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Abstractj:jinjthisjresearchjstudy,jthejelectrodejandjgroundjarrangementjonjsamplejplatejisjstudied]
injorderjtojincreasejthejelectrostaticjpowderjcoatingjprocess,jThejelectrodejandjgroundjarrangementj
arejvariedjinjorderjtojimprovejthejelectricjforcejandjthejthicknessjofjcoating.j Thejyrstjresultjshows]
thejelectricjforcejisjappearingjunderjthejelectrostaticjprocess jandjthejelectricaljvoltagejdistributionjisj
differentjwithjvariousjthejelectrodejandjgroundjarrangement jrorjthejsecondjpart jthejthicknessjofjthej
powderjcoatingjofjthejsamplejplatejisjincreasedjwithjthejnumberjofjthejcoating,jandjthejelectrostaticy
processjcanjmorejincreasejthejthicknessjofjcoatingjthanjwithoutjthejelectrostaticjprocess.jinjaddition
thejelectrodejandjgroundjarrangementjarejaffectedjwithjthejthicknessjofjthejpowderjcoatingjonjthej
samplejplate jinjthejlastjpart jajsimilarjtrendjofjthejgraphjhasjappearedjinjthejexperimentaljandjthej
numericaljresults,jsojthejexperimentaljresultsjhavejgoodjagreementjwithjthejexperimentaljresults.
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1jintroductionj

J  Coatingjprocessjisj thej onej processj forj
transferringjajliquidjontojajmaterial.j Thejcoatingj
processj consistsj ofjapplyingjaj coatingj materialj
tojajmovingjwebjofjthe]Wexiblejsubstrate J Thej
coatingj materialj mayj bej paper,jacrylic,j orjalu-
minumjfoiljandjthejresultingjmaterial’sjadditional]
propertiesjwilljvaryjdependingjonjthejrequired]
applicationj[1-3]. Thejbeneuytjofjcoatingjisj thatj
itjdeliversjtojthejsubstratejenhancedjaestheticy
andjphysicaljpropertiesjderivedjiromjthejcoating
material j Industrialj coatingsj playj vitalj rolesjinj
protectingjmilitaryjvehiclesjandjmilitaryjaerospace
coatingjmaterial.jThejmilitaryjcoatingjapplicationsj
helpjprotectjagainstjthejdamagejcausedjbyjwear-
pronejapplications,jinjaddition,jtheyjhavejbeenj
designedjtojbejwearingjresistant jreducejfriction,
reducejcorrosionjandjabrasionjorjheatj4-5] jThej
combinationjofjthejcoatingjiprocessjandjdifferentj
techniquesjisjsystematicallyjstudiedjinjorderjtoj
improvejthejcoatingjprocessjefyciency.

] Thejphysicaljvaporjdepositionj process,j
chemicalj vaporj depositionj process,j sol-gelj
coating jthermaljsprayjcoating jandjelectrostaticj
powderj coatingj processj arej thej typej ofj thej
depositionjprocess jThejphysicaljvaporjdeposition]
processjrefersjtojajvarietyjofjthinjylmjdepositionj
techniquesjwherejajsolidjmaterialjisjvaporized
injaj vacuumj environmentjandj depositedj onj
substratesjasjajpurejmaterialjorjalloyjcomposition
processjthatjinvolvesjthejreactionjofjajvolatilej
precursorjwhichjisjinjectedjintojajchamber.jByj
thejchamberjisjunderjvacuumjandjitjisjheatedjtoj
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ajreactionjtemperaturejthatjcausesjthejprecursor

gasjtojreactjorjoreakjdownjintojthejdesiredjcoating

andjbondijtojthejmaterialjsurfacej[ 7] jThejsol-gelj
coatingjinvolvesjthejhydrolysisjandjcondensationj
ofjalkoxidejprecursorjwaterjtojformjajcolloidalj
dispersionj ofj particlesj [8].] Thej thermalj sprayj
coatingjisjajprocessjthatjspraysjcoatingjmaterialsj
usingjthejpressurejofjajhigh-heatjgas jThejmaterial

thenj bondsj toj thej surface,j formingj aj coatingj
thatj corrosionj protection,j thermalj resistance,
environmentaljprotection jlubricity jwearjresistance

andj electricalj andj thermalj conductivityj [9] J
Thejelectrostaticj powderj coatingj processj isj aj
processj byjwhichjelectricallyjcharged] particles]
arejdepositedjoutjofjajwaterjsuspensionjtojcoatjaj
conductivejpart.jDuringjthejelectrostaticjprocess,

paintjisj appliedj toj aj partj atj aj certainj ylmj
thickness,jwhichjisjregulatedjbyjthejamountjofj
voltagejappliedj[10].

] Behzadjetjal jjL1]jshowedjajliteraturejreviewj
ofjthejcoatingjtechniquesjforjsurfacejprotection.j
Thej coatingj processesj werej reliablej meansj off
materialjdepositionjandjsurfacejprotection,jbutj
therejwerejadvantagesjandjdisadvantagesjtojallj
ofjthemjinj differentjapplications.j Thej physicalj
vaporjdepositionjprocessjcouldjcausejcorrosion]
andj wear] resistance.j Thej thinjylmj depositionj
couldjhavejadjustablejmechanical jcorrosion jandj
aestheticjproperties.jButjthisjdepositionjprocess

requiredj aj highj vacuum,jandj thej corrosionj
resistancejwasjaffectedjbyjabrasion jThejchemical

vaporjdepositionjprocessjcouldjcausejcorrosion]
andjwearjresistance jltjcouldjbejcoatedjbyjthej
depositionj ofj variousj typesj off materialsj withj
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differentjmicrostructures jinjaddition jthejcoatingj
materialsjcouldjworkjatjlowjatmosphericjpressures.

