been decreased by the plasma irradiation,
especially for PP particles. The emission spectra of Ar plasma had been changed significantly
with particles. Due to the addition of PP particles, the emission intensity of the Ar I transition
lines were increased, and Ar II lines were decreased. The emission intensities of Ar I lines were
enhanced with the applied voltage regardless of the addition of particles. The emission intensity
changed with the gas velocity versus particle numbers was identified with the fluidization
behavior, that the emission intensity of plasma was increased with a gas velocity at first and then
decreased for PP particles. The gas velocities corresponded to the highest values of emission

intensity were similar to the trend of the changes of ums with various particle numbers. The

1
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difference in the electrical conductivity and color of particles may affect the difference of
pressure drop and detected emission intensity for two kinds of particles.

3)  Fluid dynamics performance and mechanism for particles

To obtain the dynamic of solid particles with the irradiation of plasma. Particle velocity
profiles were analyzed by the particle image velocimetry (PIV) and particle tracking velocimetry
(PTV) methods. Several parameters included gas velocity, solid particle numbers, particle type
(polypropylene (PP) and polyamide (PA)), and applied voltages were investigated here.

Results show that the particle velocity profile was increased especially at the longitudinal
direction due to the plasma irradiation. The area of the highest particle velocity appeared at the
upper part of the plasma inlet and expanded with 7 kV applied voltage regardless of gas velocity.
With the increase of gas superficial velocity, the highest particle velocity area raised along the
central line but not reached the surface of solid bed. The alters in emission intensity of plasma
related to the fluidization behavior regardless of particle type. The electron temperature of Ar
plasma decreased with the addition of particles. The charging mechanism had been proposed here
that the enhancement of velocity due to the presence of two electric field (external electric field
and surface charge electric field). Particle density and dielectric constant related to the difference
of pressure drop and the enhancement of velocity.

This research extends the knowledge of the relationship between the fluidization behavior of
particles and plasma optical characteristic. The promotion of plasma emission intensity by
particles fluidization can provide a viable source for the chemical process, such as the process of

plasmatic pollutant disposal with the catalysts. It suggests that the plasma irradiation changed the

IV
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fluidization behavior of solid bed, which ¢ be used for the plasma process with a low-speed
requirement. It is significant to control a good fluidization behavior for particles in the system
because the electric field can be enhanced with the proper contact points and gap size between
solid particles. It is well accepted that the optimal fluidization behavior of particles enhanced the
plasma irradiation; on the other hand, the particle velocity was increased with the high applied

voltage.
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Chapter 1: Introduction

1. Introduction

Nowadays, many kinds of research so far have focused on the utilization of energy with high
efficiency or for high-value production. It is feasible to use the effective conversion of electric
energy to the utilization in the physical chemistry processes on the gases or particles such as in
the processes of pyrolysis/gasification and catalysis-assisted plasma system. This thesis proposes
a combination system with a DBD plasma generator and spouted bed reactor. Two main contents
will be researched in the whole thesis that is particles fluidization behavior and plasma feature in
this combined system. In this chapter, the spouted bed process, as one type of gas-solid
fluidization process, is introduced firstly. Further, various of non-thermal plasma processes are
revealed here to indicate the possible utilization of dielectric barrier discharge (DBD) process.
Moreover, the combination of plasma-enhanced fluidization process is reviewed. Besides, project

aim and objectives are shown in the end.

1.1 Fluidization

Fluidization is a phenomenon that the solid particles can be fluidized in a reactor with force
from gas or liquid. The gas-solid system with the fluidization is the most probable in the industrial
processes. Fluidized bed reactor and spouted bed reactor are the main vessels. In the industrial
processes, the fluidized bed reactor plays a vital role in a wide range of applications including
pharmaceutical[ 1], agricultural products[2], and material processing[3] with the characteristics

of the adequate mixing of the solid phase, high heat, and mass transfer rates[4].
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1.2 Spouted bed in energy and environment

(2) (b) (©) (d)

Spout

Annulus

Background i
fas t Spout gas Spout gas

Spout gas supply supply supply Spout gas supply

Fig 1.1 Schematic of different spouted bed[4]
pseudo, (b) rectangular, (c)slotted rectangular, and (d) cylindrical.
(Black arrows indicate the spout gas flow and

red dotted arrows represent the background gas flow )

Spouted bed, one of the typical fluidized bed, is predominantly applied for solid-particle
systems using not only tiny particles (also called fine particles) but also very large particles,
which are difficult to fluidize stably. The high-velocity gas flows through an inlet from the bottom
of the spouted bed, which leads to the particles fluidized with a local high velocity along the
central axis and downflow along the bed walls. The details of the difference between a fluidized
bed and spouted bed can be found in Cui’s review[5]. The spouted bed has been developed with
the capability of reforming certain useful cyclic operations[6] on the solid particles in the
chemical processes to overcome the comparatively random particle motion in a fluidized bed. A
combination of spouted fluidized bed also is developed as shown in Fig 1.1. Cylindrical (3-
dimensional,3D) and rectangular (2-dimensional, 2D) spouted beds have been drawn much

attention recently. To remove the “dead zone” in the bottom corner part of a rectangular spouted
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bed, as shown in Fig 1.1(a) and (b), the background gas flow is needed. Conical bottom sections
illustrated in Fig 1.1(c) and (d) can also well used without the background gas supplying also
called as the 2-dimensional(2D) and 3-dimensional (3D) spouted bed.

Inlet gas properties (flow rate and density), particle properties (particle size, density, shape,
and roughness) and spouted bed design (bed aspect ratio, shape, inlet angle, and dimension) affect
the particle fluidization formation. Many pieces of researches on the fundamental fluidization
behavior have been performed. Yang et al. [7] proposed a 2D spouted bed for assessing the
behavior of the solids under six different flow patterns. He pointed out the formation of “curved
gas path” appeared in the spouted bed and “stagnant region,” which was occurred by particles
accumulation along the conical inner walls. Panagiotis[8] verified the fine particles with an
average diameter of 35 um in a laboratory-scale spouted bed via hydrodynamic and simulation
studies. Besides, the spouted bed is well used in the chemical industry processes primarily related
to the environment and energy. The spouted bed had been proved as a fast and efficient method
for the enteric coating to soft gelatin capsules in Pissinati’s research[9]. He pointed out the
coating efficiency direct proportion related to the ratio of feed mass flow rate of the coating
suspension and the feed mass flow rate of spouting gas. Chen[10] verified a consistency of
computational fluid dynamics-discrete element method (CFD-DEM) coupling simulation data
and experimental data for mixing in a multiple-spouted bed. He clarified that the main factor to
affect the particle mixing behavior was the density ratio of upper particles to lower particles. In
the gasification of biomass process, even the particle size and roughness effect on the particle

movement, but in Erkiaga’s [11] research, the biomass particle size not effect obviously on the
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gas composition and yields of tar and char that reduced the grinding of biomass to save an amount
of energy. Fernandez-Akarregi[12] combined two spouted bed as the pyrolyzer and combustor
in one system for heat integration in highly endothermic processes which can be used in the

pyrolysis and gasification processes.

1.3 Plasma process

When the high temperature or a strong electric field added on the gas phase, the gas phase
changed to the plasma state, which regarded as the fourth state of matter. Energetic particles
included electrons, ions, and photons are the main constituents in plasma. Due to the reactive
species of free radicals and metastable generated with plasma, plasma technique can be well used
in the chemical processes. The heat, shock and acoustic wave, electrostatic, and electromagnetic
fields have occurred as the transient fields with the plasma irradiation.

1.3.1 Non-thermal plasma

Depend on the temperature of electrons and other species, and atmospheric pressure plasma
can be classified as thermal plasma (TP) and non-thermal plasma (NTP). For NTP generation
process, the electrical energy replaces the enhancement of gas temperate to produce energetic
matters, which results in a low-temperature of the whole plasma. So, the NTP is used in the
physical and chemical processes with widespread applications. The main advantages of NTP
plasma are highly transient, low-temperature, and non-equilibrium discharge[13] that allow it to

initiate the formation of other various radicals with only a few degrees increase in temperature.
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1.3.2 Types of NTP

Table 1.1 Classification of plasma actuators based on the frequency

Type Frequency Properties[14] Typical discharge modes
voltage pulses in the Glow discharge[15],
kV range durations Corona discharge [16],
DC
HztokHz  range from Arc discharge[17],
discharge
nanoseconds to DBDJ18],
microseconds Hollow cathode discharge (HCD)[19]
Glow discharge[20],
a sinusoidal voltage of
AC Corona discharge[21],
<100kHz afew kV inthe 5—
discharge Arc discharge [22],
80kHz range
DBDJ[23][24][25]
RF 100 kHz ~  a standard RF source at
[26][27]
discharge 100MHz 13.56MHz frequency
based on a scaled-down
MW
>100MHz version of a microwave [28][29]
discharge

plasma torch

The classification of NTP discharge based on the frequency (f) of applied voltage for exciting
the discharge is illustrated in Table 1.1. Direct current (DC) discharge, alternating current (AC)
discharge, radio frequency (RF) discharge, and microwave (MW) discharge are shown in the
table. Based on the discharge property and discharge structure, the plasma also classified as the

other modes, which are glow discharge, corona discharge, arc discharge, dielectric barrier

discharge (DBD), and hollow cathode discharges (HCD).
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1.3.3 DBD plasma characteristics

Among these plasma methods, DBD plasma is a representational non-thermal plasma
process[30]. Compared to other plasma processes, DBD plasma can provide for a large-volume
discharge at atmospheric pressure without the discharge’s collapsing, which can be caused by the
charge accumulation at the dielectric surface[31], into a constricted arc[32]. For decades it has
aroused considerable attention in the field of industrial chemical processes[33][34][35][36], such
as surface modification[37][38][39], coating[40], granulation[41], CO> dissociation[42], and

pollutant removal[43][44] processes.

1.4 Combination of plasma and fluidization process

In industrial chemical processes, systems combined with plasma and fluidized particle have
been studied for several years, but most of them were limited to the fundamental research and
application process in fluidized beds. A microwave plasma-fluidized bed was developed by
Matsukata [45]. Although the alumina and silicon particles had the same diameter of 150 pm, in
the Ar condition, the minimum fluidization velocity (umf) of fine particles was decreased for
alumina particles but without significant changes in the H> plasma system. Sathiyamoorthy[41]
also determined that umr was less in a plasma-enhanced fluidized bed compared to a fluidized
bed without the addition of plasma. Karches et al.[46] studied the coating process in a microwave
plasma-enhanced circulating fluidized bed. Results revealed that the temperature of the process
could be easily controlled to shallow values with similar electromagnetic properties. Zhu et al.[47]

enhanced the removal efficiency by the combination of DBD plasma with MOx/y-Al>Oj3 catalysts
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in a fluidized bed, and the formation of organic by-products was reduced. Pajkic et al.[48]
developed a microwave plasma fluidized bed in a chemical vapor deposition process depositing
a thin AIN coated on particulate substrates. Their process overcame the limitations posed by
vacuum technology, such as high equipment capital and running costs.

Several studies related to applications in spouted beds with plasma irradiation have been
performed. Tsukada et al.[49] investigated the granulation of spherical alloy grains from metal
powder mixtures in a DC plasma-spouted/fluidized bed and grained spherical alloy 1-5 mm in
diameter successfully within several minutes. Lee et al. [50] used a system that combined a
gliding arc discharge with a spouted catalytic bed to investigate a plasma catalytic hybrid system
for a CH4 reforming process. Results showed that the distortion of discharge of the catalyst led
to the decline of CH4 conversion and a product’s selectivity. The reactivity between excited
gaseous species and the particles to be coated was improved in Sanchez’s research [51] which
enhanced the coating rate and decreased the mean operating temperature in a system with a
gliding arc and spouted bed.

Based on the literature, there so many considerable applications can be used for this
combination process, such as in the environmental application, material processing, the thermal

sensitivity process—mendicant processing and energy applications.

1.5 Project aim and objectives
This thesis aims at the fundamental research proposed in a DBD plasma-enhanced spouted

bed to achieve the particle fluidization behavior with the plasma irradiation in a spouted bed and
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obtain the effect of the presence of particles on the plasma properties in the spouted bed reactor.
This research will extend our knowledge on the relationship between plasma irradiation and the
fluid dynamics in this combination system.

