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Abstract

The plasma spray process is widely used to produce thick coatings by the successive pilling of particles deposited in a molten or semi-
molten state on a prepared substrate. However, this process includes time-dependent phenomena that affect the reliability of the process ar
reproducibility of coating. These phenomena are principally linked to the continuous movement of the electric arc root on the anode wall
in the plasma gun. Such a movement leads to arc length variations resulting in fluctuations in arc voltage, enthalpy input to the flow and
instabilities in the plasma jet. This paper presents an attempt to develop a time-dependent and 3-D model of the plasma spray process the
can provide a useful insight in the time-evolution of the performance of the process. The effect of the transient behaviour of the arc on the gas
flow is modelled with a time dependant heat source located inside the nozzle and evolving with the arc voltage. The first stage of the study
consisted in the validation of the flow model thanks to the comparison of steady-state computed results with experimental data. The seconc
dealt the time-dependant simulation of the flow.

0 2004 Elsevier SAS. All rights reserved.
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1. Introduction between 10 and 80 kW. However, about 30 to 40% of the
electric power input to the gas is lost in the cooling sys-
Plasma spraying is used to deposit thick coatings of tem of the electrodes. In addition, the arc root moves on
metals, ceramics, polymers and composites for engineeringthe anode surface under the combined action of the drag
applications [1,2]. The latter include automotive and gas- force exerted by the flow and the Lorentz forces and this
turbine components, pulp and paper processing, steel indusmovement induces variations in the arc length and, there-
try, corrosion and erosion protection, biomedical implants fore, in arc voltage. Such variations result in fluctuations
and so on. in the enthalpy input to the gas and affect the flow fields
This process uses a non-transferred dc plasma torch inas well as the heating and acceleration of the particles in-
which the plasma-forming gas is fed between the concentric jected in the plasma jet. As the development of dedicated and
water-cooled copper anode and tungsten cathode as showfime-resolved experiments can be difficult, a time-dependent
in Fig. 1. The gas is heated by Joule effect when passingmodel able to predict the effect of the torch operating con-
through the electric arc that strikes between electrodes. Atditions on the flow fields, in-flight particle behaviour and
the nozzle exit, the gas temperature is generally higher thancoating formation would be a useful tool to have a better
12000 K and the velocity can reach 2 00t because of  ynderstanding of the transient phenomena occurring during
the gas expansion. The torch power level generally rangesine spray process.
The modelling of this deposition process has received
* Corresponding author. Tel.: +335554236 70, fax: +33555423680.  COnsiderable attention during the last years and various mod-
E-mail addressmariaux@ensil.unilim.fr (G. Mariaux). els have been proposed in the literature [3—8]. However, if
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Nomenclature
C, specific heat at constant pressure :kgd1.K—1 S¢ turbulent Schmidt number
D; diffusivity of species ............... m-s 1 Sy source term of variable
fey.: force vector component per unit mass . .-snf T temperature . ... K
G production term of turbulent kinetic 43 v velocity ..o wrl
ENergy ... kg~"-s X 1% arcvoltage . ........cooeeiiiiie \
H specificenthalpy..................... k@~
I AICCUMTENt . ..\ttt A Greek symbols
I turbulence intensity....................... % o variable
k turbulent energy per unit mass of fluid . rsr r, transport coefficient
L, turbulint rtr_uxmg length................... m rate of dissipation of turbulent energy . . 2rsr3
m mass fraction - : 1 1
: . dynamic viscosity . .............. -S

n coordinate normal to the domain boundary.. m ” y _y . . k@_l 1

. Wy turbulent dynamic viscosity . . . . .. kg—--s
p static pressure . ... Pa ki tic vi i 2L
P ATC POWET ottt ettt i iie e w Y INEMANC VISCOSILY . ... oo PR
Pr, turbulent Prandtl number thermal conductivity . . . SEERRERE wh—-K
m mass flowrate . . . ...\ kgt n plasma torch thermal efficiency............ %
r FadiUS ..o m P density...........ooo kg3
Riorch  plasmatorch nozzleradius................ m coordinate tangent to the domain boundary.. m

carrier gas *

powder  substrate

Cooling water

Plasma-forming
gas

plasma jet coating

cathode anode

Fig. 1. Schematic illustration of the plasma spray process.

they adopt practically the same methodology for the calcu- 2. Operation of a dc plasmatorch
lation of the turbulent plasma jet and particle behaviour, very
little deal with transient phenomena as plasma formationin 5 1 aArc operation mode
the nozzle [9-11] and flow fluctuations.
This paper presents a tri-dimensional and time-dependent

model of the jet formation and mixing with the surrounding
movement of the arc root on the anode wall and, therefore,

atmosphere. A very simple model of the plasma jet forma- . . .

