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)me for the R onsidered soot rditive modelsF oot volume frtion is represented with dot linesF F F F F F F F F F F F F F F F F F IQH RFIQ hi'erene of rditive power with nd without sttering long the enterline for ndi jet )me with the two morphologil models presented etion RFQFQF oot volume frtion is repreE sented with dot linesF F F F F F F F F F F F F F F F F F F F F F F F F F F IQI RFIR xumer density funtion t mximum soot volume frtion loE tionF veft X refereneF ight X fter inresing the prtile sizeF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IQQ RFIS smpt long the enterline of the soot men prtile size on the rditive power with Emodel PF F F F F F F F F F F F F F F F F F F F IQQ RFIT wen e'etive ledo importne ω ef f for the studied turulent jet )me (eld with inresed prtile sizeF F F F F F F F F F F F F F F IQR RFIU wen soot trnsmissivity τ soot for the studied turulent jet )me (eld with inresed prtile sizeF he lk line orresponds to n isoontour of emperture equls to IHHH uF he hrterE isti length is hosen equls to 0.01 mF F F F F F F F F F F F F F F F F IQR RFIV wen symmetry ftor Ḡ for the studied turulent jet )me (eld with inresed prtile sizeF he lk line orresponds to n isoontour of emperture equls to IHHH uF F F F F F F F F F F IQS SFI hemti 4Eurve4 representing the set of stedy )melet soE lutions @solid nd dshed lk linesAD extrted from iere nd woin @PHHRAF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IRI SFP snlusion of het loss e'et with the p tehnique y omE puting intermedite nonEditi )melets @in redAF F F F F F F F IRP SFQ gomprison of Ih pro(les of temperture withGwithout di'erenE til di'usion e'ets using detiled hemistry @uwP mehnismA on Ih ounter)ow di'usion )me for strin rte a = 100 m -1 FIRU SFR gomprison of Ih pro(les of etylene mss frtion withGwithout di'erentil di'usion e'ets using detiled hemistry @uwP mehE nismA on Ih ounter)ow di'usion )me for strin rte a = 100 m -1 F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IRV SFS gomprison of Ih pro(les of eR er mss frtion withGwithout di'erentil di'usion e'ets using detiled hemistry @uwP mehE nismA on Ih ounter)ow di'usion )me for strin rte a = 100 m -1 F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IRV SFT gomprison of Ih pro(les of soot volume frtion withGwithout di'erentil di'usion e'ets using detiled hemistry @uwP mehE nismA on Ih ounter)ow di'usion )me for strin rte a = 100 m -1 F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IRW SFU gomprison of Ih pro(les of numer density of soot prtiles withGwithout di'erentil di'usion e'ets using detiled hemE istry @uwP mehnismA on Ih ounter)ow di'usion )me for strin rte a = 100 m -1 F F F F F F F F F F F F F F F F F F F F F F F F IRW SFV ivolution of temperture in funtion of the mixture frtion for E)melet nd E)melet formultion in Ih ounter)ow di'uE sion )meD ounting for di'erentil di'usion e'etsF F F F F F F F ISP SFW ivolution of Y C in funtion of Z for di'erent Ih ounter)ow

)melets generted with the uwP mehnism for ethyleneF hifE ferentil di'usion is onsidered nd P trnsported equtions for Y c nd Z re dditionlly solvedF ynly the stle rnh )melets re representedF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F ISQ SFIH ivolution of the trnsported enthlpy nd the mixture enthlpy in funtion of Z for one of the Ih ounter)ow )melets generted with the uwP mehnism for the ethylene F F F F F F F F F F F F F F ISR SFII qeometry of the ounter)ow prolem F F F F F F F F F F F F F F F F F ISU SFIP ytined (elds on the ounter)ow di'usion )me omputed in efF he strin rte is set t IPHs -1 F F F F F F F F F F F F F F F F F ISW SFIQ gomprison of pro(les otined in ef @tulted hemistryA nd in the )melet solver iqer with di'erentil di'usionF he strin rte is set t IPH s -1 F F F F F F F F F F F F F F F F F F F F F ITH SFIR ytined (elds on the sooty ounter)ow di'usion )me omE puted in efF he strin rte is set t IPHs -1 F F F F F F F F F F F ITS SFIS gomprison of the pro(les otined in ef nd in the )melet solver iqer @sooting seAF he strin rte is set t IPHs -1 F ITT TFI hemti of ntoro9s urnerF ixtrted from ntoro et lF @IWVUAF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F ITW TFP oot formtion mehnisms in lminr di'usion o)ow )meF ixtrted nd dpted from sntsop @PHIIAF F F F F F F F F F F F F IUH TFQ isulistion of the omputtionl domin nd zoom on the pipe reF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IUP TFR olid prt sketh with orresponding length nd mesh sizesF g ratio is the growth rte ppliedF F F F F F F F F F F F F F F F F F F F F F F F IUQ TFS gommunition sheme etween the three solvers with orreE sponding exhnged quntitiesF F F F F F F F F F F F F F F F F F F F F IUS xix TFT ipe response to hetE)ux perturtion X temperture of the solidF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IUU TFU ivolution of vP error norms of temperture nd rditive power s funtion of the )uid solver itertion N cpl F F F F F F F F IUW TFV empertureD molr frtions of H 2 O nd CO 2 D soot volume frtionD nd progress vrile results from the oupled simulE tionF he ontour Z = 0.064 is lso displyed in lk lineF F F F F IVH TFW oot volume frtionD totl prtiles numer density nd soot soure terms @nuletionD surfe growthD ogultionD oxidtion nd ondenstion for two setionsFA F F F F F F F F F F F F F F F F F F IVI TFIH wss frtion (elds of three ers X A 3 D A 4 nd A 7 F he nuleE tion soure term is lso displyed on the leftF F F F F F F F F F F F IVQ TFII oure term of the iggest er onsidered in this study @A 7 A sed on the relxtion model presented in ghpter SF F F F F F F IVR TFIP genterline pro(les of tempertureD xil veloityD soot volume frtion nd N part with omprison to experimentl dt X nE toro et lF @IWVQA @ AD uöylü et lF @IWWUA @▼AD winlly et lF @IWWUA @★AF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IVT TFIQ sntegrted soot volume frtion distriution long the xis height ove the urner X experimentl dt from ntoro et lF @IWVQA @ A F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IVU TFIR gomprison goupled glultion G optilly thin ssumption on the predited soot volume frtion long the enterline nd temE pertureF ixperimentl dt @@ AA from ntoro et lF @IWVQAF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IVV TFIS gomprison of rdil temperture pro(les otined for three difE ferent xil heights ove the urner with experimentl dt from ntoro et lF @IWVQA @ A F F F F F F F F F F F F F F F F F F F F F IVW TFIT gomprison of xil veloity pro(les for six xil heights ove the urner with experimentl dt from ntoro et lF @IWVQA @ AF IWH TFIU gomprison of rdil veloity pro(les for six xil heights ove the urner with experimentl dt from ntoro et lF @IWVQA @ AF IWI TFIV gomprison of rdil pro(les mss frtion of C 2 H 2 DOH nd soot volume frtion with experimentl dt from ntoro et lF @IWVQA @ A t (xed height ove the urner exitF F F F F F F F F F IWP TFIW ivolution of soot volume frtionD primry prtile numer nd dimeter long the )me wingsD with omprison with experiE mentl dt from ntoro et lF @IWVQA @ AF F F F F F F F F F F F F F IWQ TFPH ytined wll temperture pro(les for the innerD outer nd lip wllsD ounting for onjugte het trnsferF F F F F F F F F F F F F IWS TFPI dil temperture pro(les otined t vrious lotions long the pipe when ounting for fuel preheting @grAF he reE ferred positions re reltive to the exit of the pipeF F F F F F F F F F IWS TFPP dil xil veloity pro(les otined t vrious lotions long the pipe when ounting for fuel preheting @grAF he reE ferred positions re reltive to the exit of the pipeF F F F F F F F F F IWU TFPQ gomprison etween xil veloity pro(les t the exit of the pipeD ounting for fuel preheting @grA or notF he pipe extends rdilly etween H nd HFSS mD while the o)ow extends ove

HFSW mF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IWU
TFPR gonvetive nd rditive wll )uxes pro(les long the inner nd outer pipe wllF

F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F PHH
TFPS rtiipting gses nd soot prtiles ontriutions to the totl rditive powerF en isoEontour of f V = 1ppm is lso displyed on the gseous phse ontriutionF F F F F F F F F F F F F F F F F F F PHI TFPT imitted nd sored rditive power due to soot nd gseous phseF he rtio etween the sored nd emitted power is lso displyed on the rightF F F F F F F F F F F F F F F F F F F F F F F F PHP TFPU petrl emitted nd sored volumeEintegrted powers for the instntneous representtive solutionF esults orrespond to the referene se tking into ount gs nd soot prtiles emission nd sorption nd the four other studied sesX qiqeD qieD iqe nd ieF

F F F F F F F F F F F F F F F F F F F F F F F F F F F F PHQ
TFPV petrl trnsmissivity omputed t x = 4cm ove the urner nd omprison with experimentl dt @topAD nd detiled onE triution of gs nd soot prtiles @ottomAF F F F F F F F F F F F F PHS TFPW smpt of soot optil index formultion on the omputed trnsE missivities nd omprison with experimentl dtF F F F F F F F F PHT TFQH exil evolution of the vertilEvertil sttering oe0ient @for n ngle of θ i = 90 ○ nd wvelength λ = 513nmF ixperimentl vlues with ssoited errors re lso reportedF F F F F F F F F F F PHU TFQI exil evolution of the extintion oe0ient t wvelength λ = 513nmF ixperimentl vlues with ssoited errors re lso reE portedF

F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F PHV
TFQP eonstruted ledo of ggregtes t vrious heights ove the urner with experimentl dt omprison t SIQnmF irrors rs re tken from syer et lF @PHHUAF F F F F F F F F F F F F F F F F PHW TFQQ hi'erene of rditive power due to stteringD e'etive ledo importne nd men symmetry ftor (elds for the studied on(gurtionF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F PIH UFI hemti of the studied prolemX vser em sttered nd olleted y n oserver @Ph viewAF he soure nd oserver re tully muh widerF F F F F F F F F F F F F F F F F F F F F F F F F F F F PIS xxi UFP rditionl forwrd @leftA nd kwrd @rightA wonte grlo methodsF sn oth sesD only the rys exhnged etween yE re neededF por the trgeted pplitionD oth methods re ine0ient in omputing the rditive )uxes impinging the oE server @y pointA from the vser @ pointAF F F F F F F F F F F F F F F PIT UFQ riniple of peelEo' illustrted with photon sttered three times @points eD fD gAF et eh sttered lotionD n dditionl ry is generted nd is tred towrds the soureF F F F F F F F F F PIU UFR rmetriztion used to ompute the diret ontriution oureE yserver @green lineAF he soure is hrterized y its enter g source D its rdius R source D diretion hrterized y norml vetor ⃗ n source D its power nd the emission wvelengthF F F F F F F F PIV UFS rmetriztion used to ompute the sttering ontriution oureEyserver @green lineAF he rel photon omputed y inier is sttered t scat nd goes to fF θ po represents the ngle etween the initil diretion nd the diretion pointing towrds the soureF F F F F F F F F F F F F F F F F F F F F F F F F F F F F PPH UFT eelEo' vlidtion seX uniform sl with sorption oe0ient κ nd ledo ωY the soure is de(ned on the left of the ue with n imposed surfe )uxY the oserver elements re pled long the right fe of the ueF F F F F F F F F F F F F F F F F F F F F F F F F PPI UFU ditive )ux t the oserver s funtion of the ledo for the iw @@ AA nd peelEo' @★A methods in the se of n homogeE neous nd isotropi medium @κL = 0.01AF F F F F F F F F F F F F F F F PPP UFV ditive )ux diret @▲A nd sttered @▼A ontriutions omE puted with the peelEo' methods in the se of n homogeneous nd isotropi medium @κL = 0.01AF F F F F F F F F F F F F F F F F F F F PPQ UFW eltive stndrd devition of the omputed sttered )ux s funtion of the totl numer of rys N for the iw @@ AA nd the peelEo' @★A methodsF he (tted onvergene rte is depited y dshed linesF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F PPQ UFIH ditive )ux t the oserver s funtion of the soure wveE length for the iw nd peelEo' methods in the se of nisotropi sttering due to soot prtilesF F F F F F F F F F F F F F F F F F F F F PPS UFII ditive )ux diret @▲A nd sttered @▼A ontriutions t the oserver s funtion of the soure wvelength for the iw nd eelEo' methods in the se of nisotropi sttering due to soot prtilesF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F PPT UFIP rmetriztion used to generte signls from the ntoro lmE inr di'usion )meF veft X side viewD right X top viewF F F F F F F F PPV UFIQ ynthetized imge of totl signl otined on the oserverF veE lengthX RHS nmF engleX α o = 0 ○ F F F F F F F F F F F F F F F F F F F F F PPW UFIR ynthetized imge of sttered signl otined on the oserverF velengthX RHS nmF engleX α o = 0 ○ FF F F F F F F F F F F F F F F F F PQH UFIS ynthetized imge of sttered signl otined on the oserverF velengthX RHS nmF engleX α o = -40 ○ @leftAD α o = 40 ○ @rightAF F PQI UFIT hse funtion given y the hqpe model for n ggregte distriution lolized t the mximum signl lotion in pigure UFISF he phse funtion given y yleigh theory is indited y the red dshed lineF F F F F F F F F F F F F F F F F F F F F F F F F F PQP UFIU engulr evolution of the integrted rditive )ux on the oE serverF velength X 405 nmF F F F F F F F F F F F F F F F F F F F F F PQP UFIV engulr evolution of the integrted rditive )ux on the oserver for two wvelengths X 405 nm @lk lineA nd 785 nm @gry lineAFPQQ UFIW hse funtion given y the hqpe model for n ggregte distriution lolized t the mximum signl lotion t UVS nmF he phse funtion given y yleigh theory is indited y the red dshed lineF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F PQR UFPH petrl evolution of the sttered rditive )ux on the enter of the oserverD for n ngle α o = 0 ○ F F F F F F F F F F F F F F F F F F PQR UFPI gonsidered ry for the study of the spetrl optil thikness evolutionF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F PQS UFPP petrl evolution of soot rditive properties verged on hrteristi optil pth long the )meF F F F F F F F F F F F F F PQT UFPQ petrl evolution of the ftor σ soot e -βL long the oserver lineE ofEsight for α o = 0 ○ F F F F F F F F F F F F F F F F F F F F F F F F F F F F F PQT UFPR pields of soot volume frtion nd density of the numer of prE tiles from detiled hemistry lultionsF F F F F F F F F F F F F F F PQV UFPS ynthetized imge otined on the oserver X sttering of prE tiles t RHS nmD α o = 0 ○ F op X detiled hemistryD ottom X tulted hemistryF F F F F F F F F F F F F F F F F F F F F F F F F F F F PQW UFPT gomprison of the totl density numer of prtiles N part eE tween the oupled lultion performed in this thesis @leftA nd the detiled hemistry simultion @rightAF F F F F F F F F F F F F F F PRH UFPU gomprison of men primry prtiles dimeter etween the theE sis omputtion @leftA nd detiled hemistry simultion @rightAF F PRI UFPV gomprison of integrted signls olleted y the oserver for oth omputtions X thesis work @dshed linesAD detiled hemE istry @solid linesA t two di'erent wvelengths @RHS nm X lk D UVS nm X gryAF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F PRI UFPW engulr vrition of normlized integrted signlF gomputE tionsX detiled hemistry @solid lineAY thesis work @dshed lineA F PRP UFQH gomputtion of phse funtions for the thesis omputtion @leftA nd detiled hemistry simultion @rightA in polr digrmF he phse funtion predited y yleigh theory is indited y red dshed lineF F F F F F F F F F F F F F F F F F F F F F F F F F F F F F PRQ UFQI plikering ehviour of the lminr )me investigted in ghpter T without inluding rditionF F F F F F F F F F F F F F F F F F F F F F PRW xxiii UFQP ivolution of the hetErelese rte in the se of the )ikering )meFPSH UFQQ ivolution of ω @topAD ωeff @middleA nd Ḡ @ottomA for vrious ggregte morphologyF he four studied ses in this thesis re indited with red strsF F F F F F F F F F F F F F F F F F F F F F F F F F PSP eFI rmetriztion of the soure for nonEollimted rdition X the soure is hrterized y de)exion ngle Θ s F F F F F F F F F F F PSR eFP rmetriztion of the soureEoserver for nonEollimted rdiE tionF he oserver is represented y the point O 1 F F F F F F F F F PSR eFQ hetermintion of the seond ondition for the omputtion of the diret ontriution oserverEsoure in se of nonEollimted rditionF

F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F PST
Global context he lst (ve yers hve een mrked y the rise of the environmentl wreE nessD epitomized y qret hunerg9s peeh t the Fx glimte etion umE mit in PHIWF sn her speehD she pointed tht the ris egreementD signed y IWT stte prties in PHISD hs not met yet expettionsF he gol of this egreement is to keep the inrese in glol verge temperE ture elow P degrees efore PIHHF his temperture inrese is due to the well known greenEhouse e'etF uh e'et is used y the emission of gsesD minly CO 2 @TS %A nd CH 4 @IT %AD s seen pigure IF he emission of CO 2 is mostly due to the fossil fuelsD used to generte therml power s soure of energyF st n e oserved tht lrge mount of power onsumption is due to suh fossil fuels @pigure PA while renewle resoures hve smller ontriutionF possil fuel onsumption hs not only n e'et on the glol wrmingD ut lso on humns9 helthF sndeedD inomplete omustion produtsD suh s ron monoxideD nitrogen oxidesD unurned hydrorons nd soot prtiles hve n importnt impt on environment nd helth disesesF sn this thesisD we re fousing on soot prtilesD whih re issued from inE omplete fuel rih omustionF he understnding nd the predition of suh prtiles is of priml importne nd is the min ojetive of the oprno9s iuropen rPHPH projetF his projet ims t delivering more urte experimentl nd numeril methodologies for prediting the soot emissionsF his thesisD whih is prt of this projetD is fousing on numeril pprohF

Industrial context

prom n industril point of viewD environmentl regultions exist to limit the pollutnt emissions from eronutil enginesF snitillyD these regultions were fousing on reduing the visiility of trils of smoke t the exit of enginesF he smoke is orrelted to the soot prtiles onentrtion nd is mesured in terms Q of Smoke NumberF ixhust gses re pssing through smoke (lterD whih is opi(ed due to the presene of soot prtilesF en engine ould e erti(ed if the moke xumer ws su0iently lowF roweverD due to the hzrdous impt of suh prtiles on humns9 helthD new environmentl regultions hve een developed y the sgey @snternE tionl givil evition yrgniztionAD oth in terms of numer nd mssF hese limittions re pplied for nvw @nonEvoltile rtiulte wtterA nd hve een dopted during the sgey geiII @gommitee on evition invironmenE tl rotetionA in PHIW yegs @PHPHAF he engine erti(tion is sed on its pollutnt emissions in the viinity of irportsD whih re high density humns zonesF he sgey quots hve to e veri(ed in R operting modes X the tkeEo'D the limD the pproh nd the txi phses s illustrted pigure QF ih phse is hrterized y durtion time nd perentge of thrust levelF sndustrils re therefore running mesurement mpigns on n engine with these di'erent levels of thrust nd re olleting informtion on the nvw t the exit of the engineF uh n pproh is extremely ostly nd n e perE formed limited numer of timesF sn prllelD the numeril simultion is n interesting pprohD sine mny opE R erting pointsD geometriesD injetion systems FFF n e tested esily nd their impt on the prodution of pollutnts n e ssessed t n 'ordle ostD with the development of urte numeril methods suh s the vrge iddy imultion @viAF oot prtiles re due to the inomplete omustion of the fuelF hese prE tiles re formed in the omustion hmerF rediting pollutnts from the simultions of omustion hmer remins hllenging tskD sine mny unertin prmeters must e tken into ount suh s X

The chemical mechanism X retions ourring in the omustion hmer re desried through hemil mehnism whih ontins informtion on the speies hemil kinetisD espeilly on the polyyli romti hydrorons @ersAF ers ply n essentil role in soot forE mtionF he ers kinetis is desried using n errhenius vw whose prmeters re unertinF fesidesD the use of lrge hemil mehnism is impossile in prtieD sine mny equtions need to e solved @one for eh speiesAF his drstilly inreses the omputtionl time of these simultionsF edued moodels re onsidered insted nd re disussed in ghpter SF Soot modelling X severl models re enountered in the literture whih enle to ompute soot relted quntities suh s the soot volume frtion f V F his is one of the quntities of interest for environmentl quots nd its urte predition is ruilF hese models re usully ounting for (ve min phenomen whih desrie soot mehnismsF he (rst one is the nucleation @whih is the ollision etween two ig ersA nd leds to the formtion of the smllest soot prtileF he seond one is the condensation whih is ollision etween er nd soot prtileF he third one is the coagulation whih is ollision etween two soot prtilesF he fourth one is the surface growth nd involves the etylene @C 2 H 2 A whih interts t the surfe of soot prtilesF he (fth one is the oxidationD whih is responsile for the derese of the totl soot mssD minly due to the tion of O 2 nd OHF he understnding of eh of these mehnismsD espeilly for the surfeEgrowthD re still nowdys ongoingF

Turbulence modelling X in industril pplitionsD omplex turulent

)ows re enounteredF hree lssi pprohes n e onsidered to del with turulent on(gurtionsF he hiret xumeril imultion @hxAD whih onsists in solving ll the temporl nd sptil turulene sles @whih is un'ordle in prtieAD the vrge iddy imultionD resolving only the most energeti sles of the turuleneD on the eynolds everge xvierEtokes pproh @exA whih models ll turulent length sles nd solves verged quntities on the )owF he vi o'ers good trde o' etween g ost nd ury nd is retined in this thesisF S he three points ove hve een extensively studied in the literture nd reE serh on these topis is still very muh tiveF his thesis fouses on fourth pointD whih is radiation modellingF herml rdition plys ruil role on the three previously mentioned pointsF sndeedD rdition ts on the temperE ture of the )ow whih hs n impt on the ers kinetisD soot dynmis nd modi(es the )ow topologyF sn the hh thesis rried out y lluotto @PHIWAD it hs een reported tht inluding detiled rdition in the yxyte hmer plme e @ swirlEstilised premixed nonEsooted methne )meA modi(es the )me topologyF ditive het trnsfer is lssilly split into two ontriutionsX nonEluminous rdition from prtiipting urnt gses on the one hndD nd luminous rdiE tion from soot prtiles emitted in the visile spetrl rnge on the other hndF st is known the ltter is ontriuting to nonEnegligile prt of the wll )uxes in v tehnologies vefevre @IWVRAF eounting for detiled nd urte rditive models espeilly for sooty )mes is therefore importntF

Objectives of the thesis and manuscript organization he ojetives of this thesis re X heveloping urte nd e0ient methods too ount for soot rditive models @ghpter PA epplying these models to two turulent on(gurtions to emphsize key prmeters tht impt soot rdition @ghpters Q nd RA essessing the pility of these models to retrieve rih experimentl dt in lminr sooted )me on(gurtion @ghpters S nd TA eonstruting experimentl signls useful for optil dignostis @ghpE ter UA he mnusript ontins three prt X Part I is fousing on rditive properties of soot prtilesF sn ghpE ter ID the fundmentl rditive trnsfer eqution @iA is presentedF he di'erent rditive mehnisms @emissionD sorptionD stteringA re presented nd numeril strtegies to solve the i re disussedF e review of gseous nd soot rditive properties is then detiledD nd the retined models for gses @the kEmodelA nd soot @the yleigh heye qns for prtl eggregtes E hqpe E modelA phses re hosenF herml rdition onsists in trnsferring energy through eletromgneti wvesD whih mens thtD ontrry to het ondutionD rdition does not need medium to ourF uh property mkes therml rdition of spei( interE est in pplitions suh s tmospheri reentry where the pressure is extremely low @lmost on the vuumAF woreoverD it is well known tht rdition is proE portionl to the fourth power of temperture X in gsEturines pplitionsD espeilly in the omustion hmerD this het trnsfer mode n e imporE tntD ompred to ondution nd onvetionD euse of the high tempertures enounteredF enother di'erene with ondution nd onvetion relies in the length sles t stkeF gondution nd onvetion ours in reltively short length sles while rdition ours t muh higher length slesD so the entire medium needs to e tken into ount to desrie the lol rditive exhngesF wthemtillyD this is trdued y n integroEdi'erentil eqution lled E ditive rnsfer iqution @iAF he i expresses the vritions of the radiative intensity I ν of n eletromgneti wve in short distne ds nd t given wvenumer νF sn order to understnd the di'erent mehnisms involvedD let us onsider smll dominD of length dsD s sketh in pigure IFIF he medium n inrese the rditive intensity rried y the eletromgneti wves through two menisms long optil pth s X (rstD the emission from the mediumD hrterized y oe0ient κ ν D thenD the inEstteringD whih orresponds to devition of photon from nother diretion ⃗ r ′ to the direE tion of interest ⃗ rF he inEsttering is hrterized y sttering oe0ient noted σ ν F he medium n lso e responsile of loss of energy rried y the photonsD vi the sorption nd the outEsttering mehnismsF ine we re ssuming lol thermodynmi equilirium @viAD sorption nd emission y the medium hve the sme proilities X oth phenomenon re then hrE terized y the sme oe0ient κ ν nmed sorption @or emissionA oe0ientF he outEsttering mehnism is lso hrterized y the sttering oe0ient σ ν F essuming n optil index of the medium equls to ID the ditive rnsfer iqution then writes X

dI ν (⃗ r, s) ds = -(κ ν + σ ν ) I ν (⃗ r, s) + κ ν I bν + σ ν 4π 4π I ν ( ⃗ r ′ , s)Φ ν ( ⃗ r ′ , ⃗ r, s)dΩ ′ @IFIA
sn this equtionD the rditive intensity t a given position I ν is funtion of the diretion ⃗ rD the optil pth s nd the wvenumer νF κ ν nd σ ν re respetively the sorption nd sttering oe0ientsD dΩ ′ the solid ngle nd I bν is the lkody intensityF his lkody intensity is given y the Planck's law X