The main objectives of this thesis are as follows:

1) Propose a combination system with AC DBD plasma and two types of spouted bed (3D
and 2D).

2)  Obtain the fluidization behavior of fine particles and large particles by analyzing the
pressure drop, void fraction, and calculating the minimum spouted velocity (ums).

3) Analyze the emission intensity of plasma to get a relationship between particle
fluidization behavior and plasma property.

4)  Perform particle image velocimetry (PIV) and particle tracking velocimetry (PTV)
methods to obtain the velocity profile of large particle in the plasma-enhanced spouted bed.

5)  Explore the mechanism for the relation of particles fluidization behavior and plasma

property.

1.6 Thesis structure

This thesis will be divided with the following parts:

Chapter 1. Here, the basic fluidization process is reviewed to go though the fluidized and
spouted bed reactors in the chemical processes. Besides, the basic plasma techniques which are
drawn much attention recently are presented. The literature review and considerable application

of the combination with fluidization process and plasma technique are revealed at the end of this
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chapter.

Chapter 2. This chapter presents the experimental set-up for this combination system with the
two types of spouted bed reactor by showing the equipment schematic and the analysis methods
which will be used.

Chapter 3. The fluidization behavior will be researched for fine particles in this chapter. The
effects of particle volume, applied voltage, and working gases on the behavior of fine particles
were investigated in a 3D spouted bed. The pressure drop and void fraction of the solid bed were
measured, and minimum spouted velocity (ums) was calculated to understand the fluidization
behavior of fine particles.

Chapter 4. This chapter focuses on investigating the effect of particles fluidization behavior
on the optical emission spectroscopy diagnostics of the DBD plasma in a 2D spouted bed. In the
experiment, several parameters were changed, including gas flow rate and particle numbers
(fluidization parameter), applied voltages (plasma parameter), and particle type (surface
material). The optical emission spectral characteristics and the effect of fluidization behavior on
the emission intensity of Ar plasma were obtained.

Chapter 5. To investigate the effect of plasma irradiation on the particle movement dynamic,
we changed several parameters, including gas flow rate and particle numbers (fluidization
parameter), applied voltages (plasma parameter). The effect of plasma irradiation on the fluid
dynamics was obtained by the particle image velocimetry (PIV) and particle tracking velocimetry
(PTV) methods.

Chapter 6. Conclusion of this thesis.
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2. Experiments and data analysis

Here, we deal with the experimental set-up and the analysis methods we used in this project.
Spouted bed experimental set-up, the plasma generator, and the particles used in the project will
be included in the experiment procedure part. Apart from this procedure, the analysis methods

will be summarized here which will also be described in detail in the following sections.

2.1 Experiment procedure

2.1.1 Spouted bed experiment set-up

Alab-scale plasma-enhanced spouted bed was created to study the behavior of the fine-particle

fluidization process. Two kinds of spouted beds were made by quartz material, as shown in Fig

2.1.
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Fig 2.1 Schematic diagram of plasma-enhanced spouted-bed reactor unit

3D spouted bed and (b) 2D spouted bed

The three-dimensional (3D) quartz tube was presented in Fig 2.1 (a) (250 mm in height and

36 mm internal diameter) with an inlet angle of 60° (12.6-mm inner diameter). 2D spouted bed
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was given here to analyze the plasma property, and the particle velocity profile easily. The two-
dimensional (2D) spouted bed is made by quartz with the 60° inlet angle and 12.6 mm inlet
diameter, as shown in Fig 2.1 (b). The height, width, and thickness of the spouted bed are 250
mm, 60 mm, and 15 mm, respectively.

2.1.2 DBD plasma jet generator

Light
High-speed - N
camera I / -~ -~ ! )}
A -
Silicon gum

stopper
Cathod:

tube Top view of
plasma jet

stopper

Computer
Fig 2.2 Plasma jet nozzle and the location of the spectrometer and high-speed camera

The plasma jet was a quartz tube (6-mm inner diameter and 100 mm in height) and was
situated at the bottom of a spouted bed and connected to a silicone gum stopper as shown in Fig
2.2. A distributor with evenly distributed holes (0.5 mm diameter) was located at the top of the
plasma jet tube to keep the fine particles stable. Here, the anode was a copper rod (1.5 mm
diameter) inserted into an inner quartz tube as the dielectric barrier (1.5 mm internal diameter
and 0.6 mm thickness) inside the plasma jet, while the cathode was a sheet of copper (20 mm
length) covered on the outer quartz tube (7.2 mm external diameter) of the plasma jet.

The DBD-type plasma generator (PHF-2K-2U, Haiden Laboratory) with alternating current

(AC) provided the plasma supply system. High-frequency power was supplied with a voltage
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regulated in the range 0—10 kV and frequency in the range 0 —100 kHz. DBD plasma was operated
at a low frequency with 20 kHz in this research. The plasma gas was introduced from the side
near the bottom of the plasma jet.

2.1.3 Materials

The average diameter of White fused alumina (WA) particles as the fine particles in this
research were 58.6 um, and the particle density was 1692 kg/m>. Three kinds of large particles,
polypropylene (PP) particle, black PP(BPP) and polyamide (PA) particle were adopted as the
fluidized agents in our research (as shown in Table 2.1). BPP particle was covered by the black
paint, which contains the primary material of acrylic resin and carbon, with a tiny layer on the
surface. Average diameters of particles were the same of 3 mm, and average densities of particles

are 897 kg/m>, 910 kg/m> and 1140 kg/m>, respectively.

Table 2.1 Fluidized agents

Particle Abbreviation Diameter Density [kg/m®]
White fused alumina particle WA particle 58.6 um 1692
Polypropylene PP particle 3 mm 897
Black-Polypropylene BPP particle 3 mm 900
Polyamide PA particle 3 mm 1140
2.2 Analysis

2.2.1 Pressure drop
A differential pressure gauge was used to measure pressure fluctuation inside of the spouted

bed. The pressure drop (AP) of particles was calculated from the AP of spouted bed with the
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addition of particles minus the AP of spouted bed. Future, the ums was calculated by the evolution
of AP varied with gas velocity.

2.2.2 Void fraction

A laser sensor (Sensor head: 1L-300, Amplifier unit: IL-1000, KEYENCE) was used for
detecting the movement of the bed surface. Through the integral calculation of the changes of
bed height (AH), the expansion volume was calculated, which was usually presented by the
changes of the void fraction (p)

2.2.3 Optical emission spectroscopy

Optical emission spectroscopy (OES) was measured by a spectrometer (FLAME-S, Ocean
Optics) and an optical fiber (P600-1-SR, Ocean Optics) with a wavelength of 200 to 886 nm
(location is shown in Fig 2.2) with an integration time of 1 s. The detected points for OES data
were noted as (x, y) = (0 cm, 0 cm) and (x, y) = (0 cm, 2 cm), which were showed by red circles
in Fig 2.1 (b). While, the point of (x, y) = (0 cm, 0 cm) was the original point for the spouted bed,
which was just above the plasma jet nozzle. The point of (x, y) = (0 cm, 2 cm) was equal to the
initial bed height of 300 particles.

2.2.4 Plasma electron temperature

Due to the collision of particles in the plasma reaction process, the electron temperature (Te),
as one of the plasma parameters, should be calculated to characterize plasma. If we assumed the
plasma is in a local thermodynamic equilibrium condition, the electron temperature could be
calculated according to the emission intensity by the Boltzmann plot method. More details on

the method by analyzing the emission intensity of Ar plasma-activated transmission can be found
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in the last part. The plasma electron temperature in this thesis was analyzed by Boltzmann’s plot
of the Ar line spectrum at 357.215, 379.94, 706.7, and 800.616 nm.

2.2.5 Velocity profile analysis

The motion of particles in the plasma-enhanced spouted bed was taken by a high-speed camera
(FASTCAM MiniAX100, Photron). The imaging system was controlled through the software of
FASTCAM Viewer 3 (Photron). The particle velocity profile data is calculated by analyzing the
average data from 1000 images with a duration time of 1 s, and the interval grid is 2 X 2 mm.

2.2.6 Other analysis

The temperature(T) of the spouted bed was measured by an infrared camera (FLIR T440,
CHINO). A scanning electron microscopy (SEM) (JCM-6000Plus, JEOL Ltd.) was used to

observe the surface morphology changes with plasma irradiation.

2.3 Summary

This chapter gives the details of the experimental set-up of the spouted bed and DBD plasma
actuator. It is briefly introducing the experimental techniques including pressure drop of solid
particle bed, optical emission spectroscopy of active plasma states, PIV and PTV measurement

for the velocity file, spouted bed surface temperature and surface feature of particles.
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3. Effect of plasma irradiation on the fluidization behavior
for fine particles

3.1 Background

In the industrial chemical processes, systems combined with plasma have been studied for
several years, but most are limited to the fundamental research and application process in
fluidized beds. Fine particles, as the main agents in the industrial process, are challenging to
fluidize and easy to lead the channel flow in the fluidization process. In this kind of system, the
fluidization behavior of fine particles always is evaluated by the pressure drop (AP) of particles
and the minimum spouted velocity (ums). In the reports of Matsukata[1] Sathiyamoorthy[2] and
Karches et al.[3], minimum fluidization velocity (umf) of fine particles have been decreased in
the fluidized bed with various type of plasma generators. However, there is no report related to
the fundamental fluidization behavior of the plasma-enhanced spouted bed process in literature,

which is the dominant factor.

3.2 Experiments and conditions

In this chapter, a 3D spouted bed reactor combined with a DBD plasma generator at a low
frequency (20 kHz) alternating current electric source was used to explore the effect of plasma
irradiation on fluidization behavior. White fused alumina (WA) particles were used as the
fluidized agent, which is a kind of typical particles in the field of ceramics, medicines, electronics,
and machining processes. The average diameter of WA particles in this research was 58.6 um,

and the particle density was 1692 kg/m?>. The effects of particle volume, applied voltage, and
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working gases on the behavior of fine particles were investigated in the experiments. The static
bed height (12-50 mm), gas velocity (0—1 m/s), applied voltage (0-9 V), and working gases (Ar
or N,) were varied as shown in Table 3.1. The pressure drop and void fraction of the solid bed
were measured, and minimum spouted velocity (ums) was calculated to understand the

fluidization behavior of fine particles.

