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the possibility to use computer simulations to obtain simple pa-
rameter relationships. Such an investigation is therefore per-
formed using a composite cubic face (CCF) experimental
design.[3]

A commercial code is used for the numerical solution of the
incompressible Navier-Stokes equations to simulate the plasma
flow. In these calculations, a mass fraction conservation equa-
tion takes interdiffusion effects between plasma and surround-
ing air into account. An in-house code is used for the particle
property calculations. Allowance has been made for noncontin-
uum effects, internal heat conduction, phase changes, reduced
heat transfer due to particle vaporization, and the effects of vari-
able plasma properties in the plasma boundary layer.

The discrepancy between predictions and measurements is
about 5 to 10%, but we still conclude that the model is able to
predict trends fairly accurately and that the method described
might be a cost-effective tool to increase the reproducibility of
the plasma spray process.

2. Calculations of Plasma Jet 
Characteristics

The numerical simulations are made using the Fluent com-
mercial CFD code (Fluent Incorporated, Centerra Resource
Park, Lebanon, USA). It approximates the solution of the in-
compressible Navier-Stokes equations for conservation of mass,
momentum, and energy using a finite volume discretization. The
flame is assumed to be axis-symmetric, time-independent, and
in a state of local thermodynamic equilibrium. The chemical re-
actions in the jet and between the jet and the surroundings are as-
sumed negligible. Ionization and dissociation processes are
taken into account through the physical properties of the gases.
The plasma is assumed to be optically thin (transparent to radia-
tive heat transfer). The k-« turbulence model is used with stand-
ard parameters, as in Table 1. These values are standard with no
axis-symmetric correction term.[4] Swirl was not taken into ac-

1. Introduction

The plasma spray process is composed of three separate
processes: the plasma generation, the plasma/particle interac-
tion, and the formation of the coating. The characteristics of the
particles prior to impact, such as velocity and particle state (i.e.,
partly or fully molten), are probably the most important factors
influencing the microstructure and properties of the coating.

Our purpose is to investigate possible relations between
process parameters, such as gas flow and energy input, on the
one hand, and particle properties, on the other. The experimen-
tal study and statistical evaluation of the particle behavior is the
subject of a companion article (Part I, cf. Ref 1). In the present
work, the temperature, state, and velocity of yttria stabilized
ZrO2 particles are predicted by means of numerical modeling. Of
particular interest is whether the model presented is capable of
predicting correct trends when operation conditions are varied
within a limited range.

Modern on-line measurement systems[2] have the potential to
become efficient diagnostic tools for controlling the plasma
spray process. To develop a control strategy, a simple and com-
putationally fast model linking a few spray gun parameters with
particle in-flight characteristics is needed. We expect any simple
model to be dependent on the particular spray situation and to be
valid only in a small window in the parameter space. To reduce
the need for expensive experiments, it is important to evaluate
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count in the simulations since it has been found to have a negli-
gible effect.[5]

The thermodynamic and transport properties of argon, hy-
drogen, and air were taken from Ref 6.

Mixing rules were employed to determine the properties of
the mixture (plasma 1 surrounding air). The specific heat (Cp)
and enthalpy (H) of the mixture were calculated using mass
weighted mixing rules as proposed by Bolot et al.[7]

(Eq 1)

(Eq 2)

where xstands for the mass fraction and subscript i for the argon-

H T H T xi
i

i( ) ( )= ∑

C T C T xp p i i
i

( ) ( ),= ∑

hydrogen and air mixture. The viscosity (m) was calculated by
the procedure described by Wilke,[8] and the thermal conductiv-
ity (k) of the mixture was calculated by the procedure described
by Mason and Saxena:[9]

(Eq 3)

(Eq 4)

where y stands for the mole fraction. The coefficients wij and Aij

are dependent on the temperature and pressure, and collision in-
tegrals wij were calculated using the Wilke approximation:[8]

(Eq 5)

where M stands for molecular weight. The coefficients Aij were
calculated using the Mason and Saxena’s approximation:[9]

(Eq 6)

2.1 Computational Domain and Boundary 
Conditions

The geometry and computational domain including the torch
is illustrated in Fig. 1. The lower boundary is the symmetry axis
and the flow moves toward the right. The upper and the left
boundaries are open boundaries at which the temperature (300
K) and pressures (1 atm) are assumed to be constant. Since the
geometry is axis-symmetric, the simulations were performed
using cylindrical coordinates. The computational region, 8 cm
radially and 10 cm axially, is subdivided by a nonstructured
nonuniform mesh with higher densities near the torch and in re-
gions where the highest gradients are assumed to occur. Grid sen-
sitivity trials were made by first selecting a mesh of 2000 nodes
and subsequently increasing the number of nodes by about 2000
between trials. The grid was considered sufficiently refined when
two sets of computed results for two successive grid configura-
tions differed by no more than 2 pct. The final number of nodes
was 8760. The final mesh is given in Fig. 2. Torch wall temper-
atures were assumed to be 700 K inside and 300 K outside.

