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Chapter 1

Dieselcombustion: an intr oduction

Abstract

This introductorychapterstartswith a historicalnoteaboutthe inventionof the dieselengine,
followedby a shortdescriptionof its operatingcycle. The establishedriew of the comhustion
processoccurringin the comhustionchamberof a dieselengine aswell assomerecentmodi-
ficationsaredescribedThenitric oxide (NO) andsootformedduringcomhustionarethe most
importantpolluting componentsn the exhaustgaseof the dieselengine. A literature-based
overview of the chemicalpathwaysinvolvedin the NO formationanda possiblepathway for
the formation of sootaregiven. Finally, a shortpreview is provided of this thesis,in which
the LaserInducedFluorescencéLIF) detectiontechniquds appliedto obsene NO molecules
insidethe cylinder of anoptically accessibléwo-strole dieselengine.



1 Dieselcomhustion:anintroduction

1.1 The ‘rational engine’

RudolfDiesel(1858-1913patentecanenginein 1892that,in hisview, wasnotjustanimprove-
menton existing heatenginesput a machineof anentirelynew kind [1]. It wasanenginethat
washbuilt on scientific, rational principlesand Dieselfully expectedthatthis ‘rational engine’
would replacethe steamengine usedfor heary transportatiothosedays,completely

Many inventors long beforeDiesel,weretrying to find a working fluid thatwould provide
the possibilityto make a moreefficientandsmallerengine comparedo the complicatedsteam
engine,the efficiengy of which wasat mostonly 7%. The steamenginesusedwater, raised
to steam,asa working fluid to transferthe enegy of the comhustion, that took placeoutside
the engine,to the cylinder, wherethe steamdid its work by expandingagainsta piston. Air
would beagoodcandidatdo useasworking fluid becausét is readilyavailableandit contains
oxygensothatthe comhustioncouldtake placeinsidethe engine. Thefirst successfuinternal
comhustionengine burningcoalgaswith athermalefficiency of 14%,wasintroducedn 1867.
The Otto engine,calledafterits inventorNicolausOtto, waswidely usedin passengecarsat
thetime Dieselstartedthinking abouta new heatengine.

Theuniqueaspecbf Diesel'sapproactwashis corviction thathis new enginecouldrealize
theidealCarnotcycle, thatwasfirst describedn 1824by the Frenchpioneelin thermodynamics
NicolasCarnot. In his enginethe pressureshouldrise only dueto the compressiorof air and
ignition of injectedfuel shouldoccuronly asa resultof the high pressureandtemperaturdin
Ottoenginesgnition hasto beinitiated). After thisautoignitionthecomhustionshouldcontinue
andaddheatisothermallyin accordancevith theideal of Carnot.Dieselhadcalculatedhathis
enginecould have anefficiengy of 73%for almostall fuelsif the comhustionprocessoccurred
isothermally He publishedhis ideasin 1893in a book entitled: Theoryand Construction
of a Rational Heat Engineto Take Place of the SteamEngine and of All PresentlyKnown
ComhustionEngines

However, soonafterhisfirst experimentsn 1893,Dieselfoundoutthataninternalcomtus-
tion enginecannever realizethe Carnotcycle becauseoo large amountsof air arerequiredto
keepthe comhustionisothermal.Neverthelessin 1897,after four yearsof strugglingwith the
requiredhigh pressuresindthe problemof how to inject fuel into the compressedair, Diesel
presentedhis first engine.Ilt wasa one-glinder enginewith athermalefficiencgy of 26%anda
maximumcompressiorof 30 bars,which wasa spectacularesult. During the next yearsthe
enginewasfurtherdevelopedwith alarge stepforwardin 1920whenthefuel-injectionsystems
wereperfected.

Thus, the dieselengineasit is today is quite differentfrom the original Carnotengine
asit was proposedby Diesel. However, the essentiafeaturesof the comhustionengineare
still the same:lIt is a high-compressiomnginein which fuel is injectedin air nearthe end of
the compressiorstroke andis ignited by the heatof the compression.The invention of the
dieselengineis a ratheruniquestoryin the history of technologyasit startedwith anideain
which pure sciencewas appliedto engineering.Although the scientificideal of the inventor
could not berealisedthe inventionof the dieselenginehascauseda revolution in heavy road
transportationn thelastcentury



1.2 Generalntroduction

1.2 Generalintr oduction

In internalcomhustionengines like Otto engines(also called spark-ignition(SI) or gasoline
enginesyanddieselenginegalsocalledcompression-ignitiofCl) engines)comhustiontakes
placeinsidethe engineafter fuel is injectedin the comlustionchamber Fuel canbeinjected
eitherdirectly into the comhustionchambei(Direct Injection (DI)) or into a prechambersepa-
ratedfrom themaincomhustionchambelIndirectinjection(IDI)). In thelattercasecomlustion
startsin the prechambeanddueto theresultingpressureise burninggasesandfuel aredriven
into themaincomhustionchamberAn Otto engineusesa sparkplugto initiate thecomhustion,
whereasn adieselengineignition occursasa resultof the high pressurendtemperature.
Thethermalenegy producedoy the comhustionis transformednto mechanicaknepgy. A

pistonmovesbackandforth in the cylinder andtransmitsthe power generatedby the comtus-
tion througha connectingod andcrankmechanisnto the crankshafasshown in figure 1.1a.
A movementof the pistonfrom its uppermosposition(Top DeadCentre(TDC)) to its lowest
position (Bottom DeadCentre(BDC)), or vica versa,is calleda stroke. Positionsin between
aredenotedn degreescrankangle(®), with TDC definedaszerodegreescrankangle. Crank
angleshetweenTDC andBDC arecommonlyreferredto as‘after TDC’ (aTDC)whereasrank
anglesbetweenBDC and TDC are referredto as‘before TDC’ (bTDC). The volume of the
cylinderis aminimum (clearancevolumeV ) whenthe pistonis at TDC, whereast is a max-
imum (V¢) whenthe pistonis at BDC. As in the two-stroke enginethe comhustiongasescan
leavethecylinder oncetheexhaustopensaneffective volume(Ve) is determinedy theposition
of the exhaustport. The differencebetweenthe effective volumeandthe clearancesolumeis

_ e e/

--------------- TDC
exhaust
port

o

ST S o e
5 1

scavenging

Pgags

\/

a BDC b c d

Figure 1.1: a) Basicgeometryof the internalcomhustion (two-strole) dieselengine. TDC and
BDC indicatethe uppermostndlowestposition of the piston. The two-strole operatingcycle
shawving b) the compressiorstroke, c) the expansionstroke andd) the scarengingprocess.



1 Dieselcomhustion:anintroduction

calledthedisplacedr sweptvolume(V4)!. Onecompletecomhustioncycle comprisesbesides
the fuel injection and comhustion,alsothe refreshmentf the cylinder contentgburnedgases
have to leave thecylinder, while freshair hasto goin).

The total comhustion cycle cantake placeduring two or four strokes. The first engines
were four-stroke enginesin which eachcylinder requiresfour strokes of the piston (i.e. two
revolutionsof the crankshaft)for acompleteprocesghatproducesonepower stroke. In short,
the cycle startswith anintake stroke in which the pistonmovesdown andfreshair is let into
the cylinder throughaninlet valve that closesjust afterthe pistonhaspassed®DC. Following
is acompressiorstroke in which the pistonmovesup, compressingheair in the cylinder. Just
beforethe pistonis at TDC fuel is injectedand autoignitioninitiatesthe comhustionprocess.
In thesubsequergxpansiorstroke, the high-pressur@igh-temperatureomhustiongasesirive
thepistondown again.As in this stroke the pistondoesits work by forcing thecrankto rotate it
is oftencalledthe power stroke. Whenthe pistonreache8DC the exhaustvalve opensandthe
comhustiongasesanleave thecylinder whenthe piston,in the exhauststroke, movesup again
to TDC. Theinlet valve openswhenthe pistonapproache3DC, andjust after TDC, whenthe
exhaustvalveis closedthe cycle startsagain.

To geta higheroutputfrom a given enginesize the two-stroke enginewas developed. In
addition, it hasa simplerconstructionasthe inlet and exhaustvalves, on top of the cylinder,
arereplacedby an exhaustport in the cylinder wall and a scavengingport thatis connected
with the crank case(seefigure 1.1). Theseports, which arelocatednearBDC and of which
the exhaustport is placeda bit higherthanthe scavengingport, areopenedandclosedby the
motion of the piston. This enginerequiresonly two strokes(i.e. onerevolution of the crank
shaft)to produceone power stroke. A compressiorstroke startswhen the piston movesup,
closingthe scavengingandexhaustports,followed by a compressiorof the air in the cylinder
(figure 1.1b). During this stroke alsofreshair is drawvn into the crank casethroughan inlet.
Similar to the four-stroke engine,comtustion occursif the piston approachedDC andthe
piston movesdown in an expansionor power stroke (figure 1.1c). Oncethe pistonreaches
the exhaustport the comlustiongasesstartto leave the cylinder. Whenthe scarengingportis
openedaswell, the freshair, compresseth the crankcase flows into the cylinder anddrives
outthe comlustiongasegscavenging figurel.1c).

Although passengecarsare usually poweredby an Otto enginethe dieselengineis used
world wide for heary transportation It offers significantfuel economyadvantagesver other
power plantsusedfor roadtransportationpecausef its high thermalefficiengy (up to 40%;
for an Otto engineit is about30%) andbecausdhe heavy oil it consumess relatively cheap.
Comparedo Otto enginesdieselengineshave low carbonmonoxide(CO) emissionsbut, asa
resultof the high pressureandtemperatureequiredfor the autoignitionof dieselcomhustion,
the emissionof nitric oxides(NOy) is higher In addition,thelarge hydrocarbongHC) present
in thedieselfuel arepartly transformednto sootparticles.

SootparticlesandNOy arethe mostimportantpolluting component#n theexhaustgase of
adieselengine.NOy participatesn chainreactionghatremove ozonefrom thestratospherege-

1Thesevolumesareimportantfor the determinatiorof the compressiomatio (¢) of the enginedefinedas[2]

effective cylinder volume _ Va+Ve Ve

~ minimumcylindervolume ™~ V. V¢
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Figure 1.2: Euro emissionstandarddor new trucks: NO (), soot(®), CO (A) and hydro-
carbonq'v).

sultingin anincrease@amountof ultraviolet radiationreachinghesurfaceof theearth.It reacts
with OH radicalsin the upperlayersof thetropospheréo HNO, andHNO3, which contribute
to acidrain. Furthermorein combinatiorwith theunburnedhydrocarbonst playsarolein the
formationof smog[3]. Sootparticlescauseserereair pollution and,especiallythe smallones,
arearisk for humanhealthasthey canpenetratento the lungsandremainthere[4]. Because
of the damagesootparticlesandNOy causeto the ervironment,ever stricterlegislationis in-
troducedfor their emissionsasshawn in figure 1.2. In orderto meetthe legislative standards,
knowledgeof origin, timing andlocationof the formationof nitric oxide? (NO) andsootpar
ticlesduring the dieselcomhustionprocesds important. However, in spiteof this importance
only little is known aboutthe comhustionandemissionformationprocessem adieselengine.
To understandheseprocesseacleardescriptionof how dieselcomhustionproceedgincluding
thetemporalandspatialformationof polluting componentsinsidea dieselengineis required.
Suchadescriptionis importantasatool in interpretingexperimentaimeasurementandin de-
velopingpredictve numericalmodelsfor dieselengineslt will be neededy enginedesigners
who have to meetthe ever more stringentemissionstandardsvhile they wantto improve the
engineefficiengy atthe sametime.

The comhlustionin a diesel engineis a very comple, turbulent, heterogeneoushree-
dimensionalmultiphaseprocesghat occursin a high temperatureandhigh pressureerviron-
ment[2]. In addition,the detailsof the processlependon the characteristicef thefuel, onthe
designof the engines comhustionchambey on the fuel injection systemand on the engines

2Nitric oxide, NO, is the dominantoxide of nitrogenformed during comtustion. The often usedchemical
symbolNOy refersto the sumof NO andNOs.
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operatingconditions.To obtaininformationaboutthe way the comhustionandthe formationof
sootparticlesandNO proceedmeasurementisave to be performedunderrealisticconditions,
preferablyin a runningdieselengine.Dueto therecentdevelopmentof advancedaserbased
diagnosticsdetailedmeasurementsf the physicaland chemicalprocessesccurringduring
dieselcomhustioninsidethe comlustionchambeiof a runningdieselenginearenow possible.

Theobjectve of theexperimentgpresentedh thecurrentwork is thedevelopmenbf alaser
basedneasuremertechniqudor semi-quantitatie determinatiorof the NO density with both
spatialandtemporalresolution,duringthe comhustionin a dieselengine.Ultimately, thetech-
nique developedduring this project shouldbe useful for diagnosticsof realistic, commercial
dieselengines. Therefore the operatingconditionsof the researctengineusedfor this work
have beenkeptasrealisticaspossiblejmplying mainly thati) standardcommerciadieselfuel
is usedandii) the engineis operatedsteadilyrunning. As mostimportanttool in this method
theLaserinducedFluorescencélLIF) detectiontechniques usedto obsene NO moleculesn-
sidethe comhustionchamberof an optically accessiblalieselengine. In shortthis technique
involveselectronicexcitation of NO moleculesby laserradiationfollowed by detectionof the
ensuingfluorescence.The intensity of the fluorescencas a measurefor the densityof NO
molecules.However, althoughthe fluorescencéntensityis proportionalto the NO density the
proportionalityconstanincludesseveralspectroscopiandexperimentafactors.Evaluationof
thesefactorsresultsin expressionsghatdependnthelocal conditionsin the comhustioncham-
ber (i.e. pressuretemperaturelaserintensity gasmixture), which in generalare not known.
Thereforeadditionalexperimentshave to be performedo obtainthe unknovn quantitiesanda
detailedprocessingf the obserned NO LIF signalis requiredbeforeit canbeinterpretedasa
NO density

This generalintroductionis followed by a descriptionof the establishediew of the diesel
comhustionprocessoccurringin a dieselengineandsomerecentmodifications. Includedare
theimportantaspectconcerninghe formationof NO andsoot. At the endof this chapterthe
pathwaysimportantfor the nitric oxide formationaresummarisedaswell asthoseinvolvedin
theformationof sootparticles.

Chapter2 startswith a shortoverview of severallaserbasedliagnostictechniqueghatare
frequentlyusedto studycomhustionprocessesandsomeapplicationgo dieselenginesasre-
portedin literature,aregiven. It includesa shortreview of previous NO LIF measurements
thatwere performedon optically accessiblalieselengines.This is followed by a detailedde-
scriptionof theoptically accessibl@lieselenginethe currentexperimentsareperformedon, the
enginecharacteristicsandanoverview of the differentoptical setupsapplied.A moredetailed
descriptionof the LIF techniqueand the other optical techniquesusedin the experimentsis
given. Theflameemissiondispersedn its differentwavelengthcomponentsaswell asimages
shaving theflamedevelopmenduringthecomhustionarepresentedFinally, ananalysisof the
laserspectroscop of NO in a dieselengineis given,with anemphasion its interferencewith
oxygen(Oy).

In theexperimentdescribedn chapter3 amethodis developedto reconstructhelocallaser
intensityin the comhustionchamberof the runningenginefrom a distribution of the elastically
scatterediaserradiation.Thismethods validatedoy comparingts resultsto anexactmethodn
which thelocal laserintensityis reconstructedby makinguseof two elasticscatteringmages,
recordedrom two laserbeamswhich traversethe enginein oppositedirection. Additionally,
thetotal transmissiorof thelaserradiationthroughthe comhustionchambeiof thefiring engine
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is derivedfrom thesedistributions.

Theresultsof thefirst NO LIF experimentsaregivenin chapter4 in which dispersediuo-
rescenceapectraof NO arepresentedThey shav NO fluorescence¢hroughouthewhole com-
bustionstroke startingaroundTDC. Theintensityof the NO dispersionpeaksof thesespectra
provides information aboutthe spatially averagedNO density presentin the probevolume
within the cylinder. Thefactors,all dependingon thein-cylinder conditions,thatarerequired
to translatehe obsenedfluorescencetensityinto a semi-quantitatie NO densityarederived.
Usingtheseprocessingactorsrelatve NO densitiesasa function of crankanglefor different
engineconditions(compressiomatio, loadandfuel) areobtained Furthermorethe NO disper
sion spectragive informationaboutthe wavelengthsof the fluorescencéandsof NO and O,
obtainedfrom the runningengine.Fromthesespectraa fluorescencédandof NO freefrom O,
fluorescencethatcanbe usedto obtainspatiallyresohed NO distributions,is determined.

NO LIF distributionsmeasuredhrougha narronv-bandreflectionfilter to eliminateO, flu-
orescencare the subjectof chapter5. To translatetheminto semi-quantitatie NO density
distributionsthe position dependencef the processingactorsis derived. The obsened NO
densitydistributions are discussedvith an emphasison the assumptionghat are madewith
respecto the uniformity of thetemperatur@andgasmixtureto obtainthedistributions.

Finally, asummaryof the mostimportantresultsandthe assumptionsnadein theinterpre-
tation of the NO fluorescencgield is givenin chapter6. In addition,an outlookis givenin
which it is discussedo what extent the developedmethodmeetsthe objectvesof this study
andhow it canbeimproved.

1.3 The combustion processn a dieselengine

The total comhustion processnside a dieselengineinvolvesboth premixed and diffusion re-
actionzones.Initially a premixed burn occursbecausesomefuel andair have mixed already
beforeautoignitionoccurs.Thisis followedby a mixing controlledburn which is dominatedoy
diffusion burning, but cancontainsomepremixed burn aswell. A division of the comlustion
processnto four separat@hasesharacterisely comhustiontype,basednthe concepbf the
heatreleaseate,is describedelow in sectionl.3.1.

Sucha division of the total comhustionprocesswill not give anansweron how the diesel
comhustionprocessstartsanddevelopsandhow polluting componentsareformed. To give a
gooddescriptionof the complex processesccurringduring dieselcomhlustion,measurements
have to be performedunderrealisticdieselengineconditions.But, prior to therelatively recent
developmentof adwancedlasertechniquesjt was not possibleto perform detailedmeasure-
mentson the comhustionprocessesccurringwithin thereactingdieselfuel jet. Someinforma-
tion aboutthe fuel jet penetratiorandspreadof the comhlustionzonescould be obtainedfrom
recordingthe naturalflameemission However, the spatialresolutionis limited becaus¢hesig-
nalis integratedalongtheline of sightandtheinformationis notspeciespecificor quantitatve.
Samplingprobescould provide quantitatve speciespecificdatabut they areperturbing have a
limited temporalresolutionandprovide only informationaboutonespecificsmallvolume. As
detailedinformationaboutthedieselcomhustionprocesss limited, thedescriptiorof thediesel
comhustionprocessnitially wasderivedfrom studiesof spraycomlustionin furnacesandgas
turbines|[5, 6]. In this descriptionit wasassumedhat the quasi-steadyortion of the diesel
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comhustion processafter the premixed burn, behaes similar to the other spray comhustion
processesThisview (the‘old view’) of thedieselcomhustionprocesss givenin sectionl.3.2.

The developmentof advancedlaserbaseddiagnosticsallowed to studythe processe®c-
curring inside a reactingfuel jet. Suchexperimentshave provided a lot of new information
onthedieselcomhustionandpollutantformationprocesseghatis partly in contradictionwith
thetraditionaldescriptionof dieselcomlustion. Thefirst experimentdndicatingthatthe diesel
comhustionprocesss differentfrom the old view were experimentscombiningLll andelas-
tic scatteringexperimentghat shovedthat sootwas presentalsoat positionswhereit wasnot
expectedaccordingto the old view andthat no fuel dropletswere presentoutsidethe liquid
fuel jet [7]. A lot of theserecentresultswhereacquiredby Dec and co-workers using sev-
eral planarimagingandnaturalflameemissiondiagnosticsn anoptically accessibldI diesel
engineof the heary duty size classrunningon a low-sootingfuel. Dec hascombinedthe re-
sultsof thesedata,including liquid-phasefuel distributions[8, 9], quantitatve vapourfuel/air
mixture images[9, 10], poly-aromatichydrocarbon(PAH) distribution images,soot concen-
trations[11-14], soot particle size distributions[13, 14], imagesof the diffusion flame struc-
ture[15], andnaturalchemiluminescencienagesof the autoignition[13] to arrive at a detailed
modifiedview of thetemporalandspatialevolution of areactingdieselfuel jet [16]. This alter
native view, which describesnainly the beginning of the comhustionin muchmoredetailthan
the old view, is summarisedn sectionl1.3.3,including somemorerecentresultswith respect
to the NO formation[17] andthe autoignition[18]. It should,however, be notedthatthusfar
themodelis derivedfrom resultsthatwereobtainedrom oneparticularengineoperatecat one
typical conditionon a speciallow-sootingfuel. The larger amountsof sootproducedby the
useof acommercialdieselfuel reducedhe optical transpareng of this enginerapidly, which
precludedo obtainin-cylinder measurementdn addition,astill now insufficientinformation
is availableaboutthelater partof the comhustion,themodelonly givesafull descriptionof the
first part of the comhustionprocesqthe later partcanonly be estimated).Also, the effectsof
swirl andwall interactionsarenegglected.

1.3.1 Combustion phases

Basedon the heatreleaserate differentphasescharacterisedby burning type, canbe distin-
guishedn thetotal dieselcomhustionprocesccurringin aDI dieselengine.Theheatrelease
rateis definedastherateatwhichthechemicalenegy of thefuel is releasedy thecomhustion
processlt canbe obtainedrom thein-cylinder pressureasa function of crankangleby calcu-
lationsbasedon thefirst law of thermodynamiceinduseof theidealgaslaw [2]. Four phases,
eachcontrolledby differentphysicalor chemicalprocessesgan be distinguishedn the heat
releaseate. Therelative importanceof eachphasedepend®nthe comhustionsystemusedand
theengineoperatingconditions but they arecommonto all dieselengines.

Typical in-cylinder pressur@andheatreleaseatecurvesfor thecompressiomndexpansion
stroke of adirectinjectiondieselenginearegivenin figure 1.3. During the compressiorstroke,
startingat the momentthe exhaustand inlet ports (or valves) close, air is compressedo a
pressureof about40 barsanda temperaturef about850K. (Thesearethe valuesthatwould
be reachedf no comlustionwould occur) Towardsthe end of the compressiorstroke fuel
is injectedinto the cylinder (Start Of Injection (SOI) in figure 1.3). The fuel is injectedat
high pressurghroughoneor moresmall holesin theinjectortip of the fuel injection system,
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Figure 1.3: Typical in-cylinder pressurgsolid curwe) andheatreleaseaate (dashecturve) asa

function of crankanglefor a directinjection dieselengine. Indicatedarethe startof injection
(S0OI), end of injection (EOI) andthe different phasesn the comhustion process;the ignition

delayperiod(a-b),thepremixed comtustionphasgb-c), themixing controlledcomhustionphase
(c-d) andthelate comhustionphasgd-e); (dca= degreecrankangle).

forming jets at high velocities. The liquid fuel jet penetratesnto the comhustion chambey
whereit breaksup andevaporatesandthe fuel vapourmixeswith the high temperaturehigh
pressuraiir. Dueto this fuel vaporisatiorthein-cylinder air initially coolsslightly, causingthe
negatve heatreleaserate just after the startof injection. As the air temperatureand pressure
areabovethefuel’signition point, spontaneousgnition (autoignition)of thealreadymixedfuel
andair initiatesthe comhustionprocessThis period,betweerthe startof fuel injectionandthe
startof comhustion,is calledtheignition delayperiod(a-bin figure 1.3).

At theignition point the premixed fuel/air mixture startsburning, producingthe fastinitial
rise in the heatreleaserate. Also, the temperatureand pressurequickly rise above the tem-
peratureandpressureeachedn the motored(non-firing) engineascomlustionof the fuel air
mixtureoccurs.This phasejn which comhustionof thefuel vapourthathasmixedwith air dur-
ing theignition delayperiodproceedsapidly, is denotedasthepremixedcomhustionphasgb-c
in figure 1.3). The heatreleaseateshavs a pronouncedpike duringthe premixed comhustion
phasepecausehe premixedfuel burnsrapidly andis depletedjuickly.

This spike is thenfollowed by a second broadermaximumwhich is dueto mixing con-
trolled comhlustionandis commonlyreferredto asthe mixing controlledcomhustionphaseor
the diffusion burning phase(c-d in figure 1.3). Thejet penetrategurtherinto the comhustion
chamberand burns at its edgesas a turbulent diffusion flame with a yellow-white or orange
colour dueto the presenceof carbonaceouparticles. Fuel injection stops(End Of Injection

9



1 Dieselcomhustion:anintroduction

(EQI) in figure 1.3), but mixing of theair in thecylinder with burningandalreadyburnedgases
continuesthroughoutthe comhustionand expansionprocessesThis period, lastingabout20
degreescrankangle,is themainheatreleaseperiod.

Normally 80% of thetotalfuel enegy is releasedn the mixing controlledandthe premixed
comhustion phase. The residualfuel enegy will be releasecat a lower rate during the late
comhustionphaseg(d-ein figure 1.3).

As the exhaustopensthein-cylinder pressuredropsand comhustiongasesanflow out of
the cylinder. Oncethe inlet opens,air flows into the cylinder andthe burnedgasesgdisplaced
by this freshair, continueto flow out of the exhaustport (so-calledscarenging).

1.3.2 Establishedview of the dieselcombustion process

The basicconceptf the establishediiew of dieselspraycomhustionaregivenin a paperby
Faeth[6]. Uponinjectiontheliquid fuel jet penetratemto the high pressurehigh temperature
ervironmentof the comhustionchamber The modelenvisageshe dieseljet ashaving a cold,
fuel-rich core, surroundedoy a mixture that containsfuel dropletsand vapouriseduel, with
a decreasingamountof fuel from the centreof the sprayto the edge. Autoignition andthe
initial premixed burn areexpectedto occurtowardsthe edgeof the sprayin regionswherethe
equivalenceratio® rangesrom nearstoichiometricto up to about1.5[2, 19]. Subsequentlythe
diffusionflamedevelopsrapidly throughouthe mixturein the close-to-stoichiometricegions.

It is, however, not specifiedf the comhustionoccursin mary smalldiffusionflamesaround
individualfuel dropletsor in onesingle,large diffusionflamesheathsurroundinghe periphery
of the spray beingfed by the fuel vapourfrom mary droplets.In a paperby Chuietal. [20] a
sheath-typeomlustionis suggestedor dieseldiffusionflames,but this view is not generally
acceptedThe BoschAutomotive HandbooK21], for example,suggestshatdieselcomhustion
startsin regionsaroundindividual dropletsthat containa flammablemixture.

Sincethis descriptiondoesnot dealdirectly with the nitric oxide and sootformation pro-
cessegsluring dieselcomhustion somepossibilitiesto accountfor this are presentedmainly
basedon theoreticalideasbut in combinationwith obseredfeatures.The regionswheresoot
is expectedto form arederived from the knowledgethat sootformationresultsfrom fuel that
is brokenup into sootprecursorsat temperatureabove about1300K in combinationwith the
assumptiorthat sootforms undernearly stoichiometricconditions[2]. Thatis, for sootto be
formedmixing of thefuel with thehotin-cylinderair only is not sufficientandheatingfrom the
comhustionis requiredaswell. Therefore sootparticlesareassumedo form in regionswhere
thetemperatures sufficiently increasedy the comhustionandthe mixture is nearlystoichio-
metric. At thefuel-rich sideof the diffusionflametheseconditionsaremet. Therefore sootis

3The fuel/air equivalenceratio (®) is definedasthe ratio of the actualfuel/air ratio (F / A)actuas andthe stoi-
chiometricfuel/air ratio (F / A)stoich (at stoichiometricconditionsthereis just enoughoxygenfor corversionof all
fuel into completelyoxidisedproducts)as[2]

_ (F/A)actual
(F/A)stoich’

in which the fuel/air ratio is givenby (F/A) = (Miyel/Majr) With myyel andmy;, the fuel andair massflow rates,
respectiely. Thisimpliesfor stoichiometricmixtures® = 1, for fuel-rich mixtures,in which thereis insufficient
oxygento oxidiseall thefuel, ® > 1, andfor fuel-leanmixtures,in which excessair is present® < 1.

10



1.3 Thecomhustionprocessn adieselengine

—— Diffusion Flame Vapor Fuel
B Liquid Fuel and Droplets

Low B | High

Soot Concentration

Figure 1.4: Schematiaepresentatiowf the established/iew of the dieselcomhustionprocess,
shaving a crosssectionthroughthe middle planeof a fuel jet. A fuel core(black)is surrounded
by fuel dropletsandfuel vapour(grey). The diffusion flameis locatedaroundthe jet periphery
with sootat the fuel-rich side. (From Dec[16]; reproducedvith permissionfrom SAE papemo.
970873© 1997,Societyof Automotie Engineersinc.)

expectedo form attheinnersideof thediffusionflamearoundthejet periphery startingatthe
positionswhereautoignitionoccurs. Becauseof stoichiometry the initial fuel-rich premixed
burnis not expectedo beanimportantsourcefor sootformation.Lateron, sootoxidisesin the
flamezonewhenit contactaunburnedoxygen.

Nitric oxideis expectedto form in the high temperatureegionsin boththeflamefront and
the burnedgasesvia the thermalNO mechanisn{seesectionl.4.1). Formationratesthenare
the highestin the close-to-stoichiometricegionsat high temperaturg?], thatis, at the edgeof
thediffusionflame. Therefore NO formation, lik e sootformation,is expectedn the diffusion
flamezone,but atthe leansidewheremoreoxygenis present.

Dec hassummarisedhis view of the DI dieselcomhustionin a schematigicture which
is reproducedn figure 1.4 [16]. It hasto be takeninto accountthatthis schematiaepresents
only a generalview, that oftenis usedto shov how dieselcomhustionproceeds.The picture
of dieselcomhustion might be more comple, but the available informationis not sufficient
for a full description,and more detailedexperimentaldataare neededn orderto arrive at a
better more completedescriptionof the dieselcomlustionprocess.Figure 1.4 shons a cross
sectionthroughthe centreof afuel jet. A region of densefuel droplets possiblywith anintact
liquid streamneartheinjector, is seen(black). Aroundthis fuel corearegion of moredisperse,
vapourisingdropletsandvapourfuel is presenigrey). In the caseof a sheath-typeomlustion
thediffusionflameis formedaroundthe jet periphery wherefuel andair mix. Aroundthejet
peripheryon the fuel-rich side of the reactionzonesootformationis expected. For the case
of droplet comhustion the flame zone consistsof a lot of small flameletsaroundindividual
dropletsor clustersof droplets. Now sootis expectedto form aroundeachdropletwithin the
individual diffusion flamelets. However, asinteractionwith the gasflow aroundthe droplets
could extinguishthe flameletsbeforesootburnout, the sootdistribution aroundthe periphery
will bemorehomogeneousimilarto thatfor the sheathflamecase.

11
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1.3.3 Newideasabout the dieselcombustion process

Becauseéhe establishedriew of dieselcomhustionis not ableto explain a numberof recent
experimentaldata obtainedby laserdiagnostictechniquesan alternatve ‘conceptualmodel
of dieselcomhustion’ was developedby Dec[16]. This new modelis ableto reconcilethe
experimentaldataknown atthattime, but it shouldbe notedthatthe datausedin themodelare
obtainedfrom onespecifictestengineoperatedat only onetypical operationconditionwith a
special Jow-sootingfuel*. Furthermorethe modelonly givesa full descriptionof thefirst part
of the comhustion,from the startto the end of the fuel injection (i.e. just after the beginning
of the mixing controlledburn). As not suflicient dataare available aboutthe last part of the
mixing controlledburn only anestimatedictureis givenfor thatpart. Additionally, the model
presentsanaveragedescriptionof the eventsoccurringin a singlecycle in the absencef wall
interactionsandswirl; variationsin distributions,shapessizeandtime canoccurfrom cycle to
cycle.

After the startof the injection a fuel jet penetratesnto the comhustionchamber At the
side of the injector (upstream}he jet mainly containsliquid fuel whereasat the leadingend
(downstream}he hot air causeghe fuel to evaporateat the edgesof the liquid fuel jet. Thus,
aroundthe liquid fuel jet a region that containsvapourfuel develops. This region first starts
alongthe sidesof the jet around2® aSOl (after SOI). The vapourfuel region becomedarger
duringfurther penetratiorof thejet. Theliquid fuel jet will have reachedts maximumlength
whenthe hot air, penetratingnto the jet, is sufficient to vaporiseall the fuel around3° aSOI.
However, the vapourregion continueso grow anda headvortex, which is typical for a pene-
trating gasjet, developsat the leadingendof the jet. The vapourfuel/air mixturein the headis
relatively uniform with anequialenceratio varying betweer? and4. Althoughthe exacttime
andpositionof theautoignitionarenotwell known, it is expectedthatautoignitionstartsin the
headof thefuel jet shortly afterthefuel injectionbetweer2®° and3.5° aSOI.By 4.5° aSOlau-
toignition is seento have occurredthroughoutthe whole volumeof the vapourfuel/air mixture
in theleadingpartof thejet. At 5° aSOl,just afterthetime the heatreleaseaatecurve startsto
rise,fuel breaksdown dueto therising temperaturg‘cracking’) andlarge PAHs areseenuni-
formly distributedin theheadof thejet. Thisindicateshattherapidrisein theheatreleaseate
is the resultof comhustionoccurringin this fuel-rich mixture. NO cannotyet be seenduring
this fuel-rich premixedburning.

After this point, around6®° aSOl,sootformationstarts. Initially, very small sootparticles
are found in large partsof the fuel jet. Hereafter at about6.5> aSOl, sootis found in the
wholeregion of the vapourfuel jet. However, no sootis seenin aregion justafew millimetres
downstreanof theliquid fuel region. Thediffusionflameshavsup at6.5° aSOIl.lt is located
at the peripheryof the jet andformedby the productsof the fuel-rich premixed burn andthe
air aroundit. Justafter the diffusion flame hasformed the first NO is seenin a thin layer
aroundthe jet periphery Dueto the heatof the diffusionflametheliquid fuel region becomes
somavhatshorter During therestof the premixedburnthejet becomesargerandcontinuedo
penetratento the comhustionchamber The diffusion flame staysat the jet peripherywherea
thin reactionzoneexists. As a resultof the flamelarger particlesareformedat the inner side
of theflame,whereasn the centralpartof the vapourfuel region only smallparticlesareseen.
For the whole sootingregion anincreasan sootparticlesis seen,with the largestincreasan

4Theenginerunsat 1200rpm, sothat 1° crankanglecorrespond$o 139 us.
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Figure 1.5: Schematiaepresentatioof the alternatve view, thatcompriseghe new ideasabout
the dieselcomhustion processshaving a crosssectionthroughthe middle planeof a fuel jet,
typical for the first part of the mixing controlledburn. A liquid fuel jet (black) is surrounded
by a vapourfuel/air mixture (light grey). Sootparticlesarepresenthroughoutthe whole plane,
startinga few millimetres downstreamfrom the liquid fuel jet (initial sootformation)with the
largestconcentratiorandparticlesizein the headvortex indicatedin a lineargrey scaleranging
from black (minimum)to white (maximum).A fuel-rich premixedflameis expectedbetweerthe
vapourfuel/air mixture andthefirst sootparticles. The diffusion flameis locatedaroundthe jet
periphery At the inner sideof the diffusion flame sootoxidationoccurs,whereasat the air side
of the flamethermalNO productionoccurs. (From Dec [16]; reproducedvith permissionfrom
SAE papemo.970873C) 1997,Societyof Automotive Engineersjinc.)

the headvortex. In addition,the particlesin the headvortex aremuchlarger, evenlargerthan
thoseatthejet periphery NO stayspresenjust outsidethe sootingregion of thejet onthelean
sideof thediffusionflame.

After all premixedfuel hasburnedandthe comhlustionbecomesnixing controlledthe over-
all featuresof the jet changeonly little. However, the jet still continuesto penetratanto the
comhustionchamberandthe headvortex, in which the sootconcentratiorandthe sootpatrticle
sizeincreasdurther, continuego grow aswell. Sootoxidationis almostcertainlyoccurringin
thediffusionflamebecaus¢his is the only significantsourceof high concentrationsf OH rad-
icals,which areassumedo bethe mostimportantspeciedor sootoxidation[15]. Oxygen,that
alsoplaysarolein sootoxidation,is mainly presenin thediffusionflameaswell. In addition,
theformationof NO continuesaroundthejet periphery

Figurel.5shavs apicturethatis representatie for thefuel jet in thefirst partof themixing
controlledburntill theendof thefuelinjection. In blacktheliquid fuelis shavnandin light grey
therelatively uniform vapourfuel/air mixture surroundingheliquid. Startingfrom theinjector
small particlesappearsuddenlyat a small distancedownstreanfrom theliquid jet (initial soot
formation).Duringtheway down to theendof thefuel jet thesesootparticlesbecomdargerand
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their concentrationncreasesin the headvortex, wheresootparticlesaccumulatethe highest
sootconcentratiorandthe largestsootparticlesarefound. Also, larger particlesareseenat the
peripheryof thejet atthefuel rich sideof thediffusionflame. At theinnersideof thediffusion
flamesootoxidationoccurs whereasattheair sideof theflamethermalNO productionoccurs.

Althoughthedieselcomhustionprocesss describedn muchmoredetailby the alternatve
model,someuncertaintiestill exist. Oneof themainquestionss to whatextentthelow-sooting
fuel resultswill hold for real dieselfuel aswell. Besidesthis, it is unknovn how the early
formationof smallsootparticlesoccursoverthewholeregion of thejet just afterthe endof the
liquid fuel jet. For the presenbneexpectsthata fuel-rich premixedflameis presentata small
distancadownstreanfrom theliquid fuel just beforethefirst sootappeargseefigure 1.5). This
flamewould resultfrom therelatively uniform, fuel-rich comhustiblemixtureatanequvalence
ratio of 2-4thatis formeddownstreantheliquid fuel whenthelastliquid is vaporisedy thehot
air in which it penetratesSucha flamewould be perfectfor the initial formationof smallsoot
particles,sinceit containsalot of fuel andit is sufficiently hot for sootformation. This theory
is supportedy thefactthatthe concentratiorandsizeof thesootparticlesincreaseowardsthe
endof thespray

Otheruncertaintiesxist aboutthe later part of the comhustion, after the time periodthis
modelis devisedfor. In addition, sincethis descriptionis derived from dataobtainedat one
enginecondition, it is not known what the influenceof the engineconditionson the reacting
fuel jet is. Therefore more experimentsarerequiredto investigatethe effect of otherengine
conditionsonthecomhustionprocesslt is alsonecessaryo obtaininformationon thecomhus-
tion processn anenginerunningon a commercialdieselfuel, thatproducesnuchmoresoot,
insteadof a speciallow-sootingfuel. Furthermorethe effectsof wall interactionsand swirl
shouldbeincludedin themodel.

1.3.4 The establishedview comparedto the newideas

By comparingthe establishediiew of the dieselcomhustionprocesdo the new ideaslarge dif-
ferenceswith respecto the descriptionof premixed andmixing controlledcomhustionphases
arefound. The maindifferencesoncernthe featuresof the comlustionprocesgselatedto the
autoignition,theliquid fuel phasethe premixedburn, the natureof the diffusionflameandthe
sootformation.In summarythesedifferencesaregivenin tablel.1.

phenomenon establishediew new ideas
autoignition local global

liquid fuel jet & droplets only jet
premixedflame dx1 dr~2-4
diffusionflame ‘fresh’ fuel decomposedlel
sootformation jet periphery wholejet volume

Table 1.1: The established/iew of the dieselcomhustion processcomparedo the nev ideas
abouttheprocess.
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In the generallyaccepteddescriptionof the dieselcomhustion processtheseaspectsare
thoughtto occurin the way as summarisedelon. First, autoignitionoccursonly at a few
positionsin the mixturethatarealmoststoichiometricmainly atthe peripheryof thejet. These
positionscorrespondo the positionswherethefirst sootis formedandthereforethefirst flame
emissionis seen.SecondJiquid fuel emanate$rom the injector andfuel dropletsare present
near(sheath-typepr within (dropletflame)the comhustionzone. Third, the initial premixed
burn occurstowardsthe edgeof the sprayin regionswherethe mixtureis nearlystoichiometric.
Fourth, the diffusion comhustion proceedsas a more or lessclassicalliquid (non-premixed)-
fuel/air diffusionflameatthe jet periphery Fifth, sootformationoccursmainly at thefuel-rich
sideof thediffusionflamein a sortof shellaroundthejet periphery

According to the new ideasaboutthe dieselcomhustion processtheseaspectsare to be
describeddifferently First, autoignitionoccursthroughoutthe whole volume of the vapour
fuel/air mixture beforethe first sootis seen.Secondthe liquid fuel coreis shortandno fuel
dropletsare presentbutsidethe liquid fuel jet, sothatthe fuel presentin the comhustionzone
is in thevapourphaseonly. Third, duringthe premixedburn comhustionoccursunderfuel-rich
conditionsatequialenceatiosrangingfrom 2 to 4. Fourth,alsobeforethediffusionburningall
fuel first undegoesrich premixed comhustion. The diffusionflame,finally, occursbetweerthe
productsof thefuel-rich premixedcomhustionandair atthe peripheryof thejet. Fifth, thefuel-
rich premixed comhustioninitiatesthe early formationof small sootparticlesjust dovnstream
thevapourfuel/airregion. Thereafterin the mixing controlledphasesootparticlesarepresent
throughouthewholefuel jet, increasingn sizeandconcentratioriowardsthe endof thejet.

The conceptuaimodel of the dieselcomhustion processalso includesexperimentaldata
aboutthe formationof sootandNO, in contrasto the establishedlescription.Sootformation
would startafteran expected but not proven, fuel-rich premixed flamejust downstreamof the
liquid fuel jet, in the productsof therich comhustion. Thensootformationandparticlegrowth
continuewhile the sootmovesdown the jet to the headvortex and/orto the diffusion flame.
Hereaftersootoxidationoccursin thediffusionflame.

Nitric oxideformationis foundnotto occurduringpremixedcomlustion,includingtheini-
tial premixedburning phasgust afterautoignitionandthe expectedlyfuel-rich premixedflame
atasmalldistancedownstreanof theliquid fuel duringthemixing controlledburn[17]. Thisis
explainedby thefactthatin the premixed burn little oxygenis presentandthe adiabaticflame
temperaturearebelow thoserequiredfor thermalNO production.In addition,theequvalence
ratio in theregion of the premixedburnis in betweer? and4, which s too high for significant
NO production(only little NO is formedat equivalenceratiosabove 1.8 [22]). However, it is
possiblethatHCN is producedandthatthis ‘fix ed nitrogen’will be corvertedto NO at a later
time in the diffusion flame. Formationof NO is seenat the lean side of the diffusion flame
aroundthe jet peripherywheretemperatureare high and oxygenis presentwhich areideal
conditionsfor thermalNO production. The factthatNO during this part of the comhustionis
seeratthediffusionflameshould,however, notbetakenasanindicationthatmostof theNO is
producedonly whenthediffusionflameis presentThermalNO productionis arelatively slow
processaandmight possiblycontinuein thelater partof the comhustionin the hot postcomtus-
tion gasesftertheendof theactualcomtustion.In addition,NO canbeformedin thediffusion
flameby the corversionof fixed nitrogenresultingfrom the fuel-rich premixed comlustion.
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1.4 Formation of nitric oxide

Nitrogenoxides,NOy, thatareformedduring the comhustionof fossil fuel in air, are mainly
NO (nitric oxide), NO» (nitric dioxide) andN2O (nitrousoxide). During dieselcomlustionat
high pressuresndtemperaturealmostall NOy is in theform of NO. Much of theNO» present
in the emissionof enginegesultsfrom oxidationof NO atatmospheripressurevia [23]

2NO + 0; — 2NO,. (1.1)

In the comhustionof fuelsthat containno (or only little) nitrogenthe NO is formedfrom
moleculamitrogenin theair. Many complex reactionpathsplay arole in theformation(andde-
struction)of nitrogenoxidesduringthe comhustionprocess An exampleof a detailedreaction
mechanisncomprising51 speciesandover 200 reactionss that of Miller andBowman[22].
Threeimportantchemicalpathwaysfor NO formationcanbe identified,thataredistinguished
by the reactioninvolvedin the breakingof the N> bond (the rate determiningstepin the NO

Reactionlmechanism) Rateconstan{cn?/mol s) (T in K) Ref.
ThermalNO

O+ Ny, - NO+N ki = 7.6 x 1013 exp(—3800Q'T) [2]
NO+ N — O+ Ny ky = 1.6 x 10'3 [2]
N+ O, - NO+O ky =6.4x 10°T exp(—3150/T) [2]
NO+O — N+ O k; =15x 10°T exp(—1950Q'T) [2]
N+ OH — NO+H ky =4.1x 103 [2]
NO+H — N+ OH ks = 2.0 x 10" exp(—2365Q'T) [2]
PromptNO"

CH+ N, - HCN+N ky = 4.3 x 1012exp(—1106Q'T) [24]
NO via NoO

N2 + O+ M — N2O+ M ki =1 x 10" exp(—9100/T)* [26]
NoO+M — Ny + O+ M ks = 8 x 10" exp(—2985Q'T) [26]
N,O + O — 2NO ke =1 x 10" exp(—1420QT) [26]
Formation/destructionf NO,

NO + HO, — NO, + OH ki =2.1x 102exp(—241/T) [22]
NO, + O — NO + O, kg = 1.0 x 103 exp(+300/T) [22]
NO, + H — NO + OH kg = 3.5 x 103 exp(+755/T) [22]

T Only thereactionthatsplitsthetriple nitrogenbondis given.
* Dimension:cm®/molP s.