Table 3.1 Research process conditions

Category Symbol Unit Variables
Static bed height of WA particles Ho mm 12 -50
Applied voltage U kV 0-9
Frequency f kHz 20
Working gas - - Ar or N,
Gas velocity u m/s 0-1

3.3 Results and discussion

3.3.1 Variation of pressure drop and ums in plasma-enhanced spouted bed

The dependencies of the bed pressure drop (AP) of WA particles as a function of Ar gas
velocity (u) versus various static bed heights (Ho) without plasma enhancement are depicted in
Fig 3.1. A similar general trend occurred in these curves with four typical phases. AP increased
with the improvement of u from point A to B, and the solid bed remained as a fixed bed without
precise movement in the initial period. A hollow space and internal fountain appeared in the
bottom of the solid bed by increasing u continuously, which led to the AP continuously rising

until it reached a maximum value (A Pmax). The stage from A to B depended on the initial amount
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of WA particles, which was longer with a high Ho to overcome the resistance. AP declined along

BC because the height of the internal fountain became higher than that at the initial stage. As

point C approached, a noticeable expansion of the solid bed was observed by sufficient solid

movement in the top part of the solid bed. When u was increased beyond point C, the solid bed

surface was broken by the internal fountain. Point D represents the initial spouting position with

the ums[4]. AP decreased sharply as the concentration of the top fountain declined. With further

increases in u beyond point D, the spout region was stable regardless of the amount of gas and

increased the head height of the fountain without changes in AP naturally.
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without plasma (D point: minimum spouted bed velocity)

In the process of fluidization in the spouted bed, ums 1s a vital evaluation index to evaluate the

behavior of fine particles and is related to the column diameter (diameter of reactor (D.) and inlet

spout diameter (D;)), bed depth (H), and the physical properties of fine particles and gas (density

of solid and gas (ps and pg) and diameter of particles (dp)) investigated by Mathur and Gishler[5]
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as shown in Eq. (3-1).
tms = (dp/De) (Di/ D) (29H (ps — py) [pg)"? (3-1)

To investigate the effect of plasma irradiation on the behavior of fine particles in a spouted
bed, the applied voltages were changed from 0 kV to 7 kV for this system. Fig 3.2 compares the
pressure drop versus gas velocity with different applied voltages with an initial bed height of 40
mm. The pressure drop decreased slightly in the curves from 0 kV to 5 kV. When the applied
voltage changed to 7 kV, the pressure of the solid bed was much lower than that of the other
conditions and was accompanied by a small ums value. It was found that the stage from point B

to D was relatively shorter with a voltage applied than without voltage enhancement.
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Fig 3.2 Variation of pressure drop with Ar gas velocity for various applied voltages

To gain more insight into the behavioral changes with applied voltage, Fig 3.3 shows the
comparison results of APmax and ums with several static bed heights under various applied
voltages. There was a similar trend for APmax and ums versus Ho under low applied voltages (0
kV to 5 kV). In the presence of plasma, the APmax and ums increased with an increase in the static

bed height, which is consistent with the trend of an absent case. The APmax and ums decreased
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when 7 kV was applied regardless of the primary particle height. It must be mentioned that the
direction of APnmax versus Ho was different from that of ums with 7 kV applied. ums increased with

the Ho even when 7 kV was applied; however, the APmax did not.
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Fig 3.3 Variation of (a) maximin pressure drop (APmax) and (b) minimum spouted

velocity (ums) with static bed height for various applied voltages

The trend for variation of APmax and ums with the augmentation of Ho under a low applied
voltage was mainly related to the gravity of the solid bed. A higher Ho with higher gravity and
resistance impeded the gas from breaking through the solid phase. Under a low applied voltage,
energy is not enough for gas ionization, and no changes occurred under 0 kV and a low applied
voltage. On the contrary, under 7 kV, there was a significant decline in the APmax and ums, which
may have been caused by the high ionization for the changes in the interaction between particles.
In this study, the ums decreased by the plasma irradiation of gas, which is supported by the
research of Sathiyamoorthy [2]. Therefore, high ionization gas easily forms a channel inside the
WA particles. However, a small internal fountain with surrounding particles was not similar to

the changes of ums because the APmax did not change versus Ho.
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3.3.2 Effect of plasma irradiation on void fraction
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(a) central point, (b) middle point, and (c) boundary point, and (d) points location

To trace the reason for the ums changes, first, we want to confirm whether an interaction exists
between particles. However, the detection of interaction between particles is difficult, mainly
when voltage is applied in the process. Therefore, we measured the surface movement with a
laser sensor (IL-Intelligent) to detect the expansion of the solid bed while the velocity increased
with and without applied voltage. The detecting points were chosen, as shown in Fig 3.4 (d)
showing the top view of the spouted bed. Fig 3.4 (a) to (c) illustrate the height changes of the
solid particles (AH) versus the gas velocity in different parts of the solid surface (central, middle,

and boundary points). Results show that AH increased with gas velocity regardless of the applied



Chapter 3: Effect of plasma irradiation on the fluidization behavior for fine particles

plasma. The error bar of AH increased significantly when u passed the ums point (spouted
fluidization situation), which means that the solid bed was experiencing severe vibration.
Through the enlarged drawing of the section where u was less than ums, we can gain a better
understanding of AH changes before the spouted point. The trend for the evolution of AH in the
central section was similar to three applied voltages. In contrast, AH was much higher with 7 kV

than the other conditions in the middle and boundary points, especially at the boundary point.
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Fig 3.5 Solid bed void fraction vs. gas velocity with different plasma voltage

Through the integral calculation of the changes of AH, the expansion volume was calculated,
which was usually presented by the changes of the void fraction (¢) as shown in Fig 3.5. Fig 3.5
gives priority to the differences of the void fraction before the spouted point of the solid bed.
Similar changes of ¢ were found for the void fraction under 0 kV and 5 kV applied before ums. It
is worth noting that the void fraction under 7 kV was more substantial than that of other applied
voltages with low gas velocity. Even under a lower velocity, the solid bed expanded intensely
with 7 kV applied compared to cases with lower applied voltage, which resulted in the void
fraction increasing naturally. After the spouted point, the void fraction varied randomly
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regardless of the amount of applied voltage. Combined with the inverse relation between ¢ and
A Pnax, we can state that the decrease of APmax resulted from the expansion of the solid bed.
Overall, the entire solid bed was shaken vigorously when 7 kV plasma was applied; however,
in the absence of voltage, only the central part was shaken. It means that the solid bed under high
voltage was not stable and led to a decreased interaction between the gas and solid particles and
hampered the spouting of the solid bed (decline in uns). Matsukata [1] reasoned that the drop of
ums was caused by the different dielectric loss and particle diameter characteristics and proved
that the void fraction among particles is significant in the generation of plasma determination.
3.3.3 Effect of applied voltages on fluidization behavior
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Fig 3.6 (a) Pressure drop vs. applied voltage with different initial flow rates
(fixed flow rate (uo) — fixed pressure drop (Po) —
change the applied voltage (voltage maintained for 120s)), and

(b) Relationship between spouted point applied voltage and gas velocity
To trace the reason for the decline of ums and eliminate the influence of flow rate, the effect
of applied voltage on the particle fluidization behavior is considered in this section, especially
for the remaining particles in a fixed bed situation. Five initial gas velocities(uo) shown in Fig

3.1 were chosen with the condition of Ho equal to 20 mm. Note that ©o does not depend linearly

30



Chapter 3: Effect of plasma irradiation on the fluidization behavior for fine particles

on the initial pressure (Po) of these five points for investigating the primary influencing factor of
uo and Po. Once the uo was fixed, the applied voltage was changed from 2 kV to 7 kV with a
maximum step of 0.5 kV for 120 s while recording the changes of pressure

Fig 3.6 (a) illustrates the pressure value of the solid bed versus applied voltage for 120 s treated
at different gas velocities. The results show that the five curves with the same trend can be divided
into two stages: a steady and slowly decreasing stage, and a sharply decreasing stage for changes
in pressure. The pressure of the solid bed was kept stable as the applied voltage increased; once
the voltage achieved a particular value, the pressure decreased to a small value; meanwhile, the
solid bed turned into a spouted bed at the drop point. Comparing the different gas velocities, it
was noted that the applied voltage value with a sharp descent of pressure was in accordance with
the velocity and not with the initial pressure drop, which is summarized in Fig 3.6 (b). It is
expected that particles also can be spouted in this system with the low gas velocity with the

application of a high voltage.
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To investigate the changes in the gas phase when high voltages were applied, based on the
evolution of the pressure drop shown in Fig 3.7, we measured the OES data for Ar plasma with
an applied voltage to determine the relationship between OES changes and pressure drop in the
solid bed. Emission intensity was the qualitative indicator of neutral unique number density[6]
and was measured as OES data. Among the species, the transmissions of Ar (4p — 4s) are shown
for a wavelength range of 695 to 840 nm. It is worthwhile mentioning that the peaks with
wavelengths of 696 nm (2p2 — 1ss5), 750 nm (2p1 — 1s2), 763 nm (2ps — 1ss), and 811 nm (29
— 1ss) are the characteristic peaks of Ar plasma gas. Fig 3.7 compares the pressure drop and the
emission intensity in four peaks as a function of exposure time with a gas velocity of 0.025 m/s.
Results reveal that when a high voltage was applied, the emission intensity for four bands
increased suddenly and AP decreased. However, the increase in the emission intensity of the
four bands was smaller at low voltages than that at high voltages, and AP remained relatively
stable. In the high-voltage case, as time progressed, the emission of Ar lines at 696, 750, and 801
nm decreased at almost the same rate; however, the emission at 763 nm decreased at a much
faster rate. The emission of Ar lines are identified with the evolution of AP. A low voltage cannot
supply enough energy for the sufficient ionization of Ar gas; nevertheless, the ionization of Ar
gas increased once a high voltage was applied. More ions and electrons were produced among
the solid bed because of the high ionization of Ar gas, resulting in an increase of space among
particles and eventually leading to a significant decline in the pressure drop. With the decline of
AP, the solid bed expanded, which decreased the emission intensity for the Ar bands but was

still higher than that with a low applied voltage. It can be inferred that ionization may be the
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central point for the AP decline of a plasma-enhanced solid in a spouted bed process.

3.3.4 Effect of working gas on fluidization behavior
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Fig 3.8 Minimum spouted velocity vs. plasma voltage for Ar and N> gas

To further confirm that ionization is the main reason for particle behavior changes, two
working gases with different degrees of ionization, Ar and N», were investigated in the process
of fine particle behavior in a spouted bed. The relationships between ums and applied voltage with
Ar and N gas are illustrated in Fig 3.8. A specific value of applied voltage was supplied before
the experiment with a small amount of gas. The gas velocity was increased slowly to determine
the ums point. Fig 3.8 shows that the ums with N2 was higher than that of Ar without an applied
voltage, which is contributed to the difference in density, 1.613 kg/m? for Ar gas and 1.13 kg/m?
for N> gas. Also, ums declined as the applied voltage increased when the voltage was higher than
7 kV. At 7kV applied voltage, the decreasing amplitude of Ar was much larger than that of N»
because of the difference in gas breakdown voltages. In Matsukata’s[1] research, alumina
particles were fluidized in Ar and H> with a 200 W microwave plasma system. Results showed

that the umr decreased with an Ar plasmatic condition; however, it was identical in the H» plasma
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system. The reason for this phenomenon might be attributed to the difference of the (e;)"! values
for Ha (253.8 x 10°°) and Ar (517.2 x 10°). In our case, by visual observations, stable N> plasma
was more difficult to generate in the spouted bed than Ar. Furthermore, the (e;)”! value for N»
(470.6x 107%) is smaller than that of Ar, which means with 7kV plasma applied, the ionization of

N> is much less than that of Ar.
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Fig 3.9 Minimum spouted velocity vs. density of gas and particles

Based on this, we compared the results of ums of the calculated data based on Eq. (3-1) and
the experimental data with applied voltages of 0 kV and 7 kV in the conditions of Ar, N2, and a
mixture of the two, as shown in Fig 3.9. Results show that the uns data with the absence of plasma
were in accordance with the calculated data from Eq. (3-1). However, with the presence of
plasma under 7 kV, a linear relationship did not occur between the ums and the x-axis. The
electrons of the gas increased by the ionization of the gas, which increased the pressure of the
gas and the volume of discharged gas. It can be proved that the gas density of the discharge gas
should decrease, which is the opposite conclusion of the data calculated from Eq. (3-1). It may
be because of Eq. (3-1) of ums is not suitable in the plasmatic condition, and the presence of N>
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restrained the ionization degree of Ar.
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Fig 3.10 Surface temperature of the inlet point of the spouted bed

The temperature changes were measured for the spouted bed. It was difficult to detect the bed
temperature because of the thermocouples effected by the ionization of the gas. Therefore, the
inlet of the spouted bed was chosen to measure the temperature by an infrared camera (FLIR
T440). The inlet-point temperature was equal to the inside temperature after a long time detected
by a thermocouple. Fig 3.10 illustrates the inlet temperature changes versus various velocity
conditions of Ar. The ratio of u to ums was equal to n. There was no significant difference for inlet
points after 5 min. Based on the temperature changes, the volume of gas can be increased by
approximately 7% in theory, which leads to changes in gas density insufficient enough to
significantly decrease ums. It is not consistent with Eq. (1), which means ums will increase while
the gas density decreases not only by an increase in temperature but also by the ionization of the
gas.

Typical SEM micrographs of the primary WA particles and the WA particles treated with the
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7 kV enhanced plasma with 1.0 m/s Ar gas velocity after 10 min are illustrated in Fig 3.11. There
was no significant abrasion and surface damage after plasma enhancement even under high
voltage. The shape of WA particles and the diameter did not significantly change, which excludes

the effect on the particles’ fluidization behavior changes.
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Fig 3.12 Mechanism for particle charged in plasma-enhanced spouted bed:
(a) fixed bed with gas insulation phase, (b) expansion situation with gas discharge phase,

and (c) spouted bed with gas breakdown phase.

