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Abstract In this study, a three-dimensional DC plasma
torch is modeled using Joule effect method to simulate the
plasma jet and its voltage fluctuations. The plasma gas is a
mixture of argon/hydrogen, and the arc voltage fluctuation
is used as an input data in the model. Reynolds stress
model is used for time-dependent simulation of the oscil-
lating flow of the plasma gas interacting with the ambient
air. The results are used to investigate the plasma oscilla-
tion effects on the trajectory, temperature, and velocity of
suspension droplets. Suspensions are formed of ethanol and
yttria-stabilized zirconia submicron particles and modeled
as multicomponent droplets. To track the droplets/particles,
atwo-way coupled Eulerian—Lagrangian method is employed.
In addition, in order to simulate the droplet breakup, Kelvin—
Helmholtz/Rayleigh-Taylor (KH-RT) breakup model is
used. After the completion of suspension breakup and evap-
oration, the sprayed particles are tracked to obtain the in-flight
particle conditions including trajectory, size, velocity, and
temperature. The arc voltage fluctuations were found to cause
more than two times wider particle trajectories resulting in
wider particle temperature, velocity, and size distributions
compared with the case of constant voltage.
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Introduction

For many years, the thermal spray coating technology has
been increasingly used to produce more resistant surfaces
against corrosion, erosion, and heat and to extend the
lifetime of surface properties by rebuilding worn parts
instead of replacing the whole component in order to
enhance the functional performance of the structural parts
in different applications (Ref 1).

In order to have a proper surface coating of submicron-
sized particles, a relatively new deposition process, sus-
pension plasma spraying (SPS), has been increasingly used.
In the SPS technique, submicron-sized particles are
sprayed efficiently to form finely structured coatings (Ref
2-6). To have enough momentum for the fine particles to
penetrate into the plasma jet, they are mixed with a liquid
carrier (e.g., ethanol or water) to form a suspension that is
injected into the plasma.

Ideal results can be obtained when all particles injected
into the plasma flow reach the substrate with temperature
well above their melting point and below their vaporization
point with high enough velocity to be deposited upon
impact on the substrate (Ref 7). Therefore, a critical aspect
in the SPS process is to well control the suspension dro-
plets trajectories, temperatures, velocities, and their inter-
actions with the plasma flow.

Arc voltage fluctuations, particle mass flow rate, injector
angle, and particle size distribution are some of the effec-
tive parameters in plasma spraying process. Arc voltage
fluctuations cause significant variations of the heat and
momentum transfer between the plasma jet and the injected
particles (Ref 8, 9). Moreover, using different types of
plasma gases such as Ar-H, and the anode erosion have
significant effects on the arc oscillations.
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There are several numerical simulations performed to
predict plasma jet and its interaction with suspension dro-
plets based on the assumption of steady plasma flow.
Usually, to simplify the computations, temperature and
velocity profiles at the gun exit are used as the inlet
boundary condition (Ref 10-17). In order to include the
internal plasma flow, a constant volumetric heat source is
added to the energy equation to model the heat generated
by the arc inside the gun (Ref 18, 19). In this approach, the
plasma jet is still in the steady state.

Jabbari et al. (Ref 10) modeled the suspension plasma
spraying using nickel powder and ethanol as the solvent.
Suspension droplets were injected radially into a 3 MB
Sulzer Metco plasma gun and simulated as the multicom-
ponent droplets. The arc fluctuations were neglected and
the plasma gas was argon. RSM model was utilized to
simulate the plasma gas and its interaction with the sprayed
particles. However, the authors also applied k—¢ model in
the free plasma jet to compare the results with the results of
RSM turbulence model. It was shown that the k—¢ model
gives underestimated values for the high-temperature
plasma core. To model the particle breakup, Kelvin—
Helmbholtz/Rayleigh-Taylor (KH-RT) breakup model
which gives reasonable results in the case of high Weber
number was used. It was concluded that by increasing the
suspension injection velocity, the penetration depth
increases and when the injection velocity is too high, the
quantity of particles with high temperature decreases.

Jadidi et al. (Ref 11) analyzed the effect of using a flat
substrate with the same conditions and assumptions used in
(Ref 10) in the SPS process. The effect of the standoff
distance on particles properties upon impact in the vicinity
of the substrate was investigated. It was shown that many
fine particles were diverted due to the stagnation region
formed near the substrate. It was also concluded that par-
ticles moving near the plasma gas centerline obtain higher
velocity and higher temperature and are less affected by the
stagnation region.