. P ys P P J ..._in the time-evolution of the arc voltage. Wutzke and al. have

tion based on a transient volume heat source located within. o . . i
: . . identified three main arc operation modes [12]: the steady

the nozzle is used to model the conversion from electrical to

) ) mode, the takeover mode and the restrike mode. In the first

thermal energy in the. pliasma-formlng 96.‘5' mode, no distinct motion of the arc root is observed while
After a brief description of the operation of a dc plasma j, e take over mode, the motion of the arc is more ran-
torch and sets of spraying conditions used in calculations, yom and occasionally, two simultaneous anode attachment
the first part will present the main characteristics of the spots can be observed. Finally, the restrike mode is char-
mOde|. The Second part W|” diSCUSS the Va”dation Of the acterized by Strong f|uctuati0ns Of arc movement and Very
computed results from experimental data prepared under thesteep voltage drops. Duan and Heberlein [13] have shown
same spraying conditions. However, as these data are timehat the operation mode depends on the thickness of the cold
averaged, the comparison deals with steady state predictionsgas boundary layer that develops at the anode wall and var-
Finally, the third part will present the predictions got with the ious authors have found that the boundary layer thickness
unsteady state models. depends essentially on the torch geometry, plasma-forming

The operation of a dc plasma torch is characterized by the
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gas nature and flow rate, gas injection mode and arc currentincrease in the roughness of the wall and favours the striking
intensity [13-15]. of the arc at specific locations.
Gas mixtures of argon and hydrogen (10-25% vol) are

generally used to spray refractory materials as ceramics: in2.2. Plasma spraying conditions used in the study

a schematic way, the argon gas helps to stabilize the arc

column and ensures the acceleration of the particles while  The calculations were performed with the two different

the hydrogen gas that has a high thermal conductivity and sets of spraying parameters listed in Table 1. Both combined

specific enthalpy, ensures the heating and melting of parti- a high arc current and hydrogen content in order to favour

cles. Such mixtures give rise to arcs operating in the restrike the restrike mode for the arc movement.

mode with a rather thick cold gas boundary layer at the an-  For the first set of operating parameters, named as

ode wall ¢~ 1-2 mm). The voltage time-evolution exhibits “SP.lab” a comprehensive database of experimental data of

a saw-tooth shape with a rather well identified fundamen- plasma jet temperature, velocity and composition is avail-

tal period as shown in Fig. 2. Indeed, the arc is stretched by able at the Laboratory [16—18]. However, as the measure-

the cold gas flow until an electric breakdown occurs through ment techniques (emission spectroscopy, enthalpy probe,

the colder and electrically insulating layer surrounding the ...) provided time-avexged data, steady-state calculations

arc. Each breakdown initiates a short circuit and a new arc of the spray process were also performed to validate the re-

attachment at the nozzle wall [13]. The frequency of arc sults of the computational model.

fluctuations usually ranges between 2 and 20 kHz and the The second set of spraying parameters, named as/'SP

voltage amplitude can fluctuate by more than 20% about thewas utilized to study the effect of the arc voltage fluctuations

average value. The frequency and amplitude of the arc fluc-on the plasma flow field. These conditions were similar to

tuations evolve with the wear of the anode that causes anthe conditions used by Bisson et al. [19] to experimentally
observe the transient behaviour of particles in a fluctuating

plasma jet.
Voltage
1001 (V)
3. Modélling of the plasma jet issuing in air
80 -
60 - 3.1. Model assumptions
40 - A realistic model of the plasma spray process should be
three-dimensional to enable the taking into consideration of
20 , , . the motion of the arc inside the plasma torch, transverse in-
0 02 0.4 0.6 0.8 . jection of the powder, effect of the carrier gas on the plasma

jet and three-dimensional character of turbulence [20]. Even
if this study is restricted to the plasma flow and uses an ex-

