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Abstract: In this work, the plasma generated by the cascaded SinplexPro™ plasma spray gun was
studied by means of numerical simulation. Special attention is given to the laminarity of the plasma
flow. The simulation part is divided into two parts: arcing simulation inside the spray gun and
plasma jet simulation outside the spray gun. A laminar as well as a turbulent model is used in each
case. The results show that, under the investigated conditions, the internal flow of the plasma torch
can be considered as laminar with low turbulence and can, hence, be regarded as quasi-laminar
flow. If carrier gas is injected into the plasma jet, the ideal laminar plasma jet is often greatly affected.
However, the turbulent plasma jet with low turbulence intensity generated by the cascaded
SinplexPro™ plasma spray gun is less affected and can remain stable, which is beneficial to the
plasma-spraying process.

Keywords: plasma spraying; plasma simulation; laminar; turbulent; carrier gas; cascaded nozzle

1. Introduction

Thermal spraying is currently a widely used surface treatment method. It can be
divided into several processes characterized by different heat and power sources. These
processes include plasma spraying, flame spraying, high-velocity oxygen fuel spraying,
and others. In plasma spraying, the highest temperature among these heat sources is
reached. This feature makes plasma jets able to melt all materials, which leads to a huge
selection of materials. For the fast preparation of ceramic coatings, plasma spraying also
has a high deposition efficiency and is currently widely used for preparing thermal barrier
coatings [1-3].

Because thermal plasma jets have high temperatures and are optically thin, it is
difficult to directly measure and characterize the temperature and velocity. The current
method is to use a plasma probe; however, the environment required for the measurement
is very harsh, and it may not be suitable to use it for industrial purposes. Moreover, it is
also difficult to measure the inaccessible conditions inside the plasma torch. Therefore,
simulation is currently one of the main methods to study the arcing process inside the
plasma torch and plasma jet close to the torch nozzle exit. Plasma simulation methods for
thermal spray studies focus on either the arc behavior inside the plasma torch or the jet
flow outside the plasma torch. For the arcing process inside the plasma torch, not only the
fluid flow and heat transfer process but also the electric field and magnetic field should
be considered. Therefore, the flow inside the plasma torch requires a multifield coupling
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method. At present, a common method is to directly use multifield coupling commercial
simulation software to simulate the plasma by coupling the electric field, magnetic field,
flow, and heat transfer, such as COMSOL Multiphysics software [4-7]. Alternatively,
another method is to simulate the fluid flow based on commercial CFD (computational
fluid dynamics) software through user-defined physical parameters, such as using a UDS
(user-defined scaler), a UDM (user-defined memory), and source terms, and adjusted
macros that are included in the UDF (user-defined function) in the ANSYS Fluent to
consider electric and magnetic fields and their coupling with flow and heat transfer [8-
12]. With both methods, the flow inside the plasma torch can be modeled.

There are a lot of related studies on the simulation of the internal flow of F4 (Oerlikon
Metco, Wohlen, Switzerland) and F6 (GTV) spray guns [13-15]. The distance between the
cathode and anode of these two plasma torches is very close. During operation, the arc
root will frequently move on the anode, which makes the voltage to greatly fluctuate,
resulting in instabilities [16-18]. In contrast, the SinplexPro™ plasma spray gun (Oerlikon
Metco) has a cascaded nozzle, which reduces the length of the anode to restrict the
movement of the arc root and reduce the fluctuation of the electric voltage. Moreover,
increasing the length of the arc column by intermediate segments electrically insulated
from each other also helps to improve the stability of the arc [19-21]. So far, studies have
indicated that using a constant value or profile for the temperature or velocity at the anode
exit of the F4 and F6 spray guns can yield reasonable results of the jet flow [22-24].
However, there are relatively few studies on the jet flow of a cascaded plasma spray gun,
and there is no research directly indicating whether the mentioned empirical values or
profiles can be directly used. Obviously, for a cascaded plasma torch, the plasma jet
generated has different characteristics than that of the plasma torch without neutrode
segments. There is also a big difference in stability and flow conditions. In recent years,
studies have shown that the technology of cascaded nozzles contributes to achieving a
stable and even laminar plasma jet [25,26]. In general, turbulence in the plasma jet results
in a large amount of air entrainment, which increases the axial energy gradient. In
contrast, the laminar plasma jet has a lower energy gradient and a more concentrated
energy intensity because of its stable flow state and low entrainment of the ambient air
[26,27]. This characteristic makes the high-temperature region of the plasma jet elongated,
which improves the controllability of the plasma jet as a heat source [28].

Recently, studies have shown the feasibility of the laminar plasma-spraying process
[29-39]. Lower temperature and velocity gradient make the spraying process less sensitive
to the spray distance, which means that, in a wider range of spray distance, the plasma
properties are similar, and the particle statuses are also similar. Therefore, theoretically,
the laminar flow state can help to improve the controllability and reproducibility of the
plasma-spraying process. Previous works also proved that the laminar plasma spray is
less sensitive to the spray distance. For example, the Ni60 coatings obtained from 300 mm
to 400 mm showed almost the same lamellar structures and mechanical properties [34]. In
addition, the YSZ coatings also have the same tendency [30,31]. Moreover, the laminar
plasma jet is longer and the velocity is lower, which make the dwelling time of the powder
in the laminar plasma jet longer so that the feedstock can be sufficiently heated to be
melted and even partially vaporized [31,34,37,38]. Therefore, obtaining a laminar plasma
jet in the plasma-spraying process can provide improvement to the controllability,
reproducibility, and reliability. However, the commercial laminar plasma torch has the
characteristic of low stiffness, which makes it very vulnerable to the radial injected carrier
gas when the flow rate is high. In most of the previous studies about the laminar plasma
spray, a gravity-based powder feeder is applied, which makes it harder to control the
feeding rate of the powder. To overcome the problem of the powder feeding and the flow
state, a plasma jet with quasi-laminar flow state and higher stiffness can be a good option.
Therefore, a plasma torch with a cascaded structure, which has the potential to generate
laminar plasma jet, deserves to be studied further on the flow state of the plasma jet
generated by itself.
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This article intends to study the performance of the SinplexPro™ plasma spray gun
during the thermal spraying process, considering the jet flow and the jet flow performance
after the feedstock carrier gas is introduced. Empirical values and profiles for the
boundary condition at the nozzle exit may be unrealistic as mentioned above. Therefore,
it is still necessary to model the flow in the plasma torch as well as to obtain suitable
boundary conditions for the plasma jet simulation. Thus, in this study, the first step is to
simulate the internal arcing process of the SinplexPro™ plasma torch. Then, the second
step is to model the plasma jet to study its characteristics. Particular attention is turned to
the laminarity of the plasma jet.