Recently, the effect of substrate curvature on suspension
droplet and particle characteristics, especially near the
substrate, was investigated by Pourang et al. (Ref 18). The
authors applied the assumptions used in (Ref 10). However,
in order to improve the simulation of the high-velocity and

the high-temperature plasma gas, a constant volumetric

n,El
Vv

added to the energy equation. The suspension contained
YSZ particles (10 wt.%) in ethanol and was modeled as
multicomponent droplets. The results showed that the finer
particles obtain higher temperature and velocity compared
with other particles. It was also found that compared with
the use of flat substrate, the deposition rate decreases more
than 50% on a cylindrical substrate.

energy source (

) was introduced inside the torch and
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Due to the nature of plasma jet and the movement of
plasma arc attachment on the anode surface, the arc
experiences large fluctuations which results in large arc
voltage fluctuations. Since the plasma jet formation is
naturally an unsteady phenomenon, the results obtained
from the steady simulations may not be able to capture the
unsteady characteristics of the flow inside and outside the
torch.

In general, there are three methods used to simulate
transient plasma jets. The first approach is based on cou-
pling the fluid flow and electromagnetic equations to model
the plasma arc flow (Ref 20-24). Following such an
approach, Moreau et al. (Ref 23) used a three-dimensional
transient model with a nozzle diameter of 7 mm to simulate
the oscillating plasma jet. The plasma working gases were
Ar-H, and the voltage fluctuation was in the restrike mode
due to the torch operating condition. To simulate the anode
root attachment inside the torch, the electromagnetic
equations in addition to the mass, momentum, and energy
equations were applied. The effect of changing the arc
current was investigated in this study, and the results
showed a higher maximum velocity at the nozzle exit due
to an increase in the arc current. A higher voltage fluctu-
ation frequency was also predicted with the arc current
increasing. Although this rigorous approach provides
detailed information inside the torch, it is computationally
very expensive and time-consuming to couple it with sus-
pension flow including suspension breakup, evaporation, as
well as particle heating and melting.

The second approach is based on modeling the plasma
jet using the Joule effect method in which a volumetric
heat source is added to the energy equation neglecting the
effect of electromagnetic fields. Although by using this
method, the simulation of the arc attachment inside the
torch is impossible, a good estimation of the plasma jet
fluctuations can be obtained and used for the SPS process
modeling. For example, Meillot et al. (Ref 25) simulated a
three-dimensional DC plasma jet based on the Joule effect
method by introducing a time-dependent volumetric heat
source inside the plasma torch. The validation criterion was
the thermal efficiency through adjusting the length of the
plasma column inside the torch. They showed that the
calculated properties of the plasma jet on the centerline,
especially near the gun exit, were in good agreement with
the experimental values.

In the third approach, the unsteady velocity and tem-
perature profiles can be used as the inlet boundary to
simulate the unsteady plasma jet (Ref 26, 27). Meillot et al.
(Ref 26) employed the unsteady temperature and velocity
profiles at the torch exit as the inlet boundary to simulate
the unsteady plasma flow using large eddy simulation
(LES) turbulence model. Their focus was modeling the
plasma flow interaction with a moving substrate to
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investigate the heat transfer to the substrate and consider
different standoff distances to evaluate the flow structure in
the impingement zone of ceramic particles. The results
showed that the presence of the substrate at different
standoff distances has significant implications on the
plasma flow parameters compared with a free jet.

The aim of the current study is to numerically model the
unsteady SPS process taking into account the fluctuations
of the plasma jet. For this purpose, an approach similar to
the one introduced by Meillot et al. (Ref 25) using a
fluctuating volumetric heat source is employed to model
the unsteady plasma jet. Swirling flow as well as suspen-
sion interaction with the oscillating plasma jet is modeled
for more realistic prediction of particle in-flight conditions
in SPS process. The developed model is used to investigate
the influence of key phenomena and spray parameters.

Geometry and Operating Conditions

A 3 MB Oerlikon Metco gun with a 32.2-mm-long and 5.5-
mm-diameter nozzle is used in this study (Fig. 1). The
nozzle length in the straight part is 22.5 mm. The cathode
and the gas inlet having an angle of 45° which causes
swirling flow in the plasma jet are considered in the sim-
ulation. Geometry and computational domain of the study
employed in the simulations are shown in Fig. 1. The gas
inlet diameter is 3.6 mm. The outlet domain is an incom-
plete cone with initial and final diameters of 60 and
100 mm, respectively, and a length of 140 mm (see Fig. 2).
The length of the outlet domain is selected in order to have
an extended domain to perform various turbulence models
including LES, as well as to comprise distances of more
than 60 mm for future comparison with experimental

Cathode

Fig. 1 Geometry of the domain of study and direction of inlet flow

measurements. Indeed, in-flight particle diagnostics can be
performed more easily at longer standoff distances.

