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Abstract

Plasma fluidized-bed contributes to strengthening the interaction between active species in
plasma and fluidized powder particles, resulting in higher active species utilization efficiency
and superior powders processing/modification performance. However, the plasma streamer
dynamics on the fluidized powder particles are still unclear due to the intricacy of plasma
fluidized-bed. In this work, the time-resolved evolution behavior of plasma streamers on
fluidized powder particles surfaces has been explored in plasma fluidized-bed system based on a
simplified pin-cylinder configuration. The results reveal that the entire streamer propagation
process includes volume discharge and surface discharge. The maximum electron density
generated by surface discharge is one order of magnitude higher than that produced by volume
discharge, indicating that surface discharge plays a dominant role in powder particles
modification. The presence of fluidized particle will cause streamer branching, and the main
streamer splits into two independent sub-streamers for propagation in a ‘parabola-like’ shape.
Compared with large-size fluidized particles (1000 pum), streamer wraps a larger area on
micron-size fluidized particles (200 pum), with a 78% increase in the coverage area, which is
favorable to the modification of powder particles. Furthermore, the evolution of active species
on fluidized particle surface is analyzed. The active species (N, O, O3 ) are mainly distributed
around the north pole, and N3 is mainly distributed between 25° and 50° of the particles. With
the decrease of fluidized particle size, the polarization effect between particles is significantly
enhanced, and the maxima of the number densities of active species increase. These findings
help to get a better understanding of the interaction between plasma and fluidized particles in
fluidized systems.
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1. Introduction

Atmospheric pressure low-temperature plasma is enriched
with a variety of reactive species, including energetic elec-
trons, ions, excited atoms or molecules and free radicals. Due
to its advantages of environmental friendliness, simple oper-
ation, shorter processing time and energy conservation [1—
3], plasma has been widely applied in the field of material
modification, such as the surface functionalization of polymers
[4, 5]. Plasma can jointly change adhesion of polymer sur-
face through one or several mechanisms e.g. surface cleaning,
etching, chain scission and crosslinking as well as chemical
modification. The reactive species play a dominant role in the
plasma modification process. It has been reported that plasma
modification is mainly due to the interaction between reactive
species and polymer surfaces [6—8]. The reactive species can
impact the material surface, and physical or chemical reactions
occur. After plasma treatment, some surface properties will
be improved, like surface roughness, free energy and hydro-
philicity and hydrophobicity. However, despite these advance-
ments, there are still some critical issues in the treatment of
powder materials, which limit its extensive application. One
of the challenges is how to achieve a homogenous, uniform
and efficient material treatment method.

As a powder batch processing technology with mature
industrial system, plasma fluidized-bed system can enhance
flow mixing between gas and particles, high mass trans-
fer rates, and enable uniform powder processing [9]. A gas
fluidized-bed is established by passing gas upward through
a fixed-bed of particles [10]. As the gas velocity reaches
the critical fluidization velocity, the pressure drop counter-
balances the weight of solid particles, which will cause the
particles to be suspended in the upward-flowing gas. Fluidized
particles have a broad particle-size distribution, spanning from
a few micrometers to several millimeters. Since the possibil-
ity of combining plasma and fluidized-bed system was repor-
ted by Derco in 1984 [11], there have been some attempts
to employ plasma fluidized-bed for particle processing and
preparation. Chen et al [12] designed an atmospheric pres-
sure He plasma fluidized-bed to modify calcium carbonate
powders in the hexamethyldisiloxane. The results showed
that the surface properties changed from super-hydrophilicity
to super-hydrophobicity. Yao et al [9] synthesized uniform,
low-temperature TiO, @C nanocomposite by fluidized-bed
plasma-enhanced chemical vapor deposition with a mixture
of CHy and Ar. Soto et al [13] prepared Ag/SiO, nanocom-
posite in an Ar fluidized-bed microwave plasma reactor and
the result demonstrated that the nanocomposite had obvious
bactericidal effect on Escherichia coli. Bouchoul et al [14]
compared the plasma-catalysis coupling of CH4 and CO, con-
version in plasma fixed-bed and fluidized-bed systems. The

results showed that the conversion was higher in the fluidized-
bed system, indicating that the interaction between catalyst
particles and plasma is enhanced. Dasan et al [15] studied the
inactivation efficiency for aflatoxigenic spores of Aspergillus
flavus and Aspergillus parasiticus on hazelnuts in air or Ny
fluidized-bed plasma system. The results showed that the
air plasma system was more effective than nitrogen plasma
system. In our previous work, a DBD plasma fluidized-bed
system was designed and employed to remediate atrazine-
contaminated soil, realizing efficient remediation of contam-
inated soil [16].