For the internal simulation of the plasma torch, Zhukovskii et al. [19,20,40] used a
two-temperature (2-T) model. This model is characterized by distinguishing the
temperature of heavy particles (atoms, ions) from those of the electrons. In this model, the
equilibrium degree was introduced to deal with the high resistance and highly nonlinear
problems caused by the low temperature near the wall. However, in this work, the main
purpose was to study the velocity and temperature distribution of the plasma jet, as well
as the interaction between the carrier gas and plasma jet. Therefore, the single LTE (local
thermal equilibrium) and MHD (magnetohydrodynamics) models are used for simulation
so that reasonable results can also be obtained since the equilibrium degree in the jet is
high as the pressure is not far from atmospheric conditions. Therefore, COMSOL
Multiphysics [41] is used to simulate the internal flow of the plasma torch. The results
were coupled with an ANSYS Fluent model [42] to simulate the plasma jet and study the
influence of the carrier gas on its characteristics.

2. Simulation Methods and Investigated Torch Conditions
2.1. Assumptions

The simulation is separated into internal and external parts. Due to the high
symmetry of the internal structure of the gun, a two-dimensional axis-symmetry model is
applied. For the simulation outside the plasma torch, due to the introduction of carrier
gas, the density difference between the cold gas and hot plasma will be great enough that
the influence of gravity should be considered. Thus, a three-dimensional model is used.

Here are all the assumptions for the two simulation cases:

(1) The plasma flow is laminar and quasi-steady;

(2) The plasma operates in a local thermal equilibrium (LTE) state and is optically thin
to the extent that the radiation is negligible;

(3) The heat and mass transfer properties of the plasma jet are temperature-dependent;

(4) The gravitational effect is negligible inside the plasma torch;

(5) The process gas flows in the radial direction and without a swirl component;

(6) The electric and magnetic fields near the nozzle exit are negligible;

(7) The terms of the viscous dissipation in the energy equation are negligible due to the
small Mach number;

(8) The properties of the mixture of ambient air and plasma gas follow the volume and
weight mixing law.

However, not all the assumptions are applied in a single case. Two different
simulation cases use different sets of assumptions. Table 1 shows the details of applying
the assumptions in the two simulations and also which assumptions are used in the cases
of the plasma arcing process and the cases of the plasma jet.
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Table 1. Assumptions used in the two simulation cases.
No. (1) 2) 3) 4) (5) (6) (7) (8)
Inside the torch x X x X x
Outside the torch x x x X x x x

; (pw) + p-Vw =V-[(u+ pro,)Vo] + %pP — pBow? +2(1 — f,1)

2.2. Governing Equations

In the simulation, the following equations are used to describe the flow of the gases.
Continuity equation:
dp

— 4+V-(o) =0
5tV ()

Momentum conservation equation:
0 -
a(pﬁ) + (pu - V)u = —Vp + V- T + Source,,

Energy conservation equation:

o(ph) R Ao
———+ V- puh =V-(—Vh) + Sourceg
ot Cp

Here, p is the density; t is the time; U is the velocity; p is the pressure; T is the
viscous stress tensor; h is the enthalpy; c, is the specific heat; and Source, and
Sourceg are the source terms for momentum and energy, respectively.

The flow inside the plasma torch and the flow of the plasma jet are separately
simulated using laminar flow and turbulent models. Since the cascaded structure inside
the SinplexPro™ plasma spray gun can produce a more stable plasma arc, with the shape
of the plasma jet more laminar, the turbulent model used has a weak turbulence intensity.

Here, the k- SST model is selected as the turbulent model inside the plasma torch
as it is more suitable for dealing with fluid simulations with walls. Here, the turbulence
kinetic energy, k, and the specific dissipation rate, w, are obtained from the following
transport equations [43]:

U -
5 PO +p@ - Vk =V [(u + uro)Vkl + P = fpwk

O2P
w

Vk-Va)

P = min(Py, 10pBkw)

For the simulation outside of the plasma torch, since there is no wall around the
plasma jet, the standard k—w model is used. k and w are obtained from the following
equations [42]:

ak+a(k)—a[‘ak+G Vo +S,+G
at(P) axip”i _axj kaxj k k k b

and

g +a( )_6r6w+6 Y, +G

In these equations, G, represents the generation of turbulence kinetic energy due to
mean velocity gradients. G, represents the generation of w. I}, and [, represent the
effective diffusivity of k and w, respectively. ¥, and Y, represent the dissipation of k
and o due to turbulence, respectively. All the above terms are calculated as described in
the COMSOL Multiphysics help file [43] and ANSYS Fluent theory guide [42].
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For the simulation inside the plasma torch, the momentum source is the Lorentz
force:

Source,, =] XB

where J is the current density, and B is the magnetic field.
The energy source term is the heat transport by electric current and Joule heat:

S5kp/-Vh - .
__B] E-]
2lel Cp

Sourcep =

where kj is the Boltzmann constant; e is the elementary charge; and E is the electric
field.
For the calculation of the electric field, the following equations are used:

f= —oE = aVo

where o is the electric conductivity, and ¢ is the electric potential.
The magnetic field induced by the electric current is described via the following
equations:

F=vx4 (1)
VZA =V xEB = —pof 2)

where p, is the permeability constant, and 4 is the vector potential.

For the simulation of the outer part of the gun, based on the assumption mentioned
above, the plasma can be regarded as a uniform gas, neglecting the effects of electric and
magnetic fields. However, the effect of gravity must be considered. Therefore, the
momentum source term is mainly on the vertical direction.

