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Abstractǰ:ǰInǰthisǰresearchǰstudy,ǰtheǰelectrodeǰandǰgroundǰarrangementǰonǰsampleǰplateǰisǰstudiedǰ
inǰorderǰtoǰincreaseǰtheǰelectrostaticǰpowderǰcoatingǰprocess.ǰTheǰelectrodeǰandǰgroundǰarrangementǰ
areǰvariedǰinǰorderǰtoǰimproveǰtheǰelectricǰforceǰandǰtheǰthicknessǰofǰcoating.ǰTheǰųrstǰresultǰshowsǰ
theǰelectricǰforceǰisǰappearingǰunderǰtheǰelectrostaticǰprocess,ǰandǰtheǰelectricalǰvoltageǰdistributionǰisǰ
differentǰwithǰvariousǰtheǰelectrodeǰandǰgroundǰarrangement.ǰForǰtheǰsecondǰpart,ǰtheǰthicknessǰofǰtheǰ
powderǰcoatingǰofǰtheǰsampleǰplateǰisǰincreasedǰwithǰtheǰnumberǰofǰtheǰcoating,ǰandǰtheǰelectrostaticǰ
processǰcanǰmoreǰincreaseǰtheǰthicknessǰofǰcoatingǰthanǰwithoutǰtheǰelectrostaticǰprocess.ǰInǰaddition,ǰ
theǰelectrodeǰandǰgroundǰarrangementǰareǰaffectedǰwithǰtheǰthicknessǰofǰtheǰpowderǰcoatingǰonǰtheǰ
sampleǰplate.ǰInǰtheǰlastǰpart,ǰaǰsimilarǰtrendǰofǰtheǰgraphǰhasǰappearedǰinǰtheǰexperimentalǰandǰtheǰ
numericalǰresults,ǰsoǰtheǰexperimentalǰresultsǰhaveǰgoodǰagreementǰwithǰtheǰexperimentalǰresults.ǰ
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1.ǰIntroductionǰ
ǰ Coatingǰ processǰ isǰ theǰ oneǰ processǰ forǰ 
transferringǰaǰliquidǰontoǰaǰmaterial.ǰTheǰcoatingǰ
processǰconsistsǰofǰapplyingǰaǰcoatingǰmaterialǰ
toǰaǰmovingǰwebǰofǰtheǰŴexibleǰsubstrate.ǰTheǰ
coatingǰmaterialǰmayǰbeǰpaper,ǰacrylic,ǰorǰalu-
minumǰfoilǰandǰtheǰresultingǰmaterial’sǰadditionalǰ
propertiesǰwillǰvaryǰdependingǰonǰtheǰrequiredǰ
applicationǰ[1-3].ǰTheǰbeneųtǰofǰcoatingǰisǰthatǰ
itǰdeliversǰtoǰtheǰsubstrateǰenhancedǰaestheticǰ
andǰphysicalǰpropertiesǰderivedǰfromǰtheǰcoating 
material.ǰ Industrialǰ coatingsǰ playǰ vitalǰ rolesǰ inǰ 
protectingǰmilitaryǰvehiclesǰandǰmilitaryǰaerospace 
coatingǰmaterial.ǰTheǰmilitaryǰcoatingǰapplicationsǰ
helpǰprotectǰagainstǰtheǰdamageǰcausedǰbyǰwear-
proneǰapplications.ǰInǰaddition,ǰtheyǰhaveǰbeenǰ
designedǰtoǰbeǰwearingǰresistant,ǰreduceǰfriction,ǰ
reduceǰcorrosionǰandǰabrasionǰorǰheatǰ[4-5].ǰTheǰ
combinationǰofǰtheǰcoatingǰprocessǰandǰdifferentǰ
techniquesǰisǰsystematicallyǰstudiedǰinǰorderǰtoǰ
improveǰtheǰcoatingǰprocessǰefųciency.
ǰ Theǰ physicalǰ vaporǰ depositionǰ process,ǰ
chemicalǰ vaporǰ depositionǰ process,ǰ sol-gelǰ
coating,ǰthermalǰsprayǰcoating,ǰandǰelectrostaticǰ
powderǰ coatingǰ processǰ areǰ theǰ typeǰ ofǰ theǰ 
depositionǰprocess.ǰTheǰphysicalǰvaporǰdepositionǰ
processǰrefersǰtoǰaǰvarietyǰofǰthinǰųlmǰdepositionǰ
techniquesǰwhereǰaǰsolidǰmaterialǰ isǰvaporized 
inǰ aǰ vacuumǰ environmentǰ andǰ depositedǰ onǰ 
substratesǰasǰaǰpureǰmaterialǰorǰalloyǰcomposition 
coatingǰ[6].ǰTheǰchemicalǰvaporǰdepositionǰisǰaǰ
processǰthatǰinvolvesǰtheǰreactionǰofǰaǰvolatileǰ
precursorǰwhichǰ isǰ injectedǰ intoǰaǰchamber.ǰByǰ
theǰchamberǰisǰunderǰvacuumǰandǰitǰisǰheatedǰtoǰ

aǰreactionǰtemperatureǰthatǰcausesǰtheǰprecursor 
gasǰtoǰreactǰorǰbreakǰdownǰintoǰtheǰdesiredǰcoating 
andǰbondǰtoǰtheǰmaterialǰsurfaceǰ[7].ǰTheǰsol-gelǰ
coatingǰinvolvesǰtheǰhydrolysisǰandǰcondensationǰ
ofǰalkoxideǰprecursorǰwaterǰtoǰformǰaǰcolloidalǰ
dispersionǰ ofǰ particlesǰ [8].ǰ Theǰ thermalǰ sprayǰ
coatingǰisǰaǰprocessǰthatǰspraysǰcoatingǰmaterialsǰ
usingǰtheǰpressureǰofǰaǰhigh-heatǰgas.ǰTheǰmaterial 
thenǰ bondsǰ toǰ theǰ surface,ǰ formingǰ aǰ coatingǰ
thatǰ corrosionǰ protection,ǰ thermalǰ resistance,ǰ 
environmentalǰprotection,ǰlubricity,ǰwearǰresistance 
andǰ electricalǰ andǰ thermalǰ conductivityǰ [9].ǰ
Theǰ electrostaticǰ powderǰ coatingǰ processǰ isǰ aǰ 
processǰbyǰwhichǰelectricallyǰchargedǰparticlesǰ
areǰdepositedǰoutǰofǰaǰwaterǰsuspensionǰtoǰcoatǰaǰ
conductiveǰpart.ǰDuringǰtheǰelectrostaticǰprocess, 
paintǰ isǰ appliedǰ toǰ aǰ partǰ atǰ aǰ certainǰ ųlmǰ 
thickness,ǰwhichǰisǰregulatedǰbyǰtheǰamountǰofǰ
voltageǰappliedǰ[10].
ǰ Behzadǰetǰal.ǰ[11]ǰshowedǰaǰliteratureǰreviewǰ
ofǰtheǰcoatingǰtechniquesǰforǰsurfaceǰprotection.ǰ
Theǰ coatingǰprocessesǰwereǰ reliableǰmeansǰofǰ
materialǰdepositionǰandǰsurfaceǰprotection,ǰbutǰ
thereǰwereǰadvantagesǰandǰdisadvantagesǰtoǰallǰ
ofǰ themǰ inǰdifferentǰapplications.ǰTheǰphysicalǰ
vaporǰdepositionǰprocessǰcouldǰcauseǰcorrosionǰ
andǰwearǰ resistance.ǰ Theǰ thinǰ ųlmǰ depositionǰ
couldǰhaveǰadjustableǰmechanical,ǰcorrosion,ǰandǰ
aestheticǰproperties.ǰButǰthisǰdepositionǰprocess 
requiredǰ aǰ highǰ vacuum,ǰ andǰ theǰ corrosionǰ 
resistanceǰwasǰaffectedǰbyǰabrasion.ǰTheǰchemical 
vaporǰdepositionǰprocessǰcouldǰcauseǰcorrosionǰ
andǰwearǰresistance.ǰItǰcouldǰbeǰcoatedǰbyǰtheǰ
depositionǰ ofǰ variousǰ typesǰ ofǰmaterialsǰ withǰ 
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differentǰmicrostructures.ǰInǰaddition,ǰtheǰcoatingǰ
materialsǰcouldǰworkǰatǰlowǰatmosphericǰpressures. 
Butǰ theǰ materialǰ couldǰ beǰ heat-resistant.ǰ 
Theǰsol-gelǰcoatingǰwasǰcost-ǰeffectiveǰinǰbiomedical 
applications.ǰItǰcouldǰprovideǰcorrosionǰandǰionǰ
releaseǰprotection.ǰTheǰmaterialǰcouldǰhaveǰhighǰ
adhesionǰ inǰ theǰmultilayeredǰ coatingǰ process.ǰ
Butǰthisǰprocessǰwasǰrestrictedǰbyǰtheǰthickness 
controlǰandǰtheǰslowǰrateǰofǰtheǰcoatingǰcycle. 
Theǰ failureǰ duringǰ heatǰ treatmentǰ wasǰ theǰ 
possibilityǰ ofǰ coatingǰmultilayeredǰ structures.ǰ
Forǰtheǰthermalǰsprayǰcoating,ǰtheǰmaterialǰwasǰ
non-conductiveǰ andǰ hadǰ corrosionǰ andǰwearǰ 
resistance.ǰButǰitǰhadǰseveralǰdisadvantages,ǰsuchǰ
asǰrequiringǰaǰsmallǰrangeǰofǰpowderǰsizesǰwithǰ
aǰ narrowǰ sizeǰ distribution,ǰ numerousǰ processǰ
variablesǰ toǰ changeǰ theǰ coatingǰ structure,ǰ andǰ 
aǰheatǰsource.ǰThereǰhaveǰseveralǰadvantagesǰtoǰ
theǰelectrostaticǰpowderǰcoatingǰprocess,ǰsuchǰ 
asǰhighǰcorrosionǰresistanceǰandǰhardness,ǰporousǰ 
structureǰforǰbiomedicalǰapplications,ǰlow-corrosion 
andǰ wear,ǰ andǰ high-temperatureǰ applications.ǰ
Thisǰcoatingǰwasǰsuitableǰforǰvalveǰmetalsǰandǰ
couldǰbeǰusedǰforǰconductiveǰsubstrates.
ǰ Someǰ researchersǰ areǰ studyingǰ theǰ elec-
trostaticǰ powderǰ coatingǰ processǰ [12-16].ǰ 
Sharmeneǰ etǰ al.ǰ [12]ǰ studiedǰ theǰ trajectoriesǰ
ofǰchargedǰpowderǰparticlesǰinǰanǰelectrostaticǰ
powderǰcoatingǰsystem.ǰTheǰmathematicalǰmodelǰ
wasǰmodeledǰ consideringǰ electricalǰ andǰ Ŵuidǰ
forcesǰ inǰorderǰ toǰcomputedǰchargeǰdensityǰ inǰ
theǰgun-to-targetǰregion.ǰTheǰsimulationǰresultsǰ
showedǰgoodǰagreementǰwithǰexperimentalǰdataǰ
atǰseveralǰcollectionǰpointsǰonǰtheǰpaintingǰtargetǰ