The plasma working gas is Ar-H, with a total mass flow
rate of 50 slpm and the mean power of 30.6 kW. Torch
operating conditions including the thermal efficiency value
(58%) acquired from experiments are given in Table 1.
These parameters were selected based on previous exper-
imental work for deposition of YSZ coatings carried out in
our laboratory. The typical arc voltage fluctuations recor-
ded on the plasma torch during spraying and thermody-
namic and transport properties of plasma gases (Ref 28) are
used to model the plasma jet. Suspension droplets are
formed of YSZ submicron particles and ethanol as the
solvent with the feed rate of 22 g/min and the velocity of
24.4 m/s. The thermo-physical properties of YSZ and
ethanol used in this study are given in Table 2 (Ref 18, 29).

Mathematical Modeling

Throughout this study, the term quasi-steady is used for the
swirling plasma jet without voltage fluctuations, and
unsteady plasma jet means the case with both swirl and
voltage fluctuations. Similarly, the terms droplets and
particles are used for the suspension droplets and particles
(solid or molten YSZ), respectively.

A mesh sensitivity analysis was performed for the
continuous phase in the quasi-steady state. The procedure
involved increasing the number of cells until no further

Fig. 2 Computational mesh of the domain of study

Table 1 Operating condition for plasma spraying simulation

Operating condition Magnitude
Current input, A 600
Average voltage, V 51
Thermal efficiency, % 58

Ar/H; gas flow rate, slpm 47.512.5
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changes in the velocity and temperature evolutions along
the centerline were observed. The optimum number of cells
to reduce the computational cost and time of the modeling
contained about 800,000 cells, which were a mixture of
tetrahedral and hexahedral volume meshes. The cell sizes
were locally refined in the plasma core area inside and
outside the gun to capture the large plasma temperature and
velocity gradients. Figures 2 and 3 illustrate the mesh sizes
used in the study domain.

The plasma is assumed in local thermodynamic equi-
librium and optically thin. Mass flow rate and pressure
outlet conditions are used for the inlet and outlet bound-
aries, respectively. The anode wall temperature is fixed at
300 K as the anode nozzle is water cooled during the torch
operation. Owing to the RSM turbulence model’s capa-
bility to consider the effects of streamline curvature, swirl,
and rotation, it is used to model the turbulence plasma flow
(Ref 30). The governing equations, which are continuity,
momentum, energy, and species transport, are solved by
ANSYS-Fluent commercial software (Ref 30).

The radiation losses, as shown in Fig. 4, are calculated
using the net emission coefficient (Ref 25) and introduced
by using a sink term in the energy equation. Figure 5(a)

Table 2 Thermo-physical properties of suspension components (Ref
18, 29)

Property Ethanol Yttria-stabilized zirconia
Density, kg/m® 790 5890

Viscosity, kg/m s 0.0012 0.038285
Melting latent heat, J/kg . 7.06 x 10°
Boiling latent heat, J/kg 855237 9 x 10°

Melting point, K 2988

Boiling point, K 351 5273

Surface tension, N/m 0.022348 1.5

Fig. 3 Finer mesh inside the
plasma gun
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Fig. 4 Radiation losses vs. temperature for argon/hydrogen mixture
(Ref 25)
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Fig. 5 Arc voltage fluctuations Ar_H, (a) typical, (b) modeled with
Fourier series




J Therm Spray Tech (2018) 27:1465-1490

1469

illustrates the typical arc voltage fluctuations recorded on
the plasma torch during spraying. In this study, a Fourier
series is used to create a periodic function (Fig. 5b) with
similar characteristics,

8 8
E(t) =ao + Z a, cos(nwt) + Z by sin(mot),  (Eq 1)
n=1 m=1
where E(¢) is the arc voltage, o is the average voltage, and
ai,...,a,, by,...,b,, and w are the function coefficients
(Table 3). As a result, arc voltage oscillates between 42
and 63 V with a fundamental frequency of 4167 Hz.

In order to model the plasma jet, at first in the steady
state, Joule effect is taken into account on the cone volume
(V1) and the cylinder heating zone inside the torch (V>) to
find the mean value of the length (L,,) corresponding to the
mean power (Fig. 6). In this case, arc voltage oscillations
which result in axial fluctuations are not considered in the
simulation. However, there are still azimuthal fluctuations
due to the plasma swirling flow.

The obtained results from the quasi-steady case are
validated by comparing the thermal efficiency from Eq 2
(Ref 25) and the experimentally measured thermal
efficiency,

Hconv + Hrad
o (o) .

P"l
where P,,, H.onv, and H,,q are the average input power, the
convection losses, and the radiation losses inside the torch,
respectively. Hcony is Obtained from the numerical results,
and H.,q is calculated from Fig. 4. After several try-and-
error calculations, the average length value is obtained as a
length of 16 mm from the cathode tip.

