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Three Dimensional Modeling of the Plasma
Spray Process
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Results of simulations of three-dimensional (3D) temperature and flow fields inside and outside of a DC
arc plasma torch in steady state are presented with transverse particle and carrier gas injection into the
plasma jet. The results show that an increase of the gas flow rate at constant current moves the anode arc
root further downstream leading to higher enthalpy and velocity at the exit of the torch anode, and
stronger mixing effects in the jet region. An increase of the arc current with constant gas flow rate
shortens the arc, but increases the enthalpy and velocity at the exit of the torch nozzle, and leads to
longer jets. 3D features of the plasma jet due to the 3D starting conditions at the torch exit and, in
particular, due to the transverse carrier gas and particle injection, as well as 3D trajectories and heating

histories of sprayed particles are also discussed.

Keywords plasma spray, three-dimensional modeling,
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1. Introduction

Over the past few decades, thermal plasma spraying
has been widely employed in various industries for
preparing different kinds of coatings, such as wear-,
corrosion- or oxidation-resistant coatings, thermal barrier
coatings, etc. (Ref 1). A schematic diagram of an
atmospheric-pressure thermal plasma spray system is
shown in Fig. 1. In this system, the plasma working gas
flows through the small space between cathode and
anode, where the gas is heated and partially ionized
forming an arc plasma. The high-temperature plasma jet,
emanating from the anode nozzle, will heat and accel-
erate particles, injected into the high-temperature gas
region by means of a cold carrier gas perpendicular to
the axis of the plasma jet. The heated powders inside the
jet region will impact and adhere to the substrate
forming a coating.

Numerous factors may affect the spray efficiency and
coating quality, including the plasma torch geometry and
operating parameters, carrier gas flow rate and injection
location, particle size and its distributions, materials,
injection velocity and direction, substrate (or work-piece)
location, temperature and surface conditions, etc. Since
optimization of the spray process parameters using a
purely empirical approach is a rather time-consuming
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task, numerical simulation has been accepted as a useful
and economical tool to understand the effects of various
parameters on the coating quality, and thus, on optimi-
zation the plasma spray process.

Because of the complex interactions between electro-
magnetic fields, the plasma flow and temperature fields,
the heat and flow patterns inside the plasma torch will
always be unsteady and three-dimensional (3D). Over the
past few decades, many papers concerning numerical (Ref
2-8) and experimental (Ref 9) studies of the characteristics
of DC arc plasma torches have been published. Although
the previous two-dimensional (2D) modeling method (Ref
2-8) can, to some extent, predict the heat transfer and flow
patterns inside the plasma torch correctly, the predicted
arc voltage of the torch in the turbulent regime is much
higher (two- or three-fold) than the measured value, and
the predicted axial location of the arc attachment at the
anode surface is also much farther downstream than that
observed in experiments (Ref 10, 11), due to the signifi-
cant local attachment of the anode arc-root on the anode
inner surface. The incrustation pattern at the outer surface
of the torch anode, as shown in Fig. 2, indicates that the
arc root in the torch always attaches in the shape of a more
or less constricted spot at the anode inner surface (Ref
12). In recent years, with the fast development of com-
puter hardware and software, 3D modeling of heat
transfer and fluid flow for arc plasmas has become feasible
(Ref 13-18), even for the thermal plasma torch with axi-
symmetrical geometries (Ref 12, 19-22). As indicated by
Wutzke (Ref 9), there are three different arc operation
modes for non-transferred DC arc plasmas, i.e., a steady
mode, a restrike mode and a takeover mode accompanied
by the corresponding ‘“‘symptomatic behavior’ of the arc.
For a steady mode of operation, the Steenbeck’s minimum
principle (Ref 23) is employed to determine the axial
position of the anode arc-root at the anode surface (Ref
21,22). The modeling results indicate that the temperature
and flow fields inside the DC non-transferred arc plasma
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Nomenclature
B self-induced magnetic induction Xp x-position of particles
intensity vector Xp averaged x-position of particles
1, €, €y, OK, O turbulent model constants Yp y-position of particles
Cp specific heat at constant pressure Vp averaged y-position of particles
D, particle diameter Z coordinate in z-direction
D, averaged diameter of particles
e elementary charge Greek Letters
F,, Fy, F. components of Lorentz force in r-, 6- - - -
0 Tz d P directi T Ao deflection angles of the plasma jet from its
and z-directions . .
7 Loreznt force vector referenced characteristic axis
z v . e .
. r effective ‘diffusion’ coefficient
G turbulent generation term N deflection angle of the jet
, Jo, components of the current densit L. N
Ir 16> 12 por S y € turbulent kinetic energy dissipation rate
B vector in r-, 0-, and z-directions S electric potential
j electric current density vector moleculzri)r viscosit
K turbulent kinetic energy H turbulent vi it y
k thermal conductivity Hy uronient viscosity
0 coordinate in 0 -direction
kg Boltzmann constant mass densit
Lic length of the high temperature region z electric conﬁuc tivity
N, sampling particle number o . .
P ping p op characteristic diameter range of particle
Pr, turbulent Prandtl number dispersions
as pressure . . .
lé inerlfg source term related to the Gp characteristic pattern radius of particle
current y d .
ispersions
current .. .
. . . oT characteristic temperature range of particle
r coordinate in r-direction dispersions
p averaged radial position of particles P
Sk radiation loss per unit volume of the Subscript Letters
T plasina ¢ D diameter
gas temperature p particle or position
TP particle temperature r radial direction
b averaged temperature of particles T temperature
v velocity vector ) turbulence
Vs Vo, Vz Z?IOC:FY components in r-, 6-, and z- z axial direction
rec '10ns . 0 circumferential direction
Vin velocity of the carrier gas
Anode Spot and e Carrying Gas
Boundary Layer ' Outlet +Powders Substrate
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Fig. 1 Schematic diagram of thermal plasma spraying system

