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3D simulation of the plasma jet in thermal plasma spraying
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Abstract

In this paper, a continuous medium model and thek–ε turbulence formulations are employed to predict the plasma velocity, plasma
temperature and argon molar concentration fields in three-dimensional (3D) space. Some important 3D information, such as the 3D continuous
isothermal lines, isovelocity lines and the 3D appearance of the plasma jet, are described. This is hard to obtain directly using a 2D scheme.
The calculated results will be theoretically helpful for further analysis of the temperature history and trajectories of the entrained particles,
particle molten status in the plasma jet, and the deposition of the coatings.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

For a considerable time, particular attention has been paid
o the numerical simulation of the plasma jet. The axial and ra-
ial temperature and velocity distribution (temperature fields
nd velocity fields) in the plasma jet affect significantly the
article temperature and its flying behavior, and hence the
uality of the coating. Therefore, it is desirable to study the
eat transfer and fluid flow of the plasma jet.

Plasma flames for thermal spraying can produce tempera-
ures around 7000–20,000 K far above the melting tempera-
ure (and vapor temperature) of any known material. Unfortu-
ately, at the extremely high-temperature levels, the phenom-
na differ significantly from those occurring at room temper-
ture or extrapolated from room temperature behavior. This
akes modeling work much more complex, characterized by

ts own specific features. Therefore, Eckert and Pfender[1]
rovided a comprehensive introduction to plasma heat trans-

er which is of fundamental importance in this area. The early
tudies, however, were restricted to laminar flow situations
nd most real plasma reactors represent turbulent character-

stics. To solve this problem, a standard or a modifiedK–ε

entific basis of these operations has been concerned wi
fluid turbulence models[3–5] to avoid a complicated com
putation.

However, a three-dimensional (3D) geometric config
tion has to be taken into account to predict the temper
history of groups of particles (especially multi-group pa
cles of different materials), the dispersion of particles in
jet flow, and the deposition process of the coatings. Duss
et al.[6] proposed a 3D model to solve the coupled con
vation equations of mass, species, momentum and th
energy equations for a compressible and turbulent plasm
The effect of process variables on the plasma jet flow fi
was discussed. However, a more comprehensive study
necessary. Here, the 3D temperature and velocity fields
the distribution of species are calculated in finite differe
methods by using a commercial computational fluid dyn
ics package, FLUENT[7]. Some important 3D informatio
such as the 3D continuous isothermal lines, isovelocity l
and the 3D appearance of the plasma jet are described
is hard to obtain directly using a 2D scheme.
urbulence model[2] was employed, which was assumed to
e still valid for plasma jets. Up to the present time, the sci-

2. Mathematical model

In plasma spraying, the plasma gases ionize and dissociate
b ation
o eived

d.
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ecause of the energy of the plasma arc. By re-combin
f the atoms and molecules outside the nozzle the rec
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Nomenclature

D mass diffusion coefficient (m2/s)
f net production rate of species
�Fi external body or surface force acting on species

(N)
G dissipation function (W/m3)
h enthalpy (W/m2 K)
�J diffusion flux (kg/(m2 s))
K turbulent kinetic energy (m2/s2)
�P pressure (Pa)
�q rate of quantity of heat fluxing into the control

volume (W/m2)
t time (s)
�U diffusion velocity vector (m/s)
�v velocity vector (m/s)
x velocity component

Greek letters
ε turbulent energy dissipation rate (m2/s3)
µ dynamic viscosity (kg/(m s))
ρ density (kg/m3)
�τ stress tensor (N/m2)
Φ rate of energy loss by viscous friction (W/m2)

Subscripts
i speciesi
j in the direction ofj
t turbulence

Turbulence parameters
C1 1.44
C2 1.92
Cµ 0.09
σk 1.0
σε 1.3

energy is suddenly set free and intensifies the thermal impact
of the plasma beam on the substrate. Therefore, the theory
of continuous medium and free jet can be applied. The gov-
erning equations can be represented by the mass continuity
equation, the conservation equation of momentum, the con-
servation equation of energy and a standardK–ε equation.

The model is based on the following assumptions:

(1) The plasma is in local thermodynamic equilibrium, i.e.
the temperature of the gas atoms, ions and electrons at a
point are equal, and therefore can be characterized by a
single temperature.

(2) The plasma gas is a continuous multi-component chem-
ically reacting ideal gas, which is composed of three
gases: Ar, H2 and N2. At the extremely high-temperature
levels, the diatomic molecules H2 and N2 dissociations

are nearly complete, i.e. the plasma gas leaving the gun
exit is composed of six species: Ar, Ar+, H, H+, N and
N+.

(3) The energy loss by radiation is negligible.
(4) During a certain period, the plasma jet flow is in a steady-

state system.
(5) There are no chemical reactions in the gas phase.

2.1. Conservation of mass

Based on the assumption that there is no mass added to the
continuous plasma gas, the rate of change of the fluid mass
in control volume is equal to the overall fluid mass flowing
into the volume, which may be expressed as

∂ρ

∂t
= −∇ · (ρ�v) (1)

whereρ is the local density of the plasma gas,t the time, and
�v the gas velocity vector.

