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SlprayAnglesofGasolineFuelInjectorbyImagePmcessing，

Shadowgraphy,ａｎ(lSprayPattemator
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Sprayangle,aparameIerwhichismosIcommonlyusedtoevalualespraydisIribuIio､,isimporlantbecauseilalfec1sIhe

axialandradialdisIIibuIionofIhefileLSpmyangleswereIneasuredandcomparedfbrthepintle-typegasolinefUelinjector

wilhn-heplaneasafilelbylhreemeasullngtechniquＣｓ,ｉ､e,digilalimageprocessing,shadowgraphy,andspmypanematoE

respectively・Fuelwasinjectedwiththeinjectionpressuresof0.2-0.35MPaintotheroomtempelatureandalmospheric

pressureenvlronment.Ｉ、the,djgitalimageprocesslngmethod,thetmnsmlttancelevelgreatlyinfluencesthespIayangiewith

theaxialdistancefmmthemjectomFromtheexperlmenlal配sulIsbytheshadowgraphytechnique,itisobviousthatthespmy

anglevaIyduringthesprayinjectionperiod,TheresulIsofsprayanglehomthespmypattematorshowthatthereexistthe

di唯renisprayanglesinlhedifferentareas,Thespmyanglesincreasewithiheincreaseintheinjectionpressurefbrthethree

measuremen1techniquesconsideredinthissiudy・T11espmayanglesoblainedbyshadowgraphymethodandbydigilalimage

processlngmelhodrevealedlhebigdiifErenceduelolheinherenldi雄renceofimagesbetweenmstantaneouslmageof

shadowgraphyandmullipleimagesofdigitalimageprocessing，ThecriticalaxialdjsIanceofabout60mmwasmundby

comparingtheresultsfTomlhedigitalimageprocesslngmethodandlhosefmmlhespraypatlematormethod・
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Ｔｈｅｐａｌａｍｅｔｅｒｍｏｓｔｃｏｍｍｏｎｌｙｕｓｅｄｔｏevaluatespray

distlibutionisspmyangle（coneangleorspraydispersing

angle)．Asoneofspraycharacterlsncs，sprayangleis

lmportantbecauseitinfluencestheaxialandmdjal

disIributionsofthefilelandultimatelyぅefficiencyand

emissions，Ofinterestisthedependenceofspmyangleon

thegeometIyofthenozzle，thephysicalpropertiesoffUel

useｄａｎｄｔｈｅａｍｂｉｅｍｇａｓ,theflowpropertiesofbothphases

atthemomentofinjection

Amajordiificultyinthedefinitionandmeasurementof

thesprayangleisthatthesprayconehasculvedboundalies，

duetotheeffectsofairinteractlonwiththespray・Spray

angleiscommonlyobtainedbymeasuringtheanglefbrmed

bytWostraightlinesdrawnfTomthenozzletiptotheouler

periphexyofthesplayatsomespecifieddistancefTomthe

nozzletip､Thespecifieddistance丘omtheatomizerindiesel

spmyis,howev“arbilmlyandambiguous､Thismaybedue

tothatitisoftenhardtoobservethesprayboundaries,thus

makinganaccurateestimateofthesprayangledifficult．

’Ihevanousmethodsofmeasulmgsprayanglehave

beendevelopedfbrtheyears・Ｏｎｅｍｅｔｈｏｄｉｓｔｏｐｍｊｅｃｔａ
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(3)

silhouetteat1hesprayontoa厚ound-glassscreenattwoor

threemagllificaIions・Ａｌｔｅｍａｎｖｅｏｎｅｉｓｔｏｕｓｅｔｗｏｐｒｏｂｅｓ

ｅｑuallyspacedaboutthenozzlecenterlinethataremoved

untiltheycontactthecdgesofthespray(1)．Howevemthe

photographicmethodhasbeenusuaⅡyusedfbrmeasunng

spmyconeanglc，Asaresultofrapiddevelopmentof

computer-lntegraledsystemsanddigitalcameras，djgital

lmageprocessinghasbeendevelopedasanaltemative

methodtotheconventional35-mmstiⅡｃａｍｅ耐ｆｉｌｍ

system(2)~<5)．’Ｉｈｅｅｄｇｅｏｆｔｈｅｓｐｌａｙｉｎｔｈｉｓｍｅｔｈｏｄｗａｓ
ｄｅｆｉｎｅｄａｓａｌｉｎｅｏｆ８０％(2)ｏｒ９５％(3)mnRmi廿月nceofthe