torch show significant 3D features. When the plasma torch
works in a restrike mode or takeover mode, the anode arc-
root moves along the anode inner surface with time, and
the heat transfer and flow patterns will be of time-
dependence. This unsteady phenomenon would result in
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Fig. 2 Incrustation pattern at the outer surface of the arc anode
(Ref 12)

instabilities in the plasma jet region, and also be enhanced
by the turbulent mixing with the ambient gas when the
plasma jet issues into the quiescent surrounding gas.
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Recently, Vardelle and her coworkers (Ref 24, 25) con-
ducted 3D, transient modeling on the heat transfer and
fluid flow inside a non-transferred DC arc plasma torch for
a restrike mode of operation.

The 3D heat transfer and flow patterns, as well as the
ionization-recombination process, inside a thermal plas-
ma torch also have significant effects on the character-
istics of the thermal plasma jet issuing from the exit of
the plasma torch and, for example, on the quality of the
coatings obtained by plasma spray. Over the past few
decades, many papers have been devoted to modeling of
the DC arc plasma spray process or to the study of
spray-related basic processes based on 2D (axi-symmet-
rical) assumption with neglecting the effects of the
transverse injection of the cold carrier gas on the jet flow
field and on particle behavior (Ref 4, 26-43). But
experimental results showed that even a small amount of
carrier gas (5% of the main flow) transverse injection, as
well as the particles used as the tracers in LDV mea-
surements, may induce a deflection of the plasma jet
with a deflection angle as great as 5°, and this 3D effect
must be taken into account in the interpretation of the
LDV data (Ref 35). In Recent years, 3D modeling work
concerning the effects of transverse gas injection from a
single injection port on the plasma jet characteristics and
the trajectories of injected particles attracted increasing
interest (Ref 44-52). The common feature of most of
these papers is that assumed 2D temperature and
velocity distributions at the outlet of the torch nozzle (or
the inlet of the plasma jet region) are employed as
boundary conditions for 3D modeling of heat transfer,
flow patterns, and particle behavior in the jet region, i.e.,
only the effect of the carrier gas injection on the 3D
characteristics of the plasma jet is included in the mod-
eling work (Ref 26-43). Using velocity and temperature
profiles obtained from modeling of DC arc plasma tor-
ches as the starting conditions of plasma jets (Ref 4, 53)
depends strongly on the ability to model plasma torches.
Based on the 3D modeling of thermal plasma torches
(Ref 19-22), it is known that the temperature and
velocity distributions at the exit of the plasma torches
are non-axi-symmetric, which is expected to influence
the temperature and flow fields within the plasma jet
region.