Table 1.2: Rateconstant®f reactiongmportantfor the NO andNO, formationanddestruction.
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1.4 Formationof nitric oxide

formation)[22,24,25]. Thesearethe mechanismsf i) thermalNO, ii) promptNO andiii) NO

generatediia NoO. Theamountof NO formedthrougheachof thesemechanismslependsn

thetemperaturepressureandequivalenceratio of the flame. PromptNO or its precursorgan
only beformedin theflamefront, whereaghermalNO andNO via N,O canbe formedin both

theflamefront andthe post-flamegases|f, in addition,the fuel containsa significantamount
of nitrogen(e.g. coal) NO canbe formedalsofrom this fuel-boundnitrogen[22,24]. Eachof

thesefour mechanismsvill be shortlydiscussedbelon. Additionally, the conversionof NO to

NO> in the comhlustionchamberimportantfor light load dieselenginesasusedin the present
work) is described.

1.4.1 Thermal NO (Zeldovich NO)

In mary comhustion processeshe oxidation of atmospherianolecularnitrogen(N») by the

‘thermal’ mechanismis an importantsourceof NOy emissions. The formation pathway of

thermalNO is often called the Zeldovich mechanismafter Y.B. Zeldovich, who postulated
the mechanism.Thethreeelementaryeactionghatcomprisethe formationof thermalNO in

comhustionof nearstoichiometricduel-air mixturesare[2,22,24]

O+Nz = NO+N (1.2)
N+O, = NO+O (1.3)
N+OH = NO+H. (1.4)

Theforward andbackwvard reactionrateconstantsk* andk~, respectiely, for thesereactions
aregivenin table 1.2. Reactionl.2 hasa high activationenegy dueto the strongtriple bond
in theN2 molecule andbecausef thisit is theratelimiting stepin thethermalNO formation.
It is sufficiently fastonly at high temperaturegthatis why this way to form NO is calledthe
thermalNO mechanism).

From reactions1.2 to 1.4 the rate of NO formation can be derived. Assumingquasi-
equilibriumfor reactionsl.3and1.4,andassuminghermaldecompositiorof molecularoxygen
to bethemainsourceof O-atomstheinitial NO formationratefollows as[2]

d[NQ]

5 - kx(T) [02]8 [N2]e

mol
cm3s’

in which [X]. denotesthe equilibrium concentratiorof the speciesX in molem2 and
ky(T) = 6 x 1016 T—3 exp(—6909Q'T) (T in Kelvin).

For thermalNO formationin a dieselenginethe critical periodis whenthe temperatures
of the burnedgasesare at a maximum. That part of the mixture which burns early in the
comhustion(beforeTDC) is especiallymportantsinceit is compressetb ahighertemperature,
increasingheNO formationrateascomhustionproceedsindcylinder pressuréncreasesAfter
the peakpressurehetemperaturef the burnedgasdecreasedueto expansionof the cylinder
volumeanddueto mixing with coolergasestesultingin decreasinghermalNO formationrate.
TheNO formationrateis the highestat stoichiometricconditions.

Usingequationl.5theinitial NO formationratein the two-stroke enginecanbe estimated,
using equilibrium concentrationgN»]. and[O2]. basedon the amountof N, and O, in the
unkurnedair. Figure 1.6ashaws the initial NO formationratesas a function of crankangle

(1.5)
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Figure 1.6: a) Calculatednitial NO formationratein thetwo-strole engineusingequationl.5for
boththemeangastemperaturé®) andthesoottemperatur¢ém) usingequilibriumconcentrations
[N2]e and[O:]e. b) NO contentfor boththe meangastemperaturg®) andthe soottemperature
(m) calculatedrom theinitial formationratetakinginto accounthe reactionvolumeandtime.

for two temperarureghe meangas(®) andthe soottemperaturém). Thesetemperaturesyill
be discussedurther in chapter2; seefigure 2.4d. The total amountof NO that is formed
during the comhustiontill a specificcrankanglecanbe calculatedby taking into accountthe
time and volume available for the NO formationreactionsandis givenin figure 1.6 The
time is determinedy the startof the comhustion(~ 15° bTDC) andthe enginespeed 20 Hz;
139 usecperdeggreecrankangle),whereaghe volumeis determinedoy the volumeinvolved
in the NO formation. For the meangastemperaturehis is the total volume. However, for the
soottemperaturehis is a smallerpart which is not really known. A volume of 10% of the
total volumeat every crankangleis assumedn figure 1.6h The NO contentcurvesshaw that
thermalNO is rapidly formedduringthe earlycomhustiondueto the high temperatur@andthat
afterabout15® aTDCthe NO formationis negligible.

For the meangastemperaturet is found thatthe amountof NO presentin the cylinder at
the momentthe exhaustopens(105° aTDC)is only 0.1 ppbwhereador the soottemperature
it is 40 ppm. Clearly, the meangastemperaturés way too low to causeary significantcontri-
bution to the NOy emissionsbut the hot regionsin theactualflamezonecanbe expectedo be
responsibldor atleastpartof thetotal NO formed. It must,of course be keptin mind thatthe
contributiononwhichfigure 1.6is basedcanonly give anorderof magnitudesstimate.
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1.4 Formationof nitric oxide

1.4.2 Prompt NO (Fenimore NO)

In comlustion of hydrocarbonfuels, especiallyunder fuel-rich conditions, the prompt NO
mechanisnmcan be important. This rapidly formed NO is called promptNO as this way of
NO formationoccursmainlyin regionsneartheflamezone.Themechanisnof promptNO for-
mationwaspostulatedy C.P Fenimorg hencethealternatve nameFenimoreNO) andis more
complicatedhanthethermalNO mechanismPromptNO formationin hydrocarborflamesis
initiated by the rapid reactionof hydrocarborradicalswith N2 resultingin aminesor cyano-
compoundghat reactfurtherto form NO [22,24]. Althoughit is not fully understoodvhich
hydrocarbons responsibldor promptNO, it is expectedthat CH is a major contributor. Since
CH is presenbnly atthe flamefront[22], this would imply thatalsothe promptNO formation
is confinedto the flame front, in contrastwith the thermalNO. CH reactswith N2 forming
metastabl€dHCN,)* which subsequentlyormshydrog/anicacid (HCN) andN-atoms,

CH+ Ny — (HCNy)* — HCN + N, (1.6)

with aneffective rateconstant; thatis givenin table1.2. BoththeN-atomandthe CN-radical,
formedby thermaldecompositiorof HCN, reactwith O-atomsandOH-radicalgo form NO via
severalcomple pathways[22].

Fuel-rich conditionsfavour promptNO formation becauseCyHo, a precursorof the CH-
radical,is abundantlypresentput only little promptNO is formedat equivalenceratiosabove
1.8[22]. Therate-limitingstepin promptNO formationis theformationof HCN. However, the
activation enegy of this reactionis muchlower (about92 kJ/mol) thanthe activation enegy
(319 kJ/mol) of the reactionsproducingthermalNO. Therefore,in contrastto thermalNO,
promptNO is alsoformedatrelatively low temperature@down to aboutl000K). For thediesel
enginepromptNO formationshouldoccurduringthe premixed burn, which is fuel-rich, or in
the flamefront of the diffusionflame. It is alsopossiblethat during the premixed comhustion
only HCN is formedthatwill be corvertedto NO atalatertime in the comhustion.

1.4.3 NO generatedvia nitr ousoxide

Formationof NO via N>O (nitrousoxide) startswith a reactionanalogougo thefirst reaction
of the thermalNO mechanismin which an O-atomreactswith molecularnitrogen. However,

aswasfirst postulatedoy Wolfrum [26], the productof this reactionmay be N2O if a third

moleculeM is presento stabilisethe collision comple,

N2+ O+ M = N,O + M. (1.7)

Therateconstantdor theforwardandbackward reactionsk5+ andkg respectiely, aregivenin
tablel1.2. This reactionhasa low activationenegy (76 kJ/mol) andbecomesnoreimportant
at higherpressurebecausat is a three-bodyreaction. Subsequentijthe NoO may reactwith
O-atomgto form NO,

N2O + O — 2NO, (1.8)
with a rateconstank6+ alsogivenin table1.2. The NO formationratecanbe written as[26]

d[NO]

—5 = kalOIIN2]. (L9)
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whereky is an effective rate constantthat increasesat higher pressuresndthat, at tempera-
turesbelov 1700K, is largerthanthe rateconstanthatdetermineghe thermalNO formation
[26] (at highertemperaturest approacheshe thermalformationrate). Becausereactionl1.7
hasa smallertemperaturedependencéhan reactionl1.2 from the Zeldovich mechanismthe
N2>O mechanisnbecomes significantcontributeratlow temperaturesyherethe formationof
thermalNO is suppressedndunderleanconditions wherethe formationof CH is suppressed
leadingto lesspromptNO. Therefore,undercircumstance®f lean premixed comhustion at
high pressureandlow temperaturdO generatediia N2O is animportantpathway.

1.4.4 NO production from fuel nitr ogen

Thenitrogenchemicallyboundin thefuel (fuel-boundnitrogen)is anothersourcen theforma-
tion of NO by comhustionof fossilfuels. It is mostimportantin coalcomhustion,becauseoal
containsabout0.5-2.0mass-%922] chemicallyboundnitrogen,whereadiquid fuel typically
contains0.07 mass-%2]. During comlustionthe fuel nitrogen,that canexist asaminesand
ring compoundge.g. pyridine), is corverted,usuallyquitefast,to precursor®f NO. The most
importantnitrogen-containingpeciesare ammonia(NH3) and hydrog/anic acid (HCN), the
latteris alsobeingformedin the promptNO mechanism.Thesecompoundoxidise, usually
rapidly, to NO via severalcomple reactionpathways[22].

Thecorversionof fuel nitrogento NO is stronglydependenbntheinitial amountf nitrogen
in thefuel/airmixtureandonthestoichiometryof themixture. Relatvely high corversionratios
arefoundfor leanandstoichiometricmixtureswhereaghe corversionratiosarelower for rich
mixtures.They areonly weaklydependenbntemperaturein contrasto thestrongtemperature
dependencef thermalNO. Although dieselfuel cancontainsomenitrogen,this fuel-bound
nitrogenwill notcontribute significantlyto thetotalamountof NO thatis formed[2].

1.4.5 Formation of NO,

At typical flametemperatureshe NO2/NO ratios shouldbe small consideringchemicalequi-
librium, but in dieselenginegthe ratio canbe higher This NO, is assumedo resultfrom the
reactionof NO with HO» [2,22],

NO + HO, — NO, + OH. (1.10)

SignificantHO, concentrationarefoundin thelower-temperatureegionsof theflameandcan
reactwith NO thatis transportedoy diffusion from the high temperatureegionsto the low
temperatureegions.NO, corversionbackto NO mayoccurvia

NO,+0 — NO+O, (1.11)
NO; +H — NO -+ OH. (1.12)

Therate constantof thesereactionsarealsogivenin table1.2. Thereactionsgemoving NO2
arefastand NO; will corvert backrapidly to NO if high radical concentrationsre present.
However, if the NO, formedin the flameis mixed with coldergasestheselast reactionswill
nottake placedueto a decreasén theradicalconcentrationsThis is thereasorwhy relatively
high NO2/NO ratiosarefoundin light loaddieselenginesvherecoolerregions,thatinhibit the
conversionbackto NO, aremoreabundant27].
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1.5 Formationandoxidationof soot

1.5 Formation and oxidation of soot

Theformationof sootduringcomhustionis theresultof anincompletecomhustionof thehydro-
carbonsn thefuel, which occursunderconditionsof local oxygendeficieng. It is anextremely
complicatedorocessn which asortof gaseous-solighasdransitiontakesplacewherethefinal
solid phase(i.e. the soot) exhibits no uniquechemicalor physicalstructure[28]. Sootforma-
tion compriseschemicallyandphysicallydifferentprocessesik e the formationandgrowth of
large aromatichydrocarbonsndtheir transitionto so-calledprimary particles the coagulation
of thesesmall speciesnto larger particles,andthe growth of solid particlesdueto attachment
of gas-phasspeciedo the surface. Most of the informationaboutsootformationis obtained
from measurements simplepremixedflames,shocktubesandcomhustionbombs.Although
amodelthatgivesa generaldescriptionof the sootformationprocessn all differentcomhus-
tion ervironmentsis not yet available,somemodelsexist for specificaspectsand comhustion
processef?,24,28,29]. Below, only ashortovervien of onepossiblesootformationprocesss
given,andsomeaspectsimportantfor the specificcaseof dieselcomhustion,aresummarised.

In diesel enginessoot particles are expectedto form during a few millisecondsfrom
fuel hydrocarbonsn the temperaturgangeof 1300-2800K andat pressuredetweens0 and
100bars[2]. Sincethesetemperatureareabove thoseof thein-cylinderair beforecomtustion,
heatfrom the comlustionis requiredto initiate the sootformation process. This multi-step
processprobablystartswith the hydrocarbonsn the fuel breakingup into small hydrocarbon
radicals.Theseradicalsform smallhydrocarbonsvhich reactto largerones,of whichthepoly-
cyclic aromatichydrocarbongPAHS) are animportantgroup, asthey arethe mostimportant
precursor®f soot. An importantchannein theformationof PAHs startswith theformationof
acetyleneCoH», from hydrocarborradicals. The CoH» reactswith CH or CH, to C3Hg, pairs
of which canform thefirst ring, benzeneCgHg. Subsequentlythe moleculegrows by further
reactionswith CoH to a large PAH. Coagulationof larger PAH moleculesnitiatesgrowth in
the third dimension,andthe first very small particlesare formed, often called nuclei, with a
diameterof about2 nm. Thisway alargenumberof very smallparticles thatarethe precursors
of thelaterformedsoot,maybe produced.

Thebulk of the sootis formedasa resultof particlegrowth which, duringthe early stages,
occursdueto bothcoagulationwhereparticlescollide andcoalesceandsurfacegrowth, which
occursby gasphasespeciesattachingto the surface. Surfacegrowth reactiondeadto anin-
creasein the sootvolume fraction but doesnot changethe numberof particles,whereasby
coagulationthe numberof particlesdecreaseandthe sootvolumefraction remainsconstant.
If theindividual particlesarestill smallbothprocessewill resultin particlesof approximately
sphericalshape. Theseprocesse®f particle growth resultin primary soot particles, called
spherulesgontainingsomel®® carbonatomsataH/C ratio of about0.1 andatypical diameter
between20 and30 nm. If surfacegrowth hasstoppedgoagulationof spherulesontinuesand
asmary asafew thousandf thesespherulesnay agglomeraténto clustersor chainsforming
sootparticleswith atypical diametebetweenl00and150nm [2].

Besidessootformation,duringall phase®f the formationprocessootoxidationoccursas
well. Sootparticlesor sootprecursorsaredestryed dueto oxidationby speciesasO,, O or
OH in or nearthe flame. A large fraction of the sootformedis oxidisedwithin the cylinder
beforethe exhaustopens. The final emissionof sootfrom the enginedependspf course,on
bothformationandoxidationrates.
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Chapter 2

Laser-baseddiagnosticsin a dieselengine

Abstract

The optically accessibléwo-strole dieselengine,which the experimentsare performedon, is
decribed,aswell asits characteristicandthe optical setups. The optical techniquesusedto
studythe NO formationinsidethe cylinder of the engineare explained,including a discussion
aboutthe effectsof RotationalEnegy Transfer(RET) on the obtainedNO LaserinducedFlu-
orescencéLIF) signals.To derive atemperaturef the glowing sootparticlesthe spontaneous
flameemissionis used.In addition,two dimensionalmagesof theflameemissionshawving the
flamedevelopmentduring the stroke, arepresentedThe chapterendswith a discussiorabout
the NO spectroscopin the dieselengine. Excitation/emissiorspectrarecordedrom a flame
andfrom therunningenginearegiven. They shav theinterferenceof NO andO5 fluorescence
and canbe usedto selectwavelengthssuitablefor the excitation and detectionof NO inside
thecomhustionchamberFinally, examplesof dispersedluorescencspectraecordedrom the
runningengineareshown.
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2 Laserbasedliagnosticsn adieselengine

2.1 Intr oduction

Powerful lasersn combinationwith fastintensifieddetectionsystemsarewidely usedto study
thephysicalandchemicalprocessesccurringduringcomhustion.Laserbasedpticaldiagnos-
tics canbe highly selectve, sensitve and non-intrusve. They allow spatiallyandtemporally
resohed detectionof specificchemicalspeciesand quantumstates(a requiremenfor the de-
terminationof a temperatureyvithin comple, reactve, turbulent ervironments[30-33]. The
resultsof thesespectroscopitcechnigueggive information aboutthe distributions of various
importantparametersuchasgascompositiontemperatur@anddensity

For the specificcaseof dieselcomhustion,laserbaseddiagnosticsallow to obtaininforma-
tion about(almost)all aspect®f the comhustionprocessfrom autoignitionto pollutantforma-
tion. By combiningresultsobtainedsimultaneouslysingseveraldifferenttechniquestelations
canbe establishedbetweendifferentfeaturesof the comhustion. During the lastdecadelaser
basedopticaldiagnostichave beenappliedby severalresearclgroupsto obtainsuchinforma-
tion undermoreor lessrealisticcomhustionconditionsandin a variety of optically accessible
engines(both dieseland spark-ignition(SI) engines)[7—18,34-54]. The major experimental
problemin usinglaserdiagnosticsan optically accessibleenginess the sootthat reducesop-
tical transpareng dueto bothwindow fouling andattenuatiorof the laserintensitywithin the
comhustionchamberThereforejn almostall experimentsa substituteor low-sootingfuel was
usedto reducethe sootformationand,therefore to increasehe opticaltransparengc Further
more,in someexperimentextra oxygenwasaddedo theintake air, which canreducethe soot
productiondrastically but at the sametime increaseshe NO production.It shouldalsobe no-
ticedthatin mostof the experimentsthe optically accessiblenginewasoperatedn skip-fired
mode(i.e. firing only every n" cycle) in orderto reducethe temperaturef the cylinder. The
mostcommonlyusedlasertechniquesare LaserinducedFluorescencéLIF), Laserinduced
Scattering LIS) (i.e. Rayleigh/Miescattering)LaserInducedincandescencg.ll), andRaman
scattering.Detectionof the chemiluminescencandthe naturalflame emission(including the
two colourmethod)shouldbementionedaswell, since althoughthey arenotlaserbasedthese
techniquesare often usedto obtainadditionalinformationnecessaryo characteris¢he com-
bustionprocess.

Below, the differenttechniquesandtheir specificapplicationsare mentionedshortly and
somereferenceso literaturearegiven. As the objective of thiswork is the visualisationof NO
densitiesusingthe LIF techniguesomemoreattentionwill be givento this specificcase.

Among the manifold of opticaltechniqueghe LIF techniquehasthe sensitvity to provide
temporallyand spatiallyresohed informationaboutspecificmoleculespresentin comhustion
processes.The LIF techniqueis a two-stepprocessinvolving electronicexcitation by laser
radiationfollowed by detectionof the ensuingfluorescence.lt is widely usedto obtainin-
cylinder NO densitydistributionsfrom optically accessiblengineqd17,34-41].

Andresenet al. [35] shavedthatit is possibleto detectNO moleculesinside an optically
accessiblengineby the LIF techniqueusinganexcitationwavelengthof 193nm to excite the
NO moleculeslik eit wasdonein atmospheri¢lamesbefore.Dispersediuorescencspectraof
NO werepresentedaswell asNO fluorescenceéistributionsrecordedrom a Sl enginerunning
oniso-heptan¢CgH1g). However, NO fluorescenceould only be seenaroundBDC (1 bar)as
athigherpressuresheintensityof thelaserbeamwastoo muchattenuated.

NO fluorescencalistributions at higher pressureg5 and 10 bars), averagedover 30 en-
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gine cyclesandalsorecordedusing 193 nm excitation, were presentedy Arnold et al. [36].
Thedistributionswere obtainedfrom a transparenDl passengecar dieselengine runningon
n-heptaneto keepthe engineoptically transparent.lt was mentionedthat for a quantitatve
analysisof thefluorescencsignalthe effectsof pressureshouldbetakeninto account.

Alatasetal. [37] succeedeth measuringNO fluorescencelistributionsthroughoutalmost
thewholeenginecycle using226 nm excitationof NO. However, a 50/50mixture of iso-octane
andn-tetradecanwasusedasfuel andtheDI dieselengine with a squarecomhustionchambey
wasaresearctenginerunningin skip-firedmodein orderto reducesootproduction.In addition,
oxygen-enrichethtake air (30%)hadto beusedto increasehe NO concentratiomndto reduce
thesootconcentratiorvenmore. Althoughthe startof the NO formationcouldnot beresohed
andtheresultswerenotprocessefbr changingpressuretemperatur@andlaserintensityduring
thestroke it wasconcludedhatNO formationstartsearly duringthe comhustionandstopsnot
laterthan40 degreescrankangle. Furthermorejt wasconcludedhatthe greatesproblemin
acquiringthe NO imagess the attenuatiorof thelaserradiation.

The LIF imagingtechniqueusing193 nm laserradiationto excite the NO moleculeswas
appliedfor thefirst time to an optically accessibldDI dieselenginerunningon commercial
dieselfuel by Brugmanet al. [34,38]. To keepthe enginetransparentpxygenwasaddedto
the intake air (20%), and a specialUV transparentchemicallyinert lubricantwasused. NO
fluorescencémages averagedover 50 enginecycles,andexcitation spectraup to pressure®f
about5 barsasa function of load and crank anglewere reported. NO fluorescencemages
couldnot be obtainedat higherpressuresi.e. smallercrankangles)ecaus¢he windows were
blocked by the piston. Additionally, curvesof the total amountof NO in the engine,obtained
by integratingthe signalof the images,werepresentedBoth the fluorescencémagesandthe
NO curveswereprocessedor thechangdn laserintensity In orderto obtainsemi-quantitatie
informationaboutthe amountof NO presentin the cylinder effects of the changingpressure
andtemperatur@luringthe stroke werealsotakeninto account.

Nakagava et al. [39] appliedthe LIF techniqueto a singlejet DI dieselenginerunningon
a mixed fuel (50/50iso-octanei-tetradecan@and 40/60 ethylalcoholh-dodecanemixtures)in
skip-firedmode. Reportedwere NO fluorescencemages,averagedover five lasershotsand
using226 nm excitation,thatshovedthelocationof NO relative to thereactingfuel jet, but the
startandend of the NO formation could not be determined.However, to obtaintheseresults
significantoxygenenrichmeniof the intake air (between21 and 35%)wasrequiredto reduce
the sootproductionandenhancehe NO signal. The resultswerenot processedor changing
pressuretemperatur@ndmixing. Moreover, no spectroscopievidencewaspresentedor the
absencef O, fluorescencén theimages.

Themostrecentpaperby DecandCanaar{17] presentedemporallyandspatiallyresohed
NO distributionsfrom a DI dieselenginerecordedby single-shotLIF imagingin which NO
moleculeswere excited at 226 nm. Here, a low-sootingfuel was usedand the enginewas
operatedaskip-fired. Additionally, a curve of thetotalamountof NO in thecomlustionchamber
wasgiven,obtainedoy integratingtheNO fluorescencsignaloverarepresentatie sectorof the
comhustionchamber In orderto determinethe total in-cylinder NO contentthe fluorescence
signalwas correctedfor the effects of the changingpressurefemperatureand mixing during
the stroke. However, no correctionswere madefor the attenuationof the laserintensity or
inducedfluorescenc®n its way throughthe comhustionchamberasthe authorsclaim that it
canbe neglected. The resultsshoved that NO formation doesnot startduring the premixed
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burn (whichis fuel-rich), but beginsaroundthe peripheryof the fuel jet just afterthe diffusion
flameforms. During the burn-outphaseNO remainsalongthe track of the fuel jet andthe NO
formationcontinuesn the hot post-comhistiongasesafterthe diffusionflamehasgoneout.

BesidesNO distributionsOH radicaldistributionsin dieselcomlustionareobtainedusing
the LIF techniqueaswell [15,35,36,39,43]. Thesedistributionsgive informationaboutthe
locationof the diffusionflame. During dieselcomhustionthe OH radicalsare mainly present
in a narrav region at the flame front (the reactionzone) becausehree body recombination
reactionghatreducethe high flamefront OH concentrationso equilibriumlevelsoccurrapidly
atdieselenginepressureslt wasfoundthatthe diffusionflameis locatedaroundthe periphery
of thejet[15].

Detectionof the naturalflameluminosity, LIS andLlIl, arecommonlyusedtechniquegor
the visualisationof sootin dieselflames[7,11,12,14,43-46]. The naturalflameluminosityis
generallyacceptedo arisefrom glowing sootparticles(exceptperhapsduring the very early
stageof comhustion; seee.g. [13]). Its spatialdistribution and (spectral)intensity therefore
provide an experimentallystraightforvard, albeit not necessarilyeasily interpretable way of
learningsomethingaboutthe sootproduction. The LIS techniquedetectsthe radiationof the
laserbeamthatis elasticallyscatteredy the sootparticles(and,in fact, by ary otherkind of
particlesaswell). The principle of the LIl techniqueis basedon the detectionof the radia-
tion emittedby soot particlesthat are rapidly heatedby the absorptionof laserlight from a
high-paver laser Thesetechniquegor combinationsof them) provide informationaboutthe
distribution of soot particlesand of variousaspectsf sootincluding particle sizes,number
densitiesandsootvolumefractionsduringthewhole comhustionprocess.

In addition, laserinducedRayleigh scatteringallows the investigationof the liquid and
vapourphasesf the dieseljet. It canbe usedto obtainthe structureof the liquid dieselfuel
spray aswell asto obtainquantitatve distributionsof thefuel vapourconcentratiorduringthe
dieselcomlustionprocesd8, 9,47,48]. Thefuel/air ratio at a singlepointin the sprayregion
of an evaporatingdieselsprayis also determinedby the use of instantaneousnulti-species
Ramanscattering49]. This techniqueusesanimagingspectrometeto detectsimultaneously
the relative intensitiesof Ramanscatteredsignalsfrom a (substitute)fuel molecule(C1sHs32)
andnitrogen(N>).

The two colour method,which is not laserbased,canbe usedto determinesootconcen-
trationsand temperature$33,50-54]. In this methodthe thermalradiationat two different
wavelengthdgs detectecandtheflametemperatur®r sootconcentrations determinedrom the
ratio of their intensities.Anothertechniquethatis not laserbasedout needsanintensifiedfast
detectionsystemis the detectionof the chemiluminescencehich providesinformationabout
the autoignition. Here, the early, relatively weaknaturallight emittedby moleculegOH, C,,
CH) thatareexcitedby exothermicchemicakeactionghatarespecificfor theinitial comhustion
is detected13,18].
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2.2 Experimentabetup

2.2 Experimental setup

2.2.1 Theengine

Measurementwereperformedonaone-glinder, two-stroke, directinjection(DI) dieselengine
(Sachs).The enginewas modified quite considerablyasdescribedoelow, in orderto provide
full optical accesduring the whole cycle. As aresult,it may not be very representatie for
typical productionenginesbut it is well suitedfor the evaluationof laserdiagnosticspne of
theaimsof the presentvork. The modifiedengineis schematicallyshavn in figure 2.1 andits
specificationgregivenin table2.1.

Optical accesdo the comhustion chamberis obtainedby replacingthe original cylinder
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Figure 2.1: Schematicaview of the modifiedtwo-strole dieselengineandtheopticalsetup.The
engineis optically accessibléy the two windows in the sidewall (sidewindows, W1 andW2)
andthe window in the top of the cylinder head(top window, W3). a) Top view of the engine
shawving the top window, the pistonandthe locationof the injector The spraydirectionsof the
threespraysareindicated(arrons 1-3). Also shavn is animageof the naturalflameemission.b)
Sideview of thetwo-strole engineshaving the positionof theinjectoratanangleof 35 degrees
with respecto the pistonsurfaceandthe directionsof thethreesprays.c) The ArF excimerlaser
beamentersthe comhustionchamberthroughthe top window (W3) or traverseshe comhustion
chambetthroughthe sidewindows (W1 andW?2). Theinducedfluorescencés detectedhrough
thetopwindow by agated,ntensifiedCCD camerapositionedbehindeitherafilter (for imaging)
or a monochromato(for dispersediuorescence)Natural flame emissionimagesare recorded
throughthetop window usingthe CCD cameran kineticsmodeandwithout afilter.

27



2 Laserbasedliagnosticsn adieselengine

EngineMake Sachs

EngineType Two-stroke, One-glinder, DI diesel
Bore 81.5mm

Stroke (effective) 80 mm (55 mm)
Cylindercapacity(effective) 412cc(308cc)

Fuelinjection direct,3 holeinjector
Exhaustportopening 105 aTDC

Intake portopening 121° aTDC

Table 2.1: Specification®f the modifiedengine.

headby a new watercooledcylinder headin which quartzwindows aremounted. The quartz
usedis Suprasill, of which a pieceof 25 mm thicknesshasan internaltransmissiorof about
75%for 193 nm radiation.Because two-strole enginehasno in- andoutletvalvesa window
(diameter25 mm; thickness35 mm) could be mountedcentrallyin thetop of thecylinder head
(topwindow; W3 in figure 2.1). Throughthis cylindrical top window the central25 mm of the
comhustionchambercanbe seen.Thetop window could bereplacedoy a pressurdransducer
(AVL QC32)for time-resoledin-cylindertotal pressuregneasurementdwo otherwindowsare
rectangulafclearaperture25 x 10 mm?; thickness25 mm) andaremountedin the sidewall
of thecylinder head(sidewindows; W1 andW?2 in figure 2.1). Thesesidewindows areplaced
diametricallyin sucha way that a laserbeamcan enterthe comtustionchamberthroughone
of themandleave it throughthe otherone. Becauseof the high pressureandtemperaturehat
arereachedduring the comhustionthe mountingof the windows hascausedsomeproblems.
Windows broke as a resultof high local stressand sealswere burnedaway. However, after
severaltrials theseproblemsweresolved. The openingholefor thetop window in the cylinder
headhasa diameterof 25 mm, whereaghetop window itself hasa diameterof 35 mm, which
givesthe possibility to usea sealof 5 mm width betweenthe window andthe cylinder head.
Becausehis broadsealreduceghe surfacestressarelatively hardannealeaopperseal,which

chamfered corner

Figure 2.2: Mounting of the sidewindows.
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is notburnedaway (lik e polymerseals)js used.Thedesignof themountingof thesidewindows
is shavn in figure 2.2. To strengtherthe side windows the cornersare chamferedand flame
polished.They arepacledin brassandmountedin separatéolders,which aremountedn the
cylinderhead.This constructiorprovidesthe possibility to take out the sidewindows easilyfor
cleaning. The sealingshetweenthe windows andthe holder and betweenthe holderandthe
headaremadeof rulon. Becauseahe temperaturat the positionof the sidewindows is not as
high asit is atthe positionof thetop window, therulon doesnot burn away.

A modifiedpistonwith aslotof 0.5mmdepthand25 mmwidth in its uppersurfaceis used.
This slot allows the laserbeamto traversethe comhustion chamberduring the whole engine
cycle, evenif the pistonis in its uppermosposition (0° degreescrankangle,definedas Top
DeadCentre(TDC)).

As the top window is mountedat the original positionof the fuel injector, fuel is injected
throughaspeciallydesignedhreeholeinjectorwhichis placedin thecylinder headatanangle
of 35 degreeswith respecto thepistonuppersurface,asshovn in figure2.1h Themiddleone
of thethreespraysds directedn line with theinjector. Theothertwo spraysarein thesameplane
at anangleof 35 degreesin outward directionwith respecto the middle spray The injector
is rotated30 degreesaroundthe injector axis with respectto a vertical plane containingthe
injectoraxis,in orderto avoid thatoneof thespraygnumber3 in figure2.1)would hit thelaser
beamentrancevindow (W1). However, thelaserbeamexit window is hit directly by oneof the
othersprays(numberl in figure 2.1). As a result,whenusingsidewindow illumination (see
section2.2.3),thelaserbeampasse®ver the sprayin thefirst-encounteredalf of the cylinder
(spraynumber3 in figure 2.1) and passeghroughthe sprayregion in the secondhalf. Fuel
injection startsat 27° bTDC with aninjection pressureof 170 bars. The original scavenging
ports are closedin orderto avoid that soot particlespresentin the crank casecanflow into
the measurementolume wherethey would strongly attenuatehe laserbeam. The freshair
requiredfor the comhustionis addedthrougha new inlet from outside. A small overpressure
of about0.2 barsis usedto improve scavenging.In this modifiedsituationthe exhaustopensat
105 aTDCandtheinletat121° aTDC.Becauseorventionallubricantoil isnotUV transparent
an alternatve, chemicallyinert, UV transparenbil (Fomblin Y25, AusimontS.PA.) is used.
An electricwatercooledbrake (Zollner & Co) is connectedo the flywheel of the engineand
providesvariousload conditions.

In spiteof all modificationsthe enginecanbe operatedn steady-statéi.e. not skip-fired)

Enginespeed 1200rpm
Injectiontiming 27° bTDC
Intake air pressure 1.2bars(absolute)
Intake air temperature 320K (estimated)
Compressiomatio 12.4-14.4
Load 0.44- 0.88kW
Fuel Standarccommercialdieselfuel
(2 types,numberedlL and2; seetable2.3)

Table 2.2: Operatingconditionsof the modifiedengine.
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at 1200rpm (20 Hz; onedegreecrankanglecorrespondeto 139 us) at standarccommercial
dieselfuel for 20 minutes. Window fouling turnedout to be relatively unimportant. The top
window (W3) is burnedclearby the comhustionitself (althoughit becameslightly dull in the
long run), whereagthe side window (W1) usedto couplein the laserbeamis kept clear by
ablationby the excimer laserbeam. The laserbeamexit window (W2), however, becomes
black by sootbecausaet is hit directly by one of the spraysandthe laserintensityleft at this
window is not high enoughto cleanit by ablation.

Since thelubricatingqualitiesof the oil arenot sogood,the engineis operatednly at low
load varying between0.44 kW and0.88 kW, to reducewear As aresultof the modifications
to allow optical accesghe compressiorratio, varying betweenl12.4 and 14.4, is lower than
for typical dieselengines.For the measurementhe engineis operatedn two differentdiesel
fuels at variousloads and compressiorratios which are summarisedn table 2.2. The two
fuels selectedare standarccommercialautomotve dieselfuels, meetingthe EuropearEN590
specification. Details of the testfuels are givenin table2.3. The main differencesbetween
themarethatfuel 2 hasa narraver distillation, lower T95, lower sulphurcontent,and higher
cetanenumberthanfuel 1. Most experimentsare performedat the sameoperatingconditions.
If it is notmentionedexplicitly theengineis runningwith acompressiomatio of 13.4ondiesel
fuel 2 andloadedby 0.44kW. Only in the experimentsperformedto studythe effectsof fuel,
compressiomatio andloadon the NO production(chapterd) theseparametersrevaried.

FuelCode Fuel1 Fuel2
Density(g/ml) 0.8242 0.8233
Distillation (°C)

IBPT 166 184
T10 194 215
T50 235 250
T90 326 292
T95 347 309
FBP* 364 327
Sulphur(%m/m) 0.16 0.02
CetaneNumber 47.1 53.2
AromaticsHPLC (%m/m)

1-ring 15.1 14.0
2-ring 2.9 2.6
3-ring 0.7 0.2
Total 18.7 16.8
Viscosity(cStat40°C) 2.04 2.25

T1BP = Initial Boiling Point
* FBP= Final Boiling Point

Table2.3: Detailsof thecommercialieselfuelsusedin the experiments.
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2.2.2 Enginecharacteristics

To characteris¢he modifiedengineit is necessaryo obtainsomeinformationaboutthe engine
parametersit differentengineconditions. Thein-cylinder pressureof the engineasa function
of time is measuredisinga watercooledpressurdransducefAVL QC32). The outputof this
transduceis sentto a chage amplifierwhoseoutputis averagedover 100 enginecyclesby a
digital oscilloscopdLe Croy 9361).

As anexamplethepressureurve of themotored(non-firing) engine reachinga pressuref
42 barsat TDC, is givenin figure 2.3a(solid curve). This correspond$o a compressiomatio of
14.4,which canbe calculatedon the assumptiorthatthe cylinder contentsbehae asanideal
gasandusingthe ideal gaslaw for adiabaticexpansion(PV’ = C, y = 1.4). Theidealgas
model (PV « T) canalsobe usedto derive a temperatureurve from the pressurecurve. The
temperatureurve, thatis obtainedon the assumptiorof a meangastemperaturef 320K as
the exhaustcloses,is givenin figure 2.3b (solid curwe). It shovs a maximumtemperatureof
about850K atTDC.

Thein-cylinder pressurecurve of the firing enginerunningon dieselfuel 1 andloadedby
0.44KkW is givenin figure 2.4a(solid curve). A maximumpressureof 76 barsis reachedat
1° aTDC. At 105° aTDC, asthe exhaustopens,the pressurds 2 bars. The derivative of the
pressurecurve with respecto the crankangle,dP/d® (i.e. the changein pressureper degree

Pressure (bar)

Temperature (K)

200

0 I T I T I T I T I
-80 -40 0 40 80
Crank angle (degrees)

Figure 2.3: Parametersf themotored(non-firing)enginewith acompressiomatio of 14.4(solid
curves)and13.4(dottedcures). a) Pressureb) Temperaturealculatedby usingthe ideal gas
law.
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Figure 2.4: Parameter®f the modifieddieselenginerunningsteadilyon dieselfuel 1 loadedby
0.44 kW, at a compressiomratio of 14.4 (solid curves) or 13.4 (dottedcurves). a) Pressurepb)
Derivative of the pressurewvith respecto crankangle,c) Heatreleasgsolid anddottedcurves).
Integratedintensity (arb units) of the naturalflameemission(dashecturwe). d) Meangastem-
peraturederied from the heatreleasg/solid anddottedcurves). Soottemperaturelerved from
the spectrumof the naturalflame emission(®). The dashecturve is an extrapolationbasedon
adiabaticexpansiorof anidealgasduringthelaterpartof the stroke, matchedo theintermediate
partof the measuredlata.
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crankangle)is givenin figure 2.4b (solid curve). The maximumrate of changein pressure
is 7.4 bars/dcé, which is quite high. This indicatesthat at the startof the comhustionmuch
premixed fuel is presentin the cylinder which startsburning at once. The rate of releaseof
the chemicalenepy of the fuel (the rate of fuel burning) throughthe comhustion processs
calledthe heatreleaserate. The heatreleaserate can be calculatedfrom the pressurecurve,
its derivative andthe volume curve usingthe laws of thermodynamic®n the assumptiorof
anidealgasinsidethe cylinder andneglectingcrevice flows [2]. The calculatecheatreleasas
givenin figure2.4c(solidcurve); thetotalheatrelease@mountgo 180J percycle. Comlustion
startsaround15° bTDC as canbe seenfrom the suddenrise of the pressurecurve to above
the motoredenginelevel. Also, the derivative of the pressurecurve, dP/d®, shows a spike
at this position. Naturalflameemissioncanbe obseredtill around60° aTDC. The integrated
intensityof theobseredflameemissionsincludedin figure2.4c(dasheaturve). Evidently, the
visible comhustioncontinuedong afterthe main contrikution to the heatrelease.The average
temperaturef thegasinsidethewholecylindercanbederivedfrom theheatreleaseurve. The
meangastemperatureurve thatis obtainedon the assumptiorof anair temperaturef 320K
atthe momentthe exhaustport closesss givenin figure 2.4d(solid curve). Till the comhustion
startsat 15° bTDC the meangastemperaturdollows the temperaturecurve of the motored
engine.As the comlustionstartsthe temperaturén thefiring enginerisessuddenly It reaches
a maximumof 1470K a few degreesafter TDC. As the exhaustopensthe temperaturéhas
droppedo 580K.

If the engineconditionschangethe characteristicof the enginealso change. To getan
impressionof the changein the parametersf the compressiormratio is loweredto 13.4, the
parameter$or this casearealsogivenin figure2.3andfigure 2.4 (dottedcurves).In agreement
with the lower compressiorratio of 13.4 the maximum pressurefor the motoredengineis
38 bars. The maximumpressurdn the firing engineis alsolower, 71 bars,which resultsin
lower valuesfor the derivative of the pressurethe heatreleaseandthe meangastemperature.
As aresultof the lower pressureandtemperaturegomhustionis seento startaroundl degree
crankanglelater Theenginecharacteristicalsochangef ahigheror lowerloadis applied.A
higherload givesa higherpeakpressurevhereasa lower load lowersthe peakpressure.The
otherparametershow asimilar behaiour. Changinghe fuel doesnot significantlychangethe
parametersf theengine.

Theshape®f the pressureurwe, its derivative andthe heatreleasandicatethatthe engine
conditionsare far from optimal. The pressurechangeper degreecrankangleis high at the
startof the comhustiondueto a large amountof premixedfuel thatburnsin a very shorttime.
The pressurecurve shovs a maximumecloseto TDC. This resultsin a heatreleaserate that
shavs arelatively large contribution from the premixedcomhustionandlittle diffusionburning.
However, atnormaloperatingconditions(highload,high speed}heenginewearwouldincrease
dramaticallycausedby the useof the alternatve lubricant. In the experimentsthe load and
enginespeedarekeptlow andtheinjectiontiming is advancedyesultingin a largeramountof
premixedfuel anda higherpeakpressurendtemperature.

ldca= degreecrankangle.
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2.2.3 Optical setup

The laserusedin mostof the experimentss a pulsedtunableexcimer laserconsistingof two
lasertubesin an oscillatoramplifier configuration(Compex 350T, A-Physik). The outputof
this laser operatedn ArF, is tunablebetween192.9nm and193.9nm andhasa linewidth of
1 cm 1. Thelaserdeliversa beamwith a rectangularcrosssection(25 x 3 mm?) in 20 ns
pulseswith anenegy of maximally 350 mJ at the laserexit. Calibrationof the laserradiation
wavelengthis achiezed by monitoringthe inducedfluorescencérom NO in an oxy-acetylene
flame[55].

Dependingon the measurementhe laserbeamis coupledinto the enginethroughthe top
window (W3) or throughone of the side windows (W1), as schematicallyindicatedin fig-
ure2.1c.If thesidewindows areusedthe laserbeamis focusseddown to a thin sheetof about
0.1 mmthicknesswvhich traverseghe comhustionchambeparallelto the pistonuppersurface;
it is locatedwithin the slot whenthe pistonis at TDC (i.e. 12 mm below thetop window). The
laserilluminatesthe whole areabeneaththe top window resultingin a measuremenareaof
nominally25 x 0.1 mn? (diameterx thicknessjn practicethiswill belargerdueto scattering
of laserlight within thecylinderanda somevhatdiffuseinsidesurfaceof theentrancevindow).

Scatteredaserradiationis alwaysdetectedhroughthetop window by agatedCCD camera
(576 x 384 pixels) equippedwith animageintensifier(ICCD-576G/RB-E;Princetoninstru-
ments)and a quartz f/4.5 105 mm objectve (Nikon). The cameraoutputis digitised by a
controller(ST-138; Princetoninstrumentsandsentto a computerfor further processing.For
imagingthe lasersheetis coupledinto the enginethroughthe side window, so that the fluo-
rescences detectedn a directionperpendiculato the lasersheetby the CCD cameraplaced
behinda filter to single out the wavelengthof interest. This resultsin animagethat contains
spatialinformation of the planeof interestasshown in figure 2.5a. The cameramay alsobe
mounteddirectly behindanimagingmonochromato(1200gr/mm holographicgratingblazed
at 250 nm (Chromex 250i)), at the positionof the exit slit, aspart of an Optical Multichannel
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Figure 2.5: Comparisorof the threemodesin which the CCD cameras used.a) Camera-mode
resultingin imagescontainingspatialinformationin two directions;b) OMA-moderesultingin
imageghatcontainspatialinformationonly in thedirectionalongtheslit andspectrainformation
alongthe otheraxis; c) Kinetics-moderesultingin a seriesof imagesobtainedat very shorttime
intenals duringonestrole.
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Analyzer(OMA) setup.to spectrallydispersdhefluorescenceln this way the camerarecords
imagesthat containspatialinformation only in the direction alongthe slit while spectralin-
formationis obtainedalongthe otheraxis asshaown in figure 2.5h A dispersedluorescence
spectrumcan be obtainedfrom this imageby integratingthe intensity in the directionalong
theslit. Thisway of detectionis mainly usedin combinationwith the setupin which the laser
beamis coupledinto the enginethroughthe top window. The laserand camerasystemare
synchronisedo the positionof the pistonwith anaccurag of 0.6 degreecrankangle.

Theadwantageof the sidewindow setupis thatspatialdistributionsof NO canbe obsened.
But, becaus¢helaserbeamhasto travel 25 mmbeforeit entergheobsenationareait is already
stronglyattenuatediueto absorptiorby andscatteringoff dropletsandsootparticlespresentin
the comlustionchamber This problemof attenuatiorof thelaserbeamis partly circumwented
by couplingin thelaserbeamthroughthetop window, sothatit enterghe comhustionchamber
directly in the obsenationarea.A disadwantage however, is that partof the spatialresolution
is lost, asfluorescencés now obtainedfrom the whole volumethatis illuminatedby thelaser
beamintegratedn verticaldirection(thatis, alongtheline of sightof thedetector).Thevertical
extent of the probevolume dependsn the penetrationdepthof the laserradiation,which is
determinedoby the densityof the scatteringparticlesand/orthe position of the piston. Also,
theintensityof the back-scatteredadiationfrom the window becomes matterof concernas
fluorescenceas detectedn a nearly backward direction. To suppresghe contrikution of this
back-reflectedadiationa normalincidencel93nmmirror is mountedn front of the collection
optics. This mirror suppresseshe contribution of the 193 nm radiation by three ordersof
magnitudeandtransmitsall radiationabore 203nm.

