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Abstract: Fouling is a great problem that significantly affects the continuous operation for large-scale
radio-frequency (RF) thermal plasma synthesizing nanopowders. In order to eliminate or weaken
the phenomenon, numerical simulations based on FLUENT software were founded to investigate
the effect of operation parameters, including feeding style of central gas and sheath gas, on plasma
torches. It is shown that the tangential feeding style of central gas brings serious negative axial
velocity regions, which always forces the synthesized nanopowders to “back-mix”, and further leads
to the fouling of the quartz tube. Moreover, it is shown that sheath gas should be tangentially fed into
the plasma reactor to further eliminate the gas stream’s back-mixing. However, when this feeding
style is applied, although the negative axial velocity region is decreased, the plasma gas and kinetic
energy of the vapor phase near the wall of the plasma reactor are less and lower, respectively; as
a result, that plasma flame is more difficult to be arced. A new plasma arcing method by way of
feeding gun instead of torch wall was proposed and put in use. The fouling problem has been well
solved and plasma arcing is well ensured, and as a result, the experiment on large-scale production
of nanopowders can be carried out for 8 h without any interruption, and synthesized Si and Al,O3
nanopowders exhibit good dispersion and sphericity.

Keywords: numerical simulation; thermal plasma; hot-wall torch; nanopowder synthesis

1. Introduction

With high enthalpy, high temperature, good heat, and electric conductivity, RF thermal plasma
provides a unique environment for chemical reaction and nanopowder synthesis distinct from the
ordinary solid, liquid, and gas phases, which makes it a versatile technique that is capable of
controlling the morphology, size, and chemical composition of the nanopowders through the design of
experimental devices and their operating parameters [1-6]. The plasma torch has the most important
role of the plasma device where the plasma flame is generated and the nanopowders are synthesized.
The structure of the torch has great effects on the generation and stability of the plasma flame and
further influences its application in nanopowder synthesis. A plasma torch consists of three gas streams
in the actual operations, including central gas (working as plasma gas), sheath gas (protecting the
quartz tube), and carrier gas (carrying raw powders). Different inlet styles in the feeding of central
gas and sheath gas are applied such as axial feeding [7-10] and tangential feeding [11-13] to get more

Materials 2019, 12, 2141; d0i:10.3390/ma12132141 www.mdpi.com/journal/materials


http://www.mdpi.com/journal/materials
http://www.mdpi.com
http://www.mdpi.com/1996-1944/12/13/2141?type=check_update&version=1
http://dx.doi.org/10.3390/ma12132141
http://www.mdpi.com/journal/materials

Materials 2019, 12, 2141 2 of 15

appropriate plasma flame in the application of RF thermal plasma techniques. During the past decades,
thermal plasma synthesis of nanopowders was thoroughly studied and the nanopowders synthesized
by plasma showed excellent properties and were attractive for applications in different fields [14-16].
Therefore, improving the plasma technique and equipment for large-scale production of nanopowders
has become an urgent problem to be solved at present. Fouling inside the plasma torch is one of the
main obstructions of continuous plasma production of nanopowders.

Compared with traditional methods, numerical simulation can reduce the costs of the experimental
cycle and provide lots of information that cannot be dynamically observed by experimental work, such
as velocity fields, concentration distributions, physical properties, and so forth. A direct numerical
simulation of the plasma torch makes it visualized, clarifies the fluid fields inside the plasma torch, and
captures these impacts, which probably brings exciting results [17,18]. Therefore, numerical simulation
has been widely used in momentum transfer [19,20], heat transfer [21,22], and reactor design [23-25].
Colombo et al. [26,27] founded three-dimensional models to investigate particles” motion and sheath
gas stream’s mixing inside the plasma reactor. Ye et al. [28] built models to characterize the behavior of
chemically reactive species in a nonequilibrium inductively coupled argon-hydrogen thermal plasma
under pulse-modulated operation. Xue et al. [29] applied a two-dimensional electromagnetic model based
on FLUENT code to study the fluid and temperature fields in an inductively coupled plasma reactor.

In the present work, numerical models are developed to simulate the RF thermal plasma torch
with different inlet styles of central gas and sheath gas. By comparing the calculation results, the
effects of gas streams’ inlet styles on the fluid fields inside the plasma reactor can be obtained, which
helps find the best inlet style of gas streams to avoid the fouling of the plasma torch. Selection of gas
inlet styles and design of the plasma torch are guided by the numerical simulation, and the associated
problems are also examined and solved.

2. Numerical Model of Plasma Torch

2.1. RF Thermal Plasma Reactor

Figure 1 is the present RF thermal plasma reactor, consisting of induction coils, inner quartz tube,
outer quartz tube, feed gun, and necessary support structures. Other equipment, such as RF power,
cooling chamber, collector, vacuum system, and so forth, are not involved in Figure 1. In the plasma
synthesizing nanopowders, central gas and sheath gas are indispensable to provide plasma gas and
protect the quartz tube from being burned, and carrier gas carries raw materials into the plasma torch.
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Figure 1. RF thermal plasma reactor.