The present work predominantly focuses on the applic-
ation and treatment of plasma fluidized-bed. Nevertheless,
to the best of our knowledge, there are almost no literature
focus on exploring the plasma streamer propagation in plasma
fluidized-bed, which is crucial to reveal the underlying mech-
anism of plasma-particles interaction. On the one hand, the
discharge within a plasma fluidized-bed is a highly dynamic
process that may involve time scales ranging from nano-
seconds to minutes. Therefore, it is challenging to obtain high-
resolution spatio-temporal data and perform accurate ana-
lysis. On the other hand, the interactions between plasma and
particles in the fluidized-bed encompass physical processes at
different scales, from microscopic plasma phenomena to mac-
roscopic fluid flow. Plasma numerical simulation, as a com-
petitive computer modeling tool, can simulate the streamer
propagation mechanism inside the reactor and provide import-
ant insights for in-depth understanding of plasma discharge
characteristics. So far, however, almost all previous literature
on plasma experiments and numerical simulation are fixed-bed
systems [17-29].

To gain a deeper understanding of the discharge charac-
teristics in the plasma fluidized-bed, it is necessary to con-
struct a complex model that encompasses a variety of phys-
ical processes and interactions. However, due to the intric-
acy of system, it is often necessary to simplify experimental
setups and numerical models. Firstly, it is assumed that the
particles remain stationary during this process because the
formation and propagation process of plasma is fast (nano-
seconds). Secondly, the shape of the particles is set to a reg-
ular spherical structure. Finally, it is assumed that the spa-
cing between particles remains constant. Based on this, in
this work, a time-resolved intensified charge-coupled device
(ICCD) camera is used to capture the fluidization evolution
behavior of plasma on the particle surface in a fluidized-
bed system. Polytetrafluoroethylene rod (¢ = 2.1) with a dia-
meter of 1000 um is used to simulate the fluidized particles.
Furthermore, the discharge behavior between the plasma and
fluidized particles is studied based on a two-dimensional (2D)
fluid model, which is used to explain the experimental res-
ults. The outline of this paper is as follows. The experiment
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Figure 1. The experimental system diagram for time-resolved
discharge device.

conditions and simulation model are introduced in sections 2.
In section 3, the obtained experimental and numerical sim-
ulation results will be analyzed and discussed. At the same
time, the streamer propagation characteristics of plasma with
micron-size particle size (200 pm) in fluidization system
are simulated by the model. Finally, conclusion is drawn in
section 4.

2. Experiment and model

2.1. Experimental setup

A schematic diagram of the experimental apparatus is presen-
ted in figure 1, which mainly includes the following com-
ponents: nanosecond pulsed power supply, reaction system,
electrical measurement system and ICCD camera. The pulse
power supply (HVP-20P) is developed by Xi’an Smart Maple
Electronic Technology Co. Ltd. A voltage amplitude is set at
14 kV. Both the rising and falling time are 50 ns. The voltage
and current generated during the discharge process are meas-
ured by a high-voltage probe (Tektronix P6015A) and a cur-
rent coil (Pearson 6595), displayed on a digital oscilloscope
(Tektronix DPO3012 100 MHz). The acquisition frequency
of oscilloscope is 2.5 GHz s~'. In order to explore the time-
resolved evolution of plasma streamer propagation process,
the ICCD camera (Princeton, PI-MAX 3 1024i) is used to cap-
ture the time-resolved images, and the exposure time is set as
3 ns and 5 ns. The images in the experiment are obtained under
different single pulse discharge conditions. The ICCD camera
is triggered by an external pulse power source and maintains
synchronization with the high-voltage pulse.

In order to observe the streamer evolution more clearly, the
simplified plasma fluidized-bed system configuration is com-
posed of a multi-pin high voltage electrode and a stainless steel
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Figure 2. Packing position and packing mode of the fluidized
particles and discharge images.

cylinder low voltage electrode. The linear distance between the
two pin tips of the high-voltage electrode is 15 mm, and the
inner diameter, wall thickness and length of the cylinder are
29 mm, 1 mm, and 150 mm, respectively. The distance from
the pin tip to the cylinder is 7 mm, and the radius of curvature
is approximately 40 pm. The cross-section of the polytetra-
fluoroethylene rod is used to simulate the size of the fluidized
particles. The diameter of the fluidized particles is 1000 pm.
The specific spatial arrangements of the fluidized particles and
the corresponding discharge images are shown in figure 2. The
fluidized particles are placed at different positions between
high-voltage pin electrode and the cylindrical ground electrode
to better conform to the randomness of particle motion in the
fluidized-bed. The fluidized particles are placed at the pin tip,
3.5 mm away from the pin tip and the surface of the cylinder,
which are defined as positions 1, 2 and 3 respectively. In a real
fluidization system, since the fluidized particles are in a fluid-
ization state, there will be a certain distance between fluidized
particles during fluidization. Therefore, two distances of fluid-
ized particles are studied, and the distances between adjacent
fluidized particles are set to 0.1 mm and 0.5 mm, respectively.
The gap size is much larger than the Debye length 0.52 pm.
In mode 1, five fluidized particles are arranged in the form of
crosses. In the above mode, the fluidized particles are assigned
distinct numbers.