During the measurementsnagesor dispersedluoresencespectraare generallyaveraged
over several enginecycles. Due to averagingthe signalto noiseratio is increasedand cycle
to cycle variationsare averagedout. Therefore,the spectrarepresentan averagedensity of
NO andtheimagescontaininformationaboutaveragedistributionsin which the gradientsand
boundariebetweencomponentsare smeareut. Sincethe averageinformationis found to
reproducejmagesand spectraof measurementat differentcrankangles,recordedunderthe
sameengineconditionscan be compared.In addition, relationsbetweendifferentquantities
obtainedin separateneasurementsanstill be demonstrated However, differenceshetween
theindividual comhustioncyclescannotbeobtainedusingaveragediata.To getcycle-resoled
resultssinglelaserpulseshave to beused.But, in thatcaseresultsof differentcrankanglescan-
not be comparedo easilyasdueto theirreproducibility of the comhustionprocesshe amount
of NO andthedistributionscanvary every enginecycle. Thereforeto relatedifferentquantities
andaspect®f the comhustionprocesst would be necessaryo measurehemsimultaneouslyf
singlelaserpulsesareused.

In orderto follow the comhustionprocessasa function of crankangleduring oneandthe
samestroke imagesor spectrdhaveto beacquiredveryfastaftereachother Thisrequiresahigh
repetitionratelasersystemaswell asa fastdetectionsystem(or several lasersand cameras).
For laserbasedmeasurementthis would requirea laserthat hasa repetitionrate of at least
a factor 10 to 50 fasterthanthe speedof the engine,which is not available at the moment.
As afastdetectionsystemfor imagesan intensifiedCCD cameracanbe usedin the so-called
kineticsmode. To this enda CCD camerawith a movablemaskin front of the photocathode
ontheimageintensifieris used(ICCD-512-T, Princetoninstrumentswith a f/3.5-f/4.528-70
mm objective (Nikon). In kineticsmode,animageis projectedon a narrav strip at oneend
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of theimageintensifierandtherestof the intensifieris masled andusedasa storagearea,as
shawvn in figure 2.5c¢. After recordinganimagethe rows in theilluminatedareaare shiftedto
themasledpartof the photocathodenda newv imagecanberecordedn the exposedpart. The
time betweenthe imagesis determinedoy the frequeng thatis usedto openthe gateagain.
However, the minimum time is determinedby the numberof rows in the unmasled areaand
the time requiredto shift a row (minimal 1.6 us for this particulardetectionsystem). If, for
example,50 rows of the total of 512 rows are unmasled, 10 imagescan be acquiredwith a
minimum time of 80 us betweenthe images. The camerain kineticsmodeis usedto obtain
singleshotimagesof thenaturalflameemissionwhichis alsodetectedhroughthetop window,
at differentcrankanglesduringonestroke. This way the flamedevelopmentduring onestroke
canbefollowedanddifferencedetweerdifferentstrokescanbe seen.

2.3 Optical diagnostics

To studythe NO formationinsidethe cylinder of the two-strole dieselenginemainly the LIF
techniquds applied.In addition,elasticscatteringof the laserradiationis usedto obtaininfor-
mationaboutthe local intensity of the laserradiationin the runningengine. The spontaneous
emissionof the flames(naturalflame emission)is obseredin orderto getinformationabout
the flamestructureandthe temperaturef the sootparticles.Brief descriptionf the different
opticaltechniqueswith anemphasion the aspectsmportantfor the investigationof the com-
bustionprocessnsidethe two-strole engine will be givenbelon. More extendeddescriptions
canbefoundin theliterature[30-33].

2.3.1 Spontaneoudight emission

Justdetectingthe spontaneouBght emissionfrom the flameis probablythe moststraightfor
wardopticaltechniqueo getsomeinformationaboutthecomhustionprocessin dieselengines
with highly sooting,luminous,non-transparerftamesthe spontaneousmissionis dominated
by the thermalblack (or grey) body emissionfrom incandescerngootparticlesthatare heated
to flametemperaturesThis emissiorhasa broadspectraldistribution with anintensitythatis a
functionof thetemperatur@andthe sootvolumefraction[33].

However, it shouldbe notedthatbesideghis strongsootluminosity the spontaneousght
emissionalso containsa relatively weak naturalemissionfrom gaseousomhustionproducts
(mainly OH, CH andC; radicals)dueto a processalledchemiluminescencg 3,18]. Chemi-
luminescencarisesfrom comhustionradicals which areraisedto an excited stateby exother
mic chemicalreactionsandthen subsequentlylecaybackto their groundstateby emitting a
photon. The wavelengthof the photonis characteristidor the emitting moleculeandas such
it providesinformationaboutthe chemicalreactionsthat occur Becausechemiluminescence
is produceddirectly by the exothermicreactionsthat play a role in the early comhustion (i.e.
beforesootis formed)it givesinformationaboutthelocation(in bothspaceandtime) of theini-
tial comhustion (autoignition). Subsequenio the early comhustion,sootformationis induced
by the rising temperature@ndluminoussootappears Although chemiluminescenceontinues
to occurthroughouthewhole comlustionprocesstheintenseyellow-white emissionfrom the
incandescergootparticlescompletelydominateover the wealker chemiluminescencassoon
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assootformationhasstarted(the emissionfrom sootparticlesis aboutthreeordersof magni-
tudestrongerthanthe earlychemiluminescencg 8]). It is importantto realizethatit is almost
alwayssootemissiorthatis detectedxperimentallyandsincesootis formedonly aftertheon-

setof the comhustion,the momentof first visible sootluminosity doesnot indicatetheignition

of thecomlhustion.

By the useof a fastdetectorsuchasa gatedCCD camerathis spontaneoufiame emis-
sion canbe detectedvith both spatialandtemporalresolutions.The obtainedsignalper pixel
representshe integratednaturalflame emissionalongthe line of sightfrom a volumewith a
diameterdeterminedy the magnificationof theimagingopticsusedanda depthdependingn
thesootconcentrationln the caseof high sootconcentrationsnly sootnearthe surfaceof the
flame contritutesto the flame emissionwhereasat lower sootconcentrationsilso sootinside
theflamecontrikbutes.

If the spontaneoukght emissionof the flameis dispersedn its differentwavelengthcom-
ponentsjnformationis providedaboutthe origin of the emission.In the caseof the two-stroke
engine,dispersingthe emissionresultsin a smooth,structurelesspectrumdominatedby the
thermalgrey bodyradiationfrom the incandescergootparticles. The wavelengthdependence
of the intensity of the emissiondependsn the temperaturef the grey body Therefore the
spectrunrepresentinghethermalradiationasa function of wavelengthcanbe usedto derive a
temperaturef the glowing sootparticles.It hasbeenshownn thatif the sootparticlesaresmall
this temperaturés alsoa goodmeasurdor the flametemperaturg56]. Notethatby usingthe
whole spectrunto determinehe temperaturehe principle of the two colour method ,whichis
basednthedetectionof thethermalradiationat only two differentwavelengthsis extendedo
acontinuousrangeof wavelengthd33,50,51].

In general,a black body emits radiation over a rangeof wavelengthswith an intensity
Ih(x, T), givenby Plancks Law asafunctionof temperature], andwavelength i,

da
AS(exp(is) — 1)

whereh is Plancks constantc the velocity of light andk the Boltzmannconstant.In general,
however, sootparticlescannotbe treatedasblack bodies;they ratherbehae like grey bodies.
Theradiation,lg(x, T), emittedby a grey body at a given wavelengthandtemperatureis less
thanthat of a black body. The monochromatiemissvity, €, of a body at a wavelengtha is
givenby

lb(r, TYdA o (2.1)

(., T)
(L. T)

Theemissvity of thesootparticlesin the dieselflameis in generaindependentf temperature
but notindependentf thewavelengthandcanbeapproximatedy [33,57]

KL
& =1—exp (— (A/)\o)“> , (2.3)

where K is an absorptioncoeficient dependingon the sootconcentrationin the flame, L is
the optical path length of the radiationand Ao is a referencewavelength. The value of the
parameterx dependn the physicaland optical propertiesof the sootin the flame. For the
visible wavelengthrangex = 1.38is a suitablevalue[58].

e, T) = (2.2)
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2.3.2 Laserinducedlight emission

A commontechniquefor laserbaseddiagnosticsof comhustion processess Laserinduced
FluorescencéLIF) detection.Becauseof its greatsensitvity LIF is very usefulto obtainin-
formationaboutminority speciesvith high spatialandtemporalresolution[30-32]. This tech-
nique, schematicallyillustratedfor the NO moleculein figure 2.6, is basedon the principle
that moleculescanonly absorband emit radiation(photons)of very specificand characteris-
tic wavelengthg(enepgies). In the visible or UV spectralrangeabsorptionof a photonresults
in a promotionof the moleculeto an electronicallyexcited state. The excited moleculewill
decaybackto the electronicgroundstateon a time scaleof typically nanosecondsyhich is
accompaniedby emissionof a photon(fluorescencer radiatve decay)in arandomdirection.
As the moleculecandecayto more thanone (ro)vibrationallevel the fluorescencewill con-
tain severalwavelengths.However, not all excited moleculeswill decayby emittinga photon,
becausdhereare competingnon-radiatve pathways, generallydueto collisionswith neigh-
bouringmolecules.Theseprocesseseducethefluorescencgield, andbecomemoreimportant
with increasingpressure.

An excitation spectrumcan be obtainedby scanningthe excitation laserwavelengthand
recordingtheintensityof thetotal fluorescencéor oneof thefluorescencevavelengthsands).
Eachtime the excitation wavelengthmatchesan allowed transitionin the molecule,this will
resultin a fluorescenceeakin the spectrum.Alternatively, by recordingthe fluorescencelis-
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Figure 2.6: Schematicenegy level diagramshaving the principle of LaserInducedFluores-
cence(LIF) andcompetingprocessesExcitationof the Ry (26.5)transitionin the D?%* (v'=0)
< X?I1(v”=1) bandof NO is shavn (upwardarron) togethewith therelevantdepopulatingro-
cessegdownward arrans), including fluorescencddashed)quenching(Q); (solid), electronic
enegy transfer(EET); (shortdashed)yvibrational enegy transfer(VET) androtationalenegy
transfer(RET); (bidirectionalarrovs). Level distancesrenotto scale.
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persedn its differentwavelengthcomponentswhile the laserwavelengthis fixed at a specific
transitionof the moleculeof interest,a so-calleddispersionspectrumis obtained. Eachfluo-

rescencegeakin a dispersedluorescencepectrumcorrespondso a radiatve decaychannel
at a certainwavelength,characteristidor the excited molecule.Both excitationanddispersion
spectracanbe usedto demonstratéhe presencef a specificmolecule.However, thepossibility
of spectroscopiinterferenceby othermoleculesthat are presentn the measurementolume
hasalwaysto betakeninto account.

Excitationspectraanddispersediuorescencepectracan be obtainedsimultaneoushydur-
ing one excitation wavelengthscanusing an Optical Multichannel Analyzer (OMA) system.
A dispersedluorescencepectrumcanbe recordedand storedfor eachexcitation wavelength
while the light sourceis scanning.This resultsin a fluorescenceignalasa function of both
the excitationanddispersedluorescencevavelength.Thefluorescencentensityat every com-
binationof excitationanddispersedluorescencavavelengthcanbe representeih e.g. a two-
dimensionaimagein which the fluorescenceéntensityis representeth a grey or falsecolour
scale. Individual excitation and dispersionspectracan be extractedfrom this so-calledexci-
tation/dispersiorspectrumby taking appropriatecrosssectionsthroughthe image (examples
follow in section2.5.1).

Quantification of LIF

The translationof fluorescenceignalinto absolutenumberdensitiesof the probedmolecules
is usually not straightforward becauseof the dependencef the fluorescenceignaluponthe
physicalernvironment. In principle, if therewereno fluorescencdéosses(e.g. at low density),
the fluorescenceield would be proportionalto the numberof excited moleculeswith a pro-
portionality constanthatwould not dependn the environmentalconditions(pressuretemper
ature,gascompositionetc.) underwhich the measuremeris performed.In generalhowever,
thereare other possibledecaymechanismshat also depopulatehe excited state(figure 2.6).
The electronicallyexcited statemight be predissociatedpr the excited moleculemight decay
via collisions. Thefractionof excited moleculeghatfluorescess givenby the so-calledStern-
Vollmer factor A*/(A+P+Q*), in which A, P, and Q* denoterate constantdor total radiatve
decay predissociatiorandnon-radiatve decayof the electronicallyexcited state respectrely.
A* is theradiatve decayratefor thetransitionsvhich areobsenedwithin the bandwidthof the
detectionsystem.While A andP aremolecularconstantof the excited state,the value of Q*
dependsiponpressuretemperatur@ndcompositionof the environment.For NO predissocia-
tion doesnotplayarole andin thecasehatNO is excitedathigh pressurendtemperaturéthat
is, underconditionstypical for comhustionin adieselengine)Q* > A, soA+P+Q* ~ Q* [30].
Thus, the interpretationof the LIF signaldependsiponthe value of Q* which will be deter
mined by collisions of the excited moleculeswith neighbouringmolecules. In other cases,
however, for examplefor oxygen(Oy) in the electronicallyexcited B3 -state,P >»> Q* and
P> A andthe Stern-\6limer factorreducego A/P, independenbf pressureandtemperature.
Dueto this effect O, fluorescenceanbe usedto determinegtemperaturesasdiscussedriefly
in chapter6.

The quenchingterm Q* includesseveral differentnon-radiatve decaychannelghatarea
resultof intermolecularcollisions. A numberof differentcollisional enegy transferprocesses
canbedistinguishedi) ElectronicEnegy Transfe(EET)to anotheelectronicallyexcitedstate,
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Figure 2.7: a) Detailedlevel schemancludingthe variouscollisional enegy transferprocesses
thataffectthe LIF yield. b) Simplifiedlevel schemaisedin the model.

i) Vibrational Enegy Transfer(VET) within a given excited electronicstate,iii) Rotational
Enegy Transfer(RET) within agivenvibrationalstateandiv) Quenching Q) to theelectronic
groundstate.After oneof thefirst threeprocessethe moleculeremainselectronicallyexcited
andstill candecayto the groundstate,which againcanbe non-radiatve or radiatve, but then
at a differentwavelength. RET and VET cantake placein the ground stateas well where
they influencethe populationof the initial state. Thesedifferentenepgy transferprocessesre
includedin figure2.6.

Thevariouscollisionalenepgy transfemprocesseaffecttheLIF yield in differentways. This
will bediscussedherefor the specificcaseof NO excitedonthe R1(26.5)/Q (32.5)transitionin
theD2x*(v/=0) < X2I1(v"=1) bandaround193nm, combinedwith fluorescenceletectionn
theD?X*(v'=0) — X2I1(v"=3) bandat208nm. Thefluorescencés detectedvithoutrotational
resolution. This detectionschemecan be modelledusingthe rate equationapproachand one
of the enegy level schemeshawn in figure 2.7. The mostdetailedand,therefore somavhat
obscurelevel schemeof figure 2.7a,includesall enegy transferprocessesnentionedabove
explicitly. The laserradiationtransferspopulationbetweenlevels 1 and2 at a pumpingrate
B1ol = Ba21l (assumingequaldegenerag for bothlevels). RET causesa depopulatiorof the
excitedlevel 2 andareplenishmenbf thegroundlevel 1. VET processemaintainthethermal
equilibriumbetweerthevibrationalstates Therefore VET canbengglectedin theexcitedstate
(wherev'=0 is populated)but it might still be of someimportancen the groundstate(v’=1),
at leastat higherpressuresQuenchingand EET processedinally, remove populationout of
theelectronicallyexcited D-stateto theelectronicgroundstateor to otherelectronicallyexcited
states(A?=* and C?I), respectiely. Sincethe fluorescencés detectedwithout rotational
resolution,the instantaneoufiuorescenceateis proportionalto the sumof the populationin
levels2 and3 (D(v'=0)).

As comparedo the situationin which therewould be no collisional enepgy transferat all,
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guenchingand EET causea reductionin fluorescenceyield, but RET tendsto compensate
for this, at leastin parf. In the initially unpopulatedD(v'=0) state,RET processesemove
moleculesfrom the laserexcited state,therebymakingthemunavailablefor stimulatedemis-
sionbackto the groundstatewithout causingary lossin fluorescencgield. RET processem
the groundstate,on the otherhand,tendto refill the level depletedby laserexcitation,atarate
which is proportionalto the deviation from the equilibrium population. Under conditionsof
strongenoughpumping,therefore|t is possibleto excite moremoleculeshanwereoriginally
presenin thegroundstatel (seee.g. [59]). Thelattereffect hasrecentlybeenshownn to poten-
tially causdarge errorsin temperatureleterminatiorbasedon two-line LIF [60], andwill also
be a matterof concernin LIF-basedmoleculardensitydeterminations.

Basedon the above obsenations,it is possibleto collapsetheratherinvolvedlevel scheme
of figure 2.7ainto the simplified versionof figure2.7h Thelaserstill couplesthelevels1 and
2, andRET processeareincorporatedhroughinteractionwith two ‘bath’ levels, 3 and4, the
populationof whichis assumedonstantThefluorescenceateis proportionato thesumof the
populationsn levels2 and3 (togethemakingup the D(v'=0) state).Upperstatequenchingand
EET arecombined giving a total rate y, andmodelledby (one-way) interactionwith another
bathlevel 5. VET andquenchingdirectly to the groundelectronicstateare neglected. This
resultsin thefollowing rateequationgor thelasercoupledlevels:

Ni = —Bi2l Ni+Batl Na —kar (N1 — Ny (2.4)
N2 = +Bi2l N2 —Barl Ny —koa (N2 — N3y —y Ny (2.5)

andfor theremaindeiof the D(v'=0) state:
N3 = kog N2 — y Na. (2.6)

TheequilibriumpopulationsN™ = N; (t = 0) areN;* = 1, N5® = N3 = 0. Theserateequa-
tionsallow ananalyticalsolutionfor the fluorescencgield resultingfrom a constanintensity
laserpulseof durationz, (seeAppendix),which canthenbe usedto assesshe sensitvity of
thefluorescencgield to theindividual modelparameters.

In the following the two excitation configurationghatwereusedin the experimentwill be
consideredseefigure 2.1). In whatwill be calledthe top illumination setupthe laserbeam
entersthe comhlustionchambetthroughthe top window, andthereforeimmediatelyentersthe
obsenation volume (seenby the camera). In caseof the other setup,the side illumination
schemethe laserbeamentersthe comhustionchamberthrougha sidewindow andhasto tra-
verseabout30% of the comhustion chamberbefore enteringthe obsenation volume. As a
result,theintensitylevels (andthereforethe pumpratesB12l) arehigherin thetopillumination
schemehanin thesideillumination scheme.

As a generalresult,the calculatedluorescencaignal (equation2.17)is nearlylinearwith
laserintensity underthe conditionsof the engineexperimentslin figure 2.8aa measureA, for
thedeviation of thefluorescencasignalfrom linearity with thelaserintensity definedas

Sur(lo) — 2] To
Stir(lo)

2In general RET tendsto establisithermalequilibriumbetweertherotationallevel populationsf ary vibronic
state.

A(lg) = , (2.7)
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Figure 2.8: a) Deviation of the fluorescencaignalfrom linearity (equation2.7) for sideillumi-

nation(m) andtop illumination (®). b) Ratio of the fluorescencegield calculatedn the weak
field limit (Appendix,equation2.18)to thatusingthe full model (Appendix,equation2.17)for
sideillumination (R) andtop illumination (®). c) Ratio of the fluorescenceield calculatedby
negglectingRET in the full model (Appendix,equation?.18with ko3 = k41 = 0) to thatusingthe
full model(Appendix,equation2.17)for sideillumination (R) andtop illumination (®).
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is plotted for both experimentalconfigurations,using formula 2.17 from the Appendix and

parameteraluesasappropriateor the engine(laserintensityandcollision rates§. Thefigure

shaws that the deviations from linearity are reasonablysmall for the side illumination setup,
alwayslessthan2% for ® <60° aTDC andincreasingonly for ® — BDC. Theincreasefor

larger © is causedby the decreaseén laserattenuationandthereforelarger saturationby the

higherintensitiesat increasing®. For thetop illumination setupthe deviationsfrom linearity

arelarger, alsodueto larger saturationby the high intensitylevels closelybelow the entrance
window.

As mentionedin the Appendix, LIF yields are often interpretedin the weak field limit.
The presentmodel allows to assesghe error madeby that approach,and this is illustrated
in figure 2.8b for the caseof the two-stroke engine. Shown in the figure is the ratio of the
fluorescencgield calculatedn theweakfield limit (Appendix,equation?2.18)to thatusingthe
full model (Appendix,equation2.17). It canbe seenthatfor both setupsthe weakfield limit
slightly overestimateshefluorescencgield, but thatthe differencedecreasesloserto TDC; it
staysbelow 5% for ® <60° aTDC (topillumination) or ® < 80° aTDC (sideillumination).

Thefactthatusingtheweakfield limit would, in thecaseconsideredhere,imply only amod-
estoverestimatef thefluorescencgield, doesnot meanthat RET processeare unimportant.
On the contrary asshawn in figure 2.8c, the presenceof RET may increasethe fluorescence
yield by asmuchasafactorof 20. The neteffect of RET is aboutconstanfor the top window
illumination setup,andbecomegrogressiely moreimportantfor the sideillumination setup
for largercrankangles.Thisis explainedby thefactthattheimportanceof RET becomesnore
pronouncedat higherintensities. In caseof the top illumination setup,thereis always high
laserintensity availablewithin the obsenationvolume,whereasn the sideillumination setup
the laserbeamsuffers someintensity loss on its way throughthe first (invisible) part of the
comhustionchamberThis intensitylossis largerfor smallercrankangles.

At first sight, it might seemsurprisingthat, whenRET implies suchanenormousenhance-
mentof thefluorescencgield, the useof theweakfield limit (in which RET would play only a
minorrole) still resultsin only relatively smalldeviationsfrom thefull modelcalculations.The
reasonfor this is to be found in somefortuitously compensatingffects. In the groundstate,
ontheonehand,RET is ngglectedbut sois alsothe depletionof thelower level 1. Stickingto
theweakfield solutionevenif theintensitiesareactuallytoo highfor that,in a senseherefore
corresponds$o assuminganinfinitely fastRET rateks; out of aninfinitely large bath4. Simi-
larly, althoughin the weakfield limit RET is neglectedin the upperelectronicstate,sois also
the stimulatedemissionbackto the groundstateby the laser andthe weakfield assumption
essentiallycorrespondgo assumingan infinitely fastRET rate ko3 into a perpetuallyempty
bath3.

In summarytherefore carryingon the weakfield limit into the strongfield regimeactually
correspondso usingthe full modelwith infinitely fastrotationalrelaxationrates(ks1 andksy3)
into infinitely large bathstates(3 and4). This alsoexplainswhy figure 2.8b shows the weak

3In thetopillumination case S_i(lo) hasto bereplacecdby anintegral over the penetratiordepth,

Zp
f Sur(lo(2) dz,
0

with z, theverticaldistancebetweertop window andpistonuppersurface.
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field limit to alwaysoverestimateahe fluorescencgield. In practice,consideringherelatively
smallerrorsmade the weakfield limit will be usedin the subsequenthapters.The resultsof
figures2.8aand2.8bwill, however, bekeptin mind.

2.3.3 Elastic light scattering

As alaserbeamtraverseshe comhustionchamberelasticscatteringof the laserradiationcan
be obsered. The elasticallyscatteredadiationhasthe samewavelengthasthe laserradiation
andresultsfrom scatteringoff fuel vapour liquid fuel and oil dropletsand/orsoot particles.
Whenthe diameterof the scatteringparticlesis small comparedo the laserwavelengththis
elasticscatteringis called Rayleighscatteringwhereast is denotedby Mie scatteringif the
diameterof the scatteringparticlesis large. As the scatteringcrosssectiongor Mie scattering
oftenaremuchlargerthanthoseassociatedvith fluorescencethe intensity of the elasticMie
scatteringtendsto be much larger thanthat of the inelasticfluorescence.The crosssection
for elasticscatteringdependson the particlesize. For particleswithin the Rayleighlimit it is
proportionalto the particle diameterto the sixth power [61]. However, for larger particlesthe
relation betweenparticle size and intensity is much more complex. Consequentlyrecording
the scatteredight providesonly qualitatve information of wherescatteringparticlesare, or
arenot, presenin the comhustionchamber (Note that combiningscatteringexperimentswith
LaserInducedIncandescencélLll) allows to obtain quantitatve information about particles
sizesanddensitied11-13].)

Due to the scatteringthe laserintensity is attenuatedn its way throughthe comhustion
chamber In addition,absorptionby sootparticlesandoil andfuel dropletsplaysanimportant
partin the decreasef thelaserintensity As theintensityof the elasticallyscatteredadiation
is proportionatlto the laserintensity imagesof the elasticallyscatteredadiationcanbe usedto
reconstructhelocal laserintensityinsidetherunningengine(chapter3).

2.4 Spontaneoudight emission

Basedon the comhustion-inducedressureaise seenin the enginecharacteristicgfigure 2.4)
it follows thatcomhustionstartsaroundl5® bTDC. Flameluminosity, asobsenedthroughthe
top window, canindeedbe detectedrom about15° bTDC onwards,up to about60° aTDC.
To the unaidedeye, the flameshave a white colour which resultsfrom the burning of soot
particlesthatareformedin afuel rich spray It indicateshatthe naturalemissionof the flames
resultsfrom highly sootingflameswith temperaturearound2000-250K [2]. Thisis, however,

only a rough estimate;a more accuratesoottemperaturecan be derived from the spectrally
dispersedspontaneouiame emission(section2.4.1). Information aboutthe structureof the
flamesfollows from two-dimensionaflameemissionmages(section2.4.2).
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2.4.1 Dispersedflame emission

Thevisible flameluminosityis predominantlydueto glowing sootparticles.lts spectralistri-
butionis afunctionof thetemperaturef the soot,andcansene askind of a sootthermometer
by comparisorto thewell known black or grey body radiationdistribution curvesasdescribed
in section2.3.1.To obtainatemperaturef thesootparticlesthe spontaneouameemissionof
thetwo-strolke enginecomingthroughthetop window is dispersednto its differentwavelength
componentdy adispersiomprismandrecordedvith a CCD cameraasshownn in theupperleft
of figure2.9. Two slits (S) areusedto definethe positionthatthe emissionis obtainedfrom. A
lens(L; f = 200mm)is usedto focusthe disperse@missionon theintensifiedCCD camera.
It is usedwith abellowsin betweerthe lensandthe camerao enlagetheimagein orderto fill
thewhole CCD chip.

Spectraof thedispersedlameemissionpbtainedwith a gatewidth of 500nsandaveraged
over 200 enginecycles arerecordedfor all crank anglesat which it canbe obsened. They
representin averageemissionsignalfrom a narrow strip (1 x 25 mm?) throughthe centreof
thetopwindow. Frequeng calibrationis achievedby recordingthe well known emissionines
producedby a mercurylamp which was placedon top of the engine. The spectralresponse
function of the setupwas calibratedusing a quartztungsten-halogegalibrationlamp (Oriel
Instruments$3358-M).

A few of thesedispersedlameemissionspectraaregivenin figure 2.9. Thefirst spectrum

TDC

-6.2
+6.2

+12.4

+18.6

Intensity (arb. units)

-12.4

+37.2
-15.5

Crank
angle

Natural flame emission wavelength (nm)

Figure 2.9: Spontaneou#ight emissionfrom the flamesdispersedn its differentwavelength
componentdor seseral crankanglesasindicatedin the figure (+ and— referto anglesafterand
beforeTDC, respectiely). The experimentaketupusedto dispersehe flameemissionis shavn
in the upperleft; S=slit; L=lens.
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of the naturalflame emissioncan be obsened at 15° bTDC. The intensity increasesalmost
linearly till just beforeTDC, afterwhich it decreasesill ataround60° aTDC the lastvisible
flameemissioncanbe obsened. The spectrashown no fine structuredueto chemiluminescence
of excited molecules.This indicatesthatthe spontaneoufiameemissionindeedis dominated
by grey body radiationof incandescensoot particlesin this wavelengthrange. If a specific
moleculewould contributesignificantlyto theflameemissionanemissiorpeakatawavelength
characteristidor the moleculewould shav up. This caneasilybe obsenedfor e.g. Co, CH and
OH in Otto engineswherethe thermalradiationfrom the sootis muchlower thanin diesel
engines[35]. For dieselenginesOH fluorescencéhasbeenseenaround310 nm (which is
below thewavelengthrangeof figure 2.9), but its intensityis smallcomparedo thestronggrey
bodyemissionthatdominateghe spectrumat wavelengthsabose 340nm [18].

Theobsenedflameemissionspectracanbefit to Plancks Law combinedwith theemissv-
ity givenin equatior2.1andequatior?.3,respectrely, to obtaininformationaboutthevalueof
K L andthetemperatur@f theincandescergootparticled. Thespectracanbefit well to black
body (Planck)curves,the additionof the grey bodyterm giving no improvement. Apparently
the K L-valuefor theflamesin thisengineis high, resultingin anemissvity of thesootparticles
of almostunity. The temperatureslerived from the sootspectraby fitting themto black body
curvesis shavnin figure2.4d(e®). Thedashedcurve in thisfigureis anextrapolationbasedn
adiabaticexpansiorof anidealgas(y = 1.36, for thecomhustionstroke) duringthelastpartof
the stroke, matchedo the experimentaddataaroundl15® aTDC.

Thesoottemperatureeachesmaximumof about2250K aroundTDC, andis alwaysmuch
higherthanthemeangastemperaturelervedfrom the heatreleaseate(figure2.4d). Fromthis
it followsthatthecylinder contentsarenotin thermalequilibrium. The soottemperatureepre-
sentsthe temperaturef the locally presensootwhereaghe meangastemperatureepresents
the averagetemperaturef the gasinsidethe whole cylinder. As sootparticlesareformeddur-
ing the comhustionwherethe temperaturas locally high andnot yet in equilibrium with the
whole cylinder contentsthe soottemperatures expectedto be higherthanthe meangastem-
peraturg53]. Themeasuredoottemperatures in agreemenivith the (empirical)temperature
following from the colour of the flame emission. The white colourindicatesa temperaturef
carbonparticlesin theflamesof 2000-250K [2].

2.4.2 Flameemissionimages

Recordingtwo-dimensionaimagesof the emissionfrom incandescensoot particlesthat are
formedin the flamesprovidesinformationaboutthe spatialstructureof the flames. However,
usuallya CCD cameraneedsabout300 msto recordoneimage,which is not fastenoughto
follow thecomhustionduringonesinglestroke. By usinganintensifiedCCD cameran kinetics
modeimagescanbe acquiredvery fastafter eachother(0.1-1 ms) which givesthe possibility
to follow the evolution of the flame during one stroke. By usingan ICCD camerain kinetics
modewith a gatewidth of 200 nssingleshotimagesof the spontaneoulameemissionof the
two-strole engineareobtainedasafunctionof crankangle.

Figure2.10(bottomfour rows) shavs four seriesof nine singleshotimagesobtainedevery
3.6 degreescrank angle (0.5 ms) of the samestroke, covering the time spanthat the flame

41t hasbeenshown thatif the sootparticlesare small this temperaturés alsoa good measuréor the flame
temperatur¢56].
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emissionis clearlyvisible from 11.3 bTDClill 17.5 aTDC. The seriesarenot obtainedfrom
successie strokes. The time betweenthem,determinedy the readout time of the cameras
about3 secondsTheimagesshav the flameemissionin the central25 mm of the comlustion
chambeyintegratedoveradepthdeterminedy thesootconcentration theflame. Theposition
of the side windows, W1 and W2, the injector (i), andthe directionsof the fuel spraysare
indicatedin thefigure. Theilluminatedpart of the photocathodeorresponds$o 50 pixel rows
on the CCD chip, so the spatialresolutionis 0.5 x 0.5 mm?. Till around60®> aTDC flame
emissioncanstill be seen,but, its structuredoesnot changemuchary more. Also the flame
emissionaveragedyvertencyclesis givenin figure 2.10(top row). Theintensitiesof all series
areindividually scaled(lineargrey scale rangingfrom black (minimum)to white (maximum))
in suchawaythattheintensitiesof theimageswithin aseriescanbecomparedThepercentage
givenin front of eachseriesndicateshetotalintegratedintensityof the seriescomparedo the
intensity of the averageseries.It canbe usedasa measurdor the intensityvariationbetween
thedifferentseries Fromtheindividual seriest canbeseenthatthereis alargevariationin the
structureandintensityof theflamesfor differentenginecycles. Theaveragedserieq10cycles),
however, arefoundto reproducdor differentmeasurements.

To getmoredetailedinformationaboutthe startof the comlustion,similar seriesof images
aretaken, beginning at the startof the comhlustionandwith smallerdelaytimesbetweenthe
images.Fourserieof singleshotimagesof the spontaneouameemissiorduringthefirst part
of thecomhustiontakenevery 0.9 degreecrankangle(83 ws) areshovn in figure 2.11 (bottom
four rows). Also the flame emissionaveragedover ten cyclesis given (top row). First flame
emissionoccursbetweenl5” bTDC and14° bTDC. Althoughin every seriesthe behaiour of
thecomhustionis againdifferent,somesimilaritiesduringtheprogres®f thecomhustioncanbe
seen.Thefirst emissiorfrom sootis seerto startalmostalwaysattwo differentplacesprobably
resultingfrom two of the threespraysthat are closestto the top window (spraysl and2, note
thatspray3 cannotbeseerasit anglesdowvnwardoutof thefield of view). Mostly oneemission
spot,atthesideof thelaserexit window (W2), is seerfirst, followedby asecondemissionspot,
locatednearthe side of theinjector, a few tenthsof a degreelater (seearrons in figure 2.11).
As thecomhustioncontinuegheintensityincreasesimostlinearly andthetwo flameemission
spotsslowly meige into one another but the two flamescan still be distinguished,even at
17.5 aTDC. Thesetwo emissiongnove in a counterclockwisealirection,mostclearly seenin
figure 2.10. This indicatesthatthereis a certainswirl insidethe cylinder in counterclockwise
direction.

Thetotal integratedintensityof animageis a measurdor the intensityof the spontaneous
flame emission. For the seriesof imagesgivenin figure 2.10the total integratedintensity as
a function of crankangleis givenin figure 2.12. This figure shows clearly the variation of
the intensity of the flames,but the shapeof the curves doesnot changedrastically between
thedifferentstrokes. The mostintensepart of the comlustionis reachedat a slightly different
crankanglefor every stroke, varyingby about3 degreesaround2®° bTDC. For comparisorwith
the heatreleasehetotal integratedintensity of the obsened flameemission(an averageof the
curvesof figure2.12)is includedin figure2.4caswell.
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Figure 2.10: Four seriesof single shotimagesof the spontaneouflame emission,during that part of the stroke that flame emissionis

clearlyvisible, obtainedevery 3.6 degreescrankangleof the samestroke (bottomfour rows) andthe averageflameemission(top row). The

intensitiegn all seriesareindividually scaledandrepresenteih alineargrey scalerangingfrom black(zerointensity)to white (maximum
intensity). The percentaggivenfor eachseriesndicatesthetotal integratedintensityof the seriescomparedo thetotal integratedintensity
of the averageseries.The positionof the sidewindows, W1 andW2, andthe injector (i) andthe directionsof the fuel spraysareindicated
in the lower left.
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Figure 2.11: Four seriesof singleshotimagesof the spontaneoulameemissionat the startof the comhustion, obtainedevery 0.9 degree
crankangleof the samestroke (bottomfour rows) andthe averageflame emission(top row). Otherwiseasin figure 2.10. The arrows are
explainedin thetext.
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Figure 2.12: Totalintegratedintensityof all serieof singleshotimagesof thespontaneouiame
emissiorgivenin figure2.10. Thesolid line representthe averageantensity Thesymbols(O, o,
V, A) correspondo thedifferentindividual seriesof figure 2.10from top to bottom,respectrely.

2.5 Spectroscopyin a dieselengine

2.5.1 Nitric oxide and oxygen

To detectNO in comlustionprocesseby meansf the LIF techniquevariouswavelenghtscan
be usedfor excitation and detection. One frequentlyusedwavelengthis 226 nm, which can
be usedto reachthe lowestelectronicstateof NO by makinga transitionin the A2% (v'=0) «
X2I1(v"=0) band.Lessoftenusedis the 248 nm radiationof anexcimerlaseroperatecbn KrF
to excite the NO moleculego the A2 (v'=0)-statestartingfrom the secondvibrationallevel of
the groundstate(X2I1(v"=2)).

In thiswork the193nmradiationof anArF excimerlaseris usedto excite theNO molecules
in theD?X*(v'=0) «<— X2TI(v”=1) band.The excitationspectrunof this transitionandthe dis-
persedfluorescencespectrumof the D2 *(v'=0) — X2I1(v"), measuredn an atmospheric
flamewith an ArF excimerlaserarewell known [55,62]. Figure2.13shavs anexcitation/dis-
persionspectrunrecordedn anoxy-acetylendlameusingthe ArF excimerlaserto excite the
NO andthe OMA setupto detectthe inducedfluorescence.The cameragatewidth is 40 ns
andthe entrancsslit of the monochromatois setto 25 um. The excitationlaserwavelengthis
directedalongthe ordinate(iexc) andrangesrom 51648cm—1 to 51719cm~1. Thedispersed
fluorescencén thewavelengthrangebetweer200and230nmis representedlongtheabscissa
(A f1). Thefluorescencéntensityat every Aexc/A 1 COMbinationis representech alineargrey
scalerangingfrom black (zerointensity)to white (maximumintensity). The excitationrange
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coversmary rovibrationaltransitionsof theNO D2 *(v/=0) < X2I1(v”’=1) band.By integrat-
ing the signalover asmallrangearoundi ¢; = 208nm (correspondingo D(v'=0) — X(v"'=3)
fluorescencean excitation spectrums obtained.This spectrunis alsogivenin thefigure. All
linesbelongto theD2x +(v'=0) <— X2I1(v”=1) transitionof NO. Thefour strongestinesresult
from the coincidingR; andQ1 branchesasindicatedin thefigure. The P; linespartly overlap
theR1/Q linesin this frequeng region but their intensityis less.

Thedispersedluorescencespectrunmshowvn in the samefigure (alongthe top) resultsfrom
excitationof NO attheR1(26.5)/Q (32.5)transition.It shonvstwo progressionsiNot only fluo-
rescenceut of thedirectly excited D(v'=0)-stateto the X(v”=2-5)-statess obsened (201,208,
216and225nm), but, dueto rapid EET from the D-stateto the C-state alsofluorescencérom
the C(V'=0)-stateto the X(v”=2-5)-statess obsened (204,212,220and229nm). The C-state
progressions shiftedto thered (by about5 nm) andhasthe sameFranck-Condorpatternas
the D-stateowing to the similarity of their potentialenegy curves.At 225nm alsofluorescence
from the A(v’'=0)-stateto the X(v”=0)-statecould be present.However, asit coincideswith a
fluorescencéandout of the D-stateit cannotbe distinguishedIt shouldalsobe notedthatthe
D-statefluorescencéandsarespectrallybroad,in spiteof the selectve excitation of only two
or threerotationalenegy levels. The peakson eachof thedispersediuorescencéandscanbe
ascribedo bandheadsof the differentrotationalbranches.This indicatesthe occurrenceof a
considerableamountof RET in theupperstate.

In the engine,however, the pressuretemperaturendgasmixture aredifferentfrom those
in theflame. In orderto selectthe bestwavelengthsfor excitation anddetectionof NO inside
the engine excitationanddispersiorspectrehave to be obtainedfrom the engine. This results
in excitation/dispersiorspectrathat, at first sight, look quite differentfrom the onesrecorded
from theflame. An excitation/dispersiospectrunrecordedn therunningengineat42° aTDC
(P = 10 bars,Tgas = 850K), in which the wavelengthrangesarethe sameasfor the spec-
trum obtainedfrom the flame (figure 2.13)is shown in figure 2.14. This spectrumis obtained
by couplingin the laserbeamthroughthe top window anddetectingthe fluorescence¢hrough
the top window aswell (gatewidth 50 ns, slit 50 xm). This spectrumis measuredn about
15 minuteswhile the laserradiationwasscannedver 70 cm L. The spectrumdoesnot show
ary attenuatiorof the intensityduringthis scanindicatingthatwindow fouling doesnot occur
duringthemeasuringime. Thestrongfeatureat A y; = 207.8 nmis anartefactof themeasure-
mentsetup,probablydueto Ramanscatteringof the quartztop window. (Notethatthis feature
slightly shiftsto the red, asthe excitation wavelengthscansto the red, their frequeng differ-
enceremainingconstant.Thiswould beexpectedor afeaturedueto Ramanrscattering. Below
A1 = 204nmthe contribution of thefluorescencsignalis suppressetly thenormalincidence
193 nm lasermirror usedto block the elasticallyscatteredaserradiation. Although the exci-
tationanddispersedluorescencevavelengthrangesof figures2.13and2.14arethe samethe
mostprominentfluorescencgrogressionsre at completelydifferentiexc/A 11 combinations.
In fact, all strongfluorescencéeaturesn figure 2.14 canbe ascribedo the Schumann-Runge
bandsof oxygen. Nitric oxide fluorescenceut of the D-stateis presentas well, but much
wealerandmorediffuse(at i fj = 208,216and225nm). Apparently the conditionsin theen-
ginearesuchthatO, fluorescencegtleastatthis particularcrankangle stronglyinterfereswith
the NO fluorescenceThe excitationanddispersiorspectrashovn in the mamgin of figure2.14
demonstratehowever, thatthe contribution of the two componentsanstill be separatedby a
properchoiceof excitationanddetectionwavelengths.
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Figure 2.14: An excitation/dispersin spectrunrecordedn theengineat42° aTDC(P = 10bars,
Tqas = 850K). Otherwiseasin figure 2.13. The strongfeatureat i, = 207.8nm is an artefict
dueto the quartztop window. Below A, = 204 nm the contritution of the fluorescenceignalis
suppressetly anormalincidencel93nmlasermirror in front of the collectionoptics.
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The O, transitionsthatcanbe excited within the tuningrangeof anexcimerlaseroperated
on ArF belongto the Schumann-RungB3x | < X3%; system.The vibrationalgroundstate
(v’=0) canbe excited to the B(v'=4)-statevia several rotationaltransitions,causinglarge ab-
sorptionsin theintensityprofile of the excimerlaserradiationwhentransmittedhroughair. In
addition,transitionsin the B(v'=10,11) < X(v”/=2) andB(v'=14,15,16)« X(v”=3) bandscan
beobsered. Thecorrespondinglispersedluorescencspectraxtendto thevisible wavelength
range reachingvibrationallevelsin the X-stateashighasv’=35[63-66]. At hightemperatures
the O, spectrunbecomesodensedhatit is almostimpossibleto avoid O, excitationcompletely
(seee.g. [65]). Thereforeevenif thelaserfrequeng is off-resonanfor an O, excitation,some
fluorescencef O, will still be obsered. Also, someO» fluorescencés seenwhichis induced
by the broad-bandractionof theexcimerlaserradiation.This O, fluorescencenterferesn the
NO spectrgit partly overlapsthe NO fluorescencdéands)andbecomestrongemwhentemper
aturesarehigher becausé), is excited from the vibrationally excited X(v”=2 or 3)-statesas
canbeseenin figure2.14. Around Aexe = 51685cm 1 the laserintensityreachingthe engine
is relatively weak,causingdarkhorizontalbandsat Aexc in figure 2.14,dueto absorptioron the
rotationalR(21) andP(19)lines of the B(v'=4) «<— X(v”=0) transitionof O, presentin the air
throughwhich thelaserbeamis transmitted.

In emissionthe O, fluorescencés seenaround205nm, 211 nm, 217.5nm and225nm. It
is characterisetdy narrov doubletstructuredueto fastpredissociatiomf the upperstate[63—
65]. This predissociatiortausegxcited O, moleculego dissociatebeforesignificantRET has
occurred,so that, contraryto the ratherbroadNO fluorescencethe O, fluorescenceonsists
of only two closely spacedines originating from the directly excited level. (At still higher
pressuresipperstateRET hasbeenobsered for O, aswell [67].) However, as several O,
transitionscan be excited simultaneouslythe total O, fluorescencesignal consistof several
doublets,causingsomebroadening. At 225 nm the NO fluorescenceoincideswith the O,
fluorescence.At 208 nm and 216 nm, however, the NO fluorescencecan be distinguished
from that of O; in caseof appropriateresolutionof the dispersedluorescenceFluorescence
resultingfrom O, excited from the vibrationalgroundstate(B(v'=4) < X(v”=0)) is not seen
in the engineor flamespectra.This is partly becausehe frequeng that excitesthis transition
is alreadypartly absorbedy O, in theambientair. Also, the oscillatorstrengthfor transitions
startingfrom v’=0 is lessthanfor transitionsfrom v’=2,3 and the B(v'=4)-statedissociates
fast[65].

In the NO excitation spectrumincludedin figure 2.14 the strongR1/Q; lines canstill be
recognised.The apparenincreasan backgroundsignalis the resultof the gapsbetweenthe
closelyspacedinesdisappearinglueto pressurdéroadeningf thespectralines. Also, thetran-
sition frequeng canshift by collisionswith neighbouringnolecules At the engineconditions
atwhich this spectrumis obtained(P = 10 bars,Tgas = 850K) thetransitionfrequenciesare
red-shiftedby about1.5 cm~1 ascomparedo the correspondingitmospheridlamespectrum.
However, dueto increasegressurdroadeningheexcitationfrequeny is relatively insensitve
to the actualvalue of the pressureshift. In the dispersediuorescencepectrumalmostonly
NO fluorescencdrom the directly excited D-stateis obsened (besideshe O, fluorescence).
Fluorescencérom the C-stateis hardly detectableny moreatthis crankangle.