Butj thej materialj couldj bejheat-resistant.j
Thejsol-geljcoatingjwasjcost-jeffectivejinjoiomedical

applications jltjcouldjprovidejcorrosionjandjionj
releasejprotection jThejmaterialjcouldjhavejhighy
adhesionjinj thej multilayeredj coatingj process.j
Butjthisjprocessjwasjrestrictedjbyjthejthickness

controljandjthejslowjratejofjthejcoatingjcycle.

Thej failurej duringj heatj treatmentj wasj thej
possibilityj off coatingf multilayeredj structures.j
Forjthejthermaljsprayjcoating,jthejmaterialjwasj
non-conductivej andj hadj corrosionj andj wearj
resistance jButjithadjseveraljdisadvantages,jsuchj
asjrequiringjajsmalljrangejofjpowderjsizesjwithj
aj narrowj sizej distribution,j numerousj processj
variablesj toj changej thej coatingj structure j andj
ajheatjsource.jTherejhavejseveraljadvantagesjtoj
thejelectrostaticjpowderj coatingj process,jsuchj
asjhighjcorrosionjresistancejandjhardness jporousj
structurejforjbiomedicaljapplications,flow-corrosion

andj wear,j andj high-temperaturej applications.j
Thisj coatingj wasj suitablejforj valvej metalsjandj
couldjbejusedjforjconductivejsubstrates.

] Somejresearchersjarej studyingj thejelec-

trostaticj powderj coatingj processj[12-16].]
Sharmenej et] al.j[12]j studied] thej trajectories]
ofjcharged] powderjparticlesjinjanjelectrostaticj
powderjcoatingjsystem.jThejmathematicaljmodelj
wasj modeled] consideringj electricalj andj Wuid]
forcesjinjorderj toj computedj chargej densityjinj
thejgun-to-targetjregion,j Thejsimulationjresultsj
showedjgoodjagreementjwithjexperimentaljdataj

. \7 . A\ AR \7 . . ~,
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andj providedj valuablejinformationj concerningj
particlejdeposition.jSchmittjandjLebienvenuj[14]j
studiedjthejconductivejpolymericjmaterialsjused]
forjelectrostaticjpaintingjapplications.jThejcritical]
volumejfractionjofjybresjandjgivejitsjvaluedjforjaj
littlejybre-matrixjassociationsjwerejinvestigated.
Thejresultjshownjthatjthejmicrostructurejhadijaj
strongjeffectjonjthejoveralljmechanicaljproperties

ofjthejcompositejmaterial jToljicjetjal jJ15]jstudied

thejthree-dimensionaljFLUENTjnumericaljmodelj
ofj thej electrostaticj coatingj processj forj thej
automotivejindustry.jThejresultjshownjthatjthej
transferjefyciencyjincreasesjwhenjthejelectricalj
forcesjandjthatjthejcoatingjuniformityjimproved;
withjthejmovementjofjthejtarget.

] Thejelectrostaticj powder] coatingj processj

isj thej processj byjwhichj aj positivelyj charged]
electronj withinj thej sprayj nozzlej chargesj thej
paintjparticles,jThesejparticlesjalljhavejajpositive]
charge;jtheyjrepeljeachjotherjandjbreakjapart,j
resultingjinjajynejmistjthatjcoatsjevenlyjTherej
isjalsojajmagneticjyeldjeffect jandjthejnegativej
chargej ofj thejworkpiecej attractsj thej positivej
chargejofjthejpaintjparticlesjacrossjitsjfulljsurface.j
Forjthisjresult jthejelectrostaticjpowderjcoatingj
processjisjusedjinjthisjresearchjinjorderjtojproduce
automotivejgradejsprayjpaintjthatjcanjbejused]
onj vehiclesjandjmilitaryj aerospacej coatingj
materials jForjthisjresult jthejelectrostaticjpowder
coatingjprocessjisjusedjinjthisjresearchjinjorderj
toj bej costj effectivejinj militaryj vehiclesjandj
militaryjaerospace jinjthejoreviousjstudy,jitiwasjnot]
systematicallyjtudied jinjthisgtudy jthejmechanism
ofjthejelectrostaticjpowderjcoatingjisjseriouslyj



investigatedjforjthejcoatingjprocess.jj Thejeffect]
ofj thej electrodej andj groundj arrangementj onj
thejsamplejplatejisjsystematicallyjproposedjinj
orderjtojimprovej thej powderj coatingj process.
Thejyrstj partj thejelectricjforcejisjnumericallyj
studiedj underj thej electrostaticj process.j Thej
secondjandjthirdjpartsjarejexperimentaljstudiesj
ofjthejpowderjcoatingjonjthejsamplejwithoutjand]
withjthejelectrostaticjprocess jrespectively,jThej
veriycationjandjproblemjstatementsjarejanalyzedj
injthejlastjpart.