andǰ providedǰ valuableǰ informationǰ concerningǰ
particleǰdeposition.ǰSchmittǰandǰLebienvenuǰ[14]ǰ
studiedǰtheǰconductiveǰpolymericǰmaterialsǰusedǰ
forǰelectrostaticǰpaintingǰapplications.ǰTheǰcriticalǰ
volumeǰfractionǰofǰųbresǰandǰgiveǰitsǰvaluedǰforǰaǰ
littleǰųbre–matrixǰassociationsǰwereǰinvestigated.ǰ
Theǰresultǰshownǰthatǰtheǰmicrostructureǰhadǰaǰ
strongǰeffectǰonǰtheǰoverallǰmechanicalǰproperties 
ofǰtheǰcompositeǰmaterial.ǰToljicǰetǰal.ǰ[15]ǰstudied 
theǰthree-dimensionalǰFLUENTǰnumericalǰmodelǰ
ofǰ theǰ electrostaticǰ coatingǰ processǰ forǰ theǰ 
automotiveǰindustry.ǰTheǰresultǰshownǰthatǰtheǰ
transferǰefųciencyǰincreasesǰwhenǰtheǰelectricalǰ
forcesǰandǰthatǰtheǰcoatingǰuniformityǰimprovedǰ
withǰtheǰmovementǰofǰtheǰtarget.
ǰ Theǰ electrostaticǰ powderǰ coatingǰ processǰ
isǰ theǰ processǰ byǰ whichǰ aǰ positivelyǰ chargedǰ 
electronǰwithinǰ theǰ sprayǰ nozzleǰ chargesǰ theǰ
paintǰparticles.ǰTheseǰparticlesǰallǰhaveǰaǰpositiveǰ
charge;ǰtheyǰrepelǰeachǰotherǰandǰbreakǰapart,ǰ
resultingǰinǰaǰųneǰmistǰthatǰcoatsǰevenly.ǰThereǰ
isǰalsoǰaǰmagneticǰųeldǰeffect,ǰandǰtheǰnegativeǰ
chargeǰ ofǰ theǰworkpieceǰ attractsǰ theǰ positiveǰ
chargeǰofǰtheǰpaintǰparticlesǰacrossǰitsǰfullǰsurface.ǰ
Forǰthisǰresult,ǰtheǰelectrostaticǰpowderǰcoatingǰ
processǰisǰusedǰinǰthisǰresearchǰinǰorderǰtoǰproduce 
automotiveǰgradeǰsprayǰpaintǰthatǰcanǰbeǰusedǰ
onǰ vehiclesǰ andǰmilitaryǰ aerospaceǰ coatingǰ 
materials.ǰForǰthisǰresult,ǰtheǰelectrostaticǰpowder 
coatingǰprocessǰisǰusedǰinǰthisǰresearchǰinǰorderǰ
toǰ beǰ costǰ effectiveǰ inǰmilitaryǰ vehiclesǰ andǰ 
militaryǰaerospace.ǰInǰtheǰpreviousǰstudy,ǰitǰwasǰnotǰ 
systematicallyǰstudied.ǰInǰthisǰstudy,ǰtheǰmechanism 
ofǰtheǰelectrostaticǰpowderǰcoatingǰisǰseriouslyǰ
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investigatedǰforǰtheǰcoatingǰprocess.ǰǰTheǰeffectǰ
ofǰ theǰ electrodeǰ andǰ groundǰ arrangementǰ onǰ
theǰsampleǰplateǰisǰsystematicallyǰproposedǰinǰ
orderǰ toǰ improveǰ theǰpowderǰcoatingǰprocess.ǰ
Theǰųrstǰpart,ǰ theǰelectricǰ forceǰ isǰnumericallyǰ
studiedǰ underǰ theǰ electrostaticǰ process.ǰ Theǰ 
secondǰandǰthirdǰpartsǰareǰexperimentalǰstudiesǰ
ofǰtheǰpowderǰcoatingǰonǰtheǰsampleǰwithoutǰandǰ
withǰtheǰelectrostaticǰprocess,ǰrespectively.ǰTheǰ
veriųcationǰandǰproblemǰstatementsǰareǰanalyzedǰ
inǰtheǰlastǰpart.

2.ǰGoverningǰequation
ǰ Theǰ electrostaticǰ processǰ isǰ aǰ branchǰ ofǰ
physicsǰ thatǰdirectlyǰconvertsǰelectricalǰenergyǰ
intoǰkineticǰenergyǰwithoutǰmechanicalǰpieces.ǰ
Theǰ inŴuenceǰ ofǰ electrostaticǰ phenomena 
canǰ changeǰ theǰ patternǰ ofǰ Ŵuidǰ Ŵowǰ andǰ 
enhancesǰ transportǰ phenomenaǰwithǰ loweringǰ
energyǰsuppliedǰ[17].ǰFromǰtheǰmechanismǰandǰ 
characteristicǰ ofǰ theǰ electrostaticǰ process,ǰ 
SaneewongǰNaǰAyuttayaǰ[18]ǰdividedǰtheǰfourthǰ
groupǰofǰapplications.ǰTheǰųrstǰgroupǰwasǰincreasing 
Ŵowǰmechanism;ǰ itǰwasǰusedǰforǰpumpingǰandǰ
biomechanicsǰ application.ǰ Theǰ secondǰ groupǰ
wasǰ injectionǰŴowǰmechanism;ǰ itǰwasǰusedǰ forǰ
theǰdroplet,ǰelectrosprayǰandǰmicroŴuidics.ǰTheǰ
thirdǰgroupǰwasǰinducingǰŴowǰmechanism;ǰitǰwasǰ
usedǰforǰelectrostaticǰprecipitatorǰandǰactuator.ǰ
Theǰ lastǰ groupǰwasǰmixingǰ particleǰ process;ǰ itǰ
wasǰusedǰforǰboilingǰandǰcondensation,ǰheatǰandǰ
massǰtransfer,ǰheatǰexchangerǰandǰdryingǰprocess.ǰ
Forǰtheǰthirdǰgroupǰ(inducingǰŴowǰmechanism),ǰ
theǰ inducedǰŴowǰcausedǰ theǰ totalǰ reactionǰtoǰ

leanǰbackwardǰinǰtheǰplaneǰofǰrotation.ǰThisǰalsoǰ
reducedǰ theǰ perpendicularǰ componentǰ ofǰ theǰ
totalǰ reactionǰ andǰ reducedǰ totalǰ rotorǰ thrust.ǰ
Theǰmotionǰandǰprecipitationǰofǰdustǰparticlesǰinǰ
anǰelectrostaticǰprecipitationǰdependedǰonǰtheǰ
electricǰųeld,ǰspaceǰcharge,ǰandǰgasǰŴowǰųeldǰandǰ
dustǰparticleǰproperties.ǰTheǰelectrostaticǰcoatingǰ
isǰusedǰforǰinducingǰŴowǰmechanismǰinǰorderǰtoǰ
increaseǰtheǰadhesionǰofǰpowderǰpaintingǰ[19].
ǰ Theǰ governingǰ equationsǰ forǰ theǰ electricǰ
forceǰperǰunitǰvolumeǰfEǰ(Eq.ǰ(2.1))ǰgeneratedǰbyǰ
theǰelectricǰųeldsǰwithǰ strengthǰEǰ inǰairŴowǰofǰ 
dielectricǰpermittivityǰ(ε),ǰdensityǰ(ρ),ǰandǰuniform 
temperatureǰ(T)ǰ[20].ǰElectricǰųeldǰdistributionǰisǰ
computedǰ byǰ usingǰMaxwell’sǰ equationsǰ (Eqs.ǰ
(2.2)-(2.5))ǰlistedǰasǰbelow:
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     J = qbE��⃑ + qv�⃑ ,                     
This electric energy density (η ) can be used 

