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Interactionof plasmajet with hardceramicparticleswasnumericallyinvestigatedby meansof “Jets&Poudres”software
improvedandappliedto modelaspeci�c plasmajet. Thedataon freeplasmajet, with injecteddispersedparticles,its temper-
atureandvelocity distribution, aswell asparticles'meltingstatearepresented.It wasfoundthatdispersedparticlesachieve
highertemperatureandvelocity valuesthanplasmagasat dimensionlessdistancex=d = 8–12from exhaustnozzle.Numer-
ical investigationswerecomparedwith experimentaldata.Theresultsshow thatappliednumericalmodelof two-phasehigh
temperaturejet calculationis in goodagreementwith experimentaldataandcould be usedto determinethe optimal plasma
sprayparametersfor coatingswith desirablecharacteristics.
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1. Intr oduction

Atmosphericpressureplasmaspraying is widely
usedto producevariouscoatings,especiallyhardce-
ramic coatingsfor wearandcorrosionprotectionand
thermalbarrier function, porouscatalyticcoatingsfor
environmentcontrolandprotection,hydrophobiccoat-
ings,etc.TheplasmasprayingprocessusesaDC elec-
tric arc to generatea jet of high temperatureionized
plasmagas,whichactsasthesprayingheatsource.The
sprayedmaterial, in powder form, is carriedinto the
plasmajet whereit is heated,partially or fully melted
andpropelledtowardsthesubstrate.Thepropertiesof
the producedcoatingare dependenton the feedstock
material,thethermalsprayprocessandapplicationpa-
rameters,andposttreatmentof thecoating. However,
the in�uence of �o w andparticletemperatureandve-
locity on coatingcharacteristics,its adherenceto the
substrate,reproducibility of its properties,and qual-
ity is not clearly established[1]. Generally, to corre-
late coating propertiesto �o w parametersand parti-
cle in-�ight characteristicsexperimentalprocedureis
used. To monitor the whole plasmasprayingprocess
(plasmajet generation,powder injection, formationof
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the coating)the techniquessuchas plasmacomputer
tomography (PCT),particleshapeimaging(PST),par-
ticle �ux imaging(PFI) [2] areused.Thosetechniques
areexpensive andcomplicatedto usein industry. Nu-
merical investigationsof plasmasprayprocessgener-
ally are focussedon investigation of heattransferbe-
tweenplasmajet andsurface[3], substratetemperature
in�uence on coatings'morphology, adhesion,chemi-
calprocessesbetweensubstratematerialanddeposited
material[4,5].

In this paper, by meansof “Jets&Poudres”software
[6], a numericalsimulationof interactionof plasmajet
and dispersedparticleswas investigated. Simulation
resultswerecomparedwith experimentaldata.

2. Methodology

Numericalresearchof two-phasehigh temperature
jet wascarriedout using“Jets&Poudres”software[6],
createdon thebasisof GeneralMixing (Genmix)soft-
wareimprovedby usingthermodynamicandtransport
propertiescloselyrelatedto the local temperatureand
compositionof the plasma.For a particlein a plasma
jet, two characteristicsarestudied:motion(trajectory,
velocity) andthermalevolution (temperature,physical
state,heat�ux). Thermodynamicandtransportprop-
ertiesof the gasesareobtainedfrom the T&TWinner
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Fig. 1. (a)Distributionof temperaturesand(b) velocitiesof Al 2O3 particlesandplasmajet determinedby measurementsalongthespraying
distance.1, 2 show plasmajet experimentalandnumericalsimulationresultsrespectively; 3, 4, and5 representparticlesof 75, 50, and

35 ¹ m in diameterrespectively. x=d is adimensionlessdistance.

database[7]. The coatingmaterialparticlecharacter-
istics are also available as a database. Calculations
arecarriedout for air plasmaat atmosphericpressure
�o wing from jet reactorexhaustto substratum.When
theparametersof plasmajet areachievedasdesirable,
hardsphericaldispersedparticlesareinjectedinto the
�o w. While modellingandcalculating,the deforma-
tions of the plasmajet thermo�elds are disregarded,
inlet pro�les of temperatureandvelocity arerectangu-
lar shapedandcorrespondto ourestimatedexperimen-
tal data[8]. Plasmajet �o ws in onedirectionandthe
�o w is stable,without recirculationand diffusion ef-
fects.Thenumericalsimulationresultshavebeencom-
paredwith experimentaldata.

