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Abstract:Theimpactvelocityofparticlesplaysanimportantroleincoating
formationofcoldspray.Aproperstandoffdistancefromthenozzleexittothe
substratesurfacecanensuresprayedparticlestoachieverelativelyhighimpact
velocities.NumericalsimulationswereconductedbyusingaCFDsoftware,Fluent,

topredictthesupersonicflowfieldoutsidethenozzle.Basedonthesimulation
results,theeffectofparticleconditionsonimpactvelocityisstudiedandalsotheway
todeterminetheoptimalstandoffdistanceisproposed.Itisfoundthatparticleswith
smallsize,lowdensityorirregularshapecanbesignificantlyaffectedbythe
dilatationalwaves,obliqueshockwavesandbowshockwaves.Withtheenergy
dissipationorpassingthroughthebowshockwaves,theseparticlesaredecelerated
sharply.Moreover,thereexistsanoptimalstandoffdistancefordifferentconditions.
The determination ofthe optimalstandoff distance requires two essential
considerations:Oneisthatthesubstratemustbelocatedattheplacewherethe
carrier-gasvelocityisrelativelylowtoweakenthestrengthofthebowshockwaves;

theotheristhatparticlesshouldbeacceleratedtwicebydilatationalwavesbefore
enteringthebowshockwaves,whichmeanstheremustbetwogroupsofdilatational
wavesinfrontofthebowshockwaves.
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0 Introduction

Coldspray,alsocalledcoldgas-dynamic
spray (CGDS),is radically differentfrom
conventional thermal spray methods. The
depositionprocessreliespurelyonkineticenergy
ratherthanthecombination ofthermaland
kinetic components.In this process,spray
particles(generally<50μm)areacceleratedto
ahighvelocity(rangingfrom300to1200m/s)

bythesupersonicgasflowwhichisgeneratedin
theconvergent-divergentdeLavalnozzle[1-4].A

coatingisformedthroughtheintensiveplastic
deformation of particles impacting upon a
substrate at a temperature well below the
meltingpointofspraymaterial[5,6].Generally,

thereexistsacriticalvelocityforagivenspray
material,atwhichthetransientfromerosionof
substratetoparticledepositiontakesplace[2-6].
Onlyiftheparticleimpactvelocityisabovethe
criticalvalue,couldthecoatingbeformed.Cold
sprayhasmanyadvantages,suchasthewider
choicesofmetalsandalloysascoatingmaterials,



thecapabilityofoxygen-freecoatingandhigh
depositionefficiency[4,7-10].Ithasattractedmore
andmoreattentionsnow.

Duringthepastdecade,severalresearchers
hadfocusedontheeffectofparticleconditions
onitsaccelerationbehaviorinsideandoutside
thenozzle.Jen,etal.[11]reportedthatthebow
shock wavesalmosthadnoeffectoncopper
particlesof morethan5 μm andsignificantly
affectedtheparticleslessthan1μmthroughCFD
simulations.Li,etal.[12]furthershowedthat
particleswithsmallersize,lowerdensityor
more irregular shape were easier to be
accelerated by the carrier-gas via numerical
method.Pattison,etal. [13]confirmed this
usingtheexperimentinafreejet.However,a
systemicinvestigationoneffectofparticlesize,

densityandshapeonitsimpactvelocity,which
isthe mostimportantfactorin cold spray
process,isstilllacking.

Fortheoptimalstandoffdistance,there
havebeenverylittleliteraturesconcerningthis
research. Gilmore,etal. [4]sprayed copper
particleswithheliumandfoundthatparticlevelocity
onlybegantodecreasewhenthestandoffdistance
wasmorethan50mm.Stoltenhoff,etal.[14]gave
aprooftothisobservationbyusingnumerical
simulation.Pattison,etal. [13]employedthe
experimentalmethodtopointoutthatthere
existsanoptimalregioninwhichthedeposition
efficiencycanreachahighvalue.Althoughsome
reportsreferredtothestandoffdistanceincold
spray,thereason whytheoptimalstandoff
distanceexistsandhowtodetermineitarestill
notwellunderstood.