The quasi-steady case results are used to model the
unsteady plasma jet. In the unsteady state, the voltage
fluctuations presented in Fig. 5 are used as input data to
obtain the time-varying length, L,(¢), as schematically
shown in Fig. 7,

Ly(1) = aE(1) + b, (Eq 3)

where a and b are the constants obtained from L;, and
Linax corresponding to Epin and Enay. E(2) is the arc voltage
fluctuation derived from Fig. 5.

To simulate the heat generated by the fluctuating
plasma, volumetric heat sources are introduced inside the
plasma torch and added to the energy equation. As shown
in Fig. 7, Li(=3mm) and volume 1 (V;) are constant,
while volume 2 (V) is time dependent as defined in the
following equations (Ref 25),

p=FEmp Sy =
- — _ — =
1 Lm 1 hi Vl 1 Eu 4
Pat) = 2 1, 0) g P20 _ o Y
= — — = =
: Lm : " VZ(I) g
P = EL (Eq 5)

where L, is the average length corresponding to the mean
power (P,,), P, and Sy, are the power and the volumetric
heat source of Vi, respectively, and P, and Sy, are the
power and the volumetric heat source of V,, respectively.

After modeling the plasma jet, the converged results are
used to investigate the effect of plasma oscillations on the
trajectory, temperature, and velocity of the injected sus-
pension droplets which are modeled as multicomponent
droplets.

Table 3 Coefficients of

modeled voltage fluctuations o a * 4 as g6 @ a8

function 50.84 2.1280 — 1.15580 1.29060 — 3.9420 — 0.6230 — 1.13420 — 1.79220 — 0.106340
w bl bz b3 b4 b5 b() b7 bg
263¢t%  — 179520 — 2350 — 1.51720 1.0490 1.11620 0.58580 — 0.194180 1.5320

Fig. 6 Plasma torch with
invariant heating zones V; and
V, (quasi-steady case)
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Figure 8 illustrates the multicomponent assumption
approach compared with the more realistic suspension
evolution (Ref 10). Suspension droplets start to break up
and then evaporate as soon as they interact with the con-
tinuous phase (plasma jet). A Lagrangian approach
including coupling with the continuous phase is used for
the discrete-phase modeling. The concentration of sus-
pension is assumed to be constant during the droplet
breakup as the timescale associated with the breakup is
much smaller than that of the droplet evaporation. The
diffusion of ethanol in the plasma is not considered in this
study (no chemical reaction).

constant V,=1()

VI

Fig. 7 Plasma torch with the heating zones V, and V() (unsteady
case)

Fig. 8 Realistic mechanism of

To model the droplet fragmentation due to the presence
of catastrophic breakup inside the plasma plume (We >
300), the KH-RT breakup model in which the Kelvin—
Helmbholtz (KH) waves combine with the Rayleigh—-Taylor
(RT) instabilities on the droplet surface is used (Ref 4). In
the KH-RT model, the KH waves are used to predict the
primary fragmentation inside a liquid core.

Then, the secondary breakup of the individual droplets
shed from the liquid is modeled with both KH and RT
instabilities. In both mechanisms, the droplet breakup is
modeled by tracking the wave growth on the droplet sur-
face. Generally, for high Weber number sprays, RT insta-
bilities grow faster because of the high droplet acceleration
and become dominant outside the liquid core (Ref 30).

In this study, in order to model the primary atomization,
similar to the work of Pourang et al. (Ref 18), suspension
injection in the form of a continuous jet is substituted with
a chain of fragmented droplets with a uniform size of
150 um (equal to the injector diameter) injected radially
with a reverse angle of 6 = 15° with respect to the normal
plane to the plasma jet axis as schematically shown in
Fig. 9. Droplets are injected every 1 ps corresponding to a
suspension mass flow rate of 22 g/min. Then, the child
droplets ejected from the continuous jet are modeled using
the KH-RT instabilities. There is no limitation for the
droplets breakup, and as long as they satisfy the criteria for

. LJ L X J
suspension droplet progress : S ® 3 & g °® ., &
[ )

compared to the 0, e . o0 » % &, Real case
multicomponent approach (Ref O~ o . 8 2
10) e )

‘ ® e o c@® In the

a o -« ® ®.° model
® o
Suspension Break up Vaporization Particle agglomeration

Fig. 9 Schematic of injected
droplets into the plasma jet
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Fig. 10 Specific heat of particles with modifications to account for
latent heat of fusion (Ref 18)

the breakup, it is continued and a new generation of the
child droplets appears in the domain.

To predict the particle dispersion due to the fluid-phase
turbulence, a model called the stochastic tracking model
(Ref 30) is used. This model, which is a random walk
model, is applied by including the instantaneous turbulent
velocity fluctuations on the particle trajectories. The energy
equation of the multicomponent droplet is calculated as
(Ref 30),

mpcp% = hA,(Too — T,) + Z% (hvap.i) (Eq 6)
l

where ¢,, A,, and T, are the droplet specific heat, surface
area, and temperature, respectively. T, is the continuous-
phase (plasma jet in this study) temperature, hy,p; is the
latent heat of component i, and /4 is the convective heat
transfer coefficient. The effect of radiation heat transfer is
neglected.

