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Abstract The temperature field, velocity field, as well as species distribution in three-dimensional space are

successfully calculated by establishing three-dimensional geometry model and solving plasma jet-substrate inter-

action equations, optimized particle trajecory models, as well as particle-particle heat transfer equations in

three-dimensionalal space. Under typical working conditions, the flying trajectories and distribution of ZrO,

ceramic particles and Ni metal particles are also simulated. Results show that, the plasma jet becomes wider

near the substrate, and the stochastic trajectory model is preferable to simulate the turbulent diffusion effect of

particles. In addition, Nimetal particles penetrate relatively more deeply than ZrO; ceramic particles due to

larger density.
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It has been widely accepted that two-dimension
geometrical model is available to solve plasma-particle
momentum and mass transportation problems. From
the very first stage when Eckert and Pfender et al !
provided a com prehensive introduction to plasma heat
transfer to the later moment when Led ? and Mckel-
liget 7 began to investigate the interaction betw een
the plasma jet and the particles, most investigations
are limited to two-dimension model, including some
recent studies carried out by Nyled™ and Nishiya-
ma'” . When we discuss the particle spatial distribu-
tion and further the deposition process on the sub-
strate, however, a three-dimensional ( 3D) model
must be used .

Therefore, in recent years more and more people
begin to employ a 3D model to investigate plasma jet,
which is more similar to real conditions. Dussoubs! ?
calculated a 3D plasma jet without particles by solving
an optimization turbulence model. In his later
work!® , both 2D and 3D models coupled with metal

and ceramic particles are proposed. However, a more
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comprehensive study is still necessary. In the present
work, the three-dimensionalal temperature and veloc-
ity fields, the spatial distribution of species and parti-
cles are calculated. Some important 3-D information,
such as the three-dimensionalal continuous isothermal
lines, isovelocity lines, and the 3-D appearance of the
plasma jet and particle groups are described, which is
hard to be obtained with a 2-D scheme.

1 Mathematical Model

The model is based on the following assump-
tions:

@ The plasma is in local thermody namic equilib-
rium, which is composed of two spicies: primary gas
argon (Ar) and secondary gas helium (He).

@ Since ionization energy of He is far higher
than that of Ar, and there is little He below
10 000 ‘C, we only consider the ionization reaction of
argon, Ar e <Ar.

@ The particles injected into the plasma jet are
regarded as ideal smooth spheres.
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@ Knudsen effect and solid state phase transi-
tions among the particles are negligible.
© The plasma jet flow is a steady-state system.
Equations of the Interaction Between the Plas-
ma Jet and the Substrate

The interaction betw een the high-velocity plasma

1.1

jet and the substrate surface can be described by the

L9

wall function' ”, which may be written as

!
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(1)

where U’ is the tangential velocity at a distance d
from the wall; u = [ T/ 0 is the shear speed, and

Tsis the wall shear stress; Vv is the molecular kine-

matical viscosity; b is a constant equal to 5. 5t ,
which depends on the wall roughness.

The heat transfer from the plasma to the sub-
strate can be expressed as

q= il T Tv), (2)

where g is the heat flux from the plasma jet to the
target; K is the heat transfer coefficient; T’ is the
temperature on the substrate surface; 77 is the tem-
perature of the plasma jet.
1. 2 Particle Trajectory Models

To predict the trajectories of flying particles,

[ proposed to calculate the motion of the

Crowe
plasma jet in the Euler coordinate system, while par-
ticle motion in the Lagrange coordinate system. Dur-
ing the computational analy sis, the plasma jet without
particles shall be calculated at the very first stage till a
coarse convergence. Then, on the basis of the plasma
jet, the particle velocity, trajectory, and temperature
are calculated and all the particle results are substitut-
ed into the equations involved in solving the plasma
jet, until all the mathematical procedures are con-
verged. We call this methodology “general Lagrange
model”. Although general Lagrange model takes into
account the complex coupling effects of the plasma jet
and particle groups, it neglects the turbulent diffusion
effects of particles.