Therefore,inthisstudy,thenumerical
method was employed to give a detailed
investigationintotheeffectofparticleconditions
on its impact velocity, and examine the
determinationofoptimalstandoffdistance.

1 Mathematicalmodeling

1.1 Numericalmodeling
Numericalmodelingisperformedbyusing

theCFDsoftwareFluenttodeterminetheflow
fieldoffreejetandimpactjetoutsidethenozzle.
Thegasistakenasanidealandcompressible
one.Acoupledimplicitmethodisusedtosolve
theflowfieldandtheresultofflowfieldina
steadystateis obtained.Thestandard K-ε
turbulencemodelavailableinFluentisutilizedfor
modelingtheturbulentflowinthesimulation.The
acceleratingofparticlesiscomputedusingdiscrete
phase modeling (DPM).Theinteraction of
particlewithgasisnotconsideredinthisstudy.
Thegoverningequationsforgasflowincludethe
physical laws of conservation of mass,

momentum,andenergy.Modelsdescribingthe
dynamicbehaviorofin-flightparticlesduringthe
two-phaseflowhavebeenwelldocumentedin
theFluentmanual[15].
1.2 Geometricalmodelandboundaryconditions

Owingtotheaxisymmetricalcharacteristics
oftheflowfieldinthisstudy,atwo-dimensional
symmetricalmodelisemployedasshownin
Fig.1.Thediameterofthenozzleexitischosen
as4 mm.Pressure-basedboundaryconditions
areappliedtotheinletandoutlet,whileno-slip
conditionandafixed heatflux ofzeroare
enforcedatthenozzlewallandsubstrate.The
atmosphere is treated as non-reflecting
     

Fig.1 Schematicdiagramofthecomputational

domainandboundariesofthefreejetand

theimpactjet
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boundary.Themeshingisconductedwiththe
quadelements.Theinitialvelocityofthecarrier-
gashasbeensetas617m/satthenozzleexit
accordingtotheauthors'previousexperimental
results.Moreover,itisassumedthattheinitial
velocityofparticlesisdefinedasthesamevalue
asthatofthecarrier-gasinordertoensurethat
alltheparticleshaveasameinitialconditionat
thenozzleexitandmakethecomparisonmuch
clearer.

2 Resultsanddiscussion

2.1 Gasflowfieldinthefreejet
Fig.2illustratesthepressureprofileinthe

freejetbyusingairascarrier-gasinordertofind
thegeneralflowfeatureoffreejetflowfield.A
well-formed complex wave structure can
obviouslybeseen,wheredilatationalwavesand
obliqueshock wavesappearalternately.The
firstregionnearthenozzleexitpresentsseveral
dilatational waves owing to the non-ideally
expanding with a rapid acceleration of gas
velocityandthenpresentscompressionwavesas
aresultofthereflectionattheatmosphere
boundary. These compressional waves are
combinedtotheobliqueshockwavetoreduce
theflowvelocitywithincreasingthepressure
and the temperature sharply. The periodic
variationofthewavestructureresultsinthe
fluctuation of carrier-gas velocity at the
centerline.Furthermore,itisalsonoticedthat
theoscillation amplitude ofthiscomplicated
wavestructureisreducedgraduallyalongthejet
direction because ofthe viscous dissipation.
Eventually,theflowenergyisdissipatedand
stabilizedtotheenvironmentalpressurethrough
continuousadjustmentofthesupersonicflow.