The specific heat of the particles during melting is cal-
culated as (Ref 18),

C, x AT = Hj, (Eq 7)

where C, is the particle specific heat and Hy is the particle
fusion enthalpy. Figure 10 shows the applied method in
which AT is assumed to be 10 K. To find the convective
heat and mass transfer coefficients, Nusselt and Sherwood
numbers obtained from Ranz and Marshall correlations
(Ref 30) are used.

Results and Discussion

The focus of this study is to model the unsteady plasma jet
due to the voltage fluctuations and to investigate the effects
of those oscillations on in-flight particles properties (tem-
perature, velocity, size, and trajectory). To do so, in the
first step, a quasi-steady plasma flow (no voltage fluctua-
tion) is modeled, and then to validate the results, they are
compared with other studies. In a second step, the unsteady
plasma jet considering the voltage fluctuations is simulated
and the results are used for the SPS process modeling. The
obtained results are discussed to observe the effect of
unsteady plasma flow on the in-flight particle properties.
The effect of changing the suspension feed rate on the in-
flight particles characteristics is also discussed. Finally, to
see the effect of the arc voltage fluctuations on the SPS
process, the results obtained from the unsteady plasma jet
are compared with the case in the absence of voltage
fluctuations (quasi-steady case).

Quasi-Steady Plasma Flow

In the quasi-steady state, considering the thermal efficiency
value (58%) acquired from the experimental data and the
value of mean power (30.6 kW), L, and L,, are obtained as
13 and 16 mm, respectively. The resulting plasma gas
temperature and velocity fields are illustrated in
Fig. 11(a) and (b), respectively. The asymmetric gas flow
field shown in Fig. 11 is the result of the azimuthal fluc-
tuations due to the swirling flow.

In order to validate the plasma jet model, the results
obtained from this study are compared with the numerical
results in (Ref 18) and also the experimental works of (Ref
31, 32). In (Ref 18), RSM model was used to simulate a
steady plasma flow with Ar_H, as the plasma forming
gases. In (Ref 31), the author applied the spectroscopic
measurements to obtain the highest temperature and the
enthalpy probe to measure the lowest ones. Furthermore,
plasma light fluctuation measurements were used to obtain
the velocity values. Figures 12 and 13 represent the evo-
lution of the plasma gas temperature and velocity along the
centerline. The calculated temperature and velocity values
cannot be compared directly to those reported in (Ref
18, 31, 32) due to the different operating conditions and
nozzle geometry used in this study. However, the results
showed good agreement in the trend of the temperature and
velocity evolution.
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Fig. 11 Quasi-steady state
plasma gas (a) temperature and
(b) velocity contours

Gas Temperature (K) 3000 5000 7000 9000 11000 12000
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(b)
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0 20 40 60 80 100
Centerline (mm)

Fig. 12 Plasma gas temperature along the centerline
Unsteady Plasma Flow

In order to analyze the unsteady configuration results, the
plasma gas temperature and velocity distributions at three
different instants associated with three different voltages
are shown in Fig. 14 and 15, respectively. To demonstrate
the length of the plasma jet at these instants, an isosurface
temperature of 11000 K and an isosurface velocity of
1600 m/s are selected, respectively.

Azimuthal fluctuations due to the plasma gas swirling
having a counterclockwise rotation can be identified in
Fig. 16 showing the plasma gas velocity contours at four
different instants. The plane shown in Fig. 16 is selected at
6 mm from the gun exit which is the location of suspension
injection.

@ Springer
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Fig. 13 Plasma gas velocity along the centerline

The behavior of plasma jet due to both azimuthal and
voltage fluctuations is represented in Fig. 17 at three dif-
ferent instants including the isosurface temperature of
11000 K. In Fig. 17, the streamlines are colored by plasma
gas temperature and the arrows illustrate the rotation
direction of the swirling gas flow, which is
counterclockwise.