Experimentalplasmasprayingsystem[9] consistsof
linearDC plasmagenerator(PG)of 30–40kW power
with hot cathodeandstep-formedanode,plasmachem-
ical reactor, systemsof power supply and regulation,
PGcooling,feeding,anddosing.Theoperationalchar-
acteristicsof plasmageneratorarepresentedin detailed
analysisin [10].

During plasmasprayingexperimentsthe operating
conditionsof plasmatorch weremaintainedconstant.
The capacityof plasmatorch, total mass�o w of air,
coolingwater, andits temperatureweremeasuredand
from this datathe plasmajet temperaturewas calcu-
lated(seeTable1). Injectionof hydrogenwasusedto
vary outlet plasmajet temperatureandvelocity, while
plasmatorch parameterwas stable. Powder injec-
tion was provided into reactor, which was connected
directly to plasmatorch anode. Micrographsof the
Al2O3 powder and sprayed�lms morphologieswere
collectedusinga scanningelectronmicroscopeandan
optical microscope. Someseparatesprayedparticles

Table1. Plasmasprayingregimesfor
Al2O3 coatings'deposition.HereP
is power capacityof plasmagenera-
tor, G total �o w rateof plasmaform-
ing gas,G(H2) �o w rateof additional
gas or hydrogen,T mean-massgas
temperature,X sprayingdistance,V

mean-massgasvelocity.

Regime I II III

P , kW 49 49 49
G, gs¡ 1 5.5 5.5 5.5
G(H2), gs¡ 1 0 0.1 0.15
T , K 2700 3400 3770
X , mm 70 70 70
V , m=s 1000 1400 1580

werecollectedinto distilled water. Thesegranulescan
beindustriallyusedashigh temperatureinsulatingma-
terial.

Otherprimarydata(determinedby experiments)are
asfollows: �o w outlet nozzlediameterd = 10–2m;
the diameterof particles50–70¹ m; the exhaustjet is
surroundedby air of unrestrictedspace.The comput-
ing domainis a cylinder-shapedspacecoveredwith a
setof meshesof a grid. The diameterof the comput-
ing domainis 200mmandthetotalnumberof variable
sizegeometricalgrids is approximately300000. This
is describedin detail in [11].

3. Results

After mixing with plasmajet, solid particlesneed
sometime to heatandat the start their temperatureis
lower than the temperatureof plasmagas. Particles
are small-sizedand quickly heatup; they are heated
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Fig. 2. Nondimensionaldistributionsof plasmatemperature(1 cal-
culatedwith “Jets&Poudres”by other authors[12], 3 our exper-
imental research,4 calculatedwith “Jets&Poudres”,6 calculated
by otherauthorsusingothernumericalmodels[11]) andceramic
50 ¹ m particles' temperature(2 calculatedwith “Jets&Poudres”

by otherauthors[12], 5 ourcalculationwith “Jets&Poudres”).

in plasmajet by convection, whereasinside particles
theheatis transferredby conduction.As it canbeseen
from Fig. 1(a), the temperatureof dispersedparticles
nearsubstratumsurfaceexceedsaveragetemperature
of gasjet andis 1200–1600K.

As canbeseenfrom Fig. 1(b),velocity of dispersed
particles near the covering surface exceedsaverage
gasjet velocity anddependingon thesizesof particle
reaches150–320ms¡ 1. Thesmallestparticlesachieve
higherspeedthanbiggerones,so, the decidingfactor
of velocity changesis resistanceforce.Thevelocity of
particlesstabilizesat a dimensionlessdistancex=d =
7 andthenthe sizeof particleshasalmostno signi�-
cance.Thesurfaceof substratumat thedistancex=d =
8–12would behit by stableforceof thejet streamand
the valueof kinetic energy is ultimate. Figure2 rep-
resentsthe proportionaldistribution of plasmajet and
dispersedceramicparticlestemperatures,measuredor
calculatedby differentauthors[12,13]. The trajecto-
ries of plasma�o w are very similar and have a near
agreement.Somedifferencesat the endof travel dis-
tancecan be observed. Disagreementoccursdue to
differentexperimentalset-upoperatingconditions,nu-
mericalsimulationoptions,andplasmasprayingpro-
cessregimes.