The torch inlet radial velocities were set to zero and the axial
temperature (TF) and velocity (UF) profiles were assumed to have
power law forms:

(Eq 7)
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Table 1 Turbulence parameters

Cm C1 C2 Pr t Sct jkt jet jkl jel

0.09 1.44 1.92 0.9 0.9 1 1.3 1 1
H enthalpy J kg–1

U axial velocity ms–1

T temperature K
R nozzle radius m
r radius m
R nozzle inner radius m
k turbulence kinetic energy J kg–1

e turbulence dissipation rate J kg–1 s–1

L mixing length m
d inflow velocity width m
CD drag coefficient —
d particle diameter m
Re Reynolds number —
a thermal accomodation coefficient —
g specific heat ratio —
Pr Prandtl number —
Nu Nusslet number —
Kn Knudsen number —
nw molecular speed ms–1

R universal gas constant J mol–1 K–1

t time s
q heat flux Wm–2

h heat transfer coefficient Wm–2 K–1

e radiation emissivity —
s Stefan-Boltzman constant Wm–2 K–4

DHm latent heat of fusion J kg–1

DHv latent heat of vaporisation J kg–1

H∞ local fluid enthalpy J kg–1

Hw fluid enthalpy at particle surface J kg–1

Cp specific heat Jkg–1K–1

r density kg m–3

k thermal conductivity W m–1 K–1

m viscosity kg m–1 s–1

x mass fraction —
y mass fraction —
M molecular weight kg mol–1

f fluid phase
p particle
w property corresponding to wall (particle surface) 

temperature
∞ property corresponding to fluid temperature
m melting
bp boiling point

Nomenclature

Subscripts
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Here, r is the radial position, Twall the torch wall temperature,
and Rinner the inner radius of the nozzle. These inlet conditions
are difficult to validate by measurement and other authors[5] have
proposed various models (using, in particular, integer powers
other than those in Eq 7 and 8). Integer values of 2 to 4 therefore
were also evaluated. From this analysis, we determined that,
within a reasonable range downstream from the nozzle, the re-
sults were not strongly dependent on the postulated profiles.
However, a more comprehensive measurement and modeling
study is needed to be able to define the most proper choice of
these profiles. The terms Tmax and Umax were derived from the
global mass and enthalpy conservation at the nozzle exit (for the
different process conditions simulated, Tmax was typically 16 to
17000 K and Umax typically 1000 to 1200 m/s). The turbulence
kinetic energy (k) and its dissipation rate («) at the inlet were
specified by[5]

(Eq 9)

(Eq 10

where

(Eq 11

Here, L is the mixing length, cm the turbulence constant in Table
1, and d the inflow velocity full width at tenth maximum; i.e.,d
is the solution of

(Eq 12)

The values for k and « in Eq 9 and 10 are comparatively
small, i.e., assume a close to laminar flow. Although these ex-
pressions most probably lead to an underestimation of turbu-
lence quantities in the nozzle region, we verified that the
development of turbulence downstream in the jet was not sig-
nificantly influenced by these choices.
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3. The Two-Dimensional Particle Model

In order to calculate the particle trajectories, temperature his-
tories, and distributions of particle impact temperatures, posi-
tions, and velocities, a two-dimensional model was used. When
calculating the interactions between particles and plasma, it was
assumed that the particle loading effect on the plasma is negli-
gible (one-way coupling), i.e.,the presence of particles will have
little effect on gas velocities and temperatures. The particle
model is based on the following assumptions:

• a two-dimensional flow in which particles maintain axial
and radial trajectories;

• spherical particles;

• local thermodynamic equilibrium exists;

• optically thin plasma;

• negligible gravitational effects;

• negligible effects of thermophoresis,[10] Basset history,[10]

and particle charging;

• negligible turbulent effects on particle trajectories; and

• negligible vaporization effects on drag and boundary layer
properties.

Based on the above assumptions, the momentum and heat trans-
fer between the plasma and the particles can be modeled as 
follow.