Fig. 2. Time-evolution of the torch voltage (from Bisson et al. [19]). F4-MB  te€rnal injector for the powder that is supposed to perturb

time (ms)

plasma torch. Gas mixture: 35 slm of Ar and 10 sIm ¢f. tArc current: very little the plasma flow compared to an internal injection,
550 A (see spray condition set “§fg” of Table 1). a tri-dimensional geometry was used. Indeed, this model is
Table 1

Plasma spaying parameters

Plasma torch parameters

Plasma gun “SBw”: F4-MB “SP.lab”: Lab'torch
Plasma-forming gas 35 sIm Ar10 sim H 45 slm Ar+ 15 sim H
Torch nozzle exit 7 mm 7 mm

Gas mass flow rate BB x 104 kgs 1 1.25x 103 kg-s~1
Arc current 550 A 600 A

Mean voltage 62.5 Y¥nin: 30V max: 105 V) 65V

Mean effective power 19250 W 21450 W

Mean thermal efficiency 56% 55%

Environment Air at atmospheric pressure

Powder injection

Location of injector Vertical, 6 mm downstream of the nozzle exit Vertical, 4 mm downstream of the nozzle exit
and 9 mm away from the jet centerline and 8.5 mm off torch centerline
Injector diameter 1.5mm 1.8 mm

Carrier gas Ar, 3slm Ar, 6 slm
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a part of a “global” model under development at the Labora- e the gas was supposed to be made up of three compo-
tory. This model involves the modelling of the arc formation nents: the plasma-forming gas, the powder carrier gas
and motion inside the nozzle by coupling the flow equations and the ambient gas.
and the electromagnetism equations [21,22], internal injec-
tion of the ceramics powder and coating formation on the 3.2. Mathematical equations
substrate [11,23].
The modelling of the plasma jet issuing in air was based ~ The model used the conservation equations of mass,
on the following assumptions: species, momeqtum, energy gnd turbulence written in 3-D
Cartesian coordinates. Equations were solved by using the
e The local thermodynamic equilibrium (LTE) prevailed commercial C_:FD code Estet 3.4. The latter [27] is_asoftware
in the internal and external flows, that is to say the package dedicated to steady or unsteady, subsonic, turbulent,

. multi-component reactive or multi-phase flows. It uses a nu-
molecules, atoms, ions and electrons have the same tem-

perature [24]. This assumption is generally accepted in merical hybrid scheme combining finite difference and finite

. . . ... volume methods applied to a mono-bloc structured mesh
the modelling of atmospheric plasma jets. However, it is grid [27] (SIMPLEC Algorithm [28]).

guestionable in the zones with steep temperature gradi-
ents (zones close to the electrodes) and it iould be
removed in further development.

The conservation equations for the mean turbulent flow
were expressed as follow:

o the medium was [25] considered as a continuum; 9(p9) + div(ppv) =div(I, grad ) + S,
e the fluid was Newtonian and the plasma optically ot
thin [24]; whereg, I, and S, are a specific variable, the correspond-

« no demixion and chemical reactions occurred in the gas iNg transport coefficient and source term, respectively. They
phase. This assumption is contestable for a plasma flow &€ Summarized in Table 2 for the various equations. _
of argon and hydrogen issuing in air, as the oxygen of air DU t0 the large temperature range (300 to 13000 K) in
can react with nitrogen and hydrogen. However, the heat the palculatlon domalnj the properties of the dlffere_nt gas are
produced by the oxidation reactions in the gas phase isSUbJQCted to large variations enhanced_ by 9as dlssoma_lt_lon

. : and ionisation [24]. The thermodynamic (density, specific
low compared to that input by the electric arc. More- o d .
over, the present model is used for the prediction of heat and specific enthalpy) and transport propernes (viscos-

, ) i ity and thermal conductivity) of the gas mixture were cal-

the plasma spraying of ceramics for which the chem- .04 in terms of local composition and temperature using
ical reactions with the gas phase are generally limited o ixing laws and the temperature-dependent properties
compared to that undergone by metal particles that can ¢ a5ch gaseous component (carrier gas, plasma gas, ambi-
be subjected to chemical reactions with oxygen or other gnt air). These laws were expressed in terms of the mass
oxidizing species such as OH [26]. fraction or molar fraction of each gas [25,29,30] and did

e the flow was subsonic. Preliminary calculations have not take into account possible chemical reactions between
shown that, under the spraying conditions of the study, the various gases, according to the assumptions of the model
the Mach number was maximum inside the plasma torch (Section 3.1). Therefore, the physical properties of each gas