In the present paper, more realistic 3D temperature
and flow fields inside and outside of a DC arc plasma torch
are predicted with transverse particle and carrier gas
injection into the plasma jet. In this study, the calculation
domain is divided into two sub-domains, i.e., the torch
region and the plasma jet region. And the calculated
temperature and flow fields at the exit of the plasma torch
are used as the starting boundary conditions for modeling
of the plasma jet region. Thus, the 3D features due to both
the 3D profiles at the exit of the plasma torch and the
transverse injection of the cold carrier gas can be inves-
tigated. Based on the computed plasma temperature and
flow fields, the particle 3D trajectories and heating histo-
ries are predicted. In this paper, the effect of particle
injection on the flow field is neglected assuming a low-
particle loading rate.
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2. Modeling Approach: Flow and
Temperature Fields

2.1 Basic Assumptions

In this paper, the following basic assumptions are em-
ployed for simulating the heat transfer and flow patterns
inside and outside of the plasma torch:

(1) The flow in both the plasma torch region and jet re-
gion is quasi-steady, turbulent, having temperature-
dependent properties;

(2) The plasma is in local thermodynamic equilibrium
(LTE) state outside the electrode boundary layers and
the jet fringes;

(3) The plasma is optically thin;

(4) The viscous dissipation and the pressure work terms in
the energy equation are neglected due to the small
Mach number;

(5) The plasma gas and the ambient gas into which the
plasma jet is issued are the same (i.e., argon plasma jet
is issued into argon);

(6) The cold-working gas (argon) is injected into the
plasma torch in axial direction, i.e., without any swirl-
ing velocity component of the gas at the torch inlet;

(7) The induced electric field V x B is negligible in com-
parison with the applied electric field intensity E in the
plasma arc region;

(8) Only the effect of the transversely injected cold carrier
gas (argon) on the plasma jet is considered, i.e., the
effect due to the particle injection is ignored (low
particle loading rate).

2.2 Governing Equations

Based on the foregoing assumptions, the governing
equations for the 3D, quasi-steady numerical simulations
can be written in (r, 0, z) coordinates as follows:

Continuity equation:

10 10 0
;E(rpvr)+;%(pve)+&(pvz) =0 (Eq 1)
Momentum conservation equations:
r-direction (radial)

ou, sl 0,
P\"ar T a0 T oz
_ Op 0 ov, 10 10v, Ovg vy
“5*5(2“ ar) ) {Fu (;ae +E‘7ﬂ

0 ov,  Ov,

2T, [Ov, 10vg v, v
(G ) eren (Ba2)

0-direction (tangential)
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(Eq4)
Energy conservation equation:
oT 0T oT
P\ o T e T e
10 or 10 or 0 or
rar( Tr 8r) R=FT (r ae) t o (r az)
- SR =+ chrrent (Eq 5)

Potential equation:

l@ar( ZT>+ 289( 22)3 (G%‘i’):o Fao

where p, T and ¢ are the gas pressure, temperature and
the electric potential, v,, vy and v, are the velocity com-
ponents, respectively.

In Eq 2-5, F,, Fy, F, and Qcyrrent TEpPresent the com-
ponents of the Lorentz force vector F in r-, 0-, z-directions
and the energy source term related to the current,
respectively.

The Lorentz force can be expressed as

F=jXB (Eq 7)
where B is the self-induced magnetic induction intensity
vector. The magnetic induction intensity can be calculated
using the Biot-Savart law from the electric current density
distribution, but a more effective numerical method is
employed based on the solving of the magnetic vector
potential equation, as discussed in (Ref 19-22). The elec-
tric current density vector j relates to the electric field
intensity or electric potential ¢ as

j=GE= -0V (Eq 8)

The source term related to the current density appearing
in Equation (5), Qcurrent, €an be expressed as
22,2

C+J5 t+ Skg—
-]i ]6 ]z +__B] VT

c 2e

where kg and e are Boltzmann constant and the elemen-
tary charge, respectively, whereas j, jo_and j, are the
components of the current density vector j in r-, 8- and z-
directions, respectively.

(Eq 9)

chrrent =
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In the plasma jet region, any contributions from current
flow can be neglected because the anode arc-root attach-
ments locate far away from the anode nozzle exit in this
study (Ref 54). Therefore, in the plasma jet region, the
potential equation (Eq 6) is not necessary, and the source
terms related to the current density in the momentum and
energy conservation equations are zero, i.e.,
F,=Fy=F, =0 and Qcyrrent = 0.