3.1 Equations of Motion

The equation of motion of the particles is[10]

(Eq 13)

where CD1
is the drag coefficient given by the following correc-

tions as a function of the Reynolds number:[11]

(Eq 14)Re =
−r

m
f p f p

f

U U d

dU
dt

C U U U U
d

p
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p p
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Fig. 1 The computational domain
Fig. 2 Computational mesh used in the simulations
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(Eq 15)

The terms rf and mf in Eq 13 and 14 are the density and vis-
cosity of the plasma-air mixture calculated at the bulk tempera-
ture, rp the particle density, UF the fluid velocity for the
particular computational cell within which the particle resides,
Up the particle velocity, and dp the particle diameter. The drag
coefficient is corrected for noncontinuum effects by the factor[10]

(Eq 16)

where a is the thermal accommodation coefficient, g the specific
heat ratio, Prw the Prandtl number calculated at the particle sur-
face temperature, and Kn the Knudsen number defined as[10]

(Eq 17)

where the mean conductivity and specific heat are obtained by
integration over the boundary layer.[13] The term rf,w is the fluid
density at the wall temperature, and vw the mean molecular
speed, dependent on the molecular weight M as well as the par-
ticle surface temperature Tw:

(Eq 18)

where R denotes the gas constant. The temperature of the gas
drops drastically in the boundary layer, and consequently there
are property variations within the boundary layer. Corrections of
the drag coefficient by the factor

(Eq 19)

are therefore carried out, as proposed by Lewis and Gauvin.[12]

Subscripts ̀ and f in Eq 19 represent the properties at the local
fluid and film temperature, respectively. The final expression for
CD becomes

(Eq. 20)

3.2 Equations of Heating

When spraying ceramics, internal heat transfer (within the
particles) has to be considered.[13] The heat conduction equation
may be written as[11]

(Eq 21)

In spherical coordinates, we obtain[11]

(Eq 22)
r
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where t is the time coordinate, r is the radial coordinate within
the particle, and T is the corresponding temperature. The terms
rp, cp, and kp denote the density, the specific heat, and the ther-
mal conductivity of the particle material. The initial condition is

(Eq 23)

Here, dp is the particle diameter and Tpo
the temperature of the

particles at the time of injection. The boundary conditions are

(Eq 24)

(Eq 25)

where

(Eq 26)

Here, Tf is the fluid bulk temperature for the particular computa-
tional cell within which the particle resides, Tw the particle sur-
face temperature, « the emmisivity, s the Boltzman constant,
and Ta the temperature far from the plasma, 300 K. As the parti-
cle traverses through the plasma flame, the particle temperature
reaches the melting temperature. The heat balance at the moving
solid-liquid interface is then given by

(Eq 27)

where DHm is the latent heat of fusion, rm the radial position of
the melting front, rp the particle solid phase density, and kp the
liquid phase conductivity. This phase change problem is solved
by the enthalpy method.[14] The heat-transfer coefficient, h, in Eq
26 is estimated using the standard convective formula[15]

(Eq 28)

where kf is the conductivity of the plasma-air mixture at the bulk
temperature and Nu is the Nusslet number calculated from the
Ranz and Marshall equation.[15]

(Eq 29)

This Nusslet number is, first, corrected due to noncontinuum
effects by the factor

(Eq 30)

as proposed by Pfender and Lee,[10] and, second, due to variable
properties through the boundary layer by the factor
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as proposed by Lewis and Gauvain.[12] The final expression for
the Nusslet number then becomes

(Eq 32)

Vaporization is considered by reducing the heat transfer when
the particle reaches the boiling temperature, due to the outflow
of vapor; i.e., q in Eq 24 is substituted by the combustion ap-
proximation[16]

(Eq 33)

where DHv is the latent heat of vaporization, rp the particle ra-
dius, and Hw and H` denote the enthalpies at the particle surface
and local fluid temperature. The gas properties for the air-plasma
mixture in the boundary layer are calculated using the same mix-
ing rules as for the plasma jet. The effect of the particle vapors
on the plasma properties is not considered. The axial injection
location was randomly generated by sampling from a uniform
distribution between 22 and 24 mm upstream from the nozzle
exit (internal injection). The mean of the particle injection ve-
locity was set to 13 m/s, and the particle size distribution was
taken from the sieve analysis and is given in Ref 1.

4. Experimental

The experimental procedure has already been described in
the companion article (Part I, cf. Ref 1). However, a brief de-
scription is provided here for completeness.