For continuous production of nanopowders, there are many problems that need to be solved,
such as sphericity morphology, and especially the reactor’s fouling. When fouling appears, the feed
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gun is easily blocked, the quartz tube is easily burned, and there is a greater possibility for discharge
phenomena to occur. Among them, the feed gun’s fouling, resulting from the gas streams” backflow,
is representative, because it can quickly block the feed gun in a few seconds, greatly reducing the
continuous operation cycle. Therefore, it is necessary for flow fields inside the plasma reactor, affected
by the flow patterns of central gas and sheath gas, to be investigated.

2.2. Physical Models

In this work, three-dimensional models are applied to simulate the RF thermal plasma torch based
on the actual equipment in our laboratory, which can fully consider axial velocity, radial velocity, and
tangential velocity. Many research works have proven that the inlet styles of central gas and sheath
gas can be axial feeding (gas stream flows without tangential motion) and tangential feeding (gas
stream flows with tangential motion). To consider all inlet styles, four physical models are applied in
numerical calculations, which are fully axial feeding (Case A), axial feeding of the central gas (Case B),
axial feeding of the sheath gas (Case C), and fully tangential feeding (Case D). In addition, as the
models are focused on the feed gun’s fouling problem, the calculation domains are defined as quartz
tube area and reaction area. Therefore, the bottom calculation boundaries are all defined as the bottom
surface of the reaction area. Based on these conditions, the physical models can be obtained, which are
listed in Figure 2.

l l I I A
(a) (b) (c) (d)

Figure 2. Physical models of RF thermal plasma torch: (a) Case A, (b) Case B, (c) Case C, (d) Case D.

2.3. Calculation Specifications

In the actual experimental works, the plasma reactor is operated at atmospheric conditions, thus
the pressure is set as 0. The temperature of each inlet gas stream is defined as room temperature, 20 °C.
Moreover, with precalculation of the Reynolds number of each gas stream, it is found that the flows are
all in turbulent zone. Since there are some streams with tangential inlet style in these models, there
is strong circumfluence in the plasma torch. Therefore, turbulence models in FLUENT are set as k-¢
standard model to consider turbulence effect and circumfluence effect.

2.4. Calculation Assumptions

As the RF thermal plasma torch and reactor are complex equipment, the calculations are simplified
and several assumptions are listed below:

(1) Axial inlet style assumes that the gas stream is uniformly fed into the annular cross-section of the
top of quartz tube, while tangential inlet style assumes that the gas stream is uniformly fed into
the round cross-section of the branch tube.

(2) Environmental temperature is assumed as a constant value, 20 °C. It means that the effects of
environment on temperature are ignored and that environmental temperature cannot be affected
by the plasma reactor.
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(3) Radiation in the plasma reactor is defined as the DRTM radiation model, which can be easy to
converge and can improve calculation accuracy by increasing the number of rays.

3. Simulations for Fouling Elimination

3.1. Boundary Specifications

To investigate fluid fields of different inlet styles with plasma torches, sheath gas and carrier gas
are fed into the plasma reactor. In this part, the operating parameters, including components, physical
properties, and so forth, except for the flow rates of sheath gas and carrier gas, are also kept the same.
The specific flow rates of each model are listed in Table 1.

Table 1. Gas flow rate set in each inlet boundary.

Vapor Phase Parameters Carrier Gas Central Gas Sheath Gas
Mass flow rate/g~s_1 0.0924 0.4618 1.8471
Case A 31-1
Volume flow rate/m--h 0.20 1.00 4.00
Case B Mass flow rate/g~s_1 0.0924 0.4618 0.9235
ase Volume flow rate/m3-h~! 0.20 1.00 2.00
Case C Mass flow rate/g-s™! 0.0924 0.2309 1.8471
ase Volume flow rate/m3-h~! 0.20 0.50 4.00
Mass flow ra’ce/g-s_1 0.0924 0.2309 0.9235
Case D 31.-1
Volume flow rate/m>-h 0.20 0.50 2.00

3.2. Temperature Fields and Velocity Fields

With the convergence of iterative calculations, temperature fields with XY plane and YZ plane can
be captured, which are listed in Figure 3. By comparing the temperature fields of each case in different
planes, it is found that the distributions of temperature are the same, and that their differences are the
maximum temperature of the plasma reactor. The differences of the maximum temperature in different
planes are ranging from 0 to 54 K, occupying a very small part in the global temperature range, thus it
can be neglected. It means that temperature is a uniform parameter in different cross-sections of the
plasma reactor. By comparing the maximum temperature between different cases (Case A: 9051 K,
Case B: 8428 K, Case C: 9083 K, Case D: 8927K)), it is shown that the models with axial feeding of the
central gas have lower maximum temperature, while the models with axial feeding of the sheath gas
have higher maximum temperature. These differences mean that tangential feeding of the central gas
and axial feeding of the sheath gas can improve the energy density of plasma torches. However, the
maximum temperature difference of the maximum temperature in the four cases is 655 K, possessing a
small proportion in the global range of temperature, about 7.7%. This percentage means that the inlet
styles can only affect the temperature distributions in a small range.

