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Investigation of Particle In-flight Characteristics

during Atmospheric Plasma Spraying of Yttria
Stabilized ZrO ,: Part 2. Modeling
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Yttria stabilized ZrO , particle in-flight characteristics in an Ar-H, atmospheric plasma jet have been studied
using analytical and experimental techniques. In the previous articlél, the primary gas flow, plasma
composition, current, and powder feed rate were systematically varied and particle surface temperatures,
velocities, and size distributions measured and statistically analyzed. In this paper, a mathematical model
for the plasma flow and particle characteristics is presented. Model predictions are compared with the
experimental results in Ref 1 and a reasonable correlation is found. A statistical investigation (composite
cubic face (CCF)) is performed on the particle predictions, giving fast and simple relationships between gun
parameters and particle in-flight properties. The statistical and theoretical models that are presented here
combine to form a powerful and cost-effective tool, which can be used in the evaluation and optimization of
spray parameters off-line.

the possibility to use computer simulations to obtain simple pa
rameter relationships. Such an investigation is therefore pe
formed using a composite cubic face (CCF) experimental
designt®!
1. Introduction A commercial code is used for the numerical solution of the
) incompressible Navier-Stokes equations to simulate the plasm

The plasma spray process is composed of three separatgow. In these calculations, a mass fraction conservation equa
processes: the plasma generation, the plasma/particle interagion takes interdiffusion effects between plasma and surround
tion, and the formation of the coating. The characteristics of thejng air into account. An in-house code is used for the particle
particles prior to impact, such as velocity and particle stat¢ ( property calculations. Allowance has been made for noncontin
partly or fully molten), are probably the most important factors um effects, internal heat conduction, phase changes, reducs
influencing the microstructure and properties of the coating.  heat transfer due to particle vaporization, and the effects of vari

Our purpose is to investigate possible relations betweengple plasma properties in the plasma boundary layer.
process parameters, such as gas flow and energy input, on the The discrepancy between predictions and measurements
one hand, and particle properties, on the other. The experimenapouyt 5 to 10%, but we still conclude that the model is able td
tal study and statistical evaluation of the particle behavior is the predict trends fairly accurately and that the method describeg
subject of a companion article (Parti,Ref 1). In the present  might be a cost-effective tool to increase the reproducibility of
work, the temperature, state, and velocity of yttria stabilized the plasma spray process.
ZrO, particles are predicted by means of numerical modeling. Of
particular interest is whether the model presented is capable of2 .
predicting correct trends when operation conditions are varied<* Calculatlo_ns_ of Plasma Jet
within a limited range. Characteristics

Modern on-line measurement syst&hiave 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 A - - L
model to be dependent on the particular spray situation andto b omentum, and energy using a finite v_qume d!scretlzatlon. Ths
valid only in a small window in the parameter space. To reduce.l{jlrne is assumed to be axis-symmetric, time-independent, an

the need for expensive experiments, it is important to evaluaten @ State of chal thermodynamic _equmbnum. The Che.m'cal re-
actions in the jet and between the jet and the surroundings are g

sumed negligible. lonization and dissociation processes ar
taken into account through the physical properties of the gase
The plasma is assumed to be optically thin (transparent to radig

Keywords particle temperature, particle velocity, plasma mode
ing, plasma spraying, yttria stabilized zrO

