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Simple modeling of the thermal history of d.c plasma sprayed agglomer ated
nanosized zirconia particles

F. Ben Ettouit, O. Mazhorovj B. Pateyroh Héléne AgeorgésM. El Ganaodi P. Fauchafs

! University of Limoges, SPCT, Limoges, France
2 Keldysh Institute of Applied Mathematics, Moscoussia

Abstract: In this work, are presented the results of a madebling both dynamic and thermal histories of a
single zirconia particle injected into a d.c plagetaThe model developed calculates the heatfeaasd phase
changes within the particle along its trajectotysibased on the Stefan problem with an explietednination

of the position of the interface solid/liquid. Tlewaporation is described according to the apprd8ettk
pressure” The model is adapted to the calculatidhesmal and dynamic behaviors of agglomeratetigies

Keywords: fast modelling, d.c plasma spray, agglomeratedniecparticle, thermal history

Nomenclature:

a: thermal accommodation coefficient (= 0.8) «: thermal conductivity (W.mK™)

Bi: Biot number (-) w: molecular viscosity (Pa.s)

c,: specific heat at constant pressure (3.Kg) p: mass density (kg.m

c,: specific heat at constant volume (J:kg™) o: Stefan-Boltzmann constant =5.67°(0/.m%.K™)
Cp : drag coefficient (-) Indices:

d, : particle diameter (m) eb: ebullition

f', f” : correction factors of drag coefficient (-) I : liquid

fo, f1, f: correction factor of Nusselt number (-) p : particle

h: heat transfer coefficient (W.7iK™) sat : saturation

Kn=1/d,: Knudsen number (-) s : solid

Vv @ vapor

| mean free path (m) o : plasma far from particle

Ly : melting latent heat (J.Ky
Ly : boiling latent heat (J.KY
m : mass (kg)
M : molar mass (kg.mot§
_ _gasvelocity  : Mach number (-)
sound velocity

Nu = hd / u : Nusselt number (-)

1. Introduction

The plasma spraying of nanosized agglomerated
particles aims at building partially nanostructured
coatings [1]. Particles must be only partially redltto
keep their nanostructured core. So the control hef t
melting within particles is the key point to achgev

p : pressure (Pa) successful plasma sprayed partially nanostructured
ps : saturation pressure (Pa) coatings.

Pe = d.vp.c//x Peclet number (-)
Pr = pu.c,/k : Prandtl number (-)

Molten material
r : particle radius (m) ]
R:perfect gas constant=8.314 (J.tot) e
Re = p(V.-Vp).d/u  Reynolds number relatively to the
particle (-)

T : temperature (K)

T, : room temperature (K)

u: velocity of vapor (m:$

v: velocity (m.s})

8.RT
V= S : mean molecular speed (M)s
.M Nanosized particles

Molten layer

Substrate

9 | * Velocity of the melting front (my Fig. 1 Mechanism of nanostructured coating building

o - .

J,, : Velocity of the vaporization front (‘s Such coating are characterized by their increased
a : porosity () diffusivity and hardness, reduced density and ielast
B: dimensionless vapor velocity (-) modulus, improved ductility and lower thermal

y = ¢,/ c,: Ratio of heat capacities (-) conductivity [2, 3]



This paper presents the fast modeling of the thermaheref’ is the corrective coefficient suggested by Lee [7]
history of a single nanosized agglomerated zircont® take into account the temperature gradient withie
particle d.c plasma sprayed. After the brief recdlthe boundary layer and” is that corresponding to the
2D parabolic model of the plasma jet, are descrited Knudsen effect [8] which is not negligible for palts
modeling of the particle trajectory and heatingluding ~ with d, < 20 pm.

the propagation of melting or solidification or

vaporization front and finally results obtained lwithe 2.3 Particle heating M odeling

porous zirconia particles. In the plasma jet conditions, the coefficient eah
transfer h is written as follows:

2. Modeling Nux

2.1. Plasma jet modeling h=—-—

“Jets&Poudres” software [4], dealing with 2D parbdo dp

flow, was used to model the plasma jet, assumebeto where k is the integrated thermal conductivity as
stationary. Although this model neglects the intéoa proposed by Bourdin et al [9]
between carrier gas flow and the plasma flow, tesare 1 T
in good agreement with those obtained with a 3Demorg (T) = JK(@)dH
sophisticated code, taking this interaction int@oamt -T, i
[5]. F'gl.”e 2 presents the temperature field Of_ the The thermal conductivity of a nanosized agglometate
plasma jet simulated with working conditions sumizexat particle is calculated as function of its porosity
in table 1 (which will be used in the followinggnd the _ _ .
trajectory of a single zirconia particle 30um iameter. Keit = Ks(l_ a) (KS =166 Wm~K )

As for the drag coefficient, and taking into accothme

variations of plasma properties within the boundager,
0.04 corrective coefficients are introduced in the miedif
11388 Nusselt number:
L Nu= (2+ 06Re’ Pro®)f, f, , ®)
Bl 1 ﬁﬁﬁ éggg fo, i and f, being respectively the corrective factors
| L orat related to the temperature gradient within the kiauy
B 7L ot | I - layer, the Knudsen effect and the vapor buffer adotne
2 particles [8, 10, and 11]
. 115 The progress of the evaporation frontdeduced from the
equation of mass conservation:
0.1»2 0.64 ) '0.66 0‘.(»3 04‘1 plzglv = pv (Z9Iv _u)
X axis