backlight・Recently》opticaldia印osticsinsmlmentatlon

suchaslasershadowgraphytechnique(6)，andschlieren

imagingsystem(7)ｈａｖｅｂｅｅｎｉｎ杖oducedfbrmeasuImgthe

spmyangle、InaddiIion，thespIayanglecanbcobtained

fTomthemeasurementofspraypattem(8)，(9)

TTleobjectiveofthisstudyistomeasureandcompare

thespmyanglesresultedfTomdigtalimageprocessmg，

shadowgraphyぅａｎｄｓｐｍypattemato喝respectivelyandto

suggesttheguidelinesfbrmeasulinglhesprayanglesfbrthe

fUelinjeclorsusedingasolineengineapplications．
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Ⅱ

andimageprocessingS/Ｗ

Fig.１Schematicofexperlmenlalsemp

Ofthreeevaluationmethodsofspmyangle,thedigtal

lmageprocesslngwaspelfblmedbycaptuImgmultiple

lmageｓｏｆｔｈｅｓｐｌａｙｗｉｌｈＳＯＮＹ７２０ｂｙ４８０ｐｉｘel3-CCD

digitalvideocamera(DCR-VXlOOO）ａｎｄａ丘ame-gabber

board，DirectⅡghting丘ｏｍｔｈｅｓなoboscopewasusedto

illumjnatetheｓｐｍｙ丘eld丘omadarkbackgrolmdThe

capturedspmylmageswerｅｓｔｏｒｅｄｉｎａＰＣｆｂｒｏ圧line

analysis・Eachspmyimagewasprocessedwith

PHOTOSHOPimageanalysissoftware・Thelocalspmy

angleisdetenninedbytaldngthearctangentofmelocal

spraywidthdividedbytheaxiallocationofthespraywidth.．

’IYleshadowgraphywasbasedonthemacroscopicspray

measurementfimc1ionofPMAS(ParticleMotionAnalysis

System,V-tekCo.,Korea).Itconsistsofaspalkliゆtsource

ofvelyshorttimedulation（<５０，s)，Eeldlens,aCCD

camela,ａｎｄａＰＣｗｉｔｈａｎｉｍａｇｅｂｏａｌｄ.‘Iheshadowgmphy

lmagepassesthrouｇｈｔｈｅｄｉａｐｈｌａｍｏｆｃａｍｅｍｌｅｎｓａｎｄｉｓ

ｒｅｃｏｒｄｅｄｏｎＣＣＤ，Thequalitativeobservanonand

mstamaneousimagesfbrashortperiodoftimewere

obtainedbytheshadowgraphytechnique・

Ｔｈｅsprayangleandaxisymmetryofspraywasalso

detem血edbyaspIaypattemator，Ｔｈｅｓｐmypattemator

usedhereconsistsof２５６，５ｍｍｄiametercellsalmngedin

squarepattemnlistechniqueglvesthequanntative

observationfbrtheinjectiontimeoflOOOwithmjectiOn

pulseof２．５，s・Thedetailsofbasictheory3Operation

舵aturesofKEFICOpattematorcanbefbundinreference１０

Figurelshowstheschematicoftheexpelimemalsetup

usedinthisstudy．ＩtconsistsofthefUelsupplysystem，

injecto瓜andmeasurementsystem,Themeasurementsystem

includesthethreetechniques,i､e,digtalimageprocesslng，

shadowgraphy，andspraypattemator・

N-heptaneasatestfUelwaspumpedbythehlelpump

afterpassingthefilterandwassuppliedtotheinjector

throughpressurercgulatomThepropertiesofn員heptaneat

293Kareshownin通bleLFuelwasinjectedvertically