Nanopowders’ motion is greatly affected by gas streams, and thus it is necessary to obtain velocity
fields of every case inside the plasma reactor. As the total velocity fields in three dimensions cannot
provide intuitive data in a two-dimensional image, axial velocity fields, which are firstly captured and
listed in Figure 4, and radial velocity fields are applied to replace the total velocity field. By comparing
the axial velocity fields in different planes, it is found that their positive velocity regions are the same,
while their negative velocity regions are obviously different. As the reactor models of Case B-D are
not uniform in the XZ plane, the position of branch tubes can significantly affect the velocity fields
near the outlet nozzle of these branch tubes. Furthermore, the velocity regions of Case B ranging from
—0.3792 m/s to —1.975 m/s, and Case D ranging from —0.4550 m/s to —1.964 m/s, are very small, which
means that they can be neglected. Therefore, it is indicated that the axial velocity fields of each case in
different planes can be regarded as the same, and that different cross-sections have no significant effect
on the distributions of axial velocity.
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Figure 3. Temperature fields: (a) Case A in YZ plane, (b) Case A in XZ plane, (c) Case B in YZ plane, (d)
Case B in XZ plane, (e) Case C in YZ plane, (f) Case C in XZ plane, (g) Case D in YZ plane, (h) Case D
in XZ plane.
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Figure 4. Axial velocity fields: (a) Case A in YZ plane, (b) Case A in XZ plane, (c) Case B in YZ plane,
(d) Case B in XZ plane, (e) Case C in YZ plane, (f) Case C in XZ plane, (g) Case D in YZ plane, (h)
Case D in XZ plane.
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Moreover, by comparing axial velocity fields in Figure 4, it is shown that maximum axial velocity
of the four cases are each 11.38 m/s, 11.36 m/s, 11.37 m/s, 11.36 m/s, and that the minimum axial velocity
are each —0.4392 m/s, —0.3792 m/s, —0.8317 m/s, —0.4550 m/s, despite the effect of branch tubes. Since
maximum and minimum axial velocity can each represent positive axial velocity distributions and
negative axial velocity distributions, this result is separated into two parts to be discussed. For one, the
difference of maximum axial velocity of each case is less than 0.02 m/s, which is a very small part in
comparison with the maximum axial velocity. In addition, by comparing the positive axial velocity
regions of each case, it can be found that the positive axial velocity regions are nearly distributed in the
same area. It means that there is no significant effect of inlet styles on the positive axial velocity in
the plasma reactor. For another, the maximum difference of minimum axial velocity in each case is
0.4525 m/s, which is already bigger than the absolute value of the minimum axial velocity in Case B.
It is indicated that the inlet styles can affect negative axial velocity distributions in a large range.
Since negative axial velocity regions are mainly located inside the quartz tube, their effects need to be
discussed in detail, and are shown in the next part. In general, it can be concluded that the positive
axial velocity fields of different cases are nearly the same, and that the differences of the axial velocity
fields between different inlet styles are focused on the negative axial velocity regions.

To make clear the effects of inlet styles on negative axial velocity fields in the plasma reactor, the
reversed flow velocity fields, ranging from 0 to 0.5 m/s, are captured and listed in Figure 5. As the
fields of each plane are the same, the influence of different cross-sections on the fields is no longer
discussed here. By comparing the reversed flow fields of each case, it can be found that the reversed
flow regions are mainly distributed inside the inner quartz tube, and that only a small part of reversed
flow regions are located at the bottom of the models. Since the bottom of the models are also the
calculation boundaries of each model, the reversed flow regions near this area are mainly affected
by the calculation boundaries. Thus, the existence of these regions can be ignored and the main
investigated objects are the regions inside the inner quartz tube.
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2.500e-001
2.000e-001
1.500e-001
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Figure 5. Reversed flow velocity fields: (a) Case A in YZ plane, (b) Case A in XZ plane, (c) Case B in
YZ plane, (d) Case B in XZ plane, (e) Case C in YZ plane, (f) Case C in XZ plane, (g) Case D in YZ plane,
(h) Case D in XZ plane.
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By comparing Case C to Case D (or Case A to Case B) in Figure 5, it is found that tangential feeding
of the sheath gas can reduce the reversed flow regions. In addition, by comparing Case B to Case D
(or Case A to Case C) in Figure 5, it is found that axial feeding of the central gas can also reduce the
reversed flow regions. Thus, it is concluded that tangential feeding of the sheath gas and axial feeding
of the central gas are beneficial to reduce the reversed flow regions, and vice versa. Furthermore, since
the reversed flow regions are very close to the powder injector, if any particles flow into these reversed
flow regions, the particles can be forced to “back-mix”, causing the fouling phenomenon of the inner
quartz tube. In general, the effects of inlet styles on negative axial velocity fields are very important,
and can help to reduce the possibility of fouling the inner quartz tube in the case of injecting particles.