Source,, = pg 3)

where g is the gravity.
The simulation of the inside of the spray gun and the simulation of the external jet of
the spray gun are performed by using COMSOL Multiphysics and ANSYS Fluent.

2.3. Torch Geometry

The dimensions of the internal structure of the plasma torch for the arcing simulation
are obtained from open-source data and papers [20,40,44]; the specific values are obtained
by digital image analysis.

The calculation domain of the arcing process simulation is the part filled by the
“transparent fluid” in Figure 1a; the extracted 3D schematic is shown in Figure 1b. The 2D
rotationally symmetrical model used is shown in Figure 1c. The whole area is divided into
six parts from zones A to F, which are composed of four materials. Zone A is the fluid
part, and the material is set as argon. Zone B is the cathode part, and the material is
tungsten. Zone C is a ring covering the cathode. Since it does not affect the simulation, the
material is regarded as hexagonal boron nitride. Zone D is the cavity formed between the
intermediates and the anode of the plasma torch, and the material is copper. Zone E is an
insulating ring. The material is hexagonal boron nitride. Zone F is the anode of the plasma
torch, and the material is the same as the cathode, tungsten.
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Figure 1. (a) Internal structure of SinplexPro™ plasma spray gun, (b) schematic of the 3D structure
of calculation domain, and (c) 2D schematic of axis symmetric calculation domain.

The main dimensions are listed in Table 2. BC is the gas inlet, which is annular, with
an inner diameter of 11.5 mm and an outer diameter of 14 mm. The extension distance is
the same as the AG length, which is 4 mm. The length of the tungsten cathode, OE, is 19
mm, and the diameter is about 5 mm. The overall structure of the flow chamber is a
convergent-divergent—parallel structure, with a minimum diameter of about 6.8 mm, and
the diameter of the parallel part extending to the nozzle exit is 9 mm. The length from the
tip of the cathode to the exit is approximately 39 mm. The length of the anode, PQ), is about
12 mm. The thickness of the cubic boron nitride insulating ring, NP, is about 1 mm. The
two slope angles of the insulating ring are set to 45°. The structures of other insulating
rings and intermediates are simplified as one part as zone D.

Table 2. Characteristic lengths of main boundaries of SinplexPro™ gun arcing simulation.

Boundary Definition Length (mm) Note
BC Gas inlet 25 Vertical (radius)
HI Outflow 4.5 Vertical
EF Cathode tip =1.5 Vertical
KJI Anode (tungsten) 12 Horizontal (=PQ)
OB Wall (water cooling) 115 Vertical
JK Anode 0.5 Horizontal (45°) (=LM)
LK Insulation ring 1 Horizontal (=NP)
AG Interface 4 Horizontal
OE Axis (cathode) 19 Horizontal
OH Axis 58 Horizontal

For the jet simulation, the calculation domain is the intercepted part of the
atmospheric environment outside the gun, which is also part of the “transparent fluid” in
Figure 2a. It should be noted here that to reproduce the expansion phenomenon at the
exit, the model is modified. The nozzle exit is extended 0.5 mm into the gun, that is, the
horizontal distance of AB is 0.5 mm. At the same time, to improve the convergence of the
calculation, a 45° chamfer is made on the original right-angle outlet, that is, OA and AB
form an angle of 135°. AO is the plasma inlet boundary, which corresponds to the
simulated plasma outlet boundary inside the spray gun. The jet inlet diameter OA is 4.5
mm. The carrier gas is simultaneously injected from the upper and lower directions in the
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vertical direction. The gas inlet diameter (DI) is 2 mm. The vertical distance between the
carrier gas and center of the jet inlet is 12 mm, that is, the CD length is 11 mm; and the
horizontal distance from the anode wall is 12 mm, that is, the OC length is 12 mm. OM is
the central axis. Due to the chamfer, the length of OM is 100.5 mm. Both KL and ML are
free boundaries, which are directly connected to the external environment. See Table 3 for
other specific values.

(a) : (b)

Carrier gas inlet
(c) F A G
E

Freestream
¥ 4 8 = & & 4 ¥ 4 F FF b L
K Outflow -
¢ Wall &
I Flow field
AYB -
— Plasma inlet Axis s
f0) M

Figure 2. (a) General view of plasma torch and calculation domain, (b) 3D schematic for plasma jet
simulation, and (c) 3D schematic for plasma jet simulation (cross-sectional view).

Table 3. Main characteristic length for plasma jet simulation domain.

Boundary Definition Length (mm) Note
OA Nozzle exit 4.5 Vertical (radius)
AB Chamfer 0.5 Vertical (45°)
BC Wall 7 Vertical
CD Anode 12 Horizontal
DF Wall 28 Vertical
EF Wall 5 Vertical
FG Carrier gas inlet 4 Horizontal
CI Wall 14 Horizontal
CJ Wall 18 Horizontal
JK Wall 8 Vertical
LM Outlet 20 Vertical
OM Axis 58 Horizontal

2.4. Boundary Conditions

The current selected for the simulation is 450 A, which is an adequate parameter for
plasma spraying with the SinplexPro™ plasma spray gun. Generally, laminar plasma jets
are only generated at low gas flow rates. For this cascaded SinplexPro™ plasma spray gun
using argon as the working gas, the minimum gas flow rate can reach 40 SLPM. Moreover,
the heat and mass transfer properties of argon are more stable compared with the diatomic
molecules that dissociate under plasma conditions. The experimental observations also
show that the length of the plasma jet and the state of the jet have not been significantly
improved and changed due to the addition of other gases within the allowable parameter
range of the work (Figure S1). Therefore, the working gas used in the arcing simulation
and plasma jet simulation is pure argon. The boundary conditions are listed in Table 4.

The flow boundary condition is only for zone A, which is the fluid part. The working
gas enters from the inlet BC, and the boundary condition of the volume flow inlet is set to
40 standard liters per minute (SLPM). IH is the flow outlet connecting to the atmosphere,
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and the Dirichlet boundary condition is used, dV;/dn = 0. All the walls that are in direct
contact with the fluid are nonslip walls.