downs位eamthroughanelectromagletlcpimle-type

injector(０．９mminholediameter,０．８mminpintlediameteI；

and３０．e9.inpintleangle)withtheinjectionpressuresof

０．２－０．３５MPafbr2Smsinmjectiondulationexcept

shadowgraphymethodintotlleroomtemperatureand

aUnosphelicpressureenvironment.'IY1emjectiondulationof

fUelinshadowgraphymethodwassettobe6mstogetalong

andclearspmyfbrthecompansonwithothermethodsused

inthisstudy．

TablelPropertiesofn-heptaneat293Ｋ

Densily

Kmematicviscosi0

R11rfacetcnsion

Rcfmctivcindcx

684ｋｇ/ｍヨ

0.61×lO-6m2だ

２０．９×10-ヨＷｍ

1－３８５
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3．RESULTSANDDlSCUSSlON １１ﾘeclor・Ｔｈｅｓｐｍｙａｎ８１ｅｄｉ鮭ｒｅｄｂｙ２~３．whilethe

di6ferenceinthenansImllancelevelwas５％・Thespray
angleisdecreasedmonoIonicallywilhtheincreaseinthe

axialdislancehomIheiqjector,Forthecompansonofspray
anglesiTomtlledjgilalimageprocessingwilhthosefTom
olhcrlechniques,the８０％lransmlnancelevelwasselected、

Thechangemspraypallembyshadowgraphyimageswith

Pi=O3MPaatllledi鮭renlUmes丘omthestaItofinjection

isshowninFig.3．ＩｔｉｓｃｌｅａｒけomthefIgurethatthespray
anglecanbecllangedwithtimeafierthestaltofimjection
andwilh(ｈｅｄｉ鮭renlanaldistancefmmlheinjector・Ｆｏｒ
ｔｈｅｃｏｍｐａｎｓｏｎｗｉｌｈｓｐｍｙａｎｇｌｅｓｒesulted丘omolher

mclhods，山ｅｓｈａｗｄｏｗｇｒａｐｈｙｉｍａｇｅｓａｔ６ｍｓａｆｔｅｒthestan

ofinjeciionwasselected

Theindividualcellvolumecollecledinthespray
paUemalorwastransfbImedloCanesiancoordin2teandis

depictedinＦｉｇ．４．Therelativevolumetlicdjs肱ibutionis

demedaslheratioofcellvolumecollectedtothem月､rim'１m

cellvolumecoｌｌｅｃｔｅｄａｎｄｉｓａｌｓｏｓｈｏｗｎｉｎＦｉ9.4．Spray
anglewasobtainedfTomtheabovedataasthemcl11ded

allglewhere80％,９０％,９５光and97.5％ofthcfUelspraymg
hom山einjectorlscontained､Howev“SAErecommended

95％ofiheldistributionibrasolidsprａｙｃｏｎｅｐａ杜ｅｍ(】】)in

themeasurementofspmyanglefbrgasolmespray,Forthe

compansonofsprayangleswiththosebyothertechniques
inUljssludy§iherecommendaIionofSAEwastherefbre
fbllowed

Figure5illuslmlesthevanaUonofsprayanglewilhthe
llmeafierthestartofinjectionalPi＝O3MPafbrthe

dilTbrenlaxialdislancefTomtheinjectorbyshadowgraphy
technique・Sprayangleisnotwidelychangedbeｔｗｅｅｎ３ｍｓ

ａｎｄ６ｍｓａｔｔｈｅａｌｌａｘｉａｌｄｉｓtancesfTomthemjector
consideredinthisstudy･Ｉｔｃａｎｂｅｉｂｕｎｄｔｈａｔｔｈｅｒｅｌｓ

ｄｉ唾rencefbrsprayangIewilhthedi鮭renta2daldiR粕nｃｅａｔ

lllthedigitalimageprocesslngIechI1ique，Ihespray
analysisbegallwilhsclcctionofathresholdlevellobeuseｄ