With respect to motions of particle groups in
practical thermal spraying, there is both slip motion
component of time averaged velocity along the particle

trajectories and diffusion motion component inter-
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spersing between two sides of the particle trajectories.
Affected by particle material type, particle size, feed
rate of powders, as well as many other factors, parti-
cles are randomly dispersed in three-dimensional
space. Therefore, a stochastic trajectory model shall
be introduced.

In this paper, two different trajectory models are
employed and compared. The turbulent diffusion ef-
fect is taken into account in the introduced stochastic
trajectory models 2 , assuming that when particles
are in the plasma vortex, the stochastic fluctuation
velocity of the gas unit volume keeps a constant; once
the vortex escapes, a new stochastic velocity will be
generated. The particle velocity can therefore be

ve=f(ve Vi T, (3)
where v, is the mean velocity of the plasma gas; vé is
the stochastic fluctuation velocity, and tp is the parti-
cle relaxation time.

If the particle is in the plasma vortex, then

/

ve= T Ve,

(4)
w here J:; is the mean square root of the plasma gas
turbulent fluctuation velocity; " is a stochastic num-
ber fitting normal distribution. During the vortex life
cycle, T keeps a constant.

By means of integrating particle instantaneous
velocity, particle flying trajectories can be obtained.
1.3 PlasmaParticle Heat Transfer Equations

The plasma-particle heat transfer equation can be

written as

dT

1 o To—T,) +e,A,0( Ta— T},

(5)

Ty, and & are particle mass,

myp&p

TC\O’

particle specific heat, plasma temperature, particle

where m,, c,,

temperature, and convective heat transfer coefficient,
respectively; €p the particle irradiation rate; o the
Boltzmann constant, and 7T, the ambient tempera-
ture.

There is also heat transfer inside the particle.
For aideal spherical particle, the heat transfer equa-

tion inside the particle can be represented as
JH 1 9 5 d

19, LT
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(6)
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where r is the radial coordinate; H and kp are parti-
cle enthalpy and thermal conductivity, respectively;
T is the temperature.
1. 4 Geometry and Boundary Conditions

The geometrical model shown in Fig. la is de-
fined as a cylindrical 3-D domain, which consists of
26693 elements. In the radial direction, the grid is

more refined near the central axis and coarser tow ards

(a) meshed model

Fig. 1

Boundary conditions, such as dynamic and ther-
mody namic conditions like turbulent intensity, char-
acteristic length, temperature, pressure, as well as
species mole fractions, at the places 4B, BC, CD,
EF, FA,
Ref.[ 13] published by the author.
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(a) overall temperature contours

(c) overall velocity contours
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the outer environment. Fig. 1b shows the meshed
vertical section and the computational sizes. The noz-
zle diameter of the plasma gun is 8 mm, and the tar-
get stands 80 mm away from the jet. As illustrated in
Fig. 1b, the powder port is located axially 8 0 mm
downstream from the nozzle exit and vertically 13 mm

above the axis of the nozzle.

pm\‘dcr‘ 80 mm D
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8 mm -’- ‘
R =4 mm |_ 13 mm
e E
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E

(b) schematic of the vertical section

Geometrical model for the 3D computational domain

2 Results and Discussion

Fig.2 shows the simulated 3D contours of tem-
perature and velocity under typical operation condi-
tions (/=900 A, F,=70scl/h, Fue=230 scf/h) in

free plasma jet or when the substrate is not considered.

(b) temperature contours in typical
computational domains

(d) velocity contours in typical
computational domains

Fig. 2 Three dimensional temperature field without substrate
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Fig.2a presents the overall temperature contours, and
Fig.2b shows temperature contours in ty pical com pu-
tational domains, including the vertical section, inlet
plane and outlet plane of the plasma jet field. Fig. 2¢c
and Fig.2d show the overall velocity contours and ve-
locity contours in the same field as in Fig.2b, respec-
tively. The intervals of the isothermal and isovelocity
lines shown in Fig.2 are 1 200 K and 80 m/s, respec-
tively.