Fig. 2 Temperature fields and trajectory of a singl 10 uncouple the calculation of the evaporation lué t

has been used. He has treated the Knudsen lagegas

Table 1. Torch working conditions dynamic discontinuity: the approximate jump coruis
Plasma gas H,-Ar 75% vol were derived and, particularly, gave the mass ifracbf
Nozzle internal diameter 7 mm flow leaving the Knudsen layer, for which a jump
Plasma gas flow rate 60 L/min condition was written as follows:
Spray distance 100 mm _ _ 2
Surrounding atmosphere | Air T_ 1+ y-1B)_ \/;_Ty_lﬁ
Electric power 32 kw T, y+12 y+12
Thermal efficiency 57 %
Effective thermal power 18.24 kw T 1 ¢
" 2= [Tl(g2eterdn)- 2
2.2 Particle Dynamic M odeling Ps s T
The single particle trajectory is calculated frame force 1T "
balance exerted on it. Most numerical works for d.ch 5T 1—\/7_T,3e erfc(f)
plasma jet take into account only the drag foré@sThe _Ts _ _ _
momentum equation is written as follows: f being the dimensionless velocity of vapor as psego
dv 1 d by Knight [13] and Ma the mach number:
m.—==C,m—>p_lv, -V |(v, -V,)
Pdt 2 P 4 ‘ p‘ P Ma= u = L. E
Corrective factors to the drag coefficient are RT )4

introduced to take into account the drastic gradiesf M
temperature and gas properties within the thermal i i i .
boundary layer surrounding the particle, as welltizes Of course the. partlcle_ trajectory calculation takals)_
Knudsen effect. It follows: account, at time .4, its mass loss by evaporation

24 calculated at time.t W, defined as the mass fraction

081 "
_R_€(1+ 011Re )ff leaving the particle through the Knudsen layer (the

Co



adjacent field to the particle) is described by theeceives an important thermal energy flux, thus its

continuous averaged equations:

psat /ZITM

Taking into account the approximatigf, << g,
and the equation of state of
gasePgy = P (R/M).T, the evaporation front
velocity can be written as follows:

9 = _Wfr PsarV RT/M - 1 Wfr Psat

VT o 2m 2mp JRTIM

The saturated vapor pressurg pt the temperature T is

given by:

M.L
= P, EX W
psat peb ’{ R-l;b

Teb
- ?)}

The moving interface is treated within an adaptive

grid in which the positions of different phase opan
fronts are fixed. The transformation of co-ordisathus
depends only on interface velocities [13]. An imjili
scheme of finished differences is written. The dyita

perfect

melting degree is more important than that of tagige
injected at 17 or 20 nmi*swhich cross the pagr)na jet core
with shorter residence times.

—s—v=14m/s
v=17m/s
— = v=20m/s

Dimensionless radius (-)

T T
0.04 0.06

0.'0217)

Axial position

Figure 4 Axial evolution of the melting front in
agglomerated zirconia particle (dp =@,

Ky =116 Wm™K ™).

Figure 5 shows the evolution of the melting front

and thermal simulations of a single particle aresth 55 5 function of the axial position for three ziizo

carried out by minimizing the time costs of caltigas.

3. Results

Figure 3 presents the axial evolution of the mgltiront
within three agglomerated zirconia particles offetiént
sizes withke=1.16W.m™.K™. It allows evaluating the size
of the nanostructured core, preserved at the entheof
heat treatment of zirconia particles. The partitdeum in
diameter is totally melted when within particless®f and
60 um remain nanostructured solid core respectioély

27 and 56 um corresponding to 54 and 71 % of their

initial diameter. This result shows that there ifower
limit to the particle size over which nanostructuslid
core can be obtained.

— — dp=60pum
——dp =50 pm
—=—dp =40 pm

1.0+
Y

0.8+

_______________

0.6

0.4+

Dimesionless radius (-)

0.2

0.0

T T T T T
0.02 0.04 0.06 0.08 0.10

Axial position (m)

Fig. 3 Axial evolution of the melting front in
agglomerated zirconia particles.

particles both 60 um in diameter but with different
porosities. The size of the nanostructured corsgmed
is inversely proportional to the porosity.

— — alpha=0.1
alpha=0.3
—<+—alpha=0.5

Dimensionless radius (-)

0.4

T T T T 1
0.02 0.04 0.06 0.08 0.10

Axial position (m)

Figure 5 Axial evolution of the melting front in
agglomerated zirconia particle (dp =6).
(0=0.1 ke=1.49; 0=0.3 1=1.16;0=0.5 x=0.83)

Particle diameter variation is controlled by both
its vaporization and withdrawal due to the porositys.
Figure 6 illustrates the evolution of the size bfee
zirconia particles all 60 um in diameter but witffetent
porosities. It is clear that the particle with tloavest
porosity @ = 10%) loses only 2.87 % of its initial
diameter, however, this loss is increased to 15i¢% %0
% porous particle. The knowledge of this size \taTais

In figure 4 is presented the axial evolution of thdmportant for the simulation and control of flattey of

melting front in an agglomerated zirconia parti6: pum
in diameter but injected with three different iaiti
velocities. It is obvious that the melting stegeontrolled
by the residence time within the plasma jet coeethie
hottest zone of the plasma jet. With an initialoodtly of

the partially melted particles on the substrate.

14 m.§' the particle stays in this zone until its end and
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