To summarize, we illustrated the image of the mechanism for charged particles in the plasma-
enhanced spouted bed in Fig 3.12. Before the spouted situation, the solid bed can be divided into
three phases: (a) fixed bed with gas insulation phase, (b) expansion situation with gas discharge

phase, and (c) spouted bed with gas breakdown phase. In the stable stage shown in Fig 3.12 (a),
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a small amount of ionization with free diffusion among the gas occurred with a low applied
voltage or a small amount of gas velocity. The small quantity of ionization was insufficient to
change the gas into plasma, and constant pressure was maintained. With an increase in the applied
voltage or the amount of gas, the number of electrons increased slightly, as shown in Fig 3.12
(b). The electric field was not high enough to supply sufficient energy to cause an inelastic
collision of gas. When the discharge of gas started, the electrons and ions of the gas phase,
eventually led to the gas breakdown phase. A particle will be charged with an anion sooner than
that of a positive electron because the velocity of the ion is higher than that of the electron. The
repulsive force among the particles causes the particles to reject each other because of the small
amount of power in the initial time and explains the increase in the void fraction in Fig 3.5. As
the voltage or amount of gas increased continuously, the energy was sufficient by the continuous
ions and electrons to overcome resistance among the particle bed, as shown in Fig 3.12 (c¢). The
repulsive force was high enough to form a microchannel until the power increased to a particular
value and made it possible for the gas to penetrate the spouted bed situation, and therefore, AP

declined.

3.4 Summary

The combined system of DBD plasma with a spouted bed reactor was adopted in this chapter
to determine the fluidization behavior of fine particles. The pressure drop, ums, void fraction were
detected in the process with the plasma irradiation. The effect of plasma irradiation on the fixed

bed and the effect of working gas on the fluidization behavior were researched.
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Due to the inherent interparticle forces (triboelectrification and Van der Waals) and
interparticle forces from the charge from plasma irradiation, especially by repulsive force form
the charge on the surface of WA particles (insulated particles), the void fraction of solid bed was
enhanced, which means the distance of particles improved. It resulted in the pressure drop of
solid bed decreased and ums declined by the enhancement of applied voltage irrespective of the
static bed height and type of working gas. The interaction among particles with 7 kV applied
voltage resulted in the enrichment of the void fraction before fluidization started; moreover, the
entire solid bed was expanded when a high voltage was applied. Even for a solid fixed bed with
a low gas velocity, enhancing the applied voltage led to a change of solid bed from a stable
manner to the spouted fluidization. Combined with the OES data, the emission intensity for Ar
plasma species increased, and AP decreased with the enhancement of applied voltage. It is
consistent with the mechanism that the ionization of the working gas was the main reason for the
variation in particle fluidization behavior. It suggests that the plasma irradiation changed the
fluidization behavior of solid bed, which can be used for the plasma process with the low-speed
requirement. The next step is to focus on the movement of particles in the combination system

to obtain further fluidization behavior changes.
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4. Optical emission spectroscopy diagnostics of DBD plasma
with particles

4.1 Background

There are many unique types of research in the literature dealing with the basic concepts of
detecting the characteristic of plasma. The photons caused by the electronically excited states of
the plasma species in the transition processes are recorded with characteristic wavelengths[1].
Among the detecting techniques, optical emission spectroscopy (OES) is a conventional
technique with high accuracy and no intrusiveness by recording the emission intensity of each
wavelength. The emission intensity is the qualitative indicator of neutral unique number
density[2]. In our previous research, it was also clarified that the fluidization behavior of fine
particles was changed by the plasma irradiation in a spouted bed [3]. The minimum spouted
velocity (ums) for fine particles was decreased, and the void fraction was enhanced with high
applied voltage. It is well accepted that the positive effect of plasma irradiation on the particle
fluidization behavior. However, no information has been done to analyze the characteristic of
plasma with the presence of particles in a spouted bed. Hence, we herein investigate the role of
particle fluidization behavior on the optical emission spectral characteristics of plasma in a DBD

plasma-enhanced spouted bed.

4.2 Experiments and conditions
This chapter proposes a combination of DBD plasma with a 2D spouted bed system with Ar

gas as the plasma gas. The DBD plasma jet replaces the spouted bed jet, which is contributed to
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the gas state changed to the plasma state. We aim to investigate the effect of particles fluidization
behavior on the optical emission spectroscopy diagnostics of the DBD plasma in a spouted bed.

Two kinds of particles, polypropylene (PP) particle and black PP (BPP) particle were adopted
as the fluidized agents in our research. BPP particle was covered by black paint, which contains
the main material of acrylic resin and carbon, with a tiny layer on the surface. Average diameters
of PP and BPP particles were the same of 3 mm, and average densities of particles are 897 kg/m?
and 910 kg/m>, respectively. The fluidization behavior for the two kind of particles almost the
same due to the similar diameter and density. Different surface color related to the reflection and
absorption of the plasma light. Applied voltage (0 kV to 7 kV) and flow rate (0 to 20 m/s), and
the number of particles (0 to 500) were changed as illustrated in Table 4.1. The optical emission
spectral characteristics and the effect of fluidization behavior on the emission intensity of Ar

plasma were obtained.

Table 4.1 Research process conditions

Category Symbol Unit Variables
ol
Particle type — —
PP
BPP particles
particles

Particle number — — 0-500
Applied voltage U kV 0-7

Flow rate u m/s 0- 20
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4.3 Results and discussion

4.3.1 Fluidization behavior

To gain insight into the effect of particle fluidization behavior on the DBD plasma optical
characteristic, it is essential to obtain the fluidization behavior of particles firstly. Fig 4.1
illustrates the typical results of pressure drop against gas velocity for 300 particles. The solid
markers in Fig 4.1 refer without plasma irradiation, and the hollow markers refer with 7 kV
voltage. The trend of the pressure drop for particles as the function of the Ar gas velocity was

similar to those trend reported in the literature[4]. Since the particle size was large in this
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Fig 4.1 Variation of pressure drop with a gas velocity of Ar gas without 0 kV and 7 kV
applied voltage, and digital imaging of fluidization pattern (applied voltage: 7 kV) (F value:

1.8, and exposure time: 0.08 s)

experiment, a significant difference in the pressure drop by the plasma irradiation was not
observed as the data shown for fine particles in our previous chapter[3]. As can be seen, the

pressure drop increased with an increase in gas velocity. Then, the pressure drop declined slightly
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as the presence of a fountain in the spouted bed regardless of particle types. As the low gas
velocity, the particles were still in the fixed bed satiation without movement both for PP and BPP
particles. When the gas velocity increased around ums, particles started to fluidize, which means
the particles moved as a fountain with a little space between each other. As the gas velocity
increased more, the fluidization behavior was too intensive related to the large space between
particles. There was a period for all particles moved as a fountain with a stable manner and a
stable distance between each other at the gas velocity just above ums, which we called as good
fluidization behavior period. Admitted of comparison with the digital images of the three phases
for PP particles, the void fraction of solid bed enhanced obviously with high gas velocity. The
void fraction for BPP particles was almost the same as the PP particles. The pressure drop was
declined with 7 kV applied voltage in the case with PP particles, which means the ums decreased
slightly.

The reason for the difference of pressure drop by applying voltage was researched in our
previous paper[3] that the plasma irradiation effected on the charge on the particle surface. It is
noteworthy that the fluidization behavior of BPP particles was not changed significantly by
plasma irradiation. Due to the similar density for PP and BPP particles, the effect of density
difference on the fluidization behavior can be ignored. Besides, the temperature of spouted bed
at the detected point of (x, y) = (0 cm, 0 cm) was almost same (around 33°C) for two kinds of
particles with the 7kV voltage applied at the gas velocity of ums. However, due to the BPP
particles were covered with the carbon material with a thin layer, the surface material had been

changed compared to the PP particles even with the same inside material. Based on the research
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data[5] showed that the electrical conductivity of PP material mixed with carbon fillers enhanced
than PP material. Due to the material determines the electrical conductivity, in our research, the
electrical conductivity on the surface had been changed from insulative (PP particles) to
conductive (BPP particles). Even though in Morooka’s research [6], he mentioned that it was
dominant of the influence of electrical conductivity of ultrafine powders (CaCO3z and CaCOs
blended with carbon black) on the fluidization quality. However, in the case of large particles,
the interaction force between particles is not so much as between ultrafine powders. The effect
of electrical conductivity for the large particles cannot be neglected due to the difference in the
charge transfer rate. It can be assumed that the electron charge by gas discharge has been changed
from the charge model (surface charge)[3] to the transfer model.

4.3.2 Optical emission spectral characteristics
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Fig 4.2 Optical emission spectra of Ar plasma with 7 kV applied voltage

(u=9.9 m/s and detected at (x, y) = (0 cm, 0 cm) point)

To Figure out the effect of fluidization behavior on the plasma characteristic, we detected the

optical emission spectra of plasma at the point of (x, y) = (0 cm, 0 cm) with particles in the
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spouted bed. Fig 4.2 presents the spectral emission data of Ar plasma for various conditions with
a gas velocity of 9.9 m/s (ums of 300 particles, where the particles began to be fluidized). The
emission intensities with the quartz spouted bed and without quartz bed were almost the same so
that in this chapter, the case of no particle was installed with the quartz spouted bed. Based on
the atomic data from the NIST Atomic Spectra Database[7], the wavelength with a range of 300
to 410 nm belong to the transition lines of Ar II, and infrared spectrum (700 — 840 nm) was
dominated by the atomic spectrum of Ar I transition lines. There was a significant difference in
spectra by the presence of particles. In comparison with BPP particles and PP particles, the Ar 11
spectra were decreased obviously in both cases, and most of the wavelengths cannot be detected
when the particles were added. That is, only the Ar I spectra changed (increased or decreased)
significantly as the presence of particles. In the enlarge Figure of BPP particles, the detail
emission intensity from 700 to 840 nm still presented even with low value. Nevertheless,
significant enhancement of Ar I spectra part (5 times than no particle) was detected with PP
particles. In the case of the mixture particles, the emission intensity with 67% PP particles in the

mixture particles of PP and BPP was much lower than 100% PP particles.
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Fig 4.3 Partial energy-level diagram for Ar I and Ar I in this research
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There are so many plasma-chemical reactions[8] considered in the numerical code. Between
the ground state and excited Ar states, processes of elastic scatting, diffusion, excitation and
transition have existed. As the partial energy levels suitable in our paper are shown in Fig 4.3,
all the excited states are regarded as the numbers of levels. The color area presents the emission
intensity for various situations. The excitation reactions are presented as the red lines, and
transition reactions are showed as blue lines. In the case of without particles, Ar I and II
transition lines can be observed (as the blue parts show). The emission intensity of Ar I transition
lines were increased with PP particles (as the green part shows) and decreased with BPP particles
(as the grey part shows). Due to the presence of an electric field and the collision between Ar gas
atoms, there were some electrons already presented in Ar gas. The excitation and ionization
processes were presented by the collisions between an electron and Ar atom, especially by the
inelastic collision. The electrons in the Ar atom excited to the higher energy level by absorbing
the energy from a high voltage applied.

However, the excited state for an atom was not stable, which results in transiting to the ground
state again with the release of energy presented by light photons in visually. The light photons
analyzed as the emission spectra of the plasma species as the spectral data shown in Fig 4.2.
Based on the spectral data in our research, the species of Ar I(4s), Ar 1(4p), Ar 1I(4s), Ar 11(4p),
Ar 11(4d), and Ar 1I(5d) are involved in the kinetic model. However, transitions from Ar II 4s
—4p, Ar Il 4p —4d, and Ar 11 4p —5d have high energy levels, which means that the electron
needs high energy for the collision to the Ar ion (Ar")states. Based on the data shown in Fig 4.2,

most of Ar II lines cannot be detected by adding particles. Due to the energy between atom and
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particles were conservative, the frequency of excitation processes and transition processes were
increased by the increase of collision between atom, electron, and particles. It means that the
most atomic Ar excited to the excited state (Ar*) state with the addition of particles. So, the
probability of transitions for Ar II lines were decreased correspondingly. We can assume that the
more generations of these active species for Ar I rely on the ability of the plasma to produce a
high concentration of excited and ionized (active) plasma species.