Discrete Phase

In the next step, results of the unsteady plasma jet are used
to initialize the model with the suspension injection. Fig-
ure 18 illustrates the particle/droplet temperature distribu-
tion after the suspension injection and its interaction with
the unsteady plasma jet. In this figure, an isosurface of gas
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Fig. 14 Unsteady plasma gas
temperature with a 600 A
current and instantaneous arc
voltage of (a) 62, (b) 50, and
)42V

Gas Temperature (K) 3000 5000 7000 9000 11000 12000

Fig. 15 Unsteady plasma gas
velocity with a 600 A current
and arc instantaneous voltage of
(a) 62, (b) 50, and (c) 42 V

|

Gas Velocity (m/s) 200 400 600 800 1000 1200 1400 1600

@ Springer



1474 J Therm Spray Tech (2018) 27:1465-1490
Fig. 16 Unsteady gas plasma 0.004 0.004
velocity contours at a standoff ’ ’
distance of 6 mm from the gun
exit at four snapshots
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temperature equal to 10400 K is introduced to show the
plasma jet oscillations at three different instants associated
with voltages of 62, 56, and 46 V, respectively. The length
of the outlet domain shown in Fig. 18 is taken to show the
results with higher resolution due to investigating the dis-
tances of 40 and 60 mm from the gun exit.

Considering the flow parameters and the injector
diameter (0.15 mm) as the initial size of the droplets, the
calculated Weber number is between 300 and 520 at dif-
ferent locations in the plasma plume which justifies the use
of the KH-RT breakup model in this study. It can be
observed that fine particles located near the plasma torch
centerline have gained higher temperature compared with
the large blue droplets in which the ethanol is not fully
evaporated due to their weak penetration in the plasma jet.
These droplets are also shown in the figures. However,
since the temperature of the particles is important to ana-
lyze the SPS process, the temperature bar illustrated in the

@ Springer
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figures shows the temperature of the particles (i.e., solid or
molten YSZ).

In order to better understand the effects of arc voltage
fluctuations on particle properties, a more detailed analysis
is carried out at two different distances (40 and 60 mm)
from the gun exit. Figure 19 shows the plasma and particle
temperatures at the three instants shown in Fig. 18 at
40 mm (a, a», and a3) and 60 mm (b, b,, and b3) from the
gun exit. Figure 20 represents the plasma and particles
velocity at the same instants and locations.

Another important result, which can be concluded from
Fig. 18, 19, and 20, is that at any given standoff distance,
the particle temperatures and velocities vary in time due to
the plasma oscillations. It can be seen that the majority of
the particles are located in the left side of the cross sections
shown in Fig. 19 and 20 due to the plasma jet counter-
clockwise rotation. Furthermore, it can be seen that the
particle temperature, velocity, and position from the cen-
terline are also changed significantly with time associated
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Fig. 17 Streamlines colored by
plasma gas temperature and
isosurface temperature of
11000 K with current input of
600 A and arc voltages of

(a) 62, (b) 51, and (c) 42 V
(unsteady case)

Gas Temperature (K) 3000 5000 7000 9000 11000 12000

with the plasma jet fluctuations. Moreover, a wide range of
particle size is observed again resulting from the plasma
oscillations. Mostly at the plasma jet periphery, large, cold,
and slow droplets are observed which correspond to sus-
pension droplets in which the ethanol is not fully evapo-
rated. Such droplets might cause imperfections in SPS
coatings.

As a result of arc voltage fluctuations, particle temper-
ature, velocity, and size distributions vary significantly
with time. Therefore, in order to determine the actual
distribution of these particle parameters, the time average
of these distributions is calculated. Calculations are done
inside a 25 x 25 mm? window centered on the gun axis at
two different standoff distances.

The number of time steps taken into account (8 ms as
the time step for a duration of 200 ms) is chosen in such a
way that further increasing of time steps would not have a
considerable effect on the particle characteristic distribu-
tions. The calculated distributions of particle temperature,
velocity, and size at 40 and 60 mm from the gun exit are
illustrated in Fig. 21 and 22, respectively. Figure 21 shows

that about 40% of the particles at a distance of 40 mm are
in the molten state (melting point at 2988 K). By increas-
ing the distance from the gun exit to 60 mm (Fig. 22),
particle temperature drops and the percent of the molten
particles decreases to 8%.

The results show a rather poor performance of the pro-
cess due to the lack of suspension penetration and conse-
quently far from an optimum heat and momentum
exchange between plasma and suspension flows. This is
consistent with the results obtained in (Ref 18).

Figures 21 and 22 also show the particles normal
velocity distribution at both distances. It is obvious that the
particle normal velocity decreases with increasing the
distance from the gun exit. Decrease in the particle velocity
could be explained by the decrease in the plasma gas
velocity with the spray distance. As expected, the particles
size distributions are quite similar at 40 and 60 mm as
shown in Fig. 21 and 22. It can be expected for these
results that locating the substrate at a distance closer to the
torch exit (40 mm compared to 60 mm) can result in higher
deposition efficiency and denser coatings as the particle
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Fig. 18 Particle temperature

Suspension Injection

and plasma gas temperature
with a current input of 600 A

and arc voltages of (a) 62, (b) 56
and (c) 46 V (unsteady case)
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temperature and velocity are significantly higher at this
shorter distance.