ǰǰǰǰǰ ǰ(2.4)
(2.5)

ǰ Thisǰelectricǰenergyǰdensityǰ(ηE)ǰcanǰbeǰusedǰ
toǰcalculateǰtheǰenergyǰstoredǰinǰaǰelectricǰųeld,ǰ
asǰshownǰinǰEq.ǰ(2.6).ǰ

                                                 ηE = εE2                                (2.6) 
where v is flow velocity, q is the space charge 

                         

ǰ whereǰvǰisǰŴowǰvelocity,ǰqǰisǰtheǰspaceǰchargeǰ
densityǰ inǰ theǰŴuid,ǰVǰ isǰelectricalǰvoltage,ǰ Jǰ isǰ 
currentǰdensity,ǰandǰtǰisǰtime.ǰTheǰionǰmobilityǰ(b)ǰ
isǰ1.80ǰxǰ10-4ǰm2/V.sǰandǰtheǰdielectricǰpermittivity 
ofǰfreeǰspaceǰ(ε)ǰisǰ8.85ǰxǰ10-12ǰF/m.ǰ
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ǰ FromǰEq.ǰ(2.1),ǰthreeǰtermsǰareǰtheelectro-
phoretic,ǰdielectrophoretic,ǰandǰelectrostrictive 
forces,ǰ respectively.ǰ Inǰ theǰ ųrstǰ term,ǰ theǰ
electrophoreticǰ forceǰ resultsǰ fromǰ theǰ netǰ 
unchargedǰwithinǰtheǰŴuidǰorǰionsǰinjectedǰfromǰtheǰ 
electrodes.ǰElectricǰųeldǰdistributionǰ isǰemittedǰ
fromǰtheǰelectrodeǰandǰinducesǰtoǰtheǰground.ǰ
Theǰsecondǰterm,ǰtheǰdielectrophoreticǰforceǰisǰa 
consequenceǰofǰinhomogeneityǰinǰtheǰpermittivity 
ofǰ theǰdielectricǰ Ŵuidǰdueǰ toǰ theǰnon-uniformǰ
electricǰųeld,ǰtemperatureǰgradients,ǰandǰphaseǰ
differences.ǰ Theǰ lastǰ term,ǰ theǰ electrostrictiveǰ
forceǰ isǰ causedǰ byǰ non-homogeneousǰ electricǰ
ųeldǰ strengthǰ andǰ theǰ variationǰ inǰ dielectricǰ 
constantǰwithǰtemperatureǰandǰdensityǰ[21].
ǰ Theǰ governingǰ equationsǰ areǰ developedǰ
toǰ predictǰ theǰ Ŵowǰ ųeld.ǰ Theǰ continuityǰ andǰ
Navier-Stokesǰequationsǰwhichǰareǰcoupledǰwithǰ
theǰ Coulombǰ forceǰ equationǰ areǰ consideredǰ
fromǰEqs.ǰ(2.7)ǰandǰ(2.8),ǰrespectively.ǰTheyǰareǰ
expressedǰby:ǰ

                              ∇ ⋅ v�⃑ = 0,                 (2.7) 
             ρ ቂ∂v��⃑∂t + (v�⃑ ⋅ ∇)v�⃑ ቃ = −∇P��⃑ + μ∇2v�⃑ + f⃑E    (2.8) 

where µ is viscosity and P is pressure. 

 

ǰ Theǰheatǰ andǰmassǰ transferǰ inǰ spraysǰhasǰ
beenǰmeasuredǰwithǰtheǰconvectiveǰheatǰtrans-
ferǰcoefųcientǰ(hc)ǰ(Eq.ǰ(2.9))ǰandǰtheǰSherwoodǰ
numberǰ(Sh)ǰ(Eq.ǰ(2.10)),ǰrespectively.ǰConvective 
heatǰ transferǰ isǰ theǰ movementǰ ofǰ thermalǰ 
energyǰwithinǰŴuids,ǰandǰtheǰSherwoodǰnumberǰ
isǰaǰdimensionlessǰnumberǰusedǰinǰmassǰtransferǰ 
operations.ǰ Itǰ representsǰ theǰ ratioǰ ofǰ theǰ total 
heatǰ andǰmassǰ transferǰ rateǰ toǰ theǰ rateǰ ofǰ 

diffusiveǰ transport.ǰ Theǰmassǰ transferǰ rateǰ isǰ 
composedǰofǰconvectionǰandǰdiffusion.
           

composed of convection and diffusion. 
            hc = − k

ΔT
∂T
∂n ,                       (2.9) 

           Sh = ṁ
∆C Aి 

d
D

                           (2.10) 
  where k is thermal conductivity, n is 

ṁ
ǰ whereǰkǰisǰthermalǰconductivity,ǰnǰisǰcoordinate 
inǰxǰandǰyǰaxis,ǰṁ ǰisǰmassǰtransferǰrate,ǰdǰisǰdiameter 
ofǰelectrode,ǰDǰisǰmassǰdiffusivity,ǰACǰisǰsurfaceǰ
areaǰofǰsampleǰthatǰisǰexposedǰtoǰelectrostaticǰ
powderǰcoatingǰprocessǰandǰ∆Cǰisǰdifferenceǰinǰ
waterǰvaporǰconcentrationǰbetweenǰtheǰsampleǰ
surfaceǰandǰambient.

3.ǰMethodǰandǰmodel
ǰ Forǰtheǰelectrostaticǰprocess,ǰtheǰelectrodeǰ
andǰtheǰgroundǰarrangementǰareǰvariedǰonǰtheǰ
sampleǰplate.ǰTheǰexperimentalǰandǰnumerical 
areǰ investigatedǰ bothǰ ofǰ techniques.ǰ Inǰ thisǰ 
electrostaticǰpowderǰcoatingǰprocess,ǰtheǰcollectedǰ 
dataǰ ofǰ powderǰ sprayǰ isǰ investigatedǰ threeǰ
timesǰ andǰ anǰ averageǰ scoreǰ isǰ usedǰ forǰ theseǰ 
experimentalǰ results.ǰ Theǰ arrangementǰ ofǰ theǰ
electrodeǰandǰgroundǰ isǰveryǰ importantǰ inǰ theǰ
electrostaticǰpowderǰcoatingǰprocess.ǰTheǰpinǰofǰ
theǰelectrodeǰandǰgroundǰareǰsuitableǰforǰlocalǰ
heatǰtransferǰcoefųcientǰandǰtheǰelectrodeǰandǰ
groundǰplateǰareǰsuitableǰforǰaverageǰtotalǰheatǰ
transferǰcoefųcient.ǰTheǰdiagramǰofǰtheǰelectrodeǰ
andǰ groundǰ arrangementsǰ aboveǰ theǰ sampleǰ
plateǰareǰvariedǰforǰsevenǰpatterns,ǰasǰshownǰinǰ
Fig.ǰ 1.ǰTheǰsymbolǰofǰelectrodeǰandǰgroundǰ isǰ 
EǰinǰredǰcolorǰandǰGǰinǰblueǰcolor,ǰrespectively.ǰ
Theǰcopperǰwireǰandǰcopperǰplateǰareǰshownǰinǰ 
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yellowǰ color.ǰ Allǰ ofǰ patternsǰ areǰ describedǰ inǰ 
Tableǰ1.ǰAfterǰexperimentalǰanalysis,ǰtheǰthicknessǰ
ofǰcoatingǰisǰmeasuredǰbyǰtheǰcross-cutǰtester.ǰ
Theǰcross-cutǰtesterǰusesǰaǰbladeǰtoǰcutǰthroughǰ
theǰcoatingǰtoǰtheǰsubstrate.ǰ
ǰ Theǰ sprayǰ paintǰ isǰ usedǰ theǰ automotiveǰ
gradeǰ sprayǰpaintǰ formulatedǰbyǰ concentratedǰ
lacquer.ǰTheǰpremiumǰcolorǰsprayǰcanǰbeǰusedǰonǰ
vehiclesǰandǰmilitaryǰaerospaceǰcoatingǰmaterial. 
Itǰisǰgoodǰqualityǰpaintǰwhichǰbuildǰbeautifulǰųlmǰ
withǰ glossy,ǰ durability,ǰ quickǰ dryingǰ andǰ goodǰ 
adhesion.ǰTheǰblackǰpaintǰmaterialǰhasǰsolidǰfraction 
72.34%.ǰTheǰwetǰandǰ theǰdryǰdensityǰareǰ1.32ǰ
andǰ1.69ǰg/ml,ǰrespectively.ǰTheǰpressureǰsupplyǰ
isǰ200ǰbars,ǰcorrespondingǰtoǰaǰpaintǰtheǰmassǰ
Ŵowǰ rateǰofǰ 0.02733ǰkg/s.ǰTheǰeffectiveǰoriųceǰ
diameterǰ isǰ 0.48-0.53ǰmmǰandǰ sprayǰangleǰareǰ
45o.ǰTheǰgunǰtoǰtargetǰdistanceǰisǰ300ǰmmǰandǰ
theǰboothǰairǰvelocityǰisǰ0.1ǰm/s.ǰ
ǰ Theǰ coatingǰ parametersǰ whichǰ shouldǰ
beǰ observedǰ duringǰ theǰ coatingǰ operationǰ
suchǰ asǰ theǰ inletǰ andǰ outletǰ airǰ temperature, 
theǰoutletǰbutterŴyǰvalve,ǰ theǰhumidityǰLevel,ǰ 
theǰtabletǰbedǰtemperature,ǰtheǰsprayǰrateǰandǰ
theǰatomizingǰairǰpressure.ǰ