The spectrumof figure 2.14 canbe usedto selectsuitablewavelengthsfor excitation and
detectionof NO insidethe comhustionchamberof the engine. The interferencerom hot Oy
hasto be minimisedwhereaghe NO signalis preferrecto be maximal. The R1(26.5)/Q,(32.5)
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excitationline at Aexe = 517125 cm~1 (193.377nm) turnsout to be a good one, as O, ex-

citation is almostavoided (only O, fluorescencenducedby the broad-bandaserradiationis

seen)and NO fluorescences relatively strong. For detectionof NO the D(v'=0) — X(”=3)

fluorescencéandat 208 nmis in principlethe bestone,asthe nearesO, fluorescencsignals
areat205nmand211.5nm. However, if thelaserbeamis coupledinto the enginethroughthe

topwindow, the signal(obtainedhroughthe samewindow) alsocontainsa contribution caused
by non-resonangcatteringoy thetop window itself at207.8nm.

During the NO measurementthe laserradiationis fixed at the wavelengthpositionof the
R1(26.5)/Q (32.5)transition. The laseris tunedto resonancéy monitoringthe inducedfluo-
rescencdrom NO in the oxy-acetylendlame shifted by a known amountto getin resonance
with the NO transitionunderengineconditions.

2.5.2 Dispersedfluorescencespectra

A seriesof dispersedluorescencaspectraaveragedover 100 enginecyclesin the wavelength
rangebetween200 nm and 265 nm is given in figure 2.15. Thesespectraare obtainedby
couplingin thelaserbeam(exciting the R1(26.5)/Q(32.5)NO transition)throughthe top win-
dow anddetectingtheinducedfluorescencealsothroughthetop window, by the OMA system
(50 um entranceslit). Thepeakat 207.8nm andtherisein intensityabose 250 nm seenin all
spectrapoth resultfrom laserinducedemissionsof the top window. The factthatall spectra
shawv spectralstructure(eitherNO or O, fluorescencejndicatesthat fluorescenceanbe ob-
tainedthroughouthewholestroke, evenat TDC wherepressurandtemperaturarehigh. The
seriesof spectrashowns the O, fluorescencenostly inducedby the broad-bandadiationof the
excimer laseras canbe seenfrom the mary O, fluorescencgeaksof differenttransitionsof
02 (B(V'=14,15,16)— X(v”) andB(v'=10,11)— X(v")) arisingaroundTDC. In addition,they
shaw theinterferenceof O, fluorescencavith the NO fluorescenceesultingfrom the excited
D-stateaswell asfrom the A-stateandC-statepopulatecby EET.

At 19° bTDC almostno fluorescenceés seenwhereasat 16> bTDC mary narrov fluores-
cencepeaksarise, all resultingfrom hot O,. The O, fluorescenceappearssuddenlyon ap-
proachingTDC ascanbeseenin figure2.16. This figure presentgour spectrawith 0.6 degree
crank angle betweenthem, shawving the rise of the O, fluorescencavithin 1.8 degreecrank
angle. The suddenappearancef O, fluorescencés dueto the fastrise in temperatureat the
startof the comhustion. As the comlustioncontinuesthe O, fluorescenceéntensity remains
almostconstantill around40® aTDC;it thendecreaseandafter62° aTDCno O, fluorescence
is seerary morebecaus®f thesmallpopulationof thev’=2 and3 statesasaresultof thelower
temperature.

Fluorescencérom NO is seerfirst aroundTDC at 235nm. It resultsfrom boththedirectly
excited D(v'=0)-stateand the A(v'=0)-state the latter being populatedout of the D-statedue
to rapid EET. At increasingcrankanglesseveral broadNO fluorescencéandsappeatbeside
thenarrav O, fluorescencpeaks.Fromaround35° aTDConwardsthe structureof thespectra
getsdominatedoy NO fluorescencef increasingintensity Fluorescenceesultingfrom the
D(v'=0)-stateto the X(v"=3,4)-statess seenat 208 nm (red shoulderof the quartzRaman
scatteringpeak)and 216 nm (blue side of the O, peak), respectiely. (The fluorescenceo
the X(v”=2)-stateat 201 nm cannotbe seenasits contrikution is suppressedby the 193 nm
lasermirror in front of the collectionoptics.) At 225nmthe D(v'=0) — X(v”=5) andA(v'=0)
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Figure 2.15: A seriesof dispersedluorescencepectralaveragedover 100 enginecycles) ob-
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Figure 2.16: Four dispersediuorescencespectraobtainedfrom the two-strole engineshaving
the suddenappearancef O, fluorescencelueto the fastrise in temperatureat the startof the
comtustion. The peaksaround205, 211, 217.5and 225 nm can be ascribedto fluorescence
from severaltransitionsn the(B(v'=14,15,16)—~ X(v") andB(v’'=10,11)— X(v")) bands.The
persistenpeakat207.8nmis anartefictdueto thetop window.

— X(v”=0) fluorescencérandsof NO coincidewith an O, fluorescencérand (B(v'=10) —
X(v”=7)). At higherwavelengthsfluorescencérom the NO D(v'=0)-stateto the X(v”=6,7,8)-
stategs seermat234,244and254nm, respectrely. Redshiftedfrom theseD-statefluorescence
bandsis fluorescencdérom the NO A(v'=0)-stateto X(v"=1,2,3)-statespbseredat 236,246.5
and 258.5nm, respectiely. The broademissionsignalsseenat 204, 212, 220 and 229 nm
canbeattributedto NO fluorescencérom the C(v'=0)-state populatedby EET, to the X(v"=2-
5)-states.Someof theseNO fluorescencéandsalsocoincidewith O, fluorescenceln these
regionsonly the shapeof the peakschangesiuring the stroke from a narrav structurearound
TDC (characteristidor O,) to abroad,rippledstructuretowardsBDC (characteristi¢or NO).

Theseseriesof spectrashav thatEET is animportantprocessn theengineasmary strong
fluorescenceeaksareseenfrom the C(v'=0)-stateandthe A(v'=0)-state.Thesestatesarenot
directly excitedandfluorescenceanonly arisebecausehesestatesarepopulateddueto rapid
EET. ThespectrunobtainedatBDC (180° aTDC)shawsonly little NO fluorescenceandicating
that almostall NO hasbeenremoved by scarenging. At the momentthe exhaustcloses,at
105’ bTDC, andthe next compressiomstroke starts all previously formedNO is expectedo be
flushedout of the comhustionchamber

The NO dispersedluorescencepectraprovide informationon the amountof NO present
insidethe probedvolumeof the cylinder. Theintegratedintensityof the NO fluorescencéand
canbeusedto obtainanin-cylinder NO density(chapte). The spectraalsoprovide informa-
tion aboutthe positionof NO fluorescencéandsandO» fluorescenc@eakausinganexcitation
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wavelengthof 51712.5cm~1 obtainedfrom the runningengine. This informationis necessary
to determineafluorescencéandof NO freefrom O, fluorescencéor imagingof NO distribu-
tions(chapters).

2.5.3 Saturation

Thedependencef the fluorescencesignalon the pulseenepy of the excimerlasercanbede-
rivedfrom dispersedluorescencapectra.To thisenddispersedluorescencspectraaveraged
over 100 enginecycles,areobtainedat 74° aTDC for differentlaserpulseenegies. Thelaser
beamis coupledinto the enginethroughthe top window andfluorescencés coupledout also
throughthetopwindow anddetectedy the OMA system Fluorescencérom O, is absenfrom
thesespectracompardigure 2.15). Theintegratedfluorescencgield asafunctionof thelaser
pulseenegy (measuredlirectly in front of theengineentrancevindow) is shovn in figure2.17
(®). Thesolidline is alinearfit to the measurediata.lt canbe concludedhatthefluorescence
yield dependdinearly onthelaserpulseeneqy. In itself, suchalineardependences no guar
anteefor the absencef saturation(seee.g. [68]). Saturatiorgenerallyoccurswhenthe optical
pumpingis strongenoughto induce‘considerable’changesn the equilibrium populationsof
the molecularlevels that are coupledby the pump. In molecules,RET is the fastestprocess
that maintainsthermalequilibrium. Thus,aslong asRET ratesarefasterthanthe pumprate,
saturationeffectswill not be evident, even for laserfluencesthat would leadto considerable
saturationif RET wereabsent.(The effect of RET on the fluorescenceignalis discussedn
section2.3.2.) Therefore saturatioreffectswill be neglectedin thefollowing chapters.

250

200 —

150

100

Integrated intensity (arb. units)
a1
o
|

T T I T I T I T I T I
0 20 40 60 80 100 120

Laser pulse energy (mJ)

Figure 2.17: The dependencef the integratedfluorescencegield on the pulseenegy of the
excimerlaserderivedfrom dispersediuorescencapectra/®). The solid line is a linearfit to the
datapoints.
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Appendix

Therateequation2.4 — 2.6 of section2.3.2canbe solvedanalytically yielding
Ni(t) = Aqexp[—oait] + Az exp[—a_t] + Ag (2.8)
No(t) = Ba exp[—ayt] + B exp[—a_t] + B3 (2.9)

B
Nat) = kos expl—y 1] [—1 ©Ply —a)t] — 1)+
V — o4
B B
—2 (expl(y —a)t] — 1) + — (exp[yt] — 1)], (2.10)
y —a_ Y

in which a constanpumpratehasbeenassumedTheconstantaregivenby

a — (k _ ar — _
p = 2kt yas B, — 2 Kma- p (2.11)
(ay —a)a (g —a_)ap
a — (k ap —
Ay = — 2 — (ks ¥ y)as B1ol B, = +2—k410l+ B2l (2.12)
(04 —a-)a (a4 —a_)ap
Biol + koz + B2l
As = +k41( 12l +kez+y) By — _ ka1B12 (2.13)
ap a

and

oy = 1/2 (al + ,/af — 4a2) (e R) (2.14)

ap = (Bi2+Bo)l+kar+kz+y (2.15)
a2 = ka1Bo1l + (B1al 4+ Kap) (k2z+ ) (2.16)

Thetotal fluorescenceield S ¢ (humberof photonsemittedin a specificvibronic bandwith
spontaneousmissionrateconstantA*) inducedby a constanintensitylaserpulseof duration
7p thenfollows as

Tp [e.@]
SiF =/A*[N2 (t, 1) + Na (t, |)] dt + fA*[Ng (t.1=0)+ Na(t,l = O)]dt
0 Tp
« | B1 B2
= A |:—(1 — exp[—a4 tp]) + — (1 — exp[—a— p]) + Bs rpj| +
o4 o_
(2.17)

B 1 1
A* kzs[ & [—(1 — exp[—ay Tp]) — — (1 — exp[—y rp])] +
Y — oy | oy 4

B2

Yy —a
E[r —1(1—exp[— r]):|]+A—*|:N (t—t)-I—N(t—t)]
y p % Y P Y 2L =T1p 3L =Tp) |-

1 1
[—(1 — epl=a_ o)) — (1= expl—y rpb] +
o y

The Einstein coeficient for absorption,B12, was taken from LIFBASE[69], by adding
together the coeficients for the coincident R1(26.5) and Q1(32.5) transitions, yielding

59



2 Laserbasedliagnosticsn adieselengine

Figure 2.18: Simplifiedlevel schemausedin the weakfield limit.

B1, = 3.23nsec’Y/(MW/(cm?cm™1)). Neglectinga smalldifferencein degeneray, Bo1 = B1o
will be assumed.The RET processes groundandexcited stateare hereassumedo behae
similarly®, with a rateconstanof kos = k14 = 10° sec *Pa ! at roomtemperaturé70]. For
thenon-radiatve decayrateconstants asimilarvalueis taken[71]. Furthermoreall collisional
rateconstantsvill beassumedo possesthe samepressurandtemperatureglependenceagiven
by k o« P/+/T. This particularequationis discussedn the Appendixof chapter4. Thevalue
of A* is irrelevant here,sinceit is merely a proportionalityfactor The laserpulseduration
p = 20 nsec. All crankangledependenpressureand temperaturevaluesare taken from
figure 2.4, usingthe meangascurwve of figure 2.4dfor thetemperature.

In the weakfield limit, the excitation laserpower producesonly a neggligible perturbation
of the populationof the lower statelevel. In this limit, both RET andstimulatedemissioncan
be neglectedandthe simplifiedlevel schemeof figure 2.7breducedo the evenmoresimplified
level schemeof figure 2.18. Theexpressiorfor the fluorescencgield thenreducego

WF A* A*
IFE = 7 (1 — exp[—Blgl ‘L’p]) ~ 7 Biol Tps (2.18)

thelaststepundertheconditionthatB12 | 7p « 1. Equation2.18is theonethatis usuallyused
in theinterpretatiorof LIF signalstrengths.

5As far asknown thereareno publisheddataon RET in the NO D(v/'=0)-state.
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Chapter 3

A methodto assesshe local attenuation
coefficientby Mie scatteringusingtwo
counterpropagatinglaser beams

Abstract

Two-dimensionalaserinducedfluorescencelistributionsof specificmoleculesvihin thecom-
bustionchamberof a runningdieselenginecan be interpretedquantitatvely, provided thata
numberof additionalparameterss known. Oneof the mostelusive of theseis the local illu-
minationintensity distribution over the field of view, dealtwith in this chapter A methodto
derive the spatiallyresohedattenuatiorcoeficientis developed usingtwo elasticlight scatter
ing imagesyecordedsimultaneouslyrom thesameareawithin theengine but illuminatedfrom
oppositedirections(doubleimagemethod). Although exactin principle, this methodrequires
considerablexperimentalexpenditure,andfor this reasona more approximatemethodusing
only a single elasticscatteringmageis describedaswell (singleimagemethod). The single
imagemethodrequiresthe total transmissionossesover the engines comhustionchamberas
input. Sincethe experimentaldeterminatiorof transmissiorfacesits own difficulties, it is de-
scribedin aseparatesection.Theresultsof thesingleimagemethodarecomparedigainsthose
of thedoubleimagemethod.Finally, they arecomparedagainsimagesof the naturalemission
of the cylinder contentduringcomhustion.
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3 A methodto assesshelocal attenuatiorcoeficient........

3.1 Intr oduction

Laserbasedoptical diagnosticcanbe usedto characteriseomhustionprocesses greatde-
tail. They areappreciatedor their ability to combinenon-intrusvenesswith sensitvity and
selectvity for specificchemicalspeciesandguantumstateq30]. As suchthey have beenap-
pliedto bothopenflamesandinternalcomhustionengineg31,32]. LaserinducedrFluorescence
(LIF) is a diagnostictechniquethat hasthe sensitvity to provide spatiallyandtemporallyre-
solvedinformationon minority speciesn comhustionprocessesThemeasuremeryrinciple of
this techniquenvolveselectronicexcitation of the moleculesof interestby laserradiationand
detectionof theinducedfluorescenceBy usinga sheetof laserlight andrecordingthefluores-
cenceby a gatedCCD cameran adirectionperpendiculato the planeof the lasersheet two-
dimensionalistributionsof the specief interestcanbe obtained. Two-dimensionalLIF has
beenusedio demonstratéhepresencef alargenumberof specificsmallmoleculesn avariety
of comhustionernvironmentg31,32]. Spatiallyresoheddetectionof thelaserinducedfluores-
cenceprovidesinformationon the local densityof the moleculeof interest,but in generalthis
informationis hardto quantify In principle,if thetransitionis not saturatedthe fluorescence
intensityis proportionalto the intensity of the laserbeam,the densityof the moleculesn the
probedstateandthe fraction of excited moleculeghatfluorescesat the right wavelength. The
proportionalityconstanthowever, dependsstrongly on the local conditionsin the obsenation
point, like pressuretemperatureand chemicalcomposition. For a two-dimensionameasure-
ment,fluorescenceguenchingandtemperaturenight beinhomogeneouasthelocal conditions
within the obsenation volume can be differentat eachposition. In addition, the local laser
intensitywill generallyvary overthefield of view, dueto scatteringandabsorptionIn practice,
the laserintensity distribution within a certainmeasurementolumeis difficult to assess.In
generalwhenLIF is to be appliedto practicalcomhustiondevices,factorsthat determinethe
laserintensityin the measurementolumecomprisei) lossesdueto the (oftenlimited) optical
accesdo the comhustion, ii) extinction betweenthe accesgorts and the actualobsenation
areaandiii) extinction within the obsenation areaitself. Although the lasttwo lossfactors,
in principle, are causedby the sameprocessesthey shouldbe distinguishedn the analysis.
In the following, several publishedattemptsto dealwith this problemwill be discussedand
subsequentlyhe specificproblemof NO detectioninsidethe comlustionchamberof arunning
dieselengineby meansof UV LIF will beconsidered.

Stepavski [72] developeda technigquein which the fluorescenceignal obtainedfrom OH
excited by laserlight in a flameis quantifiedby a locally determinedabsorptionbetweentwo
closely spacedboints. To be independenbf the local ervironment,which could be different
for the two probedpoints, a bi-directionallaserbeamconfigurationwas used. After the first
laserbeama secondaserbeamis sentthroughthe flamealongthe samepathbut in opposite
directionandwith a slight delay In situ calibrationof the fluorescencesignalis determined
from the ratio of the two fluorescencesignalsinducedby the two excitation beams. In this
methodit is assumedhatthe attenuatiorof thelaserbeamis causednly by absorptiorby the
moleculeof interest.Versluisetal. [73] have extendeahis techniqueandpresente@ detection
scheméor two-dimensionakpatially resoled absolutenumberdensitymeasurementsf OH
radicalsin flames. The OH concentratioris derived from the ratio of two OH LIF images,
which areobtainedfrom two laserbeamdravelling throughthe flamealongthe samepathbut
in oppositedirection. By usingthis bi-directionalapproachanddivision of the imageson a
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3.1 Introduction

pixel-to-pixel basis,quenchingatesareeliminated.A disadwantageof this methodis the loss
in sensitvity, as by the division of both signalsthe experimentin principle is reducedto an
absorptiormeasuremerdndthe sensitvity of the LIF techniques lost.

This methodcannotdirectly be appliedto measurebsoluteconcentration®f moleculesn
dieselenginesasthe procesghat reducegshe intensity of the laserradiationis more compli-
cated.Whereasn the flameexperimentq72,73] attenuatiorof the laserintensityis (assumed
to be) causedoy absorptionof the radiationby only the speciesf interest,this molecularab-
sorptionplaysonly a minor partin the decreasef the laserintensityin the dieselengine.On
its way throughthe comhustion chambey attenuationof the laserbeamis mainly causedoy
scatteringoff andabsorptiorby sootparticlesandoil andfuel droplets.Thereforethelaserin-
tensityattenuatiordepend®n the densityof scatteringandabsorbingparticlesandoil andfuel
dropletsratherthanonthedensityof theabsorbingnolecules Althoughin this casehemethod
with thetwo anti-collinearlaserbeamss not usefulto determinethe absoluteconcentratiorof
the molecularspeciesof interestit can, however, be usedto determinea local factor for the
attenuatiorof the laserradiation. This local attenuatiorcoeficientis requiredto calculatethe
local laserintensity one of the parametershatis necessaryo quantify two-dimensionaLIF
distributions.

In the presentvork thetechniquewith thebi-directionallaserbeamconfigurations adapted
to obtainaneffective attenuatiorcoeficientfor thelaserintensitywhich canbeusedo calculate
the local laserintensity To this endthe elastically scatteredaserradiation, the intensity of
which is proportionalto the local laserintensity is recorded. To be independentf the local
scatteringcircumstances$wo laserbeamsare used,the secondof which traversesthe engine
with ashortdelay(~ 50 ns)andin oppositedirectionascomparedo thefirst laserbeam.Two
camerasreusedto recordtwo-dimensionalmagesof the elasticallyscatteredaserradiation.
Contraryto theflameexperimen{73], in whichtheimagesarerecordedaftereachotheronthe
samecamerapothimagesnow have to berecordedat nearlythe samemomentusingtwo laser
and camerasystemsasthe comhustionin a dieselengineis very irreproducible. After some
manipulation,discussedelaw, this resultsin animagerepresentingan attenuatiorfactorfor
thelaserintensitywhich canbe usedto reconstructhelocal laserintensity

Using this methodin practicefor the determinationof NO density distributions implies
thatthreeimages scatteringdistributionsin bothdirectionsanda NO fluorescenceélistribution,
would have to berecordedsimultaneouslyThis is rathercomplicatedasthreecamerasystems
and(atleast)two laserbeamswvould have to be used.It would be of interest,if possibleto use
only onescatteringmageto arrive atthe local laserintensity In addition,therefore a method
is developedto extractthe local laserintensityfrom only onescatteringmage. This method,
which will bedenotedasthesingleimagemethod,s checledby comparingts resultwith that
of the methodusingimagesobtainedfrom two laserbeamstravelling throughthe enginein
oppositedirection,denotedasthe doubleimagemethod.

Finally, the singleimagemethodis appliedto elasticscatteringmagesin orderto compare
themto simultaneouslyneasuredlameemissionmages.
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3 A methodto assesshelocal attenuatiorcoeficient........

3.2 Theory

In general,imagesrecordedby a CCD camerarepresent spatially resoled light scattering
efficiengy. Assumingthatonly a thin planeperpendiculato the line of sightof the cameras
illuminated,thesignal S(x, y) givenby ary pixel canbewritten as

S(x,y) = G(X, y)n(x,y) o (X, y) IL(X, y), (3.1)

in which (x, y) represento-ordinatesn theilluminatedplane,l (x, y) denoteghelocalillu-
minationintensity o (X, y) is alight scatteringcrosssection,n(x, y) the densityof scattering
particlesandG(X, y) acollectionefficiengy. Thedetailedformsof n(x, y) ando (X, y) depend
ontheactuallight scatteringnechanisnglike e.g. LIF, Rayleigh/Mie Raman)whereass(x, y)
is determinednainly by the experimentaketup.

If densitydistributions,n(x, y), areto be determinedrom the light scatteringmagesall
otherfactorsin equatior3.1haveto beknown. Evaluationof thesefactorsresultsin expressions
thatdependon thelocal conditions(pressuretemperaturelaserintensity)andthereforeonthe
position (x, y). Probablythe mostelusive factorin equation3.1 is the local laserintensity
I (X, y), afactorwhich cannotbemeasuredlirectly in arunningengine but in generakill not
be uniform over the wholefield of view. By the useof two elasticscatteringmagesobtained
(quasi-)simultaneouslfrom two laserbeamswhich traversethe enginein oppositedirection,
but alongthe samepath,thelocallaserintensitycanbereconstructedT his methodis similarto
themethodusedo obtainabsolutéOH concentratiomprofilesin flamesasreportedoy Versluiset
al. [73]. Alternatively, thelocal laserintensitycanbe reconstructedrom oneelasticscattering
imageif someassumptionsremade.Both methodsaredescribedelow.

3.2.1 Doubleimagemethod

A schematidop view of the scatteringexperimentin which thelasersheetraverseghe engine
from sidewindow W1 to sidewindow W2, calledthe forward direction,is givenin figure 3.1.
The x-axis is taken alongthe laserbeam,the y-axis along the width of the lasersheet. The
thicknessof the light sheetis neglected. Elastically scatteredight is measuredn a direction
perpendiculato the lasersheet(z-direction) betweenthe boundariesx = 0 andx = L(y)
(determineduy the size of the obserationwindow) for the whole width of the lasersheet.As
the laserbeampropagatesn the x-direction, only the intensitydecreasén x-directionhasto
betakeninto account andthe two-dimensionaproblemcanbe reducedo a one-dimensional
problemby analysingeachline alongthe x-direction,for afixedvalueof y, separately

The measuredntensity of the laserradiationscatteredrom a position(x, y) generatedy
thelasersheettraversingthe enginein forwarddirection, Si o (X, Y), is givenby equation3.1,
which canbesslightly adaptedor this specificsituationto read

Sf or (Xv Y) = C A(Xa y) I for (Xv Y) [nU]sca(Xv Y)’ (32)

in which C is a proportionalityconstantincluding a numberof experimentalparametersike
camerasensitvity andlossescausedoy the opticsusedfor imagingandfiltering. A(x, y) isa
factordescribingheattenuatiorof thescatteredight onits wayto thetopwindow aswell asthe

1This impliesthatsecondarscatterings neglected;seealsothe Appendix
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Figure 3.1: Schematidop view of the lasersheettraversingthe enginein the forward direction
from sidewindow W1 to sidewindowv W2. Thex-axisis takenalongthelasersheetandthesignal
is obtainedin a directionperpendiculato the lasersheel(z-direction)throughthe top window
W3 betweertheboundariex = 0 andx = L(y). Thepistonsurfacewith adiameteD =81 mm
is alsoindicated.

lossescausedy thetop window itself. Thefactor[no]sca(X, Y) representshe effective contri-
bution of all scatterersitposition(x, y) whichis actuallygivenby Zj Nj.sca(X, ¥Y)oj sca(X, ¥),
wherethesumis over all differentscattererpresentindn; sca(X, Y) is thedensityof scattering
particlesof a certaintype with a scatteringcrosssectionoj sca(X, Y). However, in the experi-
mentthe contribution of differenttypesof particlescannotbe separatedandthereforethey are
combinedinto one effective scatteringterm. The laserintensity alongthe forward direction,
ltor (X, Y), is givenby Lambert-Bees law as

ltor (X, Y) = ltar (O, y)EXp | — /[nU]ext x',y)ydx" |, (3.3)
0

in which ¢4 (0, y) is theinitial laserintensityat (x = 0, y). Note thatthis is not the laser
intensity at the entrancewindow of the engine,as the laserbeamhasto travel throughthe
entrancewindow anda part of the comhustionchambereforereachingthe obsenation area
(seefigure 3.1). The factor[no]ex: (X, Y) is an effective attenuationcoeficient for the laser
radiationgivenby

[No]ext (X, Y) = [No]sca(X, Y) + [No]aps(X, Y). (3.4)

where[no]aps(X, Y) is theeffective contribution of absorptiorto thelaserextinction,andwhich
consistof differentcomponentssimilarto [no]sca (X, Y). Notethat,while the scatterings due
only to the densityandcrosssectionof scatteringparticles,the attenuatiorof the intensity of
thelaserradiationis causedy both scatteringandabsorption.

If the lasersheettraversesthe enginealong exactly the samepath but in oppositedirec-
tion, which is calledthe backward direction,similar equationsanbe derived. In this casethe
measuredntensityof the scatteredadiation,Sack (X, ), ataposition(x, y) is givenby

Shack (X, Y) = C" A(X, ¥) lpack (X, ¥) [No]sca(X, ). (3.5)
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3 A methodto assesshelocal attenuatiorcoeficient........

wherethe proportionalityconstaniC’ hasnot necessarilfhe samevalueasC in equation3.2,
but the attenuatiorfactor A(x, y) is thesamen bothcasesThelaserintensityof thebackward
travelling sheet,lpack (X, ¥), with aninitial intensity Ipack (L (Y), ¥) at (x = L(y), y), is given

by

Iback (X, ¥) = lpack (L(Y), y)exp | — / [No]ext (X', y) d(—x') |, (3.6)
L(y)

in which thereversedirectionof integrationis indicatedexplicitly .

If the forward andbackward scatteringsignalsarerecordedsimultaneouslyfrom the same
area,both the lossfactors A(x, y) aswell asthe absorptioncrosssectionand densityof the
scatteringparticlesarethe same andcancelif bothscatteringsignalsaredivided. Usingequa-
tions3.2to 3.6,theratio R(x, y) betweerbothscatteringsignalscanbewritten as

def  Spack (X, Y)
R&Y) = Sy S

(g lback (L(Y), Y)
C |t (0,y)

) exp| — / [Nolext (X', y) d(—X") + /[na]ext (x', y) dx’
L(y) 0
L(y)

)exp 2 / [No]ext (X, y) dx" — / [Nolext (X', y) dX’
0 0

(S’ Iback (L(Y), Y)
C |t (0,y)

Note that after the division of the signalsonly the part concerningthe extinction of the laser
radiationis left andthe experimentactually is reducedto measuringextinction. Taking the
naturallogarithmof theratio of the scatteredignalsresultsin

L(y)

EM) +2/[ng]ext(x/, y) dx’ — /[na]ext(x/, y)dx’. (3.8)
0 0

InR(x,y) =1
NROY) n<C ltor (O, y)

If thedervative of In R(X, y) with respecto x is taken,only the secondermon theright-hand
sideof equation3.8 contritutes,sincethe othertermsareindependentf the variablex. Using
the Leibnitz theoremfor differentiationof anintegral this gives

d
& In R(X’ y) = 2[n0]ext (Xv Y)’ (39)

which canberewritten as

Shack (X, Y)) . (3.10)

[Noled 6 ) = + S in
Tt XY =5 ax "\ St (X, ¥)

Thus,aneffective attenuatiorcoeficient [no]ext atary position(x, y) canbedeterminedrom
two simultaneouslyecordecklasticscatteringmagesof the sameareaby calculatingthe slope
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3.2 Theory

of the naturallogarithmof their ratio. As this coeficient is derived without making ary as-
sumptionsijt givesthe exactattenuatiorfor thelaserradiationinsidethe comlustionchamber
Moreover, this resultis independenbf transmissiorossesin the laserentrancenindows, as
well aslossesn the optical detectionpathway. An imageof the local laserintensitydecrease
insidetheobsenationvolumein thecylindercanbecalculatedy integrating[no]ext (X, y) over
thepathin theobsenationvolume,for boththeforwardandbackwarddirectedaserbeamqus-
ing equation3.3 or 3.6, respectiely). The averageattenuatiorcoeficient canbe extrapolated
to estimatehetotal attenuatiorover thewhole optical pathin the comhustionchamber

3.2.2 Singleimagemethod

If only oneelasticscatteringimageis available (e.g. in forward direction),the local laserin-
tensitycanstill be extractedfrom theimageif someassumptionsremade.Firstit is assumed
thata constantelationexists betweerthe contribution to the attenuatiorof the laserradiation
causedby absorptionand by scattering. This assumptions basedon the fact that for small
enoughparticlestheir propertieswill be determinedoy the materialratherthanby exactshape
or size[75]. Thecontributionsof scatteringandabsorptiorto the attenuatiorof thelaserinten-
sity areassumedo berelatedby a proportionalityconstant as

[Nolsca(X, Y) = & [No]aps(X, ¥). (3.11)

If the approximationof a constantrelation betweenscatteringand absorptionis used,the
laserintensitygivenin equation3.3 canberewritten as

tor (%, ¥) = I ror (O, y) exp | — / (1 + &) [NoJabs (X y) dx’ | . (3.12)
0

Combiningexpression3.12 for the laserintensity with equation3.2 for the intensity of the
scatteredaserradiationresultsin

Stor (X, ) = Cltar(0,¥)&[No]aps(X, y)exp | — /(1 + &) [noaps(X', y) dX’
0

C d p
= —1f€lfor(0,y)&exp —f(1+5)[n0]abs(X/aY)dX/ . (B13)
0

Integratingboth sidesof equation3.13resultsin

X

C
a0y (1-en|- f 1+ [nolasx. y dx' | |, 3.14)
+ & )

X
/ Stor (X, y)dx' =
0

in which the exponentialterm representshe local laserintensity decreasenside the obsena-
tion volume. This intensity decreasecan be calculatedfrom the elastic scatteringimage by
integratingthesignalif thelaserintensityatthe beginningof theobsenationvolumel ¢ (0, y)
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3 A methodto assesshelocal attenuatiorcoeficient........

is known. Thisintensitycanbe approximatedrom the total transmissiorof the laserradiation
throughthe engine.On the assumptiorof an averageattenuatiorcoeficient thatdoesnot vary
appreciablyover length scalescorrespondingdo the size of the obsenation area,the intensity
decreasén thefirst part of the comlustionchamberthat cannotbe seenthroughthe window,

canbedetermined.

3.2.3 Transmission

Theintensityof thelaserradiation,whereit entershe obsenationareaatthe position(0, y) in
the comhustionchambelof theengine s givenby

0
ltor (0, y) = lw1Twiexp | — /[no]ext(x/, y)dx' |, (3.15)
W1

wherely istheintensityof thelaserradiationbeforeenteringtheengine(throughwindow W1)
and Ty the transmissiorof the entrancewindow. Using an averageattenuationcoeficient,
[No]ext, €quation3.15canberewritten as

D-L
l'tor (0, y) = lw1Twiexp (—[W]ext( 5 )), (3.16)

whereD is thediameterof the cylinder (seefigure 3.1).

The averageattenuatiorcoeficient canbe obtainedfrom the total transmissiorof the laser
radiationthroughthe comlustionchamberof the runningengine.For theforwarddirectionthe
transmissiorthroughthe comhustionchambeiof theengineis givenby

lw2 = lwi1TwiTw2 exp (—[No]ext D) , (3.17)

wherely? theintensityof thelaserradiationafterits way throughthefiring engineandthetwo
sidewindows and Ty thetransmissiorof the exit window. Equation3.17 canberewritten as

[Mo]ext = L (IL> : (3.18)

D lw1TwiTw2
which subsequentlganbe usedin equation3.16,if oneassumeshatthe average attenuation
in thewhole cylinder is the sameasthatin theinvisible parts(notethatL ~ 0.3D). However,
adisadwantageof this methodis thatthe window transmissionwhich is difficult to measureis
includedin theresult.

Alternatively, the averageattenuationcoeficient of the obsenation volume, without any
contribution from the side windows, can be derived from the doubleimagemethod. The ef-
fective attenuationcoeficient, [no]ext (X, Y) from equation3.10, canbe usedto calculatean
averageattenuatiorof the laserbeamover the obsenation area,which canbe assumedo be
equalto the averageattenuatiorfor thewhole pathin the comhustionchamber

Using the averageattenuationcoeficient in the integral of equation3.14 and integrating
overthepartof thecylinderthatcanbeseen(i.e. 0 < x < L(y)) resultsin

L(y)

C
f Star (X, y)dx’=%lfor<o, ) (1—exp<—<1+s>[n—a]absuy>)), (3.19)
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which canberewritten as

1+ | Y

Cé¢ lwiTwiTw2 )

If this resultfor the laserintensity at the beginning of the obsenation areais usedin equa-
tion 3.14,anexpressiorfor thelocal laserintensitydecreaseanbederived

X
Ly Stor (X', y) dX’
lfor(x,y>_1_(l_( w2 Dy) J Stor

ot V) (3.21)
l'tor (O, ) lw1TwaTw2 '-}Y) Stor (X', y) dX’

f ,
o or

Notethatthis expressions independentf theexactvalueof the proportionalityconstang;
only theassumptiorf aconstantelationbetweerabsorptiorandscatterings used.If thevalue
of & is varied,only theabsolutevaluesof the laserintensitychange put not the distribution. A
methodto estimatehevalueof ¢ is givenin the Appendix.

3.3 Experimental setup

The engineusedin the experimentis anoptically accessibl@ne-glinder two-strole directin-

jectiondieselenging(boreD=81 mm)whichis describedn detailin chapter2, section2.2. The
engineis steadilyrunning(i.e. not skip-fired) on standarccommercialdieselfuel andambient
(non-oxygen-enrichedptake air. Optical accesgo the comhustion chamberis provided by

guartzwindows (Suprasill) in the cylinder head.Two rectangulasidewindows (W1 andW2;

25 x 10 mn?; thicknes25 mm) areplaceddiametricallyin thewall in suchaway thata laser
sheettanenterthe comhustionchambethroughoneof themandcanleave it throughthe other

A cylindrical top window (W3; diameter25 mm; thickness35 mm) is placedcentrallyin the
top of the cylinder head.

3.3.1 Doubleimagemethod

Theexperimentaketupshaving theengine two laserbeamsandtwo CCD camerass schemat-
ically givenin figure3.2. Thelasersystemsisedareboth pulsed(10 Hz) excimerlasergCom-
pex 350TandEMG 150MSCT; A-Physik)runningonArF deliveringradiationtunablebetween
192.9and193.9nm. Both deliver pulseswith a durationof 20 ns, a bandwidthof 1 cm~* and
arectangulabeamprofile (25 x 3 mm?) . Thelaserbeamsareorientedin a horizontalplane
parallelto the pistonuppersurfaceandshapednto athin shee{25 x 0.5mm?) by two cylindri-
callenses.Thelasersheetraversingthe enginein forwarddirectionis coupledinto the engine
throughthe sidewindow W1 andcoupledout throughthe othersidewindow W2. The second
lasersheetgoingin backwarddirectionis directedanti-collinearlythroughthe engine(coupled
in throughW2 andout throughW1). The sheetsspatially overlappednsidethe engine. The
elasticallyscatteredaserradiationis detectedn a direction perpendiculato the lasersheets
throughthe top window by two similar camerasystemg(figure 3.2). By the useof 193 nm
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Figure 3.2: Schematiaiiew of the experimentaketup.Onelasersheetraversegheenginein the

forwarddirectionfrom sidewindow W1 to sidewindow W2, while the othertraverseghe engine
in the backvarddirectionfrom W2 to W1. Elasticallyscatteredadiationis detectedhroughthe

top window W3 in a directionperpendiculato the lasersheetdy two intensifiedCCD cameras.
B, beamsplitter; M, mirror.

opticsthe contribution of the naturalflame emissionis completelysuppressedBoth cameras
aregatedintensifiedCCD cameraglCCD-576G/RB-EPrincetorinstrumentsyvhoseoutputis
digitised (ST-138; Princetoninstruments)and sentto a computerfor further processing.The
usedgatewidth is 25ns. Thepositionof thepiston,thelaserpulsesandcamerasystemsaresyn-
chronisedusingadelaygeneratarThetime delaybetweerbothlaserss setto 50ns. Thisdelay
is long enoughto be ableto detectthe scatteredadiationfrom both sheetseparatelywhile it
is shortenoughfor both scatteringsignalsto originatefrom essentiallythe samedistribution
of scatteringparticlesinsidethe comhustionchamber For the processingf the imageshome-
developedsoftwareis used[74]. For the processingt is importantthatthe imagescorrespond
to exactly the samefield of view, assmall misalignmentsnay introduceartificial structurein
theresult. Properaligmentof theimageswasachiezed using separatelyecordedmagesof a
highly structuredreferencepictureputinto the engineinsteadof the top window.

3.3.2 Singleimage method

In the presentexperimentthe singleimagemethodis appliedto the elasticscatteringimages
obtainedwith the setupdescribedabove, in orderto be ableto comparethe resultswith those
obtainedusing the doubleimage method. But, in general,the single image methodwill be
appliedto an image of the elastically scatteredradiation recordedsimultaneouslyand from

the sameareaas a fluorescencemage of NO. For this purpose,althoughthe setupusedto

obtaintwo scatteringimagessimultaneouslycould be used,the experimentcanalsobe done
usingonly onelasersystem.If the laseris tunedto a NO resonancethe NO fluorescencand
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elasticallyscatteredadiationcanbe obtainedfrom the samelaserpulsewith differentfilters
(onetransmittingNO fluorescenc@andonetransmittingthe laserradiation)in front of the two
camerasystems.If insteadof the NO fluorescencehe naturalflameemissionis recordedthe
samesetupcanalsobe usedto obtainonescatteringmageandoneimageof the naturalflame
emission.

3.3.3 Transmission

To obtain information aboutthe transmissiorof the laserradiationthroughthe comhustion
chambertheabsoluteattenuatiorof the 193nmlaserradiationthroughthefiring engineandthe
sidewindows is measuredThelaserbeamis coupledin andoutthroughthe sidewindows and
thetransmittedradiationis detectedehindtheexit window by a CCD cameraHowever, asthe
contribution of the windows, which cannotbe measurediirectly, is still includedin theresult
this methodgives the transmissiorthroughthe comhustion chamberin arbitrary units only.
Resultswill becomparedvith thosederivedindependentlyrom thedoubleimagemethod.

3.4 Resultsand Discussion

Using the setupwith two laserbeamspropagatingn forward andbackward directionthrough
the engineand two camerasystems,magesof the elastically scatteredaserradiationwere
measuredh forwardandbackwarddirectionasafunctionof crankangle. They will bedenoted
asforward andbackward elasticscatteringmages.Forward, S¢ o (X, y¥) (columnl), andback-
ward, Sack (X, Y) (column?2), elasticscatteringmagesakenat differentcrankanglesaregiven
in figure 3.3. Theimagesareaveragedver five enginecycles. The sidewindow W1 is located
at theright handsideand W2 at the left handside of theimages,sothatin forward direction
the laserbeamis directedfrom right to left whereasn backward directionit is directedfrom
left to right (indicatedin thefigure by the horizontalarrons). The dark spotsthatarepresenin
all imagesaretheresultof dirt onthe outsideof thetop window. However, asthetransmission
lossesdueto the top window areincludedin the factorsA(x, y) in equations3.2 and3.5, the
effect of thedirt will cancelin the determinatiorof the fluorescenceatio (equation3.8), and
thefinal attenuatiorfactor(equation3.10)is not affectedby this dirt?. For crankanglesbelon
37° aTDCno elasticscatteringmagesarepresentedecauséehe signalbecomegoo weak.

Theimageswereanalysedisingboththe doubleimagemethodandthe singleimagemet-
hod. By comparingthe resultsof both methods,the assumptionsnadein the singleimage
methodcanbechecled.

3.4.1 Doubleimagemethod

First, the doubleimagemethod,describedn section3.2.1,is appliedto determinethe distri-
bution of the local laserattenuatiorcoeficient, [no]ext (X, Y) (equation3.10),asa function of
crankangle. Thedistributions,which aregivenin figure 3.3 (column3), show a fairly homo-
geneouslydistributed attenuatiorfactor over the whole obsenation area. No placesare seen

20f course somesighalmustremainin theimagesatthelocationof thedirt, otherwisetheratioin equatior8.10
is notdefined.
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Figure 3.3: Pairsof forward, St o (X, ¥) (columnl), andbackvard, Sack (X, Y) (column2), elastic
scatteringimagesaveragedover five cycles obtainedat 37, 43, 62, 68, 74 and93° aTDC. The
attenuatiorcoeficient, [no]ext (X, ) (column3), derivedfrom the elasticscatteringmagesusing
thedoubleimagemethod(section3.2.1). Thelocallaserintensitydecreasén forward, D ¢ or (X, Y)
(column4), andbackvard, Dpack (X, Y) (columnb), directionobtainedfrom thelocal attenuation
factor Theeffective scatteredistributionsdeterminedrom the forward, Q ¢ (X, Y) (columné),
andbackwvard, Quack (X, ¥) (column?), elasticscatteringmageandcorrespondingaserintensity
decreasémage.Laserbeamdirectionsareindicatedin thefigure. Thedarkspotsthatarepresent
in all scatteringimagesarethe resultof dirt on the outsideof the top window. All imagesare
individually scaledandrepresentedh a linear grey scalerangingfrom black (zerointensity)to
white (maximumintensity). Thefaint horizontalstructurein someof theimagess anartefct of
the softwareusedfor imageprocessingArrows areexplainedin thetext.
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wherethe attenuations significantlystrongeror wealer. As expectedthe averageattenuation
coeficientdecreasemwardsBDC asaresultof the decreasinglensityof particlesthatscatter
andabsorbthe laserradiation. It canbe usedto obtainthe averageattenuatiorof the radiation
over the field of view which canbe extrapolatedto estimatethe transmissiorover the whole
opticalpathin thecomhustionchambei(seesection3.4.3). The effect of aweakelasticscatter
ing signalon theresultis clearly seenin the attenuatiorfactordistribution at 68° aTDC.In the
upperright side of the imagethe signalcontainsa lot of noise(pock-marked appearancéar-
row 1)), resultingfrom the division of two smallsignals.Althoughpresentn all [no]ext (X, )
distributions,theoneat 93° aTDC mostclearly shavs thatdirt onthe obserationwindow may
leadto artificial structurein the[no]ext (X, y) distribution (arrow 2), in spiteof the factthatin-
homogeneitiem the collectionefficiency shouldcancel,asarguedin section3.2.1. Thereason
why this expectedcancellatiordoesnotoccurcompletelycanprobablybefoundin thatthedark
spotscausesteepntensitygradientdn theelasticscatteringmageswhich areamplifiedby the
derivative takenin orderto arrive atthe [no]ext (X, ) distribution (equation3.10). Both noise
andsmall misalignmentof the two imagesmay thereforeeasilyleadto structuresasthosein
figure3.3.