I bν (T ) = 2πhν 3 c 2 0 e hν k b T -1 @IFPA
where h nd k b re respetively the lnk9s nd foltzmnn9s onstntsD nd c 0 the speed of light in vuumF he (rst term of the i rightEhnd side orresponds to loss of intensity due to sorption nd outEstteringF he seond term ounts for the emission proessF he lst term represents the inEsttering ontriutionF his ontriE ution depends on the sttering phse funtion Φ ν ( ⃗ r ′ , ⃗ r, s) whih n e seen s the proility for photon to e sttered from ⃗ r ′ to ⃗ rF sn prtil pplitionsD the rditive power nd )uxes re the quntities of interestF hey re de(ned from the rditive intensity I ν from the iF he IR Chapter 1 -Radiative heat transfer and soot radiative properties rditive het )ux vetor q R is de(ned y X

q R = ∞ ν=0 q R ν dν = ∞ ν=0 dν 4π I ν (⃗ r, s)⃗ rdΩ @IFQA he rditive )ux ϕ R is otined sX ϕ R = q R ⋅ n = ∞ ν=0 dν 4π I ν (⃗ r)n ⋅ ⃗ rdΩ @IFRA
where n is the unity vetor norml to the wllF he rditive power P R is de(ned y X

P R = -∇ ⋅ q R = - ∞ ν=0 dν 4π div I ν (⃗ r)⃗ r dΩ @IFSA
he expression of the rditive power is rewritten using iqution IFI X

P R = - ∞ ν=0 4πκ ν I bν - 4π κ ν I ν dΩ dν @IFTA
1.1.2 Numerical resolution of the RTE he i is n integroEdi'erentil eqution of dimension T X Q sptil oordiE ntesD P ngulr oordintes @whih de(nes the diretion of the eletromgneti wveAD nd I spetrl vrileF he omplexity of suh eqution requires spei( methods to solve itF hese methods re either sed on spei( formultion of the rditive intensity or on the diret expression of the rditive power ndGor )uxes whih re the quntities of interestF sn this setionD we onsider the most ommon methods used in gph simulE tionsD from the less to more urte X the yptilly hin essumption @yeAD the pheril rrmoni wethod @rw or xEpproximtionAD the hisrete yrdinte wethods @or xEpproximtionAD the piniteEolume wethod nd the wonteEgrlo methodF he wonteEgrlo pproh is spei(lly detiled in ghpter PF por other relted methods @hisrete rnsfer wethodsD y rE ing mong mny othersAD the reder n (nd dditionl informtion in wodest @PHHQAF 1.1.2.1 The Optically Thin Assumption his method ssumes tht the rditive power is resored neither y the prtiipting gses nor soot prtilesF sn this seD the rditive power n diretly e expressed y X

P R = -4σ(T 4 -T 4 ∞ )( i (p i κ P,i ) + κ P,soot ) @IFUA
where σ a SFTTW 10 -8 Gm 2 u 4 is the tefn onstntD T is the lol temperE tureD T ∞ is the kground tempertureD p i is the prtil pressure of speies i @expressed in tmospheresAD κ P,i is the lnk men sorption oe0ient for speies i @expressed in m -1 atm -1 nd κ P,soot for soot prtilesF wo importnt remrks must e emphsized hereF pirstD this model provides diret expression of the rditive powerD so the i does not need to e solvedX it n diretly e implementend in gph solverF henD this model tends to strongly overEestimte the rditive losses sine only emission is onsideredD nd hene underEestimte the temperture predited in gph simultionsF 1.1.2.2 The Spherical Harmonic Method -P N approximation he pheril rrmoni wethod hs een originlly developed in tens @IWIUA to study strs rditionF he P N pproximtion deouples the sptil nd diretionl vriles of the rditive intensity y expressing it s series of spheril hrmonis X

I(⃗ r, s) = ∞ l=0 l m=-l I m l (⃗ r)Y m l (s) @IFVA
his expression is Ph generlized pourier seriesD whom oe0ients re I m l F hese oe0ients need to e determined to retrieve the rditive intensityF he diretionl prtsD Y m l (s) re lled spheril hrmonis nd re expressed in terms of vegendre polynomils y X Y m l (θ, ψ) = cos(mψ)P m l (cos θ), for m ≥ 0 sin(mψ)P m l (cos θ), for m < 0 @IFWA hereD the diretion s is hrterized y polr @θA nd zimuthl ngles @ψAD nd P m n re the vegendre polynomilsF sn prtil pplitionsD the P 1 method is retinedD even though some work hs onsidered high order methodsD suh s the P 3 method @wengüç nd isknt @IWVSAA or the P N method @yu nd viou @IWVPAAF por the P 1 methodD the IT Chapter 1 -Radiative heat transfer and soot radiative properties omplex i eqution n e repled y simultneous (rstEorder rtil hifE ferentil iqutions muh esier to solveD enling to retrieve the oe0ients I m l F roweverD this method fils to provide urte results in the se of modE erte nisotropi intensitiesD nd inresing the order of the method leds to very omplex mthemtil formultions nd implementtionF 1.1.2.3 The Discrete Ordinate Methods -S N approximation.

he hyw hs een (rst introdued y in ghndrsekhr @IWTHA nd is sed on solving the i for N disrete ngulr diretions spnning the whole solid ngle rnge of RπF ih diretion ⃗ r i is hrterized y set of diretionl osines @usully noted µ i D ν i D ξ i A nd weight w i F sn the iD ll the integrls over the solid ngle re repled y numeril qudrturesF eny quntity f is then written

X 4π f (u)dΩ ≃ N i=1 ω i f (u i ) @IFIHA
he diretionl osines orresponds to the projetion of the i -th diretion s i onto the norml vetor of ell j X

⃗ r i ⋅ ⃗ n j = µ i n xj + ν i n yj + ξ i n zj @IFIIA he i @eqution IFIA is hene ppoximted y set of N prtil di'erentil equtions X dI ν ( ⃗ r i ) ds i = -(κ ν + σ ν ) I ν ( ⃗ r i ) + κ ν I bν + σ ν 4π N j=1 w j I ν ( ⃗ r j )Φ ν ( ⃗ r j , ⃗ r i )dΩ j @IFIPA
he dvntge of the hyw is tht the intensity (eld n e found without ny itertive proedure for simple prolems @no sttering nd no wll re)etionsA orD for more omplex sesD with stndrd hiEsystem resolution lgorithmsF he hoie of the ngulr disretiztion @i.e the hoie of the diretionl osinesA is ritil sine it will diretly 'et the oundry onditions expressionF ixE mples of disretiztion shemes n e found in wodest @PHHQA nd toseph et lF @PHHWAF e good trdeEo' must e found etween the ury of the ngulr disretizE tion nd the omputtionl timeD s it inreses with the ngulr disretiztion re(nementF fesidesD the hyw su'ers from disretiztion errorsD known s the false scatteringD orresponding to the sptil disretiztion errorD nd the ray eect @goelho @PHHVAA orresponding to the ngulr disretiztion errorF he IU (rst e'et n e redued y using (ner gph meshD ut this tends to inrese the ry e'etF rere ginD good trdeEo' etween the two errors must e foundF 1.1.2.4 The Finite Volume Method sn the hyw methodD ry e'et nd flse sttering errors n e mitigted y ontrolling the mesh disretiztion nd the ngulr disretiztion shemeF roweverD the ft tht simple qudrtures re used for ngulr disretiztion does not gurntee the onservtion of the energyF ine pinite olume wethE ods re lredy used for sptil disretiztion @nd ensure the onservtion of the mssD momentumAD nturl extension of the hyw would e to onsider the (nite volume pproh for ngulr disretiztionF sn the pwD the solid ngle dΩ is divided in smll ontrol volumes ∆Ω CV F ih ontrol volume is expressed in terms of polr @θA nd zimuthl ngles @φAD suh s X

∆Ω CV = φ CV + φ CV - θ CV + θ CV - sin θdθdφ @IFIQA
where θ CV -nd θ CV + re the lower nd upper vlues of the polr ngle de(nE ing the solid ngle ontrol volumeD nd φ CV -nd φ CV + the lower nd upper vlues of the zimuthl ngleF his formultion is diretly pplied to the i where integrls over the Rπ rnge solid ngle re repled y integrls over the ontrol volumesF e omplete derivtion of the i n e found in ghi et lF @IWWRAF everl studies suh s work of elçuk nd uykol @IWWUAD viu et lF @IWWUAD goelho et lF @IWWVA hve shown tht pw is fster thn the hyw pprohD less sensitive to the ry e'etF woreoverD re stted previouslyD the method is fully onservtiveD nd there re less onstrints in the hoie of the disretiztion of the solid ngles thn in the hyw disretiztion shemesF 1.1.2.5 The Monte-Carlo method principle he wonteEgrlo method is statistical approach in whih mthemtil quntity @integrlsD eqution FFFA is solved using sampling techniques of the vriles of the prolemF ine the vriles of the i re the positionD the diretion nd the wvelengthD the stndrd wg tehnique onsists here to rndomly pik positionD wvelength nd diretion vlues @whih form vetor XA nd otin rditive intensity with these vluesF ith this rditive intensityD we n retrieve the rditive )ux nd rditive power whih re our quntities of interestF vet us ssume we hve repeted this solving proess N timesD so we hve otined N vlues of the rditive intensityF e de(ne the estimator of the 

Q est ≈ 1 N N i=1 Q(X i ) @IFIRA
he entrl limit theorem ensures thtD for n in(nite numer of N repetiE tionsD the estimator onverges to the ext vlue of the quntity of interest Q @whih isD ginD either the rditive )ux or the rditive powerAF How the esE timtor onverges depends on the intrinsi stndrd devition of the estimtorD σ intrinsinc de(ned y X

σ intrinsic ≡ σ(Q) ≈ 1 N -1 N i=1 Q (X i ) -Q 2 @IFISA
eording to the entrl limit theoremD the stndrd devition of the estimtor smples σ(Q est )D whih is metri of the error etween Q est nd QD follows the following reltion X

σ(Q est ) ≈ σ intrinsic √ N @IFITA
his is n importnt result showing tht the stndrd wonteEgrlo method onvergene rte is in 1 √ N F his result does not depend on the omplexity of the quntity tht needs to e lultedF uh remrk n e lso interpreted in terms of g time s depited pigure IFPF sndeedD the onvergene rte is the sme regrdless the omplexity of the proE lem X for very simple prolemsD onventionl method might e more pproE prite sine the wonteEgrlo method is quite expensiveF roweverD when more omplex prolems re involvedD the g ost of wg does not inrese too muh ontrry to onventionl methods nd eomes muh more ttrtiveF woreoverD it enles to otin n estimtion of the errorD whih n e redued y inresing the numer of reliztions N F 1.1.2.6 Ray Tracing method he most urte method to solve the i is the deterministi ry tring son et lF @PHIWA where diretions nd wvelength re disretizedD nd phoE tons re emitted for eh diretion nd wvelengthF he high g ost of suh method limits it to demi on(gurtions s in the work of goelho et lF goelho et lF @PHHQAF 1.2 Radiative properties for gaseous phase he desription of gseous phse rditive properties reeived spei( ttenE tion euse of the importne of hot urnt gses in the rditive het trnsferF heir emission nd sorption spetrum exhiits strong errti lines @othmn et lF @PHHWAA whih mkes di0ult to onsider suh properties in gph lE ultionF everl strtegies hve een developped to overome these di0ulties nd re desried in the next prgrphsD from the referene @the lineEyEline method or vfvA to the more or less pproximte onesF PH Chapter 1 -Radiative heat transfer and soot radiative properties 1.2.1 Line-by-line calculations-LBL he vfv lultions provides highlyEdetiled spetr resolution @down to HFHI m -1 A for the gseous phse speiesF hese lultions relies on spetrosopi dtses suh s rsex @othmn et lF @PHHWAA nd rsiw @othmn et lF @PHIHAA whih urtely desrie the spetrl lines strutureF e line is hrterized y its strength @mplitudeAD position nd width whih re reE ported in the dtsesD long with line rodening e'etsF qenerllyD the high resolution spetr lultion is not 'ordle in prtil QEh lultionsF sndeedD due to the strong vritions in the sorption oe0E ientD the spetrl rditive trnsfer prolem must e solved for up to one milE lion wvenumersF everl work hve een onduted on two PhExisymmetri on(gurtions X methneEir jet )me @ng et lF @PHHVAD sed on vfvE wg method previously developed y ng nd wodest @PHHUAA nd in preE mixed )me on(gurtion @en nd wodest @PHIWAA long with wonteEgrlo method resolution for the iF uh studies show the pility of using vfv in gph simultionsD ut the omputtionl domin nd the mesh resolution @round IHHHH ellsA is fr from industril on(gurtions where the numer of ells n exeed severl millions of elementsF por this resonD vfv lultions re used s referene to vlidte more simpli(ed models presented herefterD or limited to demil on(gurtionsF 1.2.2 Spectral narrow-band models snsted of performing fullyEresolved spetrl lultion like in the lineEyEline methodD spetrl nrrowEnd models rther divide the spetrum into severl nds of size ∆ν su0iently smll @nrrowedA to onsider onstnt vlue of the lnk9s lw inside eh ndF 1.2.2.1 Statistical Narrow Band models vet us onsider very simple seD nmely n homogeneous medium @onstnt tempertureD gs prtil pressures FFFA surrounded y lk wllsF he rditive intensity t given wvenumer ν n e writtenD long n stright optil pth s X

I ν = I bwν τ ν (s) + I bν ν (s) @IFIUA
where I bwν is the lkody intensity t the wll tempertureF xowD we re onsidering smll spetrl nd ∆ν where the lnk9s lw @so the lkody intensityA is lmost onstntF sn this seD we n write the verge vlue on the spetrl nd of the rditive intensity Īν X Īν = 1 ∆ν ∆ν I ν dν = I bν τν (s) + I bν ¯ ν (s) @IFIVA PI he r quntities revered to verge vlues over the spetrl ndD ndD y de(nitionD the nrrowEnd verged trnsmissivity nd emissivities re equl to X τν = 1 ∆ν ∆ν e -κν s dν; ¯ ν = 1 ∆ν ∆ν 1 -e -κν s dν @IFIWA et this pointD only the emissivities or trnsmissivities on the nd need to e evlutedF sn the litertureD two sttistil desriptions re lssilly enounE tered X he ilsser9s model whih ssumes thtD in ndD spetrl lines hve the sme mplitude nd re eqully spedF he wlkmus model @wlkmus @IWTUAA whih ssumes thtD in ndD spetrl lines re rndomly spedF he mplitude is piked from proE ility distriution whih enles to ount for wek nd strong lines strengthF hese two models led to di'erent expressions of the trnsmissivitiesGemissivitiesD whih n e found in wodest @PHHQAF pinllyD the rditive intensity n e found y performing n integrtion of Īν(s) over the spetrumF elthough these models led to urte results @providing good resolution of the spetrl ndsAD they only provide lineEofEsight emissivities nd trnsmissivitiesD they re not then dpted to ry tring methods @wonteEgrloDFFFA nd do not hndle properly re)eting surfes seF 1.2.2.2 ck-model his pproh is the one retined for the rditive lultions performed in this thesisF he strting point of the nrrowEnd kEdistriution model is the sme s xf models X we onsider smll spetrl intervl ∆ν in whih the lnk funtion remins onstntF elling iqution IFIU otined for homogeneous mediumD the rditive inE tensity only depends on the sorption oe0ient κ ν F sn pigure IFQD shemti exmple of the evolution of κ ν is provided X it n e oserved thtD in this smll intervlD the sorption oe0ient hs the sme vlues multiple timesF sn other wordsD the same rditive intensity would e lulted severl times in the spetrl nd whih is not e0ientF he ide is then to reorder the sorption oe0ient so the rditive intensity would e only evluted one on the spetrl ndF henD integrls performed over the smll nd ∆ν re repled y lultions over the sorption oefE (ient vlues tken in this smll ndF PP Chapter 1 -Radiative heat transfer and soot radiative properties 

f (k) = 1 ∆ν ∆ν δ (k -κ ν ) dν @IFPIA
with δ the hir funtionF st is lerD looking t iqution IFPHD tht only the knowledge of f (k) is needed to ompute our verged quntitiesF sn order to ompute f (k)D the evolution of κ ν must e quite smoothF roweverD for nonEhomegeneous medi s enountered in the di'erent ses studied in this workD spetrl lines re very dynmi nd suh integrtion is omplexF he di0ulty is overome y onsidering the umultive distriution funtion g(k) de(ned s X

g(k) = k 0 f k ′ dk ′ @IFPPA
his quntity represents the proility tht the sorption oe0ient tkes vlue lower thn k X in eh nd this quntity vries monotonilly from H @no PQ proilityA to I @ertinAF reneD it is possile to hve unique vlue of the sorption oe0ient knowing g(k)F sts integrtion is muh esier rried nd the verge trnsmissivity long nd is pproximted for non-homegenous medium y X τν (X) ≈

1 0 exp - l 0 k(g, s)ds dg @IFPQA
sf the sme methodology is pplied to the rditive intensityD one otins the expression of its verged vlue on the spetrl nd Īν X

Īν = 1 0 I k(g, s) dg @IFPRA
pinllyD this integrl is pproximted using qussinEqudrtureD whih yields to X

Īν = N j=1 ω j I g j @IFPSA
where g j nd ω j re the qudrture points nd weights respetivelyD nd N is the qudrture orderF he intensity I g j for qudrture point g j veri(es thenX

∂I g j ∂s = k g j , s I bν -I g j (⃗ r, s) -σ I g j - 1 4π 4π I g j (⃗ r, s) Φ ⃗ r ′ , ⃗ r, s dΩ ′ @IFPTA
relling thtD in the smll nd onsideredD ll rditive properties exept the sorption oe0ient re onstntF reneD knowing the vlues of k t the qudrture pointsD it is possile to evlute the intensity @or ny quntity of interestA t the qudrture pointsD nd then (nd its verged vlue over the spetrl ndF sn the se of omustionD severl gseous speies re involved in rdition proess nd n sorGemit silmutneouslyF sn this seD it is ssumed tht the spetr of these speies re unorrelted over eh nrrow nd nd the men trnsmissivity of mixture olumn in given nrrow nd n e pE proximted y the multiplition of the men trnsmissivities of the speies shring the sme nrrow ndF es onsequeneD if we onsider m speiesD x m Equdrture is needed to reonstrut the rditive intensity over the ndF sn this work the correlated k-model @kA is usedF he term 4orrelted4 refers to the kEdistriutions g(k)F sf the quntity g(k) is known t two lotions in the nonEhomogeneous mediumD it is possile to mp the sorption oe0ient from PR Chapter 1 -Radiative heat transfer and soot radiative properties one lotion to nother @qoody nd ung @IWWSAAF ynly rditive properties from CO 2 nd H 2 O re onsidered s they re the min ontriutors to het trnsferF hese properties re sed on updted prmeters from ivière nd ou(ni @PHIPA used for the kEmodelF hese prmeters hve een generted for pplitions t tmospheri pressure in temperture rnge QHH u E RHHHu F hey re sed on the ghhERHHH dtse for CO 2 sorption spetr @othmn et lF @PHIHAA nd rsiw PHIH for H 2 O sorption spetr @shkun nd erevlov @PHIIAAF por H 2 O RR spetrl ndsD with widths vrying from 50 cm -1 to 400 cm -1 , re onsidered etween ISH cm -1 nd 9200 cm -1 F CO 2 sors rdition in only IU of these ndsF he u dtse is mde of U Epoints quss qudrture per nd for eh gseous omponentD leding to IHPP pseudoEspetrl pointsD sine RW qudrture points re used in the IU overlpping ndsF 1.2.3 Global models he glol models enle to ompute spetrl integrted quntities of interestF sn this setion we will limit to P glol lssi models X the weighted-sum-ofgray-gases @qqA nd the Full Spectrum k-distribution @puA pprohesF 1.2.3.1 WSGG model he method hs een (rst presented y rottel nd ro(m @IWTUA for zonl methods of i resolutionD ut the method ws limited to nonEsttering meE di surrounded y lk wllsF he model hs then een extended to ny solution of the i in wodest @IWWIAF sn the weightedEsumEofEgryEgses @qqAD the nongry gses re repled y sum of (tious gry gsesF por eh gry gsD the i is solved with weighted oe0ients w k D with k the k -th gry gs onsideredF his pproh is equivE lent to divide the spetrum in few nds in whih the sorption oe0ient κ k is supposed onstntD eh nd orresponding to gry gsF wore spei(llyD the method pproximtes the totl emissivity of nonEgry isoEtherml gs y X

(T, s) = K k=0 ω k (T ) 1 -e -κ k s @IFPUA
is the temperture nd s the optil pth lengthF unowing the oe0ients w k nd the orresponding vlues of κ k the rditive intensity is found y X

I(s) = K k=0 I k (s) = K k=0 w k I bw e -κ k s + w k I b 1 -e -κ k s @IFPVA Part I -Radiative heat transfer modeling
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his method leds to eptle resultsD providing n urte lultion of the oe0ients w(k) sed either on old experimentl dt wodest @IWWIAD or on more reent rsiw dtses @horigon et lF @PHIQAD fordr et lF @PHIRAD genteno et lF @PHITAD genteno et lF @PHIVAAF roweverD this method ssumes gry sttering nd surfes propertiesF 1.2.3.2 FSK model es for the qq modelD the pu method wodest nd hng @PHHPA pproh ssumes tht ll the rditive properties exept the sorption oe0ient do not vry ross the spetrumF his global method is lso inspired from spectral model lredy disussed X the nrrowEnd kEdistriutionF sn the spetrl modelD the sorption oe0ient is reordered on smll spetrl nd in whih the lnk funtion is ssumed onstntF henD sine the otined funtion is noisyD we onsidered the umultive distriution g of the reordered sorption oe0ientF

es global modelD the pu pproh pplies the sme priniple ut over the whole spetrum X in this seD frtionl lnk funtion i(T, ν) itself is reordered ll over the spetrum X

i(T, ν) = 1 I b (T ) ν 0 I bν dν @IFPWA
fy de(nitionD the totl trnsmissivity of gs olumn n e written s X τ (X) = i=1 i=0 e (-κν (i)X) di @IFQHA yne my notie thtD knowing the vlue of iD only one vlue of κ ν is possileF pollowing the development of the kEmodelD we proeed to hnge of vrileD repling i y k whih is the vlue tken y the sorption oe0ient for given vlue of iF he totl trnsmissivity is then X

τ (X) = i=1 i=0 e (-κν (i)X) di = ∞ 0 e -kX f (T, k)dk = 1 0 e -k(T,g)X dg @IFQIA
where g is the umultive distriution of reordered the frtionl lnk funE tion f D introdued euse the otined reordered frtionl lnk funtion is errtiF he mjor di'erene with the kEmodel is tht the trnsmissivity otined is not de(ned on spetrl ndF fesidesD it n e oserved tht k is depending on the tempertureF his is due to the ft tht i depends on the temperE ture s wellF e solution to overome this di0ulty is to move the temperture PT Chapter 1 -Radiative heat transfer and soot radiative properties dependene into se funtion determined using vfv lultionsF hisrete vlues of the rditive intensities re then evluted from set of disrete vlues of k nd the totl rditive intensity is reonstruted using qudrture methodsF he pu method is n ext method for homogeneous medium nd its ury depends only on the qudrture method usedF sn the se of nonEhomogeneous mediumD the pu is lso ext if the sorption oe0ient is scaled X the oefE (ient is evluted t referene stte @widely hosenA nd pplied to evlute the di'erent funtions needed to ompute the glol trnsmissivityF ixtensions of the pu method sed on this sling pproh hve een developped X fullE spetrum sledEk pproh @puA nd fullEspetrum orreltedEk @pguA @wodest @PHHQAAF 1.3 Radiative properties of soot particles 1.3.1 Introduction gonsidering rditive properties of prtiulte medi is hllenging tsk s omplex phenomen must e tken into ount X stteringD morphology of the prtilesD size distriutionsD lerne etween prtiles FFF ristorillyD rE dition y prtiles hs een (rst onsidered in strophysis nd espeilly in interstellr dust intertions @wttil @IWUHA D itt @IWUUAAF reneD most of models urrently used in gph lultions nd espeilly for soot prtiles re sed on these pioneering worksF oot rdition depends on three prmeters wodest @PHHQA X Optical properties hrterized y the omplex optil index mD inE trodued in the next setionD nd developed in the review of wullins nd illims @IWVUA D Soot morphology X ommon ssumption mde is to onsiderer soot prtiles s spherilF roweverD experimentl studies @wegridis nd hoE ins @IWVWAD uöylü nd peth @IWWQAD in et lF @PHHRAA hve emphE sized the ggregtes nture of sootsD formed y nerly spheril primry prtilesF gonsequentlyD the sorption nd sttering of light y soot ggregtes nnot e treted y simpli(ed eletromgneti theories for single spheresD

