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Abstract: In this study, a two-dimensional numerical model was developed to simulate operation
conditions in the non-transferred plasma torch, used to synthesis nanosilica powder. The turbulent
magnetohydrodynamic model was presented to predict the nitrogen plasma flow and heat transfer
characteristics inside and outside the plasma torch. The continuity, momentum, energy, current
continuity equations, and the turbulence model were expressed in cylindrical coordinates and
numerically solved by COMSOL Multiphysics software with a finite element method. The operation
conditions of the mass flow rate of ionized gas ranging from 78 sccm to 240 sccm and the current
varying between 50 A to 200 A were systematically analyzed. The variation in the electrothermal
efficiency with the gas flow rate, the plasma current, and the enthalpy was also reported. The results
revealed that the increase in working current lead to a raise in the effective electric power and then
an increase in the distribution of plasma velocity and temperature. The efficiency of the torch was
found to be between 36% and 75%. The plasma jet exited the nozzle torch with a larger fast and hot
core diameter with increasing current. The numerical results showed good correlation and good
trends with the experimental measurement. This study allowed us to obtain more efficient control of
the process conditions and a better optimization of this process in terms of the production rate and
primary particle size. X-ray diffraction (XRD) and transmission electron microscopy (TEM) were used
to characterize the primary nanosilica powder that was experimentally collected. The arc plasma
method enabled us to produce a spherical silicon ultra-fine powder of about 20 nm in diameter.

Keywords: plasma torch; nano silica; numerical simulation; experimental measurement

1. Introduction

Plasma technology has in the last years evolved to be a promising technique for the
efficient manufacture of nano-sized materials, which are in increasing demand by recent
technological advancement for diverse applications such as industrial, biomedical, and
environmental purification processes [1–7]. For example, Ananth and Mok [8] revealed
that the nanomaterials prepared by atmospheric plasma exhibit high crystallinity and good
thermal resistivity. Additionally, Post et al. [9] describe that the plasma-manufactured
nanoparticles are the best technique to obtain homogenized coating on metal nanoparticles
and to control their outer surface properties. Another important aspect of plasma-based
nanomaterials is the possibility to adjust the thermal efficiency of the solar cells and the
use of atmospheric pressure plasma in order to generate silver and gold nanoparticles on
tin oxide solar cells [10]. By virtue of these characteristics, plasma nanofabrication has
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grown into an interesting new field, which exhibits many advantages for the synthesis
of nanoparticles and the deposition of nanostructured films and coatings, in a more cost-
effective and ecologically friendly manner.

The present invention has attracted intense and increasing industrial interest as a novel
mass-production method, using a variety of thermal plasma sources, such as alternating
current at radiofrequency (RF plasma) and direct current (DC plasma), which can be
operated in transferred and non-transferred arc-modes. Nano-metal powders have been
broadly generated by transferred DC plasma torches [11,12]. However, in this kind of
plasma torch the manufacturing process often becomes non-continuous because target
metals, used as electrodes, should be replaced after each batch of metal nano-powder by
reason of their non-resistance to the elevated temperature generated in the plasma torch.
Alternative technologies, non-transferred DC, or RF plasma torches have been used to offer
a continuous production system of nano-sized powders.

In non-transferred DC plasma torches, the electrodes are exclusively utilized for
maintaining the arc plasma formation, and the targeted materials are introduced into the
flame of thermal plasma as a precursor powder [13,14]. In comparison with RF plasma
jets [15,16], there are multiple advantages of using non-transferred DC plasma torches in
nanomanufacturing. The DC plasma torch has a narrow diameter that confines the plasma
jet, resulting in an increase in the temperature and the velocity of the plasma flow at the
torch axis. In addition, DC plasma jets are commonly turbulent, which reinforces mixing of
the precursors injected. Generally, a DC plasma torch can attain 90% thermal efficiency,
while RF plasma only attains 75% [17,18].

To synthesize nanosilica particles, a non-transferred arc system is run on nitrogen
plasma gas, followed by a short mixing section of silicon tetrachloride (SiCl4) and carrier
mixing gas (nitrogen and hydrogen) heated to about 1373.15 K and injected in the plasma
tail flame.

The process starts with vaporization of precursor materials owing to the high enthalpy
of the plasma, and then the temperature of the material vapor transported by the nitrogen
tail flame decreases drastically; the vapor is highly supersaturated due to this quenching,
which results in a rapid production of numerous nanoparticles via homogeneous nucleation,
heterogeneous condensation, and coagulation between nanoparticles themselves.