ＩｏｓｅｐａｍｌｅＵｌｅｓｐｒａｙａｒｅａｈｏｍ山ebackgroundinacaptured
images,TheUlresholdlevclisrelaledlolhelmnsmimnceof

thcbacklighLTheedgeofthespraywasusuallydemCdby
80％(2)ｏｒ９３％(3)imnsml1tancecrite血inUlcmeasuremenl
ofspmyangle・Ｆｉｇｕｒｅ２ｓｈｏｗｓｔｈｅｅｆＴｂｃｌｏｆｔｒ別nRmitiance

levelonthesprayangleａｔＰｉ=0.3MPa､Ｔｈｅonginalandthe
convertedimageswi山tlledi鮭rentUansmlUancelevelare

alsoincludedltisclearthatlheseleclionoftmnRmiltance

levelaiTbctslhesprayangleimhenxedaxialdistancehom
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AxialdisIancel『ominjeclortip［ｍｍｌ

Ｆｉｇ､７SprayanglesbydifferenlmeasunllｇｍｅＩｈｏｄ

8０

７０

０２０４０６０８０１００１２０１４０１６０

Axialdistamef｢omtheiniecto｢tip[ｍｍ］

Fig.６Compansonofsprayanglesbymeasunng

lechniques

０１２３４５６

Timeafte｢thesta｢tofinlection[ｍｓ］

Fig.５SprayanglevarialionwilhIimeaner

injeclionbyShadowgraphy

７

homspraypaUemalol･ｄｅｃｒｅａｓｅｓｈａＩｐｌｙｕｐｌｏ４０ｍｍｆＴｏｍ

ｔｈｅinjeclorllpandarelaIgerthanＩｈｏｓｅｏｆｏ[hertwo

meUlods､Thelargersprayan81ein[henearregionfTomthe

injcctorisbelievedlobeduelothee鮭cIofobstmctionby

spIaypal1emalor．Ｉｎｏ山erwords，thedislancebetween

iqjec1orllpandpaltema〔orls[oocloselogeltheinfluenceof
enUaｍｍｅｎｌｏｆｌｈｅａｍｂｉｅｎｔａｉｌｚＩ［isfbundthaithespray

angleswilh75~85％t1ansmlUancealPi=0.2MPaare

relalivclyindependen[oftheaxialdislancefmmtheinjector、

Ｔｈｅｓｐｍｙａｎｇｌｅｂｙｌｈｅｓｈａｄｏｗｇｒａｐｈｙｉsdecreased

monolonicallywiththeincreaseintheaJdaldistance丘ｏｍ

血einjeclor､Itisclearthalthesprayangleiswidelydi且erenl

accordingtolhemeasurementtechniquesmtroducedinthis

smdy、However，ＩｔｍｕｓｌｂｅｋｅｐＩｍｍｉｎｄｔｈａｌｔｈｅｒｅｉsthe

inheren1diirerenceofimagesbetweenmstanlaneouslmage

ofshadowgraphyandmultipleimagesofdjgilalimage

processing・Itshouldbenotedthalthereexisliｎｔｈｅｄｉ丘erent

splayanglesindifferentareasfbrthegasolinespIay・nlisis

similarasanearandafarspEayanglesaspoinledoutinthe

thesameUmeahcrlhcstaI-tofinjeclion．

Figure6displayslhevaIiaiionofsprayanglewi山山e

axialdislancefromtheilﾘectorfbrthedimercnldistribulion

ofthenelspmyingfromtheinjecIorftompaUemalor

methodatPi=0.3MPa、FCI･thecompanson,山eresullsftom

thedigilalimageprocessmgmelhodwilhthedifferenl

なansmlUancelevelsandhomtheshadowgraphymethodal

6msafiertheslaItofinjectionarealsoincludedThespray

anglesbythespraypaUemaIorisshaIplydecreasedwiihUle
mcreaseintheaxialdis【ance、

Theincreasmgraleofsprayanglewithlheincreaseln

fUelvolumedistribulionisremarkablyincreased､Itisibund

thatlhespray皿glebylhefUelvoumedistribulionｏｆ９５％is

relalivelywellwilhlhoseby［hedigitalimageprocessing

にclmiqueswilh7う％Uansmlttancelevel丘ｏｍｔｈｅａｘｉａｌ
ｍＲ１ａｎｃｅｏｆ６０ｍｍ・

ＴｈｅｒｅｓｕｌＩｓｏｆｓｐｍｙａｎｇｌｅｓ丘omthreemeasuImg

methodsatPi=0.2ＭＰａａｒｅｃｏｍｐａｒedinFig､7．Ａｓｓｉｍｉｌａｒａｓ

ｉｎｔｌｌｅｃａｓｅｏｆＰｉ＝0.3ＭＰａｉｎFig.６，sprayanglesoblained

2０４０6０８０1００1２０１４０１６０
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dieselspraybyDalle【､ａ!(2),ＣｈａｎｇａｎｄＦａｒｒｅｌｌ(3)、