The standard K — € two-equation turbulence model is
employed in this study. The turbulent kinetic energy and
its dissipation rate equations are

0

10 )
a(psz) + -5 (preK)

(pv,rK) + 1
ror PR T 50
o (. 0K\ 10 oK
-5 (n5) 1 (%)

10 0K
+——(FK >+G—pa

200\ X0 (Eq10)

0 10 1 0
9 (pv-€) + or (pv,re) + 790 (pvoe)

d 193 10 Oe
~ o (r az> o <rr85)

10 Ot €
+r—2% (r ae) 4+ — (C]G—Cng)

The turbulent generation term G appearing in Eq 10 and

11 are expressed as
G= 2 % 2+ % 2_|_ l%_ﬁ.& ’ + %+8v, ’
7\ ez ar) \roe " r or oz
Ovg  Ov, 2 10v, Ovg vy 2
— —_——— Eql12
+<8z +r89) +(r(99+8r p (Eq12)
All the physical quantities in the foregoing equations
are their time-averaged values. p, ¢ and Sg are the
temperature-dependent mass density, electric conduc-
tivity and the optically thin radiation loss per unit vol-
ume of argon plasmas, respectively. The effective

‘diffusion’ coefficients are the combination of laminar
and turbulent values, i.e.

(Eq11)

I,=p+ ) I'r=k+ U-[Cp/Prt;

Ik =p+p/ox;le=p+p/o; (Eq13)

where p, k, ¢, are the temperature-dependent molecular
viscosity, thermal conductivity and specific heat at con-
stant pressure of the plasma, respectively. , is the tur-
bulent viscosity (i, = p c“Kz/a), 1, €2, ¢y, Pry, ok and o
are model constants, equal to 1.44, 1.92, 0.09, 0.9, 1.0 and
1.3, respectively, in the K-¢ turbulent model.

2.3 Computational Domain and Boundary
Conditions

As shown in Fig. 3, the whole computational domain,
with its geometrical dimensions, is composed of two sub-
regions, i.e., the torch region and the jet region, which are
formed by the rotation of the region ABCDEFGHA and

Journal of Thermal Spray Technology



Torch region

.|
.

]
@4
pab.

—

Carrier gas
+ Powder
Injection

Jet region

Fig. 3 Calculation domain

DEJKLD about the torch axis, respectively. The injection
tube, with an inner diameter of 2.0 mm, is located 1.8 mm
downstream of the anode nozzle exit. In previous papers,
the methods for 3D modeling of DC arc plasma torches
(Ref 21) and plasma jets (Ref 49) have been described in
detail, which will not be repeated here. In this study, the
same method, also with the same working parameters and
boundary conditions as those presented in Ref. (21), is
employed to simulate the 3D characteristics of arc plasmas
in the torch region. For determining the location of the
anode arc-root attachment in steady state, 1 mm thick
anode region is included in the calculation domain. The
axial location of the arc root attachment is determined by
using the Steenbeck’s minimum principle (Ref 23), which
postulates a minimum arc voltage for a given arc current,
working gas flow rate, and torch configuration. The non-
uniform arc-root attachment in the circumferential direc-
tion along the anode inner surface is determined by cal-
culation itself. In the jet region, similar method and
boundary conditions as those presented in Ref. (49) are
used, except for the boundary conditions at the inlet of the
jet region (DE). In this study, the calculated non-axi-
symmetric profiles for temperature (7), velocity (v), tur-
bulent kinetic energy (K), and its dissipation rate (¢) at the
exit of the anode nozzle are employed as the starting
boundary conditions for modeling of the plasma jet.

3. Modeling Approach: Particle Movement
and Heating

In this study, the following assumptions are employed
for study of the particle behavior: (1) spherical metal
(nickel) particles are studied, i.e., the pertinent Biot
number is small (e.g., less than 0.01) so that the temper-
atures within the particle can be treated as everywhere
uniform; (2) the effect of injected particles on the plasma
jet characteristics and the particle-particle interaction are
negligible, which is reasonable for the case of low-particle
loading rate; (3) the mean magnitude of the plasma tur-
bulent fluctuating velocity remains unchanged within each

Journal of Thermal Spray Technology

Cold wall

Workpiece

of the eddies before the eddy vanishes; (4) the loading rate
of particles is low; (5) the effects of the vapor contami-
nation from an intensely evaporating particle (if any) on
particle behavior and the physical properties of the plasma
jet are negligible; (6) the injection velocity of particles is
the same as the carrier gas velocity at the exit section of
the injection tube.