However, it is essential to highlight that with the addition of BPP particles; the emission
intensity data was the lowest in these three situations. We assumed that the reason for the
difference for the plasma emission intensity with particles might be in connection with the
particle types. There is no denying that the color of particle surface effects on the absorption and
reflection of the light photon. Based on the results from ultraviolet-visible spectrophotometer
(Jasco, V770) in a range of 200 to 1000 nm, the higher average reflection rate (highest value of
52%) and lower absorption rate (lowest value of 45%) can be found with PP particles than that
of BPP particles (3% for reflection rate and 96% for absorption rate). The absorption by the black
surface of BPP particles maybe results in the detected emission intensity decreased. In contrast,
due to the white color of PP particles, the reflection of the surface may also enhance the detected
numbers of the photon in the direction of optical fiber. However, refer to the discussion showed
in Fig.4, we cannot say that the amount of electron and ion was decreased with BPP particles. So,
the color of the particle surface related to the reflection and absorption influences on the detected
emission intensity. It is also necessary to detect the emission intensity with particles for a broad

wavelength included the infrared spectroscopy.
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4.3.3 Effect of applied voltage on the plasma characteristics

(a) Applied voltage: 3 kV (b) Applied voltage: 5 kV (c) Applied voltage: 7 kV

Fig 4.4 High-speed camera imaging of plasma with different applied voltage

(particle number : 0, gas velocity: 15.1 m/s, and frame rate: 750/s)

The applied voltage provides the electric field for generating the plasma. To achieve the effect
of applied voltage on the optical emission spectral characteristics, Fig 4.4 (a) to (c) illustrate the
images of plasma photon lines versus applied voltages token by a high-speed camera. With 3 kV
applied voltage, we cannot observe so many plasma photon lines. With the increase of applied
voltage, the amount and length of plasma lines were enhanced.

To figure out the enhancement of emission intensity with the increase of applied voltage, Fig
4.5 (a) and (b) show the relationship between the applied voltage and emission intensity without
particles and with 300 PP particles at the detected point of (x, y) = (0 cm, 0 cm). In the full view,
the emission intensity was increased with the applied voltages, which was corresponded well
with the images showed in Fig 4.4. The highest value of emission intensity with 300 PP particles
was five times than that of without particles. The emission intensity was low with 3 kV and 4 kV
applied voltage regardless of particles. When the applied voltage increased over 5 kV, the

emission intensity for Ar I spectra increased significantly in both cases. However, Ar II spectra
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just increased in the case of without particle, but no noticeable changes can be observed with 300

PP particles.
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Fig 4.6 Emission intensity vs. applied voltages for different wavelengths

(u=9.9 m/s and detected at (x, y) = (0 cm, 0 cm) point)

To further confirm the relationship between applied voltage and emission intensity in detail,
Fig 4.6 presents the effect of applied voltage on the emission intensity. We selected three
wavelengths of 696.54 nm, 763.511 nm, and 811.531 nm to compare the details. Those

wavelengths were the characteristic peaks of Ar I plasma spectra as the circle points shown in

50



Chapter 4: Optical emission spectroscopy diagnostics of DBD plasma with particles

Fig 4.2. Elz00 particles refer to the emission intensity of plasma with 300 particles, and Elo particle
refers to the emission intensity without the addition of particles. There was no noticeable
change for the emission intensity with the voltage increased from 3 kV to 4 kV without particles
as the dotted lines show. When the applied voltage increased over 4 kV, a linear relationship can
be found between applied voltage and emission intensity for various wavelengths. In the presence
of particles, the ratio of the emission intensity with particles to without particles (El300 partictes/Elo
particle) are illustrated by the solid markers (300 PP particles), and the hollow markers (300 BPP
particles). El300 particles refer to the emission intensity of plasma with 300 particles, and Elg particle
refers to the emission intensity without the addition of particles. It can be mentioned that the
ratios of El300 particles/Elo particle Were entirely different for two kinds of particles. In the case of 300
BPP particles, the ratio increased by applied voltage slightly, but always around to 1. It means
that the changes in emission intensity with 300 BPP particles almost similar to the absence of
particles regardless of wavelengths. However, in the case of 300 PP particles, the ratio of Elzoo
PP particles’ Elo particle increased to a high value from 4 kV, then presented almost a stable trend with
the increase of applied voltages. It means that the slop of emission intensity to applied voltage
with 300 PP particles is much higher (6 to 10 times) than that of no particles. We should notice
that the ratio of El300 pp particles/ Elo particte Was the difference for three wavelengths, especially for
the wavelength of 696.54 nm. The electron excitation cross-section of different energy levels
changed at different rates maybe give the reason for the difference in the increase rate of emission

intensity for the excited spectral lines.
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As the low voltage applied, the electron energy and the impact cross-section are relatively
low, which result that the electron and Ar collision probability is not high enough[9]. As the high
voltage applied, the degree of plasma ionization accrued, more electrons and excited states
produced per time unit, which leads to the increase of emission intensity[ 10] as exhibited in Fig
4.5 and Fig 4.6. It is supported by Wei’s research[11] that a high applied voltage would produce
a high electron density and enhance the electric intensity sustained in the discharge region. With
the addition of PP particles, the emission intensity increased significantly with a high applied
voltage. Based on the mechanism showed in Fig. 4, it means that with the high applied voltage
and with the PP particles, more concentration of excited and ionized (active) plasma species can
be produced.

4.3.4 Effect of gas velocity on the plasma characteristics

Expanding Shrinking

(a) PP-5.0m/s (b) PP-9.9 m/s (c) PP-149m/s

(d) BPP-5.0 m/s (e) BPP-9.9 m/s (f) BPP-14.9 m/s

Fig 4.7 High-speed camera imaging of fluidization with different gas velocity

(particle number : 300, applied voltage : 7 kV, and frame rate : 750/s)

To investigate the effect of gas velocity on the plasma emission intensity, we took several
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images of plasma situation with 300 PP and BPP particles by the high-speed camera (illustrated
in Fig 4.7). The difference for the plasma behavior can be well known primarily from PP images.
With the increase of gas velocity from 5.0 m/s to 9.9 m/s, the brightness part in the spouted bed
expanded. However, when the gas velocity increased to 14.9 m/s, the brightness region changed
to shrink. However, we can not see much plasma lights in the images for BPP particles various

gas velocities.
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Fig 4.8 Variation of emission intensity with gas velocity for 300 PP and BPP particles

(applied voltage of 7 kV and detected at (x, y) = (0 cm, 0 cm) point)

To compare the detail of the changes of emission intensity, Fig 4.8 presents the variation of
emission intensity with the gas velocity with 7 kV applied voltage at the detected point of (X, y)
= (0 cm, 0 cm). As can be well known that the emission intensity without particles was gradually
decreased with gas velocity. As the presence of PP particles, the emission intensity increased
with the increase of gas velocity. Then the emission intensity value reached the highest at the gas
velocity around 9.9 m/s, which is the ums for 300 particles. After reaching the highest value, the

emission intensity decreased significantly with gas velocity. All the emission intensity of PP
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particles was higher than no particles. However, in the case of BPP particles, the emission
intensity even less than that of without particles. The emission intensity with BPP particles kept
stable with the increase of gas velocity until 12.4 m/s. After reached the highest value of emission
intensity, there was a slight increase with the gas velocity. The highest values of emission
intensity for PP and BPP particles were related to the good fluidization behavior at the gas
velocity of ums.

In principle, the concentration of species gives a proportional effect on the emission intensity
of discharge gas[12]. Zhang et al.[13] reported that the electron temperature was decreased with
the gas velocity. In the literature, two receivable explanations have been given for the reason for
gas velocity on the electrical discharge characteristics. Pavon et al.[ 14] noted that a very high gas
velocity resulted in the energetic charge losses and Li et al.[15] explored that heating flowing
caused by gas flow also affected on discharge characteristics. If the gas velocity below 100 m/s,
it is reasonable to discard the effect of charge losses caused by the high-speed gas flow (Wei et
al.[11]). In our case, even the maximum value of gas velocity is also lower than 100 m/s. So, the
charge losses during the process can be neglected in this research. In the comparison of high-
speed images and the emission intensity data, it is worth to notice that the particle fluidization
behavior gave influence on the plasma emission intensity. The variation trend for the emission
intensity with gas velocity was consistent with pressure drop, especially for PP particles. The
highest value of emission intensity was related to the fluidization behavior. The distance between
particles became large with the gas velocity, but too high gas velocity also related to the intense

fluidization with significant distance. Based on the high-speed camera images shown in Fig 4.7,
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due to the benign collision between electrons and particles, the plasma emission intensity was
enhanced around ums. In the case of BPP particles, the emission intensity was lower than that
without particles since the absorption by the black surface as we mentioned in 4.3.3. Even though,

the emission intensity also increased for BPP particles with good fluidization behavior.

4.3.5 Effect of particle numbers on the plasma characteristics

(a) O particle (b) 100 PP particles (c¢) 300 PP particles (d) 500 PP particles

Fig 4.9 High-speed camera imaging of fluidization of different particle numbers

(gas velocity : 9.9 m/s, applied voltage : 7 kV, and frame rate : 750/s)

To future confirm the effect of particles addition on the emission intensity of plasma, different
numbers of the particles were considered with 7 kV applied voltage. Fig 4.9 (a) to (d) reveal the
high-speed camera images for 0, 100, 300, and 500 PP particles with the same gas velocity of
9.9 m/s (ums for 300 particles). Under the same gas velocity, fluidization behavior varied with
particle numbers. As the gas velocity of 9.9 m/s, 100 PP particles reveal as the intensive
fluidization with a considerable distance between particles. The whole 300 PP particles began to
move with the gas velocity of 16.8 L/min. However, 500 PP particles kept as the fixed bed with
a slight movement for the bottom of the solid bed with this gas velocity. In the case of 200 PP
particles, the fluidization behavior showed the central tendency between 100 and 300 PP

particles. In the case of with 400 particles, only part of particles moved with an area of brightness
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shrinker than that of 300 particles. In the comparison of images in Fig 4.9, plasma brightness just
showed as several photon lights without particles. However, with the addition of particles, the
brightness region enhanced significantly. The region area with significant brightness presented
the biggest with 300 PP particles. It is easy to see that the fluidization behavior with different

particle numbers effects on the plasma optical characteristics as well.
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Fig 4.10 Variation of emission intensity with gas velocity for various particle numbers of
Ar band (Applied voltage: 7 kV)

((0, 0) relates to (x, y) = (0 cm, 0 cm), and (0, 2) relates to (x, y) = (0 cm, 2 cm))

To compare the difference of emission intensity varies particle numbers, two detected points
have been chosen as marked by the red circles in Fig 4.9. The detected point of (x, y) = (0 cm, 0
cm) is the point at plasma jet nozzle inlet. Moreover, the point of (x, y) = (0 cm, 2 cm) is the
same as the initial bed height of 300 particles. Regardless of particle numbers and detected points,
the emission intensities changing with gas velocity presented similar trends as shown in Fig 4.8.
To future analyze the effect of particle numbers on the emission intensity, Fig 4.10 depicts the

changes of the max value of emission intensity (Elmax) and the corresponding gas velocity with
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various PP particle numbers at the two detected points. Elmax is the highest value of plasma
emission intensity in the process of increasing gas velocity. When the Elmax presented, the gas
velocity for Elnax with the change of particle numbers also illustrated in Fig 4.10. With the
increase of particle numbers, the Elmax increased significantly from 0 to 100 PP particles
regardless of detected points. At the point of (X, y) = (0 cm, 0 cm), the Elmax kept stable from 100
to 500 PP particles. However, the Elmax increased with a tiny slope with particle numbers from
100 at the point of (x, y) = (0 cm, 2 cm). The Elnax at the point of (x, y) = (0 cm, 0 cm) were
almost 6 times than that of (x, y) = (0 cm, 2 cm) regardless of particle numbers. Compared to the
gas velocity for the Elnax, it is worth noting that an approximately linear relationship between
the gas velocities for Elmax and particle numbers can be found. The gas velocities for Elyax were
increased with particle numbers for two detected points. Besides, the gas velocities for Elmax were

proportional to the value of ums. The value of Elmax presented when the gas velocity passes the

Ums.
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Fig 4.11 Variation of emission intensity with gas velocity for various types of particles
(ums lines: solid lines for PP particles, and dotted lines for BPP particles)

(applied voltage of 7 kV and detected at (x, y) = (0 cm, 0 cm) point)
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As we know, the particle numbers increased lead to enhance the initial pressure drop of solid

bed, which means the drag force was much high with adding more particles. The fluidization

behavior is different under the same gas velocity. It should be mentioned that the plasma emission

intensity also related to the particle fluidization behavior. When the gas velocity higher than ums,

there was a period for particles fluidizing so well. The high value of emission intensity can be

obtained with the good fluidization behavior of particles, regardless of particle numbers and

detected points. Proper fluidization provided a suitable distance between particles and led to the

good movement for particles, which enhanced the collisions between plasma and particles.