Tableǰ1ǰTheǰdataǰofǰ theǰconventionalǰcoating 
ǰǰ ǰ ǰ (withoutǰ electrostaticǰ coating)ǰ andǰ 
ǰǰǰǰǰǰǰǰǰǰǰǰǰelectrodeǰ andǰ groundǰ arrangementsǰ 
ǰǰǰǰǰǰǰǰǰǰǰǰǰaboveǰtheǰsampleǰplate

Numberǰ
ofǰ

patterns
Fig.

Electrodeǰǰ
Arrangement

Groundǰǰ
Arrangement

1 1ǰ(b)

ElectrodeǰWireǰ

inǰSquareǰ 
Arrangement

GroundǰPoint

2 1ǰ(c)

ElectrodeǰWireǰ

inǰCircleǰ 
Arrangement

GroundǰPoint

3 1ǰ(d)

ElectrodeǰWire

ǰinǰStraightǰLineǰ

Arrangement

GroundǰWireǰ

inǰStraightǰLineǰ

Arrangement

4 1ǰ(e)

ElectrodeǰWire

ǰinǰCircleǰ 
Arrangement

GroundǰWireǰ

inǰStraightǰLineǰ

Arrangement

5 1ǰ(f) ElectrodeǰPlate GroundǰPlate

6 1ǰ(g)

ElectrodeǰWire

ǰinǰSquareǰ 
Arrangementǰ

GroundǰWireǰ 
inǰCircle 

ǰArrangement

7 1ǰ(h)

ElectrodeǰWire

ǰinǰSquareǰ 
Arrangement

GroundǰPoint
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Fig.ǰ 1ǰ Theǰ diagramǰ ofǰ electrodeǰ andǰ groundǰ 
ǰ ǰ arrangementsǰ underǰ theǰ electrostaticǰ 
ǰ ǰ powderǰ coatingǰ processǰ (a)ǰ patternǰ 1ǰ 
ǰ ǰ (b)ǰpatternǰ2ǰ(c)ǰpatternǰ3ǰ(d)ǰpatternǰ4ǰ 
ǰ ǰ (e)ǰpatternǰ5ǰ(f)ǰpatternǰ6ǰ(g)ǰpatternǰ7

ǰ Theǰheatǰandǰmassǰtransferǰenhancementǰ
techniqueǰutilizingǰelectrostaticǰprocessǰgenerated 
fromǰ theǰpolarizationǰofǰ dielectricǰ Ŵuid.ǰ Itǰ canǰ
beǰoneǰofǰtheǰmostǰpromisingǰmethodsǰamongǰ
variousǰactiveǰtechniquesǰbecauseǰofǰitsǰseveral 
advantages.ǰ Thisǰ techniqueǰ dealsǰ withǰ theǰ 
interdisciplinaryǰ ųeldǰwithǰ subjectsǰ concerningǰ
theǰinteractionsǰbetweenǰelectricǰandǰŴowǰųelds.ǰ
WhenǰanǰelectricalǰvoltageǰisǰexposedǰtoǰairŴow,ǰ
ionsǰfromǰaǰsharpǰelectrodeǰmoveǰforwardsǰtoǰtheǰ
ground.ǰAnǰionicǰwindǰorǰprimaryǰŴowǰisǰformedǰ
whenǰ airǰ ionsǰ areǰ acceleratedǰ byǰ anǰ electricǰ
ųeldǰandǰexchangeǰmomentumǰwithǰneutralǰairǰ 
molecules.ǰAsǰaǰresult,ǰtheǰmomentumǰofǰairŴowǰ
isǰenhanced.
ǰ 3.1ǰExperimentalǰanalysis
ǰ Theǰthree-dimensionalǰmodelǰforǰtheǰpowder 
coatingǰisǰshownǰinǰFig.ǰ2.ǰForǰtheǰexperimentalǰ
analysis,ǰ theǰ sampleǰ plateǰ isǰmostlyǰmadeǰ ofǰ
acrylicǰplateǰ(theǰdimensionǰofǰtheǰsampleǰplateǰ
isǰ15ǰxǰ15ǰcm2).ǰInǰorderǰtoǰstudyǰtheǰelectrodeǰ
andǰ groundǰ arrangement,ǰ theǰ electrodeǰ andǰ 
theǰgroundǰareǰmadeǰofǰcopper,ǰandǰtheyǰstickǰaboveǰ
theǰsampleǰplate.ǰTheǰhighǰvoltageǰpowerǰsupply 
(ACOPIANǰmodel:ǰ NO30HP2M.-230)ǰ isǰ usedǰ toǰ
createǰelectricalǰvoltage.ǰandǰtheǰcopperǰisǰusedǰ
toǰ connectǰ theǰ circuitǰwithǰ theǰ electrodeǰ andǰ
ground.ǰTheǰgapǰofǰtheǰelectrodeǰandǰgroundǰisǰ
inǰrangeǰ2-10ǰcm.ǰBecauseǰtheǰbrake-downǰspark 
appearsǰ whenǰ theǰ gapǰ isǰ lessǰ thanǰ 2ǰ cmǰ andǰ 
theǰelectrostaticǰprocessǰisǰnotǰinŴuencedǰwhenǰ
theǰgapǰisǰhigherǰthanǰ10ǰcm.ǰ
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Fig.ǰ2ǰǰ Three-dimensionalǰmodelǰforǰexperimentalǰ
ǰǰǰǰǰǰǰǰǰǰ setup

ǰ TheǰŴowǰmeterǰandǰmanometerǰareǰsetǰupǰ
inǰorderǰ toǰmeterǰ theǰ impactǰofǰairŴowǰunderǰ 
theǰelectrostaticǰpowderǰcoatingǰprocess.ǰTheǰdigital 
pressureǰmanometerǰandǰtheǰdigitalǰŴowǰmeterǰ
haveǰanǰaccuracyǰ+ǰ0.1ǰhPaǰ+ǰ1.5%ǰandǰ+ǰ3%ǰ+ǰ
0.1ǰdgts,ǰ respectively.ǰ Inǰeachǰtestǰ run,ǰ impactǰ
pressureǰ (P),ǰ impactǰ velocityǰ (v)ǰ andǰ gravityǰ
forceǰ(F)ǰunderǰtheǰelectrostaticǰpowderǰcoatingǰ 
processǰisǰmeasuredǰbyǰaǰmanometer,ǰŴowǰmeterǰ
andǰloadǰcellǰwithǰdataǰlogger,ǰrespectively.ǰ
ǰ 3.2ǰNumericalǰanalysis
ǰ Thisǰelectrostaticǰprocessǰdealǰtoǰtheǰinter-
disciplinaryǰ ųeldǰwithǰ subjectsǰ concerningǰ theǰ
interactionsǰbetweenǰtheǰelectricǰųeldǰandǰŴowǰ
ųeld.ǰ Inǰ thisǰ numericalǰ analysis,ǰ theǰ computa-
tionalǰmodelsǰareǰshownǰinǰFig.ǰ3ǰandǰcomposeǰ
ofǰmainǰtwoǰparts:ǰtheǰųrstǰandǰsecondǰpartsǰareǰ
electricǰųeldǰmodelǰandǰŴowǰųeldǰmodel,ǰrespec-

tively.ǰTheǰdimensionsǰofǰtheǰthree-dimensionalǰ
modelǰareǰ15ǰxǰ15ǰxǰ20ǰcm3ǰandǰtheǰdimensionsǰ
ofǰsampleǰplateǰareǰ15ǰxǰ15ǰcm2.ǰTheǰradiusǰofǰ
circleǰelectrodeǰandǰcircleǰ groundǰ areǰ0.1ǰ cm. 
Theǰ spaceǰ chargeǰ densityǰ (q0)ǰ atǰ theǰ tipǰ ofǰ 
theǰelectrodeǰisǰconsideredǰfromǰGrifųthsǰ[20].