Nowadays, the manufacturing processes of nanoparticles by a thermal plasma process
is experimentally achieved. However, the understanding of the growth mechanism of
the nanoparticles and the control of the size and the composition of the particle remains
insufficient. In most cases, it is impossible to measure different aspects of the process,
and only the characteristics of the final products are evaluated because there is a complex
interaction between the thermo-fluid field, the induced electromagnetic field, and the
particle concentration field [19].

Numerical modelling can be a powerful approach, allowing a better understanding of
the growth mechanism of nanoparticles and improving torch designs and plasma processes
at relatively low prices. Several research efforts have been dedicated to modelling the
plasma flow and heat transfer coupled with the electromagnetic field inside and outside
the plasma torch. Simulation of the arc inside a DC torch was first developed by Li
and Chen [20] and Trelles [21]. In these models, the arc breakdown and reattachment
operations in the plasma torch are accurately evaluated. A transient simulation of a DC
plasma torch has been performed later by Selvan [22] to evaluate the substrate temperature
with heating time and to estimate different precursor effects on the thermal flux to the
substrate. Subsequently, Guo [23] and Modirkhazeni [24] employed new models with
the large eddy simulation technique to simulate the turbulent plasma flow inside a DC
non-transferred arc plasma torch and the effect of particle injection. For nanopowder
production, the nanoparticles are generated not in the high-temperature plasma core but
in the interfacial regions between the plasma and the cold gas at low to intermediate
temperature. Lower-temperature regions tend to be more turbulent with multiscale eddies.
These eddies strongly affect the transport processes of nanoparticles.



Appl. Sci. 2021, 11, 9842 3 of 18

Moreover, a combined plasma torch including a plasma jet of the DC arc plasma torch
fed to the inlet of the RF-ICP plasma torch and used for nano-powder production has been
presented by Frolov [25] in order to reduce the power of the RF discharge in the plasma
torch. Recently, a numerical model applied to a triple DC plasma torch used to synthesize
nanoparticles was performed by Kim [26]. The results of the simulation presented an
analysis of the thermal environment inside the reactor to control the condensation process
of the nanoparticles.

In the present study, a two-dimensional axisymmetric turbulent model of a DC non-
transferred plasma torch used for the synthesis of nano-silica was developed. Moreover,
the effect of different plasma parameters such as the current and the gas flow rate were
investigated, and discussion about the efficiency of the torch for different cases was realized.
Furthermore, in this work, a DC non-transferred plasma torch was used to synthesis
silica nanoparticles. In this study, the principal objective was the optimization of the
circumstances of this process in terms of the production rate and the primary particle size.
Numerical results were compared with the experimental measurements.

2. Numerical Model
2.1. Basic Assumptions

To simulate the heat transfer and the gas flow of the plasma, the following assumptions
were used:

• The plasma is optically thin (when the optical depth approaches to zero, radiation has
a small effect on the overall heat transfer process within the plasma, and the opacity
can be neglected).

• Turbulence thermal plasma flow is considered (turbulence offers a strong mixing of
plasma flow, and its eddies affects the transport processes of nanoparticles).

• The flow is treated as being weakly compressible when the Mach number (the ratio
of the speed of the flow to the speed of sound) is smaller than 0.3 (Ma < 0.3), and the
density change due to velocity is about 5% in that case.

• High collision frequencies among constituents in thermal plasma leads to a state close
to local thermodynamic equilibrium (LTE), in which all plasma components (electrons,
ions, and neutrons) have the same temperature.

• The gravity effects are negligible due to a high Froude number (≈ 3 × 106).
• The arc is assumed to be steady and rotationally symmetric.
• Thermodynamic and transport properties of gas plasma expressed as a function of the

local temperature and pressure are obtained from the literature provided by Boulos
et al. study [27].