For the heat transfer boundary conditions, all the 6 zones are involved in the heat
transfer process. Zone A is the flow area, which mainly involves the temperature of the
gas inlet and outlet, and the heat exchange with the wall. The temperature of the inlet gas
is room temperature: 300 K. For the exit, the outflow boundary condition is chosen. All
internal walls are capable of performing convective heat transfer between the fluid, and
the coefficient is the default value of the software according to the material. Zone B is the
tungsten cathode. The temperature of the tip of the cathode, EF, is set to 3500 K. OA is in
contact with the cooling water and is set to be h,, (T —T,). In the same way, for areas C,
D, E, and F, the walls in contact with the blue arrows in Figure 1 c all use the same
boundary condition, where h,, = 1000 W/(m?-K) and T,, =300K. For the electric
boundary conditions, zones A, B, and F are mainly involved. The average current density
of the cathode tip EF is 1.36 x 10% A/m? to achieve 450 A working conditions. The voltage
of anode, PQ, is 0 V, and the other walls that contact with area A meet the insulation
boundary condition, that is, d¢/dn = 0. For magnetic field boundary conditions, all
interfaces are magnetically insulated walls.

Table 4. Main boundary conditions for simulation inside SinplexPro™ plasma spray gun.

Boundary Definition Heat Transfer Fluid Flow Electrfc
Potential
BC Gas inlet 300 K 40 SLPM -
HI Outflow aT/on =0 av;/on -
EF Cathode tip 3500 K - 450 A
KJI Anode Interface - ov
OAB Wall h(T—T,) - -
DNPQ Wall h, (T —T,) - -
OEH Axis - - -

For the simulation of the plasma jet outside the gun, the magnetic and electric fields
are neglected. The main parameters are listed in Table 5. Based on the description in
Figure 2, the boundary conditions of flow and heat transfer are mainly used. The velocity
and pressure distributions of the working gas from inlet, OA, are from the results of the
arcing simulation. For the simulation using the turbulent model, the distributions of k and
w are also from the arcing simulation results. As an open boundary, KLM is connected to
the atmosphere with the pressure of 1 atm and Dirichlet boundary condition, dV;/dn = 0.
The flow rate of the carrier gas at the inlet, FG, is 2 SLPM. For the heat transfer boundary
conditions, all walls are water-cooled walls, which are the same as the arcing simulation.
Since the open boundary KLM is connected to the atmosphere, the temperature boundary
condition is dT/dn = 0, and if there is a reverse flow from the outlet boundary, the
temperature of the gas will be 300 K.

Table 5. Boundary conditions for plasma jet simulation.

Boundary Definition Heat Transfer Fluid Flow
OA Gas inlet From simulation From simulation
KLM Outflow 300 K av;/on
FG Cathode tip 300 K 2 SLPM
ABCDEF Wall h(T—T,) -
GHIJK Wall h,(T —T,) -

OM Axis - -
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2.5. Material Properties

The working gas used in the simulation is pure argon. The main parameters used are
density, specific heat, viscosity, thermal conductivity, and electrical conductivity. The
data for the parameters mentioned above were taken from [45]. Moreover, the
characteristic data of the cathode and anode materials, tungsten, and copper, as well as of
the cathode carrier, cubic boron nitride, were taken from the built-in material library of
the software.

3. Results and Discussions
3.1. Simulation of the Arcing Process Inside the SinplexPro™ Plasma Spray Gun

By a stepwise increase of 0.1 times the target current, the current is increased to the
final current. The resulting temperature, velocity, and pressure distributions in the
SinplexPro™ Plasma spray gun are shown in Figure 3. The corresponding distributions
of the plasma at the exit are shown in Figure 4.

M 2/Q2
mmTempc:rature (K00 . Velocity (m/s)x103 . Pressure (Pa) xlg,, - k (m%s?) “10-11
n2.5 10
55 a 55 b 12 55 c 55
e (a) 50 (b) |} = (©) |is ® 8 I
45 2 45 I 4 16| 45 8
40 40 40 1.4, 40 7
35 15 3 08 35 1235 6
30 30 30 30
1 5
25 25 06 55 25
20 L) 20 081 4
15 15 04 s 0.6 15 3
10 10 10 4| 10
0.5 02 0.4 2
5 5 5 021 5 1
0 0 0 0
0 10 mm 0 10 mm Y 0 10 mm 0 0 10 mm 0
Temperature (K)X104 Velocity (m/s) Pressure (Pa) x10¢ log, (k)
mm| 725mm x]10* mm| 2 mmf—
55 T oss 1.2 s5 55 -5
sdo s el R ol o]
45 2 45 L 45 1.6 45 -10
40 40 40 1.4 40
35 15 % 08 35 12 35 -15
30 30 30 LY
25 25 06 55 25
-20
20 1 9 20 08/ 5 R
15 15 04 0.6 15 o5
10 10 10 0.4/ 10
5 - 5 02 5
0.2 30
0 0 0 © 0o 01—
0 10 mm 0 10 mm 0 10 mm 0 10 mm

Figure 3. Results of arcing simulation for SinplexPro™ plasma spray gun; laminar model: (a)
temperature distribution, (b) velocity distribution, (c) pressure (relative to 101,325 Pa); turbulent
model: (d) temperature distribution, (e) velocity distribution, (f) pressure distribution, (g) turbulent
kinetic energy (<1 x 10'0), and (h) turbulent kinetic energy distribution (logarithmic scale).
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Figure 4. Calculated (a) temperature, (b) velocity, and (c) pressure (relative to 101,325 Pa) profiles
at the nozzle exit of SinplexPro™ plasma spray gun (nozzle radius 4.5 mm).