The numerical simulations are made using the Fluent com
mercial CFD code (Fluent Incorporated, Centerra Resourcd
Park, Lebanon, USA). It approximates the solution of the in-
compressible Navier-Stokes equations for conservation of mas
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Lund Institute of Technology, S-221 00 Lund, Sweden; hars tive heat transfer). THee turbulence model is used with stand-
Pejryd, Volvo Aero Corporation, Sweden. Contact e-mail: ard parameters, as in Table 1. These values are standard with
per@thn.htu.se. axis-symmetric correction terfh.Swirl was not taken into ac-
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Table 1 Turbulence parameters
8 Nomenclature
> H enthalpy Jkg C. C C, Pry Sq & &t & £a
-QS’ U axial velocity mst 0.09 1.44 192 09 0.9 1 1.3 1 1
) T temperature K
@ R nozzle radius m
P .
<5} r radius m
Qq_’ R nozzle inner radius m hydrogen and air mixture. The viscosify) (was calculated by
k turbulence kinetic energy J#g the procedure described by Wilkeand the thermal conductiv-
€ turbulence dissipation rate Jhg* ity (k) of the mixture was calculated by the procedure described
L mixing length m by Mason and Saxerfa:
5 inflow velocity width m y :
Co drag coefficient —
d particle diameter m ,U«(T) = z ﬂ (Eq 3)
Re Reynolds number — 1+ Z @i Yi
a thermal accomodation coefficient — S Y
y specific heat ratio —
Pr Prandtl number — k(T)
Nu Nusslet number — k(T) = JYA (Eq 4)
Kn Knudsen number — T1+ z AL
Vu molecular speed ms I# Y
R universal gas constant J mia{-*
t time s wherey stands for the mole fraction. The coefficiepfsandA;
q heat flux Wm? are dependent on the temperature and pressure, and collision in-
h heat transfer coefficient WK~ tegralsg; were calculated using the Wilke approximatfn:
€ radiation emissivity —
o Stefan-Boltzman constant WK 0 | . Ij 1
AH,, latent heat of fusion J kb En = T2
AH, latent heat of vaporisation J#kg Qi = \/718514- %é? E’%Sg %+ %% (Eq 5)
He local fluid enthalpy J kg 0 ] ! 0 J
Hy fluid enthalpy at particle surface Jkg
Cp Zpeci_ﬁc heat kaﬁ’l whereM stands for molecular weight. The coefficieAjsvere
p ensity g i ) i in-
’ thermal conductivity W i K-t calculated using the Mason and Saxena’s approximétion:
viscosit kg mtst -
X mass fchtion 9 A; =1.065¢ (Eq 6)
y mass fraction —
M molecular weight kg mot 2.1 Computational Domain and Boundary
Subscripts Conditions
f ﬂ:'r‘:iggase The geometry and computational domain including the torch
\?v Sroperty corresponding to wall (particle surface) isillustrated in Fig. 1. The lower bqundary is the symmetry axis
temperature and the flow moves toward the right. The upper and the left
0 property corresponding to fluid temperature boundaries are open boundaries at which the temperature (300
m melting K) and pressures (1 atm) are assumed to be constant. Since the
bp boiling point 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
count in the simulations since it has been found to have a neg"_nonunlform mesh with higher densities near the torch and in re-

gible effects! gions where the highest gradients are assumed to occur. Grid sen-
The thermodynamic and transport properties of argon, hy- Sitivity trials were made by first selecting a mesh of 2000 nodes
drogen, and air were taken from Ref 6. and subsequently increasing the number of nodes by about 2000
Mixing rules were employed to determine the properties of between trials. The grid was considered sufficiently refined when
the mixture (plasma- surrounding air). The specific hedL) two sets of computed results for two successive grid configura-
and enthalpy H) of the mixture were calculated using mass tons differed by no more than 2 pct. The final number of nodes
weighted mixing rules as proposed by Babal" 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.
Co(T) = T Coi(Mx (Eq 1) The torch inlet radial velocities were set to zero and the axial
T temperatureT) and velocity Ur) profiles were assumed to have
power law forms:
H(™) =5 H(T)x Eq2
( ) Z l( )X' ( q ) TF = (Tmax - Twall)(l_ (r / I%nner)z) + Twall (Eq 7)
wherex stands for the mass fraction and subscfiptthe argon- Ur = Upax(1= (" / Roner)?) (Eq 8)
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Fig. 1 The computational domain