-
f=}

= D
= =

(]
<

Emission intensity [keounts]
=

<

-1
=

w
(=1

ol
(=1

(a) u=7.4m's
I Wavelength = 763.511 nm

T

|

|

|

|

|

i

T

|

|

|
s

|

1

200 BPE30 pp

200 BPP+100 PP |

M u=9.9ms

(=N
=

I Wavelength = 763.511 nm

0 333

PP particle percentage [%o]

Emission intensity [kcounts]

PP particle percentage [%]

=
=]
2
100 PP S s0 100 PP
300 PP =
‘ 240 | !
1 £ |
g 30 t
¥ ! ! ’
| g 20 | ! L7
Lo %  [00BP Lo 100 BPP+200 PP
$ E 10 bhooppE~ #1200 ‘
~ - - - 45100 BPP+200 PP o D300 BPP | 100PP | |
567 100 0 333 66.7 100
’ PP particle pereentage [%o]
70
(Qu=124m/s
60  Wavelength =763.511 nm 300 PP
S0 b
200 PP|
40
30 L 3 , 100 PP
| 7.
e
20 100 BPP : _ A
2008Pp ot fe === 100 BPP+200 PP
101 I 200 BPP+ |
0 BOOBPP  § jpopp | !
0 333 66.7 100

Fig 4.12 Variation of emission intensity with mixture particles of PP and BPP

(applied voltage of 7 kV and detected at (x, y) = (0 cm, 0 cm) point)

Based on the above data, the emission intensity with BPP and PP particles were different. The

diameter and density of PP and BPP particles were similar, that result in less influence on the
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difference of fluidization behavior. To achieve a better understanding of the relationship between
emission intensity and particle types, Fig 4.11 presents the emission intensity changed with PP
(solid markers) and BPP (hollow markers) particles with three particle numbers. In the case of
mixing the PP and BPP particles, the voltage was applied after the proper mixing by gas. The
whole trends for two kinds of particles were similar that the gas velocities for Elnax corresponded
well with ums. The solid lines refer to the ums for the PP particles, and dotted lines refer to the
BPP particles. However, with the 100 BPP particles, the full values of emission intensity were
higher than other numbers of BPP particles.

To compare the difference of emission intensity for particle type, we compared the mixture
particles of PP and BPP particles with different gas velocities, some of the data showed in Fig
4.12. The hollow markers refer to the data with BPP particles and solid markers refer to the data
with PP particles. The data for the mixture of PP and BPP particles showed as the pattern markers.
The emission intensities with more BPP particles were less than that with a small amount. With
the increase of gas velocity, the gap between various particle number decreased. For PP particles,
there were no apparent changes between the three numbers. However, the difference in emission
intensity with particles increased so much as the gas velocity to 12.4 m/s. The emission intensity
data for mixture particles were not as a simple calculation result regardless of the gas velocity.
With the addition of BPP particles, the emission intensity of plasma declined significantly
regardless of the gas flow rate. More percentage of PP particles added in the mixture particles
presented the relatively high emission intensities. The emission intensity of plasma with mixture

particles increased slightly by the gas velocity. In the mixture of PP and BPP particles, due to the

59



Chapter 4: Optical emission spectroscopy diagnostics of DBD plasma with particles

addition of BPP, the emission intensity not increased as a line relationship with the standard
calculation. As we mentioned before, due to the difference in the material and electrical
conductivity of BPP and PP particles, the plasma characteristics were different. However, in the
mixture of particles, the emission intensity declined significantly. It can be assumed that the effect

of absorption of BPP particles on the detected emission intensity is significant.

4.4 Summary

A combination of DBD plasma jet with a two-dimensional spouted bed process has been
established in this chapter. The optical emission spectral characteristics of Ar plasma and the
effect of fluidization behavior on the optical emission spectral characteristics were investigated
by changing the parameters of particle types, applied voltages, gas velocities, and particle
numbers. This chapter extends the theoretical framework of our previous research that analyzed
the effect of plasma irradiation on the particle’s fluidization behavior. The main conclusions are
as followed.

1) The plasma irradiation had changed the fluidization behavior of particles. With the
presence of Ar plasma irradiation, the pressure drops for PP particles were decreased but not for
BPP particles.

2)  The emission spectra of Ar plasma had been changed significantly with the addition of
particles. The atomic spectrum of Ar I and II transition lines for Ar plasma was detected without
particles. However, the transitions of Ar II lines were decreased by the addition of particles. The

emission spectrum of Ar I was enhanced with PP particles and declined with BPP particles. A
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high concentration of excited and ionized (active) plasma species was produced due to the
presence of particles for enhancing collisions with each other.

3) The emission intensity of Ar I lines was enhanced with the voltage applied regardless
of the addition of particles. There was a linear relationship between the applied voltage to the
emission intensity for most of the wavelengths of Ar I lines from 4 kV to 7 kV. The enhancement
of emission intensity with PP particles was more than 5 times than that of no particles.

4)  The changes of emission intensity with gas velocity were different between with and
without particles. The emission intensity was decreased slightly with the gas velocity when no
particle was added. However, as the presence of particles, the emission intensity with gas velocity
changed in accord with the fluidization behavior of particles.

5) The emission intensity of plasma versus particle numbers was identified with
fluidization behavior. The high value of emission intensity can be obtained with the good
fluidization behavior of particles regardless of particle numbers and detected points. The
emission intensity of mixture PP and BPP particles was not the calculated data by the pure
particles. The difference between color and electrical conductivity between BPP and PP particles
may be resulting in the distinction on detected emission spectral data and pressure drop.

In summary, two kinds of parameters can be affecting the high emission intensity of plasma
state: enough supplied energy by a high applied voltage, the suitable distance between particles
by a good fluidization behavior which related to the gas flow rate and the number of added
particles. Notably, the fluidization behavior of particles had an essential role in the changes in

emission intensity. The difference in the color of particles regarding the absorption and reflection
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rate of lights gave influence on the detected emission spectral data. Moreover, the changes in
pressure drop with high applied voltage may be affected by the distinction of particle electrical
conductivity. Our findings suggest that a promotion of plasma emission intensity by particles
fluidization that might provide a viable source for the process, such as the process of plasmatic
pollutant disposal with the catalysts. However, further studies are needed to determine the detail
for the effect of particles electrical conductivity on the fluidization and plasma optical emission

spectral characteristics.
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5. Fluid Dynamics of Particles in an AC DBD plasma-enhanced
Spouted Bed

5.1 Background

In the previous chapters, it is well accepted that the good fluidization behavior effected on the
plasma irradiation. At the same time, the emission intensity of plasma was also altered with the
fluidization behavior. However, the fundamental understanding of the fluid dynamics for solid
particles in the plasma-enhanced system is still incomplete. While in the practical application,
such as the catalytic pollutant removal system, it is essential to control the reaction efficiency by
mastering the fluid dynamics of particles, especially with the plasma irradiation.

The particles fluid dynamics was performed by the acting forces between particles and plasma
gas. The gas discharge generated the electron-ion pairs through the electron impact from the
1onization of the gas in the plasma system[1]. The ions and electrons can charge the solid particles
from the air due to the plasma irradiation[2]. Plasma acted on the charged particles with the
electrohydrodynamic (EHD) force in a gas-solid system. While a strong external electric field
existed, a body force “pushed” [3][3] on the external gas[4][5], which also leads to the thrust
force for charged particles. The electrohydrodynamic (EHD) [2] by the plasma irradiation was
mainly showed as the electric field force for the charged particles. Here, the electric field force
(Fe) and body force with a consistent expression that is given below:

Fg=pE Eq. (5-1)

Where p, represents the charge density of particles and E represents the electric field.
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The force caused by the ion drift with the along or counter to the free-stream flow direction
was confirmed through the smoke visualization by particle image velocimetry (PIV) method in
Sung’s research[6] for a wall-surface AC-DBD plasma actuator. Results revealed that the wake
of flow after the cylinder became narrowing at the high discharge voltages, and the suction effect
was presented close to the electrodes when the flow configuration was stagnated.

This chapter extends the theoretical framework and focuses on the particle dynamics by
particle image velocimetry (PIV) and particle tracking velocimetry (PTV) methods in an AC-
DBD plasma-enhanced spouted bed system. PIV method, as the non-invasive technique, was
applied to study the particle behavior[7][8] in a fluidized bed and plasma behavior in the
actuator[9][10]. PTV method was used to identify the individual particles in images[11]. It is
feasible to investigate the relationship between the plasma parameters and the flow structures
formed in the system by these techniques without disturbing the flow field. Herein, to examine
the particle dynamics in a DBD-enhanced spouted bed system, several parameters were changed,
including fluidization parameters (gas velocity, particle numbers, and particle type), and plasma
parameter (applied voltages). The effect of plasma irradiation on the fluid dynamics was obtained
from the analysis by Flow Expert 2D2C software through the images taken by a high-speed

camera.

5.2 Experiments and conditions
Fig 2.2 presents the details of the plasma jet nozzle and the location of detection machines. In

this chapter, Polypropylene (PP) particles were the primary fluidized agent with a diameter of 3
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mm and a density of 897 kg/m? to obtain the velocity profile of particles in the plasma-enhanced
spouted bed. Polyamide (PA) particles with the same diameter and 1140 kg/m? in density were
adopted to figure out the mechanism of particles dynamics in this system. The dielectric constant,
a quantity measuring the ability to store electrical energy in the electric field, is different for PP
and PA particles (1.5 for PP, and 2.5 for PA). Several parameters (as shown in Table 5.1), which
gave an influence on the emission intensity of plasma significantly in previous paper, such as the
number of particles (difference on initial pressure drop, from 1 to 500), and the Ar gas velocity
(u, from 7.4 to 14.9 m/s) were changed to indicate the particle dynamics at various fluidization

behavior with the effect of applied voltage (U, 0 and 7 kV) in this system.

Table 5.1 Research process conditions

Category Symbol Unit Variables

|
4
dis

Particle type — — F
PP particles PA particles
Particle number — — 0-500
Applied voltage U kV 0-7
Flow rate u m/s 7.4-14.9

(a) without filter (b) with filter

Fig 5.1 The characteristics of particle flow pattern in a spouted bed.
(a)Without filter settled and (b) with filter settled

(gas velocity:9.9 m/s and the number of particles: 300 PP).
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The motion of particles in the plasma-enhanced spouted bed showed in Fig 5.1(a), which was
taken by a high-speed camera (FASTCAM MiniAX100, Photron). The imaging system was
controlled through the software of FASTCAM Viewer 3 (Photron). Significant plasma filament
lights can be found clearly in the picture. To observe the movement in the full view, we settled
two webs of led photo lights (L18582-1, LPL) in front of the spouted bed. Due to the presence
of plasma light affect the accuracy when analyzing the motion by PIV and PTV methods through
the analysis in the software of Flow Expert 2D2C software (Kato Koken), a UV-IR-CUT filter
(slim, 72 mm, Haida) was used before the camera lens to remove the influence of plasma light
on the images. Fig 5.1 (b) shows the image with the filter installed on the camera. Due to the
particle velocity changed drastically by the collision with other particles and spouted wall, the
frame rate of camera determined by the displacement of a particle in two sequential images which
should be less than the particle radius[12]. All the images were operated with a frame rate of
10000 fps and a resolution of 768x528 pixels. The interval time is 1 ms, and the interval grid is
2 x 2 mm. Then analyzing the photos, the coordinate direction of the spouted bed has been
analyzed as Fig 5.1 (b) presented. x is the transverse coordinate centered about the jet, and y is
the distance from the jet inlet. The average particle velocity profile data was calculated by
analyzing 1000 images with a duration time of 1 s in the experiment.