    Fig. 3. The boundary condition for numerical   
Fig.ǰ 3ǰ Theǰ boundaryǰ conditionǰ forǰ numericalǰ 
ǰ ǰ analysis

ǰ Forǰtheǰboundaryǰconditionsǰforǰsolvingǰtheǰ
electricǰųeldǰandǰŴowǰųeld,ǰtheǰnormalǰfontǰandǰ
theǰItalicsǰfontǰforǰtheǰboundaryǰconditionsǰareǰ
setǰforǰtheǰelectricǰųeldǰandǰŴowǰųeld,ǰrespec-
tively.ǰTheǰouterǰsidesǰofǰtheǰelectricǰŴowǰandǰ
sampleǰplateǰboundaryǰconditionǰareǰconsideredǰ
asǰzeroǰchargeǰsymmetry.ǰ
                               0Dn =⋅                            ǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰ(3.1)
ǰ whereǰ nǰ isǰ theǰ outwardǰ normalǰ fromǰ 
mediumǰandǰDǰisǰelectricǰŴuxǰdensity.ǰ
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ǰ Theǰ tipǰ ofǰ theǰ electrodeǰ andǰ groundǰ areǰ
consideredǰ asǰ electricalǰ voltageǰ andǰ groundǰ
boundaryǰcondition,ǰrespectively.ǰ

                       
                      0VV = ,               (3.2) 
                      0V = ,                (3.3) 

ǰ whereǰsubscriptǰzeroǰmeansǰatǰelectrodeǰwire.
Theǰinletǰjetǰisǰinletǰpressureǰ(Pi)ǰandǰtheǰpressure 
ofǰ outletǰ boundaryǰ conditionǰ isǰ consideredǰ
withǰnoǰviscousǰstress.ǰThisǰboundaryǰconditionǰ 
speciųesǰ vanishingǰ viscousǰ stressǰ alongǰwithǰ aǰ
Dirichletǰconditionǰonǰtheǰpressure:
                
with a Dirichlet condition on the pressure: 

              0n)u(uη( T =⋅∇+∇    and 0PP


= ,     (3.4) 
ǰ whereǰ P0ǰ isǰ atmosphericǰ pressure,ǰ isǰ 
kinematicsǰviscosityǰandǰTǰisǰmatrixǰtranspose.ǰAll 
ofǰ theǰ boundaryǰ andǰ theǰ sampleǰ plateǰ areǰ 
consideredǰasǰnoǰslipǰboundaryǰcondition.ǰThisǰisǰthe 
standardǰandǰdefaultǰboundaryǰconditionǰforǰaǰ
stationaryǰsolidǰwall.ǰTheǰconditionǰprescribes:
                                        0u = ,                       (3.5).ǰ
ǰ Inǰthisǰidea,ǰaǰųnite-dimensionalǰspaceǰofǰsomeǰ
solutionsǰandǰaǰnumberǰofǰpointsǰinǰtheǰboundary 
andǰ theǰ collocationǰ pointsǰ areǰ usedǰ forǰ theǰ
givenǰequation.ǰThisǰconvergenceǰtestǰleadsǰtoǰ
aǰmeshǰhavingǰapproximatelyǰ15,000ǰelements.ǰ
Aǰųneǰmeshǰisǰspeciųedǰinǰtheǰsensitiveǰareasǰisǰ 
discretizedǰ usingǰ aǰ triangularǰ element.ǰ Withǰ 
percentageǰ errorǰ isǰ lowerǰ thanǰ 0.1ǰ andǰ aǰ 
dimensionlessǰ timeǰstepǰofǰ1ǰxǰ10-4ǰ toǰensureǰ
numericalǰ stabilityǰ andǰ accuracy.ǰ Theǰ systemǰ
ofǰ governingǰ equationsǰ isǰ solvedǰ withǰ theǰ 
unsymmetricalǰ multi-frontalǰ method.ǰ Itǰ isǰ 
reasonableǰ toǰ assumeǰ that,ǰ inǰ thisǰ elementǰ
number,ǰtheǰaccuracyǰofǰtheǰsimulationǰresultsǰ
isǰindependentǰofǰtheǰnumberǰofǰelements.

4.ǰResultsǰandǰdiscussion
ǰ Theǰ effectǰ ofǰ theǰ electrodeǰ andǰ groundǰ 
arrangementǰonǰtheǰsampleǰplateǰisǰsystematically 
proposedǰinǰorderǰtoǰtheǰpowderǰcoatingǰprocess 
improvement.ǰ Inǰ thisǰ experimentalǰ study,ǰ 
theǰsaturationǰvaporǰpressureǰisǰ0.0028-0.0031ǰbar,ǰ 
theǰ relativeǰ humidityǰ isǰ 58-62%ǰ andǰ theǰ 
temperatureǰofǰtheǰconditionǰexperimentalǰsetupǰ
areǰ controlledǰ atǰ 25oC.ǰ Theǰ electricalǰ voltageǰ
(V0)ǰisǰųxedǰatǰ20ǰkVǰandǰtheǰinletǰjetǰofǰpowderǰ
coatingǰ isǰ setǰ atǰ Piǰ =ǰ 490.33ǰ kPa.ǰ Forǰ theǰ ųrstǰ
part,ǰ theǰ electrodeǰ andǰ groundǰ arrangements 
underǰ theǰ electrostat icǰ powderǰ coatingǰ 
processǰareǰnumericallyǰvariedǰinǰ7ǰpatterns.ǰTheǰ
maximumǰelectricǰ ųeld,ǰ theǰmaximumǰelectricǰ
energyǰdensityǰandǰtheǰmaximumǰsurfaceǰchargeǰ
densityǰareǰinvestigated.ǰForǰtheǰsecondǰpart,ǰtheǰ
powderǰ coatingǰ fromǰ theǰelectrostaticǰ processǰ
isǰ experimentallyǰ comparedǰwithǰ theǰ powderǰ
coatingǰwithoutǰ theǰ electrostaticǰ process.ǰ Theǰ
veriųcationǰandǰproblemǰstatementsǰareǰanalyzedǰ
inǰtheǰlastǰpart.ǰTheǰimpactǰpressureǰratio,ǰtheǰ
impactǰvelocityǰratioǰandǰtheǰgravityǰforceǰratioǰ
ofǰpowderǰcoatingǰisǰvariedǰinǰtheǰelectrodeǰandǰ
theǰgroundǰarrangement.
ǰ 4.1ǰNumericalǰstudyǰtheǰelectricǰforceǰunderǰ
theǰelectrostaticǰprocess
ǰ Anǰ electricǰ ųeldǰ isǰ theǰ physicalǰ ųeldǰ thatǰ
surroundsǰ electricallyǰ chargedǰ particlesǰ andǰ 
exertsǰforceǰonǰallǰotherǰchargedǰparticlesǰinǰtheǰ
ųeld.ǰTheǰelectricǰųeldǰisǰoriginatedǰfromǰelectricǰ
charges,ǰandǰitǰmovedǰtowardǰatǰtheǰgroundǰ[22].ǰ
Forǰtheǰconventionalǰcoatingǰprocess,ǰtheǰelectrical 
voltageǰandǰtheǰelectricǰųeldǰdistributionǰisǰnotǰ
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numericalǰ appeared,ǰ asǰ shownǰ inǰ Fig.ǰ 4.ǰ Theǰ
electricǰųeldǰisǰappearedǰunderǰtheǰelectrostaticǰ
process.ǰTheǰdiagramǰfromǰFig.ǰ1ǰisǰusedǰinǰorder 
toǰ numericalǰ studiedǰ theǰ electricalǰ voltageǰ 
distribution,ǰasǰshownǰinǰFig.ǰ5.ǰInǰallǰtheǰcases,ǰ
theǰmaximumǰelectricalǰvoltageǰisǰappearedǰatǰ
theǰtipǰofǰtheǰelectrodeǰandǰtheǰhighǰvalueǰofǰ
electricalǰvoltageǰ isǰappearedǰ inǰ theǰelectrodeǰ
area.ǰTheǰzeroǰelectricalǰvoltageǰisǰappearedǰatǰ
theǰgroundǰarea.ǰTheǰmaximumǰandǰtheǰminimum 
electricalǰ voltageǰ areǰ notǰ differentǰ forǰ eachǰ 
arrangement.ǰTheǰelectricalǰvoltageǰdistribution 
dueǰ toǰ theǰ differentǰ electrodeǰ andǰ groundǰ 
arrangementǰfromǰFig.ǰ1ǰ(a-g)ǰhasǰbeenǰalreadyǰ
shownǰinǰFig.ǰ5ǰ(a-g),ǰrespectively.ǰ

 

     