2.2. Control Equations

Based on the model assumptions cited above, the conservation equations of mass,
momentum, and energy, as well as the electric potential and magnetic vector potential, are
given by the following equations, respectively:

∇·
(

ρ
→
u
)
= 0 (1)

∇·
(

ρ
→
u
→
u
)
= −∇P +∇·

(
=
τ
)
+
→
J ×

→
B (2)

∇·
(

ρh
→
u
)
= ∇

(
λ

cp
∇h
)
+
→
J ·
→
E − 4πεr (3)

∇·
→
J = ∇·(σ(−∇·∅)) = 0 (4)

∇2·
→
A = −µ0·

→
J (5)
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where
→
u ,∇P,

=
τ,
→
J ,
→
B ,
→
E , h,∅ and

→
A are the gas velocity, pressure work, stress tensor,

current density, magnetic field, electric field, plasma enthalpy, electric potential, and
magnetic vector potential, respectively. The terms ρ, λ, cp, σ, µ0 and εr are the gas density,
thermal conductivity, specific heat, electric conductivity, permeability of free space, and the

effective net emission coefficient, respectively, whereas
(→

J ×
→
B
)

,
(→

J ·
→
E
)

, and 4πεr are

the electromagnetic force (Lorentz force), the Joule heating, and the volumetric radiation
loss, respectively.

The stress tensor can be written as:

=
τ = µ

[(
∇→u +∇→u

T
)
− 2

3
∇·→u δ

]
(6)

where µ is the dynamic viscosity, the superscript “T” indicates the transpose of matrix
→
u ,

and δ is the unit tensor.
To obtain the electromagnetic field within the plasma torch, it is necessary to combine

Equations (4) and (5) with the following equations:

→
E = −∇∅ (7)

→
J = σ

→
E (8)

→
B =

→
∇×

→
A (9)

The use of turbulence models in thermal plasma flows simulation is significantly
requested due to their inherent characteristics (reactivity, large variation, and the electro-
magnetic effect). Hence, the standard (K− ε) turbulence model developed by Launder and
Splalding [28] was implemented in our model, where K stands for the turbulent kinetic
energy, and ε is the turbulent kinetic energy dissipation rate.

∇·
(

ρK
→
u
)
= ∇·

[(
µ +

µt

σK

)
·∇K

]
+ GK − ρε + YM (10)

∇·
(

ρε
→
u
)
= ∇·

[(
µ +

µt

σε

)
·∇ε

]
+

ε

K
(C1εGK − C2ερε) (11)

YM represents the contribution of fluctuating dilatation. The turbulent viscosity µt,
and the turbulent generation term GK are defined as:

µt = ρCµ

(
K2

ε

)
(12)

GK = µt

(
∂ui
∂xj

+
∂uj

∂xi

)
(13)

where ∂ui
∂xj

is the production of turbulence kinetic energy. The turbulent model constants
C1ε, C2ε, Cµ, σK, and σε were identified as 1.44, 1.92, 0.09, 1.0, and 1.3, respectively.

2.3. Calculation Domain and Boundary Conditions

The geometry of the DC plasma torch consists typically of a tungsten tip rod-type
cathode and a copper anode. The nitrogen gas was input through a nozzle with a diameter
of 8.2 mm on either side of the cathode. The length of the anode nozzle channel and the
exit diameter were 225 mm and 17.2 mm, respectively (Figure 1). The nozzle at the end of
the torch was used to spread out the heated gas in the form of a plasma jet.
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Figure 1. (a) The geometry of the plasma torch. (b) Revolution of the 3D geometry of the torch. All
dimensions are in mm.

The axisymmetric boundary conditions performed in this study are mentioned in
Table 1. Inflow boundary conditions are typically specified by imposing values of known
properties of the gas injection, typically velocity and temperature. At the torch inlet, the
gas was injected at 300 K, with a uniform axial (uzin) and zero radial velocity component
(urin). A swirl flow was required to enhance gas mixing, and an inflow tangential velocity
component (uθin) was introduced. In addition, the turbulent inlet parameter of the kinetic
turbulent energy,

(
K = 0.005× u2

in
)
, and its rate of dissipation

(
ε = 0.1× K2) were con-

sidered. The inflow mass flow rate of the plasma gas can be obtained by integrating the
axial velocity at the surface of the torch inlet, namely:

Qin =
∫

Sinlet

uzin ds = uzinSinlet
⇀
z (14)

where Sinlet is the inlet surface and
⇀
z is the unit vector along the torch axis.

Table 1. Boundary conditions of the numerical model.