Fig. 2 Computational mesh used in the simulations

Here,r is the radial positioril,,, the torch wall temperature,

andR...r the inner radius of the nozzle. These inlet conditions Ni . .
are difficult to validate by measurement and other authoase 3. The Two-Dimensional Particle Model

prﬁposhed vsnou; rEOd7eIs ((juglnlg, In partltlzular, flnztegjr rllaowfers In order to calculate the particle trajectories, temperature his
otherthan those in Eq 7 an )‘. nteger values of 2 to 4 there O%ories, and distributions of particle impact temperatures, posi
were also evaluated. From this analysis, we determined thattions and velocities. a two-dimensional model was used. Whe
within a reasonable range downstream from the nozzle, th? re'calculating the interactions between particles and plasma, it wa
sults were not strongly depenc;lent on the postulated prom(.as'assumed that the particle loading effect on the plasma is negl
I-LO\éve\(er, a (rjn%retz cgmp[)elzh?ns(;v?. meiﬁsurem;ent and thQellnggible (one-way coupling).e.,the presence of particles will have
study 1S needed 1o be able 1o detine the most proper CNOICE Ojie effect on gas velocities and temperatures. The particle
these profiles. The ternis,., and U ., were derived from the model is based on the following assumptions:

global mass and enthalpy conservation at the nozzle exit (for the

different process conditions simulatdd,. was typically 16 to  «  a two-dimensional flow in which particles maintain axial

17000 K andJ . typically 1000 to 1200 m/s). The turbulence and radial trajectories;
klnet_lg energy K) and its dissipation rate) at the inlet were spherical particles;
specified b{!
¢ local thermodynamic equilibrium exists;
K(r) = 0.001%UE (Eq 9) «  optically thin plasma;
¢ negligible gravitational effects;
% * negligible effects of thermophore$id,Basset histor{”
2 1 A
£(r) = k™ (Eq 10 and particle charging;
L « negligible turbulent effects on particle trajectories; and
* negligible vaporization effects on drag and boundary laye
where properties.
L = 0,075 ) Based on the above assumptions, the momentum and heat tra
- CT% (Eq11 fer between the plasma and the particles can be modeled :

follow.

Here,L is the mixing lengthg, the turbulence constant in Table
1, ands the inflow velocity full width at tenth maximurne., 8 3.1 Equations of Motion

is the solution of . . .
The equation of motion of the particleB%s

DO_
U|: = —01LJ (Eq 12) dU _3 Ps
tony = i CAR e (Eq 13)

The values fok ande in Eq 9 and 10 are comparatively _ o _ .
small,i.e.,assume a close to laminar flow. Although these ex- where G, is the drag coefficient given by the following correc-

pressions most probably lead to an underestimation of turbu-tions as a function of the Reynolds number:

lence quantities in the nozzle region, we verified that the

development of turbulence downstream in the jet was not sig- Re = Pf\Up - Uf\dp (Eq 14)
nificantly influenced by these choices. W
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R4/Re Re<0.2 wheret is the time coordinate,is the radial coordinate within

24/Re)(1+ 0.087) 02<Re<20 the particle, and is the corresponding temperature. The terms
Cp = 24/Re)(1+ 0 11Reo.81) 20<Re<210 (Ed15) Pp: Cp, @andk, denote the density, the specific heat, and the ther-
24/Re)(L+ 0.189 Re’) 21' 0<Re< 560 mal conductivity of the particle material. The initial condition is
d
The terms; andp in Eq 13 and 14 are the density and vis- 11 = To, 1 =0,1< Ep (Eq 23)

cosity of the plasma-air mixture calculated at the bulk tempera-

ture, p, the particle densitylUr the fluid velocity for the  Here,d, is the particle diameter ari, the temperature of the

particular computational cell within which the particle resides, particles at the time of injection. The boundary conditions are
U, the particle velocity, and, the particle diameter. The drag

coefficient is corrected for noncontinuum effects by the f&&tor (%) =0,t>0 (Eq 24)
2-a\0y M4, 0" "
A R (Fa10) o), =at>0
Plor ) = % (Eq 25)

whereais the thermal accommodation coefficiepthe specific 2
heat ratio, Rythe Prandtl number calculated at the particle sur- where
face temperature, and Kn the Knudsen number defifi€d as

2pr, K a=h(T; = T) +eo(T - T) (Eq 26)
Kn= ———— (Eq 17)

pf,wvwdpcp

Here,T;is the fluid bulk temperature for the particular computa-
tional cell within which the particle resideg, the particle sur-
Mace temperature; the emmisivity,c the Boltzman constant,
andT, 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

where the mean conductivity and specific heat are obtained b
integration over the boundary lay&t The termpy,, is the fluid
density at the wall temperature, angthe mean molecular
speed, dependent on the molecular weldlats well as the par-
ticle surface temperatufe;:

_ [BRT, " Eq 18

Vo = OMar O Eald) 0o kp(ﬁ) (Eq 27)
at ~ P\st) .,

where R denotes the gas constant. The temperature of the ge ) . ) -

drops drastically in the boundary layer, and consequently therewhereAH,, is the latent heat of fusion, the radial position of

are property variations within the boundary layer. Corrections of the melting frontp, the particle solid phase density, dgdhe

the drag coefficient by the factor liquid phase conductivity. This phase change problem is solved
by the enthalpy methd#! The heat-transfer coefficiei,in Eq
o 0 26 is estimated using the standard convective foftflula
f, = %H (Eq 19)
f Moo k
_ _ ~ h=Nui (Eq 28)
are therefore carried out, as proposed by Lewis and GB&#lvin. dp

Subscriptse andf in Eq 19 represent the properties at the local
fluid and film temperature, respectively. The final expression for wherek; is the conductivity of the plasma-air mixture at the bulk
Cp becomes temperature and Nu is the Nusslet number calculated from the
Ranz and Marshall equati&fl.
Cp =Cp,.T1.T; (Eq. 20)
Nu, = 2.0 + 0.514 Re"® (Eq 29)
3.2 Equations of Heating _ L _
This Nusslet number is, first, corrected due to noncontinuum
When spraying ceramics, internal heat transfer (within the effects by the factor
particles) has to be considef&dThe heat conduction equation

-1
may be written 8! - (2 - a)DL%% O
8T f3 - + a Ij_"' ')/ os nB (Eq 30)

PCh g = O(ko(T)CT)

Eq 21
(Ea21) as proposed by Pfender and [l'éeand, second, due to variable
In spherical coordinates, we obtaih properties through the boundary layer by the factor
.15
T _15(. ﬂ) f, = gfﬂ Eq31
P 5t T r2ar (r % & (Eq 22) *~ Borpr (Fa3
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Table 2 ZrO, particle properties

1.800404 4 ‘U
1.600404 , D
pkg m=3) Tw(K) T (K) AHn(J kg™) R B ®
5400 2950 4548 0.71e6 ; 1 - Py}
Accommodation Rl I "<D
AH,(J kg™h) Cp(J kg™ k(W m-tK- coefficient(a) Stat 1.008404 | . @
atic 9
5.06% 10 604 1.1 0.8 Temperature soe0s-| %, s
(k) ) A ®
6.006+0% Q
Table 3 The investigated factors and their high and low 30033
levels 2009409
0.00s+00 T T T T T d
Factor +Level —Level Unit 0 002 004 oce 008 o1 012
Position (m)
Current 420 300 A
Argon flow rate 32 23 slpm . . )
Hydrogen flow rate 5 3 slpm Fig. 3 Plasma centerline temperature profile (K)
as proposed by Lewis and GauvéthThe final expression for 1.40840% -
the Nusslet number then becomes ]
1.206403 -l""'\
Nu = Nu, [f; [{, (Eq32) 1.00640% ‘:
Vaporization is considered by reducing the heat transfer when 8.008402 ’;
the particle reaches the boiling temperature, due to the outflow M Veloc|ty 1 %
of vapor;i.e., gin Eq 24 is substituted by the combustion ap- ag”('%‘,s 6:000:02 %
proximatiors! 40002 -
AH k gl H., J
E 33 200402
AH "0 (Eq 33)
0.00s+00 T T T T T 1
i i i X 0 002 004 0.06 008 o 012
whereAH, is the latent heat of vaporizatiom,the particle ra-

‘ . Position {m})
dius, ancH,, andH.. denote the enthalpies at the particle surface

and local fluid temperature. The gas properties for the air-plasmérig. 4 Plasma centerline velocity profile (m/s)
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 injectiong, 3 The Diagnostics of In-Flight Sprayed Particles
location was randomly generated by sampling from a uniform
distribution betweer-2 and—4 mm upstream from the nozzle