Fig.3showsthevelocityplotofcarrier-gas
alongthenozzlecenterline.Itisclearthatthe
gasvelocityexperiencesaperiodicfluctuation
alongthecenterlineintheform ofarapid
increasefollowed by asteep decrease.The
carrier-gashas been acceleratedthroughthe
dilatationalwave,andthenstartstodecrease

     

Fig.2 Pressureprofileoutsidethenozzleinthefree

jetusingairascarrier-gasatapressureof
0.252MPaandatemperatureof300K

Fig.3 Velocityplotofcarrier-gasalongthenozzle
centerline

whenpenetratingintotheobliqueshockwave
untilthenextexpansionwavecomes.Moreover,

themaximumgasvelocityisabout840m/sat
thelocationof12mmfromthenozzleexitafter
thefirstdilatationalwaveandthesubsequent
peakvaluesdecreasegradually.Thevelocity
distributioncanbewellexplainedbythewave
structureshowninFig.2.Jodoin,etal.[16]

alsoreportedthesamephenomenonthrough
experimentsusingnitrogenascarrier-gasatthe
stagnationpressureof2.4MPaandtemperature
of733K.
2.2 Effectofparticlesize,densityandshapeon

particleimpactvelocity
Followingthefreejetstudy,impactjetis

simulatedtoclarifytheeffectofparticlesize,

densityandshapeonparticleimpactvelocity.
Fig.4exhibitsthepressureprofileintheimpact
jetwiththesubstrate16 mmawayfromthe
nozzleexitbyusingairascarrier-gas.Itis
obviousthatthe existence ofthe substrate
causesthewavestructuremoredifferentfrom
thatinthefreejet.Theobviousdilatational
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wavesareseenoutsidethenozzleexit,followed
bytheobliqueshockwaves.Betweenthenozzle
exitandthesubstrate,thereexistsa well-
formedbow shock wavelocatedclosetothe
substrate,which arisesfrom theinteraction
betweenthegasflowandthesubstrate.The

pressureinthisregioniswellconfined,leading
toa much higher pressureincrease atthe
substrate and a significantly different flow

pattern.Theflowvelocitydecreasesrapidlyto
nearlyzerowhenthegasflowpenetratesintothe
bowshockwaveandapproachesthesubstrate.

Fig.4 Pressureprofileoutsidethenozzleusingair

ascarrier-gas withthesubstrate16 mm

awayfromthenozzleexitatapressureof

0.252MPaandatemperatureof300K

Fig.5comparestheimpactvelocitiesof
spherical copper, titanium and aluminum

particlesinordertofindtheeffectofmaterial
densityonparticleimpactvelocity.Thedensities
ofaluminum,titaniumandcopperpowdersare
2719,4850and8978kg/m3,respectively.It
isapparentthatthreetypesofparticlesalmost
havethe same velocity changing tendency.
Aluminumparticlewiththelowestdensityis
moresusceptibletocarrier-gasthantheother
twoparticles.Therefore,itiseasilypickedup
andacceleratedtothehighestvelocitybefore
enteringintothebowshockwave.However,

whenpenetratingintothebowshock waves,

aluminumparticleisalsoeasilydeceleratedand
thevelocitydropssteeplyfromthehighestvalue
ofnearly640m/stothelowestvalueofabout
610 m/s,whiletitanium particleandcopper

particle achieve relatively higher impact
velocitiesduetotheirlargedensities.Moreover,

inordertoexaminetheinfluenceofparticle
shape on the particleimpact velocity,the
comparison of spherical and non-spherical
titaniumparticleswiththeequivalentdiameterof
5μmisalsogiveninFig.5.Itiseasilyfound
thatthenon-sphericaltitanium particlehasa
highervelocitybeforepenetratingintothebow
shockwaves,butalowerimpactvelocity.This
factcan belinked to the morphologies of

particles.The drag coefficient of a sphere

particleisless than that of an equivalent
diameter but irregular shape particle.
Therefore,thenon-sphericaltitanium particle
canbeeasilypickedupbythegasflowandalso
seriouslyaffectedbythebowshockwaves.