2.2. Simulation model description

PASSKEYy (PArallel Streamer Solver with KinEtics) code is
used for modeling to study streamer propagation. At present,
the numerical simulation code has been applied to the mod-
eling of surface streamer discharge [30-33], the packed-bed
discharge [34] and the effect of the rotating dielectric plate
on streamer channel [35]. In this work, the PASSKEy code
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Figure 3. (a) The geometry of the numerical model; (b) computational domain of the axisymmetric model; (c) applied voltage in the

simulation.

proposed by Zhu et al has been validated with a benchmark
case of streamer propagation for a point-to-plate configuration
[36-38]. In principle, streamer propagation on the surface of
fluidized particle should be studied in three dimensions (3D)
to conform to the particle geometry in experimental fluidized-
bed reactor. However, modeling with 3D geometry will lead
to a significant increase in calculation time. Hence, a smart
approximation is used for the 3D geometry without comprom-
ising its authenticity. In order to save computation time, a two-
dimensional (2D) axisymmetric fluid model is constructed to
model the pin-to-cylinder configuration. The simulation model
employs a cross-sectional geometry of the pin-to-cylinder con-
figuration that resembles the structure of the top view of the
pin-to-cylinder configuration, and the size of the numerical
simulation model is consistent with that of the experimental
device. The dimensions of the simulation geometry are shown
in figure 3. It is worth noting that the 2D approximation would
actually exhibit a torus-shape after rotation, which is differ-
ent from the reality. However, this model primarily focuses on
the plasma behavior on the surface of fluidized particle, and
the model provides a qualitative description of the discharge,
which is not affected by this torus shape. In addition, the same
smart approximation has been reported in the literatures [25,
26]. The streamer propagation exhibits a same process at each
pin electrode, so the streamer propagation characteristics of
a single pin electrode are simulated. The pin boundary is con-
fined by implementing a parabola curve with a curvature radius
of 40 um along the central cross-section of the pin electrode.
The size of mesh cells near the pin electrode region and fluid-
ized particle is set as 4 um, and the total number of nodes in
the computational domain is 750 395. The voltage waveform
is shown in figure 3(c).

All experiments are conducted at room temperature and
atmospheric pressure. In the simulation, the volume fraction
of N, and O; is set as 0.8 and 0.2, and the temperature and
pressure are kept constant at 300 K and 1 atm respectively.
Atmospheric pressure air plasma involves dozens of species

and potentially hundreds of complex reactions, including elec-
tron collision, excitation, and ionization, as well as quench-
ing of excited species, charge exchange and electron-ion
recombination reactions, which makes it challenging to
incorporate all these species and reactions into the plasma
modeling process. To address this complexity, simplified reac-
tion sets are adopted. Some surface reactions involving the
complex chemistry at fluidized particle surface is not accoun-
ted for in the model, and the chemistry reactions happen
only in the volume discharge. The simulation model contains
17 plasma active species, including electron, neutral atoms,
ions and excited species, and 40 gas phase reactions between
the above species. Among them, singlet oxygen, as the low-
est excited state of Oy, is also an important reactive oxygen
species [39, 40]. However, there is report indicating that col-
lisions with O3 can quench singlet oxygen, which makes it a
minor species in most gas mixtures [41]. Since this model does
not consider the reactions about O3 species, the singlet oxy-
gen is not accounted for. The insights obtained in this study
may provide guidance for future research of more complex
molecular gases. The specific plasma reaction set is given in
the table 1. Figure 4 shows the rate coefficients of the electron-
impact processes (R1)—(R8), as functions of the mean elec-
tron energy, which is obtained from the Boltzmann solutions.
Furthermore, Poisson equation for electric field, drift-diffusion
equations for species, electron energy conservation equation
and Helmholtz equations for photoionization are solved via the
plasma model. All of the equations and mathematical meth-
ods could be found in paper [32, 33, 37, 38]. The equations
solved in the simulation process are briefly introduce as
follows:

The electric potential is obtained from the solution of
Poisson’s equation:

Nch
V (205, V®) ==Y qini— pe. 1)

i=1
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Table 1. Plasma reaction set with rate coefficients used in this model. (T is the electron temperature (eV) and T, represents the gas

temperature (K)).