An imageof thelocal laserintensitydecreas@nsidethe obsenationvolumein thecylinder
can be calculatedby integrating the effective attenuationcoeficient, [no]ext (X, y), over the
pathin the obsenationvolumeandtakingthe exponentof it. Usingequation3.3resultsin

_ o (X, Y) def

exp | - / (Mo (€. ) & | = T €D,y (3.22)
0

Do (X, y) representthelaserintensitydecreasén forwarddirection. For thebackwarddirec-
tion, Dpack (X, Y), representinghelaserintensitydecreasén backwarddirection,follows from
equation3.6,

exp | — f [Nolext (X', y) d(—X)
L(y)

Iback (X, Y)  def

=——"77 =D ,Y). 3.23
oo (L(y), y) Dok ¥)- o (3.23)

The local laserintensity decreasecalculatedfor both directionsof the laserbeam,using
equations3.22 and 3.23, is alsoincludedin figure 3.3 (columns4 and5). As expected,the
largestattenuationis foundfor crankanglescloserto TDC. For crankangles< 62° aTDCthe
D(x, y)-imagesof figure 3.3 shov a decreasingntensity along the propagationdirection of
the laserbeam. At highercrankangles,the laserintensity decreaseémagesare more or less
uniform. This indicatesonly weak laserattenuationover the obsenation area,however the
intensity still decreasewith about40% over the field of view for crankangles> 68> aTDC.
Since40% transmissiorlossis a substantiaamount,this illustratesthe low sensitvity of the
doubleimagemethodappliedto this particularcomhustiondevice. Interestingly thedark spots
in the originalimages(arravs 2) shav up muchlessconspicuouslyn the D(x, y)-imageshan
in the [no]ext (X, Y)-images(column 3), becausehe integrationinvolvedin the calculationof
theformercancelgheerroramplificationof the differentiationrequiredto arrive atthelatter.
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Dividing the scatteringmageby theintensitydecreas@nageresults for theforwarddirec-
tion, in

Stor (X, Y)
Dtfor (X, Y)

in which Qo (X, y) representsan effective scattererdensity distribution obtainedfrom the
forward directedlaserbeam. Using the backward scatteringmageandthe intensity decrease
imagein backwarddirectionleadsto a similar expressiorfor Qpack (X, y). Notethatthe effec-
tive scatteredistributions Q(x, y) do notreflectthe actual[no]sca (X, Y), but areweightedby
non-uniformitiesin both the illumination intensityandthe optical detectionpathway. Only if
boththeincidentlaserintensityandthe collectionefficiency areuniform, doesQ(x, y) reflect
thescatteredistribution [no]sca(X, y). Theeffective scatteredistributionsobtainedfrom both
theforward, Q tor (X, ¥) (column6), andbackward, Qpack (X, Y) (column7), directionarealso
givenin figure 3.3. For crankangles> 68> aTDCthe scatteredistributionsarealmostsimilar
to the elasticscatteringimages,which resultsfrom the fact that the changein laserintensity
over the obsenation areais only small. Also for smallercrank anglesthe samefeaturesare
seemalthoughthey arelesspronounced.

As the backward andforward imagesare obtainedsimultaneouslyrom the samearea,the
factors[no]sca(X, y) and A(x, y) shouldbe the same. Therefore,if both effective scatterer
densitiesaredividedthe [no]sca (X, Y) and A(X, y) factorscancel resultingin

Qtor (X, Y) Cltor(0,Y)
- =C(). 3.25
Qpack (X, Y)  C' lpack(L(Y), Y) $2 ( )

Consequentlythe scatteringmagesmay only differ by a factor C(y), which may vary in y-
direction but shouldbe constantn x-direction. The variationin y-directionis a measureor
the variation of the intensity differenceof the laserbeamswherethey enterthe obsenration
area(x = 0 andx = L(y)). It is foundthatthe effective scatteredistributionsobtainedfrom
the forward and backward elasticscatteringimageshav hardly any differencein y-direction
(compareQ tor andQpack in columnst and7 in figure 3.3). Thisindicateghatthe intensityof
thelaserbeamsn y-directionat the edgeof the obsenationareais almosthomogeneousldis-
tributed,whichis in agreemenivith thefactthatthelaserattenuation([noJext (X, y), figure 3.3
column3), is foundto be quite homogeneousverthefield of view. Thefactthatthe effective
scatteredistributionsshaw structurejn contrasto thoseof thelaserattenuatiorcoeficient (in-
volving scatteringandabsorption)jndicatesthat the contribution from absorptionto the laser
attenuations muchlargerthanthe contribution from scattering.

To obtainsomeinformationaboutthe variationin the effective attenuatiorcoeficient for
differentenginecyclesthreesingleshotimagesobtainedat 62° aTDCwereanalysedFor both
directionsthe elasticscatteringmages,Ssor (X, ¥) and Sack (X, ¥) (columnsl and?2), local at-
tenuatiorfactor [no]ext (X, ) (column3), laserintensitydecreaseD ¢ or (X, Y) and Dpack (X, Y)
(columns4 and5) andeffective scatteredistribution Q o (X, ¥) and Qpack (X, y) (columns6
and?7) aregivenin figure 3.4. The elasticscatteringmagesaredifferentfor eachcycle, which
is the resultof the irreproducibility of the comhustion. The local laserattenuatiorcoeficient
is homogeneouslydistributedfor all threecasesbut the averageattenuationcoeficient varies
andthereforethe total transmissiorof the laserradiationthroughthe enginevaries. Also the
effective scatteredistributionsshow differentstructuregesultingfrom the irreproducibility of

= C AKX Y) Itor (0. ) [No]sca (X ¥) &' Qror (X, ). (3.24)
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Figure 3.4: Three pairs of single shot elastic scatteringimages, Stor (X, Y) and Syack(X, Y)

(columns 1 and 2), obtainedat 62° aTDC, the correspondinglaser attenuationcoeficient,

[nolext (X, ¥) (column3), the laserintensity decreaseD ¢qr (X, ¥) and Dpack(X, Y) (columns4

and>5), andeffective scatteredistributions, Q s or (X, Y) @andQypack(X, ¥) (columns6 and?). Laser
beamdirectionsareindicatedin thefigure. All imagesareindividually scaledandrepresenteth

alineargrey scalerangingfrom black (zerointensity)to white (maximumintensity).

thecomlhustion.In all caseshowever, Qo andQpack arevery similar, indicatingthatthelaser
intensitydistribution over thewidth of the beamis virtually uniform, andthatthe processingf
theforwardandbackwardimagesyieldsconsistentesults.

3.4.2 Singleimage method

Both forward and backward scatteringmagescanbe usedseparatelyto obtainthe local laser
intensityusingthe singleimagemethoddescribedn section3.2.2 (equation3.21). Theinput
parameterarethe proportionalityconstang thatrelatesthe contributionsfrom absorptiorand
scatteringequation3.11),andthetransmissiorof thelaserradiationthroughthewholeengine.
Toillustratethemethodandtheinfluenceof theinput parameterspnepair of singleshotim-
agess evaluatedor threedifferentvaluesof thetransmissiorof thelaserradiationthroughthe
wholeengine.In figure 3.5 (row 1) onepair of singleshotelasticscatteringmages,Ss o (X, Y)
andSack (X, Y), recordecat62° aTDCis giventogethemwith thelaserintensitydecreasemages,
Do (X, ¥) and Dpack (X, Y), andeffective scatteredistributions, Q 1 or (X, ¥) and Qpack (X, Y),
obtainedusing the doubleimage method. Both the forward and backward imagewere ana-
lysedseparatelywith the singleimagemethod,usingthe transmissiorobtainedby the double
imagemethod(discussedn section3.4.3). The results,givenin figure 3.5 (row 2), shov the
laserintensity decreasemagesas they are derived from one single elastic scatteringimage
using equation3.21. Also the correspondingeffective scattereistributions Q¢ (X, y) and
Qpack (X, y) resultingfrom the division of the elasticscatteringimageby the corresponding
laserintensitydecreasémagearegiven. Comparingthe scatteredistributionsprovidesa way
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Figure 3.5: Onepair of singleshotelasticscatteringmages Ssor (X, ¥) andSac (X, Y), obtained
at 62° aTDC, laserintensity decreaseD ¢ (X, ¥) and Dpack(X, Y), andeffective scattererdis-

tributions, Qor (X, Y) andQpack(X, YY), obtaineadusingthe doubleimagemethod(row 1). Laser
intensitydecreasénagesandcorrespondingcatteredistributionsobtainedrom the elasticscat-
tering imagesusingthe singleimagemethodwith a transmissioras obtainedfrom the average
attenuatiorcoeficientfollowing from thedoubleimagemethod(row 2), afive timeshighertrans-
mission(row 3) anda five timeslower transmissior{row 4). Laserbeamdirectionsareindicated
in the figure. All imagesare individually scaledandrepresenteéh a linear grey scaleranging
from black (zerointensity)to white (maximumintensity).

to checktheassumptionsadein thesingleimagemethod.Thescatteredistributions,obtained
independenthfrom eachotherfrom simultaneouslyecordedelasticscatteringimagesby the
singleimagemethod,shouldshown the samestructurealongthe x-direction(laserbeampropa-
gationdirection).Differencedbetweenthemmayonly occuralongthe y-direction,becaus¢he
incidentlaserintensity distributionsfor the forward andbackward imagesare not necessarily
thesame.Thisis similar to the casewherethey areobtainedusingboththe forward andback-
ward elasticscatteringmagein the doubleimagemethod.As canbe seenfrom a comparison
of the uppertwo rows of figure 3.5, the effective scatteredistributions Q(x, y) obtainedby
bothmethodsarevery similar, andall majorfeaturegeproducewell. Thesingleimagemethod
is lesssusceptibldo the noisethanthe doubleimagemethod asis evidencedby the someavhat
greaterdetail in the Q(x, y)-distributionsand, more clearly, by the muchsmootherD(x, y)-
distributions. The latter, of course,is dueto the assumptiorof a constant over the field of
view, anassumptiorthatneednot be madein the doubleimagemethod.

In orderto estimatethe sensitvity of the singleimagemethodto the valueadaptedor the
overal transmissionthe forward and backward imagesare analysedusinga five times higher
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transmissioraswell asafive timeslowertransmissiorthanthetransmissioriollowing from the
doubleimagemethod.Theresultsarealsogivenin figure 3.5 (rows 3 and4). At first sightlittle
differencesare seenwhen the forward and backward scatteringdistributions are compared.
However, whenthe distributions obtainedfrom the doubleimage methodare divided by the
distributionsobtainedfrom the singleimagemethodgradientsalongthe directionof the laser
beamareseenif thetransmissions too high or too low. In the caseof too high atransmission
the scattererdensityis about10% too high at the side the laserbeamentersthe obsenation
area. If the transmissionis too low the densityis about10% too low at the side the laser
beamentersthe obsenation area. Although somedifferencesare seen,it can nevertheless
be concludedthat the resultsof the singleimage methodare only weakly dependenbn the
transmission.Changingthe transmissiorwithin a factorof 2.5 (both smallerandlarger) has
no significantinfluenceon the result. Hereit shouldbe notedthatthe doubleimagemethod
providesareliableestimateof the transmissiorover the obsenationarea.ln generalhowever,
a direct determinationof transmissiorthrougha running engineis quite difficult, aswill be
discussedbelow (section3.4.3).

The exactvalue of the parametegé doesnot influencethe scatteredistribution, asargued
above (section3.2.3),but thesingleimagemethoddoesrequireé to beconstantVariationsin &
over thefield of view would reflectthemselesin variations(alongthelaserbeampropagation
direction, x) of the effective scattererdistribution reconstructedrom both the forward and
backward elasticscatteringmages.As discussedbove, suchvariationsdo not occur(aslong
asthe propertransmissiordataare used),sothatthe assumptiorof & beingconstanseemso
bejustified.

As afinal comparisorbetweerthe singleanddoubleimagemethodsthe elasticscattering
imagesof figure 3.3 (columns1 and2) were evaluatedwith the singleimage method,using
transmissiordataobtainedby the doubleimagemethod(discussedn section3.4.3)andan av-
eragevalueof & = 0.1 (Appendix). Figure 3.6, which shouldbe comparedwith figure 3.3,
shows the measurecelasticscatteringimagesSi o (X, Y) and Sack (X, Y) (the sameasthose
in figure 3.3), togetherwith the laserintensity decreasemagesD ¢ (X, Y) and Dpack (X, Y)
(columns3 and 4) asthey are derived from one single elastic scatteringimage using equa-
tion 3.21. Also the effective scattererdistributions Qo (X, ¥) and Qpack (X, ¥) (columns6
and 7) resultingfrom the division of the elasticscatteringimageby the correspondindaser
intensitydecreas@nagearegiven. Comparingthe scatteringdistributionsfrom boththe single
andthe doubleimage methodresultsin the conclusionthat they shav the samefeaturesand
that hardly arny qualitative differencesare seen. This againcorroborategshe assumptiorof a
constantrelation betweenscatteringand absorption,andindicatesthat the useof the average
attenuatiorcoeficientto calculatethetransmissioris appropriate.

3.4.3 Transmission

Thetransmissiorof the 193nm radiationthroughthefiring enginecanbe measuredilirectly by
detectingthe transmittedaserradiationbehindthe exit window, asdescribedn section3.3.3.
This methodgives information aboutthe total absoluteattenuationof the laserradiationin
the comhustion chamberand by the side windows. Therefore,a main disadwantageof this
methodis theuncertaintyin thetransmissiorof the sidewindows. Severalfactorsplay arolein
reducingthe window transmission.During operationof the engine,the window inner surface
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Figure 3.6: Pairsof forward, Sior (X, y) (columnl), andbackvard, S,ack(X, Y) (column2), elas-
tic scatteringmagesaveragecbver five cyclesobtainedat 37,43, 62, 68, 74 and93° aTDC. The
local laserintensitydecreasén forward, D¢ (X, ¥) (column3), andbackvard, Dpack (X, Y) (cOl-
umn4), directionobtainedby usingthe singleimagemethod(section3.2.1)with atransmission
obtainedfrom the doubleimagemethod. The effective scatteredistributions determinedirom
the forward, Qo (X, Y) (columnb), andbackvard, Quack (X, ¥) (column6), elasticscattering
imageandcorrespondindaserintensity decreasémage. Laserbeamdirectionsareindicatedin
thefigure. All imagesareindividually scaledandrepresenteéh alineargrey scalerangingfrom
black (zerointensity)to white (maximumintensity).
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becomessoiled by a (thinneror thicker) layer of sootandoil. This may be expectedto lead
to considerabléransmissiorosseshut is, unfortunatelyimpossibleto measurendependently
Moreover, prolongeduseof the windows causegheir inner surfacesto be slightly etchedby

theviolenceof the comhustion,leadingto somedegreeof diffusionof theincidentlaserbeam.
This againreduceshe measuredransmissionand shouldalso be taken into account. Thus,
althoughthe overall transmissiorthroughthe whole engineasa function of crankanglecanbe

measuredjuite accuratelythe uncertairwindow transmissiomendersanextrapolationof these
datato transmissiorlossesoverthefield of view within the cylinder ratherdubious.

More exactly, the transmissioncan be derived from the averageattenuationcoeficient
[No]ext, calculatedrom thelocal attenuatiorcoeficient, [no]ext (X, Y), obtainedrom thedou-
ble imagemethodin section3.4.1andgivenin figure 3.3 (column 3). Sincethe attenuation
coeficientis seento befairly uniformoverthe obsenationareajt seemgeasonabléo assume
that the averageattenuatiorcoeficient calculatedover the obsenation areawill alsobe valid
for the‘invisible’ partsof the comhustionchamberThis transmissions givenin figure 3.7 (m)
for all measureatrankangles. The error barsarebasedon the spreadn the local attenuation
coeficients.Also givenin figure 3.7 (e) is thetransmissiortalculatedrom the averageattenu-
ationcoeficient of thesingleshotelasticscatteringmagesof figure 3.4. Thetransmissiordata
obtainedfrom the single shotimagesshaw that a large variationin transmissiorfor different
cyclescanoccut andthe analysisof mary single shotimagesindicatesthat dueto the turbu-
lenceof the comlustionthe transmissiorcanvary by a factorof 10. In comparingsinglecycle
resultsthis effect hasto be taken into account. However, if imagesare averagedover several
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Figure 3.7: Transmissiof 193nmlaseradiationthroughthefiring enging(excludingthelosses
in the side windows) derived from the averageattenuationcoeficient obtainedby the double
imagemethodfor theaveragedscatteringmages M) andfor thesingleshotimagesat62° aTDC

(®). Thesolid curve is basedbn directtransmissiommeasurementscaledo fit thedoubleimage
data. Theresultingscalefactorleadsto the conclusiorthatthe combinedwvindow transmissioris

only 0.5%.
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enginecyclesthe high andlow valuescancelandareproduciblevalueresults.The solid curve
is basedndirecttransmissioomeasurementscaledo fit thedoubleimagedata. Theresulting
scalefactorleadsto the conclusionthatthe combinedwindow transmissions only 0.5%.

3.4.4 Flameemission

Figure3.8 shavsimagesof the elasticallyscatteredaserradiation,S(x, y) (columnl), andthe
naturalflameemission,F (x, y) (column2), recordedat threedifferentcrankanglesat which
bothcouldbe obtainedsimultaneouslyThey aremeasuredisingthe setupwith onelaserbeam
andtwo camerasystemsandaveragedvertenenginecycles.Fuelis injectedfrom the bottom
upwards. A gatewidth of 200 ns wasusedto recordthe 22 and25° aTDC images,whereas
for the 31° aTDCimagesa gatewidth of 1500nswasusedin orderto collect sufficient light
from the flame emission.This explainsthe bettersignalto noiseratio in the 31° aTDC flame
emissionimagecomparedo the 22 and25° aTDC imagesfor which the emissionis actually
stronger For 22° aTDC the elasticscatteringsignalis weak, resultingin a lot of noise. The
naturalflame emissionimagerepresentshe integratedflame emissionalongthe line of sight.
As the imagesare obtainedat crankangles> 22° aTDC the flameshave alreadyspreadout
shoving amorehomogeneoupatternthanexpectedat the startof the comhustion.
Thesingleimagemethod,usingatransmissionnput obtainedfrom figure 3.7, wasapplied

S(x.y) F(xy) Q(x.y)

Figure 3.8: Images,averagedover ten enginecycles, of the elasticallyscatteredaserradiation,
S(x, y) (column1), the naturalflame emission,F (x, y) (columnZ2), andthe effective scatterer
distribution, Q(x, y) (column3), at22,25and31° aTDC. Thedirectionof thelaserbeamis indi-
catedbelawv the scatteringmages.Fuelis injectedfrom the bottomupwards(black arravhead).
All imagesareindividually scaledandrepresenteéh alineargrey scalerangingfrom black (zero
intensity)to white (maximumintensity).
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to theelasticscatteringmagedo obtainanimageof theeffective scatteredistribution, Q(X, y),
similarto Qo (X, ¥) in equatior3.24. Theeffective scatteredistributionsarealsogivenin fig-
ure 3.8 (column3). Dueto the processinghe signalin the effective scatteredistributionsis
shiftedto theleft (in the directionof thelaserbeam)comparedo the elasticscatteringmages.
Theflameemissionmagesandthe effective scatteredistributionsshowv similar structure.This
malesit plausiblethatthe incandescertootparticlespresenin theflamesaremainly respon-
siblefor the elasticscatteringandabsorption)of thelaserradiation.

3.5 Conclusion

A methodis developedto obtainthe local laserintensity inside the comhustion chamberof
an optically accessibleengine. By the use of two elastic scatteringimages,obtainedfrom
two laserbeamswhich traversethe enginein oppositedirection,the local effective attenuation
coeficient of the laserintensity over the field of view canbe obtainedwithout knowledge of
theinitial intensitydistributionsof the laserbeams.lt is foundthat the attenuatiorcoeficient
is fairly homogeneousldistributedover thefield of view. Theattenuatiorcoeficientsareused
to reconstructhe laserintensity decreas@ver the obsenation area. In addition, an effective
scatteredistributionis determinedrom theelasticscatteringmageandthecorrespondindaser
intensity decreasémage. On the assumptiorthat the averageattenuatiorcoeficient over the
field of view is valid for thewhole cylinder contentghetransmissiorof the laserradiationover
the whole optical pathin the comhustionchamberis determined.This resultis comparedo
theabsolutdransmissiorof thelaserradiation,includingthelossesy thewindows, measured
by detectingthe transmittedradiationbehindthe exit window. Window lossesarefoundto be
considerableMoreover, the transmissiorof 193 nm laserradiationis foundto vary by upto a
factorof 10 betweenndividual strokes.

As an alternatve, a methodis developedto reconstructhe local laserintensity from one
singleelasticscatteringmage. The resultsof both methodsare comparedandshav the same
structuresndicatingthatthe methodusingonly onescatteringmageis usable.The singleim-
agemethods appliedto anelasticscatteringmagein orderto comparehedeterminecffective
scatteredistribution to a simultaneouslymeasuredmageof the naturalflame emission. It is
foundthatthe distribution of the scatterercompareswith the flameemissionmakingit plau-
siblethatthe laserradiationis scatterednainly by theincandescergootparticlesin theflame.
Thesemethodscanbe usedto correctplanarLIF distributionsfor laserintensityvariationsover
thefield of view.

Appendix

Themethodin whichthelocal laserintensityis derivedfrom oneelasticscatteringmageis ba-
sedontheassumptiorthata constantelationexistsbetweerthe contribution to the attenuation
of thelaserradiationcausedy absorptiorandby scatteringj.e.

[No]sca(X, Y) = & [No]aps(X, V).
Theproportionalityconstant canbeestimatedrom theexpressiongor attenuationabsorption
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andscatteringefficiencies,V, definedas

o
v =—, 3.26
2 (3.26)
wherea is theradiusof the particle. Theseexpressionaregivenby BohrenandHuffman[75]
in termsof the sizeparameterx, andtherelative refractve index, m,

2rna n
x = and m=—2, (3.27)
A n

wheren andnp arethe(comple) refractive indicesof themediumandtheparticle,respectrely.
In the limit of small particlesize (x <« 1) the resultof the elastictheory canbe expanded,
resultingin

2 2 /o2 4 2
mc—1 X /mc—1\ m*+ 27m- + 38
Wet = 4xIm 14+ — 3.28
ext {m2+2< +15(m2+2> 2m2 + 3 )} (3.28)
2
8 4. [m?—1
—X"Re ,
T3 {m2+1}
2
8 ,|m?—1
v = =X , 3.29
sca 3 M2+ 1 ( )
Waps = Wext — Wsca- (3.30)

The efficienciescanbe calculatedf therefractve indicesareknown. Usingthe dataof Carter
etal. [76] therefractve index of thesootfor 193nm laserradiationcanbedeterminedesulting
innp = 0.7654 1.07. Themixture surroundinghe particleconsistsof air, from which some
oxygenis consumedy the comhustion,andsomecomlustionproducts.For this mediumthe
refractve index of air, n ~ 1is taken,whichresultsin m ~ n, and

Wey = 4.132x + 0.372¢3 — 2.83x4, (3.31)
Ween = 2.87x% (3.32)
Waps = 4.132 +0.372x° — 5.702%. (3.33)

Usingtheseefficiencies theratio betweerscatteringandabsorptions givenby

_ Wsca X3

o - 3.34
Waps 1444 0.13x2 — 1.99x3’ ( )

3

which dependon the size parameteix only. Dieselparticulatematerialtypically consistsof
collectionsof primary particles rangingin diameteretweenl5 and30 nm, agglomeratedhto
clustersof particles[2]. Theseaggregatesvary in diameterbetweerb0 and220nm. Basedon
the dataof the particlesizedistribution given by Heywood[2], anaveragevalueof &, = 0.1
is determinedor 193 nm laserradiation. This indicatesthat the contribution from absorption
to the attenuationof the laserradiationis much larger thanthe contritution from scattering,
implying thatthe effectsof secondargcatteringnaybe neglectedin theanalysis.
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Chapter 4

Semi-quantitative nitric oxide densities
from spatially averageddispersed
fluorescencespectral

Abstract

The formationof nitric oxide (NO) in a dieselenginehasbeenstudiedasa function of crank
anglethroughouthewholecomhustioncycle, usingtheLaserinducedFluorescencéLIF) tech-
nique.Measurementaereperformedn anoptically accessibl®ne-glinder, two-stroke, direct
injectiondieselengine.Theenginewasoperatedn steadystateat differentloads,compression
ratiosandcommercialdieselfuels. A tunableArF excimerlaserbeamwasusedto excite the
NO moleculesin the D?=*(v'=0) < X2I1(v’=1) bandat 193 nm. Dispersedfluorescence
spectraallowed to discriminatebetweenNO and interfering oxygenfluorescence.From the
spectraa relative measurdor theamountof NO presenin the probedvolumeof the cylinder
wasobtained.Thisamountwastransformednto anin-cylinder NO density/contentiakinginto
accounthe changesn laserintensity pressuretemperatur@ndvolumeduringthestroke. The
resultingNO density/contenturvesshowv a slow startof the NO formation at the beginning
of the comhustion, graduallyrising to a broadmaximumto someavherein between20° and
50° aTDC. It is concludedhat,in this enginethe bulk of NO formationtakesplacerelatively
latein thestroke. This suggestshatthediffusionburningphaseof comhustionmakesanimpor-
tantcontributionto the NO formation,contraryto the modelwhich assumeshatNO is formed
mainly duringtheinitial premixedburn.

1Adaptedfrom: G.G.M. Stoffels, E.J. van den Boom, C.M.l. SpaanjaarsN.J. Dam, W.L. Meerts, J.J. ter
Meulen, J.C.L. Duff and D.J. Rickeard,"In-cylinder measurementsef NO formationin a dieselengine”, SAE
papemo. 1999-01-14871999).
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4.1 Intr oduction

The dieselengineoffersthe benefitsof high fuel economyandreducedCO, emissions.How-
ever, comparedo gasolineenginesijts disadwantagdies in its emissionsf nitric oxides(NOy)
and particulatematter (PM), which are facing increasinglystringentregulationsin Europe,
North America, and the Far East. The chemistryof NOy formation is thoughtto be well
understoodput the complex physicsof dieselinjection and comhustion makes an analytical
approacho understandingpitric oxide (NO) formationin a dieselenginedifficult. The objec-
tive of this work wasto quantifythe NO densitywithin adieselenginecylinder asa function of
time throughouthe whole comhustioncycle usingoptical diagnosticdbasedon Laserinduced
Fluorescence.

Laserbaseddiagnosticsare of interestfor the studyof comhustionprocessebecausehey
allow non-intrusve, spatiallyandtemporallyresohed measurementsf specificchemicalspe-
cies[30-33]. The LaserinducedFluorescencéLIF) techniquehasthe sensitvity to provide
information also aboutseveral minority speciespresentin comhustion processes.This LIF
techniquds in principle atwo stepprocesselectronicexcitation of moleculeshy alaserbeam
anddetectionof the ensuingfluorescenceThe fluorescenceanbe dispersedy a monochro-
matorto obtainspectrallyresolhed informationor a filter canbe usedto single out a specific
fluorescencevavelengthband. By the useof the PlanarLIF (PLIF) techniquewhichinvolves
excitation by a thin lasersheetanddetectionof the fluorescenceéhroughafilter in a direction
perpendiculato the sheet,two-dimensionafluorescencalistributions canbe obtained. The
(P)LIF techniquehasbeenusedto demonstratehe presenceof a large variety of molecular
speciesn comhustionprocessedyut quantificationof fluorescencsignalsis difficult. Theflu-
orescencesignalis proportionalto the local densityof moleculesexcited by the laserbeam
thatfluoresceat the right wavelength.However, the proportionalityconstantdependstrongly
on the local pressureandtemperaturethe local laserintensity and the chemicalcomposition
of the ervironment. Sincemostof theseparametersare not known and difficult to measure,
someassumptionsave to be madeto obtainquantitatve data.Anotherproblemis the possible
spectroscopimterferencebetweendifferentmolecules.

TheLIF techniquehasbeenappliedbeforeto both sparkignition (SI) enginegseee.g. the
recentwork of Sicketal. [41,77] andreferencesn there)andto dieselengineq17,37-39] to
measureahe in-cylinder NO distribution andthe in-cylinder NO content.Nakagava et al. [39]
applied PLIF imagingto a single fuel jet dieselresearchenginerunning on a mixed fuel to
minimise soot production. However, to obtain sufficient NO fluorescenceoxygenenriched
intake air wasused.Theresultsshovedthe locationof the NO relative to the reactingfuel jet,
but the startandthe endof the NO formationarenot determined.The datawerenot corrected
for changedn laserintensity pressuretemperatureand mixing to obtain somequantitatve
informationaboutthe amountof NO presenin thecylinder.

Recentlyanimpressve paperby DecandCanaari17] presentedNO distributionsshowving
the timing andlocation of NO formationin a direct injection (DI) dieselenginerunningon
a low-sootingfuel, obtainedby single-shotPLIF imaging. A tripled Nd:YAG laserpumping
a narrav-line optical parametricoscillator (OPO)wasusedto excite the NO moleculesn the
A(v'=0) < X(v”=0) bandat 226.035nm andthefluorescencef the A(v'=0) — X(v"=1,2,3,4)
bandswas detected. In additionto the NO distributions, a curve of the total averagedNO
PLIF intensity as a function of crank anglewas shavn, obtainedby integration of the NO
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4.1 Introduction

PLIF signalover a representate sectorof the comhustionchamber In orderto determinethe

total in-cylinder NO contentthe integratedNO PLIF signal was correctedfor the effects of

pressuretemperatureand mixing. However, no attentionwas givento the attenuatiorof the

laserintensity or the inducedfluorescencen its way throughthe comlustionchamberasthe

authorsclaimthatit canbe neglected.It wasfoundthatNO formationdoesnot startduringthe

premixedcomhustion(whichis fuel rich), but beginsaroundthefuel jet peripheryjust afterthe

diffusionflameforms,whereit remainsuntil the jet structurebeginsto disappearAs the burn-

outphasecontinuesNO remainsalongthetrackof thefuel jet, andthe NO formationcontinues
in the hot post-comiistiongasesftertheendof comhustion. The NO contentcurve shavsthat
only 67% of the NO hasformedby the endof theapparenheatreleaseso NO formationmust
continuein the post-comlistiongasesafterthe diffusionflamehasgoneout.

For the presentchapteythe LIF techniquewvasusedto obtaindispersedluorescencspec-
tra of NO from an optically accessibletwo-strole DI dieselengine. The enginewas op-
eratedin normal mode (i.e. not skip-fired) on standardcommercialdieselfuel and ambient
(non-oxygen-enrichedhtake air. Using an excimer laserto excite the NO moleculesin the
D(v='0) < X(v”=1) bandat 193.377nm, NO fluorescenceould be detectedluringthe whole
comhustionprocess.Dispersediuorescencepectran the wavelengthrangebetween200 nm
and230nm wereobtainedasa function of crankangleusinga monochromatorThe mainad-
vantageof dispersedluorescencepectraover imagesis thatthe spectraallow discrimination
betweerNO andoxygen(O) fluorescenceWhenthefluorescencavasdispersednto its differ-
entwavelengthcomponentsheinterferenceof NO andO» fluorescenceould clearly be seen.
Thespectraallowedto discriminateagainstO, fluorescencandto arrive ata semi-quantitatie
measurdor theamountof NO insidethe probedvolumeof the cylinder asa function of crank
angle. Thesedatawere processedor the changesn laserintensity pressuretemperatureind
volumeduring the stroke in orderto obtainan in-cylinder NO densityasa function of crank
angle.

A secondaim of this experimentwasalsoto make a qualitatve/quantitatre assessmeruf
theeffecton NO productionof engineconditions(compressiomatio andload)andfuel. To that
end, dispersedluorescenceapectraof NO were measuredor differentengineconditionsand
fuels.

This chaptebeginswith adescriptionof the experimentaimethod,includingtheengine jts
operatingconditionsandthe opticsusedto obtainthe dispersedluorescencapectra.Next the
resultsare presentedthe enginecharacteristicebsered, the fluorescencespectraobtainedoy
dispersinghe LIF signal,andthe translationof the fluorescencgield into a semi-quantitatie
measureof NO content. Theseresultsare discussedn termsof the effects of enginecondi-
tionsandfuels on NO formation. Finally, the findingsof this work are comparedwith current
theoreticalindexperimentaldataon of NO in theliteratureandsomeconclusionsaredrawn.
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4.2 Experimental Method

4.2.1 Engine

The engineusedis a one-glinder, two-strole, directinjectiondieselengine(Sachs)Xescribed
in detailin chapter2, section2.2. To allow to studythe comhustionprocessnsidethe cylinder

the engineis madeoptically accessibldoy mountingtwo quartz (Suprasill) windows in the

cylinderwall (sidewindows (W1,2in figure4.1); 25 x 10 mm?, thickness25 mm) andonein

thetop of the cylinder head(top window (W3); diameter25 mm, thickness35 mm) asshavn

schematicallyin figure 4.1. The top window could be replacedby a pressurearansduceifor

time-resoledin-cylinder measurements.

Theenginewasoperatedn steadystateat 1200rpm on standarccommerciadieselfuel and
loadedby anelectricwatercooledbrake. To studytheeffect of theengineconditionsontheNO
productiondifferentcompressiomnatios, loadsandfuels were used. The operatingconditions
aresummarisedh table2.2.

WA1
— o~
Flame
emission

3TN Gated
ICCD

2 -

\e Monochromator
1 or Filter
ArF A

a w2 LIF or
flame emission
\

b /Q\ c z j

Figure 4.1: Schematicaview of the modifiedtwo-strole dieselengineandtheopticalsetup.The

engineis optically accessibléby two windows in the sidewall (side windows; W1,2) and one

window in thetop of thecylinder head(top window; W3). The ArF excimerlaserbeamentershe

comtustionchambethroughthe top window, illuminating the areaindicatedby a grey rectangle
in a). The inducedfluorescencer naturalflameluminosity is detectedhroughthe top window

by a gatedCCD camerapositionedbehinda monochromatorSpraydirectionsof the three-hole
nozzleareindicated(arrovs 1-3in a) andb)); animageof the naturalflameluminosity (recorded
atTDC) is shawn in theinsertto figurea).
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4.2.2 Detailsof testfuels

Thetwo fuels selectedvere standarccommercialautomotve dieseloil, meetingthe European
EN590specification.The detailsof the testfuelsaregivenin table2.3. The maindifferences
betweenthem were that fuel 2 had a narraver distillation range,lower T95, lower sulphur
contentandhighercetanenumberthanfuel 1.

4.2.3 Optical setup

The optical setupusedin the LIF experimentds alsoindicatedschematicallyin figure4.1. A
pulsedArF excimerlaser(Compex 350T; A-Physik),tunablebetweern92.9and193.9nmwith
20nspulsedurationandabandwidthof 1 cm~1, wasusedto excite nitric oxidemoleculesatthe
R1(26.5)/Q (32.5)transitionin the D2t (v'=0) < X2I1(v”=1) bandat 193.377nm[55]. This
transitionwasselectedo minimiseinterferencdrom vibrationallyhot oxygen,thathasseveral
strongabsorptionswithin the tuning rangeof the ArF excimer laser[63—66]. The laserwas
synchronisedo the positionof the pistonwith anaccurag of 0.6 degreecrankangle. It was
manuallytunedto resonancevith the NO transitionbeforeeachmeasuremertycle; frequeng
drift duringeachmeasuremenwaslessthanthelaserbandwidthandnegligible with respecto
theobsenedNO line widths. A normalincidencel93nm lasermirror wasusedin front of the
collectionopticsto suppresshe contribtution of the elasticallyscatteredadiation.

To obtain dispersedluorescencespectrathe unfocusedfectangulan25 x 3 mm?) laser
beamwas coupledinto the comhlustionchambetthroughthe top window, with a pulseenepgy
of 130 mJ, typically. The areailluminatedby the laserbeamis indicatedin figure 4.1a. The
ensuingfluorescencavas coupledout also throughthe top window, and detectedby a gated
(50 ns) intensifiedCCD camera(ICCD-576G/RB-E;Princetoninstruments)placedbehinda
monochromato(Chromex 250i; 1200gr/mm grating,entranceslit width 50 pm, slit oriented
parallelto thelengthof theilluminatedarea),which wasusedto disperseheinducedfluores-
cencein its differentwavelengthcomponents.This systemeffectively constitutesan Optical
MultichannelAnalyser(OMA), whoseoutputwasdigitisedandsentto a computerfor further
processing.The spectrallyresohed fluorescencevas averagedover the heightof the slit, and
thereforerepresentanaverageover the whole probevolume.

4.3 Resultsand Discussion

4.3.1 Engine characteristics

For a good interpretationof the NO fluorescenceyield motor parameterdike pressureand
temperaturén thecylinderareimportant. To obtainsomeinformationabouttheseparametersf
the modifiedenginefor the differentengineconditions,thein-cylinder pressuravasmeasured
for all engineoperatingconditionsusedin the experiment.Thesecurveswereusedto calculate
theheatreleaseandthe meangastemperaturepn theassumptiorof anidealgasin thecylinder
andngglectingcrevice flows [2].

Two typicalin-cylinder pressureurves,their derivativeswith respecto crankangleandthe
calculatectheatreleasecurvesaregivenin chapter2, figures2.4a,b andc, respectiely. In these
casedhe enginewasrunningon dieselfuel 1 andloadedby 0.44kW. The differencebetween
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the engineconditionswasthe compressiomatio whichwas 14.4(solid curve) or 13.4 (dashed
curwe). Similar curveswereobtainedat the otherengineconditions.In the modifiedenginethe
peakpressuresypically 70-75bars,arealreadyreachecht Top DeadCentre(TDC) andatthe
momentthe exhaustopenghe pressurdasdroppedo about2 bars.The meangastemperature
curves,derivedfrom the heatreleasecurves,aregivenin figure 2.4d (solid anddashecturves)
andshov maximumtemperaturesf 1300-150K afew degreesafter TDC, droppingto about
500-600K just beforethe exhaustopens. Sincethe meangastemperaturas not necessarily
decisve with respectto the NO formation, also the temperatureasit can be obtainedfrom
the naturalflameluminosity [33] (seesection2.4.1)is includedin figure 2.4d (m)2. This soot
temperaturéasamaximumof about2250K andis muchhigherthanthemeangastemperature.
Thereasorfor the differenceis foundin the factthatthe cylinder contentsarenotlikely to be
in thermalequilibrium. The meangastemperaturegepresentan averagetemperatureof the
gasinsidethe whole cylinder, whereaghe soottemperatureepresentshe temperaturef the
locally presentsoot. This lattertemperatures obtainedfrom the actualcomhustionwherethe
temperaturés locally highandnotyetin equilibriumwith therestof the gasin thecylinder.

4.3.2 Dispersedfluorescencespectra

Dispersediuorescencepectrawere obtainedby couplingin the laserbeamthroughthe top
window while detectingthe fluorescenceahroughthe samewindow with the OMA system.
Thelaserinducedfluorescencegispersednto its wavelengthcomponentbetweer200nmand
230nm, is shavnin figure4.2for differentcrankangles.During the measurementf this series
of dispersiorspectrathe enginewasrunningondieselfuel 1 atacompressiomatio of 14.4and
loadedby 0.44kW. The spectraareaveragedover 100 enginecyclesandrepresenan average
fluorescencesignalof a narrow strip (25 x ca.0.5 mm?) with a vertical extent dependingon
the penetratiordepthof thelaserradiation.No backgroundsignalfrom naturalflameemission
is obsered in this wavelengthregion with the usedcameragatewidth of 50 ns, so that all
obsenred signalis laserinduced. The peakat 207.8nm presentin all spectrais an artefact
of the measuremensetup,causedprobably by Ramanscatteringof the quartztop window.
All spectrashav spectralstructureindicatingthatfluorescenceanbe obtainedthroughouthe
whole stroke, evenat TDC wherethe pressureandtemperaturare high andattenuatiorof the
laserradiationis strong.

Around 30° aTDC, a conspicuougjualitatve changein spectralstructureandintensityis
seen.Thegrey bandsn figure4.2 markthe spectrallybroadstructuresat 208 nm (red shoulder
of thequartzphosphorescengeeak),216 nmand225nm. Thesestructurecanbeattributedto
NO fluorescencérom thedirectly excited D(v'=0)-stateto the X(v"'=3,4,5)-stategespectiely.
(TheD(v'=0) - X(v”=2) bandat201nmis suppressety the 193nmmirror.) Thetwo wealer
emissiorsignalsseemat212.5nmand220nm (for ® < 40° aTDQ) resultfrom NO fluorescence
out of the C(v'=0)-state,populatedby ElectronicEnegy Transfer(EET), to the X(v”=3,4)-
states.For ® < 30° aTDC, additionalpeaksat 211 nm and217.5nm are presentesideshe
NO signals.Thesefluorescencéeaturescanbeascribedo hot oxygen(O,). Within thetuning
rangeof anexcimerlaseroperatecon ArF a numberof O, transitionsin the Schumann-Runge
B3x, < X33 systemcanbeexcited,thestrongesbf which startfrom v’=2 or 3[63-66]. At

2It hasbeenshawn thatif the sootparticlesare small this temperaturés alsoa good measuréor the flame
temperaturé¢56].
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Figure 4.2: Dispersediuorescenceapectraof NO (averagedbver 100enginecycles)at different

crankanglesobtainedrom theenginerunningon dieselfuel 1 ata compressiomatio of 14.4and

loadedby 0.44kW. All spectraare at the samescaleunlessindicatedotherwise. The persistent
peakat 207.8nm is an artefict of the quartztop window. The grey bandsindicatethe positions

of theD?x*(v'=0) — X?I1(v"=3,4,5)bandsof NO.
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the high temperaturethatarereachedduring the comhustionaroundTDC, thesevibrationally
excitedlevelsaresufficiently populatedo give fluorescencsignals.Whenusingan ArF laser
completelyavoiding O, excitationat high temperaturess difficult becausell strongNO tran-
sitionslie closeto someO, resonanceThe O, fluorescencés characterisetdy narrov doublet
structuresdueto fast predissociatiorof the upperstate[63—65]. Also the doubletstructure
seenat 225nm nearTDC is theresultof fluorescencef O,. Around225nm, only the shape
of the peakchangewith increasingcrankanglefrom a doubletstructure(characteristi¢or Oy)
for ® < 30° aTDCto a broad,rippled structure(characteristidor NO) for ® < 30° aTDC,
becaus¢hefluorescencéandsof NO andO, coincidein thiswavelengthregion. AlthoughNO
fluorescencés themostevidentin thespectrdor ® < 30° aTDC, it canalreadybe seenin the
spectrunrecordedat6° bTDC. Thespectrumat180° aTDC(BDC) shavsnoNO fluorescence,
indicatingthatevery cycle all NO is removed by scavenging. (For comparisonBraumeretal.
found that five cycleswereneededo completelyremove all NO in their SI engine[78].) At
180" aTDC,nooxygenfluorescencé seemeither becausef thesmallpopulationof thev”’=2
and3 asaresultof thelow temperaturat thatmoment.

Similar seriesof spectrareproducingwell, were obtainedfor several engineruns. Also,
dispersedluorescencapectravereobtainedfor otherengineconditions.They shov the same
spectralstructuresand only little differenceis seenin the intensity of the NO fluorescence
peaksmainly aroundTDC. The NO dispersionspectrgprovide informationon the amountof
NO presentnsidethe probedvolumeof thecylinder, which canbeusedto obtainanin-cylinder
NO density They alsoprovide informationaboutthe wavelength=of the fluorescencédandsof
NO and O, obtainedfrom the running engine. This informationis necessaryo determinea
fluorescencéandof NO thatis freefrom O, fluorescenceandcanbe usedfor imagingof NO
distributions.

4.3.3 NO density

Theareabelow theNO fluorescenc@eaksn the dispersiorspectrathe so-calledfluorescence
yield) providesinformationontheamountof NO presentnsidethe probedvolumeof thecylin-
derat differentcrankangles.To comparethe fluorescencegields at differentcrankanglesand
engineconditionsit is necessaryo corvert theminto more quantitatve data. However, asal-
mostall NO fluorescencédoandsare overlappedby O, fluorescencethe structuresdueto O,
fluorescencéave to betakeninto account.Fromthis point of view the NO fluorescencéand
at208 nmwould be bestsuitedfor evaluation,but unfortunatelyit is exactly at this wavelength
that interferencewith a signaloriginating from the quartzwindow occurs. Alternatiely, the
NO peakat 216 nm was used,becausat is only slightly mixed with the O, fluorescencet
217.5nm. To determinethe contribtution of O, the peaksin the 12° bTDC spectrum(where
only O, fluorescencés presentiarefitted to Gaussiarcurves. Becausehe positionandshape
of the O, peaksdo not changeduring the stroke (a benefitof the fast predissociatiorof the
B-state),this resultcanbe used,togetherwith a proportionalityconstanfor the changen in-
tensity to determinethe O, contribution to the emissionin the 216-218nm region at all crank
angles.Takingthis contributioninto accountthe NO fluorescencat216nmis fitted to a Gaus-
siancurve in orderto obtainanNO fluorescencgield. Following this procedurefluorescence
yield curvesasa functionof crankangleareobtainedfor the engineat differentoperatingcon-
ditions (fuel, load,compressiomatio). Thefluorescencegield curve obtainedfrom the spectra
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presentedn figure4.2is givenin figure 4.3a(opensquaresil). Curvesobtainedfor otheren-
gineconditionslook rathersimilarandmostof thedifferencesareseenaroundTDC (discussed
below). However, comparisorof just the fluorescencegields would be deceptve becausehey
alsodependnthepressuretemperaturandlaserradiationintensityinsidethecylinder. These
parametervary during the stroke andfor differentengineconditions. Therefore,in orderto
comparehefluorescencgieldsthroughouthe stroke andfor differentengineconditions they
have to be translatednto anin-cylinder NO concentrationtaking into accountthe changing
in-cylinder conditions.The modelusedto procesgshe measuredluorescencgield is described
in the Appendix.

Two NO densitycurvesas a function of crankanglederived from the fluorescenceield
curwein figure4.3afollowing the proceduredescribedn the Appendix,aregivenin figure4.3h
The differencebetweenthe curvesis the temperaturausedin the processing. The m-curve
resultsfrom usingthe meangastemperaturevhereaghe ®-curve resultsfrom usingthe soot
temperaturefFor comparisorthesewo temperatureurvesareincludedin figure4.3a.For both
curvesthein-cylinder pressureayivenin figure 2.4 is used.Undertheassumptiorthatthe probe
volumeis representatie for the whole cylinder content(seeAppendix andfigure 4.1c), NO
contentcurvescanbederivedfrom the densitycurves,resultingin figure4.3c.