Both laminar and turbulent results show that the highest temperature appears near
the tip of the cathode. For the laminar model, the maximum temperature is about 24,380
K (Figure 3a), and for the turbulent model, the maximum temperature is about 24,390 K
(Figure 3d). The highest temperature at the plasma exit of the laminar model is about
15,413 K, and the counterpart obtained by the turbulent model is about 15,425 K (Figure
4a). When the turbulent model is activated, the dissipation of kinetic energy caused by
turbulence was considered, and the dissipation energy is converted into thermal energy,
which leads to the higher temperature of the plasma arc. Moreover, at the exit of the
plasma torch, the temperature (1403 K) on the wall calculated by the turbulent model is
also higher than the temperature calculated by the laminar model (1172 K). During the
calculation, a turbulent model is used by solving the RANS (Reynolds average Navier—
Stokes) equation. This cannot resolve the small eddies, but a reasonable result based on
the average value can be obtained. In reality, there are numerous small eddies inside the
plasma torch. These small eddies will convert the kinetic energy into thermal energy and
enhance the process of convective heat transfer inside the plasma. Therefore, compared
with the laminar model, the temperature calculated by the turbulent model is a little
higher. However, the temperature difference at the nozzle exit between the results
calculated by the two models is about 200 K near the internal wall of the torch and only
12 K at the center of the exit.

During the arc discharging process, which converts the working gas into a plasma,
the volume expansion and Lorentz force lead to the high velocity of the plasma. For the
simulation with the laminar model, the maximum velocity is about 1230 m/s (Figure 3b),
whereas it is lower at about 1214 m/s for the turbulent model (Figure 3e). As mentioned
above, the turbulence state will endure the severe dissipation of kinetic energy, so the
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velocity is lower. The maximum velocity of the plasma at the exit is above 800 m/s (815
m/s for the laminar and 808 m/s for the turbulent model, shown in Figure 4b). However,
the minimum value near the nozzle wall is close to zero. In the case of the laminar model,
the boundary condition sets the velocity of the plasma flow next to the wall to zero. For
the turbulent model, the flow near the wall still shows a low velocity, 22 m/s, as a result
of averaging.

The pressure distribution is shown in Figure 3¢ (laminar) and Figure 3f (turbulent).
The pressure at the contraction near the tip of the cathode is relatively high. The gas flow
rate at the inlet is 40 SLPM, about 13 m/s. Due to the relatively low velocity, compared
with plasma expansion, the pressure on the cathode side does not significantly change.
During the arcing process, the working gas in front of the cathode tip transfers into a
plasma by the discharging process and expands. Due to the continuous supply of working
gas, the pressure rises around the cathode and finally reaches a balance. Near the nozzle
exit, the velocity of the plasma gas close to the wall is lower. Therefore, the pressure is
higher near the wall than in the center (Figure 4c).

The turbulent energy distribution inside the plasma torch is shown in Figure 3. Even
if the turbulent model is used, the turbulent kinetic energy, k, obtained in the simulation
is still very low. The range of the value of k is large, which makes it difficult to observe.
Therefore, in Figure 3g, only the part below 1 x 10-° and, in Figure 3h, the distribution of
log(k) are shown. The turbulent kinetic energy reaches the highest value at the inlet and
gradually decreases as the flow develops in the plasma torch. Moreover, the turbulent
flow energy is lower in the area closer to the center and the wall. Due to the viscous
sublayer, the plasma velocity near the wall is low, which makes the flow tend to be
laminar and reduce the turbulent kinetic energy. In the central part, the plasma is
accelerated, and the velocity does not show a great gradient in the radial direction.
Therefore, the viscous shear between the center and wall is the largest, which makes it
easier to produce eddies and to intensify the amount of turbulence. However, the
turbulent intensity in the chamber is negligible compared with the working gas inlet.
Therefore, the flows inside the plasma torch calculated by the laminar and turbulent
models are almost the same.

Figure 5 shows the current streamline, electric potential distribution, and magnetic
field strength distribution. No matter whether the turbulent model or the laminar model
is used, there is almost no difference between these results on the electric and magnetic
characteristics. The current streamlines calculated by both models are virtually the same
(Figure 5a,d). The voltage experimentally measured is about 60 V. The voltage calculated
here is about 52 V (Figure 5b,e), which is a little lower than the measured value. During
the calculation of the LTE model, the decrease in the temperature near the anode will
cause a low electric conductivity of the plasma, which makes the calculation tend to be
divergent. To ensure the convergence of the calculation, a virtual high-conductivity layer
is artificially added to the anode boundary by customizing the properties of the plasma
gas. Due to the existence of this artificial layer, the voltage calculated is slightly lower than
the actual value. The distribution of the magnetic field strength is shown in Figure 5c and
f. Since the current has almost no difference under different flow conditions, the self-
generated magnetic field hardly changes.
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Figure 5. Results of the arcing simulation for SinplexPro™ plasma spray gun; laminar model: (a)
electric potential distribution, (b) magnetic field strength distribution, and (c) current streamline;
turbulent model: (d) electric potential distribution, (e) magnetic field strength distribution, and (f)
current streamline.

Comparing the temperature and velocity profiles at the nozzle exit with the other
work on the SinplexPro™ plasma spray gun [40], the results obtained in this work appear
sensible. For both the turbulent and laminar models, the results are nearly the same for
the internal flow of the plasma torch. Therefore, the flow inside the SinplexPro™ plasma
spray gun can be regarded as laminar for the investigated operation conditions.

3.2. Simulation of the Plasma Jet Generated by the SinplexPro™ Plasma Spray Gun

The simulation of the external jet flow was calculated also by laminar and turbulent
models. The laminar model was used to see the ideal results of the laminar plasma jet. The
turbulent model should be more realistic to describe the plasma jet since turbulence is
inevitable. Here, we used the laminar plasma jet only to represent the plasma jet simulated
by the laminar model, and we used the turbulent plasma jet to represent the plasma jet
simulated by the low Re corrected SST k-w model when the simulation results are
discussed. Both models are compared to discuss the laminarity of the plasma jet generated
by the SinplexPro™ plasma spray gun.

The boundary conditions used in the plasma jet simulation originate from the results
of the arcing simulation. For the laminar model, the boundary condition mainly comprises
the temperature, velocity, and pressure distribution. For the turbulent model, the
distributions of k and w values are additionally needed. The relevant results about the
temperature, velocity, and pressure are given above as shown in Figure 4.