Based on the preceding assumptions, the motion and
heating of a single particle, including its diameter variation
with time if evaporation occurs, inside the plasma jet are
calculated using the approach presented in Section 3.2 of
Ref. (49). Under thermal plasma conditions in the turbu-
lent regime, the following factors affecting the particle
heat transfer and drag force are considered: (i) apprecia-
ble property variation within the boundary layer around
the particle due to the large temperature difference be-
tween the particle surface and the local plasma flow; (ii)
the turbulent fluctuations; (iii) the Knudsen and evapo-
ration (if any) effects; and (iv) particle thermophoresis.

4. Modeling Results and Discussions

4.1 Description of the Computational Method

In this study, the SIMPLE-like algorithm (Ref 55) has
been employed to solve simultaneously the non-linear Eq
1-5, 6 [for torch region only], (10) and (11) with the new
version of the non-commercial software FAST-3D (Fluid
Analytical Simulation Tools—Three Dimensional) (Ref
56). The detailed description of the features of this mod-
ified computer code, FAST-3D, was presented in Ref.
(49). 3D, body-fitted, non-uniform meshes 32(z) x 22(r)x
11(0) and 42(z) x 32(r) x 42(0) for the modeling of tem-
perature and flow fields in the torch region and jet region,
respectively, are employed in this paper. The grid mesh in
z—r plane is shown in Fig. 4. The mesh in 6-direction is
uniform from 0 through 2x . In this study, firstly, the 3D
temperature and flow fields are simulated using the
32(z) x 22(r) x 11(0) non-uniform mesh; and secondly,
the 3D heat transfer and flow patterns in the plasma
jet region are simulated using the 42(z) x 32(r) x 42(0)
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Fig. 5 The calculated contours of temperature and velocity components in x-, y- and z-directions at the outlet of the anode nozzle

(I=400 A and Q =2.0 STP m*/h)

non-uniform mesh with the calculated distributions of
temperature and flow fields at the torch nozzle exit as the
starting boundary conditions.

4.2 Results and Discussion

In this section, the influences of arc current, working
gas flow rate, as well as the injection velocity of the carrier
gas, on the heat and flow patterns of the plasma arc and/or
jet are studied. The trajectories and heating histories of
nickel particles with different diameters are also predicted
based on the calculated temperature and flow fields in the
jet region.

250—Volume 16(2) June 2007

4.2.1 3D Temperature and Flow Fields in the Torch
and Jet Regions without Cold Carrier Gas Injection. As
discussed in Section 1, due to the lack of axial symmetry
distributions of temperature, velocity, turbulent kinetic
energy and its dissipation rate at the exit of the anode
nozzle, the temperature and flow fields in the jet region
would be 3D even with no transverse carrier gas injection.
The contours of temperature and velocity components in
x-, y- and z-directions at the outlet of the anode nozzle for
the case of I=400 A and Q =2.0 STP m’/h are shown in
Fig. 5, where the white circle indicates the inner surface
of the anode nozzle. Although the governing equations

Journal of Thermal Spray Technology
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Fig. 6 The temperature distributions in both torch and jet regions
0=2.0 STP m*/h)
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in 0-n plane without cold-carrier gas injection (/=400 A and
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Fig. 7 Comparison of the calculated temperature distributions in 0-n plane in the jet region with axi-symmetric (a) and non-axi-

symmetric (b) inlet boundary conditions (/=400 A and Q=2.0 STP m

presented in Section 2 are in the form of cylindrical
coordinates, the computer code, FAST-3D, can convert
these equations into the corresponding form in Cartesian
coordinates (Ref 56). The calculated temperature distri-
butions in a plane where the anode arc root stays, which
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3/h)

are the so-called 0-m plane in Ref. (21), are shown in
Fig. 6. From Fig. 5 and 6, it can be seen that not only the
temperature and flow fields inside the plasma torch are 3D
because of the local attachment of the anode arc-root on
the anode inner surface, but these 3D features are also
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transferred to the plasma jet region, even no transverse
cold carrier gas injection is imposed. For verifying the 3D
features in the jet region due to the non-axi-symmetric
heat and flow patterns at the exit of the torch anode, a
numerical experiment is conducted as follows: (1) the
calculated mass-averaged temperature, axial-velocity
component, turbulent kinetic energy and its dissipation
rate, with zero radial and tangential velocity components,
are used as the boundary conditions at the beginning of
the jet region; (2) other conditions are the same as those in
the case shown in Fig. 6. Because the mass-averaged
temperature and axial velocity component are nearly axi-
symmetric (Ref 21), the calculated temperature distribu-
tion in the plasma jet region is also nearly axi-symmetric,
as shown in Fig. 7(a). Compared with the results with non-
axi-symmetric inlet boundary conditions, as shown in
Fig. 7(b), there are substantial deviations from axial
symmetry. The calculated results show that: (1) the cor-
responding deflection angles of the plasma jets from their
geometrical axis are 0.8° and 1.8°, respectively; (2) the