Effect of Changing the Suspension Feed Rate
The effect of changing the suspension mass flow rate on the

particle trajectories and properties is also investigated.
Figure 23 shows the interaction between the plasma jet and

@ Springer

suspension injected at different mass flow rates of 22, 32,
and 42 g/min. To show the plasma gas flow, a temperature
isosurface equal to 10400 K is used.

In general, liquid jet penetration into a cross flow gas
medium is dependent on the liquid-to-gas momentum flux
ratio. By increasing the suspension flow rate (using the
same injection diameter), the momentum flux ratio
increases and consequently more jet penetration will occur.
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Fig. 19 Particle temperature
and plasma gas temperature at
40 mm from the gun exit with
arc voltages of (a;) 62, (az) 56,
and (a3) 46 V and at 60 mm
from the gun exit with arc
voltages of (by) 62, (b2) 56, and
(b3) 46 V
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Fig. 20 Particle velocity and
plasma gas velocity at 40 mm
from the gun exit with arc
voltages of (a;) 62, (ay) 56, and
(az) 46 V and at 60 mm from
the gun exit with arc voltages of
(by) 62, (by) 56, and (b3) 46 V
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Fig. 21 Distribution of particle 50
temperature, velocity, and size
at a distance of 40 mm from the 45t
gun exit 40 F
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Fig. 22 Distribution of particle 50
temperature, velocity, and size 45 |
at a distance of 60 mm from the
gun exit 40 +
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Fig. 23 Plasma gas and
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Fig. 24 Particle temperature
distribution at a standoff
distance of 40 mm with feed
rates of (a) 22, (b) 32, and
(c) 42 g/min
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Fig. 25 Particles velocity
distribution at a standoff
distance of 40 mm with feed
rates of (a) 22, (b) 32, and
(c) 42 g/min
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Fig. 26 Particles diameter
distribution at a standoff
distance of 40 mm with feed
rates of (a) 22, (b) 32, and
(c) 42 g/min
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Fig. 27 Schematic of leeward
and windward trajectories

Plasma Jet

If the momentum flux ratio (in this case suspension feed
rate) is too small, the suspension will not penetrate to the
plasma core where the gas velocity is high, resulting in low
droplet Weber number and consequently poor fragmenta-
tion or breakup. By adjusting the suspension feed rate to
allow the majority of suspension droplets reach the cen-
terline, one can expect finer atomization and also rapid
evaporation of ethanol due to the high-temperature medium
in the core of plasma plume. Further increase in suspension
feed rate will result in an undesired configuration in which
the suspension jet completely crosses the plasma plume.

It is observed that smaller particles are obtained in cases
(b) and (c) compared with case (a). Having smaller parti-
cles is a consequence of a more efficient droplet frag-
mentation. Another important conclusion is that the
number of cold particles is significantly decreased by
increasing the suspension mass flow rate. This results from
a better penetration of the suspension jet in the plasma jet
at higher mass flow rate as the injection speed of the sus-
pension is higher (same injector width). Moreover, the
length of the high-temperature plasma gas decreases by
increasing the suspension feed rate. In other words, the
plasma jet is cooled down more in case (c) compared with
cases (a) and (b) due to the increased momentum and
energy exchange between the plasma plume and suspen-
sion flow.

Figures 24, 25, and 26 represent the sprayed particle
temperature, velocity, and diameter distributions, respec-
tively. The values in these figures are calculated from
averaging the particles properties over time inside a
25 x 25 mm” window at the centerline at a standoff dis-
tance of 40 mm. It can be observed that in case (b), since
the injected particles are closer to the centerline, they gain
higher velocities compared with the two other cases.

Comparing different suspension mass flow rates in
Fig. 24, 25, and 26 shows that the quantity of particles with
higher temperature and higher velocity is maximum in case
(b). In addition, increasing the suspension mass flow rate,
as noted before, results in smaller particle size as shown in
Fig. 26. The main reason is that larger instabilities on the
droplet surface are developed due to the increased pene-
tration of droplets to the plasma centerline, i.e., higher
droplet Weber number.

As explained above, as a result of arc voltage fluctua-
tions, the in-flight particle trajectory, temperature, velocity,
and size vary with time. Penetration of particles can be
analyzed wusing leeward and windward trajectories
(Fig. 27). Windward and leeward trajectories generally
refer to a location relative to the prevailing gas flow
direction. Windward trajectory is located where it is
exposed to the predominant gas flow. Contrarily, leeward
trajectory is not exposed to the prevailing gas flow. In
plasma spraying, windward trajectory represents the max-
imum penetration depth. In this study, to see the effect of
fluctuations on the particles trajectory, windward trajecto-
ries obtained with different mass flow rates are used.
Minimum and maximum trajectory lines calculated from
the windward trajectory at different instants are shown in
Fig. 28. It is shown that for high mass flow rates, the
suspension may cross the plasma flow and cool it down
dramatically. In other words, by increasing the suspension
mass flow rate, the average penetration height increases.