The effects of inlet styles on negative axial velocity fields can be explained by the existence of
tangential velocity distributions, which are listed in Figure 6, and the expansion of gas streams. It is
seen from Figure 6 that there are strong tangential velocity regions in Case B-D, while Case A has no
tangential velocity region because of no tangential gas stream. Since central gas with different inlet
styles and sheath gas with different inlet styles have different effects, their effects are each discussed
below. For central gas, the existence of tangential velocity can form strong circumfluence of gas streams,
which can create strong centrifugal forces to the vapor phase. It can urge central gas toward the wall of
inner quartz, which can then form a relative vacuum region near the wall of the powder injector. Since
the bottom of the inner quartz tube is the boundary between low temperature and high temperature,
the gas streams can be strongly expanded by the heat of the plasma torches. After these two processes,
the expansion of gas streams can force the vapor phase to flow into the vacuum region, forming the
negative axial velocity fields. For sheath gas, the existence of tangential velocity can force sheath gas to
move towards the wall of the quartz tube, which leaves a bigger space for central gas and carrier gas.
Thus, the expanded gas streams have larger space to flow past, which means that the negative velocity
regions can be reduced by sheath gas with tangential inlet style. Since the existence of tangential
velocity cannot significantly decrease the pathway of sheath gas, the effect is slight, which can be seen
from Figure 5. With the analysis of central gas and sheath gas, it can be concluded that the negative
velocity fields can be significantly increased by the tangential velocity of central gas, and slightly
reduced by the tangential velocity of sheath gas.

To obtain further information about the effects on velocity fields in the plasma reactor, radial
velocity fields are then captured and listed in Figure 7. By comparing radial velocity fields of different
planes in the four cases, it is shown that the distributions are nearly the same. The velocity regions are
distributed in the same area, and the differences of their maximum radial velocity are ranging from 0
to 0.039 m/s, which can be neglected. By comparing the radial velocity fields between the four cases, it
can be found that their maximum radial velocities are each 2.784 m/s, 2.105 m/s, 2.168 m/s, 2.259 m/s,
which means that Case A has the strongest radial velocity field and Case B has the weakest radial
velocity field. Since the high radial velocity regions are very small, it means that inlet styles can affect
the radial velocity distributions in a small range.
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Figure 6. Tangential velocity fields: (a) Case A in YZ plane, (b) Case A in XZ plane, (c) Case Bin YZ
plane, (d) Case B in XZ plane, (e) Case C in YZ plane, (f) Case C in XZ plane, (g) Case D in YZ plane,
(h) Case D in XZ plane.
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Figure 7. Radial velocity fields: (a) Case A in YZ plane, (b) Case A in XZ plane, (c) Case B in YZ
plane, (d) Case B in XZ plane, (e) Case C in YZ plane, (f) Case C in XZ plane, (g) Case D in YZ plane,
(h) Case D in XZ plane.
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3.3. Discussion of Fluid Fields and Their Effects

Since plasma technology is often used in powder treating, the parameters inside the plasma
reactor need to be noted, including axial velocity fields, radial velocity fields, temperature fields, and
so forth. These parameters can affect particles’ residence time, diffusion, and thermal process, which
are all very important for powder preparations. For axial velocity field, the differences of the four cases
are focused on negative velocity fields, which can force some particles to “back-mix”. The back-mixing
particles will lead to the fouling phenomena of the quartz tube. Thus the existence of negative velocity
fields needs to be eliminated or reduced. Since it has been concluded above that tangential feeding of
the sheath gas and axial feeding of the central gas are beneficial to decrease negative velocity regions, it
is better to apply the inlet styles of Case B to eliminate the effect of negative velocity regions. For radial
velocity field, its existence can force the particles to diffuse towards the wall of the reactor. As the
high-temperature area of the plasma reactor is distributed in the central area, the particles should be
trapped in the central area to absorb sufficient energy. Thus strong radial velocity fields are obviously
unfavorable for particles’ thermal process, and vice versa. As the strongest case and weakest case
are Case A and Case B, respectively, it is better to apply Case B in the plasma reactor to decrease the
diffusion of particles. For temperature field, the most important point is the energy density. Relatively
low maximum temperature often means more uniform energy density, which is necessary for powder
treating. Since axial feeding of the central gas and tangential feeding of the sheath gas can reduce the
maximum temperature, the model in Case B is appropriate to be applied. What needs to be noted
is that different inlet styles affect temperature distributions in such a small range that the impacts of
temperature on powder treating can be neglected. With consideration of all the parameters that have
been discussed above, axial feeding of the central gas and tangential feeding of the sheath gas are
suggested to be applied in the process of powder treating.

A plasma torch was designed and fabricated based on the calculation selection, which is the
Case B in Figure 2. However, when the torch was equipped within a plasma synthesis reactor, it was
difficult to arc through the quartz torch wall using an electric spark gun. Another simulation for plasma
generation had to be conducted accordingly, in which only central gas was fed into the plasma reactor
because the sheath gas was always given after the arcing stage in a typical experimental procedure.

4. Simulations for Plasma Generation

4.1. Boundary Specifications

In this part, sheath gas and carrier gas are set as null to investigate the fluid fields inside the
plasma reactor without plasma arc. As there are four cases that need to be calculated, some parameters
need to be set as the same, including the components (pure argon), properties (constant value), pressure
(0 gauge), and so forth. Their differences are the volume flow rate of each inlet boundary, accompanied
by the mass flow rate, which are listed in Table 2.