Fig.ǰ4ǰ Numericalǰresultsǰofǰconventionalǰcoatingǰ
ǰ ǰ Process
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Fig.ǰ5ǰ Numericalǰ resultsǰ ofǰ electricalǰ voltageǰ 
ǰ ǰ distributionǰ (a)ǰ patternǰ 1ǰ (b)ǰ patternǰ 2ǰ 
ǰ ǰ (c)ǰǰpatternǰ3ǰ(d)ǰpatternǰ4ǰ(e)ǰpatternǰ5ǰ 
ǰ ǰ (f)ǰpatternǰ6ǰ(g)ǰpatternǰ7

ǰ Inǰ variousǰ theǰ electrodeǰ andǰ theǰ groundǰ
arrangementǰ withǰ electrostaticǰ process,ǰ theǰ
maximumǰelectricǰ ųeld,ǰ theǰmaximumǰelectricǰ
energyǰ densityǰ andǰmaximumǰ surfaceǰ chargeǰ
densityǰ areǰ numericalǰ investigatedǰ inǰ Fig.ǰ 6-8,ǰ
respectively.ǰTheǰmaximumǰvalueǰinǰeachǰcaseǰisǰ
notǰdifferenceǰdueǰtoǰtheǰelectricalǰhighǰvoltageǰ
isǰųxed.ǰItǰcanǰbeǰseenǰthatǰtheǰhighestǰvalueǰofǰ
theǰelectrodeǰandǰtheǰgroundǰarrangementǰisǰtheǰ
patternǰ2ǰ(electrodeǰwireǰinǰcircleǰarrangementǰ
andǰgroundǰpoint)ǰandǰpatternǰ3ǰ(electrodeǰandǰ
groundǰwireǰ inǰ straightǰ lineǰ arrangement).ǰ Theǰ
lowestǰvalueǰofǰ theǰelectrodeǰandǰtheǰgroundǰ
arrangementǰisǰpatternǰ1ǰ(electrodeǰwireǰinǰcircleǰ
arrangementǰandǰgroundǰpoint).ǰTheǰmaximumǰ
electricǰ ųeld,ǰ theǰ maximumǰ electricǰ energyǰ 
densityǰandǰmaximumǰsurfaceǰchargeǰdensityǰare 
affectedǰ toǰ theǰ electricǰ forceǰ soǰ electrostaticǰ
coatingǰprocessǰincreasing.
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Fig.ǰ6ǰ Theǰmaximumǰ electricǰ ųeldǰ inǰ variousǰ 
ǰ ǰ electrodeǰandǰ theǰ groundǰarrangementǰ 
ǰ ǰ withǰelectrostaticǰprocessǰ         with electrostatic process  

Fig. 7. The maximum electric energy density in  

 

Fig.ǰ7ǰ Theǰmaximumǰelectricǰenergyǰdensityǰinǰ 
ǰ ǰ variousǰ electrodeǰ andǰ theǰ groundǰ 
ǰ ǰ arrangementǰwithǰelectrostaticǰprocessǰ

 

Fig.ǰ8ǰ Theǰmaximumǰsurfaceǰchargeǰdensityǰinǰ 
ǰ ǰ variousǰ electrodeǰ andǰ theǰ groundǰ 
ǰ ǰ arrangementǰwithǰelectrostaticǰprocessǰ

ǰ 4.2ǰ Experimentalǰ studyǰ theǰ powderǰǰ
coa t ingǰ on ǰ theǰ sampleǰ withoutǰ theǰǰ
electrostaticǰprocess
ǰ Inǰthisǰwithoutǰelectrostaticǰpowderǰcoatingǰ
process,ǰ theǰ powderǰ coatingǰ isǰ paintǰ untilǰ 1-5ǰ
layersǰandǰ itǰ isǰwaitingǰ forǰ 10ǰminutesǰ inǰeachǰ
layer.ǰTheǰcollectedǰdataǰofǰpowderǰ sprayǰareǰ
investigatedǰthreeǰtimes,ǰandǰanǰaverageǰscoreǰisǰ
usedǰforǰtheseǰexperimentalǰresults.ǰFig.ǰ9ǰshowsǰ
theǰpowderǰcoatingǰonǰtheǰsampleǰwithoutǰtheǰ
electrostaticǰprocess.ǰTheǰthinǰlayerǰandǰtheǰlittleǰ
thickǰlayerǰareǰappearedǰwhenǰcoatingǰprocessǰ
isǰ 1ǰ layerǰ andǰ 2ǰ layers,ǰ asǰ shownǰ inǰ Fig.ǰ 9ǰ (a)ǰ
andǰ9ǰ(b),ǰrespectively.ǰTheǰthicknessǰofǰcoatingǰ
isǰmeasuredǰbyǰ theǰcross-cutǰ tester.ǰ Theǰ thickǰ
layerǰisǰcoatedǰinǰcaseǰofǰtheǰpowderǰcoatingǰisǰ
3ǰlayersǰ(Fig.ǰ9ǰ(c))ǰandǰ4ǰlayersǰ(Fig.ǰ9ǰ(d)).ǰǰForǰ
5ǰlayersǰ(Fig.ǰ9ǰ(e)),ǰtheǰthickestǰlayerǰisǰcoatedǰ
whenǰcomparisonǰinǰallǰtheǰcases.ǰ
ǰ Theǰthicknessǰofǰtheǰpowderǰcoatingǰonǰtheǰ
sampleǰplateǰisǰincreasedǰwithǰtheǰnumberǰofǰtheǰ
experimentalǰanalysisǰincreasing,ǰasǰshownǰinǰFig.ǰ10. 
Inǰ caseǰ ofǰ 1-3ǰ layersǰ coating,ǰ theǰ trendǰ graphǰ 
ofǰthicknessǰisǰsteeperǰthanǰthatǰcaseǰofǰ3-5ǰlayers 
coating.ǰ Theǰ optimumǰ valueǰ forǰ theǰ powderǰ 
coatingǰ isǰ 3-4ǰ layers.ǰ Theǰ thicknessǰ increasesǰ
whenǰtheǰnumberǰofǰpowderǰcoatingsǰincreases.ǰ
Fromǰ2ǰtoǰ5ǰlayers,ǰtheǰthicknessǰofǰtheǰcoatingǰ
isǰincreasedǰbyǰ0.75,ǰ3.08,ǰ4.63,ǰandǰ5.60ǰtimes,ǰ
respectively,ǰwhenǰcomparedǰwithǰtheǰthicknessǰ
ofǰtheǰcoatingǰinǰ1ǰlayer.ǰItǰcanǰbeǰseenǰthatǰtheǰ
thicknessǰ ofǰ theǰ coatingǰ inǰ casesǰofǰ 3-4ǰ layersǰ 
isǰgreaterǰthanǰinǰcasesǰofǰ2-5ǰlayers.ǰByǰtrendǰofǰ
thicknessǰisǰsteepǰinǰcaseǰofǰ3-4ǰlayers.
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Fig.ǰ9ǰ Experimentalǰ resultsǰofǰpowderǰcoatingǰ 
ǰ ǰ onǰ sampleǰ plateǰ withoutǰ electrostaticǰ 
ǰ ǰ processǰ(a)ǰ1ǰlayerǰ(b)ǰ2ǰlayersǰ(c)ǰ3ǰlayersǰǰ 
ǰ ǰ (d)ǰ4ǰlayersǰ(e)ǰ5ǰlayers

 

Fig.ǰ10ǰCompar isonǰ betweenǰ numberǰ ofǰ 
ǰ ǰ experimentalǰanalysisǰandǰ thicknessǰ forǰ 
ǰ ǰ powderǰ coatingǰ onǰ theǰ sampleǰ plateǰ 
ǰ ǰ withoutǰelectrostaticǰprocessǰ