The diagnostics of in-flight sprayed particles were measureg
exit (internal injection). The mean of the particle injection ve- Using the optical system DPV2000, developed by the Nationa

locity was set to 13 m/s, and the particle size distribution was Research Council of Canada (Industrial Materials Institute,
taken from the sieve analysis and is given in Ref 1. Boucherville, PQ, Canada) and Tecnar Automation Ltée (St Hu

bert, PQ, Canada). The properties were measured 70 mm fro
. the nozzle exit in the center of the particle flux.
4. Experimental

The experimental procedure has already been described ir4.4 The Simulations
the companion article (Partdf. Ref 1). However, a brief de-

Lo . The simulations were performed using a CCF statistical de
scription is provided here for completeness. .

sign. This design was selected since it gives information abo
4.1 Materials the curvature of the particle property function. The assumed lin

ear parameter-property relationship in Ref 1 therefore could bg
A commercially available powder, 7.7% yttria partially sta- Validated. The parameters and their levels are given in Table

bilized zirconia produced by H.C. Starck (Gostar, Germany) as These are the same as in the statistical investigétiexcept
Amperit 827 was used in this study. The particle properties usecthat the powder mass flow rate has been excluded, as the mog
in the simulations are given in Table 2. neglects the particle loading effect.

4.2 Plasma Spraying

5. Results and Discussion
Plasma spraying was carried out using the SM-F-100 Connex

(Wohlen, Switzerland) gun. The gun was controlled by an auto- ~ The centerline decay of jet temperature and velocity is show
mated and robotized Sultzer Metco (Wohlen, Switzerland) in Fig. 3 and 4. There is a noticeable change in the slope in bof

A3000 air plasma unit. The powder was injected radially inter- the temperature and velocity curves at approximately 10 m
nally 3 mm upstream from the nozzle exit. from the nozzle exit.
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Table 4 Simulation design matrix and predicted and 180

measured (in parentheses) average particle properties 70 170
mm downstream from nozzle exit
~ 160
Ar (slpm) H,(slpm) Current (A) Temperature (K) Velocity (m/s) E
23 3 300 3084 (3352) 113 (114) E 150
32 3 300 2925 (3280) 123 (118) 2140
23 5 300 3151 (3365) 118 (115) 9
32 5 300 2957 (3300) 124 (124) < 130
23 3 420 3815 (3477) 167 (138) > 120
32 3 420 3220 (3404) 172 (143)
23 5 420 3858 (3512) 176 (146) 110
32 5 420 3304 (3461) 172 (155)
23 4 360 3415 136 100
32 4 360 3024 139
275 3 360 3240 154
275 5 360 3206 139
275 4 300 2978 120
275 4 420 3497 175 3600
275 4 360 3262 151
275 4 360 3268 152 — 3500
275 4 360 3260 152 Y
o 3400
2
- ) s 33004 -
The torch efficiency was measured on one occasion to 52% &
and considered to be independent of the spray parameters. Thlg 3200
voltage was noticed to be sensitive to the hydrogen flow rate. &
Measured averages were 43, 46, and 49 V for the respective hy- 3100
drogen 3, 4, and 5 slpm flow rates. Investigated parameters, pre:

dicted average particle velocities, and temperatures are given in 3000 C A H
Table 4. The corresponding measured propéttae given in
parentheses. ()

It should be nO_t'CEd that the measur,ements represent th(?:ig. 5 Predicted and measured effects of the respective factors when
property averages in the center of the particle flux, while the pre-each factor is varied within its ranges. The black squares correspond
dictions correspond to all particles passing the plane 70 mmto the measured effects, whereas the circles correspond to the predicted
downstream from the nozzle exit. The overall agreement is fairly effects.
good, albeit the velocities are overestimated for the 420 A cases
and the temperatures are underestimated in the 300 A cases. Th  To be able to control the particle in-flight characteristics on-
discrepancy might be due to the method chosen to correct thdine or to optimize spraying conditions of a powder, a fast com-
Nusslet number in Eq 29. Several other methods have been prcputational model is needed. If model predictions can be used to
posed!! When comparing measurements and predictions, it wasobtain such relationships, the need of expensive experiments is
of particular interest whether the model presented was able tcreduced. Independent regressions of average particle velocity
predict correct trends when operating conditions were varied. Aand temperature yielded the following equations (Eq 34 and 35)
mean least regression (MLR) analysis of the predictions there-(based on all the predictions in Table 4). Only statistically sig-
fore was made, using the Modde software system (Umetri AB, nificant terms have been included.