The experimentally observed shapes of the plasma jets using 400 A and 500 A are
shown in Figure 6. Generally, in the case of free jet flow, the tail of the jet always tends to
be turbulent, and the captured image is an average of many instants during the exposure
time. Therefore, the turbulent plasma jet will show a tendency to diverge with a round
tail. However, no matter whether it is 400 A or 500 A, the tail of the plasma jet generated
by the SinplexPro™ plasma spray gun has no obvious divergent tendency or a round tail.
This morphology corresponds to a laminar plasma jet [46]. The laminar flow state leads to
a stable plasma jet with less fluctuation, which results in less entrainment of ambient air
and lower energy gradients [21,38,47,48]. A hypothesis is proposed to explain why the
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shapes of the plasma jets are different. The photo only shows the area where visible light
is emitted. For the turbulent plasma jet, strong turbulent dissipation occurs very close to
the nozzle exit, where the plasma jet is still visible. Therefore, due to the strong turbulence,
the tail shows a round shape. For the laminar plasma jet or quasi-laminar plasma jet, the
turbulent dissipation occurs farther away from the nozzle exit, where there is no visible
light that can be observed. Therefore, the round tail cannot be observed. What can be
captured by the eyes and camera is that the light is gradually smoothly disappearing along
the axial direction. For the plasma jet generated by the SinplexPro™ plasma spray gun,
before the flow converts into turbulent, the temperature of the plasma jet has obviously
decreased to a brightness level that cannot be observed. Therefore, the shape of the plasma
jet shows a sharp tail rather than a round one. In the Figure S2, a comparison between the
experimentally observed plasma jets generated by the SinplexPro™ plasma spray gun
under normal and abnormal conditions when the ablation of the anode is severe is
provided. The plasma jet generated under the normal condition is longer since the flow
state is laminar and stable. On the other hand, the plasma jet generated under the
abnormal condition shows a round tail, which proves that the turbulent dissipation
happens within the visible area. The only difference between the two plasma jets is the
internal structure of the plasma spray gun. The ablated anode disturbs the flow stability
due to the presence of numerous ablation pits. Therefore, the smaller the disturbance to
the flow inside the plasma torch is, the more stable the flow state will be, and the more
likely the plasma jet will be kept laminar and longer.

40 Ar 400A (~59V)

1

40 Ar 500A (~62V)

—

Figure 6. Experimentally observed plasma jets generated by SinplexPro™ plasma spray gun.

Due to this characteristic of the SinplexPro™ plasma jet, the simulation was
performed using both the laminar and k-w models with low Reynolds number
adjustment. The temperature and velocity distributions of the plasma jets are shown in
Figure 7 after obtaining stable and converging residuals. Here, for the convenience of
comparison, the results about the plasma jet with carrier gas, which will be discussed in
the next section, are also included in the same figure. All the parts of temperature and
velocity distributions of the pure plasma jet without carrier gas are on the left side of the
figure. The plasma jet calculated by the laminar model is described as the laminar plasma
jet to make it brief to discuss, and the same wording was used for the turbulent plasma
jet.
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Figure 7. Calculated plasma jet temperature and velocity distribution.

Without carrier gas injection, the results calculated by the laminar and turbulent
models of the plasma jet both show high axial symmetry. From the temperature
distribution, the plasma jet maintains a high temperature at a long distance from the
nozzle exit, which is consistent with the observed shape of the long plasma jet. However,
the laminar plasma jet shows a larger high-temperature zone, which is attributed to the
low heat dissipation. The counterpart of the turbulent plasma jet is smaller and shows a
sharper triangle shape. However, the medium-temperature zone of the turbulent plasma
jet is larger than that in the laminar plasma jet. The shape of the plasma jet generated by
the SinplexPro™ plasma spray gun looks like a turbulent plasma jet with a low Re number
and low turbulence intensity. It can be regarded as quasi-laminar but still not totally
laminar since the gas flow rate and nozzle diameter are much larger than those of the
commercial laminar plasma torch, which has a nozzle diameter of only 5 mm [21,26,49].

To discuss the difference, the maximum value of each cross-section of the jet was
selected and explored. Figure 8 shows the profiles of the temperature and velocity along
the central axis. The density of the plasma is lower than that of the surrounding air. Since
the gravity is introduced, the buoyancy of the air causes the plasma jet to slightly float.
The code used to grab the maximum temperature and velocity values is provided in the
supplementary file. However, the result shows that within 100 mm, the longest distance
considered in the simulation, the maximum temperature appears on the axis. Therefore,
the temperature development along the axis is used for further discussion.
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Figure 8. Calculated temperature and velocity distributions of plasma jet along the central axis.

The node values along the axis prove that the temperature of the turbulent plasma
jet is lower. The deviation starts at the 10 mm axial distance. The maximum temperature
difference is about 1700 K at the end of the calculation domain. It tends to be greater if the
turbulent dissipation has a larger effect on the temperature. In this case, the heat transfer
in the laminar plasma jet is dominated by diffusion, and the heat loss is little. The heat
transfer in the turbulent plasma jet is dominated by convection, which is faster than
diffusion. Therefore, when the air does not completely invade the center of the jet, within
10 mm, the temperature calculated by the turbulent model is close to that calculated by
the laminar model. In the turbulent state, the cool ambient air enters the center of the jet
faster. Therefore, the temperature of the turbulent plasma jet decreases also faster than
that of the laminar plasma jet.