Table 2. Central gas set in each inlet boundary.

Mass Flow Rate/g-s~1 Volume Flow Rate/m3-h~1
Case A 0.4618 1.00
Case B 0.4618 1.00
Case C 0.2309 0.50
Case D 0.2309 0.50

4.2. Velocity Fields and Turbulence Kinetic Energy Distributions

After the calculations of each case, velocity fields are firstly captured to analyze the differences
of velocity distributions, which are shown in Figure 8. By comparing the velocity fields of YZ plane
and XY plane in each case, it is indicated that there is no difference between different cross-sections of
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the plasma reactor. It means that central gas is uniformly filling the inner area of the quartz tube in
three dimensions. However, by comparing the velocity fields between different cases, it is easily found
that the velocity of Case A and B is obviously lower than that of Case C and D. In addition, it can also
be found that high velocity regions of Case A and B are mainly located at the central area, while the
regions of Case C and D are near the wall of the reactor. Since the inlet styles of central gas are each
axial (Case A, B) and tangential (Case C, D), it is indicated that the main flow paths of central gas in the
inlet styles of axial feeding and tangential feeding are each the central area and the wall region.

(©) (e) (2) ]
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Figure 8. Velocity fields without plasma torch: (a) Case A in YZ plane, (b) Case A in XZ plane, (c) Case B
in YZ plane, (d) Case B in XZ plane, (e) Case C in YZ plane, (f) Case C in XZ plane, (g) Case D in YZ
plane, (h) Case D in XZ plane.

Moreover, since the turbulence kinetic energy can also represent the status of the vapor phase,
energy distributions are then captured and listed in Figure 9. Similar to the velocity fields, the energy
distributions cannot be affected by different cross-sections of the plasma reactor. By comparing the
energy distributions between each case, it is illustrated that the turbulence kinetic energy of the vapor
phase near the wall of the plasma reactor in Case C and D (>0.02287 J/kg) is obviously higher than
that in Case A and B (>0.00489 J/kg). Furthermore, the high-level kinetic energy regions in Case C
and D are distributed near the wall, while the regions in Case A and B are located at the central area.
Therefore, it is concluded that the models with tangential feeding of the central gas have higher kinetic
energy near the wall of the plasma reactor.
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Figure 9. Turbulence kinetic energy distributions: (a) Case A in YZ plane, (b) Case A in XZ plane,
(c) Case B in YZ plane, (d) Case B in XZ plane, (e) Case C in YZ plane, (f) Case C in XZ plane, (g) Case D
in YZ plane, (h) Case D in XZ plane.

4.3. Discussions of Fluid Fields and Their Effects

Plasma arcing is a very important question for plasma technology. In the actual operation of
plasma arcing, an electric spark generator is firstly placed near the bottom of the induction coils to
provide sparks to the plasma gas through the quartz wall. Since RF power can come from a strong
magnetic field inside the quartz tube, the plasma torch can be arced by the spark. To make it easier to be
arced, continuous feeding of plasma gas and enough kinetic energy are necessary. The former—plasma
gas—can be considered as the fuel of the plasma reactor, and the latter—kinetic energy—can be
regarded as combustion-supporting. Since the electric spark is placed outside the quartz tube, the
distribution and kinetic energy of plasma gas near the wall of the quartz tube can reflect the difficulty
of plasma arcing more directly. As the velocity fields and kinetic energy distributions have been
discussed above, they can help to compare the difficulty in the process of plasma arcing.

Based on the calculation results, it can be seen that tangential feeding can form higher velocity
and higher kinetic energy near the wall of the plasma reactor in comparison with axial feeding. On one
hand, as the gas streams are mainly passing through the high-velocity regions in the plasma reactor, it
can be regarded that tangential feeding can force the gas to distribute in the wall region of the plasma
reactor, which is in contrast with axial feeding. It means that central gas with tangential feeding has
more plasma gas for arcing. On the other hand, since the energy distributions of tangential feeding
near the wall of the plasma reactor are obviously higher than those of axial feeding, it is illustrated
that tangential feeding has more kinetic energy for plasma arcing. Therefore, it is concluded that the
plasma torch can be more easily arced in the conditions of tangential feeding of the central gas than in
those of axial feeding of the central gas.
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5. Experimental Verification of Simulation Results

According to the simulation above, Case B in Figure 2 is the best choice in continuous steps that
can well weaken the fouling problem, and Case C and Case D in Figure 2 are the best choices in the
plasma arced step. However, the fouling problem is not well solved in Case C and Case D, and the
problem of torch fouling after a long time of operation inhibits us from using the easy-arcing torch.
Therefore, a new plasma arcing method by way of feeding gun instead of torch wall was proposed and
put in use, in order to adapt to the new torch structure, which was designed for axial feeding of central
gas and tangential feeding of sheath gas. In the plasma arcing step, the electric spark gun comes into
contact with the top of the feeding gun and discharges. The electric spark enters the coil induction area
through the feeding gun and lights the plasma arc. With application of the new arcing method, the
fouling problem is well solved and plasma arcing is ensured.