Interaction with medium and other particles X soot during their ging proess n overlp on et lF @PHISA or mix with orgni speies @oting phenomenonAD studied y hniter et lF @PHHTAD fond nd fergstrom @PHHTA nd reently in viu et lF @PHITAD whih modi(es their soring nd sttering propertiesF he following setions im t disussing on these three dependeniesF hen n eletromgneti wve interts with medium ontining soot prtiE lesD the rditive intensity my e hnged y sorption ndGor stteringF row muh nd into whih diretion prtile stters n eletromgneti wve pssing through its viinity depends on the omplex optil index mD de(ned s X

m = n + ik @IFQPA
with n the refrtive index nd k the sorptive indexF k represents how quikly the eletromgneti wve is sored y the prtileF unowledge of the inEsitu soot optil properties nd morphology is neessry to redue unertinty when mking optil mesurements of soot volume frtion or size distriutions in )mesF yptil mesurements suh s LII @vser sndued snndeseneAD LE @vser ixtintionA or LS @vser stteringA rely on the hoie of the omplex optil index mF hereforeD experimentl nd numeril studies on this index hve reeived spei( ttentionF sn the study of poster nd rowrth @IWTVA D the uthors provided experimentl mesurements for the omplex index of refrtion of sootF e plne polrised light re)etion tehnique hs een used on series of ronsF he mesureE ment of the quntity ρ de(ned s X

ρ 2 = I p I s @IFQQA
where I p nd I s re the intensities of the light prllel nd perpendiulr to the inident plneD enle to retrieve n nd kF sn their studyD the vlues of n nd k for pure ron @grphiteA is ssumed to e sme s for sootF roweverD they did not tke into ount the in)uene of rtio rGg of the speimenF por sootD pproximtively WU perent of the mss is ron @homrovsky nd fillis @PHIHAAD while the remining is hydroronsD hene the soot optil onstnts my di'er from the grphite optil onstntsF sn IWTWD hlzell nd ro(m @IWTWA on(med the in)uene of rGg rtio y olleting soot on ooled pltes from lminr di'usion )mesF sn their studyD it ppers the vlues of n nd k for etylene soot were higher in the infrred rnge thn the ones for propne sootF his hs een explined y the rtio rGg higher in propne soot thn in etyleneF gni nd frd @IWUWA pointed these dt my e in error euse the soot in the plte is tully mix of soot nd irF PV Chapter 1 -Radiative heat transfer and soot radiative properties sn order to ypss this issueD vee nd ien @IWVIA proposed model sed on dispersion theory nd otined soot optil properties from in situ )me trnsmissionF he dvntge of this model is its dependeny on tempertureF st lso ppers tht the vlues otined re independent of the rtio rGg of sootsF roweverD this model relies on vorenzEwie sttering theory whih only pplies for spheril soot prtilesF husD these results n e used with on(E dene for suh geometriesF ditive properties of spheril prtile depend on three nonEdimensionnl prmeters @wodest @PHHQAA X the omplex refrtive index mD introdued in the previous setionD the nonEdimensionnl size prmeter x = πd λ with d the dimeter of the spheril prtileD the rtio of the men distne of soot prtiles with the wvelength a λ with eing the distne etween the enter of two prtilesF his ltter rtio hrterizes two types of sttering X if the rtio is smller thn ID then the sttering y one prtile n e 'eted y the other prtiles sine they re lose to eh other X this is the dependent sttering regimeD if the rtio is greter thn ID then eh prtile is fr enough from the others to sor nd stter s if the other prtiles do not exist X this is the indepedent sttering regimeF pigure IFS presents di'erent regimes of sttering in funtion of the prtile volE ume frtion nd the size prmeterF por medium size prtileD let us ssume QI the following vlues for respetively its dimeterD the wvelength @infrEred hereA nd soot volume frtion X d = 20 nmD λ = 534 nmD f V = 10 -6 F yne otins size prmeter x ≈ 0.1 whih is good order of mgnitude of suh prmeter for soot prtilesF sn pigure IFS the orresponding zone is within the independent sttering regimeF wore detils on dependent sttering regimesD either otined for igger prtiles or volume frtion re provided in the reE view of fillis nd dur @PHHHAF ditive models presented herefter re expressed in terms of e0ieny fE torsD ounting for sorptionD sttering nd extintionF hese quntities re respetively de(ned s X the prtiles re within the independent sttering regimeD the prtiles re desried y prtile size distriution n@AF he sorption oe0ient nd the sttering oe0ient of soot prtiles κ λ,soot re usully expressed in terms of wvelength λF hey re given y X

Q abs = 4C abs πd 2 Q scat = 4C scat πd 2 Q ext = 4C ext πd 2 @IFQTA goe0ients C abs D C scat D C ext = C abs + C scat re
κ λ,soot = +∞ 0 C abs (R)n(R) dR @IFQUA σ λ,soot = +∞ 0 C sca (R)n(R) dR @IFQVA
pinllyD we de(ne the phase function s the proility tht eletromgneti wve is sttered t given ngle θF fy de(nitionD it orresponds to the frtion of intensity sttered into diretion θ X

Φ(θ) = I scattered (θ) I incoming . @IFQWA he phse funtion is often normlized suh s X 1 4π 4π Φ(θ)dΩ ≡ 1 @IFRHA
he expression of the phse funtion depends on the onsidered modelF reneD to fully hrterize soot rditive propertiesD we need to determine the two rossEsetions oe0ients nd the phse funtion expressionF everl models n e enountered to tret rdition y spheril prtilesD under some ssumptions gthered in le IFQF qeometril optis nd nomlous di'rE tion theories will not e onsidered here s soot prtiles re not ful(lling the required ssumptions of suh pprohesF Part I -Radiative heat transfer modeling QQ 1.3.3.2 Mie's theory wie9s theory is the ext solution of the sttering prolem of n eletromgE neti wve trin trveling through medium with single sphereF e omplete review of this theory n e found in fohren nd ru'mn @IWVQAF he theory is sed on the resolution of wxwell9s equtionsF sn this seD the e0ieny ftors of sttering nd extintion re expressed in the form of the following series X

Q ext = 2 x 2 +∞ n=1 (2n + 1)R(a n + b n ) Q sca = 2 x 2 +∞ n=1 (2n + 1)( (a n ) 2 + (b n ) 2 ) @IFRIA
where a n nd b n re the wie sttering oe0ientsD otined using ittiE fessel funtions

ψ n (x) nd ζ n (x)D nd expressed s n he rulst @IWSUAX a n = ψ ′ n (mx)ψ n (x) -mψ n (mx)ψ ′ n (x) ψ ′ n (mx)ζ n (x) -mψ n (mx)ζ ′ n (x) b n = mψ ′ n (mx)ψ n (x) -ψ n (mx)ψ ′ n (x) mψ ′ n (mx)ζ n (x) -ψ n (mx)ζ ′ n (x)
@IFRPA with m the omplex refrtive index de(ned in the previous setionF yne my notie the sorption ftor is otined s di'erene of Q ext -Q sca F yne these oe0ients hve een lultedD e0enies ftors nd orresponding sorpE tion nd sttering oe0ients re derived using powerful lgorithms @wätzler @PHHPAAF he model lso provides formultion for the sttering phse funtionF e simpli(ed expressionD provided y ghu nd ghurhill @IWSSA is using vegendre polynomils whose oe0ients re diretly relted to a n nd b n F everl studies @heirmendjin et lF @IWTIAD uttwr nd lss @IWTUAD isE ome @IWVHAA pointed limittions of this theory in terms of omputtionl e0ienyF i0ieny of lultion dereses for inresing n whih uses omplete filure of the methodology for lrge size prtilesD sine mny terms must e lulted in the seriesF hue to the high omputtionl ost of suh methodD it is not 'ordle in ontext of gph lultionsF sn prtieD pproximte models re used instedF emong themD the widely used yleigh9s theory tht pplies for smll prtiles is presented herefterF 

Q sca = 8 3 m 2 -1 m 2 + 2 2 x 4 Q abs = -4I m 2 -1 m 2 + 2 x @IFRRA
where x is the size prmeterD m the refrtive index nd I the imginry prt opertorF sn this expressionD sttering y yleigh prtiles is very muh less importnt thn sorptionD sine x ≪ 1F he knowledge of the e0ieny ftors enles to derive the sorption nd sttering oe0ient needed for the rditive trnsfer equtionF Absorption coecient for soot particles :

κ λ,soot = +∞ 0 C abs (R)n(R) dR @IFRSA = - +∞ 0 8π 2 R 3 n(R) 1 λ I m 2 -1 m 2 + 2 dR @IFRTA introduing the volume frtion f V D de(ned s X f V = +∞ 0 4 3 π R 3 n(R) dR @IFRUA QS one otins X κ λ,soot = -I m 2 -1 m 2 + 2 6πf V λ @IFRVA
e refrtive index funtion E(m) is ommonly employed in the literture to desrie soot properties X

E(m) = -I m 2 -1 m 2 + 2 @IFRWA
ine m is funtion of λD the index funtion E(m) depends lso on the wveE lengthF yptil dignostis hve een mde to otin mesurements of E(m) nd therefore provided vlues of sorption oe0ient for soot in yleigh9s regimeF hese experiments were rried for di'erent types of )mes @di'usionD premixed lminr or turulentA using severl tehniques X thermometry ge @nelling et lF @IWWWAAD extintion mesurements @vee nd ien @IWVIAA or vss @viu et lF @PHHRAAF e omprison etween the di'erent studies is provided in wouton @PHIRAF sn our workD we onsider only two formultions @onstnt nd spetrlA for the optil index mD whih leds to only two formultions of E(m)F sing vlue of m a IFSU EHFSTiD the otined sorption oe0ient expression is κ λ,soot = 4.89f v λF vet us emphsize tht this expression sttes tht sorption QT Chapter 1 -Radiative heat transfer and soot radiative properties y soot prtiles is proportionl to the soot volume frtion nd inreses s λ is lowerF roweverD in n importnt numer of studiesD hoie of κ λ,soot = 5.5f v λ is reE tined @viu et lF @PHHQAD ji et lF @PHHVAD hng et lF @PHHWAD hemro et lF @PHIQAAF his result is from the study of fukius nd ien @IWUUA who reported verge sorption oe0ients for prtiulesD in nonEhomogeneous mediumF roweverD these mesurements were mde on polymers s olystyreneD plexigls nd helrin whih mkes their use in lminr )me studies questionleF sn order to ssess the impt of the optil index formultionsD hese two expressions of κ re ompred with the one otined using iqution IFQFP in pigure IFUD for soot volume frtion of IH ppmD orresponding to lssi vlue found in experimentl studies on oxil di'usion lminr )mes with etylene @ntoro et lF @IWVQAAF he sorption oe0ient expressions otined with fukius nd ien @IWUUA nd myth nd hddix @IWWTA present similr vlues in the whole rnge of wvelength onsidered ompring to ghng nd ghrlmpopoulos formulE tionF roweverD it n e oserved tht for the lowest nd highest wvelengthsD disprities oursD whih justi(es the interest in onsidering spetrl formuE ltion for the optil index m in this studyF 

σ λ,soot = +∞ 0 C sca (R)n(R) dR = F (m) 32π 4 λ 4 +∞ 0 V (R)n(R)R 3 dR in this expressionD nother refrtive index funtion ommonly employed F (m) is introdued X F (m) = m 2 -1 m 2 + 2 @IFSHA
pinllyD @A is the volume of the spheri soot prtile of rdius F he min dvntge of yleigh sttering theory is to provide simple exE pression of the sorption oe0ient whih is diretly proportionl the volume frtionF e little e'ort must e done to retrieve the sttering oe0ient X the particle size distribution n(R) is needed nd the integrl must e evluted numerilly in the generl se of polydispersion in the soot prtile sizeF

Phase function for soot particles :

pinllyD the phse funtion is otined y tking the limit of wie9s theory expression for x ≪ 1 nd m x ≪ 1D whih yields to X

Φ(Θ) = 3 4 1 + cos 2 Θ @IFSIA
his phse funtion presents severl interesting fetures due to the pproximE tion of yleigh9s model X the phse funtion is symmetriD the phse funtion does not depend neither on the size of the prtile nor the wvelength e ommon wy of displying the phse funtions is using polr representtion s shown pigure IFVF sn the se of isotropi stteringD the phse funtion is irleD whih shows the equiproility to stter in given diretionF he interest in suh representtion is tht it exhiits whether preferentil sttering is performed in given ngle X the left prt of the polr plot repreE sents backward scattering area while the right prt is forward scattering areaF por single nd smll spheresD it n e seen tht sttering presents moderte nisotropyF he previous results hve lso een otined for other geometril form suh s ellipsoids nd (nite ylinders @fohren nd ru'mn @IWVQA n he rulst @IWSUAA whih not limits the yleigh theory to single spheril spheresF st is QV Chapter 1 -Radiative heat transfer and soot radiative properties worthwhile to notie tht the yleigh pproximtion is usully inpplile when the size prmeter x is greter thn HFQ @homrovsky nd fillis @PHIHAAF o extend its rnge of pilityD enndorf @IWTPA nd lter glds nd emião @PHHIA hve ounted for high order terms of the wie seriesD onsidering gin x smll ompred to unityF 1.3.3.4 Planck-mean soot absorption coecient based on Rayleigh theory enother frequently invoked simpli(tion is the gryEgs modelF sn this seD spetrl properties suh s emittne re independnt of the wvelengthF reneD the spetrl dependene of the optil properties of the medium n e exE pressed y men vlues whih re verged in the entire spetrumF wo useful prmeters re de(ned ording to the optil thikness of the domin X the lnk men sorption oe0ient κ P @for optilly thin sesA nd the osselnd men sorption oe0ient κ R @for optilly thik sesAF QW sn the expressions ove I bν is the lkody intensity t given wvenumerνF por the ske of lrityD the sorption oe0ient is noted κ ν,soot to emphsize its dependeny to the wvenumerF pelske et lF @IWVRA derive the expressions of these oe0ients for prtiles in the yleigh regimeD under the wilneEiddington ssumptionF st ssumes tht the sorption oe0ient n e written s produt of two funtions X κ ν,soot (T ) = f (ν)g(T )F ine in the wie theory @nd in the yleigh regimeAD the sorption oe0ient κ ν,soot (T ) is proportionl to νD the funtion f is sE sumed to e νF he two otined oe0ients re expressed y X

κ P = +∞ 0 κ ν,soot I bν (T ) dν +∞ 0 I bν dν @IFSPA 1 κ R = +∞ 0 1 κ ν,soot
κ P = 3.83C 0 f V T C 2 @IFSRA κ R = 3.60C 0 f V T C 2 @IFSSA
where C 0 must e determined from the optil properties of the soot prtilesD nd C 2 the lnk9s seond onstnt @C 2 = 1.4388 10 -2 mFuAF feuse of the limited domin of pplition of the oe0ients κ P nd κ R @reE spetively for optilly thin nd thik mediA D ien nd pelske @IWUUA suggested to use n verge vlue to lulte rditive power for di'erent mediF

κ mean = 3.72C 0 f V T C 2 @IFSTA
essuming the prtiles re in the yleigh regimeD nd tht the optil index m is independent of λD the expression of C 0 is given y

C 0 = 36πnk (n 2 -k 2 + 2) 2 + 4n 2 k 2 @IFSUA
1.3.3.5 Rayleigh-Debye-Gans theory por prtiles whih nonEregulr geometryD solving the rditive prolem is exE tremely omplexD espeilly when sttering is tken into ountF he general Rayleigh-Debye theory is sed on division of n arbitrary shape into volume elementsD eh element is then treted s yleigh stterer exited y the inident (eldF st lso ssumes tht prtiles hve smll refrtive index m with respet to tht of mient mediumF ith these hypothesesD it is possiE le to derive somewht omplex expressions to fully determine the sttering (eld @fohren nd ru'mn @IWWVAA without ny limittion of prtile shpeF rtiles with suh optil index property hs een onsidered in the ook of woley @IWWRA for orgni prtiles in wterF Eciency factor and and absorption coecient for RDG theory :

he expression of the rossEsetion oe0ient is the sme s in the yleigh theoryD whih leds then to the sme formultion for the sorption oe0ient presented in etion IFQFQFQ X

Q abs = -4I m 2 -1 m 2 + 2 x @IFSWA κ λ,soot = -I m 2 -1 m 2 + 2 6πf V λ @IFTHA
his ehviour is expeted sine hq theory divides the domin into yleigh prtiles ting independentlyF Eciency and scattering coecient for RDG theory :

he hq theory provides more omplex expression for the sttering rossE setion e0ienyD nd is given y X

Q sca = m -1 2 x 4 π 0 G 2 (u)(1 + cos(Θ) 2 ) sin(Θ)) dΘ @IFTIA with G(u) given y X G(u) = 2 u 3 (sin(u) -u cos(u)) u = 2x sin( Θ 2 ) @IFTPA
yvisoulyD one Q sca is knownD the sttering oe0ient σ λ is determined using iqution IFQVF he quntity G is known s the form ftor X it represents the RI modi(tion of the intensity due to the size of the prtileF Phase function for RDG theory :

he sttering funtion is here more omplexF sts generl expression is given y X

Φ(Θ) = 2G 2 (u) 1 + cos 2 Θ ∫ π 0 G 2 (u) 1 + cos 2 Θ sin ΘdΘ @IFTQA
he previous results re only vlid for homogeneous spheresD with refrtive index lose to the unityD nd is t the sis of more omplex theories s we will disuss in etion IFQFRF 1.3.3.6 Validity of the RDG theory for spherical particles he previous models in their onstrution rely on ssumptions on the size of the prtile ndGor the optil index mF he ltter point is proly one of the most omplex s strong unertinty on this prmeter existsF woreoverD euse of their dependeny to the wvelength λD it is possile to enounter ses where suh ssumptions re no longer veri(edF prone nd oinson @IWTVA hve studied the rnge of vlidity of yleighE heyeEqns theories in funtion of the vlue of the size prmeter x nd the optil index mF hey onsidered se of single sphere hit y n eletromgE neti wve nd ompred eh theory with the ext wie theoryF he results of this study re displyed in pigure IFWF he ontours numers show the reltive error etween oth theoriesD with the re noted s orresponding to the lowest errors pplied on the e0ieny ftor Q scat @iqution IFTIAF hree distint res n e oserved X the zone sD on(ned to vlues of m lose to the unity nd extending to high vlues of x represents the rnge of vlidity of this theoryF his is expeted sine the min ssumption of hq theory is to onsider m lose to IF es m inresesD the mximum vlue of x drops quikly whih is lso pointed in the hq setion X the size prmeter x nnot e too lrgeF sn etion IFQFPD onstnt vlue of m is hosen nd gives module of IFS pproximtively for soot prtilesF sn pigure IFWD for stndrd vlues of x for soot prtiles @round HFIA one my oserve poor greement etween the two methods s we re in the re noted ssF st is importnt to rekon tht this study only onsiders spheril prtilesD whih is drsti simpli(tion for sootF sndeedD soot prtiles re known to e ggregtes @uöylü nd peth @IWWQAAF hereforeD it hs een neessry to develop other pprohes in order to tke into ount omplex soot morphologyD s presented in the next setionF RP Chapter 1 -Radiative heat transfer and soot radiative properties (1963). Region I corresponds to an error of less than 10% between RDG and Mie's theory. Region II corresponds to an error less than 100%, region III corresponds to an error greater than 100%.

Radiative properties for aggregates

fefore presenting the theories nd models desriing soot ggregtesD we rie)y introdue experimentl (ndings on soot ggregte struture these models rely onF 1.3.4.1 Experimental characterization of soot aggregates: diagnostics and morphology Experimental diagnostics : feuse of the smll soot prtiles sizeD lssi tehniques s mss spetrosopy nnot e used to determine soot volume frtionD prtile size distriution nd morphology propertiesF e minly (nd two type of experimentl dignostis used for soot prtiles X snEsitu mesurements whih exploit the intertion of light with prtiles in the omustion environmentF sn generlD these tehniques re nonE intrusiveF hese tehniques re importnt for the determintion of soot volume frtionD prtile nuletion nd growth kinetisF ixEsitu mesurements whih re intrusive nd gives etter informtion on the struture nd the morphology of sootF

The light extinction technique is (rst exmple of inEsitu mesurement nd is sed on omputing the light em trnsmission vi soot prtilesF his tehnique ssumes tht sttering is negligileD so the trnsmittne is diretly linked to the sorption oe0ient whih enles to determine the soot volume frtion f V D providing n expression for the optil index mF sf sttering nE not e negletedD studies s ng et lF @PHHSA re using orretion ftors in the reltionF his ftor depends on the mesured )me nd vries long its xisD nd is mesured using vight sttering tehniqueF Light scattering technique or lser di'rtion is very similr to the vser extintion tehniqueD ut the mesurement is not performed in the xis of the inoming lightF he prtile size distriution is here otined y mesuring the ngulr vrition in intensity of light sttered s lser em psses through the )meF fy nlyzing the sttering ptternsD it is possile to determine the size of soot prtiles X this shows the priml importne of sttering to hve ess to soot morphology propertiesF wore reent inEsitu tehniques hve een developed s the Laser Induced Incandescence or LIIF he prtiles re hit y lser nd quikly heted to out RHHHuF efter the lser pulseD y het ondutionD the prtiles re ooling k to their initil tempertureF rtiles re then emitting rditionD whih provides informtion on soot volume frtion nd prtile size distriuE tionF es highlighted in viu et lF @PHHTAD the vss signl deteted is tully iised y the sttering nd the sorption of the rdition y the prtilesF his tehnique lso needs lirtion y vser ixtintion methodD whih depends on the refrtive index m hosenD nd lso dds unertinty in the vssF ith these three tehniquesD otined dt re nlysed onsidering spheril prtiles @yleigh theoryA nd led to errors in rditive properties deterE mintionF yptil dignosti tehniques suh s vser ixtintion nd vser ttering re used to mesure soot volume frtion ut re limited on soot morphology informtion nd n only monitor soot formtion nd growthF wegridis nd hoins @IWVVA proposed nonEintrusive tehnique sed on thermophoreti smplingF oots ggregtes from n ethylene lminr )me re oserved in n eletroni mirosopeF his tehnique hve een improved y more reent studies @in et lF @PHHRA nd in et lF @PHHTAD ykyy @PHITAAF yne min dvntge of this tehnique is tht no lirtion is required ontrry to the other onesF sn pigure IFIHD the ggregtes struture of soot is ppreileD omposed of nerly spheril primry prtilesF xotle e'ets suh s the overlpping of primry prtiles re ouring nd must e tken into ount in rditive models for ggregtesF Aggregate description : he pplition of the previously presented dignostis enles to emphsize the ggregte struture of soot prtilesF hese ggregtes re hrterized y numer of primry prtiles n P with dimeter d P F ghrteriztion of the dimeter nd numer of primry prtiles hs reeived n importnt interestF ery reent work onduted in too et lF @PHIVA nd qigone et lF @PHIWA hs een fousing on olleting soot smples for di'erent pressures in lminr di'usion )mesD up to IT rsF st hs een shown tht the mximum primry prtile dimeter rehed ws out VH nmD regrdless the pressureF roweverD the evolution of the numer of primry prtile with the dimeter is strongly dependent on the pressure nd the height ove the urnerF he dimeters of the primry prtiles follow norml distriution s studied for etylene nd etylene uoynt turulent di'usion )mes y uöylü nd peth @IWWPAF his sttement is widely epted nd still in use in the ltest studies @viu et lF @PHITAD honer nd viu @PHIUAAF roweverD reent studies hve een rried y in et lF @PHHTA on o)ow lminr ethyleneGir di'usion )me usE ing iw imges on thousnds of ggregtes to otin sttistil distriution of prtilesF he omprison of the experimentl distriution with logEnorml lw showed the inility of the model to reprodue the experimentl resultsD doule lognorml model hs een proposed insted to improve ury of future lultionsF he numer of primry prtiles depends on the )me struture X in premixed )mesD ggregtes re formed y few tens of prtilesD unlike in turulent )mes where this numer n go up to thousnds of prtilesF roweverD regrdless the )me strutureD n universl nd well dmitted empiril lw desries the numer of prtiles @mson et lF @IWVUAD hoins nd wegridis @IWWHAD uri et lF @IWWQAD nd used in mny other studiesA s X

n p = k f ( R g r p ) D f @IFTRA
with n p the numer of primry prtilesD R g the rdius of gyrtionD r p the rdius of the primry prtilesD the frtl dimension D f nd the preftor k f F here is ommon greement in the vlues used for the frtl dimensionD s explined in ykyy @PHITAD who ompred the vlues of the empiril lw used for severl studiesF wost of D f vlues rnge etween IFT nd IFWD wheres k f rnges etween IFP nd QFSF hese di'erenes re due to more omplex mesurement of k f whih depends on the experimentl onditionsD prtile overlpping FFF while D f is universl to the mesurement methodF 1.3.4.2 Aggregates with spherical primary particles -RDG-FA model sn this setionD the extension of yleighEheyeEqns theory for prtlEeggregtes @hqEpeA is onsideredF he hqEpe pproh relies on yleigh9s theory for single spheril prtilesF his modelD proposed y hoins nd wegridis @IWWIA onsiders sorption nd sttering for frtl ggregtesF feuse of its omputtionl simpliity nd reltively low ostD this method is used in mny studies in order to ssess ggregte9s in)uene in optil mesurements @wurE phy nd hddix @PHHSAD viu et lF @PHHTA D on et lF @PHISA D viu et lF @PHITAAF he min ssumptions of originl hqEpe model re relled here X oot is frtl ggregte whom primry prtiles veri(es iqution IFTRD ih primry prtile is supposed to verify the hq onstrints @iquE tions IFSVA nd the yleigh hypothesisD xo internl sttering is onsidered within n ggregteD henomen suh s prtile overlppingD neking nd oting re neE gletedF he model provides then n expression for the sorption nd sttering oefE (ientsD nd the phse funtionF Absorption coecient for an aggregate : ine there is no multiple stteringD we hve the following result @hoins nd wegridis @IWWIAAX C abs,agg = n p C abs,p @IFTSA sn this equtionD the susript agg refers to the ggregte while p refers to the primry prtileF n p is the numer of primry prtile of the ggregteF sing yleigh9s theory @whih gives C abs,p AD the sorption rossEsetion of the ggregte is written s