2.JGoverningjequation

] Thejelectrostaticj processj isj aj branchj ofj
physicsj thatj directlyj convertsj electricalj energyj
intoj kineticj energyjwithoutj mechanicalj pieces
TheJinlluencej off electrostaticj phenomena
canj changej thej patternj ofj Wuidj Wowj and]
enhancesj transportj phenomenaj withj loweringj
energyjsuppliedj[17] jJFromjthejmechanismjandj
characteristicj ofj thej electrostaticj process,]
SaneewongjNajAyuttayaj[18]jdividedjthejfourthj
groupjofjapplications,jThejyrstjgroupjwasjincreasing
lowj mechanismjitjwasj usedjforj pumpingjandj
biomechanicsj application.j Thejsecondjgroupj
wasjinjection] Wowj mechanism]it] wasj usedjforj
thejdroplet jelectrosprayjandjmicroliuidics jThej
thirdjgroupjiwasjinducingjilowjmechanismjitjwas]
usedjforjelectrostaticjprecipitatorjandjactuator.j
Thej lastj groupj wasj mixingj particlej process;jitj
wasjusedjforjboilingjandjcondensation,jheatjand]
massjtransfer jneatjexchangerjandjdryingjprocess
Forjthe]thirdjgroupj (inducingjWowjmechanism) ]
theJinduced]Wow] caused] the] totaljreaction to]
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leanjbackwardjinjthejplanejofjrotation.jThisjalsoj
reducedj thej perpendicularj componentj ofj thej
totalj reactionj andj reducedj totaljrotorj thrust.j
Thejmotionjandjprecipitationjofjdustjparticlesjinj
anjelectrostaticjprecipitationjdependedjonjthej
electricjuyeld jspacejcharge jandjgasjilowjyeldjand]
dustjparticlejproperties.jThejelectrostaticjcoatingj
isjusedjforjinducingjiowjmechanismjinjorderjtoj
increasejthejadhesionjofjpowderjpaintingj[19].
] Thejgoverningjequationsj forjthej electricj
forcejperjunitjvolumejfj(Eq.j2 1))igeneratedjbyj
theJ electricj yeldsjwithj strengthj Ej inj airflow]j off
dielectricjpermittivityj(e),jdensityj(o) jandjuniform
temperaturej(T)j[20] jElectricjyeldjdistributionjisj
computedj byj usingj Maxwell’sj equationsj (Eqs.J
(2.2)-2.5))jlisted]asjbelow:

f, =qE—lE2Vs+lV E’ % p (2.1)
2 2 et :

op
V-eE=q, (2.2)
V'J+Zt—q=0y (2.3)
Tii ‘ j(24
I - JEZ 5;

] Thislelectricjenergyjdensityj(ncJjcanjbejused]
tojcalculatejthejenergyjstoredjin Jajelectrqueld,J
asjshownjinjtq.j(2.6).]

n, = €E’ (2.6)

] wherejvjisiilowjvelocity Jojisthejspacejcharge]
densityjinj thejiuid j Vjisjelectricaljvoltage ] Jjis]
currentjdensity jandjtjisjtime.jThejionjmobilityj(b)j
ISTL8OIX]L0-m?/V sjandjthejdielectricjpermittivity
offfreejspace](€)]isj8.85)xj10-14F/m]
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] FromjEqj(2.1)jthreejtermsjarejtheelectro-
phoretic j dielectrophoretic,jandjelectrostrictive
forces,jrespectively.jInj thejyrstjterm,jthej
electrophoreticjforcej resultsj fromj thej netj
unchargedjwithinjthejiiuidjorjonsjinjectedjfromithe]
electrodes jElectricjyeldjdistributionjisjemitted;
fromjthejelectrodejandjinducesjtojthejground.j
Thejsecondjterm,jthejdielectrophoreticjforcejisja
consequencejofjinhomogeneityjinjthejpermittivity
off theJ dielectricj Wuid] duej toj the] non-uniform]
electricjyeld,jtemperaturejgradients,jandjphasej
differences.j Thej lastj term j thej electrostrictive]
forcej isj causedj byj non-homogeneousj electricj
yeldj strengthjandjthej variationjinj dielectricj
constantjwithjtemperaturejandjdensityj[21].
] Thejgoverningjequationsj arej developed]
to] predictj thej Wowj yeld j Thej continuityj andj
Navier-Stokesjequationsjwhichjarejcoupledjwithj
thej Coulombj forcej equationjarej consideredj
fromjEqsj(2.7)jand](2.8) jrespectively.jTheyjarej
expressedjby;j

V-v=0, (2.7)
p[E+@ V] = VP + v+ (29)

where L is viscosity and P is pressure.

] Thejheatjandjmassjtransferjinj spraysjhasj
beenjmeasuredjwithjthejconvectivejheatjtrans-
ferjcoefycientj(h,)j(Eq.J(2.9))jandjthejSherwood]
numberj(Sh)j(Eq.j(2.10)) jrespectively.jConvective
heat] transferjisj thej movementj ofj thermalj
energyjwithinjiiuids jandjthejSherwoodjnumberj
isjajdimensionlessjnumberjusedjinjmassjtransferj
operations.jItjrepresentsj thej ratioj of] thej total
heatjandj massj transferj ratej toj thej ratej off
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diffusivejtransport.j Thej massj transferj ratejisj
composedjofjconvectionjandjdiffusion.

k 0T
he=—-—-— (2.9)
i d
Sh=——2= (2.10)
ACAc D

J  wherejjsthermaljconductivity jnjsicoordinate
Injjandjyjaxis Jmjisjnassjtransferjrate jdjisjdiameter
offelectrode,jDjisjmassjdiffusivity,JA Jis]surface]
areaj ofjsamplejthatjisjexposedjtojelectrostaticj
powderjcoatingjprocessjandjAC]isjdifferencejinj
waterjvaporjconcentrationjoetweenjthejsamplej
surfacejandjambient.

3.JMethodjandjmodel

] Forjthejelectrostaticjprocess jthejelectrodej
andjthejgroundjarrangementjarejvariedjonjthej
samplejplate.jThejexperimentaljandjnumerical
arejinvestigatedj bothj ofj techniques.] Inj thisj
electrostaticjpowderjcoatingjprocessjthejcollected]
dataj ofj powderj sprayjisj investigated] threej
timesj andjanj averagej scorej isj usedj forj thesej
experimentalj results.j Thej arrangementj ofj thej
electrodejandjgroundjisj veryjimportantjinjthej
electrostaticjpowderjcoatingjprocess,jThejpinjofj
thejelectrodejandjgroundjarejsuitablejforjlocalj
heatjtransferjcoefycientjandjthejelectrodejandj
groundjplatejarejsuitablejforjaveragejtotaljheat]
transferjcoefycient jThejdiagramjofjthejelectrodej
andjgroundjarrangementsjabovej thej samplej
platejarejvariedjforjsevenjpatterns jasjshownjinj
FigJ 1. Thejsymboljofjelectrodejandjgroundjisj
EjinjredjcolorjandjGjinjbluejcolor jrespectively.j
Thejcopperjwirejandjcopperjplatejarejshownjinj



yellowj color.j Allj off patternsj arej described(jinj
TablejL jAfterjexperimentaljanalysis jthejthicknessj
ofj coatingjisf measuredjbyj thej cross-cutjtester.J
Thejcross-cutjtesterjusesjajbladejtojcutjthroughy
thejcoatingjtojthejsubstrate