Figure 9 gives the cross-sectional views of the temperature and velocity distributions
of the plasma jet. It is obvious that even when the center temperature is very close, the
high temperature zone of the turbulent plasma jet has already, at 15 mm, a smaller
diameter than the laminar plasma jet. However, if the blush boundary is regarded as the
boundary of the jet, the turbulent plasma jet is thicker than the laminar plasma jet, which
is also confirmed by the side and top views. In the turbulent case, the temperature tends
to expand due to the eddies caused by the engulfment of the cold air. Therefore, based on
the conservation of energy, the heat flux in the laminar flow will be more concentrated
than that in the turbulent flow. At 100 mm, the central temperature of the turbulent
plasma jet is significantly lower compared with that of the laminar model. However, the
radius of the plasma jet is larger than that of the laminar plasma jet. Besides the area of
the cross-sections of the plasma jet, the symmetry of the plasma jet changes. When the
distance is 15 mm, the laminar plasma jet is round and hardly affected by the gravity. The
turbulent plasma jet shows an obvious flow-up tendency.
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For the velocity of the plasma jet, the results of the laminar and turbulent plasma jets
are almost the same (Figure 7, bottom left). Compared with the temperature distribution,
the velocity distributions of the plasma jets show a little difference as the laminar plasma
jet seems to have a larger medium velocity zone than the turbulent plasma jet. However,
near the exit, before the ambient air is entrained into the plasma jet to influence the
velocity, the velocities of both laminar and turbulent plasma jets are almost the same and
the profiles are not smooth. Figure 8 also shows the pressure distribution along the axis
near the nozzle. Within about 2 mm from the nozzle exit, due to the sudden expansion of
the cross-sectional area, the pressure drops, and the velocity of the plasma jet very slowly
drops. During this drop, the environment pressure is greater than the internal pressure of
the plasma jet, resulting in the pressure difference that contributes to a radial velocity,
about 60 m/s, toward the center of the jet of the ambient air. As the gas converges toward
the center of the plasma, the pressure starts to rise, and the velocity significantly drops, as
shown in Figure 8. Due to the high temperature at the plasma outlet, the local speed of
sound (2200 m/s) by far exceeds the local velocity (800 m/s), so the flow is subsonic. After
an obvious pressure fluctuation, the internal pressure of the plasma and the ambient
pressure gradually regionally balance, the radial velocity is almost zero, and the axial
velocity steadily drops. No diamond shocks can be observed. This phenomenon also
explains that the temperature profiles of both laminar and turbulent plasma jets have the
largest gradient at the beginning, and the gradient gradually decreases as the distance
increases.

As shown in Figure 8, the velocity of both laminar and turbulent plasma jets steadily
decreases when the distance is greater than 20 mm. However, the velocity gradients in the
two plasma jets are different. The highest velocity difference value appears at about 60
mm. Within 60 mm, the turbulent plasma jet shows a higher gradient than the laminar
plasma jet. However, when the distance exceeds 60 mm, the gradient of the turbulent
plasma jet begins to decrease, and the velocity difference between the laminar and
turbulent plasma jets becomes smaller. Generally, a laminar plasma jet should have lower
temperature and velocity gradients, which makes the result appear abnormal. Observing
the velocity distributions on the cross-sections of the plasma jet (Figure 9) reveals that the
high-velocity region of the laminar model is larger than that of the turbulent model, which
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also seems abnormal as the laminar plasma jet should have more focused distributions of
both temperature and velocity.

Whatever the model used to simulate the plasma jet, they all proved that the plasma
jet generated by the cascaded plasma torch at least can be quasi-laminar, and the
temperature and velocity gradient are lower than those of the turbulent plasma jet. This
characteristic helps the particles stay longer in the plasma jet during the spraying process.
In fact, previous research has shown that the particles in the laminar plasma jet in a certain
range of distance have similar temperature and velocity [30,34,39], which helps improve
the controllability and reproducibility. For the commercial laminar plasma torch, if the
flow rate increases to the same level as the SinplexPro™, the flow state of the plasma jet
is likely to be turbulent [25]. For the case in which a high flow rate is needed besides the
laminar flow state, a quasi-laminar plasma jet generated by a cascade torch can be an
option.

3.3. Simulation of the Plasma et with Carrier Gas

The carrier gas plays an important part in the flow state of the laminar plasma jet. In
this case, the carrier gas is injected from both the top and bottom sides; it is also argon.
The temperature and velocity distribution results are shown in Figure 7 (the right part).
The injection of cold carrier gas has a great influence on the temperature distribution of
both the laminar and turbulent plasma jets. The plasma jets are compressed by the carrier
gas. Both plasma jets appear thinner in the side views. For the laminar plasma jet, the top
view shows that a great amount of heat is taken away by the carrier gas. The high-
temperature zone also becomes thinner. However, for the turbulent plasma jet, the
temperature contour from the top view is not significantly affected.

Figure 8 also shows the temperature of the center of the plasma jet with carrier gas
injection. Since the laminar plasma jet still has a larger high-temperature zone and a higher
heat flux density, the temperature along the axis is also higher than that of the turbulent
plasma jet. However, the carrier gas influence on the laminar plasma jet is much larger
than on the turbulent plasma jet. The temperature decrease in the laminar plasma jet is
about 900 K at the end of the calculation domain, at 100 mm, while in the turbulent plasma
jet, itis less than 100 K. The temperature of the center of the turbulent plasma jet is hardly
affected within 60 mm, much less than for the laminar plasma jet.

The cross-sections of the plasma jets show that when the carrier gas is introduced,
the effect of gravity on the temperature distributions of the laminar plasma jet is still
negligible, but that of the turbulent plasma jet becomes more obvious on the 15 mm cross-
section of the temperature distribution of the turbulent plasma jet in Figure 9. As
mentioned above, the carrier gas from both top and bottom injectors moves to both sides
after compressing the plasma jet. Part of the plasma jet that squeezed to the side
continuous to move upward due to the buoyancy of the cold ambient air. Therefore, with
the effect of the uneven shear stress caused by the carrier gas from the top part with
vertical velocity and steady ambient air beneath the plasma jet, large eddies are formed.