C abs,agg = -n p I m 2 -1 m 2 + 2 4πx 3 p k ′2 @IFTTA
with x p the size prmeter of the primry prtileD n p the numer of primry prtilesDnd k9 a 2π λ the wve numerF elling the de(nition of the sorption oe0ientD we hve X

κ λ,soot = +∞ 0 C abs,agg (d)n(d)dd = +∞ 0 n p C abs,p (d)n(d)dd = - +∞ 0 6π λ I m 2 -1 m 2 + 2 n p π d p 3 6 v(d) n(d)dd = -6π λI m 2 -1 m 2 + 2 +∞ 0 v(d)n(d)dd = -6π λI m 2 -1 m 2 + 2 f V = 6πE(m)f V λ @IFTUA
st ppers tht the expression of the sorption oe0ient remins unhnged ompred to the lssi yleigh theory for single sphereF sn other wordsD the sorption oe0ient in the hqpe model does not depend on the morpholE ogy or size of the prtileF his is strong ssumptionD nd leds to inorret evlution of the sorption oe0ient @orresponding to n error of 10% in the sorption oe0ient @orensen et lF @PHIVAAAF eent improvements hve een done to orret suh oe0ient nd re presented in etion IFQFTF Scattering coecient for soot aggregates :

he hqEpe theory sttes tht the sttering rossEsetion oe0ient of n ggregteD C sca,agg is relted to the sttering rossEsetion oe0ient of single prtile C sca,p @given y the lssi yleigh theoryA y the following reltion X C sca,agg = n 2 p C sca,p g @IFTVA g is orretive ftor whih tkes into ount the frtlity of soot prtiles Part I -Radiative heat transfer modeling RU nd is given y X

g = ⎛ ⎝ 1 + 4k ′2 R 2 g 3D f ⎞ ⎠ -D f 2 @IFTWA
es previously mentioned for lssi yleigh9s theory for single sphereD there is not simple expression for the sttering oe0ient X the sttering oe0ient is evluted numerilly vi its integrl form @iqution IFQVAF Phase function for an aggregate :

he phse funtion for n ensemle of ggregtes n e de(ned y n integrl formultion involving the numer density funtion n(V ) X

Φ glob (θ) = V Φ agg (θ)n(V )dV @IFUHA
he stteringEphse funtion of prtiulr ggregte is de(ned y X

Φ agg (θ) = 4π C sca,agg C vv,agg (θ) + C hh,agg (θ) 2 @IFUIA
where θ is the ngle of stteringD C vv,agg nd C hh,agg re the di'erentil stE tering rossEsetionsF sn the hqEpe theoryD these two rossEsetions re given y X

C vv,agg (θ) = n 2 P C vv,part f qR g C hh,agg (θ) = n 2 P C hh,part f qR g C vv,part = C hh,part cos(θ) 2 = x 6 p F (m) k ′2
@IFUPA he struture ftor f n e seen s prmeter desriing the ngulr deE pendeny of the stteringF he sling pproh theory lso enles to provide formultion for the struture ftor f whih depends on the vlue tken y the produt qR g @with q = 4πsin( θ 2 ) 1 λ nd R g the gyrtion rdius lredy inE troduedA X

f qR g = exp ⎛ ⎜ ⎝ -qR g 2 3 ⎞ ⎟ ⎠ for qR g 2 ⩽ 1.5D f ( quinier regime ) f qR g = ⎛ ⎜ ⎝ exp(1) qR g 2 1.5D f ⎞ ⎟ ⎠ -D f 2
for qR g 2 > 1.5D f @owerElw regimeA RV Chapter 1 -Radiative heat transfer and soot radiative properties @IFUQA uh form ftor is not universlD nd severl expressions n e enountered in the literture @hoins nd wegridis @IWWIA D uöylü nd peth @IWWRA or ngD ruD nd uoylu @PHHSAAF viu et lF @PHIQA hve studied di'erent expressions of the form ftor nd ompred results from the hqEpe theory with n urte theory lled qenerlized wultiEwie model @rie)y presented in etion IFQFS A t given wvelengthF st ppers tht the upEtoEdte expression from ng et lF @PHHSA is the most urteF st will e retined in this work X

f = ⎛ ⎜ ⎝ 1 + 8 qR g 2 3D f + qR g 8 ⎞ ⎟ ⎠ -D f 8
@IFURA fy omining equtions IFTV nd IFUP nd inserting into iqF IFUID one otins the generl expression of the phse funtion for one ggregte X

Φ agg (θ) = 3f qR g (1 + cos 2 (θ)) 4 g(k ′ , R g ) @IFUSA
sn the se of f = g = 1D the expression of the phse funtion is stritly equl to the one otined in the lssi yleigh theory for sphereF hereforeD the rtio f g n e seen s orretive ftor tking into ount the ggregte morphology of soot prtiles on how the light is stteredF Comparison of RDG-FA method with exact solutions for aggregates he sg ext method developed y ssknder et lF @IWVWA is sed on the volume integrl eqution nd the method of momentsF st lultes sttering from luster of hined spheresF rene the ggregte is divided in spheril ells with uniform eletromgneti (eldsF e ontrol volume nlysis onverts the governing equtions to set of liner lgeri onesF e omplete study of this method hs een provided y xelson @IWVWAF st is lso possile to de(ne n equivlent sphere from the ggregte nd use wie9s theory with the sme volume s the ggregtesF his method is known s Mie scattering for an equivalent sphereF @orensen @PHHIAA e omprison of these three methods in terms of sttering ross setion hve een studied y uöylü nd peth @IWWQA nd pris et lF @IWWSA nd is disE plyed in pigure IFIIF yn pigure IFIID sg model @orresponding to the dotted lineA nd hqEpe pproximtion gives similr results for sorption nd sttering rossEsetion oe0ientF iquivlent sphere wie theory gives signi(nt error for lrge numE er of primry prtiles for sorption oe0ient underprediting y ftor P the normlized sorption rossEsetionF his limit shows the neessity for onE sidering frtl models when deling with ggregtesF he ury of hqEpe ompring to the sg tehnique hs lso een emphsized in the study of pris et lF @IWWSAF he hqEpe method o'ers good trdeEo' etween ury nd omputE tionl time nd is reltively esy to implementF por these resonsD this pproh is retined in our workF 1.3.5 Other methods : irregular geometries he previous methods @sgD hqEpeD iquivlent wie theoryA re vlid for ggregtes with monodisperse spheril primry prtilesF wore sophistited theories hve een developped for irregulr geometries nd re used to ssess the ury of the retined hqEpe model nd improves itF uhnert @PHHQAD ykyy @PHITA nd wishhenko et lF @PHIHA provided reE view of the di'erent methods ville when deling with rndom ggregtes geometryF edditionl informtion n e found in these three ppersF hese methods n e lssi(ed in two min tegories X Methods based on partial derivative equations whih lulte the stterE SH Chapter 1 -Radiative heat transfer and soot radiative properties ing (eld y solving the wxwell equtionF w @epertion of rile method in esno nd mmoto @IWUSAAD phh @pinite hi'erenes ime homin in ng et lF @PHHHAAD piw @pinite ilement wethod in goioli et lF @IWWTAAD ww @ointEwthing wethod in riedt nd gomerg @IWWVAA re some exmples of suh methodsD Methods based on integration over volume or surface of equations derived from the wxwell equtionsD in whih Ewtrix methodsD qenerlized wultiprtile wie method presented herefter re prt ofF he next setions im to present rie)y the two ext methods sed on urfe nd olume equtionsF ine these methods su'er from high omputtionl ostD n pproximte method nmed hisrete hipole epproximtion hve een developed nd is lso disussed herefterF

T-Matrix method

Ewtrix is surfe sed method deling with irregulr ggregtesD s proE posed y termn @IWUIAF sn the Emtrix methodD the inident nd stE tering (elds @given y the wxwell9s equtionsA re expressed in the form of series of spheril vetor wve funtionsF his pproh is nmed the Emtrix method when the expnsion oe0ients of the inident wve nd the stterE ing wve re onneted y liner trnsformtion lled EmtrixF he mtrix ontins ll the informtion on the prtile9s optil properties for given wveE length X diretionnl sttering is then provided nd n e used for optil dignostis suh s vss or vF roweverD this method su'ers from stilities issues for irregulr grinsD high spet rtio or lrge ggregtes @ykyy @PHITA nd referenes thereinAF sts omputtion time depends lso on the numer nd size prmeter of primry prtilesF ine wxwell9s eqution re linerD the superposition priniple enles to otin sttering informtion on ggregtes of sphere @wishhenko et lF @PHIHAAF roweverD this method is restrited to lusters of whih the enlosing spheres of the individul spheroids do not overE lp @gomerg nd riedt @IWWWAAF yverlpping properties will e disussed in the next setion nd must e tken into ount to predit rditive properties urtelyF Generalized Multiparticle Mie method (GMM) his method is n extension of the nlytil wie solutionD pplied on ggreE gtesD nd presents similr fetures with the Ewtrix methodF wore informE tion n e found in the development of this method y u @IWWSAF his exE tension is minly pplied for ggregtes of spheril prtilesD sine it is relted to wie9s solution for spheresD howeverD the theory is pplile to nonspheril ones @vin u nd qustfson @PHHIAD tquier nd qruy @PHHUAAF his method s the Ewtrix presents high omputtionnl ostF epproxiE SI mted methods hve therefore een developped nd ompred with qww theE ory @tquier nd qruy @PHIHAA suh s the i'etive efrtive sndex methodF Discrete Dipole Approximation (DDA) he hhe tehnique ws originlly developed y urell nd ennypker @IWUQA nd extended y hrine @IWVVA nd inguehrd @PHHWAF st enles to lulte the eletromgneti (eld di'used y n ojet with rndom shpeD sujet to n inidene eletromgneti wveF ditive properties re then derived from the eletromgneti (eld lultedF st onsists on disretizing the ojet into x osillting dipolesD whih must verify two onditions X the hrteristi size of the dipole should e smller ompred to the ttenution length of the inident wve inside the mteril nd the pth di'erene of the inident eletromgneti (eld inside the volume must e smller thn 2πF hrine uni(es these onditions to X m ka < 1F inguehrd @PHHWA ompred the results of hhe nd wie theory on silie nnoprE tilesF he results re similr for high vlues of λF es the wvelength eomes smllerD hhe predits signi(ntly inferior extintion oe0ients whih re in greement with experimentl vluesF o perform simultion using hhe for soot prtilesD it is (rst neessry to generte soot ggregte geometryF wo methods re widely used X prtileE luster ggregtion @geD in whih ggregtion is done only etween isolted prtiles nd lustersA nd glusterEgluster ggregtion @ggeD in whih ggreE gte etween lusters re llowedAF feuse of the rnge of frtl dimeter onsidered for soots @etween IFT nd IFVAD ykyy @PHITA stted the hvgge lgorithm is more suitle for soots studyF hhe method hs een ompred with ext methods in mny studies @roveE nier et lF @IWWTA D riedt nd gomerg @IWWVAD urkin et lF @PHHUA D nd more reently y ykyy @PHITAA nd disussed in the review of urkin nd roekstr @PHHUAF gomerg nd riedt @IWWWA ompred the hhe method with the qww method presented in the previous setionD simulting lusters of few spheresF sntensity re ompred in pigure IFIP for two spheres in the prllel nd perpendiulr rows to the inident wvelengthF he hhe pproh gives omprle results to the qww ext methodF hereE foreD this pproh is used s referene when ssessing the pility of the hqpe method to tke into ount more detiled phenomenD s shown in the next setionF he inlusion of multipleEsttering e'ets @xelson @IWVWAA in the hqEpe theE ory hs een studied y on nd oworkersD (rst for given wvelength @on et lF @PHHVAA nd then for whole rnge of wvelengths @on et lF @PHIRAAF he motivtion is to inlude suh e'ets on vight ttering experimentl digE nostisD whih rely on the hqEpe theory to determine ggregtes prmeters nd prtile sizeF he priniple of the method is to introdue orretive prmE eters whih re derived y (tting results of highEury lultionsF xmelyD the form ftor from the originl hqEpe theory ws twoEform expression depending on the vlues of qR g @see iqution IFUQAF he utEo' vlue Ξ is

1.5D f with D f the frtl dimensionF sn the new modelD it is now expressed SQ y X Ξ = 3C 2B @IFUTA
where g nd f re funtion of the wvelengthD the frtl prmeters k f nd D f introdued iqution IFTRD nd oe0ients otined y (tting hhe resultsF he lssi expression of the sorption oe0ient is modi(ed y introduing prmeter h lso sed on hhe lultions X C abs,agg = hN p C abs,p @IFUUA feuse of suh n expressionD the sorption oe0ient nnot e written s simple s the lssi formultion of iqution IFTUF he e'et of multipleE sttering @wA is omplex s it strongly depends on the wvelength nd the size of the ggregtesF st tends to inrese sorption e'ets for smll ggreE gtes nd high wvelengthsF w lso impts sttering sine the struture ftor f is impted X the mount of sttering light inreses when ggregtes re igger nd for lowest wvelengthsF yn the ontrryD for smllest ggregtes nd highest wvenumersD this mount deresesF

Overlapping and necking :

o frD soot ggregtes without intertion hve een onsideredF roweverD s shown on the tomogrphy in (gure IFIHD primry prtiles do intert with eh otherF hese intertions re of two ntures X etween primry prtiles @hrterized y two phenomenon X overlpping nd neking s displyed (gure IFIQA nd with the environmentD hrterized y the oting phenomenonF yverlpping hs reeived very reent ttention @ tohnsson et lF @PHIQADon et lF @PHISAD honer nd viu @PHIUAA sine this phenomenon is not tken into ount in gge lgorithmsF his phenomenon is hrterized y nonE dimensionl overlpping numer introdued in frsil et lF @IWWWAD C ov vrying etween H @no overlpA nd I @omplete overlp X the enter of the two prtiE les re in the sme positionAF he studies hve reported tht the overlpping SR Chapter 1 -Radiative heat transfer and soot radiative properties glolly redues the sorption oe0ient @for the smllest wvelengthsA nd mkes the sttering more isotropiF pigure IFIR shows the in)uene of overlpping in extintion oe0ient studied y on et lF @PHISA using hvge lgorithm to generte overlppingF st ppers tht overlpping dereses the oe0ient for smll wvelengths @round IH %A ut inrese it @round S %A for higher wvelengthsF sn the reent study y honer nd viu @PHIUAD overlpping is simulted y enE lrging the dimeter of originlly pointEtouh primry prtilesF yverlpping uses derese of the volume of the ggregteD whih uses derese in sorption oe0ient s oserved in oth studiesF st uses lso in the infrred n importnt inrese of sttering oe0ient whih is onsistent with the (ndE ings y on et lF @PHISA s shown in pigure IFIRF his inrese is due to the enhnement of multiple sttering tken into ount when onsidering overlppingF he neking e'et etween primry prtiles is simulted y dding neking mteril round the ontt reD using Qh levelEset funtionF imilr results s those for overlpping hve een underlinedD more informtion re provided in the studies y fesond et lF @PHIQA nd on et lF @PHISAF Coating :

efter emitted from omustion devieD soot during their ging proess intert with its environment nd n eome oted y orgni erosolsD wterD FFF SS he oting phenomenon hs een studied y viu et lF @PHITAD generting ggregtes using hvge lgorithmD dding overlpping nd neking @vi the Qh levelEset funtion de(ned oveA nd dding to these relisti ggregtes wekly soring mteril @ewA otingF st ppers tht oting inreses oth sttering nd soring oe0ientF he inrese in sorption oe0ient hve een oserved in experimenttions nd is known s lensing e'et @vk et lF @PHIQAAF sn the studyD results from hvge lgorithms nd equivlent wie sphere hve een ompredF wie9s theE ory lso predits the inrese of sttering nd soring oe0ients ut tends to overEestimte the otined vlues F sf more detiled tehniques s hhe re required in order to predit with ury soot rditive properties nd omE plex phenomen @otingD nekingD overlppingAD the hqEpe theory is lso le to tke into ount suh mehnisms using pproprite orretive ftorsF Polydispersity of the primary particles:

he hqEpe theory ssumes tht eh soot ggregte is omposed of n p priE mry prtiles with the sme dimeter d p F roweverD experimentl work hs shown tht primry prtiles dimeters within n ggregte n vry following logEnorml distriution @viu et lF @PHHTAD fesond et lF @PHIRAAF sn the study y viu et lF @PHISAD the Emtrix method presented in etion IFQFS is onsidered to ssess the impt of polydispersity on rditive properties of soot ggregtes nd were ompred with the originl hqEpe methodF he e'et of polydispersity is found to e smll for sorption ut importnt for stteringF e very reent study onduted in on et lF @PHIWA imed t inluding polyE dispersity of the ggregtes in the hqEpe theoryF sing hhe lgorithm s refereneD orretions on prmeter introdued in the extended hqEpe theory for multipleEsttering hve een proposed to tke into ount suh e'etsF 1.4 Soot radiation in CFD simulations 1.4.1 State-of-the art in the literature yn the one hndD the models desried in the previous setion hve een vliE dted nd hllenged using numerilly generted ggregtes with gret detilsF yn the other hndD rdition s het trnsfer mehnism hs n impt on temperture nd needs to e tken into ount in gph simultions to propE erly estimte therml (eldsF he ojetive of this prgrph is then to give short review of gph simultions rried out for lminr nd turulent )mes onsidering soot rditionF ristorillyD pioneer work on soot rdition in gph hs een onsidered using ST Chapter 1 -Radiative heat transfer and soot radiative properties yptilly hin essumption @yeA @uennedy et lF @IWWTAD winlly et lF @IWWVAD mooke et lF @PHHRAA for lminr o)ow di'usion )mesD mostly for omputtionl onstrintsF sn these studiesD setionl pproh for soot dyE nmis desription ws retinedD ut only informtion on soot volume frtion ws providedF uh studies used reltively lrge mehnisms suh s the qs mehnism @more thn RH speies nd PHH retionsA nd showed tht rdiE tion hs n importnt impt on temperture nd soot volume frtion vlues X negleting rdition inreses the pek temperture predited of round 100uF roweverD using ye underpredits the therml vlues otined in the simulE tions nd tends to underpredit the soot volume frtion @round ftor Q in the study y mooke et lF @PHHRAAF hese studies lso point the need for uE rte modelling of the urner lip s it will led to di'erent )me tthment nd then hve n impt on tempertureF he e'et of more detiled gs nd soot properties in lminr )mes hve een studied y viu et lF @PHHPAD viu et lF @PHHRAD nd more reently y horey et lF @PHIIA with Ih lminr premixed )mes nd hemro et lF @PHIQA onsidering di'erent grvity onditionsF hese studies re onsidering speE trl properties for soot nd gs phsesD with hywGwg resolution of the iD ut soot prtiles dynmis re desried using P equtions semiEempiril formultionF woreoverD the sttering y soot prtiles is not ounting forF rere ginD the impt on temperture of the di'erent rditive models is noE tiele @round 100u for di'erent fuels X ethyleneD methneA nd predited soot volume frtion peks re in good greement with experimentl dtF sn the study y viu et lF @PHHRAD temperture prediting long the enterline is underEestimted y round IHHuF his is ttriuted to the fuel preEheting e'et @the )me nhored t the lip will het the pipe whih in turn hets the fuelA negleted or the use of simpli(ed soot P equtions modelF uh model trnsports the soot mss frtion nd the soot numer densityF he inrese in omputtionl resoures hve led to n inresingly numer of studies of turulent sooting )mes onsidering rditionF ristorillyD most of the studies on soot rdition for turulent )mes hve een rried out using ex formultion @essé et lF @PHHPAD ng et lF @PHHSAD l et lF @PHISAA with simpli(ed soot desriptionF uh studies hve onduted oupled lulE tions withD respetivelyD wgD rw nd hyw methods for the i resolutionF wore detiled desriptions for soot dynmis hve een reently onsidered with the moment method @weht et lF @PHIHAA nd the setionl method @oE drigues et lF @PHIWAAF yn these turulent )mesD sttering y soot prtiles is negleted s wellF hese studies re rried t tmospheri pressureD fr from operting onditions enountered in mny industril enginesF SU sn sgEenginesD operting t pressures up to PHH rsD it is known tht rdition n go up to SH% of the totl het losses @formn nd xishiwki @IWVUAAF hese engines re fed with regultions on prtiulte nd xyx emissions nd need to e urtely preditedF sn erhm nd wgi @IWWUAD the hisreteEyrdinteE wethod hs een used to quntify rditive het trnsfer nd its impt on xyx emissionsX eounting for soot rdition redues the xyx emissionsD nd similr onlusions hve een found in oshikw nd eitz @PHHWAF eentlyD oupled lultions with more urte models for gseous rdition @pu methodA nd onsidering spetrl yleigh model for soot prtiles hve een rried out @ul et lF @PHIUAD ul et lF @PHIWAAF sn gsEturines pplitionsD there is little dt on soot prtile (eldsF everl numeril studies @pelden et lF @PHIVAD eng et lF @PHIWAD odrigues @PHIVAA hve een rried out on the hv ps omustion hmer test rig qeigle et lF @PHISA to study pressurized sooty )me t Q rs with numerous exE perimentl dt ville for vlidtionF xowdysD detiled informtion on soot prtiles @soot volume frtion f V D prtile size distriutionD morphologyA n e otined in gph studies thnks to the progress done on soot dynmis modellingF roweverD stteEofEtheErt studies ounting for soot rdition re only onsidering spetrl yleigh model without stteringD whih only requires the knowledge of f V F 1.4.2 Soot sectional description retained in this thesis sn this workD the hqpe model is onsidered to desrie soot rditive properE tiesF elling the expressions of the sorptionD sttering nd phse funtionsD the vlues of f V @the soot volume frtionA nd n(V ) @the numer density funE tionA is requiredF sn this workD f V nd n(V ) re otined vi soot setionl methodD previously developed nd vlidted in odrigues @PHIVAF he next prgrphs ims t introduing rie)y the pproh nd show it is omined with the hqpe modelF 1.4.2.1 Principle and denitions he setionl pproh onsists in dividing the rtile ize histriution @hA into di'erent lsses lled "sections"F hese setions re orresponding to given rnge of volume in whih soot relted quntities re lultedF sn this workD the disretiztion of the setions is the sme s in the originl method developed in odrigues et lF @PHIUAD nd is givenD for totl numer SV Chapter 1 -Radiative heat transfer and soot radiative properties of setions N sect D y X

v max i = v max 1 ⎛ ⎝ v M AX v max 1 ⎞ ⎠ ( i-1 N sect -1 ) @IFUVA with i ∈ 2, N sect -1 D v max 1 nd v M AX
the mximum volume of the (rst setion nd the iggest volume of soot prtileD respetivelyF he numeril ury of the method depends on the numer of setions used for the h disretiztionF sn eh setionD the h is ssumed onstntF he totl soot volume frtion n then e lulted in the setion

iD noted Q s,i is de(ned s X Q s,i = v max i v min i q i (v) @IFUWA
where q i (v) is the soot volume frtion density of the setion i whih is onstnt nd equls to q(v mean en importnt quntityD whih is used in the hqpe modelD is the prtile numer density n(v)F his quntity isD for setion i evluted for volume v @etween v min

i nd v max i AD given y X n(v) = q i (v) v @IFVHA
1.4.2.2 Link between the sectional method and RDGFA inputs he ojetive of this setion is to estlish the link etween the hqpe inputsD f V nd the setionl methodF Population Balance Equation solved by the sectional approach he setionl pproh solves the opultion flne iqution @fiAD for eh setionD whih n e written in terms of