Variationof curveReynoldsnumber(Re) along�o w
axis is presentedin Fig. 3. In our case,for the regime
I in Table1 the valueof Re variesfrom 2 to 12. The
largestvalueof Re is found nearthe outlet. Sincejet
mixeswith theambientair andis interrupted,�o w be-
comesunstable.Furtherthe gasin the jet coolsdown
and slightly stabilizesitself. At a distancex=d = 3

Fig. 3. Variationof Reynoldsnumberalongsprayingdistance.

Fig. 4. Dependenceof melting degreeof 50 ¹ m Al 2O3 particle
from sprayingdistance.

from exhaustnozzle,Re valueslightly increasessince
in this periodthe jet is slightly disturbed.At this mo-
menta very intensemeltingof particlesoccursandre-
circulationzoneappears.At x=d = 8–9 from exhaust
nozzlea particledoesnot melt anymoreand�o w sta-
bilizes,whereasRe numberobtainsa steadyvalue.In-
tensityof particle'smelting(Y , %) in jet dependingon
travel distancealong �o w axis is presentedin Fig. 4.
The interactionbetweenhigh temperaturejet and in-
jectedparticlesbegins immediately. The particle, in-
jected into plasmajet, passesthreemain �o w zones
until it reachesa �x edsubstratum:heatingof thepar-
ticle, its melting,andstable�o w. As canbeseenfrom
results,initial heatingperiodof the particlecontinues
to x=d = 2.7–3. During this time the largestpart of
plasmaenergy is usedfor heatingthe particle. When
particle is heatedup, it begins to melt due to physi-
cal andchemicalconversionsinsideit. Temperatureof



94 V. Grigaitien�eetal. / LithuanianJ. Phys.49, 91–96(2009)

(a) (b) (c)

Fig. 5. SEM micrographsof (a) initial powder andafter passingthroughthe plasmajet: (b) at x=d = 3.5–4from outlet nozzle,(c) the
granulesproducedat x=d = 10 from outletnozzle.

particlegraduallyrisesandmelting rapidly proceeds.
Themostrapidmeltingoccursat distancex=d = 3¡ 8
from exhaustnozzleand this is the second– melting
zone of particle. The practical usability of calcula-
tion resultshasbeenveri�ed by comparingthe simu-
lationdatawith experiments[14,15]. Morphologiesof
plasma-sprayedAl 2O3 powdersduring the II regime

(Table1) areshown in Fig. 5. As observedby scanning
electronmicroscopy, the initial powder is in the form
of agglomerateswith wide sizedistribution. To deter-
mine the melting degree,shape,and size of sprayed
particles,they have beencollectedinto distilled water
at differentdistancesfrom outlet nozzle. After pass-
ing x=d = 3.5–4,theparticlesappearpartially melted

(a) (b)

(c) (d)

Fig. 6. SEMmicrographsof denseandporousplasmasprayedaluminacoatings:(a,c) surfacemorphology, (b,d) cross-sectionpictures.
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(Fig. 5(b)). During the melting of initial particlesof
100¹ m in diametertheplasmaspraypyrolysisprocess
occurred. Dispersedparticlesof Al 2O3 injectedinto
arc columnshowed a very fastbulk melting andthen
very fastparticlesurfacecooling.Furtherfrom plasma
torch nozzleto the substratumthe particlesturn into
very large granuleswith the diameterof 150–200¹ m
(Fig. 5(c)). Whenthecoatingsareproduced,particles
resolve into small fragmentson their way andsplash
on thesurfaceof substratum.Sharpedgesof particles
becomeroundandthesurfaceof coatingbecomes�ne
andsmooth(Fig. 6). Applying theI regimeof plasma
generator(seeTable1) andregulatingtheworking gas
�o w, PG arc current,spraydistance,andat initial di-
ameterof 30–50¹ m of dispersedparticles,theporous
coatingswith largefreesurfacefor catalyticapplication
(Fig. 6(c,d)) are obtained. Applying the III regime,
densethin �lms for protective purposescould be de-
posited(Fig.6(a,b)). In thelattercasetheplasmaspray
pyrolysiseffect hasoccurredandinitial dispersedpar-
ticleshavebrokenup into a largeamountof fragments.
Consequentlythe grains of plasmasprayedcoatings
weresmallerthan5 ¹ m.