and was less than 0.6. take into account ionization and chemical reactions.
Table 2
Transports coefficients and source terms for the equation of the averaged flow (average operator is implicit)
2 Iy S
1 0 div(pv)
u Reff =1+ 1t - g—ﬁg +ofe +dv(err 3 + L (=S perp dive) — 2 (ok)
v Heff — 5B+ pfy + AV Gerr 59 + (= Fptery divv) — § 2 (ok)
w Reff — 32+ pfe + AV Gers 8+ (= pepr divv) — 3L (ok)
H p(/Cp.p)+ ut /Pr; Sy +v.gradp
m; p-Di + 1t /SG 0
k M+ iy ok f%pkdivvf %ut(diVV)2+G+p(G/< —e)
s 1+ e /o —5Ceypedivy = S, Cey £ (AVV)? + p£ (Cey Gt — Cepe) + £ Cey Ceg G
G = BH2050)7 + 20007 + 20507 + (B + 5%+ (G + G2+ (B2 + G2
1

p .. K2
G=—;8500fii  m=pCug
for the standard—s model:
C, =009 C1=144 Coo=1 C,3=1ifG >0, else Opy =1.92 0, =1.30
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In addition, temperature-enthalpy tabulations were used The numerical grid consisted of 147 825 nodes: 45, 73 and
to infer the temperature from the predicted enthalpy of the 45 in thex-, y- and z-direction, respectively, with a finer

multi-component gas mixture. mesh close to the anode wall. The computational domain in-
cluded the torch nozzle in the internal field and the plasma

3.3. Turbulence model free jet and injection of the powder carrier gas in the external
field.

The rates of diffusion of heat, momentum and species in
the plasma flow are determined, to a great extent, by the level3.5. Models of the arc fluctuations
of turbulence and the way this turbulence is modelled. The
arc fluctuations enhance the development of the turbulence Two different models were used to model the gas heating
that starts at the jet border where it comes into contact with inside the nozzle and the effect of the arc fluctuations on the
the ambient gas at rest. plasma jet behaviour.

In this study, twok—e turbulence models were used. The first model [34] (named as “V&T”) consisted in im-
The first model included the correction of Launder and posing the velocity and temperature profiles at the nozzle
Sharma [31] at low Reynolds numbers. In the second model, exit (index 3 in Fig. 3). The later were drawn from experi-
the k ande equations were derived from the application of ments. When using the “SP.lab” operating conditions [25],
a rigorous statistical technique (issued from the ReNormal- the measured steady-state gas velocity and temperature pro-
ization Group (RNG) theory) to the Navier-Stokes equa- files v(r) and T'(r) at the torch exit could be expressed
tions [32]. It is comparable to the standakrde model in respectively asv(r) = vmax(1 — (r/Riorcn)? ) and T'(r) =
its form but includes an additional term in the disSipation (7Tmax— Tanodd (1 — (v/Riorcn)*®) + Tanode[35], Wherevmax
equation. This term increases significantly the dissipation for and 7;,ax are the maximum velocity and temperature on the
flows with large shear stress rate like deviated or separateciorch axis and’anogewas fixed at 1000C (temperature close
flow. to the melting point of copper).

If the k— model is not really satisfactory for non- This model was used for steady state simulations in this
isotropic, non-fully turbulent flows with a large range of study but it had already been extended to an unsteady flow
turbulence scales, it was, however, used in this study to ob-in a previous work [33]. The main weakness of this model is
tain reasonable CPU times. to require experimental data established under the same op-

Moreover, a previous study [33] dealing with a turbulent erating conditions than the conditions used in calculations.
model based on the transport of Reynolds Stresses (RSMMoreover, the experimental data are generally time-averaged
R;j — ¢) showed no significant differences between this and an additional assumption is necessary to generate time-
model and thek— model, even when the mesh grid was dependent boundary conditions from these data.
refined, the domain size increased and the simulation per- The second model (labeled “PV”, for Volume Power)

formed in unsteady state. used a time-dependent volumetric heat source{w¥) im-
posed in a fixed portion of the nozzle (Fig. 3, index 2) to
3.4. Calculation domain model the conversion from electrical to thermal energy in the
plasma-forming gas. This volume power was drawn from the
Fig. 3 shows the computational domain (42125 x instantaneous electric powar(r) x I, divided by the vol-