Boundary P →
u T ∅ →

A

Inlet P = Pin uin Tin = 300 K ∂n∅ = 0 ∂n
→
A = 0

Cathode ∂nP = 0 →
u = 0 T = Tcath(r) −ρ∂n∅ = Jcath(r) ∂n

→
A = 0

Anode ∂nP = 0 →
u = 0 −k∂nT = hw(T − Tw) ∅ = 0 ∂n

→
A = 0

Torch wall ∂nP = 0 →
u = 0 ∂nT = 0 ∂n∅ = 0 ∂n

→
A = 0

Outlet P = Pout ∂n
→
u = 0 ∂nT = 0 ∂n∅ = 0

→
A = 0
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The temperature and the current density implemented on the cathode surface of the
torch can be estimated by Gaussian profiles:

Tcath(r) = 500 + 3000 exp
[
−
(

r
2Rcath

)ncath
]

(15)

Jcath(r) = Jmax exp
[
−
(

r
Rcath

)ncath
]

(16)

where r is the radial distance from the torch axis, and ncath, Jmax, and Rcath are parameters
that satisfy the distribution of the working current and temperature profiles over the
cathode surface. The values of shape parameters for three cases are given in Table 2.

Table 2. Parameters of current density profiles.

Current (A) Jmax (A/m2) ncath Rcath (m)

100 0.17× 107 4 8.2× 10−3

150 0.26× 107 4 8.6× 10−3

200 0.35× 107 4 8.9× 10−3

In non-transferred arc torches, an overall convective heat transfer is used for the
modelling of heat transfer of the regions of the anode far from arc attachment, namely:

− k∂nT = hw(T − Tw) (17)

The term (∂n ≡ n·∇), denotes the derivative in the direction of the outer normal to the sur-
face, where n represents the outer normal to the surface boundary. hw = 1 × 104 W/(m2 K)
is the convective heat transfer coefficient at the anode surface, and Tw = 500 K is the tem-
perature of cooling water. At the torch exit, Pout was set equal to the atmospheric pressure.

To solve the Maxwell equations in terms of the potentials ∅ and A as indicated in
Table 1, we defined a normal current density Jcathode in the range of 106 A/m2.

There was electric insulation, i.e., n·J = 0, on the remaining surface of the cathode
and a grounded anode (∅ = 0) on the anode’s outer surface and magnetic insulation in all
boundaries, with the magnetic potential n× A = 0 and a gauge fixing Ψ0 = 1 A/m.

According to the LTE hypothesis, the current is not able to pass through the plasma
electrode interface. For this reason, an artificially high electrical conductivity (8 × 103 S/m)
was set in a thin layer close to the electrodes, allowing the formation of a new arc attach-
ment, even when the arc fringe gets near to the anode surface.

Then, we specified the physical values for the electrodes of the plasma torch in the
equilibrium discharge interface. Both the cathode tip and the copper anode wall were
modeled as boundary plasma heat sources mapping the electromagnetic surface losses
as heat sources on the boundary. In this case, a surface work function of 4.15 V was the
default value for copper electrodes in COMSOL Multiphysics®.

The numerical model of the DC non-transferred plasma torch was implemented in
COMSOL Multiphysics® 5.4 software [29–32] using the physics of CFD (turbulent flow),
heat transfer (heat transfer in fluid/solid), AC/DC (electric currents, magnetic fields),
and plasma (equilibrium discharge interface). The steady state equations of conservation
of fluid mechanics, heat transfer, and electromagnetics were developed by using the
Multiphysics couplings options available in the software.

The thermodynamic and transport properties of gas plasma (ρ, λ, cp, σ, µ0, and εr)
obtained from literature and expressed as a function of the local temperature and pressure
were implemented in the COMSOL Multiphysics using a piecewise cubic interpolation
method and a linear extrapolation method to preserve the shape of the data and to re-
spect monitoring.

The partial differential equations used in this stationary model were numerically
solved by the finite element method, where a SIMPLE-Type algorithm was adopted to
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decouple velocity components and pressure. Triangular instructed grids were generated
with refinement close to the torch wall, gas inlet, cathode, and the symmetric axis in order
to resolve the strong variation in flow properties within these regions. The computational
domain included the inside and the outside of the plasma torch region, which was dis-
cretized using 105,600 mesh points. Averaged values of the physical quantities at the grid
points in the mesh were calculated. Temperature and velocity distributions results were
generated directly with COMSOL Multiphysics.