] Thejsprayj paintjisj usedjthejautomotivej
gradej sprayj paintj formulatedj byj concentrated]
lacquer jThejpremiumjcolorjsprayjcanjbejusedjonj
vehiclesjandjmilitaryjaerospacejcoatingjmaterial.
[tjisjpoodjqualityjpaintjwhichjbuildjbeautifuljylmj
withj glossy,j durability,j quickj dryingj andj goodj
adhesion jThejolackjpaintjmaterialjhasgolidjiraction
72.34%.j Thej wetjandj thej dryj densityjarej 1.32]
andj1.69jo/ml jrespectively.jThejpressurejsupplyj
Wow]ratej ofj 0.02733] kg/s ] Thejeffectivej oriyce]
diameterjisj 0.48-0.53jmmjandjsprayjanglejarej
450.j Thejgunjtojtargetjdistancejisj300jmmjandj
thejboothjairjvelocityjisj0.1jm/s.j

] Thejcoatingj parametersjwhichj should]
bejobservedj duringj thej coatingj operationj
suchjasj thejinletjandj outlet] airj temperature,
theJ outletjbuttertiyjvalve thej humidityjLevel j
thejtabletjbedjtemperature jthejsprayjratejandj
thejatomizingjairjpressure.j
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Tablej 1j Thej dataj ofj thej conventionalj coating
I ] ] (withoutjelectrostaticj coating)jandj
Tiiiiiiijelectrodejandj ground;j arrangementsj
Iiiiabovejthejsamplejplate

Numberj

off Electrodejj Groundjj
) Arrangement  Arrangement
patterns
ElectrodejWireJ
1 1j(b) injSquarej ~ GroundjPoint
Arrangement
ElectrodejWirej
2 1j(c) injCirclej GroundjPoint
Arrangement
ElectrodejWire  GroundjWire]
3 1j(d)  JinjStraightjLine] injStraightjLinej
Arrangement  Arrangement
ElectrodejWire  GroundjWirej
4 1le) jinjCirclej  injStraightjLinej
Arrangement  Arrangement
5 1j{f)  ElectrodejPlate  GroundjPlate
ElectrodejWire  GroundjWire]
6 Lo JinjSquarej injCircle
Arrangement]  jArrangement
ElectrodejWire
7 jhy  JinjSquare]  GroundjPoint
Arrangement

99 22 (2567) VoL 22 202) D9



NINTIVINITIINTPUUToENTEATDUNM
CRMA Journal

(a) pattern 1 (b) pattern 2

(d) pattern 4
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(e) pattern 5 () pattern 6
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I9.J 1j Thej diagramj ofj electrodej andj ground]
arrangementsj underjthej electrostaticj
powderj coatingj processj (a)j patternj 1j
(b)j patternj2j(c)j patternj 3j(d)j patternj4j
(e)jpatterny5j(f)jpatternj6j(q)jpatternj7

—( (= —(

J
]
]
J
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] Thejheatjandjmassjtransferjenhancementj
techniquejutilizingjelectrostaticjprocessjgenerated

fromjthej polarizationj ofj dielectricj Wuid It can]
bejonejofjthejmostjpromisingimethodsjamongj
variousjactivejtechniquesjbecausejofjitsjseveral

advantages.j Thisj techniquej dealsj withj thej
interdisciplinaryj yeldj withj subjectsj concerningj
thejinteractionsjbetweenjelectricjandjilowjyelds]
Whenjanjelectricaljvoltage]isjexposedjtojairliow
ionsjiromjajsharpjelectrodejmovejforwardsjtojthej
ground.jAnjionicjwindjorjprimaryjiowjisjformed]
whenjairjionsj arej acceleratedj byj anj electricj
yeldjandjexchangejmomentumjwithjneutraljairj
molecules jAsjajresult jthejmomentumjofjairiow]
isjenhanced.

] 3.1jExperimentaljanalysis

j  Thejthree-dimensionaljmodeljiorjthejpowder

analysis,j thej samplej platejisf mostlyf madej ofj
acrylicjplatej(thejdimensionjofjthejsamplejplatej
IS 15]x15jcm?) JInjorderjtojstudyjthejelectrodej
andjgroundj arrangement,j thejelectrodej andj
theroundjarejmadejoficopper, andjtheyftickhovej
thejsamplejplate.jThejhighjvoltagejpowerjsupply

(ACOPIANj model:j NO30HP2M.-230)jisj usedj] toj
createjelectricaljvoltage jandjthejcopperjisjused]
toj connectj thejcircuitj withj thej electrodej andj
ground.jThejgapjofjthejelectrodejandjgroundjisj
injrangej2-10jcm jBecausejthejbrake-downjspark

appearsj whenj thej gapj isj lessj thanj 2j cmj andj
theJelectrostaticjprocessjisjnotjiniiuencedjwhenj
thejoapjisjhigherjthanj10jem.j



¢ \ High Voltage

Flow Direction / \\
: ectrode
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Power Supply
Flow Meter .
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Load Cell

Fig.j2jj Three-dimensionaljmodeljforjexperimental]
1) setup

] Thejllowjmeterjandjmanometerjarejsetjupj
inj orderjtoj meterj theJimpactj ofj airliowj under]
thejelectrostaticjpowderjcoatingjprocessjThejdigital
pressurejmanometerjandjthejdigitaljilowjmeter]
havejanjaccuracyj+j0.1jhPaj+j1.5%jandj+j3%j+]
0.1j dgts,jrespectively.jInjeachjtestjrun,jimpact]
pressurej (P),jimpactjvelocityj (v)j andj gravityj
forcej(F)junderjthejelectrostaticjpowderjcoatingj
processjisjmeasuredjoyjamanometer jlowjmeter]
andjloadjcelljwithjdatajlogger,jrespectively.
] 32JNumericaljanalysis