4.1 Materials

A commercially available powder, 7.7% yttria partially sta-
bilized zirconia produced by H.C. Starck (Gostar, Germany) as
Amperit 827 was used in this study. The particle properties used
in the simulations are given in Table 2.

4.2 Plasma Spraying

Plasma spraying was carried out using the SM-F-100 Connex
(Wohlen, Switzerland) gun. The gun was controlled by an auto-
mated and robotized Sultzer Metco (Wohlen, Switzerland)
A3000 air plasma unit. The powder was injected radially inter-
nally 3 mm upstream from the nozzle exit.

q H
r

k
C

H H
H

v

p p

w

v
= + −





∞∆
∆ln 1

Nu Nu1= ⋅ ⋅f f3 4

4.3 The Diagnostics of In-Flight Sprayed Particles

The diagnostics of in-flight sprayed particles were measured
using the optical system DPV2000, developed by the National
Research Council of Canada (Industrial Materials Institute,
Boucherville, PQ, Canada) and Tecnar Automation Ltée (St Hu-
bert, PQ, Canada). The properties were measured 70 mm from
the nozzle exit in the center of the particle flux.[1]

4.4 The Simulations

The simulations were performed using a CCF statistical de-
sign. This design was selected since it gives information about
the curvature of the particle property function. The assumed lin-
ear parameter-property relationship in Ref 1 therefore could be
validated. The parameters and their levels are given in Table 3.
These are the same as in the statistical investigation,[1] except
that the powder mass flow rate has been excluded, as the model
neglects the particle loading effect.

5. Results and Discussion

The centerline decay of jet temperature and velocity is shown
in Fig. 3 and 4. There is a noticeable change in the slope in both
the temperature and velocity curves at approximately 10 mm
from the nozzle exit.

Table 2 ZrO2 particle properties

r(kg m23) Tm(K) T bp(K) DHm(J kg21)

5400 2950 4548 0.71e6
Accommodation 

DDHv(J kg21) Cp(J kg21) k(W m21 K 21) coefficient(a)
5.06 3 106 604 1.1 0.8

Table 3 The investigated factors and their high and low
levels

Factor 1Level 2Level Unit

Current 420 300 A
Argon flow rate 32 23 slpm
Hydrogen flow rate 5 3 slpm Fig. 3 Plasma centerline temperature profile (K)

Fig. 4 Plasma centerline velocity profile (m/s)
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The torch efficiency was measured on one occasion to 52%
and considered to be independent of the spray parameters. The
voltage was noticed to be sensitive to the hydrogen flow rate.
Measured averages were 43, 46, and 49 V for the respective hy-
drogen 3, 4, and 5 slpm flow rates. Investigated parameters, pre-
dicted average particle velocities, and temperatures are given in
Table 4. The corresponding measured properties[1] are given in
parentheses.

It should be noticed that the measurements represent the
property averages in the center of the particle flux, while the pre-
dictions correspond to all particles passing the plane 70 mm
downstream from the nozzle exit. The overall agreement is fairly
good, albeit the velocities are overestimated for the 420 A cases
and the temperatures are underestimated in the 300 A cases. This
discrepancy might be due to the method chosen to correct the
Nusslet number in Eq 29. Several other methods have been pro-
posed.[11] When comparing measurements and predictions, it was
of particular interest whether the model presented was able to
predict correct trends when operating conditions were varied. A
mean least regression (MLR) analysis of the predictions there-
fore was made, using the Modde software system (Umetri AB,
Umeå, Sweden). In order to make a transparent comparison,
only the first eight rows in Table 4 were used. The measured and
predicted changes in respective response when the factors are
changed within their ranges are given in Fig. 5. Only the main
effects have been included in these figures. The trends are in
good agreement, but the effects are generally overestimated.

In the experimental investigation,[1] we determined a local
linear approximation to the response function (particle velocity
and temperature) in the neighborhood of the tests. Since the sta-
tistical design in this paper (cf. Table 4) includes center points,
it is possible to fit a second-order polynomial in the least-squares
sense. Consequently, the curvature of the response function can
be estimated. In Fig. 6, prediction plots are given, representing
the change in the responses when the current varies over its
range. Similar plots, where the hydrogen and argon flow rates
were varied, revealed that the assumed linear parameter-prop-
erty relationship[1] is appropriate; i.e.,a two-level statistical de-
sign seems sufficient within the selected ranges.