3. Equipment and Operating Conditions

Figure 2 shows the plasma system used to synthesis nano-silica. A non-transferred
DC torch was used to create extremely reactive gas species at a high temperature for
the reaction of gas precursors and for the synthesis of nanoparticles. The torch was
operated with nitrogen gas followed by a short mixing section where a SiCl4 and carrier
gas mixture (nitrogen and hydrogen) were introduced and heated in the plasma tail flame
to about 1100 ◦C. This torch used a (10–30 kW) power supply at a pressure slightly above
one atmosphere (4 atm). The electric arc was initially generated by applying a voltage
varied between 80 and 200 V, and gases were flown around the arc column for heating
via conductive, convective, and radiative heat exchanges. A typical non-transferred DC
torch with a rod-type cathode produced a plasma jet with temperature in the interval
of (2400–4800 ◦C) and few hundreds of m/s velocity at the torch exit. The temperature
or velocity jet conditions were largely determined by the nozzle design and thus can be
adjusted for an efficient manufacturing of nanomaterials. Table 3 summarizes the optimum
operation conditions used to synthesis the silica nanoparticles.
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Table 3. Operation conditions used to synthesis nano-silica.

Item Description

Working gas Nitrogen
Reactor pressure 400 kPa

Nitrogen flow rate (78–240) sccm
Power range 10–30 kW

Current plasma 100–200 A
Plasma voltage 80–200 V

Cathode material Thoriated tungsten
Anode material High-purity copper

Interelectrode gap 1.8–2 mm
Overall length 250 mm

Outlet electrode diameter 17.2 mm
Temperature of exit gas 2400–4800 ◦C

Different technics were used to characterize the silica nanopowder prepared by the
thermal plasma. These techniques were X-ray diffraction (XRD) and transmission electron
microscopy (TEM). The XRD patterns of silica nanopowder were determined with a Bruker
D5005 diffractometer and using CuKα radiation (λ = 1.78901 Å). In the TEM characteriza-
tion, the synthesized products were placed in EtOH, then the samples were immersed for
15 min in an ultrasonic bath, and in the last step a few drops of the resulting suspension
containing the synthesized materials were placed onto a TEM grid.

4. Results and Discussion

In this section, the simulation results of the DC non-transferred arc plasma torch
used for the synthesis of nano-silica are presented. Furthermore, the influence of the
working current on the plasma distribution fields is analyzed, and the efficiency of the
torch is discussed for different cases based on comparisons with experimental results. At
the nozzle exit, the distributions of temperature and velocity plasma jet are represented.
Moreover, the nanosilica particles elaborated in the experimental device were characterized
by X-ray diffraction and transmission electron microscopy. For all representative results,
the operating gas introduced in the torch was nitrogen gas with flow rates varying in the
range (78–240) sccm and current varying in the range (100–200 A).

4.1. Flow of Plasma in the Torch

In Figure 3, the distribution of plasma temperature is presented in the torch under the
fixed gas flow rate Qin = 78 sccm and for different current values. When the cold plasma
forming gas passes through the anode column, it will be strongly heated and accelerated,
so there is a fast increase in the temperature and velocity. Indeed, when the current rose
from 100 A to 200 A the maximum temperature was increased from 5200 K to 5500 K.

To show with greater clarity the effect of increasing current on plasma temperature
changes, the temperature distributions, in front of the cathode tip, are represented in
Figure 4. It can be clearly seen that the region area of the plasma temperature higher than
5000 K expands when the current increases. This can be explicated by the effect of the Joule
heat produced, namely:

Qjoule =
→
J ·
→
E =

∣∣∣∣→J ∣∣∣∣2
σ

(18)

Indeed, the rising of the current leads to an increase in the current density responsible
for Joule heating. Although the electric conductivity of nitrogen gas presents a slow raise
as the temperature increases, its influence remains insignificant compared to the current
density. Then, the plasma temperature increases with increasing current.

A small temperature variation was observed at the torch exit (from 5200 K to 5500 K),
when the current rose from 100 A to 200 A. This was because the energy benefit of joule
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heating that contributed to the current growth was practically offset by the energy loss
due to the length reduction in the electric arc. This effect consequently leads to a trivial
dependance of the arc current on the average temperature at the torch exit [33].
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A temperature above 3000 K was observed at the electrode tip, indicating that a melt
could occur at the electrode tip. This high temperature was generally compensated by
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the cooling water of the cathode that causes thermal power loss through it, which can be
calculated by:

Cathodeloss =
Qcathode
I·Varc

(19)

where Cathodeloss represents the thermal power loss through cathode cooling water. How-
ever, sometimes after several hours we could observe erosion in the cathode tip [34]. This
indicates that cooling of the cathode was not sufficient in this case.