Umed, Sweden). In order to make a transparent comparison ]

only the first eight rows in Table 4 were used. The measured an¢ Velocity =C+axX Ar+b x| (Eq 34)
predicted changes in respective response when the factors ar

changed within their ranges are given in Fig. 5. Only the main Temperaiure = C+axAr+bXx1+cxXH; +dx Ar x|
effects have been included in these figures. The trends are it (Eq 35)
good agreement, but the effects are generally overestimated.

In the experimental investigatidhwe determined a local  where the coefficients, a, b, cand d are given in Table 5. The
linear approximation to the response function (particle velocity Ar, |, and H represent the argon mass flow rate, current, and the
and temperature) in the neighborhood of the tests. Since the stehydrogen mass flow rate coded-ta to 1. The terniR?in Table
tistical design in this papecf( Table 4) includes center points, 5 represents the fraction of the variation of the response ex-
it is possible to fit a second-order polynomial in the least-squaresplained by the model, ar@ represents the fraction of the re-
sense. Consequently, the curvature of the response function casponse that can be predicted by the m&d&he R? and Q?
be estimated. In Fig. 6, prediction plots are given, representingvalues close to 1 are indicative of the model’s quality and effi-
the change in the responses when the current varies over itciency. The predictions in Table 4 can be well described by Eq
range. Similar plots, where the hydrogen and argon flow rates34 and 35, since bot andQ? are larger than 0.9.
were varied, revealed that the assumed linear parameter-prop  Yielded regression contour plots for unmelted fraction of par-
erty relationship! is appropriatei.e., a two-level statistical de-  ticles and average particle velocities are given in Fig. 7. The un-
sign seems sufficient within the selected ranges. melted fraction of particles was calculated as the particle number
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Fig. 6 Predicted average particla) temperatures (K) ant) veloci- Argon mass flow rate (slpm)
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curves represent a 90% confidence interval
Fig. 7 Contour plot for & unmelted fraction of particles (%) artg) (
average particle velocity (m/s) where the argon flow rate (slpm) and cur|
Table 5 Yielded coefficients, explanation degre&f), and rent (A) have been varied. The hydrogen flow raté slpm.

predictability (Q,) in the regression analysis

Velocity coefficients Temperature coefficients
C (constant) 146.059 3261.882 6. Conclusions
a 2.1 —189.3
E 26.5 2;989 In this article, a mathematical model of the atmospheric pres
d - 905 sure plasma spray process has been described. The influence
Q 0.919 0.9594 arc current and primary and secondary gas flows on particle i
R, 0.9411 0.9824 flight properties has been systematically studied. The result

show reasonably good agreement with measurements and t
model seems capable of predicting correct trends when oper3
fraction that had a surface temperature below the melting pointtion conditions are varied. The most significant factor in both ex
(2950 K). Alternatively, the core temperature or the individual periments and simulations was the current. The predicteq
ratio unmelted of each particle could have been used instead. particle temperature and velocity was also expressed in terms (
The response contours in Fig. 7 can be superimposed to despray gun parameters. Such relationships can be useful in on-li
termine optimal parameter settings, for instance, to minimize thecontrol and in numerical optimization of the plasma spray
fraction of unmelted particles while simultaneously maximizing process. The ability to yield regression equations from the fluid
the average velocity. This would represent the upper left cornerdynamic simulations looks promising. However, the model has
in Fig. 7,i.e.,a 23 slpm argon mass flow rate and a 420 A cur- to be refined since it overestimates the effects when process p
rent. However, a larger number of particles, than the present 30(rameters are varied. Specifically, the particle temperatures a
in each simulation, should probably be used to give a more cer-overestimated. More sophisticated models to calculate nozzl
tain value of the fraction of unmelted particles. exit conditions as well as heat-transfer coefficients between jet
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and particles might increase model accuracy. Further work on 6.

these subjects is planned.
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