In a typical experimental procedure for Si nanoparticle synthesis, the reactor system was first
purged with Ar to get rid of oxygen and water, because a separate nonoxidative atmosphere was desired
during the experimental process. Plasma flame was generated using argon as both plasma-forming
gas and sheath. Si nanoparticles were synthesized using Si micropowders as raw materials via a
physical vapor deposition process with no chemical reactions involved, in which Si micropowders
were evaporated in the high-temperature plasma flame and cooled down afterwards. However, a
small amount of hydrogen was used as carrier gas to guarantee the nonoxidative environment and the
high purity of the products. In a typical experimental procedure for Si nanoparticle synthesis, plasma
flame was generated using argon as plasma-forming gas and oxygen as sheath. Al,Os nanoparticles
were synthesized using metallic Al micropowders as raw materials via a chemical vapor deposition
process, in which Al was oxidized by oxygen to form Al,O3. Oxygen was applied as both sheath gas
and carrier gas.

Typical parameters are given in Table 3. Si micropowders were provided by Hebei Tianjing
Photovoltaic Technology Co., Ltd (Hengshui, China). Al micropowders were provided by Hebei
Jisheng Aluminum Powder Co., Ltd (Xinji, China). Argon and oxygen were provided by Beijing Qianxi
Jingcheng Gas Sales Center (Beijing, China).

Table 3. Typical experiment parameters.

Parameters Values
Central gas 1.00 m3-h1
Sheath gas 2.00 m3-h~!
Carrier gas 0.20 m3-h~!
Powder feedrate 10.0 g-min_1

The reactor was heated by the plasma flame for about 5 min until the system reached a steady
level, and then the raw materials were injected into the plasma flame in a continuous way. The raw
materials were supplied by a homemade screw feeder and fed axially through an injection probe to the
top of the plasma flame by carrier gas, and the products were collected by a high-temperature filter
collector with automatic cleaning function. In order to protect the products from oxidizing at high
temperature when Si nanoparticles were synthesized, extra Ar supply was necessary until the reactor
system was cooled down.

The collected products were inspected with field emission scanning electron microscopy (FESEM,
JEOL JSM-6700F, JEOL, Akishima, Japan). Figure 10 presents FESEM images of the large-scale produced
nanopowders. Si nanopowders were synthesized via a physical vapor deposition in Ar-H, (volume
ratio of 15/1) plasma, and Al,O3 nanopowders were synthesized by way of oxidation of aluminum
powders in Ar-O, (volume ratio of 3/5) plasma. Figure 10a,b are FESEM images of synthesized Si
nanoparticles with different magnification, and Figure 10c,d are FESEM images of synthesized Al,O3
nanoparticles with different magnification. One can notice that both Si and Al,O3 nanopowders
consisted of uniform particles with good dispersion and sphericity. The particle size was about 100 nm,
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and there existed more coarse particles in Al;O3 samples than in Si samples. The exothermic reaction
within the synthesis of Al;O3; would have caused the particle growth and the existence of coarse
particles. Fouling had been significantly weakened and continuous operation cycle of large-scale
production of nanopowders was extended from 2-3 h (continuous operation cycle of unoptimized
synthesizing processes of nanopowders) to as long as 8 h.

-
100 nm

Figure 10. FESEM images of the large-scale produced nanopowders: (a,b) Si, (¢,d) Al,O3.
6. Conclusions

In order to solve the fouling problem encountered during the continuous operation for large-scale
production of nanopowders, the models with different inlet styles of central gas and sheath gas
are founded to investigate their effect on the fluid fields inside the plasma reactor. The following
conclusions can be drawn from the discussions:

(1)  The models with different inlet styles have approximate temperature fields and positive axial velocity
fields, and have different negative axial velocity fields and radial velocity fields. It means that the
selection of torch structure will not cause any unpredictable influences on temperature fields.

(2) Axial feeding of the central gas and tangential feeding of the sheath gas can decrease negative
axial velocity regions and reduce radial velocity intensity, which can help eliminate the fouling of
the quartz tube and increase the efficiency of energy utilization.

(3) The inlet style of tangential feeding can provide more plasma gas into the area of the torch
inner wall and higher kinetic energy of vapor phase in comparison with axial feeding. It means
that axial feeding would make it difficult to arc through the quartz torch wall using an electric
spark gun.
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(4) A plasma torch with axial feeding of the central gas and tangential feeding of the sheath gas was
selected for large-scale production of nanopowders, and a new plasma arcing method by way of
feeding gun was proposed and put in use, in order to adapt to the new torch structure.

(5) Fouling had been significantly weakened, and the continuous operation cycle of large-scale
production of nanopowders was extended to 8 h. Synthesized Si and Al,O3; nanopowders
exhibited good dispersion and sphericity.

Author Contributions: Writing—original draft preparation, L.B., J.H.; Writing-review and editing, Y.O.;
Writing—review and editing in revision, W.L., H.Y.; Language editing, H.L., Z.L.; Supervision, FY.; Visualization,
J.S., YW.