To be able to control the particle in-flight characteristics on-
line or to optimize spraying conditions of a powder, a fast com-
putational model is needed. If model predictions can be used to
obtain such relationships, the need of expensive experiments is
reduced. Independent regressions of average particle velocity
and temperature yielded the following equations (Eq 34 and 35)
(based on all the predictions in Table 4). Only statistically sig-
nificant terms have been included.

(Eq 34)

(Eq 35)

where the coefficients C, a, b, c,and d are given in Table 5. The
Ar, I, and H2 represent the argon mass flow rate, current, and the
hydrogen mass flow rate coded to 21 to 1. The term R2 in Table
5 represents the fraction of the variation of the response ex-
plained by the model, and Q2 represents the fraction of the re-
sponse that can be predicted by the model.[3] The R2 and Q2

values close to 1 are indicative of the model’s quality and effi-
ciency. The predictions in Table 4 can be well described by Eq
34 and 35, since both R2 and Q2 are larger than 0.9.

Yielded regression contour plots for unmelted fraction of par-
ticles and average particle velocities are given in Fig. 7. The un-
melted fraction of particles was calculated as the particle number

Temperature Ar H= C a b I c d Ar I1 3 1 3 1 3 1 3 32

Velocity Ar= + +C a b I3 3

Table 4 Simulation design matrix and predicted and
measured (in parentheses) average particle properties 70
mm downstream from nozzle exit

Ar (slpm) H 2 (slpm) Current (A) Temperature (K) Velocity (m/s)

23 3 300 3084 (3352) 113 (114)
32 3 300 2925 (3280) 123 (118)
23 5 300 3151 (3365) 118 (115)
32 5 300 2957 (3300) 124 (124)
23 3 420 3815 (3477) 167 (138)
32 3 420 3220 (3404) 172 (143)
23 5 420 3858 (3512) 176 (146)
32 5 420 3304 (3461) 172 (155)
23 4 360 3415 136
32 4 360 3024 139
27.5 3 360 3240 154
27.5 5 360 3206 139
27.5 4 300 2978 120
27.5 4 420 3497 175
27.5 4 360 3262 151
27.5 4 360 3268 152
27.5 4 360 3260 152

Fig. 5 Predicted and measured effects of the respective factors when
each factor is varied within its ranges. The black squares correspond 
to the measured effects, whereas the circles correspond to the predicted
effects.

(a)

(b)
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fraction that had a surface temperature below the melting point
(2950 K). Alternatively, the core temperature or the individual
ratio unmelted of each particle could have been used instead.

The response contours in Fig. 7 can be superimposed to de-
termine optimal parameter settings, for instance, to minimize the
fraction of unmelted particles while simultaneously maximizing
the average velocity. This would represent the upper left corner
in Fig. 7, i.e.,a 23 slpm argon mass flow rate and a 420 A cur-
rent. However, a larger number of particles, than the present 300
in each simulation, should probably be used to give a more cer-
tain value of the fraction of unmelted particles.

6. Conclusions

In this article, a mathematical model of the atmospheric pres-
sure plasma spray process has been described. The influence of
arc current and primary and secondary gas flows on particle in-
flight properties has been systematically studied. The results
show reasonably good agreement with measurements and the
model seems capable of predicting correct trends when opera-
tion conditions are varied. The most significant factor in both ex-
periments and simulations was the current. The predicted
particle temperature and velocity was also expressed in terms of
spray gun parameters. Such relationships can be useful in on-line
control and in numerical optimization of the plasma spray
process. The ability to yield regression equations from the fluid
dynamic simulations looks promising. However, the model has
to be refined since it overestimates the effects when process pa-
rameters are varied. Specifically, the particle temperatures are
overestimated. More sophisticated models to calculate nozzle
exit conditions as well as heat-transfer coefficients between jets

Fig. 6 Predicted average particle (a) temperatures (K) and (b) veloci-
ties (m/s) when the current is varied over its ranges. The upper and lower
curves represent a 90% confidence interval

Table 5 Yielded coefficients, explanation degree (R2), and
predictability ( Q2) in the regression analysis

Velocity coefficients Temperature coefficients

C (constant) 146.059 3261.882
a 2.1 2189.3
b 26.5 18
c … 259.9
d … 299.5
Q2 0.919 0.9594
R2 0.9411 0.9824

Fig. 7 Contour plot for (a) unmelted fraction of particles (%) and (b)
average particle velocity (m/s) where the argon flow rate (slpm) and cur-
rent (A) have been varied. The hydrogen flow rate 5 4 slpm.

(a)
(a)

(b)

(b)
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and particles might increase model accuracy. Further work on
these subjects is planned.
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