In Figure 5, the distribution of the velocity magnitude field is presented in the torch
under the fixed gas flow rate Qin = 78 sccm and for different current values. The results
show that the highest plasma velocities within the torch were approximately 90, 110, and
150 m/s for current values of 150, 200, and 200 A, respectively. The augmentation of
working current led to the increase in velocity magnitude.
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This axial acceleration of plasma flow was simultaneously influenced by the Lorentz
force and by the rise in temperature driven by the joule heating effect [35], which reduces
the gas density and reinforces the expansion of the plasma.

Figure 6 shows the variation in plasma voltage versus current at different nitrogen
mass flow rates (Q). An increase in the current led to an increase in the voltage of the plasma
arc, which reinforced the electric power of the plasma. This linear variation in plasma
voltage with plasma current shows that the plasma closely obeys Ohm’s law. Moreover, it
can be clearly seen that the voltage increased with the increasing nitrogen flow rate, and
the plasma was stable when the current and the nitrogen flow rate varied.
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To study the efficiency of the plasma torch, we must consider that a portion of the
input electric power was transferred to the plasma arc, and the rest of energy was extracted
by the cooling water. The energy balance for the plasma torch is written as:

Eexp = Uexp I −Qlost (20)

where Eexp is the effective power transferred to the plasma arc, Uexp I is the electric power
supplied by the DC generator, and Qlost represents the energy lost by the cooling water.

Qlost = 4.18× Cpw ×
.

mw(Tout − Tin) (21)

where Cpw is the specific heat capacity of water (1 cal/cm3), 4.18 is the conversion factor
for converting cal/s into watts,

.
mw is the amount of cooling water flow rate (sccm), and

Tout and Tin are the outlet and inlet temperatures, respectively.
However, for numerical simulation, the energy of the plasma leaving the torch can be

calculated by integrating the plasma enthalpy at the surface of the torch output:

Ecal =
{ .

mghds (22)

The electrothermal efficiency can be obtained by dividing the energy transferred to
the plasma gas by the electric power, mainly:

η =
Eexp

Uexp I
=

Ecal
Ucal I

(23)

Figure 7 illustrates the numerical results and experimental measurements of elec-
trothermal efficiency of the plasma torch for different working currents and at different
mass flow rates. At lower mass flow rates, the increase in current led to an increase in
the degree of ionization, which increased the plasma pressure inside the torch; then, the
plasma velocity increased, and more plasma came out from the nozzle exit of the torch.
Thus, the efficiency increased with current. However, at a higher gas flow rate, the amount
of plasma coming out from the torch did not increase significantly because the increase
in the plasma pressure inside the torch due to the increase in the current caused a higher
collision of the plasma particles with the anode wall (limitation of the velocity) and led to
more heat loss from the plasma to the walls, decreasing the total efficiency of the torch [36].
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Figure 7. Numerical and experimental variation of thermal efficiency with working current (100 A,
150 A, 200 A) for different gas flow rates (Q = 233.3 sccm and Q = 100 sccm).

Furthermore, in Figure 8, experimental measurements and numerical predictions of
electrothermal efficiency display that the plasma efficiency decreased linearly when the
enthalpy increased.
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 Figure 8. Numerical and experimental variation in thermal efficiency as a function of enthalpy with
a gas flow rate Q = 233.3 sccm.

The comparison between the value of numerical results and the measured one showed
the same variation tendency of the efficiency, but the values of the numerical model were
less than those of experimental measurements. Indeed, the measured value of total energy
included both the energy transferred to the plasma arc and the heat dissipated by cooled
water. Experimentally, the energy extracted by the cooling water was under-evaluated
because a part of heat dissipated into the environment. In this case, the effective thermal
efficiency was overestimated.

In addition, Figure 9 shows that the specific enthalpy of nitrogen gas increased rapidly
as temperature increased, which led to greater electrical energy needed.
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Another effect of current on the plasma characteristics, at the torch exit, can be intu-
itively shown in Figure 10. As the current increased from 100 to 200 A, the plasma tempera-
ture and velocity distributions were plotted in the ranges of 0–4000 K and 0–150 m/s scales,
respectively. Figure 10a exhibits that the area of the high temperature (>2800 K) was pro-
gressively increased. Simultaneously, as shown in Figure 10b, the plasma velocity had the
same variation tendency. This occurrence suggests that the increment in working current
forced the plasma jet to exit the nozzle torch with a faster and larger hot core diameter.
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Figure 10. Distributions of plasma temperature (a) and velocity (b) at the torch exit at different
current 100 A, 150 A, and 200 A.