ǰ 4.3ǰǰExperimentalǰstudyǰtheǰpowderǰcoatingǰ
onǰtheǰsampleǰwithǰtheǰelectrostaticǰprocess
ǰ Theǰelectrodeǰandǰtheǰgroundǰarrangementǰ
areǰ studiedǰ forǰenhancementǰ theǰelectrostaticǰ
powderǰ coatingǰ process.ǰ Theǰ powderǰ coatingǰ
isǰpaintǰonǰ theǰsampleǰplateǰ forǰ 5ǰ layers.ǰTheǰ 
collectedǰdataǰofǰpowderǰsprayǰareǰinvestigatedǰ
3ǰtimes,ǰandǰanǰaverageǰscoreǰisǰusedǰforǰtheseǰ 
experimentalǰresults.ǰTheǰdiagramǰofǰtheǰelectrode 
andǰ theǰ groundǰ arrangementǰ areǰ usedǰ fromǰ 
Fig.ǰ1.ǰTheǰelectrodeǰandǰgroundǰarrangementsǰ
aboveǰ theǰ sampleǰ plateǰ areǰ composedǰ ofǰ 7ǰ 
patterns.ǰFig.ǰ11ǰshowsǰtheǰpowderǰcoatingǰonǰtheǰ
sampleǰwithǰtheǰelectrostaticǰprocessǰinǰvariousǰ
theǰelectrodeǰandǰtheǰgroundǰarrangement.ǰTheǰ 
powderǰcoatingǰonǰtheǰsampleǰwithǰtheǰelectrostatic 
processǰfromǰFig.ǰ11ǰ(a-g)ǰusedǰtheǰdiagramǰfromǰ
Fig.ǰ1ǰ(a-g),ǰrespectively.ǰ
ǰ Theǰpatternǰ3ǰ(Fig.ǰ11ǰ(c))ǰandǰtheǰpatternǰ6ǰ 
(Fig.ǰ11ǰ(f)ǰshowǰtheǰelectrodeǰandǰtheǰgroundǰ
wireǰ inǰ theǰ straight-lineǰ arrangementsǰ andǰ theǰ
electrodeǰandǰgroundǰplate,ǰrespectively.ǰTheseǰ
arrangementsǰcanǰsupportǰcoatingǰdirectionǰandǰ
coatingǰ process.ǰ Thisǰ isǰ becauseǰ theǰ electricǰ
chargeǰ canǰ directlyǰmoveǰ fromǰ theǰ electrodeǰ
toǰtheǰground.ǰTheǰcopperǰwireǰisǰsuppliedǰtheǰ
electricǰcurrentǰfromǰtheǰelectrodeǰandǰground.ǰ
Itǰcanǰbeǰseenǰthatǰtheǰcoatingsǰcanǰprotectǰtheǰ
substrateǰ andǰ theǰ bothǰ patternsǰ canǰ controlǰ
thickness.ǰ Theǰ patternǰ 4ǰ (Fig.ǰ 11ǰ (d))ǰ andǰ theǰ
patternǰ6ǰ(Fig.ǰ11ǰ(f))ǰshowǰtheǰelectrodeǰwireǰinǰ
theǰcircleǰarrangementǰandǰtheǰgroundǰwireǰ inǰ
theǰstraight-lineǰarrangement,ǰrespectively.ǰTheǰ
electrodeǰwireǰisǰarrangedǰinǰtheǰcircleǰandǰtheǰ
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squareǰ patternǰ soǰ theseǰ arrangementsǰ cannotǰ
completelyǰsupportǰcoatingǰdirectionǰandǰcoatingǰ
process.ǰButǰtheǰgroundǰwireǰandǰgroundǰcircleǰ
canǰspreadǰtheǰelectricǰchargeǰsoǰtheǰmostǰcoating 
materialǰ isǰ depositedǰ onǰ theǰ sampleǰ plate.ǰ Inǰ
caseǰofǰgroundǰpoint,ǰtheǰpatternǰ1ǰ(Fig.ǰ11ǰ(a)),ǰ
theǰpatternǰ2ǰ(Fig.ǰ11ǰ(b)),ǰandǰtheǰpatternǰ7ǰ(Fig.ǰ
11ǰ (g))ǰ showǰ theǰ electrodeǰwireǰ inǰ theǰ squareǰ
arrangement,ǰ theǰ electrodeǰwireǰ inǰ theǰ circleǰ 
arrangementǰandǰtheǰelectrodeǰwireǰinǰtheǰsquareǰ
arrangement,ǰrespectively.ǰTheseǰarrangementsǰ
cannotǰ supportǰ coatingǰ directionǰ andǰ coatingǰ
process.ǰSomeǰcoatingǰmaterialǰisǰdepositedǰonǰ 
theǰsampleǰplate.ǰInǰaddition,ǰtheǰcircleǰarrangement 
andǰtheǰgroundǰpointǰareǰtheǰunsuitableǰpattern.ǰ
Theǰelectricǰchargeǰisǰdirectlyǰmovedǰfromǰtheǰ 
electrodeǰwireǰtoǰtheǰgroundǰpoint.ǰThisǰarrangement 
canǰ abruptǰ theǰ electricalǰ dischargeǰ whenǰ aǰ 
sufųcientlyǰhighǰelectricǰųeldǰcreatesǰanǰionized, 
theǰ electricǰ sparkǰ isǰ appeared,ǰ asǰ shownǰ inǰ
Fig.ǰ10ǰ(b).ǰItǰcanǰbeǰseenǰthatǰtheǰdamagesǰofǰ 
coatingǰequipmentǰareǰappearedǰtheǰmiddleǰofǰ
theǰsampleǰplateǰ(groundǰpointǰarea).
ǰ Forǰtheǰelectrostaticǰprocessǰinǰvariousǰtheǰ
electrodeǰandǰtheǰgroundǰarrangement,ǰFig.ǰ12ǰ
showsǰ theǰ comparisonǰ betweenǰ theǰ thicknessǰ
andǰ theǰ numberǰ ofǰ theǰ experimentalǰ analysisǰ
forǰtheǰpowderǰcoatingǰonǰtheǰsampleǰplate.ǰTheǰ
thicknessǰofǰtheǰpowderǰcoatingǰonǰtheǰsampleǰ
plateǰisǰincreasedǰwithǰtheǰnumberǰofǰtheǰexperi-
mentalǰanalysisǰincreasing.ǰTheǰresultsǰofǰFig.ǰ11ǰ
areǰtheǰsimilarǰtrendǰwithǰtheǰresultǰofǰFig.ǰ12.ǰInǰ
allǰtheǰcases,ǰtheǰelectrostaticǰprocessǰcanǰmoreǰ
increaseǰtheǰthicknessǰofǰcoatingǰthanǰwithoutǰtheǰ
electrostaticǰprocess.

Fig.ǰ11ǰTheǰpowderǰcoatingǰonǰtheǰsampleǰplate 
ǰǰ ǰ withǰtheǰelectrostaticǰprocessǰinǰvariousǰthe 
ǰǰ ǰ electrodeǰandǰ theǰ groundǰarrangementǰ 
ǰ ǰ (a)ǰpatternǰ1ǰ(b)ǰpatternǰ2ǰ(c)ǰpatternǰ3ǰ 
ǰ ǰ (d)ǰpatternǰ4ǰ (e)ǰpatternǰ5ǰ (f)ǰpatternǰ6ǰ 
ǰ ǰ (g)ǰpatternǰ7
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Fig.ǰ12ǰComparisonǰ betweenǰ thicknessǰ andǰ 
ǰ ǰ numberǰofǰexperimentalǰanalysesǰforǰtheǰ 
ǰ ǰ powderǰcoatingǰonǰtheǰsampleǰplateǰwithǰ 
ǰ ǰ theǰelectrostaticǰ processǰ inǰ variousǰ theǰ 
ǰ ǰ electrodeǰandǰtheǰgroundǰarrangement

ǰ Fig.ǰ 13ǰandǰ14ǰ showǰ theǰ thicknessǰofǰ theǰ
powderǰ coatingǰonǰ theǰ sampleǰplateǰwithǰ theǰ
electrostaticǰprocessǰinǰvariousǰtheǰelectrodeǰandǰ
theǰgroundǰarrangement.ǰǰTheǰ7ǰpatternsǰinǰvarious 
theǰ electrodeǰ andǰ theǰ groundǰ arrangementǰ 
areǰusedǰtheǰdataǰfromǰTableǰ1ǰandǰFig.ǰ1.ǰForǰ
3ǰlayersǰcoatingǰ(Fig.ǰ13),ǰallǰofǰtheǰpatternsǰcanǰ
beǰcoated.ǰTheǰpatternǰ2ǰisǰnotǰcollectǰofǰdataǰ
becauseǰtheǰsampleǰplateǰisǰdamagedǰfromǰtheǰ
electricǰspark,ǰasǰshownǰinǰ5ǰlayersǰcoatingǰ(Fig.ǰ14).ǰ 
ǰ Theǰmaximumǰcoatingǰisǰ5ǰlayers,ǰtheǰthickness 
ofǰpowderǰcoatingǰforǰpatternǰ1ǰisǰ1.624ǰmmǰand 
theǰ thicknessǰ ofǰ patternǰ 3-7ǰ areǰ 1.802ǰmm,ǰ
1.655ǰmm,ǰ1.741ǰmm,ǰ1.714ǰmmǰandǰ1.698ǰmm,ǰ 
respectively.ǰTheǰmaximumǰofǰtheǰpowderǰcoating 
onǰtheǰsampleǰplateǰwithǰtheǰelectrostaticǰprocess 
isǰ 1.59ǰ timesǰwhenǰ comparingǰ inǰ withoutǰ theǰ
electrostaticǰprocess.