No. Reaction Rate coefficient References
R1 e+ Ny — 2e + NF Figure 4 [44]
R2 e+ 0y = 2+ OF Figure 4 [45]
R3 e+0,—>0+0" Figure 4 [45]
R4 e +Na— e+ NyA*Y) Figure 4 [44]
R5 e+ N, — e + No(B*ID) Figure 4 [44]
R6 e+ Ny — e + No(CID) Figure 4 [44]
R7 e+0,—>e+0+0 Figure 4 [46]
RS e+ 0, »e+0+0(D) Figure 4 [46]
R9 e+0f=0+0+0, 1.4 x 1075 x (300/T.)°° [47]
R10 e+05f—=50+4+0 2 x 1077 x (300/T%) [48]
R11 e+ 0,+0,50-2+0, 1.4 x 107% x (300/T¢) x exp(—600/T) (48]
x exp((700 x (Te — T))/(Te x Tg))
RI12 e + Nf— N, + No(C’ID) 2 x 107% x (300/T)* [49]
RI13 e+Nf>N+N 2x 1077 [50]
R14 NT+ N + No = Nf+ N; 5x107% [48]
RI15 N+ N; + 0, — N+ O, 5x107% [51]
R16 Nif+0,—=0Ff+ N, +N; 25x 10710 [48]
R17 Nf+ 0, = OF + N, 6.0 x 107! [52]
RI8 OF + Ny + Ny = OF Ny + N, 9.0 x 1073 [47]
R19 OFN, + N, = OF + N, + N, 43 x 10710 [47]
R20 OFfN, + 0, > OF + Ny 1.0 x 107° [47]
R21 OF + 0, + N, = OF + N, 24 x107% [47]
R22 07+ 0,4+ 0; = 0F 4+ 0, 2.4 x 107 x (300/Ty)*? (48]
R23 074+ 0f— 0, + 0,4+ 0, 1.0 x 1077 [47]
R24 05+0f4+4 N, =50, +0,+ 0+ Ny 2.0 x 1072 [47]
R25 074+0f+0,=20,+0,+ 0,4+ 0, 2.0x 1073 [47]
R26 07 +0F+N; = 0, + 0, + N 2 x 1072 x (300/T)*’ [48]
R27 07 +0F7+0; =0, +0;, + N, 2 x 107% x (300/T)*° [48]
R28 O +NFf—5O+N+N 1.0 x 1077 [48]
R29 N2 (C3TI) — No(B31D) 245 x 107 [47]
R30 No(CPTI) + Ny — No(B3ID) + N, 1.0 x 1071 [52]
R31 No(C*II) + 0, = No + O 4+ O('D) 3.0 x 10710 [52]
R32 Nt 4+ 0, =+ N+ OF 2.8 x 10710 [48]
R33 0T +0,—-0f+0 2.1 x 1071 [53]
R34 0O +0—=e+0, 14 x 10710 [47]
R35 07+40—-e+0+0, 1.0 x 10710 [54]
R36 Ny(A’S)+0;, 2N, 4040 2.54 x 10712 (48]
R37 No(B*I) +0, 5N, + 0+ 0 3% 10710 (48]
R38 Nao(B*ID) + Ny — No(A3SD) + N, 5.0 x 10711 (48]
R39 O('D) + 0, = O + 05 4.0 x 1071 [52]
R40 O('D)+N; 0O+ N, 2.6 x 1071 [52]

Ope
ot :qu[_v'rj]'
i=1

@)

where n;,q;, and I'; are the number density, charge, and flux of

each species i, respectively. ® is the electric potential. g is the

permittivity of vacuum space, €, denotes the relative permittiv-

ity of the dielectric (¢, = 2.1 in this work), and p, represents

the surface charge density satisfying the continuity equation

for charges on surfaces. N, is the numbers of charged species.
The drift-diffusion-reaction equations for species are:

83’;[ +V'Fi:Si+Sphai =1,2,..., Nootal -

3

L= =DV — (&) V@i = 1.2 Newage -~ (4)

where S; denote source function for species i. The source func-
tion S; includes production and loss terms due to gas phase
reactions and is calculated with detailed kinetics, and Sy, is the
photoionization source term for electrons and oxygen ions and
can be calculated by three-term Helmholtz equations [42, 43].
D; and p; are the diffusion coefficients and mobility of charged
species, the electron swarm parameters and the rate coeffi-
cients of electron impact reactions are represented as expli-
cit functions of the reduced electric field E/N based on local
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Figure 4. The rate coefficients of electron-N; and electron-O;
determined from zero-dimensional solution of Boltzmann equation.

mean energy approximation. N1 and Nepage represent the
number of all species and charged species in kinetics scheme,
respectively.

The electron energy equation for mean electron energy is
as follows:

D (e€m) +V -Te=—|ge| Te E—P(en). 6))
Ie = —neempicE — DV (neen) . (6)

E=-Vo. (7)

where is €, the mean electron energy and E represents the elec-
tric field. P (ey,) represents the power lost by electrons in col-
lisions. I'¢, pe and D, are the flux, mobility and diffusivity
coefficient of electron energy, respectively.

