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ABSTRACT
Thermal sprayed surface coatings are extensively
used for a wide range of industrial applications. In
the plasma spray process used in thermal
spraying, the temperature of substrate and
conduction of heat along the thickness of ceramic
oxide coatings (TCOC) play an important role in
the bond strength and microstructure of the
coatings, which decides its performance and
quality. In this study, using Ansys-CFX, a 3D
numerical model is developed to study heat
exchange between plasma jet and substrate and
along the TCOC to predict life of the coating. The
plasma jet temperature, velocity distribution and
heat exchange to the substrate surface and
coatings have been thoroughly analyzed for the
effects of various spray parameters (SP) such as
gas composition, standoff distances (sod), velocity
and temperature of a jet. It is found that 3D
modeling has shown promising results on
substrate heating. The effect of spray parameters
could also be assessed and validated by comparing
with experimental results.

Keywords - Computational Fluid Dynamics, heat
flux, spray process, Numerical modeling, Partially
Stabilized Zirconia, Temperature and velocity
distribution Zirconia Toughened Alumina.

1. INTRODUCTION
In ceramic oxide coatings, an atmospheric plasma
spraying process (APS) is widely used. Plasma
spraying has been extensively used in various
industrial components for producing different kinds
of coatings, such as wear, corrosion, pitting and
thermal resistance coatings [1], [3-4]. In this
technique, plasma gas which is a high temperature
ionized gas. When a strong electric arc is struck
between tungsten electrode (cathode) and a nozzle
(anode) in the presence of Argon and nitrogen/
hydrogen mixture in the chamber, the gas gets
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ionized which called plasma is reaching the
temperature of the order of 14,000 0C to
20,0000C. Injected particles of coating materials are
heated inside the plasma jet and molten droplets are
projected on the substrate with high velocities to
form the coating.
The properties of the resulting layers are strongly
depend on how large particle’s velocity, temperature
and melting degree are at the moment of impinging
on
the
substrate[2],[5],[7].
Therefore,
the
manufacturing process requires the adjusting of a
large number of parameters to get a good quality of
coating (to suit our functional requirement) and for
life and quality prediction of coating. Some of the
parameters are
1. Flow rate, Gas composition, velocity and
temperature of the plasma, substrate heating, type of
coatings, standoff distance (distance between nozzle
and substrate), size of the powder particles.
2. Conduction of heat in different types of coatings.
It is impossible in practice to determine the
respective influence of all these single factors, on the
resulting thermal barrier coating. Thus an accurate
modeling of the whole plasma spraying process
provides us with a powerful tool to understand better,
the process and to determine the optimal conditions
for the TBC production.
Much work has been done to study the effect of
above parameters in the plasma jet without
considering the presence of coating surface with
substrate condition, using two and three-dimensional
analysis [2],[7], [9]& [15-18]. It is found that the
presence of coated substrate has major effect on these
parameters. In order to ascertain its effect, the present
study, based on numerical modeling analysis, has
been done and the effect of various parameters have
been discussed from the point of view of good quality
coating.
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Three different commercially available ceramic
coatings powders namely, Partially Stabilized
Zirconia (PSZ), Zirconia toughened alumina (ZTA
consist of 80% alumina and 20% PSZ) and Super-Z
alloy (20% alumina and 80% PSZ) were used for the
coatings [1], [3] and [19].
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Figure 3. Computational geometry simulates the
plasma jet with substrate at a standoff distance of
0.11m.