J  Thisjelectrostaticjprocessjdealjtojthejinter-
disciplinaryj yeldjwithj subjectsj concerningj thej
interactionsjbetweenjtheJelectricjyeldjandjow]
yeld.jInjthisj numericalj analysis,j thej computa-
tionaljmodelsjarejshownjinjFig.j3jandjcomposej
ofjmainjtwojparts;jthejyrstjandjsecondjpartsjarej
electricjueldjmodeljandjilowjueldjmodel Jrespec-
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tively.jThejdimensionsjofjthejthree-dimensionalj
modelJarej15jxj15jxj20jcm jandjthejdimensions]
ofjsamplejplatejarej15jxj15jcm?jThejradiusjofj
circlej electrodejandjcirclej groundj arej 0.1j cm.
The] space] chargeJ density] (q,)] at] thej tipj off
thejelectrodejisjconsideredjfromjGrifythsj[20].

Zero Charge Symmetry
n-D=0 Al
n(Vu+(Vuf n=0,P=B

Fig.j 3] Thej boundaryj conditionjforj numericalj
] ] analysis

J  Forjthejboundaryjconditionsjforjsolvingjthej
electricjyeldjandjiiowjyeld jthejnormaljfontjand)
thejltalicsjfontjforjthejboundaryjconditionsjarej
setjforjthejelectricjyeldjandjiiowjyeld jrespec-
tively TheJouterjsidesjofjthejelectricjliowjand]
samplejplatejooundaryjconditionjarejconsideredj
asjzerojchargejsymmetry.J

D = 0 NG 1)
] wherejnjisjthej outwardj normaljfromj
mediumjandjDjisjelectricjfuxjdensity
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] Thejtipjofjthej electrodej andjgroundj arej
consideredj asj electricalj voltagej andj groundj
boundaryjcondition,jrespectively.j
V=V, (3.2)
V=0, (3.3)
] wherejsubscriptjzerojmeansjatjelectrodejwire.
Thefinletfetjisfinletjpressuref(P)jandjthejoressure
ofj outletj boundaryj conditionjisj considered]
withjnojviscousjstressj Thisjboundaryjconditionj
speciyesj vanishingj viscousj stressjalongj withj aj
Dirichletjconditionjonjthejpressure:;
n(Vi+ (Vi)' 'n=0 and P=P,, (3.4)
] wherePjisjatmospheric] pressure Jis]
kinematicsjviscosityjandjTjisjmatrixjtranspose.jAll
ofj thejboundaryjandj thej samplej platejarej
consideredjasjnopslipjooundaryjcondition.jThisjsthe
standardjandjdefaultjboundaryjconditionjforjaj
stationaryjsolidjwall.jThejconditionjprescribes:
i=0, (3.5).
] Intthisjidea jajynite-dimensionaljspacejofsomej
solutionsjandjajnumberjofjpointsjinjthejboundary
andj thej collocationj pointsj arej usedj forj thej
givenjequation.j Thisjconvergencejtestjleadsjtoj
ajmeshjhavingjapproximatelyj15,000jelements.j
Ajynejmeshjisjspeciyedjinjthejsensitivejareasjisj
discretizedj usingj aj triangularj element.jWithj
percentagejerrorjisj lowerjthanj0.1j andj aj
dimensionlessjtimej stepj ofj 1 Xj 10 toj ensure]
numericalj stabilityj andjaccuracy.j Thej systemj
ofj governingj equationsjisj solvedjwithj thej
unsymmetricalj multi-frontaljy method.j Itjis]
reasonablej toj assumej that jinj thisj elementj
number jthejaccuracyjofjthejsimulationjresultsj
isjindependentjofjthejnumberjofjelements.
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4 JResultsjandjdiscussion

] Thejeffect] ofjthej electrodej andj groundj
arrangementjonjthejsamplejplatejisjsystematically

proposedjinjorderjtojthejpowderjcoatingjprocess

improvement jInj thisj experimentaljstudyJ
thejsaturationjvaporjpressurejisj0.0028-0.0031jbar,j
thejrelativej humidityjisj 58-62%j andj thej
temperaturejofjthejconditionjexperimentaljsetupj
arej controlledjatj 25°C) Thej electricalj voltage]
(Volisjuxedjatj20]kVjandjthejinletfietjofjpowder]
coatingJis] set] atjPJ=]490.33] kPa ] For] thej urst]
partj thej electrodejandj groundj arrangements

underjthejelectrostaticj powderj coatingj
processjarejnumericallyjvariedjinj7jpattems jThej
maximumj electricj yeld,j thej maximumj electricj
energyjdensityjandjthejmaximumjsurfacejchargej
densityjarejinvestigated jrorjthejsecondjpart jthej
powder] coatingj from] thej electrostaticj processj
isj experimentallyj comparedj withj thej powderj
coatingj withoutj thej electrostaticj process.j Thej
veriycationjandjproblemjstatementsjarejanalyzedj
injthejlastjpart Thejimpact]pressurejratio,jthej
impactjvelocityjratiojandjthejgravityjforcejratioj
ofjpowderjcoatingjisjvariedijinjthejelectrodejandj
thejgroundjarrangement.