Fig.5 Comparisonofvelocitiesofsphericalcopper,

titanium,aluminum particles and non-

sphericaltitaniumatthestandoffdistanceof

16mmalongthenozzlecenterline

Fig.6 showsthecenterlinevelocity of
copperparticleswithdifferentdiametersinthe
impactjet.Smallparticleiseasilypickedup
throughthedragforceofcarrier-gascompared
withlarge one. However,asthe particles
traversethebowshockwaves,theacceleration
suddenlybecomesdeceleration.Whencomingto
thebowshockwaves,largeparticlesareaffected
slightlybythedragforceandmaintainsufficient
impactvelocityasaresultofthesignificant
momentumandenergy.Onthecontrary,small
andlightparticlesaredeceleratedsteeplybythe
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bow shock waves although they can be
accelerated greatly bythecarrier-gas before
enteringthebowshockwaves.Thefinalimpact
velocities of copper particles with different
diametersaredisplayedinFig.6.Itgivesaclear
suggestionthatthelargerparticlecanachievea
higherimpact velocity when impacting the
substrate.Itisclearlyfoundthatwithincreasing
theparticlesize,theeffectofgasflowbecomes
slightandtheimpactvelocityrisesgradually.
Jen,etal.[11]alsoreportedthatthebowshock
wavesalmosthadnoeffectoncopperparticle
with a diameter larger than 5 μm and
significantlyaffectedtheparticlewithadiameter
lessthan1μm.

Fig.6 Comparisonofvelocityofcopperparticles

withdifferentdiametersatthestandoff

distance of 16 mm along the nozzle

centerline

2.3 Optimalstandoffdistance
Fig.7showstheeffectofstandoffdistance

(d)onimpactvelocitybyusingcopperparticles
withdifferentsizes.Itisclearlyobservedthat
thereexistsanoptimalstandoffdistancebetween
thenozzleexitandthesubstrate.Underthe

given condition in this study,the optimal
distanceis16mm.Thereasonforthisisthat
thecarrier-gasvelocityat16mmisthelowestin
thefirstchangingperiodinthefreejetasshown
inFig.3.Therefore,whensettingthesubstrate
atthisposition,theintensityofthebowshock
wavesmustbeverysmall,whichcouldweaken
thedecelerationeffectofthebowshockwaves

onparticleimpactvelocityandthusparticlecan
achieveahigherimpactvelocity.However,it
alsocanbenoticedthatinthefreejetthereexist
severalvelocitychangingperiodsandeachhasa
minimumpointofgasvelocity.Thus,itcanbe
deducedthattheremustbeanotherlimitationto
determinetheoptimalstandoffdistanceof16
mm.Inordertofindthisdeterminant,the
standoffdistanceof32 mm ischosen.The
carrier-gasvelocityatthisdistanceisthelowest
inthesecondchangingperiodinthefreejet.
Fig.8showspressureprofileoutsidethenozzle
usingairascarrier-gaswiththesubstrate32mm
awayfromthenozzleexitatapressureof0.252
MPaandatemperatureof300K.Itcanbeseen
thattheparticleexperiencestwiceacceleration
andthreetimesdecelerationbeforeenteringinto
thebow shock waves duetothe alternant
     

Fig.7 Effectofstandoffdistanceonimpactvelocity

by using copper particles with different

diameters

Fig.8 Pressureprofileoutsidethenozzleusingair

ascarrier-gas withthesubstrate32 mm

awayfromthenozzleexitatapressureof

0.252MPaandatemperatureof300K
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dilatationalwavesand obliqueshock waves.
After the second dilatational wave, the
decelerationeffectofdragforcebecomesmore
intensivethanthepositivedragforceasaresult
of the energy dissipation in carrier-gas.
Therefore,thein-flightparticlevelocitycannot
reachthepeakbeforepermeatingintothebow
shock waves. However,when the standoff
distanceis16 mm asshownin Fig.5,the

particleexperiencestwiceaccelerationandonly
oncedeceleration.Theparticleusesthepositive
dragforceeffectivelytoobtainahighervelocity
comparedwiththatthestandoffdistanceis32
mm.