1.1 Modeling approach
To simulate the plasma jet, it is assumed that
plasma is in steady state, in local thermo-dynamical
equilibrium, optically thin, Incompressible, turbulent
and mass diffusivity is equal to thermal diffusivity
[15-17]. The plasma jet is impinged on pre heated
substrate (between 270C to 2000C) in an open
atmosphere and plasma gas used is a mixture of
argon and nitrogen. To increase the enthalpy and
thermal conductivity of the plasma jet, usually a
small amount of nitrogen is added to argon [6-7]
&[12]. Twelve different computational geometries
are created for this study. Figure 1.(a), (b), (c),
(d),(e), (f) respectively, shows computational
domains for torch to substrate distances, 0.08, 0.1,
0.11, 0.14 and 0.15 m. These geometries are created
using Ansys ICEM CFD10.0. The mesh is refined at
core region of the jet to treat the large temperature
and velocity gradients both in axial and in radial
directions [7] & [9]. The nozzle exit diameter is
0.007 m. The Ansys-CFX 11.0 has been used for
preprocessing, solving and post processing of results.

Figure 4. Computational geometry simulates the
plasma jet with substrate at a standoff distance of
0.14m.

Figure 1. Computational geometry simulates the
plasma jet with substrate at a standoff distance of
0.08m.
Figure 2. Computational geometry simulates the
plasma jet with substrate at a standoff distance of
0.1m.
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Figure 5. Computational geometry simulates the
plasma jet with substrate at a standoff distance of
0.15m.
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Fig.6.a. Enthalpy distribution for sod =0.15m at
110m/sec.

2. Results and Discussion
Analysis carried out for 16 kW plasma spray torch
chosen to simulate the nozzle exit temperature and
velocity profiles have been used to prepare different
kinds of coatings such as Partial stabilized zirconia
(PSZ), Super-Z and Zirconia Toughened Alumina
(ZTA).
It is clear from this result that effect of nitrogen
content in the plasma gas on torch power and
efficiency is stronger than that of the argon gas flow
rate. Hence, temperature and velocity of the plasma
jet decrease with increasing argon gas flow rate. The
similar effect has been seen for other stand-off
distances.
The gas flow rates of both argon and nitrogen are
fixed at three different values percentages of Ar90%,
N210%, Ar 75%, N2 25% and Ar50%, N250%
respectively. The total heat flux to the substrate
increases with increasing flow rate. The similar effect
has been observed at stand-off distances of 0.1 and
0.125 m.

Fig.6.b. Enthalpy distribution for sod =0.15m at
250m/sec.

Fig.6.c. Enthalpy distribution for sod =0.15m at
450m/sec.
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Fig.6.d. Enthalpy distribution for sod =0.11m at
110m/sec.

Fig.7.a. Enthalpy on substrate in radial direction at
110m/sec and sod = 80mm.

Fig.6.e. Enthalpy distribution for sod =0.08m at
110m/sec.

Fig.7.b. Enthalpy on substrate in radial direction at
110m/sec and sod = 100mm.

Fig.6.f. Enthalpy distribution on substrate at
250m/sec.

Fig.7.c. Enthalpy on substrate in radial direction at
110m/sec and sod = 110mm.
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Fig.7.d. Enthalpy on substrate in radial direction at
110m/sec and sod = 140mm.

Fig.8.b. Enthalpy along coating thickness at
250m/sec and sod = 80mm.

Fig.7.e. Enthalpy on substrate in radial direction at
110m/sec and sod = 150mm.

Fig.8.c. Enthalpy along coating thickness at 450m/sec
and sod = 80mm.

Fig.8.a. Enthalpy along coating thickness at 110m/sec
and sod = 100mm.
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Fig.8.d. Enthalpy along coating thickness at
110m/secandsod=100mm.
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Fig.8.e. Enthalpy along coating thickness at 110m/sec
and sod = 110mm

Fig.9.a. Enthalpy distribution for sod =0.08 m at 110
m/sec and Ar90%+N210%.

Fig.9.b. Enthalpy distribution for sod =0.08m at 250
m/sec and Ar90%+N210%.
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Fig.9.c. Enthalpy distribution for sod =0.08m at 450
m/sec and Ar90%+N210%.

Fig.9.d. Enthalpy distribution for sod =0.14m at 110
m/sec and Ar90%+N210%.

Fig.9.e. Enthalpy distribution for sod =0.15 m at
110m/sec and Ar90%+N210%.
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Fig.10.a. Enthalpy distribution for sod =0.08 m at
110 m/sec and Ar50%+N250%.