] 41Numericaljstudyjthejelectricjforcejunderj

thejelectrostaticjprocess

] Anjelectricjyeldjisj thej physicalj yeldj thatj

surroundsj electricallyj chargedj particlesj andj
exertsjforcejonjalljotherjchargedjparticlesjinjthej
yeld.jThejelectricjyeldjisjoriginatedjfromjelectricj
charges jandjitimovedjtowardjatjthejgroundjf22]
Forjthejconventionaljcoatingjprocess jthejelectrical
voltagejandjthejelectricjyeldjdistributionjisjnotj
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numericaljappeared,jasjshownjinjFigj4jThe] () : y—
electricjyeldjisjappearedjunderjthejelectrostaticj | \ e
process.jThejdiagramjfromjFig.jLjisjusedjinjorder . ' N :
toj numericalj studiedj thej electricalj voltagej | | b oo
distribution,jasjshownjinjFig.j5.jinjalljthejcases | | ‘ | 12000
thefmaximumjelectricaljvoltagejisjappearedjat] o N B

thejtipjofjthejelectrodejandjthejhighjvaluejofj
electricaljvoltagejisjappearedjinjthejelectrodej
area.jThejzerojelectricaljvoltagejisjappearedjatj
thejgroundjarea.jThejmaximumjandjthejminimum g
electricalj voltagej arej notj differentj forj eachj

arrangement jThejelectricaljvoltagejdistribution

duejtoj thejdifferentjelectrodejandjgroundj (o) | V)
arrangementjfromjFigj 1j(a-g)jhasjbeenjalreadyj e
shownjinjFig J5j(a-g),Jrespectively] ‘ :
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] ] Process | L e

99 22 (2567) voL22 202) O



NINTIVINITIINTPUUToENTEATDUNM
CRMA Journal

o
(d) \ V (V)
. & 20000
’ >
18000
i ; b
‘ e

(e) V (kV)

20000
o
: o 18000
' : o 16000
: b

14000
12000
10000
8000
6000

4000

2000

V (kV)
20000

18000
16000
14000
12000
10000

8000

6000

4000

2000

68 Uil 22 (2567) VOL.22 (2024)

Fig.j5) Numericaljresultsj ofj electricalj voltagej
J ] distributionj(a)j patternj 1j (b)j patternj 2J
] ] (c)jjpatternj3j(d)jpatternj4j(e)jpatternj5j
T (fipatternj6j(g)jpattemnj7

] Injvariousjthejelectrodejandj thejground;

arrangementjwithj electrostaticj process,j thej
maximumj electricj yeld,j thej maximumj electricj
energyj densityj andj maximumj surfacej chargej
densityj arej numericalj investigatedjinj Fig.j 6-8,]
respectively.jThejmaximumjvaluejinjeachjcasejisj
notjdifferencejduejtojthejelectricaljhighjvoltagej
isjyxed jltjcanjbejseenjthatjthejhighestjvaluejofj
thejelectrodejandjthejgroundjarrangementjisjthej
patternj2j(electrodejwirejinjcirclejarrangementj
andjgroundjpoint)jandjpatternj3j(electrodejand]
groundj wirej inj straightj linejarrangement).j Thej
lowestjvaluej ofjthejelectrodejandjthej ground;
arrangementjisjpatternjLjelectrodejwirejinjcirclej
arrangementjandjgroundjpoint).j Thejmaximumj
electricjyeld,j they maximumj electricj energyj
densityjandjmaximumjsurfacejchargejdensityjare
affectedj toj thej electricj forcej soj electrostaticj
coatingjprocessjincreasing.
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] 4.2]Experimentaljstudyjthej powderj
coatingj onj thej samplej withoutj thej
electrostaticjprocess

J  Injthisjwithoutjelectrostaticjpowderjcoatingj
process,j thej powderj coatingj isj paintj untilj 1-5§
|layer.j Thej collectedj dataj off powderj sprayjarej
investigatedjthreejtimes,jandjanjaveragejscorejisj
usedjforjthesejexperimentaljresults.JFig.j9jshows]
thejpowderjcoatingjonjthejsamplejwithoutjthej
electrostaticjprocess.jThejthinjlayerjandjthejlittlej
thickjlayerjarejappearedjwhenjcoatingjprocessj
andj9)(b)jrespectively.jThejthicknessjofjcoatingj
Isj measuredjbyj thej cross-cutj tester.j Thej thickj
layerjisjcoatedjinjcasejofjthejpowderjcoatingjisj
3jlayersj(Fig.J9j(c))jandj4jlayersj(Fig.j9j(d))JjForj
5jlayersj(Fig.j9j(e)) jthejthickestjlayerjisj coated]
whenjcomparisonjinjalljthejcases.j

] Thejthicknessjofjthejpowderjcoatingjonjthej

samplejplatejisjincreasedjwithjthejnumberjofjthej
experimentaljanalysisjncreasing,jasghownjinjFig. 0.
Inj casej of] 1-3j layersj coating,j thej trendj graphj
ofjthicknessjisjsteeperjthanjthatjcasejofj3-5jlayers
coating.j Thejoptimumjvaluej forj thej powderj
coatingjisj 3-4j layers.j Thej thicknessj increasesj
whenjthejnumberjofjpowderjcoatingsjincreases.j
Fromj2jtojbjlayers,jthejthicknessjofjthejcoatingj
isjincreasedjhyj0.75,j3.08,j4.63 jandj5.60jtimes,j
respectively jwhenjcomparedjwithjthejthicknessj
ofjthejcoatingjinjLjlayer jitjcanjoejseenjthatjthej
thicknessj of] thej coatingjinj casesj ofj 3-4j layers]
isjgreaterjthanjinjcasesjofj2-5jlayers jByjtrendjofj
thicknessjisjsteepjinjcasejofj3-4jlayers.