Fromthediscussionabove,itcanbeeasily
concludedthatthedeterminationoftheoptimal
standoffdistanceneedstwoessentialconditions
to ensurethatthe particlecan achievethe
highestimpactvelocity.Thefirstoneisthatthe
substratemustbelocatedattheplacewherethe
carrier-gasvelocityislowerinthefreejet.The
otheristhattheparticlesshouldbeaccelerated
twicebeforeenteringthe bow shock wave,

which meansthere mustbetwo dilatational
wavesinfrontofthebowshock wave.The

previousexperimentalstudy onthestandoff
distanceconductedbyPattison,etal.[13]also
reportedthesimilarresultsthattheoptimal
standoffdistanceincoldspraylinkedcloselyto
thebow shock waveintensity.Onlyforthe

properstandoffdistanceatwhichthebowshock
waveintensityis weak,the particleimpact
velocityandthedepositionefficiencycanreacha
highervalue.Also,Li,etal.[17]reportedthe
samephenomenonthatstandoffdistanceactually
affectedtheimpactvelocityandtheoptimal
standoffdistanceindeedexistedincoldsprayby
experimentmethod.Thesefactsfurtherenhance
thevalueofthisstudy.

3 Conclusions

(1)Particlesize,densityandshapeplay

criticalrolesinin-flightparticlevelocityand
impactvelocity.Particleswithsmallsize,low
densityorirregularshapecanbeeasilyaffected
by the carrier-gas. These particles can be
acceleratedtoahighervelocitybythepositive
dragforceanddeceleratedsharplybyviscous
dissipationandthebowshockwave.Butlarge
size,highdensityorsphericalparticleisnot
sensitivetothecarrier-gasandthuscanobtaina
higherimpact velocity while impacting the
substrate.

(2)Theexistenceofthesubstratecauses
thewavestructuremoredifferentfromthatin
thefreejet.Theobviousbowshockwavewhich
arisesfromtheinteractionbetweenthegasflow
andthesubstrate,leadingtoasteepdeceleration
ofparticlevelocity.

(3) There exists an optimal standoff
distance.Thedetermination ofthisdistance
requirestwoconditions.Thefirstoneisthatthe
substratemustbelocatedattheplacewherethe
carrier-gasvelocityislower.Theotheristhat
particlesshould be accelerated twice before
enteringthebow shock wave,which means
theremustbetwodilatationalwavesinfrontof
thebowshockwave.
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冷喷涂粒子性状及基板最佳位置对冲击速度影响
王 晓 放*1, 殷  硕1, 徐 宝 鹏2

(1.大连理工大学 能源与动力学院,辽宁 大连 116024;

2.金斯顿大学 工程学院,英国 伦敦 SW153DW )

摘要:冷喷涂中,粒子撞击基板时的速度对涂层形成起到至关重要的作用,而适当的喷涂距

离可以使喷涂粒子获得较高的速度.利用商用CFD软件Fluent模拟了喷嘴外超音速流场的

分布情况,分析了粒子自身条件对冲击速度的影响,同时提出了确定粒子与基板最佳距离的

方法.分析发现,小尺寸、低密度以及不规则形状的粒子容易受到喷嘴外产生的膨胀波、斜激

波和基板前的弓形激波影响.随着能量的耗散或当粒子穿过弓形激波时,这些粒子的速度明

显下降.另外,在基板与喷嘴之间存在一个最佳距离,它的确定需要两个必要条件:一是基板

处的气流必须保持较低的速度,从而使弓形激波的强度相对较弱;二是粒子须经膨胀波加速

2次,即弓形激波前具有2个膨胀波,以确保气体可充分利用膨胀波的加速.

关键词:冷喷涂;数值模拟;弓形激波;基板最佳距离
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