Q s,i X ∂Q s,i ∂t + ∇ ⋅ (u + v T ) Q s,i = ∇ ⋅ D s,i ∇Q s,i + Qs,i @IFVIA
where u is the gs veloityD v T the thermophoreti veloityD nd Qs,i the soure termF sn prtiveD the eqution is solved in terms of Y s,i D the mss frtion reltive to the setion iD whih is linked to Q s,i y X

Q s,i = ρ ρ s Y s,i @IFVPA
reneD the fi eqution n e written with n dditionl simpli(tion s

∂ρY s,i ∂t + ∇ ⋅ ρ (u + v T ) Y s,i = ∇ ⋅ ρD s,i ∇ Y s,i + ρ s Qs,i @IFVQA
he soure termD Qs,i D desries the di'erent mehnisms relted to soot prE tiles9 dynmisF hese mehnisms re X the nuletion @whih is the ollision of two ig ersAD the ondenstion @whih is the ollision etween ig er nd soot prtileAD the ogultion @the ollision etween two prtilesAD the surfe growth nd the oxidtionF he orresponding expressions n e found in odrigues et lF @PHIUAF sn prtieD the setionl method gives the vlues of Y s,i for eh setion iD whih enles to lulte

Q s,i F Soot volume fraction he totl soot volume frtion f V is de(ned y X f V = ∞ 0 q(v)dv @IFVRA
whih n e lso written s X

f V = Nsect i=1 Q s,i = Nsect i=1 q i v max i -v min i @IFVSA
TH Chapter 1 -Radiative heat transfer and soot radiative properties sine q i (v) is onstnt within eh setionF reneD the soot volume frtion f V is dedued from Q s,i given y the fi resolutionF Number Density Function yne Q s,i is known vi the fi for eh setionD the soot volume frtion density q(v) n e found y X Q s

,i = q i v max i -v min i F henD n(v) is otined using iqution IFVHF
1.5 Conclusion sn this hpterD severl methods of resolution of the i hve een detiled nd their ssetsGdrwks emphsizedF sn this thesisD the i is hosen to e solved with wonteEgrlo solver X it is nowdys 'ordle for urte simultionsD with highlyEdetiled gs nd soot phses rditive propertiesF he nrrowEnd k model is retined for CO 2 nd H 2 O rditive propertiesD while the hqEpe pproh is retined for soot prtilesD sine it enles to tke into ount the omplex ggregte shpe of soot t n 'ordle ost with nlytil expressionsF sn gph studies ounting for soot rditionD sttering is negleted y invokE ing the yleigh theoryD whih pplies only for spheril prtiles nd strongly underestimtes stteringF hereforeD the sttering impt must e reevluE ted using the hqEpe theoryF sn this workD soot dynmis is desried y the setionl methodF his model provides informtion on prtile size distriution nd morphologyD whih re oth inputs needed to ompute sttering using the hqEpe modelF he next step is then to omine the setionl method used in gph with the stteEofEtheErt soot rditive model hqpe to urtely ompute soot rE ditive trnsfer in severl on(gurtionsF he implementtion of the sttering tretment in the rditive wonteEgrlo solver is disussed in ghpter PF he pplition of hqpe model in turulent on(gurtion is detiled in ghpE ter QF st is importnt to keep in mind thtD nowdysD unertinties remin in soot properties nd formtion mehnismsD whih n impt preditions of soot dynmis nd rditionF

Chapter 2

Accounting for high-delity radiative properties in a Monte-Carlo solver

In Chapter 1, we have presented dierent radiative property models that need to be considered to solve the RTE. Among the dierent RTE resolution methods, the Monte-Carlo (MC) approach is retained for its high accuracy. The objective of this chapter is now to present how such soot radiative properties can be taken into account in a Monte-Carlo (MC) solver. In a rst part, we briey introduce the existing Monte-Carlo approaches: forward, backward methods before presenting the in-house Monte-Carlo code RAINIER with its features in a second part. The MC approach, despite its high accuracy, has a slow convergence rate: acceleration techniques such as the Quasi-Monte Carlo method (QMC) have then been considered up to now for non-scattering media in RAINIER.

In a third part, we extend QMC methods to scattering media. This third part has been accepted for publication in the International Journal of Heat and Mass Transfer. sn this methodD series of photons is emitted from point of the omputtionl domin nd their history is tred until the photon is either soredD re)eted or leves the dominF he rditive power in ny ell i is written s the sum of the prt of the emission of ll the other ells j or fes sored y the ell i @P ea ji A minus the emitted power from the ell i @P e i A X

P F M i = Nv+N f j=1 P ea ji -P e i @PFIA
sn the se where j is ellD P ea ji is expressed yX

P ea ji = +∞ ν=0 P ea ν,ji dν = +∞ ν=0 4πκ ν T j I bν T j dV j × dA i 4πr 2 ×τ ν,r ×κ ν (T i ) ds i dν @PFPA
where I bν T j is the equilirium spetrl intensity t temperture T j , r the distne etween the two volume ellsD κ ν the spetrl sorption oe0ient nd τ ν,r the trnsmissivity of the olumn etween dV i nd dV j F he photon is hrterized y n initil lotionD diretion of propgtion nd spetrl TQ frequenyF heses vlues re rndomly piked ording to proility distriE ution @see etion PFIFQAF Backward Monte-Carlo :

he porwrd wonteEgrlo method is ine0ient if only informtion on smll portion of the domin @res of interestA is neededF sndeedD most of the photons emitted from the other ells j will not reh the ells within smll portion of the dominF reneD n importnt numer of smples re needed to hieve sttistilly meningful resultF he fkwrd wonteEgrlo @BMA ddressees suh issue y generting optil pths from the desired lotion @ell iAF henD the rditive power of our ell of interest i is omputed y onsidering the rditive power emitted y the other ells j tht rossed the photon leving i minus the emission of the ell i X

P BM i = Nv+N f j=1 P ea ji -P e i @PFQA
he expression of the rditive power t the ell i is the sme s the one otined for the porwrd wonteEgrlo pprohD ut the optil pths re only issued from the ell i of interestF

Reciprocity principle and Emission Reciprocity Method

he nonEreiprol methods re not dpted in optilly thik medi sesF sndeedD photons emitted in suh medi re quikly sored efore rehing wll preventing the lultion of hetE)uxes t the wllF e seond limittion is enountered for qusiEisotherml mediX in this seD the vlues of emitted nd sored power re quite similrF st implies tht the lultion of the rE ditive power @the di'erene etween emittedGsored powerA n e strongly 'eted if the sorption prt is 'eted y sttistil errorF o fe suh issuesD gherkoui et lF @IWWTA developed method lled eipE rol wonteEgrlo whih is sed on the reiproity prinipleF Reciprocity Principle he rditive power of ell i n e written s the sum of the exhnged powers P exch ij etween i nd ll the other ells or fes j X

P i = Nv+Ns j=1 P exch ij = - Nv+Ns j=1 P exch ji @PFRA
TR Chapter 2 -Accounting for high-fidelity radiative properties in a Monte-Carlo solver por volume ellsD for instneD P exch ij is de(ned sX

P exch ij = P ea ji -P ea ij = ∞ 0 P ea ν,ji -P ea ν,ij dν @PFSA
where P ea ν,ij is the spetrl rditive power emitted y volume i nd sored y volume jF he eiproity riniple n e written s X

P ea ν,ij I bν (T i ) = P ea ν,ji I bν T j @PFTA
he reiproity priniple enles to rewrite the exhnged power P exch ν,ij s di'erene of rditive intensities X

P exch ν,ij = τ ν,r κ ν (T i ) κ ν T j ds j I bν T j -I bν (T i ) dV i dΩ i @PFUA
pinllyD sine we need P exch ij to lulte the rditive power t the ell i P i @iq PFRAD iqution PFU is integrted over ll the frequenies nd diretions emitted from i X

P exch ij = +∞ 0 κ ν (T i ) I ○ ν T j -I ○ ν (T i ) V i 4π A ijν dΩ i dν @PFVA
where A ijν ounts for ll the pths etween emission from the ell i nd sorption in ny point of the ell jD fter trnsmissionD sttering nd possile wll re)etions long the pthsX

A ijν = Np m=1 τ ν (BF m ) α jmν @PFWA
where N p is the totl numer of rossing pf the ell j y given optil pth issued from the ell iD τ ν (BF m ) is the spetrl trnsmissivity etween the soure point B in the ell i nd the inlet point F m of the ell j, while α jmν is the spetrl sorptivity de(ned sX

α jmν = 1 -exp -κ ν T j l jm @PFIHA
sn this equtionD l jm is the length trveled y the photon within the ell j during its m -th rossingF he knowledge of the exhnged power etween the ell i nd j enles to ompute the rditive power P i of ell i X

P i = N ij j=1 P exch ij @PFIIA
Part I -Radiative heat transfer modeling TS imilrlyD the rditive hetE)uxes integrted on the surfe re S i D Φ i D n e omputed using X

Φ i = N ij j=1 Φ exch ij @PFIPA
where the exhnged )ux Φ exch ij etween surfe ell i of surfe S i nd volume ell j is given yX

Φ exch ij = +∞ 0 iν I ○ ν T j -I ○ ν (T i ) S i 4π A ijν cos (θ i ) dΩ i dS i dν @PFIQA
where θ is the ngle of the optil pth with the norml of the surfeF sn the imission eiproity wethod ERMD optil pths re generted from the desired lotion of the rditive powerD nd informtion sed on reiE proity priniple is tken into ountF uh method presents the ene(ts of the kwrd wonteEgrlo method s only the points of interest need to e omputedF his method is the one retined in this thesisF vet us note there is n equivlent of the porwrd wethod using the reiproity prinipleD nmed the esorption eiproity wethod @ARMA @see essé et lF @PHHPA for more detils on this methodAF sn the ERMD following the reiproity priniple derivtion @iqution PFIIAD the sttistil estimtion of the rditive power on the ell q of interest n e expressed y X

P ERM q = Nv+N f j=1 P exch qj @PFIRA
uh estimtion is otined y summing the ontriutions of the N q photon emitted from our point of interestD whih leds to the following expression X

P ERM q = P e q N q Nq n=1 Mn m=1 ⎡ ⎢ ⎢ ⎢ ⎢ ⎣ I ○ νn (T m ) I ○ νn T q -1 ⎤ ⎥ ⎥ ⎥ ⎥ ⎦ τ νn (BF m ) α jmν @PFISA
where m is the index orresponding to the numer of ells rossed y one phoE ton @heneD m = 1 is the ell qD m = M n is the lst ell rossed y the photonAF N q is the totl numer of photons emittedD nd P e q is the emitted power from the ell qF yne my notie thtD the rditive power exhnged etween two ells t the sme temperture is equl to HD while this is only sttistilly veriE (ed with the pwGfw methodsF TT Chapter 2 -Accounting for high-fidelity radiative properties in a Monte-Carlo solver uh propertyD dded to the g e0ieny of this method @s only points of interests needs to e onsideredA results in n urteD e0ient method whih is retined in this workF 2.1.3 Probability density functions for the ERM sn order to ompute suh rditive powerD propgtion diretion ∆ nd wvenumer ν needs to e stohstilly piked ording to proility density funtionsF elling the eqution for the exhnged power etween the ell i nd the other ells j @iqution PFVAD the expression n e rewritten X

P exch ij = P e i (T i ) ∞ ν=0 ⎡ ⎢ ⎢ ⎢ ⎢ ⎣ I ○ ν T j I ○ ν (T i ) -1 ⎤ ⎥ ⎥ ⎥ ⎥ ⎦ 4π κ ν (T i ) I ○ ν (T i ) P e i (T i ) A ijν dΩ i dν = P e i (T i ) ∞ ν=0 ⎡ ⎢ ⎢ ⎢ ⎢ ⎣ I ○ ν T j I ○ ν (T i ) -1 ⎤ ⎥ ⎥ ⎥ ⎥ ⎦ 4π A ijν f i (∆, ν)dΩ i dν @PFITA
where P e i is the volumetri power emitted in the ell iD f i (∆, ν) is the deE sired hpF wore spei(llyD sine the diretion nd the wvenumers re two independent eventsD we n split suh hp expression X

f i (∆, ν)dΩ i dν = f ∆ i (∆)dΩ i f ν i (ν)dν withX ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ f ∆ i (∆) = 1 (4π) f ν i (ν) = κν (T i )I ○ ν (T i ) ∫ ∞ 0 κν (T i )I ○ ν (T i ) @PFIUA
sn prtieD the spheril oordintes prmetriztion is suitle to determine the diretion ∆ whih is repled y two ngles X the polr ngle θ nd the zimuthl ngle ψ with their respetive hp X

f θ i (θ i ) = sin (θ i ) 2 f ψ i (ψ i ) = 1 (2π) @PFIVA
pinllyD the determintion of the wvenumerD the polr nd zimuthl ngles of the photon is done y piking three rndom numers etween H nd I @reE spetively R ν D R θ nd R ψ AD whih leds to the following reltions to inverse to determine νD θ nd ψ X

R ν = ν 0 f ν ν ′ dν ′ @PFIWA R θ = θ 0 f θ (θ i )dθ i = 1 -cos(θ) 2 @PFPHA Part I -Radiative heat transfer modeling TU R ψ = ψ 0 f ψ (ψ i )dψ i = ψ 2π @PFPIA
st is worthwhile to notie tht no rndom numer for the initil lotion is in ft piked up X the rditive power is tully diretly omputed t the node j of the rditive meshF 2.2 A Monte-Carlo code : RAINIER

Presentation of the original code

esxsi is wonteEgrlo solver for the i developed t iwPg @hng et lF @PHIVAD lluotto et lF @PHIWAD odrigues et lF @PHIWAD ermengol et lF @PHPHAAF sn the originl odeD only nonEsttering medi were tretedF he rditive power n e omputed either using iw or yptimizedEiw tehE nique @or yiwA @hng et lF @PHIVAAF he yiw onsists in modifying the spetrl hp to enhne onvergene in regions where sorption domintes emissionF usiEwonte grlo methods re lso implemented in esxsi in order to improve the onvergene of the wonteEgrlo methodD ut re limited for nonEsttering medium @lluotto et lF @PHIWAAF yne dvntge of the iw method is the pility to ompute only the points of interest @lled 4proes4A or spei( regions where the rditive power or )uxes re neededF he independent tretment of these points llows for high degree of slility nd ensures high performne of the solverF sn etion PFIFQD the expression of the exhnged rditive power nd the smE pling of rndom numers to generte ry @without stteringA hve een presentedF he pth tht the ry follows is treted with the energy prtionE ing method or pthElength method @prmer nd rowell @IWWVAAF he ry is grdully ttenuted long its pth y ftor e -κ∆l fter eh ell9s rossingD where ∆l is the pth length through one ellD nd fter eh wll re)etionF sn prtieD stopping riterion is givenX the undle is tred until it rries ertin perentge of its initil energy τ min F sn order to estimte the error in the wonte grlo simultionsD the totl numer of ry smples N is divided into M pksD yielding M sutrilsF por given pk iD the wonte grlo tril Q i (P ) is omputedD with P = N M the numer of rys in the pkF he wonte grlo estimte from the totl numer of rys

Q ( N ) is then given y X Q(N ) = 1 M M i=1 Q i (P ) @PFPPA
TV Chapter 2 -Accounting for high-fidelity radiative properties in a Monte-Carlo solver sn prtieD Q designtes either the rditive power or rditive )uxF he knowledge of Q(N ) nd Q i (P ) enles to estimte the stndrd devition of

Q(N ) s σ[Q(N )] ≈ ⎛ ⎝ 1 M (M -1) M i=1 Q i (P ) -Q(N ) 2 ⎞ ⎠ 1 2
@PFPQA he ury of the wonte grlo results is ontrolled thnks two onvergene riteri sed on the stndrd devition σ[Q(N )]X eltive errorX it is de(ned s the rtio of the lol stndrd devition to the lol quntity of interest @rditive power or )uxAF esolute errorX the stndrd devition is heked to e lower thn presried thresholdD typilly set equl to given perentge of the esE timted mximum vlue of the quntity of interestF yne one of these riterion is ttinedD the ry tring is interruptedF wo models for gseous properties re implemented X either gryEgs @with onstnt sorption oe0ient κA or the kEmodel for H 2 O nd CO 2 F sn this seD when wvenumer is pikedD the orresponding nd is then onsidered to evlute gseous rditive propertiesF por soot prtilesD only the sorption oe0ient given y the yleigh model for spheril prtiles is implementedF prom numeril point of viewD the omputtion of the rditive power is sed on solving the ditive rnsfer iqution @iA ounting emissionD sorptionD nd sttering phenomenF sn this workD the wonteEgrlo solver esxsi is onsideredF roweverD s emphsized in etion PFPD sttering is not tken into ount nd needs to e implemented in (rst stepF gomining sttering nd wonte grlo resolution is done in other reserh (elds suh s stellr oservtion @eest et lF @PHIUAD gshwell nd iverett @IWTHAD win et lF @PHHWAA or medil pprohes @predriksson et lF @PHHWAA F sn these studiesD severl tehniques of wonte grlo onvergene improvements hve een employedD sine the vrine due to the sttering ws importntF yne of these tehniques is known s the pored ttering @gshwell nd iverett @IWTHAA nd re using the ide of isingX the rndom numers re generted from proility density funtion @hpA q(x) insted of the originl one p(x)F he weight of the wonte grlo ry is then orreted y ftor 1 q(x)F his enles to redue the vrine of the wonte grlo estimte nd then hve etter estiE mtion of the rditive power or )uxF roweverD sine wonte grlo uture method is usedD the onvergene rte lw is known to e proportionl to N -1 2 with N the totl numer of rysD whih n keep the lultions ostlyF gonsidering highE(delity simultions of turulent retive )ows with wonte grlo method nd detiled soot rditive properties inluding sttering hs never een done eforeF st would reminD howeverD very ostly if the stterE ing e'ets to outline re smllF edditionl e'orts re needed to mke suh omputtions more 'ordleF everl strtegies n e enountered in the litertureF hen the origin of penlized onvergene is identi(edD vrine redution tehniques @peldik et lF @PHIIAD tuvel @PHHSAD furs nd wyer @PHIIAD he vtillde et lF @PHHPAAD whih pored ttering is prt ofD re of gret interestF eentlyD n lterntive smpling mehnism for numeril integrtion known s usiEwonte grlo @wgA hs een pplied to rditive energy trnsfer in prtiipting medi @lluotto et lF @PHIWADprmer nd oy @PHPHAAF uh methodologyD whih n e omined with ny other vrine redution tehniquesD improves signi(ntly the onvergene rte of the wonte grlo simultionF sn prtiulrD lluotto et lF @PHIWA hve used ndomized wg @wgA tht enles the sttistil estimtion of the results uryD nd hve demonstrted its inresed e0ieny in severl sesF wg simuE ltions of therml rdition hve een retined in reent oupled simultionsX diret numeril simultion of turulent jet @ermengol et lF @PHIWAA nd lrgeEeddy simultion of sooted jet )me @odrigues et lF @PHIWAAF hereforeD the next setions re fousing on X he implementtion of sttering in our wonteEgrlo odeD he improvement of the sttering tretment vi the ndomized usiE wonte grlo tehnique nd importne smplingF 2.3.2 Monte Carlo resolution of the RTE with scattering.

Standard stochastic treatment of scattering

he inier solver did not ount for sttering in previous worksF he impleE mented stohsti tretment of sttering omined with energy prtitioning for sorption nd iw follows the hh work of essé @PHHIAF he method does not modify the rditive power expressionD nd sttering events only orE responds to modi(tion of the diretion of the ryF o lrify the idesD let us onsider the prolem skethed in pigure PFIF en inoming ry displyed in red enters the ell from point uF ithout ny stteringD the ry exits the ell through the point u9F he point represents the lotion of the sttering eventD nd θ s the sttering ngleF @he sketh represents Ph on(gurtionD for prtil Qh sesD one need to dd the polr ngle φ s AF he ojetive is know to determine when the ry is sttered or notD the loE tion of the sttering event @point A nd the ngles whih de(ne the hnge of the diretionF

Optical thickness for scattering sn the wonte grlo methodD eh ry follows the stndrd iw until given distne determined y the ttriuted sttering optil thikness is rehedF e sttering event is then omputedF he optil thikness @for stteringA of eh ry is sed on rndom numer smpled uniformly etween H to I tht orresponds to vlue of umultive proility distriution funtion @c-pdf AF he sttering pdfD inditing the proility tht ry hnges its diretion 

etween s nd s + dsD is equl to X f s (s)ds = exp - s 0 σ ν s ′ ds ′ σ ν ds @PFPRA henD the umultive proility funtion @c-pdf A F s is de(ned y X F s (s) = s 0 f s (s ′ )ds ′ = 1 -exp - s 0 σ ν s ′ ds ′ @PFPSA
yne n de(ne n optil thikness for sttering

τ s = ∫ s 0 σ ν s ′ ds ′ D nd rndom numer R s @orresponding gin to vlue of F s A given y X τ s = -ln(R s ) @PFPTA
Determination of the scattering location vet N c e the numer of ells rossed y the ryD nd l i the length rossed y the ry in the iEth ellF he sttering event ours in the ell

N c if Nc ∑ i=0 σ i,ν l i > τ s F
UP Chapter 2 -Accounting for high-fidelity radiative properties in a Monte-Carlo solver he length l s from the ell entry point t whih the sttering tkes ple is determined y

l s = ∑ Nc i=1 σ i,ν l i -τ s σ N,ν @PFPUA
he knowledge of l s enles to retrieve the position of the sttering event F he rditive power exhnged etween the ry origin nd the ell N c is luE lted using the distne l s F Determination of the new direction et this pointD the new diretion is unknown nd needs to e determinedF he sttered ry is prmetrized y two new ngles θ s nd φ s de(ned in respet to the ry diretionF wo new rndom numers R θ nd R φ re smpled E ordinglyF heir de(nition depends on the sttering phse funtion ΦF sn this studyD isotropi sttering nd the hqEpe model for soot prtiles re onsideredF ssotropi sttering

φ s = 2πR φ cos(θ s ) = 1 -2R θ @PFPVA
enisotropi sttering with hqEpeF Φ is only funtion of θ @fF iquE tion IFUSAF

φ s = 2πR φ R θ = ∫ θs 0 Φ (θ) sin(θ) dθ 2 @PFPWA
yne the new diretion is knownD new sttering optil thikness is smpled nd the ry tring ontinuesF 2.3.2.2 Improvement of the methodology with forced-scattering yne issue with this stndrd methodology is tht the sttering riterion

N ∑ i=0 σ i,ν l i >
τ s n e rrely veri(ed in res with low sttering optil thiknessF gonE sequentlyD to hieve sttistilly meningful numer of sttering events in these regionsD signi(nt numer of smpling would e requiredD leding to n inrese in g ostF he ide of foredEsttering @gshwell nd iverett @IWTHAA is to limit the vlue tken y τ s to gurntee tht ry is sttered long its pthF iqution PFPT is then modi(ed nd eomes

τ s = -ln(R s (1 -e τ *
)) @PFQHA with τ * the totl optil depth long ry9s pth from the emitted point to wll of the dominF ine the physis hs een isedD the exhnged power fter sttering is orreted ordingly y ftor 1