4. Conclusions

Plasmasprayingtechnologyatatmosphericpressure
offers the possibility to obtain micro-sizedparticles,
granules,and coatingsfrom inorganic metal oxides
with controlledcharacteristicsfor specialapplication.
Plasmajet–particleinteractionlastsfor about1.2 ms
andstronglydependson jet temperature,velocity, and
particle'smass.

While moving in ajet, theceramicparticleis heated,
melted,andsplatson thesubstratum.Themostintense
meltingof particlesoccursat x=d = 3–8from exhaust
nozzle.

Velocityof theparticlenearthesubstrateexceedsav-
erageplasmajet velocity anddependingon thediame-
ter of particlereachesup to 150–320ms¡ 1. At x=d =
8–12from exhaustnozzlethedispersedparticles'�o w
is steady, whereasthe valueof kinetic energy is ulti-
mate.

The numericalcalculationdatashows that the ap-
plied numericalmodelof two-phasehigh temperature
jet calculationis in goodagreementwith experimental
dataandcouldbeusedto determinetheoptimalplasma
sprayparametersfor coatingswith desirablecharacter-
istics. The grain size of plasmasprayedcoatingsis
smallerthan5 ¹ m.
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DVIFAZIO PLAZMOS SRAUTO MATAVIMAI IR SKAITMENINIS MODELIA VIMAS PLAZMINIO
PURŠKIMO PROCESE

V. Grigaitien�e,V. Valin�cius,R. K�e�elis

Lietuvosenergetikosinstitutas,Kaunas,Lietuva

Santrauka

Skaitmeniniaidvifazioplazmossrautotyrimai buvo atlikti nau-
dojant„Jets&Poudres“program�a,kuri yraspecialiaipritaikytamo-
deliuoti plazmossrauto tek�ejim �a bei joje vykstan�cius procesus.
Gauti dvifazio srautomodeliavimo rezultataipalyginti su ekspe-
rimentiniais duomenimis. Eksperimentin�i plazminio purškimo
�irengin�i sudarodispersini�u daleli �u maitinimo ir dozavimo sistema
bei linijinis nuolatin�es srov�es 30–40kW galios plazmosgenera-
torius (PG) su karštukatoduir laiptuotuanodu. �I aukštostempe-
ratūrossraut�a tiekiamos�ivairios med�iagosar j �u mišiniai: anglis,
kaolinas,aliuminio, vario, cirkonio oksidai ir kt. Nustatyta,kad
dispersini�u daleli �u temperat̄ura ties x=d = 8–12 viršija vidutin�e

duj �u temperat̄ur �a ir yra 1200–1600K. Tiriant daleli �u grei�cio ki-
timus priklausomainuo nuskrietoatstumo,galima pasteb�eti, kad
ma�iausiosdalel�espert �a pat�i laik �a pasiekiadidesn�i greit�i. Daleli �u
greitisstabilizuojasitiesx=d = 8 nuoPGištek�ejimo angosir be-
veik nepriklausonuoj �u dyd�io. Tai rodo,kadparuoštasdengiamas
substratasties x=d = 8–12 bus bombarduojamaspastoviu j �egos
impulsu,daleli �u kinetin�e energija busmaksimali. Gauti rezultatai
parod�e,kadskaitmeniniomodeliavimo rezultataineblogai sutampa
su eksperiment�u duomenimis,tod�el gali būti naudojaminustatant
optimaliusplazmospurškimoparametrus,gaminantpageidaujam�u
savybi �u dangas.