On the other hand, iffi is defined as the net production
rate of speciesi, i.e.

fi = ρi

ρ
(2)

∑
fi = 1 (3)
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hen the mass flux of speciesi can be given by the sum ofρi�v
lus the diffusion fluxρi

�Ui:

i�vi = ρi(�v + �Ui) = ρi�v + ρi
�Ui (4)

here�vi and �Ui are the velocity and diffusion velocity vecto
f speciesi, respectively. According to the law of Fick, t
iffusion flux �Ji can be given by

�
i = ρi

�Ui = −ρDi(∇fi) (5)

hereDi is the mass diffusion coefficient of speciesi. Substi-
uting Eqs.(2), (4) and (5)into Eq. (1) gives the conservati
f speciesi as

∂fi

∂t
+ ρ�v · ∇fi = ∇ · (Di∇fi) (6)

.2. Conservation of momentum

According to the law of momentum conservation, the
f change of momentum of fluid within any control volu

s equal to the total body and surface forces produced b
ernal means and doing work on the fluid volume. Neglec
xternal body forces, the momentum conservation equ

s given by

d�v

dt
= −∇ �P + ∇ · �τ (7)

here �P is the pressure and�τ the stress tensor.
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Fig. 1. The geometrical model for the computational domain: (a) 3D model, (b) the vertical section.

2.3. Conservation of energy

Based on the assumptions mentioned above that the en-
ergy loss by radiation and chemical reactions are negligible,

the rate of change of fluid enthalpy within a control vol-
ume is equal to the rate at which the heat is conducted into
the fluid, and the rate at which body and surface forces act
on the fluid. The conservation of energy can therefore be

F
d

ig. 2. Velocity distribution in the plasma field: (a) 3D contours of velocity;
istribution along the radial and axial position.
(b) 2D contours of velocity at the vertical section; (c) 3D velocity continuous
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Fig. 3. Temperature distribution in the plasma field: (a) 3D contours of temperature; (b) 2D contours of temperature at the vertical section; (c) 3D temperature
continuous distribution along the radial and axial position.

given by

ρ
dh

dt
= −∇ · �q − p(∇ · �v) + Φ +

∑
i

ρi
�Fi · �Ui (8)

whereh is the enthalpy;�q the rate of quantity of heat fluxing
into the control volume;Φ the rate of energy loss by viscous
friction, which is turned into a thermal form;�Fi the external
body or surface force acting on speciesi; andρi the density
of speciesi.

2.4. K–ε equations

As mentioned above the thermal plasma jet is a highly
turbulent flow. Modern approaches have formed a strong at-
tachment to the methodology of the discipline of turbulence
modeling work of ordinary turbulent flow. However, there
are many special features of turbulent thermal plasma which
make the modeling work more difficult. For example, many
parameters such as the temperature, velocity, concentration
and pressure at each point in the plasma field, are functions
of temperature.

TheK–ε model is the most popular model. It includes two
differential equations for the turbulent kinetic energyK and

for its dissipation rateε. The equations take the following
form:

ρ
DK

Dt
= ∂

∂xj

[(
µ + µt

σk

)
∂K

∂xj

]
+ G − ρε (9)

ρ
Dε

Dt
= ∂

∂xj

[(
µ + µt

σk

)
∂ε

∂xj

]
+ ε

K
(C1G − ρεC2) (10)

wherexj is the velocity component in the direction ofj; µ

the viscosity in laminar flow situations;µt the turbulent vis-
cosity and can be obtained byµt = cµρk2/ε; G the dissipation
function.C1, C2, Cµ, σk, andσε are constants with the value
of 1.44, 1.92, 0.09, 1.0 and 1.3, respectively.

3. Geometry and boundary conditions

The geometrical model shown inFig. 1(a) is defined as a
cylindrical 3D domain, which consists of 26,693 elements. In
the radial direction, the grid is more refined near the central
axis and coarser towards the outer environment.Fig. 1(b)
shows the meshed vertical section and the computational
sizes. The plasma jet exit is 8 mm, and the target stands
100 mm away from the jet.
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Based on the law of energy balance, the temperature pro-
files at the torch exit (or the inlet of the free plasma field, see
line AB in Fig. 1(b)) can be theoretically derived from the ba-
sic processing parameters, including the plasma arc voltage,
plasma current, the flow rate of species, etc. Assuming ideal
gas behavior, the initial gas velocity at the plasma gun exit
can also be given. The two terms are the most basic boundary
conditions in the analytical procedure.

In addition, the initial turbulent kinetic energyKin at the
nozzle can be calculated by

Kin = 0.005v2
0 (11)

wherev0 is the initial velocity at the torch exit. The initial
dissipation rateεin may be approximated by the turbulent
characteristic length:

εin = Cµ

K1.5
in

0.03lm
(12)

whereCµ = 0.09 andlm is the diameter of the gun exit orifice
and regarded as the turbulent characteristic length.