 
Fig.ǰ13ǰTheǰ thicknessǰ ofǰ powderǰ coatingǰ onǰ 
ǰ ǰ sampleǰplateǰwithǰelectrostaticǰprocessǰǰǰǰǰǰǰǰǰ 
ǰ ǰ inǰ variousǰ electrodeǰ andǰ theǰ groundǰ 
ǰ ǰ arrangementǰforǰ3ǰlayers

Fig.ǰ14ǰTheǰ thicknessǰ ofǰ powderǰ coatingǰ onǰ 
ǰ ǰ sampleǰplateǰwithǰelectrostaticǰprocessǰ 
ǰ ǰ inǰ variousǰ electrodeǰ andǰ theǰ groundǰ 
ǰ ǰ arrangementǰforǰ5ǰlayersǰ

ǰ 4.4ǰ ǰVeriųcationǰandǰproblemǰstatementsǰ
forǰanalysis
ǰ Fromǰaǰpreviousǰstudy,ǰtheǰelectrodeǰandǰ
theǰ groundǰ arrangementǰ onǰ theǰ sampleǰ plateǰ
isǰ theǰmainǰ inŴuencedǰunderǰ theǰelectrostaticǰ
powderǰcoatingǰprocess.ǰTheǰelectrodeǰandǰtheǰ
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groundǰ arrangementǰ areǰ inŴuencedǰ withǰ theǰ
maximumǰelectricǰ ųeld,ǰ theǰmaximumǰelectricǰ
energyǰdensityǰandǰtheǰmaximumǰsurfaceǰchargeǰ
densityǰsoǰtheǰelectricǰforceǰisǰdifferenced.ǰTheǰ
electricǰforceǰunderǰtheǰelectrostaticǰprocessǰisǰ
inŴuencedǰwithǰtheǰimpactǰpressureǰ(P),ǰimpact 
velocityǰ (v)ǰ andǰ gravityǰ forceǰ (F)ǰ soǰ powderǰ 
coatingǰonǰtheǰsampleǰplateǰisǰdifferenced.ǰ 

Fig.ǰ15ǰTheǰimpactǰpressureǰratioǰandǰtheǰimpactǰ 
ǰ ǰ velocityǰratioǰofǰpowderǰcoatingǰinǰvariousǰ 
ǰ ǰ electrodeǰandǰtheǰgroundǰarrangement

 

Fig.ǰ16ǰTheǰgravityǰforceǰratioǰandǰthicknessǰratioǰ 
ǰ ǰ ofǰ powderǰ coatingǰ inǰ variousǰ electrodeǰ 
ǰ ǰ andǰtheǰgroundǰarrangement

ǰ Fig.ǰ 15ǰ showsǰ theǰ impactǰ pressureǰ ratioǰ 
(impactǰpressureǰwithǰtheǰelectrostaticǰprocessǰ
perǰ impactǰ pressureǰwithoutǰ theǰ electrostaticǰ 
process;ǰPǰratio)ǰandǰtheǰimpactǰvelocityǰratioǰ(impact 
velocityǰwithǰtheǰelectrostaticǰprocessǰperǰimpact 
velocityǰwithoutǰtheǰelectrostaticǰprocess;ǰvǰratio), 
respectively.ǰFig.ǰ16ǰshowsǰtheǰgravityǰforceǰratioǰ
(gravityǰforceǰwithǰtheǰelectrostaticǰprocessǰperǰ
gravityǰ forceǰwithoutǰ theǰelectrostaticǰprocess;ǰ
Fǰratio)ǰandǰthicknessǰratioǰ(thicknessǰofǰcoatingǰ
withǰ theǰelectrostaticǰprocessǰperǰ thicknessǰofǰ 
coatingǰwithoutǰtheǰelectrostaticǰprocess;ǰthickness 
ratio).ǰ Inǰ variousǰ electrodeǰ andǰ theǰ groundǰ 
arrangement,ǰtheǰhighestǰimpactǰpressureǰratio,ǰ
theǰimpactǰvelocityǰratioǰandǰgravityǰforceǰratioǰareǰ
theǰpatternǰ2ǰ(electrodeǰwireǰinǰcircleǰarrangementǰ 
andǰgroundǰpoint)ǰandǰpatternǰ3ǰ(electrodeǰandǰ
groundǰwireǰ inǰ straightǰ lineǰ arrangement).ǰ Theǰ 
lowestǰimpactǰpressureǰratio,ǰtheǰimpactǰvelocityǰ
ratioǰandǰgravityǰforceǰratioǰareǰpatternǰ1ǰ(electrode 
wireǰ inǰsquareǰarrangementǰandǰgroundǰpoint).ǰ
Fromǰ aboveǰ numericalǰ data,ǰ theǰ maximumǰ 
electricǰųeld,ǰtheǰmaximumǰelectricǰenergyǰdensity 
andǰ theǰmaximumǰ surfaceǰ chargeǰ densityǰ inǰ 
Fig.ǰ6-8ǰareǰinŴuencedǰinǰtheǰelectricǰforceǰsoǰitǰisǰ 
affectedǰwithǰtheǰimpactǰpressure,ǰimpactǰvelocityǰ 
andǰ gravityǰ forceǰ inǰ Fig.ǰ 15ǰ andǰ Fig.ǰ 16.ǰ Fromǰ
aboveǰexperimentalǰdata,ǰtheǰallǰofǰpatternsǰcanǰ
beǰcoatedǰforǰ5ǰlayersǰcoating.ǰTheǰpatternǰ2ǰisǰ
notǰstudiedǰtheǰdataǰbecauseǰtheǰsampleǰplateǰisǰ
damagedǰfromǰtheǰelectricǰspark.ǰTheǰmaximumǰ
andǰminimumǰ ofǰ theǰ powderǰ coatingǰ onǰ theǰ
sampleǰplateǰwithǰtheǰelectrostaticǰprocessǰareǰ
patternǰ3ǰ(electrodeǰandǰgroundǰwireǰinǰstraightǰ
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lineǰ arrangement)ǰ andǰ patternǰ 1ǰ (electrodeǰ
wireǰ inǰsquareǰarrangementǰandǰgroundǰpoint),ǰ 
respectively.ǰ Forǰ Fig.ǰ 16,ǰ theǰ thicknessǰ ratioǰofǰ
powderǰ coatingǰ isǰ theǰ similarǰ trendǰ withǰ theǰ 
thicknessǰofǰpowderǰcoatingǰinǰFig.ǰ13.
ǰ Theǰpercentǰerrorǰisǰtheǰdifferenceǰbetween 
estimatedǰ valueǰ andǰ theǰ actualǰ valueǰ inǰ 
comparisonǰtoǰtheǰactualǰvalueǰandǰisǰexpressedǰ
asǰ aǰpercentage.ǰ FromǰFig.ǰ 15,ǰ theǰpercentageǰ 
errorǰofǰtheǰimpactǰpressureǰratioǰandǰtheǰimpactǰ
velocityǰ ratioǰ areǰ 0.70-2.84%ǰ andǰ 0.11-1.74%,ǰ 
respectively.ǰFromǰFig.ǰ16,ǰtheǰpercentageǰerrorǰof 
theǰgravityǰforceǰratioǰ0-1.33%.ǰFromǰtheǰaboveǰ
results,ǰallǰtheǰpercentageǰerrorǰisǰlowerǰthanǰ3%ǰ
soǰtheǰdataǰisǰgenerallyǰacceptedǰasǰbeingǰvalid.ǰ
Itǰcanǰbeǰseenǰthatǰnumericalǰresultsǰhadǰgoodǰ
agreementǰwithǰexperimentǰresults.

5.ǰConclusion
ǰ Theǰnumericalǰ andǰexperimentalǰ resultǰ isǰ
carriedǰoutǰtoǰstudyǰtheǰinŴuenceǰofǰtheǰcoating 
processǰ underǰ theǰ electrostaticǰ process.ǰ Theǰ 
followingǰ areǰ theǰ conclusionsǰ ofǰ thisǰ researchǰ
work:
ǰ 1.ǰTheǰelectricǰforceǰisǰappearingǰunderǰtheǰ
electrostaticǰprocess,ǰandǰtheǰelectricalǰvoltage 
distributionǰ isǰ differenceǰ withǰ variousǰ theǰ 
electrodeǰandǰgroundǰarrangement.
ǰ 2.ǰTheǰthicknessǰofǰtheǰpowderǰcoatingǰonǰ
theǰsampleǰplateǰisǰincreasedǰwithǰtheǰnumberǰ
ofǰ theǰ coating,ǰ andǰ theǰ electrostaticǰ processǰ
canǰmoreǰincreaseǰtheǰthicknessǰofǰcoatingǰthanǰ
withoutǰtheǰelectrostaticǰprocess.ǰ

ǰ 3.ǰTheǰelectrodeǰandǰgroundǰarrangementǰ
areǰaffectedǰwithǰ theǰ thicknessǰofǰ theǰpowderǰ
coatingǰonǰtheǰsampleǰplate.ǰ

6.ǰRecommendationǰ
ǰ Allǰ ofǰ parameterǰ forǰ coatingǰ shouldǰ beǰ 
observedǰduringǰtheǰcoatingǰoperationǰsoǰtheǰidea 
behindǰ thisǰworkǰ canǰbeǰusedǰasǰguidanceǰ forǰ
specialǰdesignǰforǰmilitaryǰvehiclesǰandǰmilitaryǰ
aircraftǰcoatingǰmaterialǰwithǰtheǰleastǰmanpowerǰ
andǰminimumǰmaintenanceǰinǰtheǰfuture.
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