1-e τ * F he quntity τ * is preEomputed t the point of emission efore the usul ry tring egins to determine the rditive power or )uxX fter the initil direE tion is rndomly genertedD the quntity τ * = N ∑ i=0 σ i,ν l i is lulted until the ry rehes wllF elthough this tehnique improves onvergeneD it inreses the g ost due to this dditionl ry genertionF o overome this di0ultyD n pproximtion of the quntity τ * is doneD y presriing τ * f ast ≈ σ emit,ν L max where L max is quntity expliitly hosen efore ny omputtionF sn prtieD it is set to e equl to the mximum length of the dominF σ emit,ν orresponds to the vlue of the sttering oe0ient t the emission pointF his tehnique will e referred to fast forced-scattering method in the followingF yne ry is stteredD s explined in the previous prtD new rndom opE til thikness is omputedF sn this seD the ove proedure is repeted y omputing τ * or τ * f ast from the sttering pointF 2.3.3 Randomized Quasi-Monte Carlo treatment of scattering 2.3.3.1 Quasi-Monte Carlo he usiEwonte grlo @wgA methodology hs een implemented nd vlE idted in the inier solver @lluotto et lF @PHIWAA for nonEsttering mediumF he wg tehnique relies on the use of lowEdisrepny sequenes insted of usul rndom numer genertorsF his enles to improve the rte of onvergene of the itertive methodF he onstrution of the lowEdisrepny sequene requires to know eforehnd the stohsti dimension of the prolemD whih mthes the dimension of the sequeneF he stohsti dimension orreE sponds here to the numer of di'erent rndom vriles to initilize nd tre ryF his requirement for the onstrution is fundmentlly di'erent from the lssil use of single rndom genertor tht provides @with given qulityA independent nd identilly distriuted @iFiFdFA smples for ll needed rndom vrilesF sn this workD ool sequene is usedF sts onstrution lgorithm follows the lgorithm desried in ool @IWUTAF he stohsti dimensionD i.e. the numer of di'erent rndom vrilesD is in generl unknown in wonte grlo simultions ddressing rditive het trnsferF his issue is ommon to ll wg methods nd hs not een studied in sttering mediF 2.3.3.2 Stochastic dimension and scattering por nonEsttering medium with di'use wll re)etionsD the sequene dimenE sion is here equl to d = 3 + 2r max F he numer 3 orresponds to the initil rndom numers piked up for the ry @wvenumer νD diretion ngles θ nd φAF r max is the mximum numer of di'use re)etions of ry whih n e determined s funtion of the wll properties @lluotto et lF @PHIWAAX ln(τ min ) ln(1-min ) where τ min nd min re the stopping ry riterion nd the miniml wll emissivity enountered in the simultionD respetivelyF pinllyD for eh re)etionD 2 rndom numers re smpled to de(ne the re)eted diretionF sn the se of sttering mediumD determining eforehnd the numer of stE tering events of ry is di0ult orD t estD umersomeX the di'erent (elds @tempertureD speiesD sootA re not homogeneous nd timeEvrying in oupled simultions involving hx or viF roweverD this knowledge is required efore ny omputtion to uild the orresponding lowEdisrepny sequeneF vet us denote s max the presried mximum numer of sttering events for ryF he dimension of the sequene is then equl to 4 + 2r max + 3s max when ountE ing for stteringF pour rndom vriles re now needed t the eginning of the omputtion with the dded sttering optil thikness to smpleF efter eh sttering eventD three rndom numers re smpledF ine the user hoie of s max ould e underestimtedD one n run out of smples in the wg sequeneF wo strtegies re then onsidered to del with stteringX Hybrid-RQMC methodX wg smples re onsidered for emission nd wll re)etions only @d QM C = 3 + 2r max AY sttering is fully treted with stndrd wonte grlo pprohF Full-RQMC methodX the wg method is used for emissionD wll re)eE tions nd sttering up to s max events @d QM C = 4 + 2r max + 3s max AY when s max is rehedD dditionl smpling swithes to stndrd rndom genE ertorD i.e wonte grlo method insted of wgF he wg onept whih extends the wg method is introdued elowF sn the (rst strtegy @Hybrid-RQMC AD wg only ene(ts to the (rst prt of the rys tring where the stohsti dimension is known with ertintyF sn the seond strtegy @Full-RQMC AD wg smpling is used up to the initilly (xed full stohsti dimensionF feyond s max D we hoose not to interrupt the ry tring not to is the omputed resultsD nd the solver relies then on stndrd wg smplingF 2.3.3.3 Accuracy monitoring gompred to wonte grlo simultions nd the ssoited entrl limit theoremD the wg method uses deterministi sequene whose points re not independent nymoreF gonsequentlyD wg does not provide wy to estimte the errorD whih prevents ny ury ontrol of the omputtionsF sn order to hve E ess to the errorD the lowEdisrepny sequenes n e rndomized @v9iuyer nd vemieux @PHITAAD resulting in ndomized wg @or wg pprohAF US sn this pprohD M trils of lowEdisrepny sequenes re uiltD eh omE posed of P reliztionsF ih sequene is rndomized version of the originl lowEdisrepny sequeneD whih ensures the independeny etween eh of themF his enlesD following equtions PFPP nd PFPQ to hve ess to the stndrd devition of the wg estimtor of our quntity of interestD y X

σ Q RQMC (N ) 2 ≈ 1 M (M -1) M i=1 Q QMC i (P ) -Q RQMC (N ) 2 @PFQIA where N = M P is the totl numer of reliztionsD Q RQMC (N ) = 1 M ∑ M i=1 Q QMC i (P )
is the wg estimtor of the quntity of interestF hen onsidering usiE wonte grlo simultions in the followingD only wg omputtions re E tully rried outF his is of gret interest in prtil simultions where onE theE)y ontrol of the ury is desiredF pinllyD the onvergene rtes of the di'erent methods n e qunti(ed identilly sed on the evolution of the estimte9s stndrd devition with the totl numer of smples N F vooking t eqution PFQID the hoie of the numer of trils M is importntD s it must e lrge enough to provide sttistil meningful errorF sn the litertureD minimum vlue of M dmitted in IH @vemieux @PHHWAAF roweverD it hs een shown in lluotto et lF @PHIWA tht wg methods onverges with M -1 2 P β with β > β M C = 1 2F hereforeD it is more interesting to inrese the numer of reliztions P insted of M to hieve etter onvergene rteF he hoie of P nd M re then not trivilF por eh se presented in this workD vlues of M D P nd N re then mentionedF 2.3.4 Validation and assessment of convergence properties in a homogeneous gray medium 2.3.4.1 Test case ell the lultions rried out in this setion ssume uniform gry rditive properties nd isotropi stteringF yther vlidtion ses enountered in the literture hve mostly een relized in these onditionsF he hosen vlidtion se is tken from the study of iegel @IWVUAF e Ih domin with uniform temperture of 1000 u nd gry rditive properties is onsideredF wo lk wlls t 300 u surround the dominF he medium is hrterized y n extintion optil thikness τ L = (κ + σ)L with v the domin lengthD nd n ledo ω = σ κ+σ F unowing these two quntitiesD the rditive properties of the medium re ompletely desried y σ = ωτ L L nd κ = τ L L -σF he wll emittne is de(ned s the rtio ϕr ϕ black with ϕ r the wll rditive het )ux nd ϕ black the orresponding lk ody wll )ux t the given wll temE pertureF iegel @IWVUA hs reported emittne vlues tht llows for vlidting the present implementtion of sttering in the inier solverF UT Chapter 2 -Accounting for high-fidelity radiative properties in a Monte-Carlo solver 2.3.4.2 Validation of the standard scattering treatment he stndrd wonte grlo tretment of sttering desried in eF PFQFPFI nd dded in the inier solver is here ssessed on Qh ui domin L x × L y × L z with L x = L y = L z = 0.2 mF he xExis orresponds to the wllEnorml direE tionF he domin is disretized on strutured meshX N x = 100D N y = 100D N z = 10F he wg kwrd method enles the omputtion of the points of interest loted t the left nd right wllsF eriodi oundries re pplied to the four other wllsF he error ontrol is set suh tht the reltive error on the omputed )ux is 1%F ine the error is (xed hereD the numer of rys is llowed to vry until the error is rehedF por this vlidtion seD the numer of pks M is set to IHHF ttering is here treted with the Hybrid-RQMC methodF he results otined with the inier solver re ompred with the study of iegel in pigure PFPF st n e oserved tht the mount of het )ux impinging the wll diminishes s the ledo inresesF sndeedD the medium stters more energyD whihD fter sorptionD does not reh the wllF hen the totl optil thikness inresesD the normlized het )ux inreses euse the medium emits more energyF he otined results re in exellent greement with iegel9s workD whih vlidtes the implemented methodology to del with sttering in the rdition solverF 2.3.4.3 Comparison of dierent methods sn the previous setionD ontrolled error hs een presriedF he ojetive of this setion is to pply severl tehniques to ompre the onvergene of the lultionsF he g time is diretly relted to the numer of rys required UU to hieve the presried uryF 2.3.4.3.1 Validation he following methods re onsideredX he hybrid-RQMC se used for the vlidtion of stndrd sttering in etion PFQFRFP @wg for sorption nd emissionD wg for the stterE ingA he Standard forced-scattering @pA seF sn order to ssess the vlidity of the methodD sorptionD emission nd sttering re treted with stndrd wg pprohF he Fast-forced-scattering @ppA seD with mximum length is preE sried to L max = 0.2 mD whih orresponds to the size of the dominF e lssil wg pproh is lso used here for the rndom numer generE tionF he full-RQMC se where sttering is lso treted using wgF por this omputtionD vlue of s max = 50 is hosen in order not to 'et the otined resultsF his hoie yields ool sequene dimension of ISRF he numer of trils M is set to IHHD nd the sme onvergene riteri re presried to ll ses for the solute nd reltive stndrd devitionF he otined results re shown in pigure PFQF he di'erent methodologies give identil resultsD whih is expeted with the ontrolled errorF his vlidtes their implementtionF 

Convergence performance : tests with xed number of rays

sn the previous setionD the numer of rys ws llowed to vry sine n error riterion ws presriedF he di'erent methods do not tke the sme ompuE ttionl timeF edditionl omputtions re performed y lulting the error of ll the methods for (xed numer of rys to ssess the improved methods9 onvergene performneF he error is ssessed with eh method9s stndrd devition for their estimtion of the wll rditive )uxF he se with optil thikness τ L = 0.2 nd ledo ω = 0.3 is (rst onsideredF he four methods ompred in etion PFQFRFQFI re onsideredF he numer of trils M is (xed t IHH for orret estimtion of the stndrd devitionF s max = 50 is set for the full-RQMC omputtionF en dditionl method where emissionD sorptionD nd sttering @stndrd tretmentA re ll treted vi trditionl wonte grlo pproh is lso exhiited for refereneF his method is referred to s Standard-MCF sn pigure PFRD the methods exhiit di'erent urves of reltive stndrd deviE tion s funtion of the totl numer of rys N F por lrges vlues of N D the symptoti onvergene lw is outlinedF hree trends n e oserved in pigure PFRF por the ses with stndrd wonte grlo tretmentD Standard-MC, SFS nd FFS sesD the lssil N -1 2 onvergene lw of wg methods is retrievedF yne n note tht the errors hieved for these ses re similr hereF his is ttriuted to the hosen onditions @optil thikness nd ledoA where stE tering is not dominntX SFS nd FFS do not inrese the onvergene in this seF hen full-RQMC tretment is onsideredD the onvergene rte is gretly improved @up to HFVAD nd the lowest error is otined with this methodF ypE illyD if one requires reltive stndrd devition of 10 -3 D pproximtively 10 4 rys need to e omputed for the wg methodD while 10 5 rys re reE quired for the stndrd wg methodD whih sves n importnt g timeF he di'erene inreses s the desired error re loweredF ith hyridEpproh @Hybrid-RQMC AD the error nd orresponding onvergene lw re inEetween the Standard-MC nd full-RQMC sesF he powerElw exponent is slightly 'eted here y the stndrd wg tretment of stteringD limiting the hieved errorF e seond se with τ L = 1 nd the ledo ω = 0.7 is onsidered to see how the previous results re 'etedF he numer of mximum sttering hs een inresed to s max = 250 for the full-RQMC method not to 'et the onvergene lw resultsF esults re presented in pigF PFSF rere ginD Standard-MC, SFS nd FFS methods exhiit 1 2EonvergeneE rte lwF SFS and FFS methods perform slightly etter thn the Standard-MC method when looking t the otined reltive stndrd devitionF sn this on(gurtionD the sttering phenomenon is dominnt ut ours oftenF reneD foring the ry to stter hs little impt on the error thn the Standard-MC method without foredEstteringF he full-RQMC onvergene rte is rely 'eted ompred to the se with n ledo equls to 0.3 nd still outperforms ll the methodsF pinllyD the Hybrid-RQMC onvergene rte eomes loser to 1 2D whih onE (rms tht the wg sttering tretment limits the onvergene rte of the hyrid methodF he full-RQMC pproh ppers more interesting s its onvergene properties re less sensitive to the weight of stteringF e third se is (nlly onsidered to emphsize the e'ets of fstEforedEsttering y onsidering n optil thikness τ L = 0.1 nd n ledo ω = 0.9F sn this onE (gurtionD the rditive wll )ux strongly depends on stteringD while the sttering event proility is lowF reneD the foredEsttering tehnique is expeted to lessen the reltive stndrd devition in suh se signi(ntlyF his is indeed oserved in pigF PFTF elmost ten times more reliztions re needed for the stndrd wg ompuE ttion to hieve IH -4 reltive errorD demonstrting the ene(ts of the fst foredEsttering @ppA tehnique in suh onditionsF st n e oserved tht the stndrd foredEsttering tehnique @pAD gives similr results thn the ppD ut with n inresed g time due to the genertion of τ * s explined in etion PFQFPFPF he ene(ts from the fstEforedEsttering tehnique is quite low sine stE tering lredy ours often in this ondition @τ L = 1D ω = 0.7AF reneD the three methods re lso onsidered with τ L = 0.1D ω = 0.9 in order to emphsize pp e'etsD nd re presented pigF PFVF st is oserved tht the wg tehnique enles gin to enhne the onvergene rteF por the studied onditionD omE ining wg with the pp tehnique hieves greter improvement thn in the forementioned onditionsF he results in pigF PFV re shifted downE wrdsD nd the onvergene rte exponent is similr to the one otined in the Full-RQMC seF 2.3.4.4 Impact of the value of s max on the performance of the full-RQMC method sn the previous setionD the performne of the full-RQMC se hs een sE sessed for di'erent onditions with pproprite vlues of s max F his prt9s

ojetive is to a-posteriori justify the hosen vlues y studying the otined onvergene rte for severl vlues of s max F he wonte grlo omputtionl VP Chapter 2 -Accounting for high-fidelity radiative properties in a Monte-Carlo solver Accurate quantication of soot scattering contribution in a turbulent jet ame

In the previous chapter, a methodology accounting for scattering combined with a Quasi-Monte-Carlo approach has been exposed and validated on homogeneous slabs. The objective of this chapter is to apply this approach to an heterogeneous conguration : a turbulent sooty jet ame. In a rst part, the retained soot radiative modeling (RDG-FA) is validated and compared in a simple 3D domain with literature data.

In the second part, the methodology is applied to instantaneous elds of the turbulent jet ame. These elds have been obtained from a previous coupled calculation with a Large Eddy Simulation solver. Improvements in terms of convergence rate and number of realizations required to reach a given error are emphasized. The impact of scattering in this conguration is then investigated. Finally, global metrics are developed to a-priori evaluate the impact of scattering in a given conguration. 

Gaseous radiative properties

ynly the rditive properties of gy 2 nd r 2 y re onsideredF he u modelD sed on updted prmeters from ivière nd ou(ni @PHIPAD is used to desrie the gs rditive propertiesF por r 2 yD RR spetrl nds re onsidered up to WPHH m -1 F gy 2 sors rdition in IU of these ndsF por eh gseous omponentD UEpoint quss qudrture is used per ndF sn the IU overlpping ndsD RW qudrture points re usedF he u dtse is then mde of IHPP pseudoEspetrl pointsF 3.1.2 Soot radiative properties e totl of WQ spetrl nds up to PW HHH m -1 re dded into the uEmodelF oot rditive properties depend on their optil properties nd their morpholE ogyF sn this studyD the intertion phenomenon etween primry prtiles of n ggregte suh s overlpping or neking @on et lF @PHISAA re negletedF 3.1.2.1 Soot optical properties he omplex index of refrtion of soot prtilesD noted m = n -ikD hrterE izes soot optil propertiesF he rel prt n is the refrtive indexD nd the imginry prt k is the sorptive indexF sn the litertureD two models re mostly enountered for n nd k X onstnt formultion s proposed in myth nd hddix @IWWTA nd wvelength dependenyF he seond model is here retinedD given y ghng nd ghrlmpopoulos @IWWHAX n(λ) = 1.811 + 0.1263 ln λ + 0.027 ln 2 λ + 0.0417 ln 3 λ k(λ) = 0.5821 + 0.1213 ln λ + 0.2309 ln 2 λ + 0.01 ln 3 λ @QFIA 3.1.2.2 Soot morphology he retined model for soot morphology onsiders soot prtiles s spheril elow given volume V LIM nd s ggregtes otherwiseF hese ggregtes re VW hrterized y numer of primry spheril prtiles n P of dimeter d P F hese two quntities re given y the following reltions X

n P = S 3 36πV 2 d P = 6V S @QFPA
where S is the ggregte surfeD nd V its volumeF sn order to lose these reltions reltion etween the surfe nd the volume of n ggregte is requiredF he sme lw s in odrigues @PHIVA is retined X the model hs een derived y (tting numeril results otined on Ih lminr premixed ethylene )mes @lenuh et lF @PHISAD wueller et lF @PHHWAAD leding to

S = ⎧ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎩ V V C 2 2 3 S C 2 for V < V LIM V V C 2 θ(V ) 3 S C 2 for V > V LIM @QFQA with S C 2 = 0.372 nm 2 nd V C 2 = 0.021 nm 3 the surfe nd volume of moleule omposed y two toms of ronF he limit volume V LIM is equl to 10 2.6 nm 3 F θ(V ) is given y X θ(V ) = 3.0 ⋅ log V V LIM + 2 3 ⋅ log V LIM V C 2 log V V C 2 @QFRA
3.1.2.3 Rayleigh-Debye-Gans theory for Fractal Aggregates he yleighEheyeEqns theory @hqEpeA derived in hoins nd wegridis @IWWIA nd uöylü nd peth @IWWRA extends the yleigh theory for spheril prtiles y ssuming n ggregte shpe for sootF en ggregte is omposed of n ensemle of monodisperse spheril primry prtilesF he model ssumes tht the soot optil refrtion index m = n -ik is lose to unity nd tht the size prmeter x P = πd P λ is smller thn unityF elthough these ssumptions re questionleD espeilly for low vlues of λD hqEpe yields to resonle desription of sttering properties s disussed in ghpter IF Soot absorption coecient he sorption oe0ient is omputed using iqution IFTUF he optil index m is lulted vi iqution QFIF WH Chapter 3 -Accurate quantification of soot scattering contribution in a turbulent jet flame Soot scattering coecient he soot sttering oe0ient is de(ned y the following expressionX

σ soot λ = +∞ 0 C scat,agg (V )n(V ) dV @QFSA
he omputtion of C scat,agg is done following iqution IFTVF D f nd k f re the frtl prmetersD (xed in the simultionsD respetively to IFV nd IFQD suh s in the hqEpe theory @hoins nd wegridis @IWWIAAF Soot scattering phase function he phse funtion is omputed using iqution IFUS for n ggregteF he phse funtion for n ssemly of ggregtes is then given y the integrl forE multion @iqution IFUSAF 3.1.2.4 Discussion on phase function patterns for an aggregate pigure QFI ompres the phse funtions otined with the hqEpe modelD using iqF IFUS @lue lineA nd the yleigh model @red lineAF he onsidered ggregte is omposed of n P = 256 primry prtilesD with three di'erent dimE eters d P X I nm @leftAD IH nm @enterAD SH nm @rightAD t (xed wvelength of SQRnmF hese onditions orrespond to size prmeter x respetively equls to HFHHT D HFHT nd HFQF vet us notie tht the hqEpe ssumption is vlid sine the size prmeter is lower thn I for the three ses onsideredF es expetedD the disrepny etween the two models inreses with the size of the primry prtile dimeterF he polr representtion exhiits the ehvior of the sttering phse funtionD i.e. the proility to e sttered in given diretionF he hqpe model for the iggest prtiles tends to predit strong forwrd stteringF por smller prtiles enounteredD the sttering phse funtion ptE tern tends to e similr to the one otined with the simple yleigh regimeF e ommon prmeter to desrie the forwrdGkwrd sttering of one gE gregte is the symmetry ftor GD de(ned y X

G = 1 4π 4π Φ agg (θ) cos θdΩ @QFTA
sn the se of hqEpeD this symmetry ftor n e written s X G = 1 2 π Φ agg (θ) sin θ cos θdθ @QFUA WI his ftor vries etween EI @pure kwrd stteringA to CI @pure forwrd stteringAF por eh sesD the vlues of G re respetively X gse I @d p a I nmA X G Rayleigh = 0 @symmetri pttern for yleigh regimeA nd

G RDGF A = 0.004F gse P @d p a IH nmA X G RDGF A = 0.031 gse Q @d p a SH nmA X G RDGF A = 0.76
he evolution of the symmetry ftor with the dimeter G is onsistent with the inrese of the forwrdEsttering ehviorF uh forwrdEsttering hs lso een oserved experimentlly @einert et lF @PHHQAAD nd with ggregtes numerilly generted @viu et lF @PHIQAAF he overll e'et of sttering is not only linked to the phse funtion nd the symmetry ftor ut lso to the sttering oe0ient σF feuse the exE pressions etween yleigh nd hqpe di'ers for the sttering rossEsetionD the resulting σ is di'erentF en interesting metri to quntify suh e'et is the ledoD de(ned s X ω a σ κ+σ F por the three ptterns presented pigure QFID the ledo is respetively X gse

I @d p a I nmA X ω Rayleigh = 3 × 10 -4 nd ω RDGF A = 0.1 gse P @d p a IH nmA X ω Rayleigh = 4 × 10 -2 nd ω RDGF A = 0.6 gse Q @d p a SH nmA X ω Rayleigh = 0.8 nd ω RDGF A = 0.95
hese vlues hve een lulted using soot volume frtion vlue of f V = 10 -5 F st n e oserved thtD lthough the sttering pterns re similr @se I nd PAD the ledo strongly di'ers to the the di'erene of sttering rossE setion expressionsD thereforeD the impt of sttering n e importntF and RDG-FA theory (blue line) for a given aggregate with 3 dierent primary particle diameters d p = 1 nm (left), 10 nm (center) and 50 nm (right). The wavelength is xed at 534 nm.
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vet us rell tht the previous disussion is rried out t (xed wvelengthF roweverD the phse funtion is lso strongly dependent on the wvelengthF sn pigure QFPD phse funtions re ompred t (xed dimeter of primry prtiles d P = 10nm t λ = IHHD UUS nd IHHH nmF elthough the se t IHH nm is unrelisti in prtieD it is onsidered s 4limit4 sitution where sttering eomes very importntF and RDG-FA theory (blue line) for a given aggregate with 3 dierent wavelengths λ = 100 nm (left), 775 nm (center) and 1000 nm (right).
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st n e oserved tht hqpe tends to the yleigh pttern when the wveE length is inresed @s the size prmeter x = πd P λ is eoming smll @from left to right X x = 0.314D x = 0.04D x = 0.03AF por eh seD the symmetry ftor is given y X gse I @λ a IHH nmA X G Rayleigh = 0 @symmetri pttern for yleigh regimeA nd G RDGF A = 0.9F gse P @λ a UUS nmA X G RDGF A = 0.21 gse Q @λ a IHHH nmA X G RDGF A = 0.11 rere ginD the vlues of G well desries the strong forwrd sttering oserved for low wvelengthsF pinllyD the ledo is lulted for eh se X gse I @λ a IHH nmA X ω Rayleigh = 0.97 nd ω RDGF A = 0.98 is omputed nd verE ged for severl points on the midEplne of the dominF st is shown in pigF QFR s funtion of the spetrl wvelengthF he (gure illustrtes the known e'et of soot stteringD whih inreses drstilly for smll wvelengthsF foth numeril results re very loseF he error rs @0.5%A ssoited with the simultion with sttering re lso shown round the preE dited urveF por high wvelengthD sttering e'ets diminishD whih requires n urte ontrol to e pturedF xegligile di'erenes etween the predited pro(le nd results in iymet et lF @PHHPA re ttriuted to remining sttistil noise in the present results outlined y the error rsD nd numeril errors in the hisrete yrdintes wethod lultion of the originl studyF st this importnt to rell tht the formEftor nd optil index m expressions onsidered in the following re not the sme s the ones used in the vlidtion seF sn pigure QFRD results re lso omputed with the retined setEup @whih is referring to Retained set-upAF he di'erene in optil soot properties nd formEftor quntittively 'ets the spetrl pro(le throughout the whole rnge of wvelengthsF 

gse P @λ a UUS nmA X ω Rayleigh = 0.09 nd ω RDGF A = 0.12 gse Q @λ a IHHH nmA X ω Rayleigh = 0.04 nd ω RDGF A = 0.
ω λ = σ λ κ λ + σ λ . @QFVA
por soot ggregtes of spei( size s onsidered hereD it yields

ω agg,λ = C sca,agg C abs,agg + C sca,agg @QFWA
where C abs,agg nd C sca,agg re respetively the sorption nd the sttering rossEsetion oe0ient for n ggregteF his ledo n e n interesting metri in the se where the domin is hrterized y monodisperse popuE ltion of ggregtes @they hve ll the sme volumeAF elling the de(nitions given y the hqEpe theory of the rossEsetions oe0ients @iqutions IFTT nd IFTVAD the ledo for n ggregte n e writtenX