Figure8displayslhcc雌ｃｌｏｆｉｌﾘeclionpressureonspray

anglewilhlheaxialdisIancefTominjeclorfbrlhrce

measuremcnlIcchI1iquＣｓ,EvcnlhoughIhcrcislhedillbrence

inincreasln8raleofsprayallglcwillllhedifIblrenl

measuremeIlImclhod,1hcsprayangleincreaseswiihlhe

mcreascinIhCinjcclioI1prcsSureundcrllleexperlmen職l

condiIiollsconsidcrcdilllhiｓ５Ｉｕｄｙ,Thisiscoinciden【wilh

lheresul1sbyLaiel､ａｌ('2)fbrthewidcrangco｢mjeclion
pressure，ＩｌｓｈｏｕｌｄｂｅｎｏｌｅｄａｇａｉｌｌｔｈａＩＩｈｅｓprayan81eis

considerablydi晩renl,cspeciallyinlllencarregionｈｏｍ山e

injecKol；eveninlhesameinjecIionpressul｢ewiIllthe

measuremellllechniqucsusedinlhissludy､FroInlheabove

discusslolls，山ｅ・oplilnalposiIionfbrmeasurlng山ｃｓｐｒａｙ

ａｎｇｌｅｂｙｔｈｅｓｐｍｙｐａ(ＩｅｍａｌｏｒｓｅｅｍｓＩｏｂｅ６０ｍｍｆｍｍｔｈｅ

ｉｎｊectortip．

4‘ＣＯＮＣＬＵＳｌＯＮＳ

Sprayanglesweremeasuredandcomparedfbrlhe

pinlIe-1ypegasolincIilclilﾘeclorbydigilalimagcprocessllIg，

shaldowgraphy，ａｎｄｓｐｍ)’paUemaloErespecIively・N-

heplaneasateslmelwasiIljecにdwilhtheinjecIion

pressuresof0.2-0.33ＭＰａｉｎＩｏｌｈｅｒｏｏｍｌｅｍｐｅｒａｌｕｒｅａｎｄ

atmosphelicpressureenvlroIlmcI11･

Ｉ、digitalimageprocesslngapproach,1ｈｃＳｅｌｅｃＩｉｏｎｏｆｌｈｅ

唖nsmlltanceleveliScri【ical1ooblainIheedgeofsprayand

hencetomeasureUlesplHyangle・FromUlemcasurcmen［

resultsbyIheshadowgraphytechnique，ｉｌｉｓｃｌｅａｒｔｈａｌｌｈｅ

ｓｐｍｙａｎｇｌｅｖａＩｙｄuring1hespmymjeclionperiodThe

measurcmelltrcsullshomspraypaUemalorshowlhallhcre

existthedj恥renlsprayanglcsmdi雌rcnlreglon・Spray

anglemcreaseswilh山eincreaseintheinjeciionpressure・

Thesprayangleisremarkablydifferenl，especiallyinlhe

nearareafTomtlleinjecloLaccordingthemeasuremenl

techniquesintroducedinlhisexpenmemalworkThespray

anglesobtainedbyshadowgraphymelhodandbydigilal

lmagepmcessmgme山odrevealedthebigdjmferenccduc1o

theinheremdilferenceofimagesbetweeninstanIaneous

lmageofshadowgraphyandmultipleimagesofdigilal

lmageprocesslng・

Thecriticalaxialｄｉｓｌａｎｃｃｏｆａｂｏｕｔ６０ｍｍｗａｓｆｂｕｎｄｂｙ

ｃomparingtheresul【ｓけomtlledigitalimageprocesslng

meIhodandthose丘omthespraypaUemalormelhod．
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