Effect of Eliminating Voltage Fluctuations (Quasi-
Steady Case)

In this section, the injection of suspension droplets in a

quasi-steady plasma (no voltage fluctuation) is investi-
gated. The comparison of minimum and maximum
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Fig. 28 Windward trajectory of Suspension Injection
particles with mass flow rates of
22, 32, and 42 g/min
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Fig. 29 Windward trajectory of particles in two cases of swirl without voltage fluctuations and swirl with voltage fluctuations (suspension mass

flow rate is 22 g/min)

trajectories obtained from the windward trajectory with and  without voltage fluctuations are shown in Fig. 30, 31, and
without voltage fluctuations is shown in Fig. 29. It is evi- 32, respectively. In the case of constant voltage, the par-
dent that, in the presence of voltage fluctuations, the range  ticles have lower temperature and velocity as compared to
of trajectories is much wider and the penetration is deeper  the case with arc voltage fluctuations due to the weaker
in the plasma jet compared with the case with a constant  suspension penetration. Indeed, in the quasi-steady case
voltage. with constant voltage, the injected particles do not have

Particle temperature, velocity, and size distributions  the chance to penetrate into the centerline of the plasma
calculated inside a 25 x 25 mm?® window across the gas  plume contrary to the unsteady case with voltage
flow at a distance of 40 mm from the gun exit with and  fluctuations.
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Fig. 30 Particles temperature
distributions at a distance of
40 mm from the gun exit with
swirl and (a) with voltage
fluctuations, (b) without voltage
fluctuations
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Conclusion

The aim of this research was to develop a more accurate
plasma jet model for improving the simulation of the SPS
process. The improved plasma jet model takes into con-
sideration the azimuthal and axial fluctuations associated
with the swirl and voltage fluctuations, respectively. This
model was used to investigate the effect of oscillating
plasma jet on the resulting particle properties. To do so, a
three-dimensional numerical model of suspension plasma
spraying has been developed and used to investigate the
interaction between the plasma jet and the suspension flow.
To model the oscillating plasma jet, a time-dependent heat
source is introduced inside the plasma torch.

It was observed that the majority of the particles were
diverted to the left side of the plasma jet as a result of the
swirling plasma flow having a counterclockwise rotation. It
was also shown that the fine particles closer to the plasma

1300

1700 2100 2500 2900 3300 3700 4100 4500
Particle Temperature (K)

torch centerline have gained higher temperature compared
with the other particles with larger size and lower tem-
perature that experienced a much weaker penetration in the
plasma jet.

The effect of changing the distance from the gun exit
was investigated, and the results showed that locating a
substrate in a distance closer to the torch exit (40 mm)
compared with 60 mm results in higher particle tempera-
ture and velocity that can promote higher deposition effi-
ciency and denser coatings.

Moreover, the effect of increasing suspension mass
flow rate on the in-flight particles characteristics was
investigated. It is observed that, by increasing the sus-
pension feed rate, due to deeper penetration, droplets
experienced more severe fragmentation resulting in
smaller particle size. It is also shown that for high mass
flow rates, the suspension may cross the plasma flow and
cool it down dramatically. In other words, by increasing
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Fig. 31 Particles velocity 35
distributions at a distance of
40 mm from the gun exit with
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the suspension mass flow rate, the average penetration
height increases.

Finally, the influence of the arc voltage fluctuations on
the sprayed particle properties was investigated. The arc
voltage fluctuations were found to cause more than two
times wider particle trajectories resulting in wider particle
temperature, velocity, and size distributions compared with
the case of constant voltage.

It was also shown that, due to a better penetration of the
suspension jet in the oscillating plasma jet (unsteady case),
higher particle temperature and velocity as well as larger
particle size are obtained compared with the quasi-steady
case with a constant voltage. Based on these observations,
it is obvious that the voltage fluctuations have a significant
effect on the in-flight sprayed particles and, consequently,
on coating quality.

@ Springer
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Adding the experimental voltage fluctuations and the
swirl in the model gave a more accurate representation of
the plasma jet oscillations. However, since SPS is a very
complex process, more work is necessary to better under-
stand and model the influence of key physical and chemical
phenomena involved from the plasma generation to the
actual particle characteristics upon impact on the substrate.
In particular, a more accurate method to simulate the
oscillating plasma jet than the Joule effect method used in
this study would be appropriate to obtain more precise
results. Additionally, the influence of the injected particle
diameter, angle of injector, anode erosion, etc. need to be
further investigated as these factors affect the sprayed
particle characteristics close to the substrate and then the
resulting coating structure and properties.
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