3. Results and discussion

3.1 Time-resolved evolution without and with single fluidized
particle

Figure 5(a) shows spatiotemporal evolution images of
streamer discharge without fluidized particle captured by an
ICCD camera with a gate width of 3 ns, and the applied
voltage is 14 kV. It should be noted that the above evolu-
tion process is obtained in several different main streamers
and ordered in temporal sequence. It can be seen from the
figure that the streamer discharge starts at 33 ns, and the
main streamer propagates from the anode pin electrode to the
cathode curved surface. At around 45 ns, the streamer head
reached the cathode surface. In general, there will be streamer
branching phenomenon when the positive main streamers
propagate from the anode pin electrode [55-57]. As shown in
the figure 5(a), before the streamer reaches the center of the

discharge gap (39 ns), the main streamer propagates in a non-
branching state. The spatial distributions of the light emission
in the direction of propagation is almost uniform. After that
(42 ns), several streamer branches appear outside the main
streamer channel. Furthermore, clear streamer branches can
be seen from the last long exposure time image. The experi-
mental observation shows that it takes about 12 ns for the main
streamer to penetrate the discharge gap and reach the cathode
surface, and the average propagation velocity of the streamer
is estimated to be about 5.83 x 10° m s~ !, which is consistent
with that reported in the literature [S8—60].

In fact, the electron density, electric field and space charge
distribution inside the plasma are affected by the geometry of
the streamer channel. In a fluidized-bed system, the streamer
channel and the particle location have a lot of uncertainties.
Hence, it is of great significance to study how the spatial
position affects the streamer propagation. Three represent-
ative particle positions are selected to investigate streamer
propagation, namely the tip of pin (position 1), the middle
of discharge gap (position 2), and the cathode surface (pos-
ition 3). Figures 5(b)—(d) show time-resolved ICCD images
of streamer discharge evolution with fluidized particle placed
in three different positions. When the fluidized particle is
placed at position 1, the streamer discharge first initiates at
the contact point between the pin electrode and the fluid-
ized particle. It can be seen from figure 5(b) that a small dis-
charge point appears at 27 ns near the pin electrode. This is
caused by the polarization effect of the dielectric rod, res-
ulting in an enhanced electric field at the contact point. The
electrons in this region can absorb enough energy to initiate a
discharge [24]. Subsequently, a surface streamer is formed and
begins to propagate along the curved surface of the fluidized
particle. This is because a large amount of space charges in
the streamer will charge the surface of particles, and the elec-
tric field strength of the streamer head is rapidly amplified at
the interface of the streamer and the fluidized particle, caus-
ing a strong electric field difference between the plasma, the
solid surface and the neutral gas, thereby promoting the gen-
eration and propagation of surface discharges [61, 62]. When
the streamer reaches the position with an angle of 31° from
the equatorial plane of the fluidized particle, it leaves the flu-
idized particle surface and develops downward in a ‘parabola-
like’ shape, reaching the cylinder surface at 48 ns. The entire
streamer propagation process includes the following two dis-
charge modes: volume discharge and surface discharge.

When the fluidized particle is located at position 2
(figure 5(c)), it can be seen from the discharge image that the
initiation time of the streamer is delayed about 6 ns. After that,
a streamer development process similar to figure 5(b) began
to appear. When the fluidized particle is placed on the cathode
surface (position 3), as shown in figure 5(d), the main streamer
channel propagates approximately linearly before the streamer
reaches the surface of the fluidized particle. After that, the
streamer can propagate along the surface to near the equator,
and then develop toward the cathode. This is due to the weak
interaction between the plasma and the fluidized particle, caus-
ing the streamer away from the rod surface during propagation
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Figure 5. Time-resolved images of streamer propagation; (a) without fluidized particle, (b) position 1, (c) position 2, (d) position 3 with

fluidized particle.

[17]. Comparing the fluidized particle in position 1 to pos-
ition 3, the streamer covers a larger area on the surface of
fluidized particle, which indicates that the plasma modifica-
tion area increases, producing a better plasma modification
effect. Compared with the non-fluidized particle, the presence
of fluidized particle will cause the main streamer to split into
two independent sub-streamers for propagation. The average
propagation velocities of the streamer in the three positions are
353 x 100ms~ 1,479 x 10° ms—!and 4.69 x 10° ms~!,
respectively, which are all smaller than that of without fluid-
ized particle.

In order to better elucidate the plasma discharge behavior, a
2D numerical simulation model is used to calculate the time-
resolved evolution of the electron density and electric field.
The simulated 2D electron density distribution and electric
field evolution without and with fluidized particle are demon-
strated in figure 6. In the initial stage under both conditions, the
electric field at the tip of the pin is higher (>600 Td) due to the
small curvature radius, forming a corona discharge, which pro-
duces a large number of electrons and positive ions. The higher
electric field of the streamer head can form an electronic ava-
lanche, and the electrons will move to the pin electrode and
distribute in the entire discharge channel. In the process of
streamer propagation, the ionization processes are predomin-
ant. With the development and evolution of the main streamer,
the streamer channel becomes wider and the head becomes
brighter. When the streamer reaches the cathode surface, the

electron density in the streamer channel with fluidized particle
is 3.3 x 10" m—3, which is lower than the electron dens-
ity without fluidized particle (1.4 x 10?° m~3). Indeed, the
propagation of streamer discharge along the fluidized particle
will be accompanied by the generation of high concentrations
of active species, which plays a key role in plasma modifica-
tion. The simulation results show that the maximum electron
density generated by surface discharge is one order of mag-
nitude higher than that produced by volume discharge, indic-
ating that surface discharge plays a dominant role in powder
modification. When the streamer arrives at the cathode sur-
face, the electron densities of streamer head without and with
fluidized particle reach 1.2 x 10! m=3 and 2.5 x 10?° m—3,
respectively.