On the section 100 mm away from the nozzle outlet, it can be seen from the
temperature distribution that, although the temperature of the laminar plasma jet remains
high, the high-temperature area is significantly reduced. This phenomenon can be seen in
Figure 7. However, by observing the cross-section, the shape of the plasma jet is not an
ideal ellipse (Figure 9, temperature, laminar, 100 mm). Generally, a disturbance will
appear around the laminar plasma jet due to the introduction of the entrained gas. Such a
disturbance may be attributed to the asymmetry of the mesh or limited accuracy of the
computer. However, the ambient air in the actual operating environment is also likely to
cause such asymmetric results. For the turbulent plasma jet, no significant change can be
observed, but the temperature distribution has changed (Figure 9, temperature, turbulent,
100 mm). Due to the continuous injection of cold entraining gas, the upper part of the
turbulent plasma jet is not significantly heated, and the upward tendency is mainly on the
sides of the plasma jet.
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Compared with the temperature distribution, the effect of carrier gas on the velocity
distribution is smaller. It can be seen in Figure 7 that whether it is a laminar plasma jet or
a turbulent plasma jet, there is a slight tendency to be compressed in the vertical direction
(side view). In the horizontal direction (top view), the velocity distribution hardly
changes. It can also be seen in Figure 8 that the change in velocity is much smaller than
the change in temperature. For the laminar plasma jet, the velocity decrease due to the
carrier gas injection is less than 20 m/s. On the other hand, for the turbulent plasma jet,
the velocity decrease is less than 5 m/s. The profiles of the turbulent results almost coincide
in Figure 8. As shown in Figure 9, the actual velocity distribution also conforms to the
tendency of the temperature distribution. It can be seen from the front view that at the 15
mm cross-section, the injection of the carrier gas reduces the velocity of the small part
above and below the plasma jet, and two symmetrical notches can be seen in the contour.
At the 100 mm cross-section, the velocity distribution of the laminar plasma jet shows the
same rotational tendency as the temperature distribution. The velocity distribution of the
turbulent plasma jet also shows a similar trend to that of the temperature distribution,
with the sides slightly floating upward.

Regardless of the velocity or temperature distribution, the simulation results show
that the turbulent plasma is less affected by the carrier gas. In previous studies, it was also
confirmed that the laminar plasma jet is more susceptible to the disturbance and likely
transformed into a turbulent plasma jet. In this case, using the RANS turbulence model, it
is difficult to discover the effect of the entrained gas on the flow state of the plasma jet
only through the temperature and velocity distributions. Figure 10 shows the turbulence
intensity distributions of the turbulent plasma jet with and without carrier gas.
Comparing the turbulence intensity distribution with the temperature distribution,
whether the carrier gas is introduced or not, the turbulence is mainly at the boundary of
the plasma jet, lower in the high-temperature regions. Before the introduction of the
carrier gas, under the influence of buoyancy, the hot plasma gas floats upward. As the
plasma jet continues to develop, the turbulent intensity increases. Therefore, the area of
maximum turbulence intensity is above the plasma jet. After the carrier gas injection, the
highest turbulence intensity is about 300% right above and below the plasma jet where
the carrier gas is injected. However, the area with the highest turbulence intensity is not
the part where the plasma jet is in direct contact with the carrier gas, but the sides of the
plasma jet. When the carrier gas is injected to the plasma jet, part of the carrier gas directly
goes into the plasma jet. Part of the carrier gas from the injectors above will rise due to air
buoyancy after being heated. Part of the carrier gas from the lower injector moves
sideways and then continues to flow forward with the plasma jet. The lower carrier gas
floating up due to heating and the ambient air entrained into the plasma jet are mixed to
produce a large number of small eddies, resulting in greater turbulence intensity, close to
800%, 10 times that when no carrier gas is added.
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Figure 10. Turbulence intensity distribution of plasma jet with carrier gas.



Coatings 2022, 12, 1416

19 of 22

Although the turbulence intensity will affect the flight state of particles and the flow
state of droplets to a certain extent, compared with the laminar plasma jet, the overall flow
state is not significantly affected by the entrained gas. The temperature and velocity
distributions are still similar to those before the carrier gas is injected. Therefore, the
controllability of the laminar plasma-spraying process can still be maintained. Due to the
characteristics of the laminar flow state, longer heating region and dwelling time result in
better melting of the particles. In the laminar plasma-spraying process, it has been proved
that the coating obtained at the nearest standoff distance is not the densest. Although the
surface temperature of the particles is high, the core temperature is still low, and the
gravity-based feeding of the particles cannot guarantee that the particles can enter the
center of the plasma jet for heating, which will result in more semimolten particles[39]. In
contrast, the plasma jet generated by a cascaded plasma torch such as SinplexPro™ can
maintain the quasi-laminar flow characteristics, larger high-temperature zone, and
feasibility to feed the powder with carrier gas without disturbing the flow state. Under
this condition, the particles have a higher initial velocity and can enter the center of the
jet, so it is easier for the particles to absorb more heat and melt to form a dense coating[13].
Therefore, this cascade spray gun has the potential to generate quasi-laminar or even
laminar plasma jets with higher stiffness, which can improve the heating efficiency of the
particles and the flight and flow state of the droplets in the jet.

4. Conclusions

In this work, the arcing process inside the cascaded SinplexPro™ plasma spray gun
and the flow characteristics of the generated plasma jet were studied. The following
conclusions can be drawn:

1. The modeling results of the arcing process obtained using the turbulent and laminar
models are almost the same. Thus, the plasma flow in the spray gun can be regarded
as laminar. The turbulence intensity is the greatest at the gas inlet of the spray gun
and gradually decreases to a negligible level in the chamber.

2. The results obtained by the turbulent model are closer to the experimental results.
The turbulence of the plasma jet is mainly generated at the edge and gradually
gathers toward the center as the plasma jet develops. Affected by air buoyancy, the
plasma tends to slightly float upward. The convection with the surrounding air
results in the area of maximum turbulence intensity right above the plasma jet.

3. The introduction of carrier gas significantly affects the laminarity of the plasma jet.
Turbulence still occurs at the edge of the plasma jet, but the areas of the highest
turbulence intensity are on the right and left sides of the plasma jet. This intensity
distribution is mainly attributed to the effect of buoyancy on the carrier gas from the
bottom injector. Therefore, during the spraying process, the plasma jet will also be
affected by the gravity, which may also affect the particles with small diameters.

4. Only a small part of the carrier gas can directly enter the plasma jet. Part of the carrier
gas that cannot directly enter the jet leaves the computational domain due to heating
and buoyancy. Another part will continue to be entrained from the edge into the
plasma jet. This helps to make the particles move toward the center of the plasma jet
during the plasma-spraying process.

Supplementary Materials: The following are available online at
https://www.mdpi.com/article/10.3390/coatings12101416/s1, Figure S1: Shapes of the plasma jets
generated by SinplexPro™ plasma spray gun, Figure 52: The influence of flow field and gas flow
rate on plasma jet.
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