Beforediscussingheshapeof thecurvesin figure4.3,somediscussiorconcerningpossible
error sourcess appropriate. However, sincemostof theseare systematicerrorsthat appear
in all NO contentcurvesthey do not affect the relative differencesbetweencurves,and NO
contentcurvesat differentengineconditionscanbe compared Becausdhefluorescencgield
curvesobtainedor severalenginerunsreproduceavell, theaccurag of theobtained\NO content
curve will be determinedmainly by the precisionof the fluorescencgield processingnethod.
Although the generalrelationshipbetweenthe fluorescencegield andthe NO contentis well
establishedequationl of the Appendix), someerrorswill be introducedby the assumptions
madein obtainingthe differentfactorsthatareusedin the model. It is, for instance nhot clear
which temperaturdnasto be usedin the processingNeitherthe soottemperaturenor the mean
gastemperatureepresentthelocaltemperaturatthepositiontheNO is measuredDuring the
actualcomhustion,therelevanttemperaturés probablyhigherthanthe meangastemperature,
asthe cylinder contentsare not likely to be in thermalequilibrium at that moment. The soot
temperaturenay thereforebe a betterestimatefor the NO temperaturen the beginning of the
comhustion. However, this temperaturewill likely be too high at the end of the comhustion,
sincethe gase<ool down fasterthanthe sootparticles.Probably a realistictemperaturef the
probevolumeis someavherein betweenthe two temperatureurvesof figure 4.3a. The effect
of the two differenttemperaturess seenin figure 4.3b whereNO density curves are given
resultingfrom the samefluorescencgield curve usingbothtemperaturesThe useof themean
gastemperature@esultsin a curve thatshows a fasterrise of the NO densityin the early phase
of thecomlhustion.

TheNO densitycurve, givenin figure4.3b,shavsthatNO canfirst bedetectecat6° bTDC
andthatits densityincreaseshroughoutthe comtustionstroke till somevherein betweer20°
and50° aTDC, dependingslightly on the temperaturaisedin the derivation. The dip around
200 aTDCis probablynot realistic. The subsequendlecreases largely dueto the expanding
in-cylinder volume,ascanbe seenfrom the NO contentcurvesof figure 4.3c. The latter con-
tinue to rise up to about50° aTDC, after which they more or lesslevel off or shav a small
decreaseComparisorof the NO curveswith theengineparametecurvesof figure 2.4 leadsto
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Figure4.3: a) TheintegratedNO fluorescencgield obtainedrom the spectragivenin figure4.2
(30). The meangastemperaturgdashedine) andthe soottemperaturgdottedline) obtained
at the sameengineconditionsare also included. b) CorrespondingNO densityfollowing the
procedureglescribedn the Appendix, using eitherthe meangastemperaturgm) or the soot
temperaturg®). c) CorrespondingNO contentobtainedby multiplying the curvesin b) by the
(crankangledependentgylinder volume. Enginerunningon fuel 1, ¢ = 14.4and0.44kW load.



4.3 ResultsandDiscussion

the conclusionthat,in this (considerablymodified)engine the bulk of NO formationdoesnot
coincidewith the highestpressureandtemperaturgart of the stroke. Neitheris ary relation
seenbetweenthe NO formationandthe peakof the premixed burn in the heatreleasecurve
at12° bTDC. At this crankangleonly O, fluorescencés presentn the spectraof figure 4.2,
indicatingthat, althoughtheredefinitelyis laserintensitywithin the cylinder (andnotethatthe
O fluorescenceén all spectraup to 25° aTDCis aboutequallystrong),the NO densityis still
belov the detectionlimit. The bulk of NO formationtakesplacerelatiely late in the stroke,
suggestinghatthe diffusion burning phaseof comhustion(startingat 3° aTDC) makesanim-
portantcontribution to the NO formation. Only little NO productionis seenduring the initial
premixedcomhustion,whichis fuel rich.

Theapparentlyjate startof NO formationimplied by the NO curvesof figure4.3 mayraise
the questionwhetherall laserintensity might be absorbecdearly in the comlustion chambey
beforereachingthe areawhereNO is formed. Although this possibility cannotunequvocally
be excluded(sincethelaserintensitycannotdirectly be measuredvithin the cylinder), it is not
consideredrery lik ely, againbecausef the presencef the O, fluorescenceThis fluorescence
originatesfrom excitation of O, moleculesin the v’'=2 or 3 states. (In fact, the temperature
dependencef the O, is even strongerthan that of the NO fluorescencebecausehe lower
levels involved are at a higherenepy in O, (v’=3 J’=5/15 around5800 cm™1) thanin NO
(v'=1, J’=26.5/32.5around4300 cm™1)). Thus, it is likely that the O, fluorescencesignal
originatesmainly in the highesttemperatureegionswithin the cylinder, thatis, from around
thesprayedgesvherethe premixedcomlustionoccurs.Thisis alsotheregionwhereNO might
beexpectedo form (seeimagesn DecandCanaarj17]). Thereforetheabsenc®f detectable
NO fluorescencén the presencef hot O, fluorescenceanbe takenasanindicationthatNO
formationhasnotyetbegunat12° bTDC.

This somevhat surprisingresultis supportedby theoreticalpredictionsby the group of
Peterd79] andalsoby recentexperimentalresultsfrom laserimagingtechniquedrom other
researclyroupg17,39]. Nakagavaetal. [39] foundthatNO wasformedon theleansideof the
flame,whereoxygenis presenandthetemperaturés high. TheregionwhereNO is locatedwas
foundto expandduringthe comtustion,indicatingthatNO is notformedin the regionswhere
the premixedcomhustionoccurs.Imagesreportedby DecandCanaari17] shovedthat,in the
engineused,NO formationstartsaroundthe jet peripheryjust afterthe diffusion flameforms.
It wasfoundthatNO remainedconfinedto the edgeof thejet until thejet structuredisappeared.
As thecomhustioncontinued NO formationcontinuedn the hot post-comlistiongasesin the
trail of the reactingfuel jet. Additionally, DecandCanaar[17] presentec NO contentcurve
thatshavedthatNO formationdoesnotarisefrom the premixedcomhustionbut startgustafter
the diffusion flame forms and continuesin the hot post-comhistiongasesafter the end of the
comhustion.Only 67% of the NO hadformedby the endof theapparenheatreleaselt is also
in agreementvith dataobtainedfrom cylinder gassamplingmeasurementthat shoved that
NO formationstartssomeavhatafter the beginning of the comhustionandrisesthroughoutthe
comhustionprocesg80].

Theseesultssupportheexpectatiorthattheinitial premixedburnistoofuel richto produce
significantNO asdiscussedn the conceptuamodelof Dec[16], whichis derivedfrom dataof
severaldifferentlaserbasedliagnosticsHowever, theresultsappeato conflictwith themodels
thatpredictthattheinitial premixedburn hasalarge contributionto the NO formationandthat
the NOy emissionscorrelatewith the amountof fuel consumedduring the initial premixed
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burn[24,81]. Ratherthe presentesultsindicatethatarny correlationof NOy emissionwith the
fuel consumptiorduring the premixed burn musthave anothereason.An explanationcanbe
foundin therapid,largeriseof thein-cylindertemperaturaroundTDC causedy thepremixed
burn [17]. The higherair temperaturewill causean increasen temperatureof the diffusion
flameresultingin a higher NO productionin the diffusion burning phase. This effect would
be largerif the contribution of the premixed burn to the total burn is larger and/orthe volume
at TDC is smaller Consequentlyit will have moreinfluencein engineswith a smallbore,as
the one usedin this experiment(note that in this enginealso the premixed burn contritutes
relatively muchto the heatrelease).

The decreasén NO contentat the end of the stroke canpossiblybe explainedby a con-
versionof NO into NO, by oxidationin the colderpart of the stroke, which is also predicted
by theoreticalcalculationd79]. A relatively large corversionto NO> in this engine,usedat a
light load, would be consistentvith a generallyhigh NO»/NO ratio at the exhaustoccurringin
light-load dieselengineswherecoolerregionsadwancethe corversionto NO, [27].

4.3.4 Effect of engineconditions

To studythe effect of differentengineconditionson the NO productionthe compressiomatio
(e), fuel andload werevaried. Dispersedluorescencepectravererecordedor the different
engineconditions. They were evaluatedusingthe meangastemperaturen the way described
in the Appendixin orderto obtainNO densitycurvesasa function of crankangle. The NO
densitycurvesshawn in figure 4.4aare obtainedat differentcompressiomatios (¢=14.4 (m);
€=13.4(0)), the curvesin figure 4.4bresultfrom the enginerunningon differentfuels (fuel 1
(m); fuel 2 (O0)), andthosein figure 4.4careobtainedfrom the engineloadedby differentloads
(0.75kW (m); 0.88kW (00)). Fromthecurvesin figure4.4it canbeconcludedhatchanginghe
engineconditionswithin theselimits hasonly little influenceon the NO production.A higher
compressiomatio leadsto anearlierstartof NO formation,ascanbe seenin figure 4.4a. This
alsofollows from a comparisonof the curvesof figures4.4aandc wherethe NO formation
in the situationwith the lower e (figure 4.4c) startsmuchlater A possibleexplanationfor
this could bethat,for lower compressiomatios,the lower temperatureprevailing duringmost
of the comhustioncycle reduceall reactionrates,leadingto a slower rise of the NO densityto
abovethedetectiorlimit. (Notethatabsolutevaluesin figure4.4maynotbecomparedetween
graphs.)Fromfigure 4.4bit follows thatfor bothfuels NO formationstartsat the samecrank
angle but theearlydiffusionburningcontributesmoreto theNO formationin thecaseof fuel 1.
BecauseNO formationcontinuedongerin the caseof fuel 2, the densitiesreachedat the end
of the cycle arecomparable.The influenceof load canbe derived from figure 4.4c. A higher
loadresultsin aslightly advancedrise of the NO density which canbethe resultof the higher
temperatureat higherloads,but otherwisethetwo curvesarevery similar.

As discussedh the contet of figure4.3,thedensitycurvescanbe cornvertedto NO content
curves,thusremaoving the effect of the increasingn-cylinder volume. All NO contentcurves
thusderivedfrom figure 4.4 shav a slow startof NO formationfollowedby a steeprisearound
30° aTDCanda maximumaround80® aTDC, afterwhich a smalldecreasdollows. Thisindi-
catesthat,for all conditionsstudiedthe NO formationdoesnot arisefrom theinitial premixed
comhustionbut thatthediffusionburningphaseof comhustionmakesanimportantcontribution.
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Figure 4.4: NO densitycurvesobtainedfrom the integratedNO fluorescencegield of dispersed
fluorescencspectraecordedht differentengineconditions.

a) Compressiomatioe=14.4(m) ande=13.4(0); (fuel 1, 0.44kW load)

b) Fuell (m) and2 (O); (e¢=13.4,0.44kW load)

c) Loadof 0.75kW (m) and0.88kW (0); (e=12.4,fuel 2)
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4.4 Conclusion

The LaserInducedFluorescencélLIF) techniquewasusedto studythe nitric oxide (NO) pro-
ductioninsidethe comhustionchambeiof anoptically accessibléwo-stroke dieselenginerun-
ning on standarccommercialdieselfuel. Using 193 nm excitation of NO anddetectionof the
ensuingfluorescencat216 nm allowedthe determinatiorof NO densitythroughouthewhole
comhustionstroke.

Dispersedfluorescencespectraas a function of crank anglewere measured.They show
spectraktructureresultingfrom NO fluorescencérom 6° bTDC onwards,aswell asadditional
fluorescenceesultingfrom hot oxygen(O,), partly overlappingthe NO fluorescencéands.
For crankangles< 20° aTDC the spectraare dominatedby fluorescencdrom vibrationally
hot O, (v'=2,3),whereast is almostabsenin the spectraat crankangles< 40° aTDC.In the
evaluationof themeasurediuorescencsignals this interferingO, fluorescencevastakeninto
account.

From the dispersedluorescencepectraa relative measurdor the amountof NO present
insidethecylinder wasobtained.In orderto compareheamountsof NO throughouthe stroke
andfor differentengineconditions,fluorescencespectrawere processedor the changingin-
cylinder conditions(volume,pressuretemperatur@ndlaserradiationintensity). Two different
estimate®f thelocal temperaturevithin the probevolumewereused.

TheresultingNO densitycurvesshavedthat,for this engine thedensityincreaseshrough-
outthe comlustionstroke till somavherebetweer20® and50° aTDC. Thereafterthe NO den-
sity in the probevolumeseemsdo decreasehowever, this is mainly an effect of the expanding
cylinder volumeasseenfrom the NO contentcurves. This indicatesthatthe diffusion burning
phaseof the comhustionmakesanimportantcontributionto the NO formationandthatNO for-
mationcontinuesn thehotpost-comhistiongasesThisresultis in agreemenivith therecently
presentedesultsfrom the groupof Dec[17], shaving that NO wasformed at the periphery
of the jet, startingjust after the diffusion flame forms. Towardsthe end of the stroke a small
declineof the NO contentcurveswasseen.This could be dueto the corversionof NO to NO»
in the colderpartof thestroke.

In the future, planarLIF will be usedto obtaintwo-dimensionadistributionsof NO fluo-
rescenceusingthe O, interference-fredandat 208 nm. In addition,the LIF methodwill be
appliedon arealisticsix-cylinder, direct-injection,11.6 £ DAF dieselengine.Oneof the cylin-
dersis elongatedandhasbeenmadeoptically accessibl&y awindow in thepistonandwindows
in thetop of thecylinderwall. Also, otherexcitation/detectioschemesvill be pursuednotably
using226 nm excitationof NO in the A(v'=0) < X(v”=0) band.Firstmeasurementssingthis
excitationpathway arecurrentlybeingevaluated82].
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Appendix: Signal processing

In orderto quantifythemeasuredluorescencgield, all factorsconcerningheexcitationof the
moleculesandthe inducedfluorescenceesultingfrom the excited moleculeshave to be taken
into account.For the caseof pulsedexcitationin whichthefluorescenceut of the excited state
is recordedthe relationbetweenthe fluorescenceignal § jr, andthe local NO density pno,

canbewrittenas

SiF = C/V AE(F) 9 (P. T(F)) 9. va) Fu,a(TENILF) pro () dr (4.1)

wheretheintegrationis takenoverthewholevolumeseenby thedetector C is aproportionality
constant,l () is the local intensity of the laserbeamand Ag(r) is a factor describingthe
attenuationof inducedfluorescencen its way to the top window. The Boltzmannfraction,
fv.o(T(r)), describeshe temperature-dependepbpulationof the probedstate. The Stern-
Vollmer factor o(PT(r)), accountsfor the competitionbetweenradiatve and non-radiatve
(collision-induceddecayof excitedmoleculesandg(v., va) is theoverlapintegral of thelaser
line profile with the NO absorptionspectrum. In the modelrotationalenegy transferin the
groundstateis neglectedasdiscussedn chapter2, section2.3.2.

In orderto extracta NO densityfrom the measuredluorescencgield, all factorsin equa-
tion 4.1 have to be known. However, althoughthe generalrelationshipbetweenthe fluores-
cenceyield andthe NO contentis clear mostof the individual factorsare difficult to obtain.
Furthermoreevaluationof thesefactorsresultsin expressionsvhich dependon thein-cylinder
conditions(volume, pressurefemperatureand laserintensity) of which particularly the tem-
peratureis insufficiently known. The evaluationof the individual factorsof equation4.1 is
discussedelow for the caseof laserillumination andfluorescenceletectionboth throughthe
top window.

Ideally, for the experimentalsetupof figure 4.1, each(square)CCD pixel collectsfluores-
cencefrom a squarerod parallelto the cylinder axis andextendingfrom the bottomof the top
window downwards(z-direction;z=0atthetop window). In practice someaveragingwill take
placedueto the finite depthof field of the cameraobjectve (f/4.5), aswell assomeimage
blurring dueto the slightly etchedlower surfaceof the obsenationwindow. Neglectingthese
effectsfor the presentanalysis,andtakinginto accounthatthe spectran figure 4.2 represent
averagesvertheslit height,equatiord.1 canberewritten as

Zp
SIF) = C()»)fAF(Z)KJ(P, T(2), ») g(vL, va, 2) Ty, 3(T(2)) IL(2) pnO(2) dz

z=0
~ C) P, T.2) gL, va) fv.a(T) Bno f IL(2) Ar(2) dz (4.2)
z=0

in whichz, is thepositionof thepistonuppersurface.In thesecondstepseveralproportionality
factorshave beenreplacedy their averagevalues(indicatedby overbars) which allowsto take
themout of theintegral. This model,therefore providesa valuefor theaverage NO densityin

thewholevolumeseenby thedetector(the probevolume).
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Proportionality constantC: Thisfactoris justagaugeconstanincludinganumberof experi-
mentalparametersik e collectionefficiengy, window transmissiongcamerasensitvity, etc. It is
constanduringthewhole comhustionstroke.

Local laser intensity 1 (z) and Fluorescenceattenuation Ag(z): On their way throughthe
comhustionchamberboth the laserradiationandthe inducedfluorescencesuffer attenuation,
due mainly to absorptionby and scatteringoff sootparticlesand fuel and oil droplets. The
intensityof thelaserbeam with anintensity o whenit entersthe comhustionchambercanbe
writtenas

z

IL(z)=loexp| — f oext (Z) Next (Z) dZ' |, (4.3)
0

in which o is aneffective extinction crosssectionandngy; is thedensityof attenuatingparti-
cles.A similarequatiorholdsfor thefluorescencattenuation Ar(z). In generalpothoey and
next Will beafunctionof positionz. Thelocal extinction coeficientis (for this particularsetup)
aninaccessiblgparameterthatcannotbe measuredAn approximationcanbe madeby replac-
INg oext (Z)Next (2) Dy its average [Na|ext - In this approximationandcombiningthe equations
for I and Ar, theintegralin equatiord.2 canbewrittenas

Zp zp

8l
[ L@ Az~ o [ ep-2ilez)dz =20 (1- ep(-22/8)) . (44)
z=0 z=0

in which a penetrationdepths hasbeendefinedasd = 1/[No]ext. AlsO, [No]ext hasbeen
assumedo be the sameat the wavelengthsof excitation (193 nm) andfluorescenceletection
(216 nmin the caseof figure4.2).

A measurdor the averageextinction coeficient over the whole cylinder canbe obtained
from transmissioimeasurementsf thelaserbeam asdiscussedh chapter3. Thesedata,given
in figure4.5,shaow arisein transmissioraround60” aTDC, which coincideswith theendof the
visible comhustion,suggestinghatunburnedfuel playsapartin theabsorptiorof 193nm laser
radiation. Apart from this, the expansionalsoreduceghe densityof sootandotherabsorbing
specieswhich causedessattenuatiorof the laserradiationwith increasingcrankangle. The
penetratiordepthof thelaserradiation,definedin equationd.4,is alsoincludedin figure4.5,as
well asthe distancebetweenthe lower surfaceof the top window andthe uppersurfaceof the
piston(zp).

For the interpretationof the spectraof figure 4.2, we have assumedhe average extinction
coeficient obtainedfrom the transmissiormeasurement® be equalto the average extinction
coeficient[no]ex: Of equatiord.4. It has,however, beenchecledthatchanginghesevaluesby
asmuchasafactorof 10 (bothsmallerandlarger) hasrelatively little influenceonthe shapeof
theNO densitycurvesasafunctionof crankangle(theabsolutenumbersdo changepf course,
but thesearearbitraryunitsanyway).

Boltzmann fraction f, ;(T): The temperaturedependenfractional populationof the probed
state(v’=1, J'=26.5/32.5)canbe calculatedusingthewell establishedpectroscopidataof the
NO electroniogroundstate]83]. For theaverageemperaturd eitherthemeangastemperature
or the soottemperaturdnasbeenused.
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Figure 4.5: Transmissiorof thelaserbeam(solid line; ».=193.377nm) throughthefiring engine
(basedon 0.5% window transmission). It is measuredy coupling the laserbeamin and out
throughthe sidewindows and detectingthe transmittedradiationbehindthe exit window. Also
includedarethepenetratiordepth(s) definedin equatiord.4 (dashedine), aswell asthedistance
betweerthelower surfaceof thetop window andthe uppersurfaceof thepiston(z,) (dottedline).

Stem-Vollmer factor g (P, T): Thecompetitionbetweertheradiative andnon-radiatve decay
channelss describedy the Stern-\6limer factor

AV’V” N AV’V”

ZAV’V” + Q - Q

V//

PP, T, 1= (4.5)

The radiatve decayrate, Ay, can be estimatedfrom the radiatve lifetime of the D-state
(r=18 ns [84]) andthe Frank-Condorfactor for the usedfluorescencdransitionD(v'=0) —

X(v”=4)at216nm (0.076,calculatedusinga modelof Nicholls [85] andthespectroscopidata
for NO [83]). Thenon-radiatve decayrate, Q, is causedy intermolecularcollisionsincluding
bothEET (D — CandD — A) andquenchingD — X). For the A-state,dataon quenchingare
availablein literature[71,86], but little is known for the D-state. Separateneasurements a
hightemperaturehigh pressureell have shovn thatD — A electronicenegy transferinduced
by collisionswith N> is a very effective decaychannel[82]. SinceNy is alwaysthe major
speciesn the comlustionchamberit is assumedor the momentthatthe non-radiatve decay
rateof the D(V'=0) level in theengineis dominatedoy N> collision-inducedEET to the A-state,
sothatthe detailedcompositionof the burning mixture is relatively unimportant. Therefore,

3Notethat N, is aninefficient quencheof the A(v'=0) level (seee.g. ref. [71]), but that EET playsno role in
thenon-radiatve decayof this (lowestexcited) electronicstate.
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Q canbewritten asQ = vNgy 0cal, IN Whichv = /8KT /7 11 is the meanrelative velocity of

the collision partnersat atotal densityngy (o< P/ T) andogg is aneffective non-radiatve cross
sectiontakento beindependentf pressureandtemperatureln thefiring engineQ > A [30]
andtherefore

VT
Overlap integral g(v_, va): The overlapintegral canbe calculatedanalytically by assuming
Gaussiamrofilesfor boththelaseremissionL (v—v)) andtheNO absorptiorine (N (v —vy)),
with centralfrequencies) andv,, respectrely. A shiftin the positionof thelinesis nottaken
into accountbecausehelaseris tunedto resonancév, = vy), underengineconditions before
eachmeasurementhisresultsin:

+00

1
g(vL, va) = / Lwo—v )N —vpdv & ——,
o VA + AZ
in which A_ and A, are the widths (FWHM) of the laseremissionline andthe NO absorp-
tion line, respectiely*. A, is constant(l cm™1) but A4 is affectedby the changingpressure
andtemperaturaluring the stroke. Calculationof A, requiresinformationaboutthe pressure
broadeningof the NO absorptionlines in the D(v'=0) < X(v”=1) bandunderenginecondi-
tions. Thesedataarenot availablein literature.For the presenpurposehefunctionalpressure
andtemperaturelependencef the A < X bandis taken[87,88], in combinationwith a pro-

portionality factorthatis derived from own measurementsnthe D < X bandin the engine,
(section2.5.1,figure 2.14),yielding

4.7)

205 0.75
Aa = 0.53P <?) cm, (4.8)

with P the pressurén barandT the averagetemperaturén Kelvin.

Following the proceduredescribedabore, relative valuesfor the averageNO densitywithin
the probevolume can be extractedfrom the fluorescenceield asa function of crankangle.
To the extentthatthe probevolumeis representate for the whole cylinder (which seemaot
unreasonablan view of the illuminatedareaindicatedin figure 4.1 andthe penetratiordepth
of figure 4.5), thesedensitydatacanberelatedto anin-cylinder NO contentby multiplication
with the (crankangledependentin-cylinder volume,

NNo o oo V(Zp) - (4.9)

4Underthe conditionsof the presenexperimentspressuréroadenings likely to give the dominantcontribu-
tion to the NO linewidth. Thus, it would be moreappropriatdo usea Lorentzianinsteadof a Gaussiadineshape,
but this would notleadto analyticalresultsfor the overlapintegral. Numericalcalculationshave shavn thatequa-
tion 4.7 givesabout3% too smallresults almostindependentf crankangle.Sinceall NO densityresultsreported
herearein arbitraryunits, sucha virtually constaniproportionallityfactoris irrelevant. Note thatalsoa possible
contribution of neighbouringNO transitionsat high pressurendtemperatureo the overlapintegral is neglected.
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Chapter 5

Nitric oxide distrib utions in relation to
temperature and chemicalcomposition
Inhomogeneities

Abstract

ThePlanarLaserinducedFluorescencéPLIF) techniquds usedo studythespatialandtempo-
ral distribution of nitric oxide (NO) insidethe comlustionchamberof anoptically transparent
two-strole dieselenginerunningon commerciabieselfuel. TheNO moleculesareexcitedby a
sheebf excimerlaserradiationin theD?% (v/=0) «<— X2I1(v’=1) bandat193.377hm. Induced
fluorescencés detectedby a CCD camerahrougha narrav-bandfilter in orderto singleouta
NO fluorescencéandat 208 nm thatis free of oxygen(O) fluorescenceAdditionally, distri-
butionsof the elasticallyscatteredadiationarerecordedo reconstructhelocallaserintensity
in orderto correctthe NO fluorescencelistributionsfor the decreasén laserintensityover the
field of view. The obtaineddistributionsaretransformednto NO densitydistributionson the
assumptionghat all otherfactorsin the transformationof NO fluorescencento NO density
areuniform over the field of view. The extentto which deviationsfrom uniformity in temper
atureandfluorescenceuenchingrataffect the derved NO densitydistribution is estimated.
A measurdor the NO densityinsidethe probevolumeasa function of crankangleis derived
from thefluorescenceéistributionsby integratingthetotal fluorescenceThisfluorescencgield
is transformednto a semi-quantitatie NO density/contenin the cylinder taking into account
the crankangledependencef the engineparametergpressuretemperatureand laserradia-
tion intensity). TheseNO density/contenturvesarecomparedo similar curvesobtainedfrom
dispersedluorescencaspectra.
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5.1 Intr oduction

Stratgjiesfor the reductionof toxic emissiondrom dieselenginesocuson particulategsoot)
andoxidesof nitrogen(NOx). Emissioncontrolthereforeaimsat eithercatalyticexhaustgas
aftertreatmentor at comhustion optimisation,where optimisationis taken to imply reduced
toxic compoundormationwhile (atleast)maintainingcomhustionefficiency. Comhustionop-
timisation,arguablythe morefundamentaivay of tacklingtheemissionproblem,posesa huge
challengeboth to experimentaldataacquisitionandinterpretationandto theoreticalcomhus-
tion modelling. Non-intrusve opticaldiagnosticshbasedn planarLaserInducedFluorescence
(LIF), areusedto monitortheamountaswell asthedistribution of nitric oxide (NO) insidethe
comhustionchamberof a dieselengine.

Themeasuremergrincipleof theplanarLIF (PLIF) techniquenvolveselectronicexcitation
of the moleculesof interestby a thin sheetof laserradiation,and detectionof the subsequent
fluorescencén adirectionperpendiculato the sheetby anintensifiedCCD camera.PLIF has
beenusedto demonstratéhe presencef alargenumberof specificsmallmoleculesn avariety
of comhustionenvironmentsput in generatheobsereddataarevery hardto quantify[30—32].
Althoughin principlethe LIF intensityis linearly proportionalto the local numberdensityof
laserexcitedmoleculesthe proportionalityconstantdepend®n thelocallaserintensity which
is likely to vary over the field of view, andthe local physico-chemicaérvironment,involv-
ing local temperaturedensity chemicalcompositionand possiblyspectroscopidnterference
by othermolecules. Therefore,the proportionality constantwill dependon the positionand
a fluorescencalistribution cannotimmediatelybe interpretedasa moleculardensitydistribu-
tion. Sincemostof the parametersecessarjor thetranslationof fluorescencénto densityare
usuallynot known anddifficult to assessimultaneouslywith the (P)LIF measurementsome
assumptiondiave to be madeto obtaina moleculardensitydistribution andto quantify data.

The PLIF techniquehasbeenappliedto both gasolineengineg41, 77] andto dieselen-
gines[17,37-39]to obtaininformationaboutthe in-cylinder NO contentandthe in-cylinder
NO distribution. The dieselenginesusedwereoften runningskip-firedin orderto reducethe
cylindertemperaturg¢l7,37,39]. In addition,alow sootingdieselfuel [17,37,39] and/oroxygen
enrichedntake air wasused[37-39] to reducesootproduction.For this chapterthe PLIF tech-
niqueis usedto obtaintwo-dimensionaNO fluorescencaelistributionswithin the comhustion
chamberof a small, optically accessibléwo-strole, direct-injection(DI) dieselengine thatis
operatedn normalmode(i.e. notskip-fired)usingstandarcommerciabdieselfuel andambient
(non-oxygen-enrichedhtake air. Cycle-areragedNO fluorescencaelistributionsasa function
of crankanglearerecordedyy detectinghefluorescencé&rom NO moleculesvhich areexcited
in the D?Z*(V/=0) < X2I1(v"=1) bandat 193.377nm usingan ArF excimer laser As it is
difficult to completelyavoid oxygen(O,) excitation in this wavelengthrange,it is necessary
to usea narrov-bandfilter to singleoutthe D2 *(v/=0) — X2IT(v’=3) NO fluorescencéand
at 208 nm, thatis not overlappedoy O, fluorescenceDistributionsof the elasticallyscattered
laserradiationareobtainedmmediatelyafterthe NO fluorescencéistributionsduringthesame
enginerun. Theseareusedto procesghe fluorescencelistributionsfor the changen laserin-
tensityon its way throughthe cylinder (seechapter3). In-cylinder NO densitydistributionsare
derivedby evaluationof thefluorescencdistributionstakingall location-dependeriaictorsinto
account.TheseNO distributionsareusedto calculatea semi-quantitatie NO densityor content
in the probevolumeasa function of crankangle. Thereforethe total NO fluorescencen the

102



5.2 Theory

imageis averagedand processedor the changesn laserintensity pressureandtemperature
duringthestroke.

This chapterstartswith a concisetheoreticalpart giving the relationshipbetweenthe NO
fluorescencegield andthe NO densityand a descriptionof all factorsinvolved, followed by
an experimentalpartin which the setupis described.The resultsof the PLIF measurements
arepresentecndtranslatednto NO densitydistributionswhich areanalysedvith anemphasis
on the effectsof inhomogeneitiesn temperatureand/orchemicalcompositionof the cylinder
contentsover the field of view. Finally, an in-cylinder NO density/contenis derived from
thedistributionsandcomparedagainstheresultsobtainedrom dispersedluorescencepectra
dealtwith in chapter4, andsomeconclusionsaregiven.

5.2 Theory

This partconcentratesn the evaluationof datarecordedwith the experimentaketupdescribed
below, in whichimageghatcontainspatiallyresohedinformationaboutNO canbeobtainedoy
illuminating a planeby athin lasersheetandrecordingthe inducedfluorescencén a direction
perpendiculato it by aCCD camerakor thecaseof pulsedexcitationin whichthefluorescence
outof theexcitedstateis recordedtherelationbetweerthefluorescenceneasuredby ary pixel,
S (X, y), andthecorrespondindocal NO density pno(X, Y), IS givenby

S_":(X’ y) = C AF (X, y) SO(T’ P) g(Va(Ta P)s VL) fV,J(T) IL(Xa y) IONO(X’ y)’ (51)

in which (x, y) representhe coordinatesn the illuminatedplane,with the x-axistakenalong
the direction of the laserbeamandthe y-axis alongthe width of the lasersheet.C is a pro-
portionality constantmainly determinedoy the experimentalsetup, fy 3(T) is the Boltzmann
fractionthatdescribeshe temperaturelependentractionalpopulationof the probedstateand
g(va(T, P), vp) is the overlapintegral of the laserline profile with the NO absorptionspec-
trum. The Stern-\6limer factor, g (T, P), describegshe competitionbetweenthe radiatve and
non-radiatve decay || (X, y) is thelocallaserintensityand Ar (X, y) is afactordescribingthe
attenuatiorof theinducedfluorescencenits way out of theengine.

In orderto extracta two-dimensionaNO densitydistribution, pno(X, V), from ameasured
NO fluorescencémage all otherfactorsin equatiorb.1have to beknown. Unfortunately most
of thesefactorsaredifficult to obtain. In addition,their evaluationoftenresultsin expressions
that dependon the local circumstancegpressuretemperaturelaserintensity) at the position
(X, y), which in generalarenot sufficiently known. The pressureasa function of crankangle
in therunningengineis known well andis expectedo be uniform overthewholefield of view.
Thetemperaturegn the otherhand,is difficult to determineandin generalcannotbe expected
to be the sameover the whole field of view. Furthermorethe laserintensity dependson the
position,asit is attenuatean its way throughthe comhustionchamberConsequentlymostof
theindividualfactorsin equation5.1 will dependontheposition(x, y) aswell asonthecrank
angle.Theevaluationof thedifferentfactorsis discussedbelow.

Proportionality constantC: This factoris constantduring the whole comhustion stroke. It
includesa numberof experimentalparameter$ik e collectionefficiency, window transmission,
camerasensitvity, etc. In principle,thisfactorwill bethesamefor everyposition(x, y), except
for asmallamountof vignettingat the maigin of the obserationwindow.
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Local laserintensity 1| (x, y): Theintensityof thelaserbeamis attenuate@nits way through
the comhustionchamberdueto scatteringoff and absorptionby particulatesandfuel andoil
droplets. For the presentpurposethe procedureoutlinedin chapter3 to reconstructhe laser
attenuatiorfrom a singleelasticscatteringmageis followed.
Fluorescencattenuation Ag (X, y): Theinducedfluorescencdik e thelaserradiation,suffers
attenuatioron its way to the obsenationwindow dueto absorptiorandscattering.As thein-
ducedfluorescenc€208 nm) is at almostthe samewavelengthasthe laserradiation(193nm),
it is assumedhat the averageattenuationcoeficient derived for the laserradiationcan also
be usedfor the fluorescence Becausehis attenuationcoeficient was found to be ratherho-
mogeneousver the field of view (chapter3), it can be expectedthat the attenuationof the
fluorescencenits way to thetop window will be moreor lessthe samefor thewholeimage.

Additionally, Ag (X, y) includesattenuationcausedby the top window itself. However,
theselosseswill bethe samefor every position(x, y) sincethetop window is burnedclearby
thecomhustionandno localiseddirt is seeronit.
Boltzmann factor fy 3(T): The fractionalpopulationof the probedstateqv”’=1, J=26.5/32.5)
dependsstrongly on temperature. Although it can be calculatedusing the well established
spectroscopidataof theNO electronicgroundstate]83], theappropriateemperaturehowever,
is difficult to determine Thelattermaydependn the position(x, y), and,sincethev’=1 state
is probed,smallvariationsin temperaturavill have arelatively large effect on the population.
In generaltherefore the Boltzmannfactor cannotbe expectedto be uniform over the whole
image.This pointwill bediscussedurtherbelow.
Stem-Vollmer factor o (T, P): The Stern-\6limer factor describingthe competitionbetween
theradiatve andnon-radiatve decaychannelsis givenby

Av’v” ~ AVIV//
ZAV/V” + Q Q ’
v
in whichthenon-radiatve decayrate, Q, is assumedo be muchlargerthanall radiatve decay
ratesA,» underthe conditionsprevalentin the engine[30]. Theradiatve decayrate canbe
estimatedrom theradiatielifetime of the D-state(r =18 ns[84]) andthe Franck-Condomactor
for the monitoredfluorescencdransitionD(v'=0) — X(v”=3) at 208 nm (0.165, calculated
using a model of Nicholls [85] and the spectroscopiaatafor NO [83]). The non-radiatve
decayrateis causedoby intermolecularcollisions, including both ElectronicEnegy Transfer
(EET, D - CandD — A) andquenchingD — X) (seesection2.3.2). After EET radiatve
decaycanstill occurfrom the NO A- or C-state,but that will be at wavelengthsoutsidethe
detectionsystembandwidth. In contrastto the NO A-state,for which dataon quenchingare
availablein literature[71,86], only little is known for the D-state.In general,Q canbewritten
asQ = Y ., UNcolocol, in WhichT = /8KT/m n is the meanrelative velocity of the collision
partnersat a total densitynco (ox P/T) and oo is a non-radiatve collision crosssection,that
includesboth EET andquenching.As afirst approximationQ ~ vnyoef, in Which nyey is the
total densityandoe aneffective non-radiatve collision crosssection,sothat

VT

PP, T) x B (5.3)

The Stern-\6limer factor in generalwill not be uniform over the field of view asit depends
on the squareroot of the temperaturavhich canvary with the position(x, y). In addition,the

P, T) = (5.2)
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proportionallityfactorin equation5.3 will vary with local variationsin chemicalcomposition
(throughoef) overthefield of view. Thisis discussedjualitatively in the Appendix.

Overlap integral g(va(T, P), vp): AssumingGaussiarprofilesfor boththelaseremissionine
(L(v — v)) andthe NO absorptionline (N(v — vy)), with centralfrequencies andv,, re-
spectvely, theoverlapintegral canbe calculatedcanalytically(seefootnotepagel00). A shiftin
the positionof the lines neednot be takeninto accountbecausehe laseris tunedto resonance
(vL = vy) beforeeachmeasurementlhisresultsin:

g(vL, va) = / Lv—v )N —vadv ! , (5.4)
) \/AE + A2(T, P)

in which AL and A(T, P) arethe widths (FWHM) of the laseremissionline andthe NO ab-
sorptionline, respectiely. A, is constant(l cm 1) but A,(T, P) is affectedby the changing
pressurandtemperatureluringthe stroke andthereforedepend®n the position(x, y) aswell
asonthecrankangle.Calculationof A, requiresnformationaboutthe pressurdroadeningof
the NO absorptioninesin the D(v'=0) < X(v”=1) bandunderengineconditions. Thesedata
arenot availablein literature. For the presenpurposethe functionalpressureandtemperature
dependencef the A <~ X bandis taken[87,88], in combinationwith a proportionalityfac-
tor thatis derived from own measurementsn the D <— X bandin the engine(section2.5.1,
figure2.14),yielding

0.75
Aa(T,P) = 0.53P (2?95) cm L. (5.5)
Thetemperaturelependencef the linewidth of the NO absorptiorline may causesmall non-
uniformitiesin the overlapintegral for differentpositions(x, y). The overlapintegral will also
vary asaresultof variationsin chemicalcompositionover thefield of view.

In orderto arrive at a NO densitydistribution at a specificcrank angle,only the spatial
dependencef the factorsin equation5.1 is of interest,whereasfor comparingdensitiesat
differentcrankanglesalsothe crankangledependencef the factorshasto be takeninto ac-
count. To comparethe relatve densitiesof the NO distributionsat differentcrankanglesthe
totalintensityof thedistributionsis integrated.Thesentegratedintensitiesareprocessedor all
crankangledependentactorsresultingin a semi-quantitatie valuefor the averagedensityof
NO, pno, presentn the probevolumeasa function of crankangle. This crankangledepen-
denceshouldbe equalto thatobtainedrom the NO densityderivedfrom thefluorescencgield
of dispersedluorescencepectra,only the probevolumeis different(seechapter4). On the
assumptiorthat the probevolumeis representatie for the whole cylinder, an in-cylinder NO
contentcanbe calculatedoy multiplicationwith the crankangle-dependenblume,

Nno(®) o pno V(O), (5.6)

in which ® denoteghe crankangle.
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5.3 Experimental setup

Measurementareperformedon a one-glinder, two-strolke, directinjectiondieselengine,de-

scribedin detailin chapter2. In the presenexperimentghe engineis steadilyrunning(i.e. not

skip-fired) on standardccommercialdieselfuel. No additionaloxygenwasaddedto the (am-

bient) intake air. The engineis madeoptically accessibldy mountingquartzwindows in the

cylinder head. Two rectangulasidewindows (W1 andW2, 25 x 10 mn?, thickness25 mm)

are placeddiametricallyin the cylinder wall and one cylindrical top window (W3, diameter
25 mm, thickness35 mm) is placedcentrallyin thetop of the cylinder head.In thisway alaser
sheef(orientedin a horizontalplane thatis, parallelto to pistonuppersurface)cantraversethe
comhustionchambetthroughthe sidewindows while the scatteredight canbe coupledoutin

adirectionperpendiculato thelasersheethroughthetop window asshownn in figure5.1.

To excite the NO moleculesa pulsed(10 Hz) tunableexcimer laser(Compex 350T, A-
Physik)runningon ArF is used.It deliversa beamwhoseshapeis rectangula(25 x 3 mm?),
with a pulsedurationof 20 ns anda bandwidthof 1.0 cm=1. Thelaseris synchronisedo the
positionof the pistonwith anaccurag of 0.6 degreecrankangle. With the excimerlaserNO
moleculesare excited at the R1(26.5)/Q (32.5) transitionin the DTt (v'=0) <« X2I1(v"=1)
bandat 193.377nm [55]. This transitionwasselectedn orderto minimiseinterferencerom
vibrationally hot oxygenthatalsohasseveral strongtransitionswithin the tuning rangeof the
excimerlaser[63—-66] (seesection2.5.1). As it is difficult to avoid O, excitationcompletelyit

Gated
ICCD

Filter
Flame emission
or scattered light
W3
ArF — —
WL L W2 )

)

Figure5.1: Schematicaview of the modifiedtwo-strole dieselengineandthe opticalsetup.The
engineis optically accessibl®y two windows in thesidewall (sidewindows; W1,2)andonewin-
dow in thetop of the cylinder head(top window; W3). The ArF excimerlaserbeamtraverseshe
comtustionchamberthroughthe sidewindows. The inducedfluorescenceglasticallyscattered
radiationor naturalflameemissionis detectedhroughthe top window by a gatedCCD camera,
positionedbehindafilter.
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Figure 5.2: Dispersediuorescenceapectrunof NO, excited at the R,(26.5)/Q (32.5)transition
in the D%+ (v'=0) < X2I1(v”=1) band,obtainedfrom the runningengineat 25° aTDC (solid
curwe). NO fluorescencef the D?x+(v'=0) — X?2I1(v"=3,4,5)bandsis seenat 208, 216 and
225nm, respectiely andof the C2I1(v'=0) — X ?T1(v"'=3,4)bandsat212.5and220nm, respec-
tively. At 211,217 and225nm interferingfluorescencef O, is seen.NO andO, fluorescence
coincideat225nm. Characteristiof thefilter usecdto singleouttheD?%+ (v’ =0) — X?I1(v"=3)
fluorescencéandof NO at 208nm (dashedture).

is necessaryo usea filter to single out onespecificfluorescencéandof NO thatis not over
lappedby O, fluorescenceSpectreaof the laserinducedfluorescencedispersedn its different
wavelengthcomponentsandrecordedfrom the running engine,provide the information nec-
essaryto determinea fluorescencdandof NO free from O fluorescencéseesection4.3.2).
A dispersionspectrumwhich clearly shavs the interferencebetweenNO andO,, recordedat
25° aTDCby couplingin thelaserbeamthroughthetopwindow anddetectingheinducedfluo-
rescencéhroughthetopwindow aswell, is givenin figure5.2 (solid curve). NO fluorescences
seerat208,216and225nmfrom thedirectly excited D2 +(v/'=0)-stateto the X2I1(v"'=3,4,5)-
stategespectrely, wherea€, fluorescencés seemat211,217and225nm. At 225nmthe O,
fluorescenceoincideswith the NO fluorescence The fluorescencat 212.5and 220 nm can
be attributedto the C2I1(v/=0) — X2T1(v”=3,4) bands(the C-stateis populatedby collisional
EET). This spectrumshows thatthe D2x +(v'=0) — X2I1(v”'=3) fluorescencéandat 208 nm
canbeusedfor imagingbecausat is free of oxygenfluorescencandlies sufficiently far from
the nearesO, fluorescencdandseenat 211 nm. It shouldbe notedthatthe intensity of the
208 nm peakin this spectrumis someavhattoo large dueto a narrov peak(0.5nm FWHM) at
207.8nm thatinterfereswith the NO fluorescencédand. However, this peakis an artefact of
this particularsetupin which thelaserbeamis coupledinto the enginethroughthetop window,
causegrobablyby Ramarscatteringpf thequartztopwindow. It playsno partwhenusingside
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window illumination, insteadof top window illumination, asdonein the experimentsilescribed
below.

For the measurementsf two-dimensionaimageshe laserbeamis orientedin a horizontal
sheet(0.5 mm thick) parallelto the uppersurfaceof the pistonat TDC. It is coupledinto the
comhustionchambethroughthe laserentrancevindow (W1) andcoupledout throughthe exit
window (W2) (seefigure 5.1). The laserfrequeng is manuallytunedto resonancevith the
NO transitionbeforeeachmeasuremenilThe ensuingluorescencés coupledoutin adirection
perpendiculato the lasersheetthroughthe top window (W3), anddetectedoy a gated(50 ns)
intensifiedCCD cameralCCD-576G/RB-E;Princetoninstrumentswhoseoutputis digitised
andsentto a computerfor further processingWhenrecordingNO fluorescencelistributions,
acombinationof a narrav-bandfilter consistingof four highly reflectingmirrors(LaserOptik)
andanormalincidencel93nmlasermirror is usedin front of thecamerao singleoutanarron
fluorescencavavelengthbandcentredat 208 nm. The characteristiof this combination also
givenin figure 5.2 (dashedcurwe), shavs a transmissiorof 30% at its centrewavelengthof
207 nm anda bandwidthof about5 nm FWHM. The peaksat214and219.5nm arecausedy
otherinterferencenaximain thereflectionfilter. In the caseof recordingtwo-dimensionaélas-
tic scatteringdistributionsa filter transmitting193 nm radiationis used.For the measurement
of bothdistributionsusinga singlelaserpulsetheimageswould have to be obtainedsimultane-
ously, becausedueto theirreproducibility of the comhustion,thedistribution of NO molecules
andscatteringparticlesis expectedto be differentfor every cycle. However, if imagesareav-
eragedover several enginecycles, cycle to cycle variationsare averagedout. Therefore,in
casethatfluorescencelistributionsandelasticscatteringdistributionsareaveragedhey canbe
recordedlirectly aftereachother asis donein the presenexperiment.