9% 22 (2567) voL22 020 09
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] 43jExperimentaljstudyjthejpowderjcoating]
onjthejsamplejwithjthejelectrostaticjprocess

] Thejelectrodejandjthejgroundjarrangementj
arej studiedj forj enhancementj thej electrostaticj
powderj coatingj process.j Thej powderj coatingj
isj paintj onj thej samplej platej forj 5 layers.,j Thej
collectedjdatajofjpowderjsprayjarejinvestigated]
3jtimes,jandjanjaveragejscorejisjusedjforjthesej
experimentaljresults.jThejdiagramijofjthejelectrode
andjthej groundj arrangementj arej usedj fromj
Fig.J 1. Thejelectrodejandjgroundjarrangementsj
abovej thej samplej platej arej composed; ofj 7]
patterns JFig jL1jshowsjthejpowderjcoatingjonjthej
samplejwithjthejelectrostaticjprocessjinjvariousj
thejelectrodejandjthejgroundjarrangement jThej
powderjcoatingjonjtheamplejwithjthejelectrostatic
processjfromjFig.j11j(a-g)jusedjthejdiagramjfromj
Fig.j1j(a-g)Jrespectively |

] Thejpatternj3j(Fig.j11j(c))jandjthejpatternj6j
(Fig.j 11j(fjshowjthejelectrodejandjthejground]
wirej inj thej straight-linej arrangementsj andj thej
electrodejandjgroundjplate jrespectively.jThesej
arrangementsjcanjsupportjcoatingjdirectionjandj
coatingj process.j Thisjisj becausej thej electricj
chargej canj directlyf movej fromj thej electrodej
tojthejground.jThejcopperjwirejisjsuppliedjthej
electricjcurrentjfromjthejelectrodejandjground.]
[tjcanjbejseenjthatjthejcoatingsjcanjprotectjthej
substratejandj thej bothj patternsj canj controlj
thickness.j Thej patternj 4j (Fig.j 1] (d))jand(j thej
patternj6j(Fig.j11j(f))jshowjthejelectrodejwirejinj
thejcirclejarrangementjandjthejgroundjwirejinj
thejstraight-linejarrangement jrespectively.j Thej
electrodejwirejisjarrangedjinjthejcirclejandjthej



squarej patternj soj thesejarrangementsj cannotj
completelyjsupportjcoatingjdirectionjandjcoatingj
process.jButjthejgroundjwirejandjgroundjcirclej
canjspreadjthejelectricjchargejsojthejmostjcoating

materialj isj depositedj onj thej samplej plate  Inj
casejofjgroundjpoint,jthejpatternjj(Fig.j11j(a))
thejpatternj2j(Fig.jL1j(b)) jandjthejpatternj7j(Fig
11j(g))y showj thej electrodej wirejinj thej squarej
arrangement,j thej electrodej wirejinj thej circlej
arrangementjandjthejelectrodejwirejinjthejsquarej
arrangement,jrespectively.j Thesejarrangementsj
cannotj supportj coatingj directionj andj coatingj
process.jSomejcoatingjmaterialjisjdepositedjonj
thesamplejplate jinjaddition jthejcirclejarrangement

andjthejgroundjpointjarejthejunsuitablejpattern.j
Thejelectricjchargejisjdirectlyjmovedjfromjthej
electrodejwirefiojthefgroundjpoint jThisarangement

canj abruptj thejelectricalj dischargej whenjaj
sufycientlyjhighjelectricjyeldjcreatesjanjionized,

thejelectricj sparkjisj appeared,jasj shownjinj
Fig.j10j(b).jitjcanjbejseenjthatjthejdamagesj of]
coatingjequipmentjarejappearedjthejmiddlejof]
thejsamplejplatej(groundjpointjarea).

] Forjthejelectrostaticjprocessjinjvariousjthej
electrodejandjthejgroundjarrangement jFig.j12]
showsj thej comparisonj betweenj thej thicknessj
andj thej numberj of] thej experimentalj analysis
forjthejpowderjcoatingjonjthejsamplejplate.jThej
thicknessjofjthejpowderjcoatingjonjthejsamplej
platejisjincreasedjwithjthejnumberjofjthejexperi-

mentaljanalysisjincreasing.jThejresultsjofjFig jL1j
arejthejsimilarjtrendjwithjthejresultjofjFig j12.jinj
alljthejcases jthejelectrostaticjprocessjcanjmorej
increasejthejthicknessjofjcoatingjthanjwithoutjthej
electrostaticjprocess.
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Fig.j11jThejpowderjcoatingjonjthejsamplejplate

Jl ] withjthejelectrostaticjprocessjinjvariousjthe
| ] electrodejandjthejgroundjarrangementj
] ] (a)jpatternj1j(b)jpatternj2j(c)jpatternj 3]
J ] (d)jpatternj4j(e)jpatternj5j(f)j patternj6j
I T (g)ipatternj7

99 22 (2567) voL22 202) (1



NINTIVINITIINTPUUToENTEATDUNM
CRMA Journal

2
1.802
i3 1761 -
1697 k=TT
kT = T i
2 e Ty bt
et L e L
£® R o L 1.624
S e s
c L PR RS R T
< 14 ,;(,’ ’r__:m.-- .
'z 1.21,,;. it v
= ’9‘?" 1348 4. pattern 1 = B= pattern 2
12 #° k--pattern 3 — % —pattern 4
12 = ¥ = pattern 5 @ pattern 6
=+ =pattern 7
1 1
3k 2 3 q 5

Number of layer (times)
ig.j12jComparisonj betweenj thicknessj andj
] numberjofjexperimentaljanalysesjforjthej
] powderjcoatingjonjthejsamplejplatejwithj
J thejelectrostaticj processjinjvariousj thej
J electrodejandjthejgroundjarrangement

e (= —( T

Fig.j L3jandj 14j showj thej thicknessj ofj thej
powderj coatingj onjthej samplej platej withj thej
electrostaticjprocessjinjvariousjthejelectrodejand]
thejgroundjarrangement jiThej/jpatternsjinjvarious

thejelectrodej andj thej groundjarrangementj
arejusedjthejdatajfromjTablej 1jandjFig.J LjFor]
3jlayersjcoatingj(Fig.j13) jalljofjthejpatternsjcanj
bejcoated.j Thejpatternj2jisjnotjcollectjofjdataj
becausejthejsamplejplatejisjdamagedjfromjthej
electricjspark jasjshownjinfojlayersjcoatingj(Fig J14).j
j  Thejmaximumijcoatingjisjlayers jthejthickness

ofjpowderjcoatingjforjpatternjLjisjl.624jmmjand

thejthicknessj of] patternj 3-7j arej 1.802] mm,j
1.655jmm j1.741jmm,jL.714jmmjandjL.698jmm.J
respectivelyjThejmaximumjofjthejpowderjcoating

onjthejsamplejplatejwithjthejelectrostaticjprocess

Isj 1.59] timesj whenj comparingjinj without] thej
electrostaticjprocess.