Funding: This research was funded by the National Natural Science Foundation of China (No. 11875284;
No. 11535003), and Henan Science and Technology Development Program (No. 192102210029). We would also
like to thank the support from the Construction of Master’s Program on Energy and Power Engineering in
Huanghuai University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Zheng, J.; Yang, R.; Xie, L.; Qu, J.; Liu, Y.; Li, X. Plasma-assisted approaches in inorganic nanostructure
fabrication. Adv. Mater. 2010, 22, 1451-1473. [CrossRef] [PubMed]

2. Kéroly, Z.; Mohai, I.; Klébert, S.; Keszler, A.; Sajo, LE.; Szépvolgyi, J. Synthesis of SiC powder by RF plasma
technique. Powder Technol. 2011, 214, 300-305. [CrossRef]

3.  Mohapatra, S.; Mishra, D.K.; Singh, S.K. Microscopic and spectroscopic analyses of TiC powder synthesized
by thermal plasma technique. Powder Technol. 2013, 237, 41-45. [CrossRef]

4. Cheng, Y.Y.; Choi, S.; Watanabe, T. Effect of nucleation temperature and heat transfer on synthesis of Ti and
Fe boride nanoparticles in RF thermal plasmas. Powder Technol. 2013, 246, 210-217. [CrossRef]

5. Hong, C.-N,; Yan, C.J. Synthesis and characterization of silicon oxide nanoparticles using an atmospheric DC
plasma torch. Powder Technol. 2018, 29, 220-229. [CrossRef]

6. Hou, G,; Cheng, B.; Ding, F,; Yao, M.; Hu, P; Yuan, F. Synthesis of uniform alpha-Si3N, nanospheres by RF
induction thermal plasma and their application in high thermal conductive nanocomposites. ACS. Appl.
Mater. Interfaces 2015, 7, 2873-2881. [CrossRef]

7. Ye, R, Li,].G,; Ishigaki, T. Controlled synthesis of alumina nanoparticles using inductively coupled thermal
plasma with enhanced quenching. Thin Solid Film 2007, 515, 4251-4257. [CrossRef]

8.  Ye, R;; Murphy, A.B.; Ishigaki, T. Numerical Modeling of an Ar-H, Radio-Frequency Plasma Reactor
under Thermal and Chemical Nonequilibrium Conditions. Plasma Chem. Plasma Process. 2007, 27, 189-204.
[CrossRef]

9. Wang, J.J.; Hao, .J.; Guo, Z.M.; Wang, Y.M. Preparation of spherical tungsten and titanium powders by RF
induction plasma processing. Rare Met. 2014, 34, 431-435. [CrossRef]

10. Jiang, X.L.; Boulos, M. Induction plasma spheroidization of tungsten and molybdenum powders.
Trans. Nonferrous Met. Soc. China 2006, 16, 13-17. [CrossRef]

11. Bai, L;Jin, H.; Yuan, F. Application of Radio-frequency Induction Thermal Plasma in Fine Spherical Powder
Preparation. High Volt. Eng. 2013, 39, 1577-1583.

12. Gu, Z,; Ye, G,; Liu, C.; Tong, H. Study on the techniques with using of RF induction plasma for tungsten
powders spheroidization. Nucl. Fus. Plasma Phys. 2010, 30, 178-182.

13.  Liu, X.; Chen, . Influence of Induction Plasma Parameter on Preparation of Spherical Tungsten Nano-powders.
Mater. Heat Treat. 2011, 40, 170-176.

14. Ouyang, Y.G.; Hou, G.L.; Bai, L.Y;; Li, B.; Yuan, F. Constructing continuous networks by branched alumina for
enhanced thermal conductivity of polymer composites. Compos. Sci. Technol. 2018, 165, 307-313. [CrossRef]

15. Ouyang, Y.G; Bai, L.Y.; Sun, Z.Q.; Ding, F,; Yuan, F. A new strategy for dense Al,O3 ceramics by spherical
powders prepared via thermal plasma. Ceram. Int. 2019, 45, 2012-2019. [CrossRef]

16. Kim, K.S.; Kim, T.H. Nanofabrication by thermal plasma jets: From nanoparticles to low-dimensional
nanomaterials. J. Appl. Phys. 2019, 125. [CrossRef]

17.  Boulos, M.I. The Role of Transport Phenomena and Modeling in the Development of Thermal Plasma
Technology. Plasma Chem. Plasma Process. 2016, 36, 3-28. [CrossRef]


http://dx.doi.org/10.1002/adma.200903147
http://www.ncbi.nlm.nih.gov/pubmed/20349435
http://dx.doi.org/10.1016/j.powtec.2011.08.027
http://dx.doi.org/10.1016/j.powtec.2013.01.018
http://dx.doi.org/10.1016/j.powtec.2013.05.028
http://dx.doi.org/10.1016/j.apt.2017.11.006
http://dx.doi.org/10.1021/am5081887
http://dx.doi.org/10.1016/j.tsf.2006.02.050
http://dx.doi.org/10.1007/s11090-007-9055-5
http://dx.doi.org/10.1007/s12598-014-0293-4
http://dx.doi.org/10.1016/S1003-6326(06)60003-4
http://dx.doi.org/10.1016/j.compscitech.2018.07.019
http://dx.doi.org/10.1016/j.ceramint.2018.10.099
http://dx.doi.org/10.1063/1.5060977
http://dx.doi.org/10.1007/s11090-015-9660-7