It can be seen from Fig. 2 that the temperature
and velocity at the plasma core don’ t change signifi-
cantly, since the ambient air doesn’ t penetrate into
this zone. But at 80 mm away from the nozzle exit,
the corresponding temperature decreases to 1 000 K,
and the velocity decreases to 260 m/s. At a certain
axial distance, the temperature and velocity along the
radial direction also decrease due to strong heat and
momentum transfer in plasma spraying. It might be
noted that while the air is entrained into the com puta-
tional domain, the width of the plasma jet becomes
wider with the increase of the axial distance.

Fig.3 and Fig.4 show the 3D spatial distribution
of Ar atom mass fraction contours and He atom mass
fraction contours in the overall field and in the ty pical
computational domains, with 9% Ar and 0. 4% He
atom concentration interval, respectively. Fig.3 and
Fig. 4 illustrate that the corresponding Ar and He
mass fractions decrease sharply to O at the outlet of
the plasma jet filed. And at a fixed axial distance, the
mass fractions along the radial direction also drop.
The mass diffusion mechanism is similar to that in the

heat diffusion and presents a tendency from non-equi-
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Fig. 3 Spatial distribution of Ar atom concentration
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Fig.4 Spatial distribution of He atom concentration

contours in 3D plasma gt without substrate

Fig. 5 shows the simulated 3D contours of tem-
perature and velocity under typical operation condi-
tions ( /=900 A, Far="70 scf/h, Fue= 30 scf/h)
when the substrate is taken into account. Fig.5a pre-
sents the overall temperature contours, and Fig. 5b
show s the temperature contours in the typical compu-
tational domains, including the vertical section, inlet
plane and outlet plane of the plasma jet field. The in-
tervals of the isothermal lines shown in Fig. 5a and
Fig. 5b are 1 200 K. Fig. 5¢ and Fig. 5d show the
overall velocity contours and the velocity contours in
the ty pical domains with the interval of 80 m/s, re-
spectively.

It can be seen from Fig. 3 and Fig. 5 that if the
substrate is considered in the numerical simulation
procedures, the plasma jet would interact with not
only the ambient air but also the substrate, exchang-
ing heat and momentum. The plasma jet becomes
more wider and appears to be a “cone hat” due to the
interaction between the plasma and the substrate.
Under the predefined boundary conditions, at 80 mm
aw ay from the nozzle exit, the corresponding temper-
ature decreases to 1 000 K, while the velocity decreas-
es sharply to 0. At a certain axial distance, the tem-
perature and velocity values along the radial direction
also decrease. The difference resulted from the exis-
tence of the substrate will definitely affect the heating
of the particles and particle trajectories. However, at
the plasma core or around this zone, there is not an
obvious difference. The temperature or the velocity

even fits a similar descending tendency at the position
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(b) temperature contours in typical
computational domains

(d) velocity contours in typical
computational domains

Fig.5 Three dimensional temperature field with substrate

far from the substrate.

Fig.6 and Fig.7 show the 3D spatial distribution
of Ar atom mass fraction contours and He atom mass
fraction contours in the overall field and in the ty pical
computational domains, with 9% Ar atom contour
interval and 0. 4% He atom contour interval, respec-
tively. Compared with Fig.3 and Fig.4, except near
the substrate where the species span an obviously
wider range, the concentration distribution presents a
similar diffusion tendency if without the substrate.
When the plasma jet is far from the plasma core, the
concentration of the two species approaches to 0, in-
dicating that the mass transfer between the plasma jet
and the ambient air has gradually ended.
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Fig. 6 Spatial distribution of Ar atom concentration