42 mn?), boundary conditions and Cartesian grid used in ume of the cylindrical portion of the nozzle in which the

this study. The size of the calculation domain and mesh grid electric power was released (Fig. 3, index 2). The diameter
resulted from preliminary calculations dedicated to the study of the cylinder was equal to the diameter of the nozzle and
of the effect of domain geometry on plasma flow fields [25]. its length was adjusted so that the predicted thermal torch ef-

gas input ®@=7 (nozzle) ( D

e 4 > b
p @ = B
v g I :
anode wall powder fnjector oven boundary ~ Target wall

Fig. 3. Calculation domain, grid and boundaries (all dimensions are in millimeters).
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Table 3
Boundary conditions
Inlet Wall Open boundary
Velocity v v(r) = vmax- (1 — (*/ Riorch) ) v=0 m—’;%"—" =0
EnthalpyH “V&T model” H = H(r) Anode Ifv, >0
“V&T model” (outgoing v):
u ” oH _ OH _
PV model” HarH, (300 K) S =0 5 =0
“PV model” H = HarH2 (1273 K) else
H = Hajr (300 K)
Pressure Calculated % =0 If v, > 0: p = po else

P+pV2/2=peo

8 (Opy_
or 5-(57)=0

Mass fractionn marH2 = 1 a;% =0 vy > 0: % =0
elsempjr =1

Turbulence, & k(r) = 0.5(1v(r))? If vy, >0 "/‘3#;8 =0

“V&T model” [6]: k=0 else

15

8(r)=CHk(8n g—Z:O k=¢=0

Ly = 0.075Rygrchi €y = 0.09

“PV model” [38]:

e(r) = Cpuk(r)%/(10v)

ficiency was equivalent to the one measured under the same3.6. Boundary conditions

spraying conditions. For the two sets of spraying parameters

used in calculations (Table 1), it was found that a cylinder Tyrbulence conditions at domain inletThe turbulence

length of 6.1 mm leads resulted in a good estimate of the boundary conditions consisted in the inflow radial profiles

thermal efficiency of the torch. of the turbulent kinetic energy,(r) and its dissipation rate,
The same volumetric power value was imposed in each ¢(r) (r is the distance to the torch axis). The former was cal-

cell of the cylinder and was taken into account as a source culated from the gas velocity profile at the domain inlét)

term in the equation of energy. At the entrance of the nozzle (index 1 or 3, Fig. 3) and the turbulence intensity,set at

(Fig. 3, index 1), the plasma-forming gas temperature was 2% [38]: k(r) = 0.5(1,v(r))2.

set at 27C and the gas velocity profile was laminar with an The dissipation rate profile(r) was deduced from the

angle taking the conic shape of the cathode. The heat transfeprofile of k(r) and is given in Table 3.

to the anode was modelled using the classical “law of the

wall” [36] and assuming that the surface temperature of the Shear stress and heat transfer to the anode walllose to

anode was maintained at a constant temperature of kD00  the anode wall, the mesh grid of the calculation domain was
This model of the conversion from electrical to thermal refined in such a way that the nearest node to the wall was

energy in the plasma gas did not allow the prediction of the located in the viscous sub-layer. The mesh grid is composed

dynamic behaviour of the arc that requires the solution of of 19x 19 nodes in the — z plan inside the torch.

the [37] Magneto-Hydro-Dynamic equations [21,22]. How- The shear stress at the wall surfaces was predicted by

ever, it made it possible to have realistic projections of the modelling, with the classical “log-law of the wall”, the ve-

flow fields by using as sole input data the arc current, arc locity in the boundary layer that develops at the wall sur-

voltage time-evolution and torch thermal efficiency. face [36]. The temperature distribution in this boundary
It Sh0u|d be noted that SUCh a mode| based on an energyayer was deduced from the Velocity diStribution USing the

source term in the heat equation to predict the heating of the@nalogy of Prandtl-Taylor [40]. _

gas in the torch, has been used in steady-state conditions by 1"e whole boundary conditions are resumed in Table 3.