—
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] 44]Veriycationjandjproblemjstatements]
forjanalysis

] Fromjajpreviousjstudy,jthejelectrodejandj
thej groundj arrangementj onj thej samplej platej
isjthef mainjinliuencedjunderj thej electrostatic]
powderjcoatingjprocess,jThejelectrodejandjthej



ground] arrangement] areJ inlfuencedj withj thej
maximumj electricj yeld,j thej maximumjelectricj
energyjdensityjandjthejmaximumjsurfacejchargej
densityjsojthejelectricjforcejisjdifferencedj Thej
electricjforcejunderjthejelectrostaticjprocessjisj
inlluencedjwithjthejimpactjpressurej(P) Jimpact
velocityj (v)j andj gravityj forcej (F)j soj powderj
coatingjonjthejsamplejplatejisjdifferenced ]
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J  FigJ15j showsj thejimpactj pressurejratioj
(impactjpressurejwithjthejelectrostaticjprocessj
perjimpactj pressurej withoutj thej electrostaticj
process Pyatiojjandjthejmpactjvelocityyatiofimpact

velocityjwithoutjthejelectrostaticjprocess;jvjratio),

respectively.jFig.jL6jshowsjthejgravityjforcejratioj
(oravityjforcejwithjthejelectrostaticjprocessjperj
gravity]j forcej withoutj thej electrostaticj process;j
Fjratio)jandjthicknessjratioj(thicknessjofjcoatingj
withj thej electrostaticj processj perj thicknessj off
coatingjwithoutjthejelectrostaticjprocess;jthickness

ratio).j Inj variousj electrodejandj thej groundj
arrangement jthejhighestjimpactjpressurejratio |
thejimpactjvelocityjratiojandjgravityjforcejratiojarej
thejpattemj2jelectrodejwirejinjcirclejarrangement]
andjoroundjpoint)jandjpatternj3j(electrodejandj
groundj wirejinj straightj linejarrangement).j Thej
lowestjimpactjpressurejratio,jthejimpactjvelocityj
ratiojandjoravityjforcejratiojarejpatternjljelectrode

wirejinjsquarejarrangementjandjgroundjpoint).j
Fromj abovej numericalj data,j thej maximumj
electricjyeld,jthejmaximumjelectricjenergyjdensity

andj thej maximumyj surfacej chargej densityjinj
Fig.J6-8jarefinliuencedjinjthejelectricjforcejsojitjis]
affectedjithjthejimpactjpressure jimpactjvelocityj
abovejexperimentaljdata,jthejalljofjpatternsjcanj
bejcoatedjforj5jlayersjcoating.j Thejpatternj2jisj
notjstudiedjthejdatajbecausejthejsamplejplatejisj
damagedjfromjthejelectricjspark.jThejmaximumj
andj minimumj ofj thej powderj coatingj onj thej
samplejplatejwithjthejelectrostaticjprocessjarej
patternj3j(electrodejandjgroundjwirejinjstraight]
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linejarrangement)jandj patternj 1j (electrodej
wirejinjsquarejarrangementjandjgroundjpoint)
respectively.jForjFig.j 16,j thej thicknessjratioj of]
powderj coatingjisj thej similarj trendj withj thej
thicknessjofjpowderjcoatingjinjFig.j13.

J  Thejpercentjerrorjisithejdifferencejbetween
estimatedjvaluejandj thejactualjvaluejinj
comparisonjtojthejactualjvaluejandjisjexpressed;
asj aj percentage.j FromjFig.j 15,] thej percentagej
errorjofjthejimpactjpressurejratiojandjthejimpactj
velocityjratiojarej 0.70-2.84%j andj0.11-1.74%J
respectively.jrromjFig.j16,jthejpercentagejerrorjof
thejgravityjforcejratioj0-1.33% jFromjthejabovej
resultsjalljthejpercentagejerrorjisjlowerjthanj3%j
sojthejdatajisjgenerallyjacceptedjasjbeingjvalid.j
Itjcanjbejseenjthatjnumericaljresultsjhadjgood]
agreementjwithjexperimentjresults.

5.jConclusion

] Thejnumericaljandjexperimental] resultjisj
carriedjoutjtojstudyjthefiniiuencejofjthejcoating
processj underj thej electrostaticj process.j Thej
followingjarej thej conclusionsj ofj thisj researchj
work:

] LjThejelectricjforcejisjappearingjunderjthej
electrostaticjprocess jandjthejelectricaljvoltage
distributionjisj differencej withjvariousj thej
electrodejandjgroundjarrangement.

] 2jThejthicknessjofjthejpowderjcoatingjonj
thejsamplejplatejisjincreasedjwithjthejnumberj
ofj thej coating,j andj thej electrostaticj process|
canjmorejincreasejthejthicknessjofjcoatingjthanj
withoutjthejelectrostaticjprocess.
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] 3jThejelectrodejandjgroundjarrangementj

arej affectedjwithj thej thicknessj ofj thej powderj
coatingjonjthejsamplejplate ]

6.JRecommendation]

J  Alljofj parameterjforj coatingj shouldj bej
observedjduringjthejcoatingjoperationjsojthejidea
behindj thisjwork] canj bej usedj asj quidancej forj
specialjdesignjforjmilitaryjvehiclesjandjmilitaryj
aircraftjcoatingjmaterialjwithjthejleastjmanpowerj
andjminimumjmaintenancejinjthejfuture.
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