corresponding lengths of the high-temperature region,
defined as the largest axial distance of the isotherm of
7,000 K, are also different, which are 66 mm and 80 mm,
respectively, for these two cases.

Similar calculated results for /=600, Q =2.0 STP m*/h
and /=800 A, 0=2.1 STP m>/h are shown in Fig. 8 and 9,
respectively. The calculated deflection angles of the jet
from its geometrical axis (o) and the lengths of high-
temperature regions in the jet (Lj.,) are listed in Table 1.
From Fig. 6, 8, 9 and Table 1, it can be concluded that: (a)

Table 1 The calculated deflection angle of the plasma
jet from its geometrical axis and the length of high-
temperature region of the plasma jet without cold carrier
gas injection

LA 0, STP m*/h a (°) Lie, mm
400 2.0 1.8 80.0
600 2.0 1.6 90.0
800 2.1 0.3 91.0

TEM: 500 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000 16000 17000 18000

30

1=600 A, Q=2.0 STP m’/hr

20

r (mm)

Temperature
0-r Plane

-20

-30 20

z (mm)

Fig. 8 The temperature distributions in the torch and jet regions in 0-n plane without cold carrier gas injection (/=600 A and
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20

r (mm)

Temperature
0-n Plane
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ol .
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Fig. 9 The temperature distributions in the torch and jet regions in 0-n plane without cold carrier gas injection (/=800 A and

Q=21 STP m’/h)
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Fig. 10 The computed isotherms in the injection plane in the jet region for different carrier gas injection velocities (/=400 A and

0=2.0 STP m’/h)

with an increase of the arc current, the anode arc-root
attachment will move upstream due to the enhanced
magnetic body force, leading to a shorter arc, but higher-
maximum temperatures and axial velocities at the exit of
the anode nozzle, as well as to a stronger penetration
effect of the main plasma stream due to the increase of
temperature, resulting in a longer high temperature region
in the jet; (b) with an increase of the plasma working gas
flow rate, the anode arc-root attachment will move
downstream due to the enhanced gasdynamic drag force,
leading to higher maximum temperatures and axial
velocities at the exit of the anode nozzle (Ref 21), as well
as to stronger mixing effects of the plasma main stream
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with the environment, resulting in a shorter high temper-
ature region in the jet.

4.2.2 3D Temperature and Flow Fields in the Torch
and Jet Regions with Cold Carrier Gas Injection. As ex-
pected, with the transverse injection of the cold-carrier
gas, the plasma jet emanating from the anode nozzle will
be deflected from its original direction (Ref 48-50). For
simplicity, we define in this section:

(1) Characteristic axis of the plasma jet: the line passing
through the center point of the nozzle exit and the
point of largest axial extension of the 7,000 K iso-
therm.

Volume 16(2) June 2007—253

PaMaInay 1984




3
=
2
]
c
w
8
Q

20

()  1=400 A, Q=2.0 STP m*/hr
V,=0m/s L
10 F
£
E
-20 . :
0 20 40 60 80 100
z (mm)
20
(b)  1=400 A, Q=2.0 STP m*hr
V,,=-10 m/s ‘ ,
10 |
a0 k
-20
0 20 40 60 80 100
z (mm)
20
(¢)  1=400 A, Q=2.0 STP m’/hr
V,,.=-20 m/s
10 |
5555532355
-20
0 20 40 60 80 100
z (mm)
20
(d)  1=400 A, Q=2.0 STP m°hr
V,=-30 m/s
10 |

0 20 40

60 80 100
z (mm)

Fig. 11 The computed distributions of velocity vectors in the injection plane within the jet region for different carrier gas injection

velocities (I=400 A and Q=2.0 STP m?/h)

(2) Referenced characteristic axis of the plasma jet: the
characteristic axis of the plasma jet without carrier gas
injection.