Additionally, distributionsof the naturalflameemissionareobtainedby recordingtheflame
emissionthroughthetop window usinga gatewidth of 200ns.

5.4 Resultsand Discussion

5.4.1 NO fluorescencdalistrib utions
Raw data

Two-dimensionaNO fluorescencdistributionswererecordedisingthe208nmfilter described
above by couplingin the laserbeamthroughthe sidewindow anddetectingthe inducedfluo-
rescencehroughthe top window, in a direction perpendiculato the laserbeam. In addition,
distributionsof the elasticallyscatteredaserradiationwererecordedmmediatelyafterthe NO
fluorescenceélistributions,usingafilter transmittingonly thelaserradiation.All imagesareav-
eragedver 25 enginecyclesandrepresenanareawith adiameterof 25 mm;theprobevolume
amountto principle 25 x 0.5 mmd, locatedatthe positionof the pistonuppersurfaceat TDC.
The illuminated part of the CCD cameracorresponds$o an areaof 100 x 100 pixels, so the
spatialresolutionis 0.25 x 0.25mm?. A seriesof eightNO fluorescencelistributionsrecorded
at differentcrankanglesin the comhustionstroke is givenin figure 5.3. The distributionsare
presentedn a linear grey scalerangingfrom black (minimum intensity) to white (maximum
intensity)andeachimageis individually scaled.The laserbeamtravels from right to left and
fuelis injectedfrom the bottomof theimagesupwards.
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Figure 5.3: Measured\NO fluorescencdlistributionsaveragedbver 25 enginecyclesrecordecat
differentcrankangles(indicatedat the lower right of eachimage)during the comhustionstroke.

Theimagesarepresentedh alineargrey scalerangingfrom black (minimumintensity),to white

(maximumintensity), as indicatedin the figure, and are individually scaled. The laserbeam
travelsfrom right to left andfuel is injectedfrom the bottomof theimagesupwards.

Althoughtheraw datain figure5.3still haveto beprocesseth orderto derive densitydistri-
butionsfrom them,afew generabbsenationscanbemade.Mostimagesshow afairly uniform
fluorescenceélistribution, which atleastimpliesthatsufficientlaserintensitywasavailableover
thewholefield of view. Theincreasedoisinesf theimagesat31° aTDCand142° aTDCis
dueto weaksignalapproachinghe detectionlimit. In caseof the 142> aTDCimage,theweak
signalis verylikely dueto the NO beingflushedout of the cylinder (outletandinlet portsopen
at105 aTDCandat121° aTDC,respectrely), whereasn the31° aTDCimagethedecreasing
opticaltransmissiomprobablyplaysa majorrole, asdiscussedn chapter3.

The questionremainshow much of the obsened fluorescences in fact dueto NO. The
characteristiof the transmissiorfilter givenin figure 5.2 shavs that also somefluorescence
of O, at 211 nm might be transmitted.However, the presencef possibleO, fluorescencen
the fluorescencdistributions can be excludedon the basisof dispersedluorescencespectra
reportedin chapter4 (figure4.2). The spectrashav appreciableD, fluorescenc@nly at crank
angles< 30° aTDC, whereaghe fluorescencalistributionsshown in figure 5.3 arerecorded
laterin the stroke. Thereforejt canbe concludedhattheimagesof figure 5.3 (exceptperhaps
for the 31° image)arefree of O, fluorescencanddueonly to NO.

The fluorescencaelistributionsrecordedhis way cannotimmediatelybe interpretecasNO
densitydistributions. Althoughthe NO fluorescenceés proportionalto the NO density(equa-
tion 5.1), the differentfactorsof the proportionality constantdependon the position (x, y)
which resultsin a factor betweenthe NO fluorescenceand the NO density distribution that
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in generalwill be differentfor eachpixel. The majority of theseinhomogeneitiesre caused
by the non-uniformtemperaturalistribution andthe changingintensity of the laserbeamover
the obsenation area. The influenceof both effectson the translationof the NO fluorescence
distributionsinto NO densitydistributionsis discussedelown. Local variationsin chemical
compositionarerequiredto be of minorimportancebut will alsobeincludedin thediscussion.

Laser intensity

The intensity of the laserbeamdecreasesn its way throughthe comhustionchamberdueto
scatteringoff and absorptionby soot particlesand oil andfuel droplets. The laserintensity
decreasever the obsenationareais reconstructedrom the distribution of the elasticallyscat-
teredradiation, recordedjust after the NO fluorescencalistributions at every selectedcrank
angle,andthetotal transmissiorthroughthe engine, asdescribedn chapter3. Notethatonly
the attenuatiorof the laserintensity over the obsenation areais correctedfor. Therefore,in
orderto comparethe local laserintensity for differentcrankangles,the intensitydecreasen
thefirst partof the comhustionchamberthatcannotbe seen hasstill to betakeninto account.
Correctingthe NO fluorescencdistributionfor thelocallaserattenuationmesultsin afirst order
approximatiorto the densitydistribution of NO. TheseNO distributionsare,for all measured
crankanglesgivenin figure 5.4. However, it hasto betakeninto accountthat thesedistribu-

Figure 5.4: The NO fluorescencdlistributions, presentedn figure 5.3 after processingor the
decreasef the laserintensityover the field of view. Thesedistributionsrepresent NO density
distribution if it is assumedhat all otherfactorsin equation5.1 are uniform over the field of
view. The imagesarepresentedn a linear grey scalerangingfrom black (minimum intensity)
to white (maximumintensity), asindicatedin the figure, andareindividually scaled. The laser
beamtravelsfrom right to left andfuel is injectedfrom the bottomof theimagesupwards.
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tionsrepresenNO densitydistributionsonly if theassumptiorthatall factors(exceptthelocal
laserintensity)in equation5.1 areuniform over thefield of view is valid.

Temperature

All temperaturelependentactorsin equations.1 (i.e. the Boltzmannfactor the Stern-\6limer
factorandthe overlapintegral) will dependon positionwithin the probevolume. Therefore,
they have to be analysedusingthe local temperaturet a position(x, y). The latter, however,
is extremelydifficult to obtainfor a runningdieselengine(if possibleatall). Two-dimensional
temperaturalistributionshave beenobtainedin Sl enginedy Rayleighscattering77] andby
usingtwo-linetracerLIF [42]. For dieselengineghe comlustionis highly luminousasaresult
of thethermalradiationof sootparticlesat hightemperaturesrhis high luminositycanbeused
to measurdhe local temperaturén the cylinder by the two-colourmethod,describedn detail
in [33]. An interestingpossibility might alsobe to usethe fluorescencef the simultaneously
excited O, for temperatur@eterminatior(seechapter6).

Althoughfor thetwo-strole enginethe spatialdistribution of temperaturén the comlustion
chambercould not be measurediwo spatially averagedcrank angle dependentemperature
curvesweredetermined An averagetemperaturdor thewhole contentof the cylinder, denoted
as the meangastemperaturewas derived from the crank angle dependenpressurein and
volume of the comlustionchamber(section2.2.2). Alternatively, a sootparticle temperature
was derived from the spectraldistribution of the naturalflame emission,largely arisingfrom
glowing sootparticles,at the crankangleswhereflame emissioncanbe seen.If the obtained
flame emissionspectraarefitted to a Planckblack body radiationcurve a temperaturef the
glowing sootparticlescanbedeterminedsection2.4.1).Both the soottemperaturém) andthe
meangastemperaturgédashedurve)aregivenin figure5.5a. Thesolid curveis anextrapolation
basedon adiabaticexpansionof an ideal gasduring the later part of the stroke, matchedto
the intermediatepart of the measuredlata. Thesetwo temperaturesre not equal, the soot
temperaturebeing considerablyhigher than the meangastemperatureandit is not evident
which of thetwo (if any) mostcloselyrepresentshelocal temperaturata position(x, y) and
shouldbe usedin equations.1.

Someinformationon the spatialdistribution of the soottemperatureanbe extractedfrom
the distribution of the glowing soot particles,usedto derive the soottemperature.This dis-
tribution canbe obtainedby recordingthe radiationof the glowing sootparticlesthroughthe
top window by a CCD camera(seefigure 5.1). Here, it hasto be takeninto accountthat this
resultsin animagethatrepresentshe flameemissionintegratedover the depthof the volume
thatis seenby the cameraDistributionsof the naturalflameemissionaveragecdver 25 engine
cycles,obtainedusinga gatewidth of 200ns,arepresentedh figure5.6; thesemagesall have
the sameorientationasthosein figures5.3 and5.4. The flame emissionsare presentedn a
lineargrey scaleandindividually scaled.Informationaboutthe relative intensity of the flame
emissiorfor thedifferentcrankangless obtainedby integratingthetotal intensityof theflame
emission.This total integratedintensityis includedin figure 5.6 (lower right). Flameemission
is seenfrom about19® bTDCill around60® aTDC,andit is themostintensegust beforeTDC.
The locationswherethe first flame emissionoccursare clearly seenin the imagesrecorded
in the beginning of the comhustion. Two sitesof intenseluminosity canbe distinguishedsee
arrows in figure 5.6), probablyarising from two of the threespraysthat canbe seenthrough
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Figure 5.5. a) The meangastemperaturalerved from the heatreleasgdashecturve) andthe
soottemperaturelerived from the spectraldistribution of the naturalflame emission(m). The
solid curve is an extrapolationbasedon adiabaticexpansionof an ideal gasduring the later part
of the stroke, matchedto the intermediatepart of the measurediata. b) In-cylinder pressure
asa function of crankanglefor the runningengine. c) AverageBoltzmannfactor f, 4(T), for
theJ’=26.5andJ"=32.5levels asa function of crankanglecalculatedfor the soottemperature
(solid curve) and the meangastemperaturgdashedcurwe). d) Stern-\6llmer factor o (T,P),
asa function of crankanglecalculatedfor the soottemperaturdsolid curve) andthe meangas
temperaturgdashedcurve). e) Overlap integral, g(va(T,P)yL), asa function of crank angle
calculatedor the soottemperaturésolid curve) andthe meangastemperaturédashedture).
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the top window. It is expectedthat the sootparticlesarelocatedin the sameregion aswhere
the comhustiontakes placeand, therefore,the radiationusedto determinethe soottempera-
ture originatesfrom the placeswherethe comhustionactuallytakesplace. Consequentlythe

distribution of the flameemissioncanbe takenasanindicationfor the distribution of the soot
temperaturewhich givesinformationon the regionsin which the averagetemperaturavill be

closeto the soottemperaturelt should,however, betakeninto accountthatno conclusioncan
be dravn from the spatialintensity of the flame emissionwith respecto the exactlocal soot
temperatureastheintensityof the emissions determinedy the amountof sootalongtheline

of sightaswell. Thedistributionsrecordedn the beginningof the comhustionclearly shav an

inhomogeneoudistribution of the emissionof sootparticles,andthey becomemorehomoge-
neousduring the comkustion. For crankangles< 37° aTDC, for which it wasalsopossibleto

obtainNO fluorescencémagesthe flameemissionis uniformly distributed.

The flameemissiondistributionsin figure 5.6 supportthe expectationthatthe largestnon-
uniformitiesin temperaturewill be found aroundTDC, at the beginning of the comhustion,
whereregionsof high temperaturarisefrom the startof the comhustionin therelatively cold
gasmixture. The soottemperaturevill be a betterindicationfor the local temperatureat the
positionsof the actualcomhustion (note that alsothe bulk of the thermal(Zeldovich) NO is
expectedto be formedthere),whereaghe meangastemperaturés probablya betterestimate
for the temperatureat placesaway from the comhustion. Thus,during the actualcomhustion
regionsof highly varying averagetemperaturesvill co-exist. Basedon the temperatureurves
presentedn figure 5.5a,at TDC for example,temperaturevariationsbetweenabout1500and
2250K canbeexpected.However, aftertheactualcomhustiontherelatively large temperature
differenceswill disappeadueto mixing of the comhustiongaseswith the unturnedgasin the
cylinder andthetemperatureaistribution will becomanorehomogeneousSincethegasewill
cool down fasterthanthe soot particles,the meangastemperaturewill be a betterestimate
of the local in-cylinder temperaturghanthe (extrapolated)soottemperatureat the end of the
stroke.

Forthemomentit is assumedhat,for every crankangle themostappropriatdocaltempera-
tureatthedifferentpositions(x, y) will besomeavherein betweerthetwo averageemperatures.
An indicationof thevariationof thedifferenttemperaturelependentactorsin equatiorb.1over
thefield of view canbe derived by analysingthemfor boththe soottemperaturandthe mean
gastemperature.The pressuras taken constantover the image(thatis, acousticakffectsare
neglected)andthe usedpressurecurve asa function of crankanglemeasuredn the running
dieselengineis givenin figure 5.5h The Boltzmannfactor the Stern-\é6limer factorandthe
overlapintegral asafunctionof crankanglearegivenin figure5.5¢,d ande, respectiely, using
boththe soottemperaturgsolid curves)andthe meangastemperaturédashedurves)for their
evaluation. The curwvesin figures5.5d ande shawv that both the Stern-\6limer factorandthe
overlapintegralarenotmuchinfluencedoy the particularchoiceof thetemperatureTherefore,
it canbeassumedhatfor thewholefield of view theseparametersvill bemoreor lessconstant.
However, the Boltzmannfactormay changeconsiderablyif the local temperaturehangesAt
TDC, wherethe averagetemperaturever the field of view is expectedto vary betweerabout
2250andabout1500K thecorrespondingopulationchangedy afactorof 1.4, whereastthe
endof thestroke, with atemperaturearyingbetweer830and580K, it is afactorof 4.2. This
indicatesthatthe populationdifferencesarelower at highertemperaturesyhich is favourable,
asin thecylinderthelargestspatiatemperaturéuctuationsareexpectedatthestartof thecom-

113



5 Nitric oxidedistributionsin relationto........

Integrated emission

-20 TDC 20 40 60
56 Crank angle

Figure 5.6: The (spectrallyintegrated)naturalflame emissionaveragedover 25 enginecycles
recordedthroughthe top window using a gatewidth of 200 ns. Crank anglesare indicatedat
the lower right of the imagesin degreecrankanglewherethe minussign refersto crankangles
beforeTDC. Thearraows in theimagerecordedat 6° bTDC indicatethe two positionswherethe
first flameemissionoccurs.in the upperleft imagethe directionof the threefuel spraysasseen
throughthe top window, is indicated. The total intensity of the flame emissionrelatedto the
crankangleis givenin the lower right. All imagesarepresentedn a linear grey scaleranging
from black (minimumintensity)to white (maximumintensity),asindicatedin thefigure,andare
individually scaled.
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bustion,wherethe temperaturés highest.Whenthe temperaturerops,towardsthe endof the
stroke, it is expectedto becomemorehomogeneouandto approactthe meangastemperature.

Thefluorescenceélistributionsin figure 5.3 areobtainedatein the comhustionstroke, after
the actualcomhustion. Becausethe temperaturas then expectedto be more or lesshomo-
geneouslhydistributed, it is assumedhat temperaturegradientsover the field of view are of
minorimportance.Thereforeasafirst approximationasingleuniform temperaturés usedfor
interpretatiorof theimages.Thisassumptiorwill berelaxedlateron.

5.4.2 NO densitydistrib utions

Whenthe assumptionsre madethat i) the temperaturedistribution over the field of view is
uniform andii) the fluorescencguenchings homogeneougheNO fluorescencelistributions
processetbr thelaserattenuatioroverthefield of view, asgivenin figure5.4,canbeinterpreted
asNO densitydistributions. The experimentalerror, determinedrom small scalefluctuations
presentn the distributions, is about10%. By comparingthe measuredNO fluorescencelis-
tributionswith the resultingNO densitydistributionsonly little differenceis seen. The most
conspicuougeatureis thatat almostall crankanglesthe mostintensepart of the distribution
is shiftedsomevhatalongthe x-axis towardsthe side of the laserexit window. The noisyim-
agesat 31° and 142> aTDC, discussedabove, will not be consideredurther. In mostof the
otherNO densitydistributionsin figure 5.4 a gradualincreasen NO intensityover thefield of
view is seenalongthe x-axis going from right to left. The gradientof the intensityincrease
becomedarger going from the 37° aTDCimageto the 74° aTDCimage(i.e. with increasing
crankangle).However, at 105" aTDCthehighestintensityis shiftedsomeavhatto themiddle of
theimage.To getsomefeelingfor the obsenedintensitydifferencesver thefield of view, the
intensitydifferenceof thedistributionat 74° aTDC,which arerelatively large,areanalysedn
moredetail. Theaveragentensityof this NO distribution differsby about20%from thelowest
andhighestintensitiesthat are seenat the side of the entranceand exit window, respectiely.
Similar, mostly somavhat lower, valuesresultfor the otherdensitydistributions. Within the
approximationof a uniform temperaturalistribution it canbe concludedthatthe NO density
variesover thefield of view by maximally 40%.

Beforeinterpretingthe NO densitydistributions, it is appropriatdo getsomeinsightin the
errorsthat might be introducedby the assumptionsnadein the translationof the NO fluores-
cencedistributionsinto NO densitydistributions. Firstly, it wasassumedhatthetemperaturée
homogeneousldistributedoverthefield of view. Secondlythe exactcompositionof thecylin-
dercontentsvassupposedo berelatively unimportant.lt would nevertheleseinterestingto
have anideaof theinfluencethata non-uniformtemperatur@and/orcompositionof the cylinder
contentswould have on the obtainedNO densitydistribution. In otherwords,to which extent
canvariationsin NO fluorescenceéntensity be explainedby variationsin temperatureand/or
composition?To getsomefeelingaboutthis, it is calculatedvhatthe variationsin temperature
or compositionrwould have to beto fully explainthe obsernedNO fluorescenceélistributionsof
figure 5.4 (which have alreadybeenprocessedor the laserattenuation)f the NO distribution
would be uniform.
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Figure 5.7: Thefactor H (T), resultingfrom the multiplication of the threetemperaturelepen-
dentfactorsin equation5.1 (i.e. the Boltzmannfactor the Stern-\6llmer factorandthe overlap
integral) asa functionof temperaturefor temperatureselevantfor thecomhustionin theengine.

Temperature distrib utions

First, the effect of a non-uniformtemperature] (x, y), is analysed.To this endthe threetem-
peraturedependentactors(i.e. the Boltzmannfactor the Stern-\6limer factorandthe overlap
integral) arecombinedresultingin afactor H(T(x, y)), givenby

H(T X, y)) = o (T(X, ), P) ga(T(X, ), P), vo) fv,a(T(X, ¥)), (5.7)

which includesall temperaturedependencesf the differentprocessingactors. H(T(X, y))

is givenin figure 5.7, for the temperatureshat arerelevant for the comhustionin the engine
(500<T <2500K). It is seenthat H(T) is approximatelyinearover a large temperatureange.
This, asa spin-of, alsowould justify the useof an averagetemperaturdor the calculation
of spatially averagedresults. Using H(T(x, y)) the NO fluorescencalistribution (including
correctionfor the changein laserintensityover thefield of view), § |-, canbewritten as

S E (X, Y) o pno(X, ) H(T(X, y)), (5.8)

if all otherfactorsin equations.1 areconstanbover thefield of view. Thisrelationcanbeused
to calculatethe temperaturalistribution thatwould be requiredfor ahomogeneoublO density
distribution to resultin the correctedluorescenceélistribution of figure5.4.
Theserequiredtemperaturalistributionsare determinedn the assumptionshati) the av-
eragetemperatureorrespondso the meangastemperaturendthatii) the mole fraction! of

1The mole fraction is usedinsteadof the NO densityasin a closedvolume with varying temperaturgand
constanpressurejhedensitycannotbe constanin contrastto the molefraction.
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NO over thefield of view is uniform. The resultsare presentedn figure 5.8; all imageshave

the sameorientationasthosein figures5.3 and5.4. For the 74° aTDC distribution (meangas
temperaturéd40K) it is foundthatthe averagetemperaturet the sideof the entrancevindow

would have to beabout580K whereasat the sideof the exit window it would have to be about
690K. Thatis, thevariationin the correctedNO fluorescencantensityin the74° aTDCimage
could be ascribedsolely to a non-uniformtemperaturef a temperaturgyradientof someavhat
morethan 100 K would be presentover the field of view (small scaleveriationsare larger).
For the otherdistributionsthe requiredaveragetemperaturevariationsover the field of view

arefoundto bein theorderof 100K atlarge crankanglesto 200K for thedistributionsat the
smallestcrankangles.On a smallscalethe minimumandmaximumtemperaturesyould have

to vary to about400K. Suchgradientan temperatur@ver thefield of view (25 mm diameter)
arenot expectedin the cylinder for the studiedcrankangleslate in the comhustioncycle and
arethereforeunlikely to fully explainall fluorescencéenhomogeneity

Figure5.8: Thetemperaturelistribution overthefield of view obtainedrom theNO fluorescence
distributions processedor the local laserattenuatiorgivenin figure 5.4, on the assumptiorthat
the averageNO densityhasan averagetemperatureorrespondingo the meangastemperature
andthat the mole fraction of NO over the field of view is uniform. The imagesare presented
in alineargrey scalerangingfrom black (lowesttemperaturejo white (highesttemperatureas
indicatedbelav eachimage.
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Collisional decayrate distrib utions

Besidegheeffectof aninhomogeneoutemperaturalsotheeffect of aninhomogeneoushem-
ical compositionon the obtainedNO densitydistribution is worth studying. Non-uniformities
in gasmixture within the field of view would introducenon-uniformitiesin the Stern-\6limer
factor(dueto variationsin thenon-radiatve decayrate, Q) and,possibly in theoverlapintegral
(dueto variationsin the absorptioninewidth). The non-radiatve decayrateof the NO D-state
is governedoy EET andquenchingprocessesyhereasheabsorptiodinewidth (in thecollision
broadenedimit) will probablybe determinedmainly by RotationalEnegy Transfer(RET) in
groundandexcited stateaswell asby elastic(dephasinggollisions.

Assumingnon-radiatve decayof excited NO moleculesto be much fasterthan radiatve
decay the Stern-\6limer factor can be approximatedoy A/Q, asin equation5.2. For the
conditionsprevalentin theengine theoverlapintegral, givenin equatiorb.4,will bedominated
by thewidth A, of the NO absorptionline (i.e. Az > A(), which, if Dopplerbroadenings
neglected,is given by the homogeneousollision rate constantl"y. Note that, in the present
case,Q involvesonly quenchingand EET processeshut will not be sensitve to excited state
RET, becaus¢hefluorescencés notdetectedvith rotationalresolution.Thecollisionratel'y,
ontheotherhand,is expectedto be dominatedby elastic(= phasechanging)collisionsaswell
asRET in thegroundandexcited stateqthelatterbeingthefastesinelasticprocess).

Taken together the NO fluorescenceyield (againcorrectedfor laserattenuation)can be
written as

PNO(X, Y)
QX Y)TH(X, y)

since,for the presentpurposeall otherfactorsin equation5.1 areassumedonstant(i.e. ata
fixedtemperatur@ndpressure)By againassuminga uniform NO mole fractionover thefield
of view, distributionsof the productQ(x, y) - 'y (X, y) thatwould be requiredto explain the
variationin the NO fluorescencéntensityof figure 5.4 canbe determined.Thesedistributions
areshawn in figure 5.9; all imageshave the sameorientationasthosein figures5.3 and5.4.
Typical variationsin theimagesstaywithin about+20% of the averagevalue.

The questionremains,then, whethersuchvariationsin collision ratescanreasonablybe
expectedunderconditionsoccurringin the engine. Both Q andI'y canbe written in terms
of collision crosssectionsas} _; vjnjoj, with v ameanrelative velocity, n adensityando a
collision crosssection;the summatiorextendsover all possiblecollision partnersandcollision
processesSincepressureandtemperaturareheld constantyj andp = ) j hj areconstant
aswell, andary fluctuationin Q andI'y mustbe attributedto changesn relative densitiesof
specieswith differentcollision crosssections.In the absencef quantitatve dataon collision
processeivolving the NO statesrelevant to the presentdetectionscheme this subjectwill
have to beaddressedualitatvely and,to someextent,intuitively.

The mostlikely contributors to inhomogeneitiesn collisional rate constantswill be the
chemicalmajority specieg{N>, O, fuel hydrocarbonsCO,, H,O) and,perhapssootparticles.
Nitrogenis evidently themostabundantspeciestany crankangle but, sinceit doesnot partale
appreciablyin thechemistryit canhardlybe expectedo bennon-uniformlydistributed. Oxygen
andfuel, ontheotherhand,areconsumedocally by thecomlustion,andincorporatednto CO,
andH»0. Sootparticlesfinally, candefinitelybeexpectedo bedistributednon-uniformly even
laterin the stroke. Also, their (geometrical)collision crosssectioncaneasilybe2 — 3 orders

S|/_||: (X,y) x

(5.9)
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Figure 5.9: Distributionsof the productQ(x, y) - 'y (X, y) overthefield of view obtainedfrom
the NO fluorescencdlistributions processedor the local laserattenuationgiven in figure 5.4
usingequations.9 ontheassumptiornthatthe NO densitydistribution is uniform over the field of
view. Theimagesarepresentedh alineargrey scalerangingfrom black (minimumintensity)to
white (maximumintensity),asindicatedin thefigureandindividually scaled.

of magnitudelarger thanthosetypically associatedvith molecularcollisions (50 — 100 Az).
Neverthelesssincethesootparticledensityis somuchlower (typically ~ 104 m—3, calculated
from datain [2]) thantypicalmoleculamumberdensitieg~ 10°° m—3 at2 barsand550K), the
contribution of sootpatrticlesto the total quenchingatewill still be negligible. At 2 barsand
550K, for example theNO collision ratewith sootparticlesis calculatedo beabout12 sec 1,
whereador collisionswith H,O (usinga 5% molefractionandthe quenchingcrosssectionfor
the A-state)it amountgo ca.4 - 10° sec’L.

In the Appendixa simplemodelis discussedvhich correlatesron-uniformitiesin theden-
sitiesof severalof the majority specieon theassumptiorthatall suchnon-uniformitiescanbe
ascribedto non-uniformcomlustion. Assumingnon-radiatve decay(Q) andline broadening
(Tw) to behae similarly, this modeltendsto predictunrealisticallyhigh relative crosssections
for collisionswith differentchemicalspeciesif all non-uniformityin theimagesof figure 5.9
wereto be explainedby non-uniformchemicalcomposition. In fact, if a relative crosssec-
tion on,0/00, ~ 2 — 3 is consideredarealisticrange thenonly about6% of the variationin
figure5.9canbeexplainedby chemicainhomogeneityaccordingo themodelin theappendix.

Discussion

Fromthe analysisof the effect of a non-uniformtemperaturer cylinder compositionover the
field of view it follows that the intensity differencesof the NO fluorescencalistributions of
figure 5.4 cannotbe ascribedsolely to a temperatureor compositionvariation and therefore
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mustarise,at leastpartly, from a non-uniformNO distribution. However, both effectswill still
have someinfluenceon the obserned NO densitydistribution. The comhustionwill introduce
large non-uniformitiesover thefield of view aroundTDC ascanbe seenin the obseredflame
emissiong(figure 5.6). In regionswherethe comhustiontakes placethe temperaturewill be
relatively high and relatively large amountsof comhustion products,including NO, will be
presentDueto mixing, temperatur@nddensitydifferencesver the comlustionchambemvill
becomesmallertowardsthe end of the stroke, but still areaswith a highertemperatureand
higherdensityof comhustionproductscanexist. Thus,althoughthe intensitydifferenceseen
in the NO densitydistribution indicatethatregionsexist with a somevhathigheror lower NO
density thedensitydifferencesanbesmalleror largerthanobsenedin thedistributionsasdue
to temperature@nd compositionvariationsthe amountof NO canbe under or overestimated.
In generalfor mostcrankangleshe NO densityappeardo be someavhathigherattheleft side
of theimageswherethe probevolumeintersectoneof thefuel spraygnumberl in figure2.1).

5.4.3 Reproducibility

The seriesof NO densitydistributions presentedn figure 5.4 is only one example,shoving

NO densitydistributionsobtainedbetween31° aTDC and142° aTDC during oneenginerun.

To getsomeinformationaboutthe reproducibilityof the results,NO fluorescencelistributions
and correspondingelastic scatteringdistributions were obtainedfor several different engine
runsat two successie days. Theseresultswereevaluatedin the way describedabove in order
to obtaindensitydistributions of NO. Four representatie seriesof NO densitydistributions,
eachconsistingof distributionsobtainedat four differentcrankanglesaveragedver 25 engine
cycles(62°, 74°, 105 and142 aTDC)arepresentedn figure 5.10;all imageshave the same
orientationasthosein figures5.3and5.4. It shouldbenotedfrom the startthatthedistributions
presentedh figure5.10arerecordedinderdifferentconditiongfuel, compressiomatio, injector
orientation)thanthoseof figure5.4.

By comparingthe four seriesof figure 5.100nly little differencesare seen,indicatingthat
averagedistributions obtainedfrom differentenginerunsreproducewell. Althoughit cannot
be seendirectly from theimagesalsotheintensitiesof theimagesat a specificcrankangleare
of the sameorderof magnitude.The mostconspicuougeaturein almostall distributionsis a
slightly higherintensityat theright handsideof theimage.Theimagesdo not shaw significant
changesn thedistribution of theNO densityasa functionof crankangle. Thedifferencesn the
detailsof theimagesn eachcolumncanbeattributedto theirreproducibility of thecomhustion
itself. In principle theseimagesrepresenta NO densitydistribution thatis similar to the NO
densitydistributionsin figure5.4.

Intensity differencesover the field of view in thesedistributions are similar (maximally
20%)to thoseobsenedin the distributionsof figure 5.4. Consequentlythe variationsin tem-
peratureor compositiorthatarerequiredto explaintheobsenedNO distributionsof figure5.10
by auniform NO distribution aresimilar to thosefoundfor theimagespresentedn figure5.4.
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min

Figure5.10: Fourseriesof NO fluorescencéistributionsrecordedat62, 74,105and142° aTDC
andcorrectedor the decreasén laserintensityover thefield of view. Theimagesarepresented
in alineargrey scalerangingfrom black (minimum intensity)to white (maximumintensity),as
indicatedin thefigure andindividually scaled.The laserbeamtravels from right to left andfuel
is injectedfrom the bottomof theimagesupwards.

5.4.4 Integrated NO density

AlthoughtheNO densitieswithin thedistributionsof figure5.4 canbecomparedtheintensities
still have to be processedor the crankangledependenparametersn orderto comparethe
relatve NO densityat differentcrankangles. To this endthe intensity of the distributionsis
integratedandthis NO fluorescenceield is givenin figure 5.11a(A), asa function of crank
angle. Thefluorescencgields obtainedfrom the densitydistributionsfor 31° and142° aTDC
arenot included. At 31° aTDC the integratedintensity resultingfrom the low laserintensity
thatis left in the obsenation area,is too low for areliableresult. The low fluorescencegield
at 142> aTDC, on the otherhand,is reliable but at thattime a lot of NO is alreadyremoved
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Figure5.11: a) TheintegratedNO fluorescencgield obtainedrom the NO densitydistributions
givenin figure5.4c(A). Themeangastemperaturgdashedine) andthe soottemperaturésolid
line) arealsoincluded.For comparisorthefluorescencgield dervedfrom thedispersediuores-
cencespectragivenin section4.3.3,is includedin figure5.11a(a). b) The correspondingNO
densityobtainedby processinghe NO fluorescencgield for all crankangledependentactorsas
describedn section5.2, usingeitherthe meangastemperaturg) or the soottemperaturéO).
Also includedarethe NO densitycurvesderivedfrom the NO fluorescencegield of thedispersed
fluorescenceysingeitherthe meangas(m) andthe soottemperaturg®). c) CorrespondindgNO
contentobtainedby multiplying the curvesin b) by the (crank angle dependentkylinder vol-
umefor the curvesobtainedrom the fluorescencélistributions (opensymbols)aswell asfor the
curvesobtainedrom the spectrg’solid symbols).
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from the cylinder by thescavengingprocessAlthoughthis fluorescencgield curveis obtained
with a differentsetupincluding a differentprobevolume, it is similar to the fluorescencgield
curve thatis obtainedby integratingthe areabelon the NO fluorescencgeaksin a dispersed
fluorescencespectrum(seechapter4). For comparisorthe fluorescenceield curve derived
from the dispersedluorescencepectragivenin chapter4, (measuredindernearlythe same
conditions)is includedin figure5.11a(A).

Justcomparingthe fluorescenceield curvesfor the differentcrankanglesis deceptve, as
they areobtainedfrom the NO distributions, which are only processedor the laserintensity
decreasever the field of view. For a propercomparisorthe fluorescencegield curve hasto
be translatednto anin-cylinder NO densitycurwve, taking into accountall crankangledepen-
dentfactors(includingthelaserintensitydecreasén thefirst, invisible, partof the comhustion
chamber) asdescribedn section5.2. Most of the factorsusedin the translationarethe same
for bothfluorescencgields, but the pathsof thelaserbeamandinducedfluorescencarequite
differentresultingin a differentapproachfor the processingf the laserandfluorescencet-
tenuation gventhoughthe sameextinction coeficientis used.In the processindoththe mean
gastemperatureand the soottemperatureare used. The effect of usingan averagetempera-
ture (ratherthana local temperaturepn the derved NO densitywill be discussedelon. For
comparisorboth temperatureurvesareincludedin figure 5.11a;the pressurecurve is given
in figure 5.5a. In figure 5.11bthe NO densitycurve evaluatedfor boththe meangastempera-
ture (O0) andthe soottemperaturg0), is given. The NO contentcurvesthat arederived from
the densitycurvesunderthe assumptiorthat the probevolumeis representatie for the whole
cylinder content(equation5.6) aregivenin figure 5.11c. In addition,the NO densityandNO
contentcurvesfor boththe meangas(m) andthe soottemperaturé€®) resultingfrom the dis-
persedluorescencepectraarealsogivenfor comparisonn figures5.11bandc, respectiely.
A comparisorof the curvesin figures5.11bandc shavs thatthe curvesobtainedfrom the NO
fluorescencalistributions (opensymbols)are very similar to thoseobtainedfrom the spectra
(solid symbols). However, NO densitiescould not be obtainedfrom NO fluorescencdlistri-
butionsfor crankangles< 35° aTDC asthe laserintensityleft in the obsenation areais too
weak.

Thefactthatthe curvesderived from the dispersedluorescencepectraandfrom the 2D-
distributions shav aboutthe sameshapeindicatesthat both methodsyield consistentesults
for the in-cylinder NO densityor content. The main advantageof the dispersedluorescence
spectrais that they canbe recordedby couplingin the laserbeamthroughthe top window
so that the laserbeamentersthe obsenation areaimmediately Therefore,in-cylinder NO
densitiescan be determinedor all crankangles,whereasn the caseof the imagesonly NO
fluorescenceanbeobtainedor crankangles< 35> aTDCbecausef thelackof laserintensity
in the obsenation areaat lower crankangles.In addition,for crankangles< 30° aTDC also
someO, fluorescencewvill interferein the images. On the other hand,the NO fluorescence
distributionsoriginatefrom awell definedplaneinsidethe comhustionchamberConsequently
the fluorescencalistributions containspatialinformation aboutthe NO moleculesinside the
comhustionchamberin contrasto the spectrahatrepresenthe integratedfluorescencef the
probevolume. But to arrive at the NO densitydistribution both have to be processedor local
differencesn in-cylinder conditionswhich aremainly causedy thevariationin laserintensity
andthetemperaturgradients.

Before someconclusionsare dravn from the shapeof the curvesin figure 5.11 aboutthe
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total NO density/contenin the cylinder asa function of crankangle,it shouldbe realisedthat
neitherthe curve obtainedrom the meangastemperaturaor the curve from the soottempera-
turerepresentghe‘real’ NO densitycurve. Probablythe mostappropriateveragetemperature
will bein betweenbothtemperaturesnd caneven changefrom the soottemperatureat TDC
to themeangastemperaturat the endof the stroke. This leadsto the conclusionthatalthough
both NO densitycurveshave a similar shapethey graduallycanchangefrom oneto the other
whengoingto largercrankanglesandsothey canhave asomeavhatdifferentshapeln addition,
it is necessaryo have anideaof theinfluenceof the useof anaveragetemperaturénsteadof a
local temperaturen the processingf the integratedfluorescencegield. Becausahetempera-
ture dependentactorsin the proportionalityfactorbetweenhe fluorescencegield andthe NO
density(equatiorb.1) are,in generalnotalinearfunctionof temperaturethe useof anaverage
temperaturavill introduceanerrorin theNO distribution or density

Two differentcase®f temperatureariationscanbedistinguishedn dealingwith this prob-
lem: i) relatively largetemperaturaifferencegtypically in theorderof 700K) canbeexpected
in the beginning of the comhustionbetweenareasvherethe actualcomhustionoccursandthe
areasof unkurnedgas,whereadi) smallerfluctuationsdueto turbulencecanbe expectedev-
erywhere. For the processingf the integratedfluorescenceyield the two casesn principle
referto yieldsobtainedduringtheactualcomtustion(i) andafterit (ii). However, althoughthe
local temperaturaeluring the actualcomhustionis expectedto vary considerablythis doesnot
necessarilymply thatalsothe temperaturet the positionswherethe NO is presentandthus
fluorescences obtainedfrom, will vary by the sameamount. The NO formationis expected
to startat the relatively high temperaturesitesat the edgeof the flame. After thatit will mix
with the colderair in the cylinder. Therefore,in the early part of the stroke, the presenceof
NO will be biasedto areasat a relatively high temperaturendthe local temperaturehatis to
be usedwill shov smallervariationsthanthe temperaturalifferenceghat are expectedfor the
wholecylinder contentat thatcrankangle.

An estimateof the errorthatis madeby usingthe averagetemperaturen the translationof
the NO fluorescencgield into a NO densitycanbe derived from H(T), the factorincluding
all temperaturelependencesf equation5.1, givenin figure 5.7. This curve shovs a more
or lesslinear behaiour for temperature®etween800 and2250K. This indicatesthatin this
temperatureangethe effect of usingthe averagetemperaturen the total NO densitywill be
small. It is estimatedhatin the caseof variationsof about500K in thistemperatureange the
total NO density derived by usingthe averagetemperaturemay locally be about5% to 10%
too low, for temperaturevariationsof only 100K it would be at most2%too low. However, for
temperaturebelon 800K avariationof 100K givesanerrorthatcanriseto aboutl10%for an
averagetemperaturef 500K. (Note,thattheseerrorsarein the sameorderasthe experimental
error,)

Thisimpliesfor the NO curvesatthe startof the comhustion,wherelarger fluctuationsare
expectedthatboththe useof the soottemperatur@ndthe meangastemperatur@asanaverage
temperaturare estimatedo yield NO densitieghatareto be about10%too low comparedo
theNO densitiederivedby usingalocaltemperatureAt theendof the comhustionstroke only
smalltemperaturezariationsare expected.Using the soottemperatures averagetemperature
insteadof thelocal temperaturevould give almostno variationin the NO density However, if
the meangastemperaturewhich is below 800K for crankangles< 50° aTDC,is used,it is
estimatedhat the derived NO densityis about10% too low comparedo the NO densitythat
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would bederivedby usingalocal temperature.

In the interpretationof the NO curves presentedn figure 5.11 theseremarksaboutthe
temperatureshouldbe takeninto account. Assumingthatin the beginning of the comhustion
the temperaturevill be closerto the soottemperaturevhereasat the end of the stroke it will
becloserto the meangastemperatureit canbe concludedrom the curvesin figure5.11b,that
theNO densityin the probevolumeincreaseshroughouthe comhustionstroke till somavhere
betwee?20 and50° aTDC. The endof the densityincreasedepend®n thetemperaturg¢hatis
usedn thederivation. Thesubsequerdecrease NO densityin theprobevolumeis largelydue
to the expandingvolumeof thecylinder. Thisis illustratedby the NO contentcurvespresented
in figure5.11c,which shov anincreasan theamountof NO up to about50° aTDCafterwhich
it seemdo decreaseagain. This however, might be somevhat misleadingasit dependn the
temperatureised.A moreextensie discussioraboutthe shapeof the curvesin relationto the
comhustionprocessanbefoundin chapterd, section4.3.3.

5.5 Conclusion

Two-dimensionahitric oxide (NO) fluorescencaelistributionscould be obtainedfor crankan-
gles = 35° aTDC, for lower crankanglesthe laserintensityleft in the obseration areais too
low. ThemeasuredNO fluorescencdistributionsareprocessedor thechangen laserintensity
over the field of view, resultingin a first orderapproximationof the NO densitydistribution.
By assumingall otherfactorsinvolvedin the relationbetweenNO fluorescencandNO den-
sity to be constantover thefield of view, thesedistributionscanbe interpretedasNO density
distributions.

Theresultsarediscusseavith anemphasi®n theinfluenceof aninhomogeneoudistribu-
tion of temperatur@nd/orchemicalcomposition(quenchingpverthefield of view. It is argued
that the intensity differencesseenin the NO densitydistributions cannotbe explainedsolely
by a temperatureor compositionvariation that might occur over the field of view, although
they will have someinfluenceontheobsernedNO densitydistribution. Thereforetheintensity
differenceghat are found are ascribedto variationsin the NO density althoughthey may be
under or overestimatediueto temperatur@nd/orcompositionvariations.

The integratedintensity of the NO fluorescencalistributionsis usedasa relatve measure
for the amountof NO presentinsidethe cylinder. To comparethe amountsof NO throughout
the stroke they are processedor the changingin-cylinder conditions(pressuretemperature
andlaserradiationintensity) usingtwo differenttemperatureurves. The shapeof the curves
is discussedvith an emphasion the effect of the uncertaintiesn temperature The resulting
semi-quantitatie NO density/contenturvesare comparedo similar curvesderived from NO
dispersedluorescencspectrgchapterd). They shov goodagreementor the partof thestroke
for which NO distributionscouldbe obtained.This indicateghatbothmethodsyield consistent
resultson theamountof in-cylinder NO.
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5 Nitric oxidedistributionsin relationto........

Appendix

Non-uniformitiesin the laserinducedNO fluorescenceield, thatremainafterthe laseratten-
uation over the field of view hasbeencorrectedfor, neednot be dueto a non-uniformNO
distribution. Instead they could arisefrom, for example,a non-uniformtemperaturalistribu-
tion (discussedn the maintext) or non-uniformcollisional relaxationprocesses.This latter
aspectwill bediscussedhere.

Collisional enegy redistritution entersthe fluorescenceield in two ways (equation5.1):
via the Stern-\6llmer factor g, andvia the overlapintegral, g(va, v.). For the caseat hand,
thenon-radiatve decayrate Q in the Stern-\6limer factoris expectedto bedominatedoy EET
(D — A), but the NO absorptioninewidth Av, will be determinedmainly by RET in ground
and excited statesand by elasticcollisions. (Note that, sincethe fluorescences not detected
with rotationalresolution,RET and elasticcollisions do not affect the Stern-\6limer factor)
The efficiency of all thesecollision processeslependson the collision partners.Therefore if
the collision partners(other chemicalspecies)are non-uniformly distributed, even a uniform
NO densitywould give riseto aninhomogeneouBluorescencegield.

In orderto isolatethe effect of suchaninhomogeneousollision partnerdistribution, it will
herebe assumedhat temperatureand pressurgand thereforealso the total density nt) are
uniform overthefield of view. Writing?

Q:Zf)jnjaj , (5.10)
j

with v theaveragerelative velocity andthe sumextendingoverall possiblecollision partnersof
aNO molecule,thenzj nj = nt = constantandspatialvariationsin non-radiatve decayrate
mustbe dueto varying chemicalcomposition,involving specieswith differentv; and/oro;.
Sinceonly anorderof-magnitudeestimates of interesthere variationsin v; will beneglected

(scalewith +/reducedmas$ and

Q=1inr ) _fjoj with nj = fjny (5.11)
j

(fj isavolumefraction,with 3 ; fj = 1). For thenon-radiatve decayonly themostatundant
chemicalspecieswill be of importancethatis, N2, O,, H2,O, CO, and‘fuel’. Then

Q=vuny [fN20N2 + fo,00, + fH,00H,0+ fco,0co, + ffueIUfueI] . (5.12)

Subsequentlyit will be assumedhatnon-uniformitiesin chemicalcompositionarisefrom
the non-uniformnatureof the comtustion. If thatis the case thenthe local volumefractions
of severalchemicalspecieswill be correlated.For instancejf comhustionlocally reduceghe
amountof Oy, the local concentration®f H,O and CO, will belarger Assumingcomplete
comhustionof analkanefuel would imply

2CHoni24+3Bn+1)0 — 2nCOz + (2n + 2) HO (5.13)

2Thefollowing discussiorwill bein termsof the non-radiatve decayrate Q, but a similar reasoningholdsfor
theeffective collision rateI” thatdetermineshe NO absorptioninewidth.
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or, for n nottoosmall,
2ChHon +3n02 — 2nCO; + 2nHL0 . (5.14)
Fromthis equationit followsthat (taking2C,Hon ~ 2n CHy)
fH,0 = foo, = fim — fruel and T, = f{(). (5.15)

wherethe superscripti) indicatesaninitial value(beforecomhustion). f o, canbedetermined
from thenormalisatiorcondition. Furthermoreit will beassumedhat

OH,0 = 0CO, = Ofyel = 00, and on, =00, - (5.16)

This mainly senesto reducethe numberof free parameterén the model,andis basedon the
ideathatthenumberof internaldegreesof freedomof the collision partnemwill provide arough
indicationof its efficiencgy in collisionalenegy redistritution. For quenchingof the NO A-state
fluorescenceor example,a ~ 2 — 3 [71]3. With theseassumptioni follows that

Q=wnroo, | i+ fo, +2a f iy —afrel - (5.17)

Usingtheinitial valuesf(') = f(')o = 0, thenormalisatiorcondition}; fj = >, fO =1

— f(') f0)  (usingrelation5.15)sothat

canberewrittenas f e = f 0, f el

Q=inroo, | i+ @ -afo, +afiy+ o] . (5.18)

This equationallows to relatedifferencesn quenchingrateto differencesn oxygenvolume
fraction f o, If Q& =y QY then

f[g;:<1 + Nz)(y 1) +yfg. (5.19)

Or, in otherwords,if acertainvariationin NO fluorescencgield would haveto beascribedo a
variationin non-radiatve decayconstan{ratherthanto avariationin NO density),thisformula
allowsto relatetherequiredvariationin quenchingrosssectionto avariationin oxygenvolume
fraction (underthe assumption®f the model, of course). As an example,figure 5.12 showvs
Afo, = f[ozi — f [oli as a function of the relative collision crosssectiona = on,0/00, for

severalvaluesof y = QI /QlH for theinitial conditions

fuel —

f, =074, f) =0175and f{, = 0.085. (5.20)

QM is understoodo represenanaveragevalueover thefield of view, and f[l] 0.10is taken
(typical oxygencontentin the exhaustgaseq2]). The vertical rangein theflgure hasbeen
limited to the possiblerangeof fg;]l € (0, fg;), but in practicethe variationwill probablystay

3Although for this examplealsoon, < 0o, thisis not expectedto be the casefor non-radiatve collisional
decayof the NO D-state,sincehereD — A EET providesan additionaldecaychannelfor which N2 hasbeen
shawvn to bevery effective [82].
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Figure 5.12: Variationin oxygenconcentratiomequiredto producea givenvariationin quench-
ing rate constanfdeterminedby theratioy = Q/(Q)) asa function of relative collision cross
section(@ = o 1,0/00,).

within a smallerinterval. For instancejf a 50% variationaround(fo,) = f%i is considered
acceptablethatis 0.05 < fg;]l < 0.15, thento explain a variationin Q of 10% would require

a > 4, andto explain avariationof 20%in Q wouldrequirea < 12.