ω agg,λ = 2 3 F (m) E(m) ( 2π λ d p ) 3 n p g 1 + 2 3F (m) E(m)( 2π λ d p ) 3 n p g @QFIHA
where p@mA nd i@mA re quntities depending on the soot optil index mD d p nd n p re respetively the dimeter nd the numer of primry prtilesD g the orretive ftor introdued in the hqEpe modelF ω agg,λ for the present se is plotted in pigF QFSF he evolution of the spetrl ledo ppers indeed orrelted to the reltive di'erene of rditive power omputed in pigure QFRF ine low ledo vlues re rehed in this on(gurE tionD the sttering ontriution is smllF he referene (elds onsidered for the present study re tken from previous works on this )me X odrigues et lF @PHIWA rried out oupled lrgeEeddy simultion @viA to study soot formtion nd rditionF sn their workD the soot formtion modeling relies on setionl method @odrigues et lF @PHIVAAD whih gives here ess to the soot numer density funtion n(V ) nd the soot volume frtion f (V )D s explined in ghpter IF vi (elds re provided to the wonte grlo solver to ompute rditive (elds while ounting for stteringD whih ws negleted in the previous numeril studyF he ojetive is here to quntify this ssumption urtelyF pigure QFT presents the tempertureD soot volume frtion (elds used in this studyD nd the orresponding rditive power (eld omputed y the inier solverF sn most prts of the dominD the rditive power is governed y hot prtiE ipting gsesF oot prtiles re present where the mixture is rihD nd the temperture is high efore oxidizedF sn this zoneD the high instntneous soot volume frtion @PS ppmA strongly impts the rditive powerF he following solution dt re given to the inier solverX pressureD molr frtions of gy 2 nd r 2 yD soot volume frtion f v D nd the soot numer density funtion n(V ) disretized in PS setionsF pigure QFU presents for two setions the orresponding soot mss frtion Y s nd the soot numer density n(v) given y the setionl method presented ghpter IF st n e oserved tht eh (eld is loted in di'erent prt of the )meD depending on the setion onsideredF he informtion of the plotted quntities for eh setion enles to ompute the soot rditive properties for distriution of ggregtes X this shows the ene(ts of using the setionl pproh in this workF por ll wonte grlo omputtionsD the inlet nd the outlet of the domin re properties t eh node yields n inhomogeneous error (eldF he reltive stnE drd devition is the highest in lowEtemperture regions where the rditive power is smllD whih is not ritilF his is lso known shortoming of the onsidered iw wonte grlo method tht onvergenes wekly in old regions dominted y sorptionF st n e seen nonetheless tht the omputtion sed on wg gives smller error (eld throughout the dominD inditing fster onvergene for this seF he onvergene rte is studied further y onsidering the evolution of the stndrd devition of the numer of rys t given pointF ine we re fousE ing on the sttering y soot prtilesD we hoose the lotion where the soot volume frtion is mximum @x = 0.4 mAF he onvergene plot similr to the ones presented in eF PFQFR is shown in pigF QFWF es expetedD the symptoti onvergene lw is proportionl to N -1 2 for the Standard-MC se while usiE wonte grlo hieves fster onvergene rte whose exponent oe0ient is lose to HFUQF reneD rehing reltive error of 10 -3 requires pproximtively IH times more rys for the stndrd wg pprohF 3.2.2.2 Test 2: controlled error sn pigure QFVD n inhomogeneous onvergene is oservedF ome zones n e onsidered too urteD while others su'er from poor onvergeneF erformE ing simultion with ontrolled error enles more e0ient omputtion of the rditive powerF he (elds of the numer of rys required to hieve the 

Eciency

sn the previous setionD we hve emphsized the ft thtD for given errorD the required g time to ompute the rditive power is redued with the fullEwgEpp methodologyF snsted of onsidering glol metriD lol one performed in lluotto et lF @PHIWA is onsideredF his lol e0ieny noted η i is omputed vi the following formul X

η i = 1 σ 2 i [Q(N )]T CP U i @QFIIA
sn this equtionD σ i is the reltive stndrd devition of the quntity of interestD sn pigure QFIPD the rtio of lol e0ienies etween the wgEpp se nd the stndrd wg se is displyedF i0ienies higher thn I mens tht the wg pproh requires less g time to onverge in this zoneF st n e oserved tht the metri is orrelted with the numer of reliztions displyed pigure QFIHF qlollyD speed up greter thn P n e oserved in the zones where the rditive ontriution is the most importntF his metri shows tht the speedEup ontriution lredy mentionned in etion QFPFPFP is not uniform long the omputtionl dominF 3.2.3 Impact of scattering es previously mentionedD sttering ws negleted in the oupled lultions performed on this turulent jet )me @odrigues et lF @PHIWAAF uh n sE sumption is sed on the sttering oe0ient9s expression using the yleigh theoryX the sorption oe0ient is proportionl to xD the size prmeterD while the sttering prmeter is proportionl to x 4 F ine x ≈ 0.1 hereD one expets tht sorption strongly domintes stteringF roweverD when onE sidering the hqEpe theoryD the sttering oe0ient is relted to the squre of the numer of primry prtiles n 2 p tht n e lrge @n p is round severl hundredAF hereforeD urte omputtion of sttering e'ets with the develE oped wg method nd stteEofEtheErt soot rditive properties is required to ssess a posteriori the hypothesis previously used in the oupled omputE tionF he previously ssessed full-RQMC-FSS method is used to hieve high ury t n 'ordle ostF he sttering impt in the jet )me on(gurtion is ssessed with two ompuE ttionsX one ounting for sttering nd nother withoutF ine the sttering e'et is expeted to e lowD the lultions need to e extremely urteF he presried ury is sed on lol reltive nd solute stndrd devitions tht re then equl to HFI% nd HFI % of the mximum rditive powerF he rditive power long the enterline for the two ses is presented in pigF QFIQF ynly the zone with the soot volume frtion pek is displyedF foth omputtions with nd without sttering give similr resultsF por oth pro(lesD derese in rditive power mgnitude is oserved t the soot volE ume frtion pekF his is due to the orresponding lower temperture t this position oming from the onsidered (elds issued from oupled simultionsX the lol temperture is redued due to soot rditionD whihD in turnD diminishes the mgnitude of het lossesF foth ses di'er only slightlyD on(rming smll IHQ e'et of soot sttering in the studied )meF he derese in sored power t the lotion of the soot volume frtion pek is ttriuted to n inrese of the optil thikness due to the stteringX the rditive power emitted from the other ells is then sored efore rehing this lotionF wonte grlo simultions need to e very urte to pture suh e'etsF he di'erene etween oth rditive power pro(les in pigF QFIQ is plotted pigF QFIRF he error oundsD whih here ful(ll the ury ondition sed on HFI % of the mximum rditive powerD outline tht the results n e interpreted on(dentlyF he sttistil noise is lower thn the oserved di'ereneF he sme omputtion hs een rried out with the stndrd yleigh modelF he orresponding di'erene etween the se with nd without sttering is lso shown in pigF QFIRF he sttering ontriution with the yleigh model is so smll tht it is not distinguished in the sttistil noiseF sndeedD the yleigh model pplied to soot ggregtes strongly underestimtes sttering ompred to hqEpe theoryF reneD relying on yleigh9s theory to priori exlude soot sttering is not sfeF he present study hs llowed quntifying suh e'ets in the investigted )me tht mounts here to few perent of the lol rditive powerF 3.2.4 Interpretation of scattering impact: spectral analysis st hs een oservedD pigure QFIQD tht the inlusion of sttering leds to derese in the rditive power @or sored power sine the emitted power is the sme in oth sesAF his result gives only informtion on the rditive power integrted over the wvenumer spetrumF roweverD s previously mentioned @see the disussion in eF QFIFPFRAD the ehvE ior of the sttering phse funtion highly depends on the wvelengthF husD spetrl nlysis n e performed to ssess whih wvenumer is the most impted y stteringF he evolution of the spetrl rditive power for the ses with nd withE out sttering is presented pigure QFISF gontriutions in eh nd of the disretized spetrum re determined y the wonte grlo solver t the pek lotion of soot volume frtionF he di'erene of spetrl rditive powers etween oth ses is shown in pigE ure QFIT either s funtion of the wvenumer ν or the wvelength λF he sttering minly 'ets wvenumers round SHHH m -1 @or P µmAD whih orE responds to the prt of the soot spetrum with the mximum emitted powerF vooking t the vlues otined in pigures QFIT ompred to pigure QFISD it n e oserved tht the di'erenes due to sttering represents less thn 1% of the spetrl rditive powerF he di'erene of rditive power omputed in pigure QFIR is retrieved y perE forming n integrtion of the spetrum over the whole rnge of wvenumersF et the mximum soot volume frtion lotion @x a HFR mAD the di'erene is negtiveD whih is onsistent with the spetrum displyed pigure QFISD where only negtive vlues re otinedF IHS Figure 3.15: Spectral radiative power with/without scattering obtained at the peak location of soot volume fraction.

he impt of sttering on the spetrl rditive power n e further nlysed y omputing the symmetry ftor G glob s funtion of wvelength λ t the pek lotion of soot volume frtionF iqution QFU vlid for one ggregte is extended to n ggregte distriution using the glol phse funtion Φ glob @iqution IFUHA X G glob (λ) = 1 2 π Φ glob (θ, λ) sin θ cos θdθ @QFIQA he spetrl evolution of G glob is reported in pigure QFIUF st n e oserved tht only positive vlues re otinedD whih mens tht forwrdEsttering ehviour predomintesF por very smll wvelengthsD the symmetry ftor tends towrds unityF he phse funtion eomes nrrower nd entered to H ○ D whih mens tht the rysD even stteredD lmost do not hnge in diretionF reneD the sttering hs smller impt for these wvelengthsF sn the reE gion where the di'erenes in spetrl rditive power re the most importnt @round IES µmAD the symmetry ftor tkes vlues etween HFP nd HFTF por suh vluesD reltively lrge rnge of sttering ngles is possile X ontrry to pureEforwrd phse funtionD the sttering llows stronger impt on the rditive powerF he nlysis is ompleted y omputing the spetrl ledo shown in pigure QFIVF st is de(ned for n ggregte distriution s τ soot nd Ḡ re displyed in pigsF QFPH nd QFPID respetivelyF he vlues of τ soot re highD round HFWS exept in the high f V soot poket where they go down to HFVSF oot rdition in this se is then pproximtively in n optilly thin regimeF qiven the smll ledo importneD the men soot trnsmissivity is dominted y sorption whih is then minor given τ soot vluesF e lrger sorption optil thikness would hve enhned ny inrese of optil pths ssoited with stteringF he men symmetry ftor @pigF QFPIA evolves throughout the )me X it goes from smll vlues lose to H to lrger vlues round HFRF his evolution is orreE lted with the size of prtiles whih re inresing long the )meF por smll prtilesD the phse funtion predited y hqpe tends to the symmetri ptE tern given y the yleigh modelD whih explins qusiEnull symmetry ftorF et higher lotionsD prtiles re iggerF por suh prtilesD the hqpe model predits strong forwrdEsttering s previously seen @see pigure QFIA whih is he nlysis of Ḡ llows for re(ning the onlusion sed on the ledo imporE tne ω tht does not inlude ny informtion on the phse funtionF st would e interesting to derive metri tht omines oth informtionD the ledo nd symmetry ftorD sine they oth quntify the sttering ehviourF e glol length sle g ssoited with the rditive )ux n e introdued @see eF TFQFS in ine et lF @PHIPAA X

ω λ = +∞ 0 C sca,agg (V )n(V )dV +∞ 0 C sca,agg + C abs,agg (V )n(V )dV @QFIRA
g = 1 κ λ + σ λ 1 -G glob (λ)
. @QFIWA g is n e'etive length sle tht ounts for ttenution y sorptionGoutE sttering nd ugmenttion y inEsttering while keeping diretionl informE tion on the ltter phenomenon with the ppering symmetry ftor G glob (λ)F ith sttering loneD the length sle is g,scat =

1 σ λ 1-G glob (λ) F e spetrl e'etive ledo is then de(ned s g g,scat X

ω ef f λ = σ λ 1 -G glob (λ) κ λ + σ λ 1 -G glob (λ) = ω λ 1 -G glob (λ) 1 -G glob (λ)ω λ @QFPHA
por symmetri phse funtionD ω ef f λ = ω λ is retrievedF yn the other hndD for purely forwrd sttering @G glob (λ) = 1AD the e'etive ledo is nullD whih is onsistent with zero net e'et of sttering on het trnsfer in this situtionF iqution QFPH is identil to the 4trnsport4 ledo otined y the trnsE port pproximtion homrovsky nd fillis @PHIHA where the phse funtion is split into n isotropi prt nd forwrd pekF he orresponding rditive trnsport eqution is reEexpressed with trnsport sttering oe0ient

σ tr λ = σ λ 1 -G glob (λ) nd trnsport extintion oe0ient β tr λ = β λ -σ λ G glob (λ)F
imilrly to the ledo importneD we verge over the spetrum nd de(ne n Eective Albedo Importance s

ω ef f = ∫ ∞ 0 σ λ 1 -G glob (λ) I bλ dλ ∫ ∞ 0 κ ν + σ ν 1 -G glob (λ) I bλ dλ @QFPIA
et equiliriumD ω ef f ounts for the following rtioX

ω ef f ∼
otl outEsttering nd inEsttering otl extintion @sorption C outEstteringA nd inEsttering @QFPPA his new metri is displyed for the ndi )me on(gurtion in pigure QFPPF he e'etive ledo importne presents lower vlues thn the initilly derived ledo importne @pigF QFIWAD whih is onsistent with the men symmetry ftorF ω ef f llows to inorporte severl piees of spetrl informtion @ωD G glob (λ)D I bλ A to etter estimte the net e'et of sttering on het trnsferF eginD this metri is ompute lolly without the need for ny omputtion of the rditive trnsfer equtionF 

IIQ

hypothesis hs lwys een retined so fr in gph studies ounting for soot rditionF roweverD the proposed justi(tion relies on yleigh9s theoryD whih is not vlid for soot ggregtesF en upEtoEdte desription of soot stE tering properties with hqEpe theory hs then llowed to quntify orretly suh e'ets in the studied )meF he derived wg method estimtes this ontriution urtely nd e0iently s it ppers smllF uh oservtion E posteriori justi(es the hoie to neglet the sttering in previous lultions of this on(gurtionF he onvergene rte nlysis in this turulent )me on(gurtion lso onE (rms the new wonte grlo method9s signi(nt improvementF sndeedD t the soot volume frtion pek lotionD the sme error n e hieved lolly with pproximtively IH times fewer rys thn the stndrd wg methodF he imE provement in terms of g time is (nlly evluted using the lol e0ieny metriD whih shows speedEup of ftor higher thn two in this study where very smll error threshold is presriedF pinllyD metri referred s 4eledo smportne4 ωD hs een onsidered to a-priori ssess the impt of sttering in given on(gurtionF his metri is le to give similr onlusions thn detiled wonteEgrlo solverF st tkes into ount the soot morphology nd prtile size distriution vi the nonE gry oe0ient σ λ F he eledo smportne lone does not fully hrterise the nture of rditive het trnsfer nd is therefore ompleted with two other prmetersX men trnsmissivity τ D whih ssess the optil thikness of the mediumD nd men symmetry ftor ḠD whih detils the sttering proess in terms of the forwrdGkwrd ehviour of the prtiles phse funtionF e (nl metri ω ef f D referred s i'etive eledo importneD hs een proposed to omine the symmetry ftor nd the ledo informtion togetherF his llows to orret the ω with diretionl wreness of the phse funtionF hile soot sttering e'ets re smll in the investigted seD let us outline tht hqEpe theory is highly sensitive to the soot morphology nd prtile size distriutionF vrger e'ets ould then e enountered in other operting onditionsF e sensitivity study is presented in the next hpterF he derived glol metris will e reported for these other investigted ses to ssess the impt of soot sttering imptF Chapter 4

Sensitivity analysis of radiative heat transfer in turbulent ames.

The Rayleigh-Debye-Gans for Fractal Aggregates theory has been implemented, validated and applied on a turbulent jet ame in Chapter 3 operating at atmospheric pressure. The objective of this chapter is to quantify the radiative exchanges due to soot and gas phases at operating conditions closer to those encountered in gas turbines. In a rst part, the radiative heat transfer is investigated in a high-pressure turbulent non-premixed ethylene ame, with the same numerical set-up employed in Chapter 3 (gas and soot radiative properties). The impact of increasing soot volume fraction and pressure closer to industrial congurations is assessed by quantifying each phase contribution to the total radiative power. Exchanges between soot and gas phases are also quantied to highlight the correlation between both phases. In a second part, the impact of soot morphology description and radiative properties is quantied in the Sandia turbulent jet ame. snvestigtion of rditive het trnsfer in highEpressure systems hs reeived n inresing interestF sn sgEenginesD operting t pressures up to PHH rsD it is known tht rdition n go up to SH% of the totl het losses @formn nd xishiwki @IWVUAAF hese engines re fed with regultions on prtiulte nd xyx emissions nd need to e urtely preditedF sn erhm nd wgi @IWWUAD the hisreteEyrdinteEwethod hs een used to quntify rditive het trnsfer nd its impt on xyx emissionsX eounting for soot rdition reE dues the xyx emissionsD nd similr onlusions hve een found in oshikw nd eitz @PHHWAF eentlyD ul et lF @PHIUA nd ul et lF @PHIWA oupled lultions re performed with more urte models for gseous rdition using n pu method nd onsidering the lssi yleigh model for soot prE tilesF sn prllelD glol modelsD less ostlyD re gining populrity to determine gseous propertiesF roweverD these models were limited to gseous phse deE sriptionF eent work @gssol et lF @PHIRAD re et lF @PHPIAA imed t extending these models to sooty mediF yne of the min hypothesis of this model is tht soot nd gs phses re not orreltedD i.e their intertions re smllF sn gsEturines pplitionsD there is little dt on soot prtile (eldsF everl numeril studies @pelden et lF @PHIVA Deng et lF @PHIWAA hve een rried out on the hv ps omustion hmer test rig @qeigle et lF @PHISAA to study pressurized sooty )me t Q rs with numerous experimentl dt ville for vlidtionF his lortoryEsle omustor exhiits severl omE plexities representtive of the turulent retive )ow in gs turineF e previous studyD rried out y odrigues @PHIVA hs shown tht in the hv on(gurtionD the impt of soot prtiles in rditive het trnsfer is smllD s displyed pigure RFIF sn these instntneous snpshotsD it n e oserved tht soot prtiles ontriute lolly up to IH % of the rditive powerF yne of the ftor tht explins suh ehviour is the low soot volume frtion enountered in this on(gurtionF essessing the impt of detiled soot nd gseous rditive properties t relisti operting pressure point for gs turines is ruil to understnd how rditive het trnsfer tkes ple in suh industril enginesF st will then e interesting to inrese the soot volume frtionGpressure up to relisti levels enountered in gs turinesF his study is ddressed in etions RFPFI nd RFPFPF 4.2 Radiative heat transfer analysis on the DLR FIRST burner he studied on(gurtion is the ps urner experimentlly investigted t hv @qeigle et lF @PHISAAF he urner geometry is displyed pigure RFPF he gseous ethylene is injeted etween two onentri swirling ir )ows into the omustor hmer with height of IPH mmF eondry ir injetion is loted t height of VH mmF he hmer opertes t Q rs with glol power of QV kF he onsidered instntneous solution is extrted from oupled lultion with onjugte nd rditive het trnsfer @odrigues @PHIVAAF ditive oundE ry onditions from odrigues et lF @PHIWAD whih ount for the qurtz wll semiEtrnsprenyD re presriedF sn order to ompute the rditive properties of gs nd soot prtilesD (elds of molr frtion of CO 2 nd H 2 OD tempertureD pressureD soot volume frtion f V nd prtile size distriution n(V ) re extrtedF he instntneous solution used for the study @empertureD soot volume frE tionD nd rditive powerA re presented in pigure RFQF sn the zone etween the primry nd seondry injetionsD hot gses re rehing high temperturesD leding to high emitted powerF hue to the seondry injetionD the urnt gses re ooled down nd n resor energy emitted from the hot gses downE stremX this explins the positive rditive power oserved in this regionF pigure RFS presents the spetrum of the volumeEintegrted emitted nd E sored powerF he spetrum n e divided into two prtsX for wvenumers lower thn IHHHH m -1 D highly dynmi spetrum dominted y hot urnt gses rditionD nd for wvenumers higher thn IHHHH m -1 D ontinuous spetrum dominted y soot rditionF he medium t the wvenumers of the highest pek n e onsidered s optilly thik sine lmost 90% of the emitted power is resoredF uh ehvior shows the indequy of the optiE lly thin ssumption for gsesF gonerning soot rditionD due to the low level of soot volume frtion @f V AD the emitted power due to soot is smll ompred to hot urnt gsesF e omprison of sored nd emitted rditive power lso shows tht soot rdition n e onsidered s optilly thinF his point is lso shown pigure RFR where the soot sored rditive powers omputed for the three ses is shown pigure RFUF hen ompring pigures RFS nd RFUD it n e oserved tht the mgnitudes of the nds for the highest wvenumers hs inresed of severl order of mgE nitudeD depending the seF es shown in odrigues @PHIVAD these ontinuous nd orrespond to soot ontriution to the rditive powerF fetween USHH nd IHHHH m -1 D the inrese of soot volume frtion hs lso modi(ed the rditive powerF he pek struture previously oserved t these lotions @due to the prtiipting gsesA is smoothen nd eomes more onE tinuousF he intertion etween gs nd soot prtiles hs therefore een imptedD espeilly for the ses f V x IHHHF o quntify these oservtionsD four dditionl wonteEgrlo simultions hve een rried outD one onsidering only gs emission nd gs sorption @GEGAAD one onsidering only gs emission nd soot sorption @GESAAD one onsiderE ing only soot emission nd gs sorption @SEGAA nd one onsidering only soot emission nd sorption @SESAAF sn the Total seD soot nd gs re oth tken into ountF es the role of soot prtiles nd gy 2 Dr 2 y re not symE metri in SEGA nd GESAD the iw is not suitle nd lssi kwrd wonteEgrlo method is usedF le RFI presents the di'erent ontriutions of gs nd soot rdition for the referene nd the ses where f V is inresed y ftor IHDIHH nd IHHHF inresed y 100%F et these levelsD soot emission rehes the sme level s the gsesF roweverD smll frtion @round 5%A of the soot emission is resored y soot @SESA seAD while round UV % of the rditive power emitted y the gseous phse is resored @GEGAAF hereforeD soot rdition hs mjor impt on the net rditive power otined for the se f V x IHHHF sn GESA nd SESA simultionsD only soot re supposed to sorF sn oth sesD the sored power is smllD whih on(rms tht optilly thin ssumpE tion for soot is vlidF pinllyD on the SEGA seD s the soot volume frtion inresesD the gseous phse sors more nd more emitted power from the solid phseD ut this prt remins smllF sn other wordsD the intertion eE tween soot nd gs phses is still smllF pinllyD SEGA nd GESA ses show tht the intertion etween soot nd gseous phses is smllF st n e oserved tht the right prt of the spetrumD orresponding to soot ontriution is not modi(ed X this is due to the ft tht the soot rditive properties do not depend expliitly on the pressure @hnges in pressure re rti(illy emulted y multiplying the soot volume frtion lter on in this setionAF por the gseous phseD oth emitted nd sored power hve inE resedF st is importnt to notie tht the sorptivity @the pity of gs to sor energyA hs inresedD espeilly for the nds round PSHH cm -1 D orresponding to CO 2 ontriutionD where lmost ll the emitted power is reE soredF qs nd soot ontriutions to the otined rditive power is ssessed y perE forming the R dditionl wonteEgrlo simultions @GEGA, GESA, SESA and SEGAA presented erlierF he results re reported in le RFPF e strong inrese in gseous emission nd sorption ompred to the Q r omputtion is expeted nd oserved y looking t the totl nd GEGA sesF qseous phse resorption goes from 78% t Q r to 85% t QH rF he SESA seD whih only involves soot rditionD is identil to the QEr se sine the sorption of soot prtiles does not depend on pressureF es oserved in the olumn GESAD the intertion etween gsEemission nd soot sorption is still negligile for ll the investigted ses @for f V x IHHHD less thn 1% of the gs emission is resored y sootAF roweverD on the SEGA seD notle inrese in sootEgs intertion is oE served ompred to the referene se t Q rX lmost 60% of the emitted power y soot prtiles is resored y the gseous phse for the f V x IHH seF his mount goes up to 70% for the f V x IHHH seD while for the referE ene seD it represents only 10%F ressure hs then inresed the sorptivity of hot urnt gsesD whih hs led to enhned intertions etween the soot phse nd the gseous phseF his shows tht glol modelsD whih ssume tht the intertions etween soot nd gs phses re smllD might not e dpted for high pressurized systemsF pinllyD the reltive impt of soot rdition on the net rditive power hs deresed euse of the enhned gseous ontriution t higher pressure for (xed (elds of soot volume frtionF por oth pressure sesD the gsEsoot interE tions hve smll net impt on the volumeEintegrted (eldsF yviouslyD experimentl dt vlues for highEpressurized systems re required to drw de(nitive onlusions to this a-posteriori nlysisF roweverD it shows the pility of wonteEgrlo methods to isolte nd quntify the ontriution of the di'erent phses nd emphsize their orreltionsF 4.3 Impact of soot radiation modelling and morphology in the Sandia's turbulent jet ame.