various authors as Eichert [38] and Remesh et al. [39]. The

former have carried out a detailed study of the effect of some

parameters of the model (volumetric power intensity, heat 4. Resultsand discussion

transfer to the anode wall, .) with the PHOENICS CFD

code. The latter used this model to study the behaviour of  Two successive sets of numerical calculations have been

particles injected in the gas flow with FLUENTVv5.01 code. conducted.
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e The first set dealt with the steady-state calculations of in Section 3.4, the comparison between the predicted and
the plasma flow under the so-called “SP.lab” operat- measured thermal efficiency of the torch makes it possible
ing conditions of the plasma torch. It used either im- to adjust the size of this volume. Another method to esti-
posed gas velocity and temperature profiles at the noz-mate the pertinent length of this volume would be to use a
zle exit or a heat source in the nozzle to model the 1-D model of enthalpy conservation in the arc column [41].
plasma formation. The predictions were compared with  Figs. 5 and 6 show the measured and calculated variation
time-average experimental data obtained under the sameof the gas velocity and temperature along the jet centreline.
spraying conditions. The numerical simulations were carried out with the “PV

e The second was dedicated to the unsteady-state calcumodel” and “V&T model” and twok—e turbulence models.
lations of the plasma flow under the “§p’ plasma From these figures, it can be seen that:

operating conditions.
4.1. Steady-state flow calculations

Fig. 4 shows a comparison of the predicted and experi-
mental radial velocity profiles at 2 mm downstream of the
nozzle exit under the spraying parameters “SP.lab”. The pre-
dictions got with the model using imposed velocity and tem-
perature profiles at the domain inlet (“V&T” model) are
in good agreement with the experimental data whereas the
profile obtained with the volume heat source model (“PV”
model) is flatter than the experimental one. This difference
may be explained by the assumption of a uniform volumetric
heat source inside the nozzle. However, the agreement be-
tween the numerical and experimental radial profiles of the
gas temperature at the nozzle exit is good for both “V&T”
and “PV” models as, above 10 00GQ, most of the enthalpy
input to the gas is used in the ionisation process and a large
variation in gas enthalpy is required to give rise to a notable
change in gas temperature.

It should be noticed that, even if the heat source model
does not take into account the physics of arc formation, it
provides, in a simple way, a rather good estimate of the gas
velocity and temperature at the nozzle exit from the operat-
ing parameters of the spray torch. Nevertheless, the output
results depend to a great extent on the size of the volume in

o the velocity and temperature of the gas exhibit a drastic
increase inside the nozzle as the conversion from elec-
trical to thermal energy proceeds,

o the predictions obtained with the gas profiles imposed at
the nozzle exit (“V&T” model) are similar to those ob-
tained with the volume heat source model (“PV” model)
provided that the same turbulence model is used, even
if the initial conditions for turbulent dissipatior ) are
defined differently in both arc representation (Table 3).
The minor differences in the velocity and temperature
evolutions are probably due to a variation by 10% in the
gas velocity at the nozzle exit.

~ Vgas LowRe PV
20007 1) ——RNG PV

_ ——RNG_V&T
1500 WN\\ + Experimental
1000
500 -

6 .

-0.025 0.000 0.025 0.050 0.075 0.100

plasma jet axis (m)

which the conversion from electrical to thermal energy takes Fig. 5. predicted and experimental centerline profiles of the gas velocity.
place as it conditions the heat power transferred to the an-Both the “V&T” and “PV" models were used for the computations with
ode wall and input in the p|asma_forming gas. As exp|ained two k—e turbulence models. Spraying conditions: “SP.lab” (Table 1).

Vgas
+ Experimental (m/s)
— V&T

—PV

-0.005 -0.003 -0.001  0.001

plasma jet radius (m)

0.003  0.005

Tgas (°C) """" LowRe_PV
14000 - —RNG PV
e —— RNG_V&T
#2000 b\\i";‘».‘ + Experimental
10000 - \ 3
8000 -
6000 -
4000 -
\i““\
2000 -
r O T T
-0.025 0.000 0.025 0.050 0.075 0.100

plasma jet axis (m)

Fig. 4. Comparison between measurements and predictions of the gas veFig. 6. Predicted and experimental centerline profile of the gas temperature.
locity profile at 2 mm from the nozzle exit. Predictions were obtained with Both the “V&T” and “PV” models were used for the computations with two

the “V&T” and “PV” models. Spraying conditions: “SP.lab” (Table 1).

k—¢ turbulence models. Spraying conditions: “SP.lab” (Table 1).
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% vol. of Vgas """" LOWRQ_PV
N2 (m/s) ——RNG_PV
07, ——RNG_V&T
* Experimental