Thequestiorremains of course whetheror notthesevaluesof a aredeemedicceptableln
view of the availabledataon A-statequenchingandsinceo, for the D-stateis alreadyquite
large,a < 2 — 3 seems;areasonableange.

128



Chapter 6

Summary and outlook

6.1 Summary

The main objective of the work describedin this thesisis the developmentof a methodto
determinethe nitric oxide (NO) densitywith both spatialandtemporalresolutionduring the
comhustioninsidethe cylinder of a dieselengineby meansof laserdiagnostics.As a tool to
obsenre the NO moleculeghe LaserinducedFluorescencéLIF) techniques used.This non-
intrusive techniqueallows to detectminority speciesn comhustionwith spatialandtemporal
resolution.The intensityof the fluorescenceesultingfrom the NO moleculesthatareexcited
by the laserradiationis a measurdor the amountof NO presenin the cylinder of therunning
engine.

The engineusedis a one-glinder, two-strole, direct injection dieselenginewhich is de-
scribedin section2.2.1. The engineis madeoptically accessibldy mountingtwo quartzwin-
dowsin thecylinderwall throughwhichthelaserbeamcantraversethecomhustionchamberA
third window is placedin the centreof the cylinder headandis usedto detectthe fluorescence.
The enginewasoperatedn steady-statepn standardcommercialdieselfuel andnon-oxygen
enrichedntake air, in contrasto mostotherexperimentgeportedn literature.In previouslyde-
scribedexperimentgheresearclenginewasmostly operatedn skip-firedmodeon a substitute
fuel andoftenextra oxygenwassuppliedto theintake air [17,34-39].

The experimentgeportedn this thesishave shovn thatit is possibleto obsene NO inside
the comhustionchambelof the two-strole dieselengineapplyingthe LIF technique Radiation
of 193 nm, deliveredby an excimer laserrunningon ArF, wasusedto excite NO molecules
in the D2=*(v/=0) < X2II(v”’=1) band. At highertemperaturesind pressurest proved un-
avoidableto alsoexcite oxygen(O2) whenexciting NO with 193 nm radiationandbesidedNO
fluorescencenterferingfluorescencérom hot O, is obsened. However, NO fluorescence&an
be spectrallyseparatedrom O, fluorescencédy a properchoiceof the excitation anddetec-
tion wavelengths. To selectthe bestwavelengthsfor excitation and detectionof NO within
thecomhustionchambeiexcitation/emissiorspectraecordedrom therunningengineareused
(section2.5.1).

To usethefluorescencgield asa measurdor the NO densitya linearrelationshipbetween
thefluorescenceield andthe laserintensityshouldexist andthereforethe effect of saturation
is investigated.Saturationof a transitiongenerallyoccurswhenthe optical pumpingis strong
enoughto induce‘considerablethangesn the equilibriumpopulationsof the molecularevels
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thatare coupledby the pump. In moleculesRotationalEnegy Transfer(RET) is the fastest
processthat maintainsthermal equilibrium. Thus, aslong as RET ratesare fasterthan the
pump rate, saturationeffects will not be evident, even for laserfluencesthat would lead to
considerablesaturationf RET wereabsent.For the engineexperiment the fluorescencgield
is shaovn to dependinearly on laserintensity The effect of RET in groundandexcited state
hasbeenestimatedo increasehefluorescencgield by asmuchasafactorof 20. Furthermore,
it hasbeenshavn thatthe weakfield limit, which is usuallyassumedn the interpretationof
fluorescencelata,still givesreasonabhaccurateesultsfar beyondthelimits within which this
approximatiorwould bevalid. Thisis dueto thefactthat,for the conditionsof this experiment,
RET ratescomparedto the pump rate are fast enoughto keepthe populationsof the laser
coupledlevelsin thermalequilibrium.

Dispersedluorescencspectrapbtainedyy excitationof NO atawavelengththatminimises
O interferenceshaw thatit is possibleto obsene fluorescencérom NO insidethe comhustion
chambethroughouthewholecomhustionstroke startingaroundTDC (chapte®). Thesemea-
surement@aredoneby couplingin the laserradiationthroughthe top window, sothatit enters
theobsenationareaimmediately All spectrafrom themomentthecomlustionstartsonwards,
shawv spectralstructure. This indicatesthat suflicient laserintensityis availableto inducede-
tectableamountsof fluorescenceéhroughouthe whole comhustionstroke, evenat TDC where
pressureandtemperaturere high. For crankangles< 20° aTDC the spectraare dominated
by fluorescencdérom vibrationally hot O, (v’=2,3), whereaghis is almostabsenin the spec-
tra at crankangles< 40° aTDC. Oxygenfluorescenc@eaksandNO fluorescencéandscan
be distinguishedecausehey arepartly at differentspectralpositionsandthey show different
spectrafeatures.TheNO fluorescencéandsarespectrallypbroadasaresultof fluorescenceut
of mary rotationallevels, mostof which are populateddueto rapid RET in the excited state.
The O fluorescencepeaks,on the contrary are characterisedby two closely spacednarrov
lines(doubletstructure)dueto fastpredissociatiomf theupperstate thatresultsin dissociation
of the excited O, moleculesbeforeRET hasoccurred. The intensity of the NO fluorescence
bandsn thesespectras proportionalto the NO densityin themeasurementolumeandcanbe
usedto determingherelatve amountof NO presenin thecylinderasafunctionof crankangle
(chapterd).

Spatialfluorescencelistributionsof NO areobtainedfor crankangles> 35° aTDC (chap-
ter5). They arerecordedhroughasomavhatinvolvednarrav-bandtransmissiotilter (FWHM
5 nm) that only transmitsthe fluorescencevithin a narrav wavelengthregion centredaround
the NO fluorescencdandat 208 nm which is free of O, fluorescencdseefigure 5.2). The
fluorescencentensity collectedfrom a certainpositionis a measurdor the local NO density
insidethe cylinder.

To compareheNO fluorescencentensitieshroughouthe comhustionstroke andat differ-
ent positionsin the probevolumethe obsened fluorescenceignalshave to be processedor
the changingin-cylinder conditionsin orderto transformtheminto NO densities.Thegeneral
relationshipbetweenfluorescenceind densityis well known. The NO fluorescencesignalis
proportionalto i) the NO densityin the volumeirradiatedby the laserbeamand seenby the
detectorii) thefractionof moleculeghatis really excitedandiii ) thefractionof moleculeghat
is detected.On its turn the fraction of moleculesthatis excited dependson i) the numberof
moleculesn theright guantunstatein the measurementolume,determinedy theBoltzmann
factor(fy 4(T)), ii) the intensityof the laserradiationat the excitation position (I (x, y)) and
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iii ) theoverlapof thelaserline profile with the NO absorptiorspectrum(g(va(T, P), v.)). Sim-
ilarly, thefractionof moleculeghatis detectedlepend®ni) the fraction of excitedmolecules
that fluorescesat the right wavelength,determinedby the Stern-\6limer factor (¢ (T, P)) as
well asii) theattenuatiorof theinducedfluorescencenits way to thedetecton Ar (X, Y)).

In generaltherefore,althoughthe NO fluorescencés proportionalto the NO densitythe
proportionalityconstanincludesseveralspectroscopiandexperimentafactorsthatvary, both
temporallyandspatially duringthe comhustion. Mostly, theseprocessingactorscanbe evalu-
ated,but thisresultsin expressionshatdependnthelocal physicalandchemicalconditionsin
thecomhustionchamberin generalthesequantities]ik e pressuretemperaturelaserintensity
attenuatiorcoeficientandgasmixture,arenot known anddifficult to assesskFurthermorethe
processingactorsinvolve molecularconstantsvhich are not always available from literature
for the electronicstateinvolved.

To obtainthe requiredparameteradditionalexperimentshave beenperformedand some
assumptionsadto bemade.Thewaysthey areassessedndtheapproximationsnadethereby
aresummarisedahortly belov. Of all quantitiesthe in-cylinder pressurdés mostprobablythe
easiesfparametetto obtain. It is constantover the volume andits dependencas a function
of crankangleis determinedrelatively easily and accuratelyby using a pressureransducer
(section2.2.2).

Measuringthein-cylinder temperatures a larger problemasit may vary with position. In
fact, at the momentthe local temperaturecannotbe determined.Two differentmeasuresf a
temperatur@sa functionof crankangleareobtainedfor the two-stroke engine however, both
of themnot spatiallyresohed. The first one, calledthe meangastemperaturejs calculated
from the heatreleasewhichis obtainedfrom thein-cylinder volumeandmeasuredn-cylinder
pressurgsection2.2.2). This temperaturgepresentan averagetemperaturef the gasin the
cylinder andwill thereforebe lower thanthe local temperaturet thosesiteswherethe actual
comhustionoccurs.Thesecondemperaturés dervedfrom the spontaneouiameemissiorby
fitting a Plancks curve to the dispersedmissionspectrum(section2.4.1). This representshe
temperaturef glowing sootparticleswhichis expectedo moreaccuratelyrepresenthelocal
temperaturen the burning fuel/air mixture [56]. At ary time, the measuredNO fluorescence
signalwill containcontributionsof newly formedandalreadyexisting NO which arenotneces-
sarily atthe sameplaceandtemperatureThus,it is not clearwhich temperatureif ary, should
be used.In addition,it shouldbe notedthatbothtemperaturesrespatiallyaveragedempera-
tures.In generalalocaltemperatureshouldbe usedbecausehetemperaturavill generallynot
be uniform overthemeasurementolume.

Determinatiorof theattenuatiorof thelasemradiationdueto scatteringpff andabsorptiorby
sootparticlesandoil andfuel dropletson its way throughthe comhustionchamberis the next
major problem. The attenuatiorof the laserradiationcan be measuredust by detectingthe
laserintensitythatis left behindthe exit window. In this case however, thetransmissiolosses
throughthe windows, which arenot known, areincluded. In addition,it only givesanaverage
transmissiorandno informationaboutthe local laserintensityin the measurementolume. It
hasbeenshown thatthelocal laserintensityattenuatiorcanbe assesseexactly usingtwo dis-
tributionsof elasticallyscatteredaserradiation,recordedvirtually) simultaneouslyfrom two
laserbeamswhich traversetheenginealongthe samepath,but in oppositedirection(chapter3;
doubleimagemethod).lIt is foundthatthe attenuatiorcoeficientis fairly homogeneousldis-
tributed over the field of view for the studiedcrankangles(< 30° aTDC). This distribution
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is usedto reconstrucanimageof the laserintensity decreasever the obsenation area. Fur-
thermorethis experimentprovidesinformationaboutthe attenuatiorof the laserradiationasa
resultof the contentf thecomhustionchambeonly, independenof window losses Although
this methodis exact, it requiresa complicatedexperimentalsetup,andfor this reasona more
approximatemethodis alsodeveloped.Usingthis methodthe local laserintensityattenuation
canbeassesseftom only onedistribution of the elasticallyscatteredaserradiationif thetotal
transmissiorthroughthe comhustionchambeiis known (chapter3; singleimagemethod).

Besidesattenuatiorof thelaserradiation,attenuatiorof theinducedfluorescenceccursas
well. To estimatehis attenuatiorit is assumedhattheinducedfluorescencéehaessimilarto
thelaserradiationasit hasalmostthe samewavelength.Therefore the sameattenuatiorcoefi-
cientasfoundfor thelaserradiationis taken. It shouldberealized however, thatthedistribution
of scatteringandabsorbingparticlesin the beginning of the comhustionis not uniform, sothat
differencesn the attenuatiorof the fluorescencenightoccur

The compositionof the gasmixture in the cylinder is alsoof someimportancefor the in-
terpretationof the NO fluorescenceield, as differentmoleculescontribute differently to the
fluorescencguenching.Besidesknowledgeof the moleculespresenin the mixture andtheir
distribution, knowledgeof the molecularconstantghat areinvolvedin the calculationof the
collisionratesis necessaryHowever, in contrasto the NO A-state,for which dataon quench-
ing areavailablein literature[71,86], only little is known for the NO D-state.To obtainsome
informationaboutthequenchingorocessandenegy transfemprocessesf the NO D-stateunder
pressureand temperatureonditionspresentn the engine,measurements a high pressure,
high temperaturecell are performed[82]. Thesemeasurementsave shavn that for the NO
D-statenitrogen(Ny) is a very efficient collision partner causingElectronicEnegy Transfer
(EET) to the NO A-state. As N3 is alwaysthe majority speciesn the comhustionchamberit
is assumedhatN- collisioninducedEET dominateghe non-radiatve decayrate. Thisimplies
thatthe exact compositionof the mixturein the cylinder is relatively unimportant. Therefore,
for the moment,it is assumedhat the non-radiatve decayis causedoy N», homogeneously
distributed over the cylinder. In addition,the moleculesin the gasmixture areimportantfor
the determinatiorof pressurdroadeningpf the NO absorptiorline. However, dataaboutline
broadeningor theD <« X transitionof NO arealsonot availablein literature.For the present
purposedataof the A <— X bandaretaken in combinationwith own measurementsn the
D <« X bandin theengine.

Undertheconditionsdiscusse@bove theprocessindactorscanbedeterminedsafunction
of crankangleandposition. As it is not clearwhich temperatureshouldbe used,calculations
have beenperformedbothfor the soottemperaturendthe meangastemperatureTakinginto
accountall processingactorsthe measuredluorescenceield, both from spectraand distri-
butions,canbe convertedinto a relatve NO densityasa function of crankangleandposition
(for the distributions). Thus,the resultingNO densitydistributionsor curvescanbe compared
throughouthe stroke andoverthe obsenationarea.ln principle,they canbe calibratedo give
absolutevalues.

Nitric oxide densitycurvesasa functionof crankanglearederived from the integratedflu-
orescencgield of the NO dispersedluorescencaspectra.The densitycurvescanbe obtained
for differentengineconditions(load,fuel, compressiomatio) andit is concludedhat,asfar as
investigatedthe engineoperatingconditionsareof minorimportanceasall NO densitycurves
shav the samefeatures(chapter4). Nitric oxide is seenfirst aroundTDC andits densityin-

132



6.2 Outlook

creaseshroughouthecomlustionstroketill somevherebetweer20and50° aTDC,depending
on thetemperaturaisedin the processingandthe engineconditions. Hereafter a decreasen
NO densityin the probevolumeis seenmainly dueto the expandingcylinder volume. This
resultleadsto the conclusionthatthe NO formationcontinuedill latein the stroke andthatthe
diffusion burning phaseis importantfor the NO formation. Only little NO formationis seen
duringthefuel-richinitial premixedburn. Thisresultis in agreementvith experimentaresults
from laserimagingtechniquedrom otherresearckhgroups[17,39] aswell aswith theoretical
calculationdrom the groupof Peterd79].

The NO fluorescencelistributionsaretransformednto NO densitydistributionsunderthe
assumption®f a uniform temperaturaistribution and a homogeneoufiuorescencejuench-
ing over the field of view. The derved NO densitydistributions, obtainedfor crank angles
2 35° aTDConly, shov aratherhomogeneoudistribution thatvariesgraduallyoverthe obser
vationarea;large fluctuationsin the NO densityarenot seen(chapter5). This canbe expected
asthedistributionsareobtainedat crankangledate in the comhustionprocessandthe formed
NO hasalreadymixedwith thecylinder contents.Theremainingnon-uniformitymightto some
extent also be explained by temperatureor mixture variations. The integratedNO densities
agreewith theindependentlyneasuredlensitycurvesfrom the dispersedluorescencepectra.

6.2 Outlook

As statedabove, the main goal of this thesiswasto develop a methodto measuralensitydis-
tributionsof NO in the cylinder of anoptically accessiblelieselenginerunningon commercial
dieselfuel by meansof the LIF technique.In the determinatiorof NO densitiesusingthe LIF
techniquetwo partscanbe distinguished) NO fluorescencdasto be detectedwvith temporal
andspatialresolutionandii) thefluorescencgield hasto betranslatednto a NO densitytaking
into accountthe changingconditionsin the comhustionchamber A summaryof theway fluo-
rescencef NO in the comhustionchambeiof the engineis detectedthe assumptionsnadein
theinterpretatiorof thefluorescencgield andthemostimportantresultsis givenin section6. 1.
In this outlookit will bediscussedo whatextentthe resultsof the developedmethodmeetthe
objectve andwhatcanbedoneto improve the method.

The experimentsandresultsdescribedn this thesishave shavn thatmary of the problems
arising by i) the detectionof the NO fluorescencesignalandii) the interpretationof the NO
fluorescencgield asa NO densityaresolved. Curvesdescribingtherelatve NO densityasa
function of crankanglewere obtainedfor the whole comhustionstroke. In addition, relative
distributionsof thelocal NO densityover the measuringzolumewereobtained beit only for
crankangles< 35° aTDCandundertheassumptionsf a uniformtemperaturelistributionand
a homogeneoufiuorescenceuenching.In principle, both canbe calibratedto give absolute
valuesby measuringhe amountof NOy at the exhaust.In this caseit is importantto take into
accounthatin theenginemostNOy is presenasNO but atlowertemperatures theexhaustit
canbecorvertedto NO,. Therefore pothcomponentshouldbe measuredat the exhaust.But
it shouldbe notedthata lot of assumptiondiave hadto be madeto assesshe densitycurves
anddistributions,andsomerequiredquantitiesarestill not, or only badly, known. Thefactthat
densitydistributionsareobtainedonly latein the comhustionstroke andthatuncertaintiesstill
exist in the interpretatiorof the fluorescencgield leadsto the conclusionthatthe objective of
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thiswork is notyetfully achieved. To usethe LIF techniqueasatool to obtainquantitatve in-
formationaboutNO in thefuture,furtherrefineddevelopmentsarenecessaryNO fluorescence
distributionshave to be obtainedthroughoutthe whole comhustion stroke andto quantify the
NO fluorescencenoreaccuratelyit will benecessaryo developmethoddo measurehebadly
known quantitiedocally. In addition,experimentsareneededo obtainmoreinformationabout
themolecularconstant®f the NO molecule.

In this work local NO densitydistributionswere not obtainedthroughoutthe whole com-
bustionstroke but only for crankangles< 35° aTDCbecauset smallercrankangleshelaser
intensityleft in the obsenationvolumewastoo low (the laserbeamhasto travel about25 mm
beforereachingthe obsenation area). If the laserintensityis sufficient, in principle, fluores-
cencedistributions can be obtainedat lower crankanglesaswell, in spite of the higherpres-
sures. Theproblemof thetravelling distanceof thelaserbeamcanbe solvedto someextentby
mountinganobsenationwindow closerto thelaserentrancevindow or usingalargerwindow,
so that the laserbeamentersthe obsenation areaimmediately In addition, the fluorescence
attenuatiorcanbe minimisedif thelaserbeampasseshe measuringareajust below the obser
vationwindow. However, althoughthis way fluorescencesignalcancertainlybe obtainedrom
the edgeof the comlustionchambeiit is no guaranteghat NO fluorescencean be obtained
from thewhole planein the comhustionchamber

A more fundamentabroblemin recordingNO distributionsat crankanglesaroundTDC
is the presenceof O,. At the high pressuresandtemperaturepresentaroundTDC it is un-
avoidableto alsodetectO, whenspatialfluorescencdalistributionsof NO arerecordedusing
an excitation wavelengthof 193 nm becausehe spectralpositionsof the fluorescencef both
speciedie too closetogetherto separatéy available2D-filters. This, togethemwith thefactthat
theattenuatiorof the 193nm radiationis large,will probablyprecludespatialfluorescencelis-
tributionsof NO densitiego beobtainedhroughouthewholecomhustionstroke using193nm
laserradiation.

In analternatve detectionschemeor LIF measurementhatcouldbeusedio measurdNO
distributions226nmis usecto excitetheNO moleculesn theA2x +(v'=0) «<— X2I1(v”=0) band
andfluorescencéromtheA2xt(v'=0) — X2IT(v’=1—4) bandsrom 237to 276nmis detected.
Experimentdescribedn literaturehave alreadyshowvn that this wavelengthcanalsobe used
for detectionof NO insidethe comhustionchambeof dieselengineg17,37,39]. It shouldbe
mentionedhat,likein thecaseof usingl93nmradiation,0O, is easilyexcitedaswell. However,
if thelaserusedhasa narrav bandwidthandexcitationanddetectionwavelengthsareselected
carefully interferenceof O, fluorescenceanbe avoided even at high pressuresndtempera-
tures.An advantageof this detectionschemegomparedo 193nm excitation,is thatmolecules
areexcitedfrom the vibrationalgroundstate whosepopulationis moreconstantat the temper
aturespresentduring the comhustion. This resultsin the fluorescenceield not dependingso
stronglyontemperaturasin the caseof 193 nm excitation. Therefore thetemperaturealiffer-
encevverthefield of view, arelessimportantfor the evaluationof thelocal fluorescencgield.
(Note thatthe local temperaturas still importantasit is not only involvedin the Boltzmann
factor describingthe populationof thelower level, but alsoin the Stern-\6limer factorandthe

INote, thatthe high pressuresiroundTDC, in itself, areno problemfor measuringluorescencalistributions
ascanbeseenfrom thedispersedluorescencspectravhereindeedfluorescencsignalis obtained.

The enginesusedin theseexperimentsvereall runningon alow sootingfuel in orderto increasethe optical
transparengof the comhustionchamber
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overlapintegral.) A secondadwantages thatthe attenuatiorof the 226 nm laserradiationon
its way throughthe comhustionchambeiis wealer thanthe attenuatiorof the 193nmradiation
(althoughthis still hasto be provenfor realdieselfuel). The excited stateis the A(v'=0)-state
that hasthe additionaladwantagethat more informationaboutmolecularconstantsl|ik e colli-
sion crosssectionsjs availablein literature. A disadwantagehowever, is thatthe composition
of the cylinder contentsis moreimportantin calculatingthe non-radiatve decayrate. As, in
contrastto the D-state,the depopulatiorof the excited A-stateis not dominatedby collisions
with the majority speciesN», thedistribution andconcentratiorof all specieshouldbetaken
into account.The first experimentsperformedusing226 nm laserradiationin a realisticDAF
six-cylinder DI dieselenginegive promisingresultsaboutthe useof 226 nm radiationto obtain
NO fluorescencelistributionsaroundTDC [82].

Besidesl93nmand226nm, also248nmlaserradiationcanbeusedio excite NO molecules
in the A2Z+(v/=0) < X2I1(v"=2) band.With 248nmtheinterferenceof O, canbeavoidedby
acarefullychoserexcitationanddetectionscheme Theadwantageof using248 nmradiationis
thatthe attenuatiorof the 248 nm laserradiationis lessthanthe attenuatiorof 193and226 nm
laserradiation.However, animportantdisadwantagds thatNO moleculesareexcitedfrom the
X(v"=2)-statehepopulationof which hasanevenstrongeitemperaturelependencthanthatof
the X(v”=1)-statethatis excitedusing193nmlaserradiation.Thereforethedeterminatiorof a
localtemperaturdecomesncreasinglyimportant.Moreover, asthe X(v’'=2)-states populated
only athighertemperaturethis wavelengthcannotbe usedfor measurementatein thestroke.
For thisalternatve detectiorschemehe excitedstateis alsothe A(v'=0)-stateandthereforethe
compositionof the cylinder contentswill beimportantlik e in the caseof using226 nm.

OnceNO fluorescencalistributionsthroughoutthe whole comhustion processcanbe ob-
tainedsuccessfullystill the questionremainsif the NO fluorescenceield canbe interpreted
asa NO density As alreadymentionedin this work a numberof assumptionsvere madein
the processingf the NO fluorescencgield. For fluorescencelistributionsrecordedn the be-
ginning of the comlustionprocesghe assumption®f a uniform temperaturelistribution and
ahomogeneouluorescenceguenchingwill certainlynotbevalid. Thereforejt is requiredto
have informationaboutthelocal conditionsin the comhustionchamber

At the momentthe local in-cylinder temperatureeannotbe measured.Thusfar, only two
differentspatiallyaveragedemperatureasa function of crankangleareobtainedfor the two-
stroke engine.Sincebothtemperaturearenot necessarilgheappropriateonesfor theinterpre-
tationof theNO fluorescencsignalanddo notgive localinformation,asdiscusse@bove (sec-
tion 6.1),it is of importancdo developamethodio measurehelocaltemperatureOnepossible
way to determinethis temperaturés to useLaserlnducedPredissociatie FluorescencéLIPF)
of O,. As theexcited statesof O, have afastpredissociatiomatefluorescenceccursonly dur-
ing the predissociatiorifetime, in which no fluorescences lost by collisions. Therefore the
Stern-\6llmerfactorreducedo A/P, independentf thequenchingate. Thefluorescencsignal
becomegproportionalto the populationof the lower statewith a proportionalityconstantthat
doesnot dependon the local collision conditions.By measuringhe relative populationof two
stateswhich areexcited simultaneouslythe temperatureanbe calculatedvia the Boltzmann
expressiorfor a populationdistribution in thermalequilibrium[89-91]. It should,however, be
notedthatlaserintensityandRET in the lower statecanhave an effect on the ratio of the LIF
signalsfrom thetwo transitionsaandthereforealsoonthederivedtemperatur¢60]. Experiments
arein progresgo measurehelocal temperaturaisingcoincidingtransitionsfrom the X(v"/=2)
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andthe X(v”=3) in the Schumann-Rungbkand(a possibility could be the R1(17) transitionof
the B(v'=10) < X(v”=2) bandandthe R1(19) transitionof the B(v'=16) «— X(v”=3) bandat
193.258nm (51744.31cm™1)).

The unknavn compositionof the gasmixture is anotherproblemthat hasto be solvedin
orderto correctlytransformthe NO fluorescencgield into a NO density Till now the exact
compositionis assumedo be unimportantasthe processethatinfluencethefluorescencgield
andpressurdroadeningareassumedo be dominatedoy N», asdiscusse@borve (section6.1).
However, for NO fluorescencalistributionsrecordedin the beginning of the comhustion by
meansof 226 nm laserradiationthe direct ervironmentof the NO moleculeis an important
parametein the processingf the fluorescenceield. But, at the moment,it is impossibleto
measureghelocal compositionof thegasmixtureatthe samepositionastheNO fluorescenceés
detectedrom. By applyingthe LIF techniqueo obtainquantitatveinformationaboutthe other
speciegpresentthe sameproblemarisesagain,asfor the interpretationof their fluorescence
yield the sameinformationis required. To solve the problemof the fluorescencejuenching
Decandco-workers[17] have assumedhatthe gascompositionat the positionandtime NO is
formedconsistof theproductsof thecomhustionprocesandmixeswith therestof thecylinder
contentsduring the latter part of the comhustionstroke. This, however, is not a satishctory
solutionasit requiresknowledgeaboutthe comhustionproductsof realdieselfuel asafunction
of crankangleand mixing rates,parameterghat, again,are not well known. Otherpossible
solutionsin which the problemof fluorescencéossby quenchings circumventedareto choose
afastpredissociatingtate(if thatexists)or to choosea statein which the fluorescencéossis
dominatedoy the majority species.

For the conversionof the NO fluorescenceield to a NO densitymore informationabout
molecularconstantof the NO molecule,like line broadeningguenchingand EET crosssec-
tions, in a high pressurehigh temperatureervironmentaspresenin the comhustionchambey
is required.Therefore systematiexperimentson NO in severalknown gasmixturesin a high
pressure high temperatureenvironmentwill have to be performed. Information aboutline
broadeningcanbe obtainedby recordingexcitation spectraof NO in differentgasmixturesat
several pressureandtemperature&eombinations. By measuringhe dispersedluorescencasa
resultof laserexcitation undercontrolledconditionsquenchingand EET ratescanbe derived.
Furthermorethe importanceof RET hasto be assessedsthis procesgefills the groundstate
thatis depletedby the laserexcitation. Therefore |t increaseshe fluorescencgield in sucha
way thatit appearsot saturatedlthoughthelaserintensityis sohigh thatall populationout of
thegroundstatecanberemoved. At themomentit is assumedhatRET processeareunimpor
tantaslong asRET ratesarefasterthanthe pumprateandthe fluorescenceield is linearwith
the laserintensity InformationaboutRET ratescan be obtainedby using double-resonance
techniques.Onelaserfrequeny is usedto populatea specificrotationallevel of a state. A
secondaserbeamis usedto probethe distribution of the moleculesafter delaytimesduring
which collisionsmay have transferedhe populationinto otherrotationallevels of the prepared
state.

Althoughit is not soimportantfor the LIF techniquein itself, it is worthwhile to mention
thatin almostall experimentgeportedn this thesisfluorescencasignalsareaveragedver 25-
100enginecyclesto increasehesignalto noiseratio. Sincethe averagednformationis found
to reproducefluorescencdistributionsof differentmeasurementecordedinderthe sameen-
gine conditionscanbe compared.In addition, relationsbetweendifferentquantitiesobtained
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in separateneasurementsanstill be demonstratedA disadwantageof averagingis thatinfor-
mationabout(the differencesetween)individual comhustion cycles cannotbe obtained. To
getinformationaboutindividual comhustioncyclescycle-resoled resultsalsohave to be ob-
tained,e.g. by usinga singlelaserpulse. However, in that caseit is moredifficult to compare
NO densitiesobtainedat differentcrankangles. For a good comparisora lot of singlecycle
measurementBave to be obtainedandanalysedo geta sort of averagevalueor distribution
thatcanbe compared.To relatedifferentquantitiesandaspectof the comhustionprocesghat
areobtainedfrom only oneenginecycle it is necessaryo measurghemsimultaneouslyThis
requiresa morecomplicatedsetupasmostlytwo camerasystemsarenecessarandsometimes
two lasersystemsaswell.

Informationaboutthe dieselcomhustionprocessandthe formationmechanisnmof NO can
also be obtainedby measuringother molecularspeciespresentor formedin the comhustion
processinterestingspeciesaremoleculeghatcanbeprecursor®f NO, like CH or CN involved
in the promptNO mechanisn{sectionl.4.2)or N»O thatcanform NO via the ‘N >0 pathway’
(sectionl.4.3).Otheraspect®f thecomhustionprocessanbe studiedby measuringnolecular
specieghat are characteristidor that specificaspectof the comhustion. The flamefront can
be visualisedby moleculedike OH and CH which are confinedto the flamefront region [15,
92]. Speciedike, CN, OH and CH in comlustion processegan be detectedusingthe LIF
technique[92,93]. Sootis anotherimportantaspectof the comhustion processthat can be
visualisedusingthe LIl technique[1l,12,14]. Futuremeasurementwill alsofocuson the
relationof NO to otheraspect®f the comhustionprocesdy measuringe.g. sootdistributions
and NO distributions, spontaneouiame emissionand NO distributions or sootdistributions
andspontaneouameemissionsimultaneously

The questionthat still remainsat the end of this outlook is whetherthe LIF techniquein
thefuturecanbe usedasatool to obtainquantitatve NO densitydistributionswith bothspatial
andtemporalresolutionin a dieselenginerunningon commercialdieselfuel throughoutthe
wholecomhustionstroke. This questioncannotyetbe answeredatishctorily, but the problems
thatwill have to be solved are outlinedabove. Much will, of course,dependon the amount
of researchthatis putinto it. But, in the endthereis alwaysthe possibility that the develop-
mentof alternatvesto the dieselengine(or to the dieselfuel) will overtale the dieselengine
itself. However this may work out, comhustionoptimisationwill thereforeremainanissueof
considerableeconomicaimportance and LIF-baseddiagnosticsare definitively an extremely
versatiletool in achieving this.
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Stikstofmonoxidein eendieselmotor: detectiemet laserlicht eninter pretatie

Dedieselmotorin 1897uitgevondendoorRudolfDiesel,is wereldwijdnogsteedsle meesge-
bruikte motorvoor vrachtvernwer. StikstofmonoxidgNO), gevormdtijdensdieseherbranding,
is, naastroet, é&n van de meestvervuilendecomponenterin het uitlaatgasvan de dieselmo-
tor. Vanweage de schadedie NO aanrichtaanhet milieu wordende eisenmet betrekkingtot
de emissiessteedsstrenger Om te kunnenblijvenvoldoenaandezesteedsscherpegestelde
eisenis hetvan belanginformatiete hebbenover de vorming van NO gedurenddnet verbran-
dingsproces.Dit proefschriftgaatover de ontwikkeling van eenmethodeom de hoeveelheid
NO te metenmetbehulpvanlaserlichtin decilinder vaneenoptischtoegantelijke dieselmotor
die loopt op commercéle dieselbrandstof Het doel is om te bepalerwanneeren waarin de
verbrandingsprocelO gevormd wordt, door de dichtheidvan NO als functie van hettijdstip
in deverbrandingsgclusende plaatsin decilinderte meten.

De experimenterzijn uitgevoerdin eenéén-cilinder directingespoteriweetakidieselmotor
waanan de verbrandingskameoptischtoeganlelijk is gemaaktdoor kwartsvensterge mon-
terenin de cilinderwandenin de cilinderkop. Bij de metingenis gebruikgemaaktvan een
verstembargepulsteexcimeerlaser;eenbrondie eenlichtbundelmeteengoedgedefinieerde
golflengte(enegie, kleur) enrichting uitzendt. Het licht vande laser werkendin hetultravio-
lette (UV) gedeeltevan hetspectrum(193 nm), kanvia éénvan de venstersle verbrandings-
kamerbereilen. De techniekdie gebruiktwordt om NO moleculenzichtbaarte makenis de
lasergeinduceerddluorescentigLIF) detectie. Dezemeetmethodenaaktgebruikvan de ei-
genschapglatmoleculerenkel licht kunnenabsorbererenuitzendermeteenvoor hetmolecuul
karakteristiek setvangolflengtes Als hetlaserlichtdatde verbrandingskamdsinnenlomt de
juiste golflengteheeft(in resonantigs meteenenegie-overgangin hetNO molecuul)kan dit
doordeNO moleculergeabsorbeerdorden,die daardooin eenelektroniscraangeslagetoe-
standkomen(excitatie). Dezetoestands echterniet stabielen nakortetijd (enkele miljardste
secondenyallendemoleculerterugnaarhungrondtoestandaarbijweerlicht metdezelfdeof
eenanderegolflengtewordt uitgezonder{fluorescentie) Dezefluorescentiavordt via hetven-
sterin de cilinderkop gedetecteerdnet eengevoelige camera(CCD camera).Door eenfilter
te plaatsenvoor de camerakan eenspecifiele golflengtegeselecteeravorden. Eenspectrum
datinformatie bevat over de aanwezigegyolflengteskan gemeterwordendoor met behulpvan
eenmonochromatode fluorescentian de verschillendegolflengtecomponentete ontleden.
Wanneereenlint van laserstralingwordt gebruikten de fluorescentien eenloodrechterich-
ting wordt gedetecteerlunnenafbeeldinger{plaatjes)van de verdelingvanmoleculenin een
tweedimensionaallak in deverbrandingskamexordengemaakt.

De intensiteitvandeuitgezonderiluorescentieplaats-entijdsopgelosgedetecteerds een
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maatvoor de hoereelheidNO in de motor op eenspecifiele plaatsentijd tijdenshetverbran-
dingsprocesDe intensiteitvande fluorescentias evenredigmetde dichtheidvan NO molecu-
lenin hetmeetwlume.De evenredigheidsconstanievat echtereenaantalspectroscopischen
experimenteleactoren(Boltzmannfactor fluorescentieopbrengsen excitatie efficiéntie) die
afhangernvan de plaatselijle fysischeen chemischeomstandighedewaarinhet NO molecuul
zichbevindt. Dezeomstandighedeieschreendoorgroothedemlsdruk, temperatuydaserin-
tensiteitengassamenstellingeranderemgedurendele verbrandingsgclusenzijn meestahiet
constantvoor hetgehelemeetwlume. Om gemeterfluorescentiesignalevan NO te interpre-
terenalsdichthedenzodatmetingenop verschillenddijdstippenenplaatsenn deverbranding
metelkaarvemgelelenkunnenworden moetrekeninggehoudemnwordenmetdezeveranderende
groothedenlin hetalgemeerzijn dezegroothederechtemietdirectbekendenis hetnoodzale-
lijk zevia extraexperimenterie achterhalemf, indiendatnietmogelijkis, zezo goedmogelijk
af te schatten.

Het eerstehoofdstukis eenalgemendnleiding tot het verbrandingsprocesoalszich dat
afspeelin eendieselmotorNaeenkorte beschrijvingvandewerkingvandedieselmotomwordt
het algemeergangbarebeeldvan het dieseherbrandingsprocegegeven. Dit wordt gevolgd
door enkele nieuweontwikkelingenin de theorievan dit procesnaaraanleidingvan recente,
op lasertechnietngebaseerdexperimentenTenslottewordendeverschillendenechanismen
die kunnenleidentot devormingvanNO in verbrandingsprocesssamengeat.

Hoofdstuktweebegint met eenkort overzichtvan eenaantallaserdiagnostischeethoden
die gebruiktzijn voor de bestuderingran verschillendeaspectervan het verbrandingsproces
in dieselmotorenn experimenterbeschregenin de literatuur De nadrukligt hierbij op LIF-
metingenvoor dedetectievanNO in motorenzoalsdie tot nutoezijn uitgevoerd.Dit overzicht
wordt gevolgd door eenbeschrijvingvan de optischtoeganielijk gemaaktalieselmotoren de
experimenteleopstelling. Om de metingen,aaneende dagelijksepraktijk zo goedmogelijk
benaderengysteemie verrichtenwordt de motor onderstabieleconditiesenop commercéle
dieselbrandstabedraeren. Groothederzoalsde drukin decilinder, de gemiddelddemperatuur
van hetgasin de cilinder, de temperatuuvan de gloeienderoetdeeltjesen het warmteserloop
tijdens het verbrandingsprocesijn bepaald. Verderwordende optischetechnielen beschre-
vendie in dit proefschrifttoegepastzijn. Naastde LIF-techniekzijn dat de detectievan het
natuurlijke licht van de viammenen de detectievan hetlaserlichtdat elastisch(zonderveran-
deringvangolflengte)verstrooidis (Mie verstrooiing).Aan heteind vandit hoofdstukworden
enkele meetresultateigegeven, die het mogelijk maken om de meestgeschikteexcitatie- en
detectigolflengtese bepalenrom NO in de verbrandingskameran de motorte metenmetde
LIF-techniek.Hetis geblelen,dathetmethetgebruiktelaserlichtniet te vermijdenis bij hoge
temperaturetevens'warm’ zuurstof(O,) te exciteren waanandefluorescentiénterfereerinet
defluorescenticvanNO. Daaromis hetnoodzalelijk voor de excitatie eengolflengtete kiezen
dieresulteertn eenminimaleO, fluorescentie@nvoordedetectievanNO eengolflengtegebied
datgeenoverlapheeftmet O, fluorescentie.

De intensiteitvanhetlaserlichtin de verbrandingskamereemtaf alsgevolg vanverstrooi-
ing aanen absorptiedoor roetdeeltjesen brandstof-en oliedruppels.Hoofdstukdrie beschrijft
eenexperimentwaarineenmethodes ontwikkeld om de lokale verzwakkingsce@fficientvoor
hetlaserlichtte bepalendie gebruiktkan wordenom de lokale laserintensiteite berelenen.
Dezemethodemaaktgebruik van twee gelijktijdig opgenomerplaatjesvan het elastischver-
strooidelicht vantweelaserlundelsdie in tegengesteldeichting, maarvia hetzelfdepad, de
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verbrandingskamedoorkruisen.Beide plaatjesrepresenteredezelfdesituatiein de verbran-
dingskamerechtermet eenanderebelichting. Via eenaantalwiskundigebewerkingenkan
het effect van de belichtinguit de plaatjesgeglimineerdworden. Tevenskan uit de verzwak-
kingscafficientdetotaletransmissieanhetlaserlichtdoordeverbrandingskamdryepaaldvor-
den. Omdatdezemethodenogalomslachtigis, is eeniets minderexactemethodeontwikkeld
waarbijde lokale intensiteitvan hetlaserlichtin de verbrandingskamewordt gereconstrueerd
uit één enkel plaatjevan het resonantverstrooidelaserlichten de totale transmissiedoor de
cilinder.

De resultatervan de eerstelLIF-experimenteraanNO wordengepresenteerih hoofdstuk
vier. Hierin wordenspectragegevenvande fluorescentiepntleedin de verschillendegolfleng-
tecomponentergls eenfunctie van hettijdstip in de verbrandingsgclus. Dezespectratonen
aandatfluorescentierzan NO gedetecteerdlan wordengedurendénet totale verbrandingspro-
ces, zelfs op het momentdat de zuiger zich geheelbovenin de cilinder bevindt en druk en
temperatuuhet hoogstzijn. De spectragemetenin hetbegin van de verbrandingaten naast
NO fluorescentienterfererendduorescentis’an O, zien. De intensiteitvande NO fluorescen-
tiepiekenin de spectras eenmaatvoor de hoeveelheidNO die aanwezigs in hetmeetwlume.
Het bewerkenvan hetfluorescentiesignaatoor de veranderendeonditiesin de verbrandings-
kamerresulteerin eencurve die derelatieve dichtheidvan NO als eenfunctie van hettijdstip
in de verbrandinggeeft. Relatieve dichtheidscuren van NO zijn bepaaldvoor verschillende
motorconditieszoalsbelastingen brandstoftype.Voor zover hetis onderzochis de invioed
van de motorconditiesen de brandstofop de hoeveelheidNO klein. Uit de gevondencurven
kande conclusiegetroklenwordendatde vormingvanNO langzaanop gangkomt endathet
meesteNO relatieflaatin deverbrandingvordtgevormd. Dit suggereertlatdediffusefasevan
hetdieseherbrandingsproce=enbelangrijle rol speeltin hetformatieprocesanNO.

Fluorescentigerdelingenvan NO gedurendehet verbrandingsproceggemetendoor een
smalbandidilter datenkel de voor NO specifiele golflengtedoorlaat,zijn gegevenin hoofd-
stukvijf. In hetbegin vande verbranding<kondengeenverdelingervan NO gemeterworden
als gevolg van de te lagelaserintensiteiin het meetwlume. De gemeterfluorescentieerde-
lingen zijn bewerkt voor de afnemendantensiteitvan het laserlicht. Dezeverdelingenzijn
geinterpreteerdils dichtheidserdelingervan NO onderde aannamesan uniforme tempera-
tuurverdelingen gassamenstellingDezeaannameg&unnengemaaktvordenaanhet eind van
de verbrandingsgclus waar de verbrandingsproducteredelijk homogeernverdeeldzijn. Om
verdelingengemetenn hetbegin vandeverbrandinggoedte kunneninterpreterers hetechter
noodzalklijk delokaletemperatuuengassamenstellinig kennen.De gevondendichtheidser
delingenlateneenredelijk uniformeverdelingvan NO zien, wat te verwachtenis aanheteind
vandeverbrandingvaarhetgevormdeNO reedsgemengds metderestvandecilinderinhoud.
Tenslotteis eencurve vanderelatieve dichtheidvanNO als functie vandetijd in hetverbran-
dingsprocedepaalddoor deintensiteitin de dichtheidserdelingerte integreren. Dezecurve
komtgoedovereermetde curve bepaaldiit de spectra.

In hetafsluitendehoofdstukzeswordende belangrijksteresultaterenaannamesamenge-
vat. Besprolenwordt welke informatie gemistwordt of onvolledig is om de LIF-signalenvan
NO volledig te kunnenkwantificerenen welke experimentergedaarzoudenkunnenworden
omdezeinformatiete verkrijgen. Tevenswordtbediscussieerh hoeverrehethaalbaais in de
toekomstook daadwerklijk kwantitatve dichtheidserdelingenvan NO gedurendédnetgehele
verbrandingsprocee bepalemmetbehulpvande LIF-techniek.
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