When the streamer head develops towards the cathode,
the electric field in this electric field region decreases rap-
idly (<100 Td), and the streamer channel is in a plasma state.
At 60 ns, the streamer propagation distance is 1.7 mm in the
absence of fluidized particle, and only 1.5 mm in the presence
of fluidized particle, indicating that the existence of fluidized
particle will hinder the streamer propagation. This is due to
the polarization effect of fluidized particle in the electric field
compared to non-fluidized particle. It can be observed that the
electric field inside the particle is smaller than that of in gas
phase, about 120 Td. Meanwhile, the electric field strength is
enhanced at the upper and lower poles of the particle, reaching
about 550 Td and 200 Td respectively at 65 ns, which is higher
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Figure 6. Simulated spatio-temporal distributions of the electron density (a) and electric field (b) without fluidized particle; the electron
density (c) and electric field (d) with fluidized particle during streamer propagation.

than the gas phase electric field (140 Td), and the polarization
electric field gradually increases with the streamer propaga-
tion. The electric field at the equator of the particle is the smal-
lest, because the vector electric field generated here is perpen-
dicular to the surface normal. Kong et al [6] investigated the
interaction of plasma jet with a single fiber through a 2D fluid
model. It is found that due to pre-ionization, the accumula-
tion of positive charges at the south pole of the fiber would
generate a repulsive force, hindering the propagation of pos-
itive charges in front of the ionization wave. In addition, the
presence of fluidized particle reduces the average propagation
velocity of the streamer. This is due to the fact that the fluid-
ized particle distorts the streamer propagation path, which acts
as a mechanical obstacle for streamer advancement in the gas
phase, thus reducing the average streamer propagation velocity
[63]. The closer to the cathode, the faster the streamer velocity.
Parameters related to plasma modification that are not avail-
able through experiment can be obtained based on the numer-
ical model, such as the distribution of active species on powder
particles, which will be discussed in detail later.

3.2. Time-resolved evolution with multiple fluidized particles

The ratio of gas to powder (gas-powder ratio) in the plasma
fluidized-bed is an important operating parameter, which can
significantly affect the fluidity, mixing and reactivity of the
fluidized-bed. A low gas-powder ratio means that there is a
higher concentration of powder particles, which may lead to
particle accumulation and uneven distribution, hindering the
mixing of gas and powder in the bed, and is not conducive to

powder processing. Conversely, a high gas-powder ratio may
cause excessive particle dispersion, resulting in unstable fluid-
ization, and increase the drift and loss of particles in the bed.

Considering the complexities and randomness of particle
behavior in plasma fluidized-bed systems, a typical case
is selected for research. It assumes that the arrangement
of particles is ordered. In the model, five particles are
selected and arranged to cover two kinds of interactions
between particles, namely direct interactions (between adja-
cent particles) and indirect interactions (between separated
particles). Figures 7(a) and (b) show the streamer evolu-
tion with a distance 0.1 mm and 0.5 mm between adja-
cent fluidized particles in mode 1. Increasing the distance
between adjacent fluidized particles has no effect on the
plasma propagation path. The streamer first propagates in
a straight line to the upper surface of the fluidized particle
1, and subsequent surface discharge formation is related to
charge deposition, which creates an electrical component par-
allel to the surface [21]. As the distance between the adjacent
particles increases from 0.1 mm to 0.5 mm, the area of the
particles wrapped by the streamer increases. For example, for
particle 5, as the distance increases from 0.1 mm to 0.5 mm,
the particle area wrapped by the streamer is increased by
67%, indicating that plasma treatment of powder particles is
more fully, facilitating a more extensive surface modification.
Comparing the experimental (figure 7) and simulation res-
ults (figure 8), it was found that the streamer coverage area
on the particle 1 surface is basically the same, approximately
43%, indicating good agreement of simulation and experiment
results.
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Figure 8. Simulation results: distribution of electron density (a), (c) and electric field (b), (d) with a distance 0.1 mm and 0.5 mm between

adjacent fluidized particles in mode 1.