Figure 11 represents the radial profiles of the temperature and velocity plasma jet
at the torch exit for different values of working current. The increase in current had a
greater effect on the plasma velocity (Figure 11a) compared to the temperature. Indeed, the
maximum temperature had only risen by about 600 K when the current varied from 100 A
to 200 A (Figure 11b). This was due to the dissipation of electrical energy by the cooling
water. This effect can be confirmed by the decrease in the thermal efficiency versus current,
presented in Figure 7.
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4.2. Plasma Jet Outside the Torch

Figure 12a shows the velocity distribution inside and outside the torch. When leaving
the torch exit, the velocity displayed a high downward tendency, which was mainly due to
the expansion process of the plasma jet outside the torch. This expansion process was due
to the absence of a constrained effect and to the entrainment of cold ambient air. Indeed,
the considerable increase in driven cold air resulting from the fluctuated plasma jet led to a
significant decrease in plasma temperature and velocity.
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Figure 13. The radial profiles of the temperature (a) and velocity (b) plasma jet at 80 mm from the nozzle torch exit. 

The diameter of the plasma jet core increased, and the radial dimension of the core 
extended gradually. Particles injected into the plasma jet may gain different temperatures 
and velocities from the plasma. Therefore, an increase in the plasma jet core region im-
plies that additional in-flight particles will be more heated and accelerated, which ulti-
mately increases the efficiency of the deposition and the quality of the coating. Those 
phenomena were coherent with the actual manufacturing process [13]. 

Figure 12. Velocity field distribution (a) and the corresponding velocity vector (b) in the grey rectangle.

The local enlarged picture of velocity vector in the grey rectangle (Figure 12a) is shown
in Figure 12b. These arrows pointing in the opposite side to the flow of the plasma jet signal
that a vortex roll-up formed, which displayed obvious evidence of the cold air driven into
the plasma jet. Indeed, the velocity vector distribution presents alternating forward and
backward stripes of the velocity vector direction, where forward velocity vectors show
the blowing of the plasma jet outside the nozzle exit of the torch, and backward velocity
vectors show the effect of the cold air outside the jet.

Both radial profiles of plasma temperature (Figure 13a) and velocity (Figure 13b) at
80 mm from the nozzle torch exit are shown in Figure 13. If we compare these radial
profiles with the radial temperature and velocity profiles at the torch exit, presented in
(Figure 11), we can notice that both temperature and velocity regions derived from the
centerline at the torch exit decrease along the axial direction due to turbulent mixing of
plasma with cold air.
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Figure 13. The radial profiles of the temperature (a) and velocity (b) plasma jet at 80 mm from the nozzle torch exit. 

The diameter of the plasma jet core increased, and the radial dimension of the core 
extended gradually. Particles injected into the plasma jet may gain different temperatures 
and velocities from the plasma. Therefore, an increase in the plasma jet core region im-
plies that additional in-flight particles will be more heated and accelerated, which ulti-
mately increases the efficiency of the deposition and the quality of the coating. Those 
phenomena were coherent with the actual manufacturing process [13]. 

Figure 13. The radial profiles of the temperature (a) and velocity (b) plasma jet at 80 mm from the nozzle torch exit.

The diameter of the plasma jet core increased, and the radial dimension of the core
extended gradually. Particles injected into the plasma jet may gain different temperatures
and velocities from the plasma. Therefore, an increase in the plasma jet core region implies
that additional in-flight particles will be more heated and accelerated, which ultimately
increases the efficiency of the deposition and the quality of the coating. Those phenomena
were coherent with the actual manufacturing process [13].

4.3. Structure of Nanosilica Particles

X-ray diffraction is an interesting technique to identify the purity, size, and crystalline
nature of the materials. Figure 14 depicts the X-ray diffraction patterns of the silica
sample. This figure contains, around the angle 2 theta 22–23, a strong broad, which
is the characteristic of silica. This result confirms that the state of the synthesized nanosilica
was amorphous. The Scherrer formula and the full width at half maximum (FWHM)
were used to determine the average particle size of the silica samples. The average size of
nanoparticles was calculated using the following formula:

G =
Kλ

BcosΘB
(24)

where K is a dimensionless shape factor with a typical value of about 0.9, λ is the X-ray
wavelength (λ = 1.78901 Å for Co Ka), θB is the maximum of Bragg diffraction peak (in
rad), and B is the line width at half maximum. Using this formula, the calculated average
grain size of nanoparticles was 24 nm.
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The Debye–Scherrer formula was obtained from a model in which the size distribution
of the crystallites was ignored; hence, the average grain size obtained from this formula was
not precise compared to the size of the nanoparticles measured by TEM. Different images
at variable magnifications (50,000–60,000) were recorded for the sample to investigate
its average grain size. The recorded TEM images of nanosilica are shown in Figure 15.
These images show that the morphology of the nanoparticles had a nearly spherical shape
with a diameter ranging from 10 to 20 nm. These results confirm that the average particle
dimension of the obtained silica was in nanoscale size and that they are in accordance with
the XRD results.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 17 of 19 
 

 

 
Figure 15. TEM images of nanosilica. 

5. Conclusions 
In this work, a pilot plasma system, which contained a non-transferred arc system 

with a power of 30 KW, was used to synthesis nano-sized silica. The plasma operated on 
nitrogen, and the nitrogen tail flame could be heated to the range of 4273.15 K to 6773.15 
K. A 2D numerical model was established to predict the plasma flow and heat transfer 
inside and outside of the torch. Simulation results showed that the plasma temperature 
and velocity became higher with increasing current, while the electrothermal efficiency 
was reduced. Additionally, the thermal efficiency decreased with increasing enthalpy 
because more energy was removed by cooling water. With increasing current, the plasma 
jet core with high velocity and temperature was expanded in axial and radial directions. 
Numerical simulation results were in good accordance with the experimental measure-
ments. In addition, the initial nanosilica particles elaborated in the experimental device 
were characterized by X-ray diffraction (XRD) and transmission electron microscopy 
(TEM) to identify the purity, size, and crystalline nature of the materials and to study 
their mean size. The arc plasma method enabled one to produce spherical silicon ul-
tra-fine powder of about 20 nm in diameter. 

Author Contributions: Conceptualization, S.E., I.G., and I.A.A.; methodology, S.E., I.A.A., and I.G.; 
formal analysis, I.A.A., S.E., S.S.A., and I.G.; investigation, I.A.A., S.E., S.S.A., A.A.A., and I.G.; re-
sources, I.A.A., S.S.A., and A.A.A.; writing—original draft, S.E., I.A.A., and I.G.; writing—review 
and editing, S.E., I.A.A., and I.G. All authors have read and agreed to the published version of the 
manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data are contained within the article. 

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

References 
1. Hussain, C.-M. Handbook of Nanomaterials for Industrial Applications; Elsevier: Amsterdam, The Netherlands, 2018. 
2. Jun, B.-M.; Kim, S.; Heo, J.; Park, C.-M.; Her, N.; Jang, M.; Huang, Y.; Han, J.; Yoon, Y. Review of MXenes as new nanomaterials 

for energy storage/delivery and selected environmental applications. Nano Res. 2019, 12, 471–487. 
3. Yia, H.; Qina, L.; Huanga, D.; Zenga, G.; Laia, C.; Liua, X.; Lia, B.; Wanga, H.; Zhoua, C.; Huanga, F.; et al. Nano-structured 

bismuth tungstate with controlled morphology: Fabrication, modification, environmental application and mechanism insight. 
Chem. Eng. J. 2019, 358, 480–496. 

Figure 15. TEM images of nanosilica.

5. Conclusions

In this work, a pilot plasma system, which contained a non-transferred arc system
with a power of 30 KW, was used to synthesis nano-sized silica. The plasma operated on
nitrogen, and the nitrogen tail flame could be heated to the range of 4273.15 K to 6773.15 K.
A 2D numerical model was established to predict the plasma flow and heat transfer inside
and outside of the torch. Simulation results showed that the plasma temperature and
velocity became higher with increasing current, while the electrothermal efficiency was
reduced. Additionally, the thermal efficiency decreased with increasing enthalpy because
more energy was removed by cooling water. With increasing current, the plasma jet core
with high velocity and temperature was expanded in axial and radial directions. Nu-
merical simulation results were in good accordance with the experimental measurements.
In addition, the initial nanosilica particles elaborated in the experimental device were
characterized by X-ray diffraction (XRD) and transmission electron microscopy (TEM) to
identify the purity, size, and crystalline nature of the materials and to study their mean
size. The arc plasma method enabled one to produce spherical silicon ultra-fine powder of
about 20 nm in diameter.
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