The plasma feature evaluated as the optical emission spectroscopy (OES), by a spectrometer
(FLAME-S, Ocean Optics) and an optical fiber (P600-1-SR, Ocean Optics) with a wavelength

of 200 to 886 nm and an integration time of 1 s. The probe settled in front of the spouted inlet
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with 3 cm and noted as (x, y) = (0 cm, 0 cm). The point of (x, y) = (0 cm, 0 cm) is the original

point for the spouted bed, which was just above the plasma jet nozzle.

5.3 Results and discussion

5.3.1 Fluidization behavior

0.9
0.8 Fixed bed Transitory stage  Spouted bed
' m Atem Ums [m/s]
0.7
0.6 ‘ PP particles - 0 kV 9.9
_05 + » T i
9‘20.4 = LX) [¢ L E_% & : i I PP particles - 7 kV 9.5
= r
G03 | —®=300PP-OKV i&ﬂ; % 4] \ .
0y || ~E-300PP-TkV B 4 i Jr,’f-m@ PA particles - 0 kV 10.4
' 300 PA-0 kV J AR J .
0.1 300 PA-7 kV 1 T PA particles - 7 kV 10.1
0 1 L 1 I 1
0.0 25 5.0 7.5 10.0 12.5 15.0 *: ums in this paper.

Gas velocity [m/s]

Fig 5.2 Variation of pressure drop with Ar gas velocity for 0 kV and 7 kV applied voltage.

(Solid line refers to the case of without plasma irradiation, and the dotted line refers to the
case with 7kV applied voltage.)

It is essential to obtain the fluidization behavior of particles by analyzing the pressure drop
(AP) of the solid particle changing with the gas velocity firstly. Fig 5.2 illustrates the typical
trends of pressure drop for 300 particles with an increase of Ar gas velocity. The trends for
pressure drop are similar for PP and PA particles, which increased in the initial stage with the
gas velocity that the solid particles maintained as the fixed bed. With the increase of gas velocity,
the bottom part of particles started to move slightly, leading to the decline on the AP which

regarded as the transitory stage. When the gas velocity increased around minimum spouted
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velocity (ums), particles started to be spouted among the whole solid bed. As the gas velocity just
exceeded the ums, the particles circulated smoothly in the spouted bed. The particles moved with
an absolute amplitude as the gas velocity increased further. Due to the density of PA particles
were higher than PP particles, the ums for PA is large. As the dotted lines showed, with the 7kV
applied voltage, the pressure drop of particles was declined both for PP and PA particles.
However, even the pressure drop was declined drastically with 7kV applied voltage; the ums
decreases slightly as illustrated in the table. The ums for 300 PP particles was 9.9 m/s without
plasma irradiation. However, with the 7 kV applied voltage, the ums decreased to 9.5 m/s.

5.3.2 Particle velocity profiles for PP particles

A -
» >
» "" v
0.40 m/s 3 N
0.25 m/s -
vV e Bk
0m/s
(a) 0kV applied voltage (b) 7kV applied voltage

Fig 5.3 Time-averaged particle velocity fields

(gas velocity: 12.4 m/s, number of particles: 300 PP).
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To get a complete view of particle movement, we showed the maps of velocity vectors in Fig
5.3 and Fig 5.4. Fig 5.3 (a) - (b) reveal the examples of the particle tracks with the time-averaged
PTV method in a case of 300 PP particles with a gas velocity of 12.4 m/s which just over ums.
The arrows represent the velocity direction of particles. The color of arrows showed the velocity
magnitude. There was a fountain-shaped distribution for the particle velocity vectors around the
spouted bed inlet angle. The space between particles was larger with 7 kV applied voltage than
without plasma irradiation, which means the bed expanded slightly with the plasma irradiation.
Even though here we just presented a couple of pictures, we can also mentioned that more arrows
with high velocities (red color) can be found in the case with 7 kV applied voltage. The highest
velocities, with a magnitude of ten times than other parts, appeared in the upper part of the

fountain, not at the inlet part.

(a) OkV

0.40 m/s
0.25 mfs

0m/s

(b) 7 kV

to t0+1 ms t0+2 ms t0+3 ms

Fig 5.4 Instantaneous distribution of the particle velocity (a) with 0 kV applied voltage

and (b)with 7 kV applied voltage (gas velocity: 12.4 m/s, number of particles: 300 PP).
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To get further insight of particle velocity field, we adopted the PIV method to compare the

velocity vectors with 300 PP particles. The velocity vector profiles without applied voltage (Fig

5.4 (a)) and with 7 kV applied voltage (Fig 5.4 (b)) showed a similar trend. The same pattern can

be found as PTV data (as shown in Fig 5.3) that irrespective of the voltage applied, the particles

in the spouted bed moved with high speed above the inlet part of the plasma jet nozzle. The

particles with the high velocity presented along the central line regardless of plasma irradiation.

When the 7 kV voltage applied (the figures in the second line), the large area of particle velocity

with more than 0.25 m/s (the area with red and green color) were presented.
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Fig 5.5 Experimental profiles of particle velocity in the spouted bed along spout axis versus

several gas velocities (a) vectorial profile, (b) vertical profile, and (c) horizontal profile

(number of particles: 300 PP, x at 0 cm).
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To confirm the changes of particle velocity profile with the addition of plasma irradiation in
detail, we compared the particle velocity profile with and without applied voltage in various
conditions of gas velocity based on the PIV analysis. Fig 5.5 (a) - (c) show the quantitative
comparison of the profile of particle velocity at vectorial (V), vertical (Vy), and horizontal (V)
direction along the spout centerline (x equal to 0 cm). y represents the longitudinal distance from
the inlet of spouted bed. Three superficial gas velocities () were changed from 9.9 m/s (ums for
300 PP particles) to 14.9 m/s (fluidized without intensive movement). The same initial static
height of 300 PP particles was fixed as the constant of 2.0 cm.

The axial development of the velocity profile at the vectorial direction showed in Fig 5.5 (a).
The whole trends for particle velocity with the increase of y were similar. As would be expected,
the vectorial particle velocity increased with the y distance; then the highest velocity appeared
with a peak at the upper part of the solid bed. In the top part of the solid bed, the particle moved
with a low velocity. All the value of particle velocity for V and Vy are the positive value that
means the particles moved along the upward direction at the centerline. The maximum value of
vectorial velocity (Vmax) and vertical velocity (Vy.max) also increased with superficial gas velocity
noticeably. Take a full view of the velocity profile, and the Vy-max presented in the central of
the solid spouted bed that in the tunnel part of the fountain. As can be seen in Fig 5.5 (c), the Vx
changed with a little value at the y distance even though with high superficial gas velocity.
Some negative value of Vx (Fig 5.5 (c)) with the big error bar can be found which due to the

random move direction of particles.
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As would be expected, the particle velocity among gas-phase centerline increased first and
then decayed with axial distance. It could be expected that centerline velocity was increased as
momentum, which was transferred from the jet gas to the particles via drag[13]. It seems that the
particles accelerated slowly at the inlet, and then moved quickly in the upper part of the fountain,
due to the cross-sectional area of the annulus changed small[14] upon the inlet. However, the
velocity of particles decelerated gradually at the top of the fountain. The value of V and Vy
preented a high peak and a sizeable high-velocity region at the central part of the fountain. In
Liu’s research[14], a long flat peak of the velocity profile of the highest value with initial high
bed height was obtained in a 2D spouted bed. He pointed out that a flat peak of velocity profile
was shortened with decreasing the initial bed height in a spouted bed reactor. However, in our
case, the initial bed height is not high enough to present a flat peak.

Compared to the case with the 7 kV applied voltage as the dotted line showed in the figures,
there was a noticeable improvement for the V and Vy with plasma irradiation. It means that the
increase of particle velocity in the y-direction mainly caused the enhancement of the velocity
profile. The enhancement of particle velocity is different with the gas velocity that enhancement
of particle vectorial velocity changed from 45% (12.4 m/s of gas velocity) to 12% (14.9 m/s of
gas velocity). It should be noted that at 14.9 m/s of gas velocity, the Vx.max moved to the upper
part of solid bed than the case without applied voltage. The detailed reason for the plasma
irradiation resulting in the enhancement of velocity, especially in the vertical direction will be

discussed later.
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Fig 5.6 Profile of vertical particle velocity at lateral direction in the spout at various bed
levels and superficial gas velocity (a) gas velocity of 12.4 m/s and (b) gas velocity of 14.9 m/s

(number of particles: 300 PP).

Further, due to the upward movement of particles at the spout centerline in spouted bed, Vy
was adapted to show the changes in the lateral direction. Fig 5.6 (a) - (b) illustrate the Vy at the
lateral direction (x-direction) in the spouted bed with two superficial gas velocities at various
height locations. The Vy decreased from its maximum at the central region to the conical bed
wall irrespective of the locations on the y-axis. As the low superficial gas velocity (12.4 m/s), it
is noted that Vy-max of particles decreased with the increase of vertical level (y). However, as
the superficial gas velocity with a high value (14.9 m/s), the Vy.max value appeared in the middle
part of the fountain, which agreed with the data in Fig 5.5. When plasma irradiation added, almost
of Vy absolute values were enhanced, especially at the low position of solid bed (blue lines and
green lines). The effect of gas velocity on the particle velocity profile was significant. The
enhancement of Vy with plasma irradiation showed as 91% while y equal to 0.8 cm, and 40% at
y equal to 2.0 cm with the gas velocity of 12.4 m/s. However, the enhancement of Vy decreased

to 45% and 19% at the same position with the gas velocity of 14.9 m/s. The difference in the
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distribution was related to the fluidization behavior, which can be found from the images in each
condition. More space can be found among particles with high gas velocity.

5.3.3 Eftect of particle type and particle number

As mentioned above, the whole distribution of velocity was enhanced with 300 PP particles
addition as 7 kV voltage applied, especially with high superficial gas velocity. Another agent of
PA particle was adopted here to compare the difference for particle type. A similar trend (as
shown in Fig 5.5 and Fig 5.6) of velocity distribution with the same particle number for PA
particles, with the same diameter but different density to PP particles, was obtained. However,
there was a difference in the particle velocity profile for PA particles that the whole velocities

were much lower than that of PP particles at the same gas velocity due to the high particle density.
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Fig 5.7 Relationship of Vy.max and particle number various particle types

To gain more insight into the velocity distribution of particles, particle number for two kinds
of fluidized particles were changed in this section. Fig 5.7 illustrates the effect of particle

numbers on the maximum value of vertical velocity (Vy-max) in the velocity profile for pure
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particles and well-mixed particles of PP and PA particles. In our previous study, we found that
the highest emission intensity had been changed with the particle numbers and the gas velocities.
The highest values of emission intensity presented just above the gas velocity of ums. To achieve
the relatively consistent of fluidization behavior and the plasma irradiation, we adopted the gas
velocities (above ums for each condition, which corresponding displayed in Fig 5.7) responding
to a good fluidization behavior and the highest values of emission intensity. The values of Vy-max
for PA particles were increased with particle numbers obviously, but not for PP particles. The V
y-max Was improved with the 7 kV applied voltage in most cases for PP and PA particles. Notably,
the enhancement of Vy.max for PP particles with 7 kV applied voltage was almost stable around
50% which was much higher than that of PA particles. The most significant improvement of V
y-max by the plasma irradiation for PA particles was 43% with 300 particle number. Especially in
the case of 500 PA particle, the data for the V y.max almost the same with 0 kV and 7 kV. The
location of V y.max presented to a higher location with 7 kV applied voltage in the case of 100 PP,
100 PA, and 500 PP. In other cases, the location of V y.max almost no change, which not consistent
with the images illustrated in Fig 5.3 and Fig 5.4. Besides, the variation of the Vy.max with a
mixture of PP and PA particles, with a total number of 300, also be demonstrated in Fig 5.7. Vy.
max Was increased with the PP particle percentage in the mixture of particles. However, based on
the average data of mixture particles, the location of particles showed with the Vy.max was almost
same with plasma irradiation, not as the pure PP particles. The reason for the location for the
highest particle velocity without changes in some cases, maybe due to the grid of 2x2 sm with

the average calculation.
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5.3.4 Discussion on the changes in particle dynamics

As the presence of plasma, a sizeable high-velocity region of particles can be observed with
high gas velocity. The main changes of particles dynamics in a DBD plasma-enhanced spouted
bed may be depended on the thermal effect and the force for particles due to the plasma
irradiation.