To better explore the streamer generation and propaga-
tion characteristics with multiple fluidized particles, the time-
resolved evolution of the electron density and electric field
are presented in figure 8. The plasma hits the surface of flu-
idized particle 1, and charged particles will charge the sur-
face of particle 1. As the distance between adjacent particles
increases, it can be seen that the development process of
the entire streamer is longer, which is mainly due to the

prolongation of the charging process on the surface of particle
1. The charge deposition will hinder the further develop-
ment of the streamer discharge. When the adjacent distance
is 0.1 mm (figure 8(a)), the streamer propagation is restric-
ted between fluidized particles 2 and 5 due to the polariza-
tion between particles, and plasma cannot propagate further
downward through the gap between fluidized particles 2 and
5 to form volume discharge as observed in the experiment.
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Figure 9. Simulated dynamics of electron density (a), electric field (b) and electron temperature (c) for micron-size particles (200 pm) in

mode 1 (with the same number and mode as figure 8).

For example, the average velocities of streamer propagation
on fluidized particle 1 and 5 is about 7.8 x 10* m s~! and
9.8 x 10* m s~!, respectively. Both are lower than that of a
single fluidized particle, which suggests that, for the geomet-
ries considered here, multiple fluidized particles can hinder
streamer development. After the streamer reaches the particle
surface (86 ns), the electron densities on the plasma channel
and particle 1 surface are 3.2 x 10" m~% and 1.5 x 10 m—3
respectively. The electron density on the surface of particle
5 is slightly increased to 1.9 x 10 m~3. As the distance
between adjacent particles increases from 0.1 mm to 0.5 mm
(figure 8(c)), the repulsive coulomb force would decrease,
and the streamer can propagate to the cathode surface, as
observed in the experiment. However, compared with the dis-
tance of 0.1 mm, the electron densities of plasma channel,
particle 1 and particle 5 surface all decrease to a certain extent.
Comparing the experiment and simulation results, the streamer
propagation path is basically the same, which indicates
good qualitative agreement of theoretical and experimental
results.

As mentioned above, the fluidized particles in the elec-
tric field will cause internal charge polarization, and the local
electric field inside and near the adjacent fluidized particles
will also affect plasma propagation. To further study the
local electric field distribution between the fluidized particles,
figures 8(b) and (d) show the time-resolved evolution of
the corresponding electric field strength distribution. During

streamer evolution, the streamer head is always in the high
electric field region, and the electric field strength behind the
streamer head decreases rapidly. That is because the charges
in the streamer neutralize the opposite charge on the particles
surface [20]. As the distance increases from 0.1 mm to 0.5 mm,
the electric field at the streamer head will decrease from
550 Td to 430 Td, and the polarization electric field between
the upper and lower poles of the particles will also weaken. For
example, at 86 ns, the polarized electric fields of the upper and
lower poles of particle 2 are 330 Td and 200 Td, 240 Td and
150 Td, respectively, and the electric fields near the equator are
only 100 Td and 75 Td. Moreover, as the streamer develops,
the polarization phenomenon becomes more and more obvi-
ous, which can be also observed in the vicinity of fluidized
particles 2 and 3 and in the region where streamer reaches on
the upper part of fluidized particle 5. However, the polariz-
ation of the fluidized particle did not further generate local

micro-discharge.

Itis a great challenge to operate and observe streamer evol-
ution process for small-size fluidized particles (tens or hun-
dreds of microns) compared to large-size fluidized particles
(a few millimeters). Numerical simulation, as an alternative
approach, can reduce the complexity of the experiment and
provide a more flexible research platform, facilitating a com-
prehensive understanding of the fundamental physical pro-
cesses of plasma and micron particles. Figure 9 demonstrates
the dynamic behavior of the plasma and micron fluidized
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particles (200 pm) in mode 1. The streamer evolution pro-
cess is consistent with that of the large fluidized particles
(1000 pm), but the average streamer propagation velocity
is faster. It can be seen from the figure that as the particle
size decreases from 1000 pm to 200 pm, the area of particle
1 covered by the streamer is increased by 78%, indicating
that the smaller size of particle is favorable to the plasma
surface treatment of powder particles. It is worth noting
that the polarization between the upper and lower poles
of the fluidized particle 1 is significantly enhanced, reach-
ing 750 Td and 400 Td respectively. Moreover, an inter-
esting phenomenon in the evolution of the electric field is
that when the streamer passes through the gap between flu-
idized particles 2 and 5, the high-field regions of the two
streamer heads merge and advance towards the cathode. The
two streamers do not propagate separately as before, but the
electric field at this time is significantly reduced compared
with the fluidized particle, which is only 300 Td. Figure 9(c)
shows the evolution of electron temperature. Due to the
strong electric field and the high ionization at the streamer
head, the electron temperature is large, i.e. above 5 eV fol-
lowed by a quasi-neutral conductive channel, and the elec-
tron temperature in the channel is about 0.5 eV. Once the
conductive channel is established (72 ns), the electron tem-
perature gradually decreases to about 2 eV. The evolution
of electron temperature is consistent with that of electric

field.