Materials 2019, 12, 2141 15 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

He, J.P; Bai, L.Y,; Jin, H.C.; Jia, Z.; Hou, G.; Yuan, F. Simulation and experimental observation of silicon
particles’ vaporization in RF thermal plasma reactor for preparing Si nano-powder. Powder Technol. 2017,
313, 27-35. [CrossRef]

Fujii, K. Progress and future prospects of CFD in aerospace—Wind tunnel and beyond. Prog. Aerosp. Sci.
2005, 41, 455-470. [CrossRef]

Zhang, Z.R.; Liu, H.; Zhu, S.P,; Zhao, F. Application of CFD in ship engineering design practice and ship
hydrodynamics. |. Hydrodyn. Ser. B 2006, 18, 315-322. [CrossRef]

Jayakumar, J.S.; Mahajani, S.M.; Mandal, ].C.; Vijayan, PK.; Bhoi, R. Experimental and CFD estimation of
heat transfer in helically coiled heat exchangers. Chem. Eng. Res. Des. 2008, 86, 221-232. [CrossRef]

Yadav, A.S.; Bhagoria, ].L. Heat transfer and fluid flow analysis of solar air heater: A review of CFD approach.
Renew. Sustain. Energy Rev. 2013, 23, 60-79. [CrossRef]

Khan, M.J.H.; Hussain, M.A.; Mansourpour, Z.; Mostoufi, N.; Ghasem, N.M.; Abdullah, E.C. CFD simulation
of fluidized bed reactors for polyolefin production—A review. J. Ind. Eng. Chem. 2014, 20, 3919-3946.
[CrossRef]

Rohde, U.; Hohne, T.; Kliem, S.; Hemstrom, B.; Scheuerer, M.; Toppila, T.; Aszodi, A.; Boros, I.; Farkas, I;
Miihlbauer, P; et al. Fluid mixing and flow distribution in a primary circuit of a nuclear pressurized water
reactor-Validation of CFD codes. Nucl. Eng. Des. 2007, 237, 1639-1655. [CrossRef]

Cho, B.A.; Pott, R WM. The Development of a Thermosiphon Photobioreactor and analysis using Computational
Fluid Dynamics (CFD). Chem. Eng. J. 2019. [CrossRef]

Colombo, V.; Ghedini, E.; Sanibondji, P. A three-dimensional investigation of the effects of excitation frequency
and sheath gas mixing in an atmospheric-pressure inductively coupled plasma system. J. Phys. D Appl. Phys.
2010, 43, 105202. [CrossRef]

Colombo, V.; Ghedini, E.; Sanibondi, P. Three-dimensional investigation of particle treatment in an RF
thermal plasma with reaction chamber. Plasma Sour. Sci. Technol. 2010, 19. [CrossRef]

Ye, R.; Ishigaki, T.; Taguchi, H.; Ito, S.; Murphy, A.B.; Lange, H. Characterization of the behavior of
chemically reactive species in a nonequilibrium inductively coupled argon-hydrogen thermal plasma under
pulse-modulated operation. |. Appl. Phys. 2006, 100. [CrossRef]

Xue, S.; Proulx, P.; Boulos, M.1. Extended-field electromagnetic model for inductively coupled plasma. J. Phys.
D Appl. Phys. 2001, 34, 1897-1906. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.powtec.2017.02.062
http://dx.doi.org/10.1016/j.paerosci.2005.09.001
http://dx.doi.org/10.1016/S1001-6058(06)60072-3
http://dx.doi.org/10.1016/j.cherd.2007.10.021
http://dx.doi.org/10.1016/j.rser.2013.02.035
http://dx.doi.org/10.1016/j.jiec.2014.01.044
http://dx.doi.org/10.1016/j.nucengdes.2007.03.015
http://dx.doi.org/10.1016/j.cej.2019.01.104
http://dx.doi.org/10.1088/0022-3727/43/10/105202
http://dx.doi.org/10.1088/0963-0252/19/6/065024
http://dx.doi.org/10.1063/1.2364623
http://dx.doi.org/10.1088/0022-3727/34/12/321
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Numerical Model of Plasma Torch 
	RF Thermal Plasma Reactor 
	Physical Models 
	Calculation Specifications 
	Calculation Assumptions 

	Simulations for Fouling Elimination 
	Boundary Specifications 
	Temperature Fields and Velocity Fields 
	Discussion of Fluid Fields and Their Effects 

	Simulations for Plasma Generation 
	Boundary Specifications 
	Velocity Fields and Turbulence Kinetic Energy Distributions 
	Discussions of Fluid Fields and Their Effects 

	Experimental Verification of Simulation Results 
	Conclusions 
	References