Fig.11.a. Temperature along the thickness of coating
for sod =0.08 m at 110 m/sec and Ar50%+N250%.

Fig.10.b. Enthalpy distribution for sod =0.08 m at
250 m/sec and Ar50%+N250%.

Fig.11.b.Temperature along the thickness of coating
for sod =0.10 m at 110 m/sec and Ar50%+N250%.

Fig.10.c. Enthalpy distribution for sod =0.08 m at
450m/sec and Ar50%+N250%.
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Fig.11.c.Temperature along the thickness of coating
for sod =0.11 m at 110 m/sec and Ar 50%+N2 50%.
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Fig.12.a.Temperature along the radial direction of
substrate for sod =0.08 m. at 110 m/sec.

Fig.12.d.Temperature along radial direction of
substrate for sod =0.1 m at 110 m/sec.

Fig.12.b.Temperature along radial direction of
substrate for sod =0.11 m at 110 m/sec.

Fig.12.e.Temperature along radial direction of
substrate for sod =0.15 m at 110 m/sec.

Fig.12.c.Temperature along radial direction of
substrate for sod =0.08 m at 450 m/sec.

Fig.13.a.Temperature distribution for sod =0.08 m at
110 m/sec and Ar50%+N250%.
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Fig.13.b.Temperature distribution for sod =0.08m at
250 m/sec and Ar50%+N250%.

Fig.13.e.Temperature distribution for sod =0.1m at
110 m/sec and Ar80%+N220%.

Fig.13.c.Temperature distribution for sod =0.14 m at
110 m/sec and Ar50%+N250%

Fig.13.f.Temperature distribution for sod =0.15 m at
110 m/sec and Ar80%+N220%.

Fig.13.d.Temperature distribution for sod =0.08m at
110 m/sec and Ar80%+N220%.

Fig.13.g.Temperature distribution for sod =0.08 m at
110 m/sec and Ar90%+N210%.
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Fig.13.h.Temperature distribution for sod =0.08 m at
250 m/sec and Ar 90%+N210%.

Fig.13.k.Temperature distribution for sod =0.14 m at
110 m/sec and Ar 90%+N210%.

Fig.13.i.Temperature distribution for sod =0.08 m at
450 m/sec and Ar 9 0%+N210%.

Fig.14.a.Velocity distribution for sod =0.08 m at 250
m/sec and Ar 80%+N220%.

Fig.13.j.Temperature distribution for sod =0.15 m at
110 m/sec and Ar 90%+N210%.

Fig.14.b. Velocity distribution for sod =0.08 m at 450
m/sec and Ar 90%+N210%.
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Fig.14.c. Velocity distribution for sod =0.1 m at 110
m/sec and Ar 80%+N220%.

Fig.14.e. Velocity distribution for sod =0.14 m at 110
m/sec and Ar 80%+N220%.

Fig.14.d. Velocity distribution for sod =0.11 m at 110
m/sec and Ar 80%+N220%.

Fig.14.f. Velocity distribution for sod =0.15 m at 110
m/sec and Ar 80%+N220%.