contours in 3D plasma jet with substrate
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Fig. 7 Spatial distribution of He atom concentration
contours in 3D plasma et with substrate
Fig. 8 shows the particle trajectories of 10 Z1O»
particles and 10 Ni particles with diameters of 45—
80 “m by using general Lagrange model. Fig.8a pre-
sents the particle trajectories, and Fig. 8b shows the
corresponding particle distribution on the substrate.
It can be seen that if the turbulent diffusion effect is
not taken into account, particles would move strictly
along their trajectories and limited in the XY plane
As
Fig. 8b, Ni particles penetrate more deeply into the

without any mutual inference. illustrated in

plasma jet than ZrO, particles due to metal nickel’ s
larger density. Therefore, in plasma spraying if pow-
ders of two different materials are sprayed simultane-

ously, they would not overlap each other completely.
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(a) particle trajectories in 3D space
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(b) particle distribution on the substrate surface

Fig. 8 Particle trajectories calculated by traditional Lagrange trajgctory model

Fig.9 shows the particle trajectories of 100 ZrO»
particles and 100 Ni particles with diameters of 45—
80 "m by employing stochastic trajectory model. Fig.
9a presents the particle trajectories and Fig. 9b shows
the corresponding particle disperse distribution on the
substrate. It can be seen that the turbulent fluctua-
tion of the plasma jet makes so significant effect on

the particle trajectories that particles distribute ran-

(a) particle trajectories in 3D space

domly and stochastically in the 3D space, instead of
limited in the XY plane. Asa matter of fact, in prac-
tical plasma spraying, basic turbulence parameters
such as fluctuation frequency, amplitude, as well as
direction, would affect the particle trajectories.
Therefore, the 3D stochastic trajectory model is a
preferable model in numerical simulation.

Although particles in 3D space and on the
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(b) particle distribution on the substrate surface

Fig. 9  Particle trajectories calculated by stochastic trajectory model

substrate distribute randomly, we can still see that Ni
particles penetrate more deeply into the plasma jet due
to relatively larger density, and the two particle
groups of different materials don’ t overlap each other
completely. When spraying functionally gradient ma-
terials (FGM), the particle groups of different mate-
rials shall overlap each other as much as possible to
get a uniform coating with steady properties. There-
fore, two methods are proposed: one way is to inject
two types of particles through two separate injectors
and the positions of the two injectors shall be adjusted
so as to control the particle flying trajectories; the

other way is to spray two types of particles through a

120

single injector and the particle trajectories can be con-
trolled by adjust the particle diameters. Based on the
particle disperse distribution on the substrate, the
corresponding 3D appearance and the 2D species dis-

tribution of the FGM coating can be further predicted '4 .

3 Conclusions

In this paper, a three-dimensional geometry
model and corresponding mathematical models are
employed to calculate the 3D temperature field, ve-
locity field and species spatial distribution under ty pi-
cal operation conditions. The effect of substrate exis-

tence on the calculated results is investigated. In ad-
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dition, the particle trajectories simulated by employ-
ing two different particle trajectory models are com-
pared and discussed. With respect to functionally gra-
dient materials, the particle distributions of two dif-
ferent materials in 3D space and on the substrate are
analy zed.

@ By introducing wall function and plasma-sub-
strate heat transfer equations, the interaction betw een
the plasma jet and the substrate is calculated. It is
found that the spanning of the plasma jet near the
substrate becomes wider and the velocity of the plas-
ma jet approaches to zero. In other areas, however,
the temperature field, velocity field, as well as
species distribution, are similar to free plasma jet
(without substrate) .

@ If employing common Lagrange trajectory
model, the particle trajectory will be limited strictly
in a plane; if a stochastic turbulent model is em-
ployed, the stochastic particles dispersion in three-di-
mensional space and on the substrate can be simulat-
ed, which nearly approaches to real conditions.

@ Under the same operational conditions, Ni
particles will penetrate more deeply into the plasma
jet than Z102 particles due to nickel’ s relatively larger
density, indicating that when spray functionally gra-
dient coatings, the particle groups of two different
materials would not well overlap each other, but can

be adjusted through some technique methods.
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