(3) Injection plane: the plane formed by the plasma torch
axis and injection tube axis.

For the case of =400 A, 0=2.0 STP m’h, and
Vin=0, =10, =20, —30 m/s, with the corresponding volu-
metric flow rates of 0, 0.113, 0.226, and 0.339 STP m®/h,
respectively, the calculated isotherms in the injection
plane within the plasma jet region are shown in Fig. 10.
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The corresponding calculated-deflection angles (Aa) of
the plasma jet from its referenced characteristic axis are
0°, 1.7°, 1.9°, and 2.0°, respectively. It can be seen that the
variations of the deflection angles are small with
increasing carrying gas injection velocity. But the calcu-
lated corresponding lengths of the high-temperature
isotherms change substantially (80.0, 65.0, 54.0 and
47.6 mm, respectively). This is due to the cooling effect of
the cold carrier gas. The corresponding calculated distri-
butions of velocity vectors in the injection plane are
shown in Fig. 11.
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Fig. 12 The calculated deflection angles of the jet characteristic
axis from its referenced characteristic axis in the injection plane
for the plasma jets
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Fig. 13 The calculated lengths of the high-temperature region
in the injection plane for the plasma jets

For the cases of /=400, 600 and 800 A and Q=2.0,
2.1 STP m’/h with Vi, =0, —10, =20, —30 m/s, the calcu-
lated deflection angles (Aa) and high-temperature region
lengths (Lje;) are shown in Fig. 12 and 13, respectively.
Figures 12 and 13 show that: (a) the injection of the
cold carrier gas has a much more significant effect on
the lengths of the high-temperature region than on
the deflection angles of the plasma jet; (b) increasing the
velocity of the carrier gas results in small increments of the
deflection angle of the plasma jet when the injection
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velocity of the carrier gas is larger than 10 m/s; while (c)
the rate of the length changes of the high temperature
region just slightly decreases with increasing carrier gas
injection velocity for all the cases studies in this paper.

4.2.3 Trajectories and Heating Histories of Sprayed
Nickel Particles. As indicated in Ref. (49), even for par-
ticles with the same particle diameter, same injection
velocity and same injection location, different particles
will follow different trajectories and heating histories due
to the influence of random turbulent fluctuations. In this
paper, nickel particles with diameters of 5 and 10 p m are
used to study the trajectories and heating histories of such
particles injected into the high-temperature plasma jet
region, although in plasma spraying larger particles
(greater/equal to 40 pm) are commonly used. The sam-
pling particle number is N,=5000, which is enough for
correctly predicting the particle spatial distributions (Ref
49). Particle dispersion is studied here based on the cal-
culated turbulent flow field using the two-equation (k-€)
turbulence model. For the case of =400 A, 0=2.0 STP
m*h and Vi,=-10 m/s, the particle trajectories and
heating histories for nickel particles with all initial diam-
eter of 10 p m are shown in Fig. 14(a) and (b), respec-
tively. The predicted dispersions of the sprayed particles
at extended-different axial locations (z =85, 110, 135 and
159 mm) are plotted in Fig. 15, where z =159 mm may be
the cross section very close to the substrate. The arrows
indicate the injection direction of the carrier gas and the
particles.

The parameters of particles in motion (such as their
temperatures, velocities, spatial distributions, etc.) just
before impinging on the substrate are very important since
they will affect directly the formation of coatings and the
coating qualities (Ref 57). In this section, parameters
concerning the statistical characteristics of the dispersed
particles are defined as follows:

Xp = %pi/NpVy =D ¥pi/Np, and 7, = /X2 + 32

(Eq 14)
. - > (opi xp);;f (30 yp)2 -
T,=> T,i/Ny, or= 2 (T”'i; )’ (Eq 16)
Dy = Dpi/N,, ©p= 2D = D). (D”]"'vp D”)zu > (Eq17)

where x,;, y,; Tp; and D,; indicate the x-, y-position,
temperature and diameter of the ith particle at a certain
axial (z) position, X,, y, , T and D, represent the aver-
aged x-, y-position, averaged temperature and averaged
diameter of particles at a certain axial (z) position,
respectively, 7, indicates the corresponding averaged
radial position with reference to the jet geometrical axis,
while c,, o7 and op (the standard deviations of the
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Table 2 Case list studied in Fig. 16-18