Fig.14.e. Velocity distribution for sod =0.12 m at 110
m/sec and Ar 80%+N220%.
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The effect of gas flow rate on heat flux to the
substrate at the stand-off distance of 0.08 m is shown
in Fig. 8(a) to 8(e), 9(a) to 9 (e), 10 (a) to 10(c) and,
11(a) to 11 (c). Increasing gas flow rate decreases
the heat flux to the substrate. The similar effect has
been observed at stand-off distances of 0.1m and
0.15 m. As expected, the temperature observed at the
center of the substrate is higher and the temperature
is gradually decreasing along both radial and axial
directions as shown in fig. 12(a) to 12(e), 13(a) to
13(k). The effect of stand-off distance on the
temperature distribution in the substrate is significant.
Similar results are obtained for all other cases. With
increase in velocity, heat flux (enthalpy) more or less
remain constant in case of super-Z, whereas in case
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of ZTA and PSZ gradually reduces. Hence at higher
velocities, super-Z can be preferred.
Thermo-fluid fields are strongly altered close to
the substrate whereas the negligible effect of
substrate is seen near the inlet. It is noted that the
thermo-fluid fields are not symmetric due to
application of the three-dimensional profiles at the
inlet. Three-dimensional effect of nozzle exit profiles
on the temperature and velocity fields of impinging
jets shrinks along the axial directions due to the
turbulent mixing of Ar-N2 plasma with cold air. The
similar effects have also been observed for other
stand-off distance (0.1 and 0.13 m) as shown in fig.
14(a) to 14(f).
For a given velocity with increase
in substrate temperature, reduction in enthalpy
imparted to substrate is marginal in case of super-Z
and gradually increases in PSZ and ZTA as shown in
fig. 6(a) to 6(e),. Hence Super-Z is preferred. Hence
the order of preference is Super-Z, PSZ and ZTA.
The effect of stand-off distance on heat flux to the
substrate at different radial distances for figures
shown in 7(a) to 7(e). The heat flux to the substrate
decreases with increasing stand-off distance and at
the center is stronger and falls along the radial
distance. There is no significant effect of stand-off
distance on the heat flux to the substrate at the radial
distance of 0.3 m. At longer radial distance, the
difference between heat fluxes to the substrate
reduces. The similar effect has been observed for
other cases. Between 90mm to100mm standoff
distances, the enthalpy imparted to the substrate
gradually reduces upto 90mm and thereafter that is
maintained constant upto 30mm. Hence it is inferred
the standoff distance for getting good quality of
coating between 100mm to 130mm.
The temperature and enthalpy variation along the
radial direction of substrate remains more or less
constant at standoff distances (less than 90mm) and
decreases at increasing standoff distance in general.
Reduction is more in case of enthalpy and
temperature along radial direction decreases with
decrease in substrate temperature.
Enthalpy and
temperature distribution along coating thickness
remains constant at all standoff distances and
substrate temperature and velocity of jets (which is
because of micro level coating thickness).Marginal
change in composition of gas does not have any
effect on enthalpy distribution over coating surface
remains unaltered.
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With increase in percent of Argon in the gas
mixture enthalpy imparts to the substrate is
comparatively more than at lower compositions of
Argon in gas mixture. The temperature obtained at
surface coating in respect of super-Z is more
compared to ZTA below Standoff distance 90mm and
thereafter there is increase in ZTA compared to
Super-Z.

3. CONLUSIONS
A three-dimensional numerical model is developed to
simulate the Ar-N2 plasma jet impinging on a flat
surface coated with TBC coatings, namely Zirconia
Toughened Alumina (ZTA), Partially Stabilized
Zirconia (PSZ) and Super-Z. Since the arc root
attachment at the anode creates three-dimensional
effects both on temperature and velocity of plasma
inside the torch, the three-dimensional feature
extends to the plasma jet. However, this effect
diminishes towards the substrate with different
substrate temperatures. Plasma jet velocity is more
sensitive to the gas flow rate than temperature
especially near the inlet and the effect of gas flow
rate on both temperature and velocity of the plasma
jet diminishes along the axial direction. The
atmospheric condition has strong influence on the
heat transfer (rate of heat energy transfer through a
given surface) between the plasma jet and the
substrate. The effect of gas flow rate on the heat flux
to the substrate decreases with decreasing the gas
flow rate. The stand-off distance strongly controls the
heat flux to the substrate at the center and is loosing
its control on the heat flux to the substrate along the
radial direction. The stand-off distance strongly
influences the temperature distribution in the
substrate. Modeling has been done with respect to
above three coatings and for good quality of coating,
the optimization of various process parameters has
been done. This study is useful to understand the
thermal exchange between the plasma jet and the
substrate which decides the selection of TBC and
optimization of process parameters for the production
of a given surface condition based on engineering
requirement.
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