Table 1
The basic plasma spray parameters

Gun nozzle exit (mm) 8
Plasma current (A) 600
Arc voltage (V) 70
Flow rate of Ar (l/h) 2000
Flow rate of H2 (l/h) 100
Flow rate of N2 (l/h) 100

The temperature, pressure and the mole fractions of
species on the other boundaries are specified to be 300 K,
the atmospheric pressure and zero, respectively. In addition,
the turbulent kinetic energyK and the turbulent dissipation
rateε at the outer boundary of the computational domain are
defined as zero.

4. Results and discussion

The basic plasma spray parameters are listed inTable 1.
Fig. 2(a) shows the 3D contours of velocity, which reflects

explicitly the 3D appearance of the plasma jet.Fig. 2(b) and

F
3

ig. 4. Distribution of Ar mole fraction in the plasma field: (a) 3D contours of
D continuous distribution of Ar mole fraction along the radial and axial posi
Ar mole fraction; (b) 2D contours of Ar mole fraction at the vertical section; (c)
tion.
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(c) shows the 2D contours of velocity at the vertical section
of the computational domain and the 3D velocity continuous
distribution along the radial and axial positions, respectively.
It can be seen that, at 100 mm away from the nozzle exit, the
corresponding velocity decreases sharply to 300 m/s from the
initial 692 m/s. At a certain axial distance, the velocity mag-
nitude along the radial direction also decreases. It might be
noted that the decrease rate of the velocity reduces with in-
creasing axial distance. For example, at the axial position
of 0 mm, the velocity decreases sharply from 692 to 10 m/s
when the radial distance extends outward to 15 mm; how-
ever, at the axial position of 100 mm and the radial position
of 23 mm, the velocity only decreases to 17 m/s, which is rel-
atively slower. In addition, while the air is entrained into the
computational domain, the width of the plasma jet becomes
wider with increasing the axial distance as shown inFig. 2(a)
and (b). What is more, the undisturbed zone which keeps
the initial velocity dwindles (seeFig. 2(c)) and disappears at
some distance.

Fig. 3(a) illustrates the 3D contours of temperature, which
also shows the 3D appearance of the plasma jet likeFig. 2(a).
Fig. 3(b) and (c) shows the 2D contours of temperature at
the vertical section of the computational domain and the
3D temperature continuous distribution along the radial and
axial position, respectively. It can be seen that, at 100 mm
away from the nozzle exit, the corresponding temperature
d nd
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gon mole fraction decreases sharply to 0, when the radial
distance extends outward to 8 mm; at the axial position of
100 mm, however, only when the radial position increases to
30 mm does the Ar concentration approaches 0. Mass transfer
is driven by the concentration difference between the plasma
and ambient air. Concentration of argon atom and ions in the
plasma jet are higher than in the ambient air, so the argon
mole fraction in the plasma decreases with increasing axial
and radial distances. The mass diffusion mechanism is simi-
lar to that in the heat diffusion and presents a tendency from
non-equilibrium to equilibrium.

5. Conclusions

In this paper, the plasma velocity, plasma temperature and
argon molar concentration distribution in 3D space associ-
ated with the 3D appearance of the plasma jet, which are
impossible to obtain directly using a 2D scheme, are de-
scribed by using a continuous medium model and thek–ε

turbulence mathematical representations. As a result it is pos-
sible to perform further calculations in future work regarding
the residence time and dispersion of multi-group particles in
the plasma, the temperature history of the particles, and the
temperature history of the deposit formed. Results show that
because of high temperature, the plasma expands and flows
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ecreases sharply to 6600 K from the initial 14,200 K. A
t a fixed axial distance, the temperature value along th
ial direction also decays, as seen inFig. 2(c). It should be
entioned, however, the decay rate descends with incre
xial distance. For example, at the axial position of 0 mm

emperature decreases sharply from 14,200 to 300 K
he radial distance extends outward to 8 mm; while at the
al position of 100 mm and the radial position of 25 mm,
emperature falls relatively slower only to 600 K. As the hi
emperature jet is injected into the air and expands viole
eat transfer between the two is associated with mas
hange due to the temperature difference. At the outer bo
ries, the temperature of the jet decreases and the tempe
f the air increases. This means that, the plasma jet is c
radually by the ambient air.

Fig. 4(a), 3D contours of Ar mole fraction, closely par
els Figs. 2(a) and 3(a), which reflects the 3D appearance
he plasma jet, too.Fig. 4(b) and (c) respectively shows t
D contours of argon mole fraction at the vertical sectio

he computational domain and the 3D continuous distribu
f argon mole fraction along the radial and axial positio
an be seen that, at 100 mm away from the nozzle exi
orresponding Ar concentration decreases sharply to 0
he initial 0.751. And at a fixed axial distance, the Ar m
raction along the radial direction also drops, as show
ig. 4(c). The decay rate of Ar mole fraction drops as
xial distance increases, like the velocity and temper
elds. For example, at the axial position of 0 mm, the
e

t a high speed to the ambient air, which results in mom
um exchange, heat exchange and mass exchange be
he plasma and the air, and hence a sharp decay of v
ty, temperature, and Ar mole fraction along the radial
xial directions. In addition, the decay rate is dependen

he axial position under the condition of fixed plasma sp
arameters.
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