Case # ILA 0, STP m*h D,, pm
1 400 2.0 5.0
2 400 2.0 10.0
3 600 2.0 5.0
4 600 2.0 10.0
5 800 2.1 5.0
6 800 2.1 10.0

particle position, surface temperature, and diameter) are
the so-called characteristic pattern radius, characteristic
temperature range, and characteristic diameter range of
particle dispersions, respectively. Small values of G,, or
and op indicate less dispersions of particles and more
uniform particle temperatures and sizes before they
impinge on the substrate within the turbulent plasma jet
region. The calculated statistical parameters (Eq 14-17) at
z=159 mm in the jet region are shown in Fig. 16-18,
where the lines indicated by #1~#6 represent the cases
listed in Table 2. By analyzing the calculated results pre-
sented in Fig. 16-18, it can be concluded that: (1) by
increasing the particle initial diameter or the injection
velocity of the cold carrier gas, while keeping the other
parameters constant, the particles will have a deeper
penetration depth (i.e., a larger value of 7,) and larger
spatial dispersion range due to the larger inertia of parti-
cles and/or the additional momentum from the carrier gas
injection, while the spatial dispersion range increases (i.e.,
a larger value of c,) with the increase of the injection
velocity of the cold-carrier gas and the decrease of the
particle initial diameter; (2) in this study, the smaller
values of 7, and o, indicate that most of the particles
concentrate near the high temperature core region of the
plasma jet, which leads to higher averaged particle tem-
peratures (7,) with a smaller corresponding particle
characteristic temperature range (o). In addition, there
will be significant particle evaporation (i.e., smaller aver-
aged particle diameter, D, , and a larger corresponding
particle characteristic diameter range cp).

5. Concluding Remarks

In this paper, the 3D characteristics of heat transfer and
flow patterns in an atmospheric-pressure thermal plasma
spray process in the steady mode of operation is simulated,
including both the plasma torch region and the plasma jet
region. The sprayed nickel particles, together with the
cold-carrier gas, are injected transversely into the plasma
jet region. The corresponding heating histories and 3D
trajectories of nickel powders are also predicted based on
the calculated 3D temperature and flow fields. Main con-
clusions obtained from the present study are as follows:

(1) The 3D features of the heat transfer and flow patterns
inside the thermal plasma torch are significant due to
the constricted, local anode arc-root attachment on
the anode inner surface. And this 3D feature also
leads to 3D temperature and flow fields in the plasma
jet region, even with no transverse carrier gas injection.
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Therefore, the 3D heat and flow patterns of the plasma
jet in actual thermal plasma spraying result not only
from the transverse injection of the cold carrier gas, but
also from the non-axi-symmetric distributions at the
exit of the plasma torch.

(2) Due to the 3D temperature and flow fields in the
plasma jet region, the trajectories of sprayed particles
are also 3D, which depends on both the plasma torch
operation parameters and the initial injection velocity
and initial diameter of particles. Thus, optimized
combinations of plasma torch operation parameters,
carrier gas injection velocity, sprayed particle diameter,
etc., are necessary for obtaining high quality coatings.

Although in the present paper, metallic (nickel) parti-
cles are employed for simplifying the calculation of the
particle heating histories, and the action of heated and
accelerated particles on the plasma jet is also neglected,
this study can be extended to the cases with high-loading
rate of non-metallic particles, with further development
and by coupling the heat conduction equation within the
particles with the temperature and flow field calculation
and including the particle-plasma interaction terms in the
mass, momentum and energy conservation equations (Ref
32, 58). And distributions of particle sizes, velocity, loca-
tion and flow direction of particles can also be considered
in future studies. Furthermore, the present model does not
cover the complicated large-eddy or non-isotropic turbu-
lent processes within the plasma jet. With the develop-
ment of computer hardware and software in the future,
the large-scale large-eddy simulation (LES) and/or direct
numerical simulation (DNS) may become feasible based
on parallel, supercomputing platforms for studying the
spatial/temporal distributions of thermal plasmas in tur-
bulent regime. Finally, it should be emphasized that since
the DC arc plasma torch usually works in restrike or
takeover mode in actual thermal plasma spray process,
thus, the simulations on the time-dependent, 3D heat
transfer and flow patterns inside and outside of the plasma
torch, as well as the enhancement of turbulent mixing of
the unsteady plasma jet with the surrounding gas, are
necessary for providing more helpful information on the
actual plasma spray process in future work.
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