3.3. Distribution of reactive species on the fluidized particle
surface

The highly chemical reactive species generated in plasma
channel can play a leading role in the plasma modification
or powder treatment processes. Therefore, it is crucial to
study the production and spatial distribution behavior of react-
ive species during the streamer propagation to gain a deeper
understanding of plasma modification. Figure 10 shows a
schematic diagram of the right hemisphere of the fluidized
particle (0° to 180°). Notably, the streamer propagation time
on the particles surface for two various fluidized particle sizes
are different. For the particle size of 200 pm, the streamer
development time is only 2 ns, and the corresponding dens-
ity profile of the evolution is taken between 64 ns and 65 ns.
Nevertheless, the streamer development time on the particle
surface lasts for 9 ns for a particle size of 1000 pm, and thus
the density profile of the evolution is taken between 78 ns and
87 ns.

Evolution of the excited species (N and O) and ions (N5
and O3 ) on the surface of 200 pm (left) and 1000 pm (right)
fluidized particles 1 in mode 1 are presented in figure 11. For
the particle size of 200 pm, the maxima of the number dens-
ities of N, O and Oj all appear at the north pole, and the

O

Figure 10. Schematic diagram of the right hemisphere of the
fluidized particle (0° to 180°).

corresponding minima of the number densities are obtained
at the south pole. The maximum values reach 6.1 x 10 m—3,
3.3 x 102! m—3and 5.1 x 10" m—3 at 0°, respectively, and the
minimum values appear at 180°, which are 3.2 x 10'* m—3,
1.9 x 10" m~3 and 2.0 x 10' m—3, respectively. The max-
imum of the number density of N5 is obtained at 35° with
4.3 x 10" m—3, and the minimum is obtained at 180° with
5.8 x 10'® m—3. For the particle size of 1000 zzm, the number
densities of O and O; first decrease and then slightly increase
from 0° to 180°. After that, the number densities gradually
decrease. The number densities of O and O; achieve a max-
imum of 2.8 x 10> m~3 and 3.9 x 10'® m~3 at the north pole
of the particle, respectively. The N number density decreases
sharply and also reaches a maximum value of 1.0 x 10'® m—3
at the north pole. The maxima of the number density of N3~
is obtained at 50° with 7.5 x 107 m~3. The minima of N, O,
N5~ and O5" number densities are obtained at the south pole
with 2.0 x 107 m=3, 4.3 x 10'® m=3, 7.7 x 10" m~ and
1.0 x 10" m~3, respectively. As the particle size decreases,
the maximum number densities of all active particles
increase.

When the streamer reaches the particle surface, the surface
charges begin to accumulate, initiating a charging process, so
the number of active species at the north pole is denser. As the
surface discharge propagates, the collision between ions and
the particle surface will induce emission of secondary elec-
trons, which forms a thin sheath of about tens of microns in
thickness between the streamer head and the particle bound-
ary. In this sheath, the electron density is relatively low, res-
ulting in a decrease in the number density of active species.
As mentioned above, the streamer coverage area increases as
the particle size decreases from 1000 pm to 200 pm. The pos-
ition of streamer away from the surface of 200 pm particle
is about 160°, which is higher than that of the 1000 pum
particle. Therefore, the number densities of active species with
a particle size of 200 pm after 90° is higher.
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Figure 11. Evolution of the reactive species on the surface of 200 pm (left) and 1000 pm (right) fluidized particles 1 in mode 1.

4. Conclusion

In this work, the time-resolved evolution behavior of streamer
on the fluidized particles surface is investigated in a simpli-
fied pin-cylinder configuration plasma fluidized-bed system
under different fluidization conditions. The main conclusions
are drawn as follows:

(1) The presence of fluidized particle will cause streamer
branching, and the main streamer splits into two inde-
pendent sub-streamers for propagation in a ‘parabola-
like’ shape, and the streamer average propagation velo-
city decreases. For multiple fluidized particles, compared
with large-size fluidized particles (1000 pm), streamer will
gradually wrap micron-size fluidized particles (200 pm),
and the area of particle wrapped by the streamer is
increased by 78%, which is favorable to the modification
of powder particles. The entire streamer propagation pro-
cess includes volume discharge and surface discharge. The
simulation results show that the maximum electron dens-
ity generated by surface discharge is one order of mag-
nitude higher than that produced by volume discharge,

which indicates that surface discharge plays a dominant
role in powder modification.

(2) In the field of plasma modification, active species play
a leading role. The evolution of reactive species on the
particle surface during streamer propagation is analyzed.
The active species (N, O, O;) are mainly distributed
around the north pole, and N3 is mainly distributed
between 25° and 50° of the particles. With the decrease
of fluidized particle size, the maxima of the number dens-
ities of active species increase.

In summary, this work provides valuable insights into the
dynamic behavior of streamer discharge on fluidized particles
through experiment and numerical simulation, and contrib-
utes to a deeper understanding of plasma fluidized-bed powder
treatment.
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