1)  Thermal effect

For the gas phase, Li et al.[15] explored that heating flowing caused by gas flow also affected
on discharge characteristics. However, the gas temperature increased slightly here within 20°C
measured by an infrared camera (FLIR T440, CHINO) owing to the excited state from the plasma
activation. It means that the effect of the temperature on the particle velocity was small. The gas-
phase was insufficient for the changes of particles dynamics due to the slight change of density
and the viscosity for gas in the ionization process. It corresponds well with the data showed in
Fig 5.5 that if the gas density increased, the peak of particle velocity would be presented on the
high y position.

Fig 5.8 reveals the variation tendency of the electron temperature (Te) versus the particle type
with the same particle number of 300 particles. The electron temperature of Ar plasma was much
higher than the conditions with particles. The electron temperature went down due to the
electrons undergo inelastic collisions with high intensity and loosed kinetic energy with the
addition of particles. It was also corresponded well with the emission intensity of Ar plasma in
chapter 4, that the emission intensity enhanced with the presence of particles. More collision

of the electron resulted in the transition process with the release of the photon (emission intensity
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was enhanced). However, the trend of electron temperature was not similar to the Vy.max, which
due to the detected location of electron temperature was at the inlet point not same as the location

of Vy.max of particles.

.§ Particle number: 300 7 1:3
e
§ \ EENEEE

No particle 300 PP 300PA 200PP&100PA  100PP&200PA

Fig 5.8 Plot of electron temperature versus the particle type at the gas velocity of 12.4 m/s.
(Analyzed by Boltzmann’s plot of the Ar line spectrum for 357.215, 379.94, 706.7 and
800.616 nm for 300 particles.)

2) Force analysis

On the other hand, the charged particles can be “pushed” by the electrons and ions within the
strong electric field. For the solid phase, if each particle is considered as an individual object, the
movement of particles can be described by the Newtonian equation. The pressure gradient and
temperature kept stable in the system, so the pressure gradient and thermophoresis are neglected.
Besides, the magnetic force was neglected in the most analysis with the plasma irradiation; it was
not considered. Therefore, the Newtonian equation mainly included the effect of gravity force,
contact force and drag force and electric force. The governing equations for the solid phase in

the plasma-enhanced system are shown as follows,
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dv,,
mthp =mpg + Fy+ .+ Fg Eq. (5-2)

In the left side, where m,, represents the mass of a particle, v, represents the particle velocity.
In the right side, where m,g represents the particle gravity, Fy represents the drag force, F.
represents the contact force, and Frrepresents the electric field force.

Since the particle diameter is over 10 pum[16] and with a rough surface, gravity should be
considered. Opposed and proportional to particle velocity caused the drag force (Fy), which
cannot be neglected in all conditions. The normal and tangential contact force (F) contributed
to the particle rotation in the fluidization process. These first three terms on the right side of Eq.
(5-2) also existed in the fluidization process without plasma irradiation. We herein focused on
the effect of electric field force (Fr) on the fluid dynamics changes, which presented in Eq. (5-
1).While the fluidized particle also can be charged in the collisional and frictional[17] processes
without plasma irradiation. However, to discuss the changes of fluid dynamics by the plasma
irradiation, the collisional and frictional charge have not considered here.

In this AC-DBD actuator, the continuous excitation voltage by AC with 20 kHz in this
research contributed to the directional movement of ions and short discharge duration (several
tens nanoseconds). Also, the charge density as a function of the electric field with a variation of
duration. It further affects the electrical energy deposited in the energetic electrons [18]. In the
DBD plasma process, the particles were charged dominated with the attachment of electrons and
ions from the gas. For the reason of higher mobility of electrons than of ions[19], the particles

presented the predominantly negatively charged.
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5®

Fig 5.9 Charging mechanism on the particle in the system

The mechanism of the fluid dynamics in the plasma-enhanced spouted bed is assumed and
revealed in Fig 5.9. In the enlarged figure, two main electric fields were illustrated. The charged
particles were subjected not only in the external electric field but also in the field of accumulation
of ion charges on their surface[20][21]. The direction of the electric field was multifarious
because of the AC applied. Near the electrode’s area, high electric field strength can be found.
The axial direction of the plasma jet caused to the discharge configuration in the electrical field,
which is parallel to the gas flow direction. So a linear-field plasma jet has been built up, which
was confirmed in Wei’s paper[22]. The solid bed was expanded with plasma irradiation due to
the repulsive force between particles enhanced by the ion accumulation on the surface. The ion
drifts led to a net force along the streamwise direction of gas, which further improved the velocity
of particle fluidized in the spouted bed. To confirm the existence of the ion charge on the surface
by the external electric field, one single PP and PA particle were adopted in a quartz tube replaced
the spouted bed (1 m in length and 4.15 mm for inner diameter) with a gas flow rate 0of 2.2 to0 2.6

m/s. Result show with a low gas velocity, the particle maintained stable; however, when the
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voltage applied, the particle was pushed up regardless of PP and PA particle. With the increase
of applied voltage, the stopped height of the particle was enhanced. The particle and the quartz
tube have been charged around 2 kV which was detected by a digital static meter (KSD-1000)
with 1 mm distance between the static meter and particle.

With the increase of gas velocity, the mechanism model in the system has been changed with
the fluidization of particles. As the gas velocity lower than ums, particles maintained as the fixed
bed contacting with each other. Due to the polarization of the particles[21], the enhancement
of electric field strength was much high at the contact points (or the position of the smallest void
channel), which regarded as “contact point model[23] . With the increase of gas velocity (x>
ums), the gap size between particles has been enhanced. The electric field transmitted from the
“contact point model” to the mix of the “channel of void model[23] ” and the “contact point
model. ” Even though the electric field near the contact point of particles was decreased at the
gas velocity of ums, the electric field was easy to cover the whole gas gap. The electric field was
deceased with the increase of particle gap, in combination with our results in previous, too much
gap size was also not benefited to the emission intensity of plasma. Thus, it is essential to obtain
a suitable balance point for the utilization of plasma source, that the gas velocity is around ums in
the spouted bed.

For the two kinds of particles, PP and PA particles, have not only a different density but also
a different dielectric constant (1.5 for PP, and 2.5 for PA). The particle density related to the
fluidization behavior, and the dielectric constant related to the surface charge further. Van Laer’s

research[24] pointed out that the effect of dielectric constant and size of the beads on plasma
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behavior in a packed bed DBD reactor utilizing a fluid model. The electric field was enhanced
with the increase of particle dielectric constant. Due to the relatively high dielectric constant of
PA particle, the electric field between the particle gap is higher, but the electric field inside the
PA particle is lower than PP particle. On the other hand, the enhancement of the electric field
with PP particles with a low dielectric constant is limited, which leads to the discharge flowing
through the particle gap smoothly. It gives the reason that the enhancement of particle velocity
is higher for the high percentage of PP particles in the mixture of PP and PA particles than the
low percentage of PP particles.

5.4 Summary

This paper investigates the fluid dynamics of particles changed by plasma irradiation in an
AC-DBD plasma-enhanced 2D spouted bed reactor, which lays a foundation for further research
in chemical processes. This research extends our knowledge on the effect of plasma irradiation
on the fluid dynamics in this combination system. Conclusions are presented as follows.

Firstly, the velocity profile of solid particles changed with the plasma irradiation in the
plasma-enhanced spouted bed. The high particle velocity area, which showed at the upper part
upon the plasma inlet, was improved with 7 kV applied voltage. With the plasma irradiation, the
vertical velocity of particles was improved significantly despite along the longitudinal or lateral
direction. The highest enhancement appeared when the gas velocity just exceeded the ums.
However, the enhancement of particle velocity was not increased with the gas velocity. We
assumed that the two electric fields presented in the system, which were the external electric field

and the field by ion accumulation charges on the particle surface, resulted in the enhancement of
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particle velocity. Besides, the electron temperature of plasma had been declined with the addition
of particles.

Secondly, the influence on the particle velocity was different from particle type since the
plasma irradiation. The Vy.max of particles was enhanced with 7 kV applied voltage in most cases
for PP and PA particles. However, the enhancement of Vy.max for PA particles was less than that
of PP particles due to the different particle density and dielectric constant. The values of Vy.max
were enhanced with a high percentage of PP particles addition in the mixture of PP particles and
PA particles.

The plasma irradiation effected on the fluid dynamics of particles in the spouted bed. In
consideration of the fluidization of particles and the effective utilization of the active states in
the electric field for the particle applications, we must control a good fluidization behavior (gas
velocity just exceeded the ums) in the system which is related to the proper gap size between solid

particles.
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6. Conclusions

This thesis proposed a combination system of AC DBD plasma with a spouted bed reactor.
Three kinds of researches have been done here. The fluidization behavior of fine behavior, the
fluid dynamic of large particles, and the effect of particles on the plasma feature were investigated.
Several conclusions can be obtained as follows.

Firstly, the pressure drop, ums, void fraction were detected in the process with the plasma
irradiation in a 3D spouted bed to determine the fluidization behavior of fine particles. The void
fraction of solid bed was enhanced, and the entire solid bed was expanded since a high voltage
applied, which means the distance of particles improved. It resulted in the pressure drop of solid
bed decreased, and ums declined by the enhancement of applied voltage irrespective of the static
bed height and working gas (Ar and N>). The emission intensity for Ar plasma species increased,
and AP decreased with the enhancement of applied voltage before the gas flow rate reached ums
point. It is consistent with the mechanism that the ionization of the working gas was the main
reason for the variation in particle fluidization behavior.

Secondly, the optical emission spectral characteristics of Ar plasma and the effect of
fluidization behavior of PP and BPP particles on the optical emission spectral characteristics of
plasma were investigated. With the presence of Ar plasma irradiation, the pressure drops for PP
particles were decreased but not for BPP particles. The emission spectra of Ar plasma had been
changed significantly with the addition of particles. The emission spectrum of Ar I was enhanced
with PP particles and declined with BPP particles. The emission intensities of Ar I lines were

enhanced with the voltage applied regardless of the addition of particles. The changes in emission
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intensity with flow rate were different in the cases of particles and non-particles. The emission
intensity of plasma versus particle numbers was identified with fluidization behavior. The
difference in color (absorption and reflection) and electrical conductivity (charge transfer rate)
between BPP and PP particles may be resulting in the distinction on detected emission spectral
data and pressure drop.

Then, we investigated the fluid dynamics changes and mechanism with plasma irradiation.
With the plasma irradiation, vertical velocity was improved despite longitudinal or lateral
direction. Vy.max of particles was enhanced with 7 kV applied voltage in most cases for PP and
PA particles. The values of Vy.max were enhanced with a high percentage of PP added in the
mixture of PP and PA particles. The difference of dielectric constant and density for PA and PP
resulted in the changes in pressure drop changes and velocity profile for particles.

Our findings give the relationship between fluidization behavior and plasma optical
characteristic. It suggests that a promotion of plasma emission intensity by particles fluidization
(proper contact points and gap size) that might provide a viable source for the process such as in
the process of plasmatic pollutant disposal with the catalysts. In the cases of different type of
particles, the color of surface which related to the radiation feature affected the detected emission
intensity of plasma. Besides, the electric features, electrical conductivity and dielectric constant,
influenced on the difference of pressure drop with applied voltage and particle velocity profile,
respectively. It is well accepted that a positive synergy effect between plasma irradiation and

particle fluidization behavior.
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