______ 0.80 -

o LowRe PV
——RNG_PV

0.50 - — RNG_V&T

+ Experimental

A-46
r T UAU T 1

-0.02 -0.01 0.00 0.01 0.02 -0.02 -0.01 0.00 0.01 0.02

plasma jet radius (m) plasma jet radius (m)

Fig. 7. Comparison between measurements and predictions of the nitrogenrig. 8. Comparison between measurements and predictions of the gas veloc-
content in the gas flow at 80 mm from the nozzle exit. Both the “V&T”and ity profile at 80 mm from the nozzle exit. Both the “V&T” and “PV” models
“PV” models were used for computations with twee turbulence models. were used for computations with tve turbulence models. Spraying con-
Spraying conditions: “SP.lab” (Table 1). ditions: “SP.lab” (Table 1).

The main differences between the results of these three The comparison of the predicted results with the exper-
calculations arise from the transition to turbulence which oc- imental data show that, generally speaking, the RNG
curs further downstream in the gas flow when using the low turbulence model provides predictions that are rather well
Reynoldsk—s model as shown by the variation of the turbu- representative of the actual flow plasma fields except for
lence intensity as a function of the distance from the nozzle the cooling of the jet. This turbulence model allows a better
exit. With this turbulence model, the potential core of the control of the turbulent viscosity whereas the low-Reynolds
gas jet is longer as the mixing of the plasma gas with the turbulence model is more suitable close to walls.
ambient gas is less efficient. Therefore, the decrease in gas However, a Large Eddy Simulation model coupled to the
temperature occurs further downstream. modelling of arc fluctuations should be more appropriate

The comparison between the predictions got with the 2 to model the large structures that arise from the difference
turbulence models points out that the gas temperature pro-in velocity and density of the plasma gas and ambient gas,
jected with the low-Reynolds turbulence model is in fair and are enhanced by the arc fluctuations. Nevertheless, the
agreement with the experimental data while the gas velocity k-¢ model makes it possible to have reasonable calculation
calculated with the RNG turbulence model agrees better with times, even with unsteady-state simulations.
the experimental velocity data. However, both models over-
estimate the cooling of the gas whereas the mixing with the 4.2. Unsteady flow calculations
ambient gas is underestimated as shown in Fig. 7. The latter
displays the nitrogen content in the plasma flow at 80 mm  The unsteady flow calculations were performed with the
from the nozzle exit. The mixing of the plasma gas with the spraying parameters “SR” of Table 1, a volumetric heat
quiet and colder atmosphere is most likely not well predicted source inside the nozzle and thes RNG turbulence model.
by thek—e turbulence models. For the “SR\" spray conditions, the arc voltag#(r)

The experimental and predicted profiles of gas velocity evolved according to a saw tooth-shaped curve (Fig. 2) [19],
at 80 mm downstream from the nozzle exit (Fig. 8) con- around a mean value of 62 V with an amplitudeAZ) of
firm the previous observations that is the gas velocity pro- 72 V. The frequency of fluctuation was 4.2 kHz. Such varia-
jected withk—s RNG turbulence model is in good agreement tion can be easily modelled by a periodic function.
with the experimental velocity whereas the velocity provided ~ The time-evolution of the electric power.{ (1)), effi-
by the low-Reynolds turbulence model is overestimated by cient electric power, gas velocity and temperature on the
150 ms~L. The radial predicted temperature profiles exhibit jet centreline at the torch exit are shown in Fig. 9. All
a better agreement with measurements when calculated bythese parameters vary &<r). The variation of the electric
using the RNG turbulence model except when a heat sourcepower (V (¢).1) input to the gas ranges between 17600 and
is taken into account inside the torch nozzle. 56800 W and the power available at the torch exit between

As shown by the comparison with the measurements of 10360 and 33550 W. It corresponds to a quasi-constant torch
the nitrogen content at 80 mm from the nozzle exit (Fig. 7), thermal efficiency of 58%, very close to the experimental
the mixing of the plasma gas with the surrounding air is un- one (55%). The gas velocity on the torch centerline at the
derestimated by 15% with the RNG turbulence model. This nozzle exit varies between 800 and 1768 and, the tem-
disagreement is more marked with the low-Reynolds turbu- perature between 11 040 and 14 380 The narrower range
lence model for which the transition to turbulence occurs in temperature fluctuations is explained by the gas ionisation
further downstream in the plasma jet. that absorbs most of the enthalpy input to the flow.
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Fig. 9. Time-evolution of input and effective electric power, gas velocity and
temperature at nozzle exit on jet centerline with the “PV” model. Spraying
conditions: “SR\” (Table 1).
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Fig. 10. Time-evolution of the gas centerline temperature at various dis-
tances from nozzle exit with the “PV” and- RNG turbulence models.
Spraying conditions “S&\,” (Table 1).

Fig. 10 shows the time-evolution of the centreline gas
temperature at 25, 50 and 85 mm from the nozzle exit. As

expected, these curves exhibit a rapid decrease in fluctuation
amplitude as the distance from the nozzle exit increases and

the transition to turbulence proceeds. The amplitude of fluc-
tuation (AT) is about 3300C at the nozzle exit; it increases
up to 10 200 C at 25 mm and decreases to 36@at 50 mm

and 730°C at 85 mm. This corresponds to a relative fluc-
tuation (AT (y)/Tmean y=0) Of 26%, 80%, 28% and 6%,
respectively. These fluctuations are not noticeable any more
at 85 mm from the nozzle exit.

The corresponding fluctuation in gas velocity) is
equal to 970 ns ! at the nozzle exit; it increases up to
1120 ms~! at 25 mm, and decreases down to 61GTh
at 50 mm and 95 ms~! at 85 mm. It corresponds respec-
tively to a relative fluctuation&v(y)/vmean y=0) of 76%,
88%, 48% and 7%, respectively.

The increase in the fluctuation amplitude occurs in the
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mixing of the plasma gas with the ambient gas proceeds.
The shape of the curves is affected by the gas dissociation
process that affects the relation between the gas enthalpy and
temperature and, therefore, modify the density and velocity
of the plasma jet.

The numerical simulations show that the amplitude of the
fluctuations of the gas velocity and temperature is high and,
thus, can significantly affect the acceleration and heating of
the particles injected in the flow.

5. Conclusion

In this paper a 3D and time dependant model is presented
to study the effect of the arc root fluctuations on the plasma
flow. On the basis of this numerical study of the plasma flow,
the following conclusions can be drawn:

e The simulation of the conversion from electrical to ther-
mal energy inside the nozzle by a simple heat source in
the energy equation, makes it possible to calculate the
flow fields outside the torch by using the sole parameters
fixed by the operator. However, this approach requires
an accurate calculation of the heat transfer to the anode
wall and the “right” length of the volume in which the
heat conversion proceeds. The pertinent length can be
adjusted from the comparison of the experimental and
predicted thermal torch efficiency. However, the use of
a 1-D energy balance in the arc column could be a bet-
ter method to determine an approximate value of this
length.

e The comparisons with experimental data show that the

k-¢ turbulence model predicts a too fast cooling of the

plasma jet even though the mixing of the plasma gas
with the surrounding gas is underestimated. Neverthe-
less, the agreement between calculated and measured
gas velocity, temperature and air content is reasonable
considering the assumptions of the model and the accu-
racy of measurements. A Large Eddy Simulation model
coupled to the modelling of arc fluctuations should be
more appropriate to model the large structures arising
from the difference in velocity and density between the
plasma gas and the ambient gas.

Finally, the calculations show that the flow fields are

subjected to important time-variations close to the noz-

zle exit. Therefore, it can be anticipated that parameters
of the particles at impact will dependent on the instant

they are injected in the plasma flow, as it will be exper-

imentally and numerically shown in a next paper.

In the present state, the model presented in this paper can
help to have a better understanding of the effect of operating
parameters on plasma flow parameters. The implementation
in this model of the electric arc behaviour is in progress. This

laminar zone of the jet whereas the decrease corresponds toequires the simultaneous solution of the electromagnetic
the transition to turbulence. The diminution speeds up as theand hydrodynamics equations. The final objective is to build
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a complete and realistic model of the plasma spray process21] C. Baudry, A. Vardelle, G. Mariaux, C. Delalondre, E. Meillot, 3-D

using as sole input data the spraying parameters fixed by the ~ Modeling of gas flow and particle spray jetin plasma spraying, in: Pro-
ceedings of the International Thermal Spray Conference ITSC 2004,

operator. Berndt, 2004.
[22] C. Baudry, G. Mariaux, A. Vardelle, C. Delalondre, E. Meillot, Mod-
eling of arc formation in a dc plasma spray torch, in: Proceedings of
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