V D f V x IHD f V x IHH nd f V x IHHHF
he sme referene (elds s the one onsidered in ghpter Q re onsidered for the sooted ndi jet )meF he rditive properties presented lso ghpter Q will e the referene numeril setEupF he impt on rditive het trnsfer of three prmeters is investigted in this setion X he soot optil index m formultion he sorption oe0ient formultion he soot morphology hese three prmeters re presented nd detiled in the following etions IPT Chapter 4 -Sensitivity analysis of radiative heat transfer in turbulent flames.

efore rrying out the study on the turulent jet )meF 4.3.1 Soot optical index m he optil properties of soot prtiles re hrterized y its omplex index of refrtion mF sn this workD spetrl formultion m(λ) = n(λ) -ik(λ)D whose prmeters re expressed s polynomils of the wvelength λ up to PH µmD is used @ghng nd ghrlmpopoulos @IWWHAAF sn pigure RFWD the spetrl formultion is ompred with lssi model from the litertureD whih ssumes onstnt omplex index @myth nd hddix @IWWTAAF es shown in pigure RFWD strong disprity exists etween the two formultionsF sn spite of unertintiesD the spetrl formultion is expeted to e more urte sine it ptures the spetrl evolution of soot optil propertiesF 

Absorbtion coecient formulations

he hqEpe modelD whih is onsidered s the refereneD writes the sorption oe0ient κ soot ν s X

κ soot ν = +∞ 0 C abs,agg (V )n(V ) dV = C 0 f V ν @RFIA
where C abs,agg is the sorption rossEsetion oe0ient of the ggregteD the volumeD ν is the wvenumer @in m -1 AD n(V )D the prtile numer density in m -6 D f V is the soot volume frtion nd C 0 is given y the omplex index of refrtionX

C 0 = 36πnk (n 2 -k 2 + 2) 2 + 4n 2 k 2 @RFPA

IPU

st is worthwhile to notie tht the soot sorption oe0ient of n ggregte given y hqEpe is equivlent to the one otined from yleigh9s theory X the morphology of the prtile does not pper expliitly on κ soot ν F sn the litertureD simpli(ed models ssuming tht soot prtiles n e onsidE ered s gry @i.e their rditive properties does not depend on the wvelengthA with sorption oe0ients lulted using men vlues verged ll over the wvelength n e found @idmnn @PHHQAAF sn order to hrterize the imE pt of spetrl dependeny of the soot sorption oe0ientD gry model is onsideredF sn the se of onstnt index mD the lnk men soot sorption oe0ient is @wodest @PHHQAA X

κ mean P = +∞ 0 κ ν,soot I ○ ν (T ) dν +∞ 0 I ○ ν (T ) dν = 3.83 C 0 f V T C 2 @RFQA
with C 2 a IFRQVV mFu nd T the tempertureF hese two formultions re therefore onsidered in this studyF

Soot morphology description

he hrteriztion of soot rditive properties from their morphology hs shown n inresing interest @too nd qülder @PHIIAD emin et lF @PHIWAD teinE metz et lF @PHITAD qigone et lF @PHIWAA sine these properties hve n impt on the rditive trnsfer properties @viu et lF @PHIQAD uöylü nd peth @IWWQAD uöylü et lF @IWWSAA ut lso on soot growth mehnismsF oot prtiles re known to form ggregtes of n P primry prtiles with qusi onstnt primry prtile dimeter d P F sn prtieD suh omplex geometry is onsidered s frtl strutureF elthough their shpe vries irregulrlyD empiril lws hve een proposed to desrie these lustersF he lw proposed y mson et lF he rditive power long the enterline for the four models is presented in pigure RFIPF ulittivelyD the models give similr resultsF et the lotion of the pek in soot volume frtionD slight derese in rditive power mgnitude is oservedX this is due to the orresponding lower temperture t this position oming from the onsidered (elds issued from oupled simultionsF he lolly redued temperture due to soot rdition diminishes then the mgnitude of het lossesF st n e oservedD for this instntneous solutionD tht the omE prle models ABS C nd MEAN C re similr with mximum di'erene of IH% in the omputed rditive power is oservedF his is due to the present soot rditionD whih n e onsidered minly optilly thinD s lredy seen in ghpter QD see pigure QFPHF his mkes gry soot model resonleF rowE everD inresing the level of soot y IH enhnes the di'erene etween ABS C IQI nd MEAN C whih then di'er y RH %F he gry model is not vlid s soon s soot sorption is not smllF he omprison etween ABS C nd ABS S shows smll di'ereneF his n e explined y the ft tht oth formultions reD in the rnge of wvelengths of interest @lower thn IH µmAD very similrF st n e oserved tht the se ounting for sttering @RDGFA S tend to derese the rditive power ompring to the lultion without sttering ABS C F sn order to quntify more preisely the impt of stteringD the di'erene in rditive power etween ABS S nd RDGFA S ses is displyed in pigure RFIQ for the two soot morphology models introdued etion RFQFQF es stterE ing hnges only the diretion of the propgting ryD the emitted power t node i is not modi(ed etween the two omputtionsF reneD the di'erene of rditive power n e interpreted diretly s di'erene in sored powerD sine P R = P abs -P emit F ing the soot prtile sizeF 4.3.5 Impact of mean soot particle size sn this setionD the impt of the ggregte size on the ndi jet )me is studiedF oot volume frtion is nonetheless left unhngedX the sorption oe0ient of soot prtiles is the smeF ynly sttering e'ets re modi(ed y presriing di'erent numer density funtion @xhpA for the sme f V F en rithmeti men dimeter of soot prtiles is lulted t the mximum soot volume frtion lotionD whih gives vlue of Q nmF sn order to inE rese this dimeter to pproximtively SH nmD modi(tion of the volume disretiztion in the setionl model is performedF yn the originl setionl meshD the volume spe is disretized s geometril progression @odrigues et lF @PHIVAAF he geometril progression is repled y the following lwX

v max i = v max 1 ⎛ ⎝ v M AX v max 1 ⎞ ⎠ (α i-1 N sect -1 ) @RFRA with i ∈ 2, N sect -1 D v max 1 nd v M AX
the mximum volume of the (rst setion nd the iggest volume of soot prtileD respetivelyF α is dilttion ftor hosen to shift the numer density funtion @xhpA in order to otin the trget men dimeterF he xhp is (nlly uniformly sled to retrieve the sme totl soot volume frtionF he originl nd modi(ed numer density funtion re displyed in pigure RFIR with their orresponding men equivlent dimetersF ynly the seond surfeEvolume model@s-v model 2A is onsidered sine the originl one yields unresonle ggregtes for the modi(ed soot prtile size distriutionF he men ggregte dimeter here is n equivlent dimeterD omputed from the volume of the ggregteF he originl xhp presents imodl shpe t this lotionF he (rst mode orresponds to the smllest nuleted prtilesF he seond mode orresponds to the lrger prtiles due to the ompetition of surfe growthD ogultionD ondenstionD nd oxidtion proessesF reneD the pplied shift is equivlent to onsider greter impt of the three previE ous mehnisms ompred to the oxidtion phenomenonD to hieve the sme lol soot volume frtionD ut with lrger ggregtesF his trnsformtion is pplied lolly to the full Qh (eldF he rditive power long the enterline for the two ses @originl nd modE i(ed xhpA is presented in pigure RFISF ith the modi(ed xhpD the rditive power is hlved t the mximum soot volume frtion lotionF por the sme f V D the inrese in optil thikness due to the lrger ggregtes leds to sigE ni(nt e'et of soot sttering with the modi(ed xhpF st is then importnt Left : reference. Right : after increasing the particle size.

to note thtD without hnging the soot volume frtionD the morphology of soot ggregtes nd their size distriution nD thereforeD strongly impt the rditive (eldsF hepending the soot prtile sizeD the sttering e'et might not e negligileF wodeling not only f V ut lso this detil informtion ppers then neessry to orretly estimte the sttering ontriution in luminous rditionF ine soot prtiles re iggerD strong forwrdEsttering is oservedD whih orresponds to higher vlues of ḠF he inrese in size lso yields to high vlues of the e'etive ledo ω ef f F hespite the pronouned forwrd phse funtionD this indites tht the sttering impt must e importntD whih hs een on(rmed in pigF RFISF pinllyD the sttering enhnement inreses the optiE l thikness of the domin @orresponding to diminution of τ soot AF he evolution of these three metris @ω ef f D τ soot D ḠA ompred to the ones reported in ghpter Q @see pigures QFIWD QFPHD QFPIA on(rms the signi(nt mgnitude of sttering in the present on(gurtionD whih outline their role of Epriori inditors of the sttering imptF 

Conclusion

gomputtions with detiled rditive gs nd soot properties hve een rried out on two turulent )mesF qs rdition is desried y the u nrrow nd modelD while luminous rdition from soot prtiles is modeled y the hqE pe theoryF pields from lrgeEeddy simultions sed on setionl method re used in the nlysis s refereneF everl e'ets on rditive het trnsfer hve een investigted with n urte wonteEgrlo solverX soot volume frE tionD pressureD soot optil properties nd prtile sizeF he inrese of the soot volume frtion nd pressure in the hv ps omE ustion hmer diretly 'ets soot nd gses emitted rditionF et Q rsD for the se f V x IHHHD soot nd gs emissions hve the sme levelsF roweverD the nture of rditive energy trnsfer is quite di'erent in oth phsesX lrge prt of the emitted power from gses is selfEsored while soot prtiles only resored smll frtion of their emitted powerF et QH rsD the net impt of soot rdition is redued euse of the strong inrese in gseous emissionF he inrese of pressure lso enhnes interE tions etween oth solid nd gseous phsesF por high f V levels @round IHH ppm lol mximum in the hv on(gurtionA nd t QH rsD UH % of the soot emission is resored y the prtiipting gsesF sn the ndi turulent jet )meD the impt of spetrl soot optil properties m = n -ik on rditive het trnsfer is found wekX onstnt vlue onsistent with the spetrl rnge of interest in soot rdition is dequteF eounting for spetrl desription in the wg pproh is nonetheless ostlessF pinllyD soot morphology desription is ritil point to ssess sttering efE fetsD whih re lredy the key phenomenon in some optil dignostisF sn ghpter QD oserved sttering e'ets were negligile on het trnsfer in the simulted onditionsF he results reD howeverD very sensitive to the soot size distriution nd the surfeEvolume reltionship of soot ggregtesF por lrge ggregtesD the impt of soot sttering on het trnsfer in gs turines ould eome notieleF qiven the unknown (elds of soot size distriution nd morphology within industril gs turine omustorsD the role of sttering in suh systems remins undeterminedF wore dt re then neessry to hrE terize soot rdition with relisti soot level nd morphology in highEpressure systemsF

Part III

Soot radiation in laminar ames

Chapter 5

Inclusion of dierential diusion eects with the Flamelet Progress Variable approach

In this chapter, the chemistry model used for the simulations of an axisymmetric laminar ame is presented. The chosen approach is a tabulated chemistry method, which relies on the generation of 1D amelets: the amelet progress variable model (FPV). The original FPV and its extension accounting for heat losses methods are introduced in a rst part. These models have been implemented in a compressible reactive ows solver AVBP using the Tabulated Chemistry for Compressible ows (TTC) which is briey introduced. The amelet generation originally assumes that all the species have a unity Lewis number. As dierential diusion eects are important in laminar ames, especially here for the considered ethylene ame, this assumption needs to be corrected. In a second part, a new model accounting for dierential diusion is then derived and validated in the AVBP solver. The methodology and the new equations of the TTC method are also presented. In a third part, the model is extended for sooting ames by considering PAHs precursors. hen performing gph simultions of retive )owsD the ury of the lE ultion reliesD mong othersD on the use of n urte hemil mehnismF vminr xisymmetri )mes re often omined with detiled mehnism sine these lultions n e performed with n 'ordle g timeF guoi et lF @PHIQA hs onsidered the yvsws mehnism in n xisymmetri ethylene lminr )meD while reent work rried y isudero @PHIWA hs hosen modE i(ed mehnism of the hv hworkin et lF @PHIIA to study the sme )meF foth mehnisms hve respetively IUH nd WR speiesD whih drstilly inE reses the numer of equtionsD nd heneD the g time of these simultionsF he si ide ehind the p @iere @PHHIAAnd p methods @shme nd itsh @PHHVAAD whih re tulted hemistry sed pprohesD is to reple this lrge numer of equtions y set of redued prmetersF his is done y generting olletion of Ih ounter)ow di'usion )me lso nmed )meletsF sn turulent )mesD unity vewis numers for eh speies re onsideredF hese prmetersD suh s the mixture frtionD re then trnsported in ny gph ode insted of trnsporting lrge numer of speies equtionsF ulted hemistry models led then to tremendous redution of g time nd suh pprohes hve een widely onsidered in turulent nonEpremixed )mes simultions @wueller nd itsh @PHIPADghong et lF @PHIVAD odrigues et lF @PHIWAD rdelli et lF @PHIWAAF ythers tulted methods were t (rst developed nd pplied for turulent premixed on(gurtions suh s ps @homingo et lF @PHHSAD rernndezEerez et lF @PHIIAA or pqw @yijen nd qoey @PHHHAAF he pGp formultions re originlly developed for turulent )mesF he ojetive here is to use these formultions for lminr )mes simultions X (rstD to keep onsisteny with the nlysis rried out in ghpters Q nd RD thenD to sve g time in suh simultionsF 5.1.2 Flamelet database he )melet dtse is olletion of Ih ounter)ow di'usion )mes whih re omputed using n inEhouse ode iqer @prnzelli et lF @PHIQAD oE drigues et lF @PHIUAAF sn our workD the )melets re generted with the uwP kineti mehnism @with PHP speiesA @ng et lF @PHIQAAF e )melet is hrterized y its strain rate D whih orresponds to the trnsverse veloity grdient long the trnsverse diretionF e olletion of )melets is generted y vrying the strin rteF he repreE senttion of the mximum temperture in funtion of is lled the EurveF en exmple of Eurve is represented in pigure SFIF xote tht the urve is prmetrized y the slr dissiption rte whih is proportionl to the strin rteF his urve is omposed of three prts or rnhes X the stle nd unstE le urning rnhes nd the extintion lineF yn the stedy urning rnhD the mximum temperture dereses with inresing dissiption rte @or strin rteA due to ompetition etween mixing time nd hemil timeF hen the temperture strts eing too lowD the retions nnot our nd the )me exE tinguishesF he extintion line orresponds to the stte where fuel nd oxidizer nd purely mixedF he unstedy rnh orresponds to n intermedite stte etween the extinE tion line nd the stle rnhF he extrem of this rnh orresponds to two quenhing pointsF hese points n e found using the ontinution tehniqueD whih uses the urve9s urviliner siss to prmetrize the urve insted of the strinErteF his rnh enles to pture quenhing nd reignition pheE IRP Chapter 5 -Inclusion of differential diffusion effects with the Flamelet Progress Variable approach nomen in the dtse used to generte our )meletsF he genertion of this Eurve is the priniple of the FPV techniqueF yne of the min limittion is tht the generted )melets re ditiX het losses re not then e tken into ountF he RFPV technique @shme nd itsh @PHHVAA onsiders nonEditi )melets nd the resulting dtse is onE struted s follows X e olletion of diti )melets is generted X this orresponds to n initil stte in the stle rnhF por eh diti )meletD we dd rditive soure term sed on the optilly thin ssumption ounting for CO 2 D H 2 O nd soot sorption oe0ients nd solve te unstedy )melet equtionsF he optilly thin model llows for overing wide rnge of possile het lossesF fetween the diti stte nd the onverged nonEditi )meletD we store intermedite solutions to enhne the dtse of )melets @see pigure SFP ine only lminr )mes re onsideredD only the prmeters used to generte the lookEup tle for suh ses re onsideredF por turulent on(gurtionsD more informtions n e found in iere @PHHIA nd shme nd itsh @PHHVAF 5.1.3 Look-up table parameters for laminar ames he previously generted dtse n e omposed of severl hundreds of )melets X we then need redued set of prmeters whih enles to identify eh )meletF sn the pGp method for lminr )mesD )melets re hrterized y PGQ prmeters X the mixture frtionD the normlized progress vrile ndD IRQ for the p pprohD the enthlpyF Mixture fraction Z :

he mixture frtion is y de(nition pssive slrD equls to H in the oxidizer strem nd I in the fuel stremF sn our workD is de(ned in terms of the N 2 speies X

Z = Y N 2 -Y N 2 ox Y N 2 f uel -Y N 2 ox @SFIA
he de(nition of with iqution SFI ensures tht X he mixture frtion is pssive slr @sine N 2 is pssive slr X xy x formtion is not onsideredAD vlue is etween H nd ID he di'usion properties of the slr Z re onsistent with the other speies @sine ll the speies hve vewis numer equl to ID nd their di'usion lw is desried using the pik9s formultionAF Normalized Progress Variable C: he onstrution of this vrile is it more omplex s )melet needs to e identi(ed without ny miguityF sn (rst stepD the )melet is hrterized y the progress vrileDY c D de(ned s liner omintion of speiesF sn the se of ounter)ow )me with ethyleneD following de(nition hs een proposed odrigues @PHIVAX

Y C = Y H 2 O W H 2 O + Y CO 2 W CO 2 + Y CO W CO -3Y CH 4 W CH 4 1 W H 2 O + 1 W CO 2 + 1 W CO + 3 W CH 4 @SFPA
where Y k is the mss frtion of the k speies @H 2 OD CO 2 D CO nd CH 4 A nd W k re the moleulr weight of the k speiesF his de(nition ensures tht the ouple @DY C A is ijetive for the studied onE dition X unique )melet n e identi(ed with these two prmetersF sn prtieD the tle is prmetrized y the normlized progress vrile CD de(ned yX

C = Y C -Y f C (Z) Y eq C (Z) -Y f C (Z) @SFQA
where Y C is the progress vrileD Y f C nd Y eq C re the vlue of the progress vrile of )melet in the extintion line nd t the equiliriumD respetivelyF rere ginD some importnt remrks n e notied X he ijetivity ensured y the ouple @DY C A enles to ensure the ijeE tivity of @DCA C vries etween H @in nonEretive )owA to IF Enthalpy defect H : hen onsidering het lossesD n dditionl prmeter is needed to uniquely identify )meletF his is done y onsidering the enthlpy h in the lookEup tleF imilrly to wht hs een done for the progress vrileD the normlized enthlpy H is used s the new prmeter X

H = h -h rad (Z, C) h adiab (Z, C) -h rad (Z, C) @SFRA
in this equtionD h adiab is the enthlpy of the )melet t given strinErte @whih is equivlent to given ouple @Z, CAA without hetElosses nd h rad with the mximum hetElosses due to rditionF reneD H vries etween H @nonE diti )meletA to I @diti )meletAF en importnt remrk is tht H is relted to the enthlpy of the mixture nd then shres the sme di'usion properties s the speies @gin sine vewis numers equl to IAF pinllyD ny trnsport or thermodynmi quntity of the )melet dtse G n e stored nd written G(Z, C, H)F

Application of FPV-RPFV in compressible codes : TTC approach

yne the tle is genertedD the gph ode needs to retrieve thermodynmil quntities vi the knowledge of D g nd r tht need to e determined through trnsport equtionsF sn the odeD ZD Y c nd h re trnsportedX

∂ρZ ∂t + ∂ ∂x i (ρu i Z) = ∂ ∂x i ρD Z ∂Z ∂x i @SFSA ∂ρY C ∂t + ∂ ∂x i (ρu i Y C ) = ∂ ∂x i ρD Yc ∂Y C ∂x i + ρ ωYc @SFTA ∂ρh ∂t + ∂ ∂x i (ρu i h) = ∂ ∂x i ρD h ∂h ∂x i + P R @SFUA
where ωYc is the soure term of the progress vrileD whih is lulted using the soure terms of the speies of iqution SFP nd P R the rditive powerF IRS sn the previous setionD we emphsized tht ll the prmeters shre the sme di'usion properties thn the k speies of the hemil mehnism X D Z = D H = D Yc = D k = λ cpρ sine unity vewis numers re ssumedF his ensures the onsisteny etween the trnsported equtions nd the tle prmetersF he olletion of )melets is generted t onstnt pressure whih is not omE ptile with ompressile )ow solvers suh s the one usedD efD where ousE tis needs to e tken into ountF sn other wordsD mss densityD temperture nd energy nnot e tken from the tleF he density nd the energy re trnsported in ef y their own eqution nd then re not red in the tleF he e'et of ompressiility in the temperture hs een derived y iquelin et lF @PHIIAX

T = T tab (Z, C, H) + e -e tab (Z, C, H) C tab v (Z, C, H) @SFVA
where the supersript tab refers to tulted vluesF he ef ode uses hrteristi oundry onditions @xgfg formlism oinsot @IWWPAA re used to presrie the oundry onditionsF his formlism hs een modi(ed onsistently with the g pproh in the ef ode @see iquelin et lF @PHIIA for more detilsAF pinllyD sine the tle is generted with nity vewis numer speies nd pik9s di'usion lwD the totl energy lne e t eqution n e expressed y X

∂ρe t ∂t + ∂ ∂x j ρu j e t = ∂ ∂x j λ c p ∂h ∂x j + ∂ ∂x j σ ij u i + Q + P R @SFWA
with σ i,j the stress tensorD Q soure or sink termF he dvntge of this eqution is to expliitly link the trnsported enthlpy h nd the totl energy e t F

Extension to non-unity Lewis numbers

Introduction

sn the originl p methodD the ssumption of speies vewis numer equl to I ensures onsistent de(nition etween the tle prmeters nd the trnsE ported quntities in the gph odeF st is lso pproprite in turulent )mes where the turulent trnsport is muh more e0ient thn the moleulr di'uE sionF roweverD in lminr )mesD di'erentil di'usion e'ets n e importnt nd must e tken into ount @viu et lF @PHHTAAF 5.2.1.1 Dierential diusion modeling he generl speies lne equtionsD whih inlude di'usion trnsport re written X

∂ρY k ∂t + ∂ ∂x j ρu j Y k = - ∂ ∂x j ρV k,j Y k + ρ ωk @SFIHA
where Y k is the onsidered speiesD V k,j the di'usion veloity of the k th speiesD nd ωk the speies hemil prodution rteF he generl eqution @negleting thermophoresisA whih gives V k,j is given y X

∇X k = N j=1 ⎛ ⎝ X k X j D kj ⎞ ⎠ V j -V k + (Y k -X k ) ∇P P @SFIIA
where X k is the molr frtion of the speiesD D k,j the inry di'usion oe0E ients for speies k nd jD nd P the pressureF his eqution is very expensive to solve nd is repled using the gurtissErirshfelder @rirshfelder nd gurtiss @IWRWAA pproximtionX

V k,j X k = -D k ∂X k ∂x j @SFIPA
where D k is the speies di'usion oe0ient in the mixtureF sn prtieD this oe0ient is lulted using the mixtureEverged pproximtionX

D k = (1 -X k ) j≠k X j D kj @SFIQA
pinllyD in order to ensure the mss onservtionD orretive di'usive veloity V c,j is introdued suh sX

V k,j Y k = -D k W k W ∂X k ∂x j + V c,j Y k @SFIRA with V c,j = N k=1 D k W k W ∂X k ∂x j @SFISA
hereforeD using the gurtisErirshfelder pproximtion nd the mixtureEverged pproximtionD the speies lne eqution eomesX

∂ρY k ∂t + ∂ ∂x j ρ u j + V c,j Y k = ∂ ∂x j ρD k W k W ∂X k ∂x j + ρ ωk @SFITA
IRU pinllyD the totl energy e t lne eqution is written in its generl formX

∂ρe t ∂t + ∂ ∂x j ρu j e t = - ∂q j ∂x j + ∂ ∂x j σ ij u i + Q + P R @SFIUA
where q j is the het di'usion )uxF sing the pourier9s lwD it is expressed sX

q j = -λ ∂T ∂x j + ρ N k=1 h k V k,j Y k @SFIVA
where V k,j is given y iqution SFIRF

Impact of dierential diusion on 1D amelets

sn the iqer solverD Ih )melets re omputed ounting for di'erentil di'usion e'ets or not @nity vewis numersAF pigures SFQ nd SFR disply the temperture nd the etylene evolution in Ih ounter)ow di'usion )meD where the fuel is omposed y ethylene t QHHu nd the oxidizer y ir t the sme tempertureD for the two hemistry modelsF he strinErte is here imposed t IHH s -1 F st n e oserved tht di'erentil di'usion e'ets tend to derese the temperture nd inrese the onentrtion of ethyleneF ine etylene is known to hve mjor role in the formtion of soot prtilesD impt on the ers nd hene on the soot volume frtion n e expetedF ers onentrtions re strongly 'eted y the di'erentil di'usionD s disE plyed pigure SFS for the eR mss frtionF st n e oserved tht di'erentil di'usion inreses ers y ftor IHF husD inluding di'erentil di'usion e'ets is of primry importne in )mes driven y these e'ets @suh s lmE inr )mesAF Figure 5.5: Comparison of 1D proles of A4 PAH mass fraction with/without dierential diusion eects using detailed chemistry (KM2 mechanism) on a 1D counterow diusion ame for a strain rate a = 100 cm -1 . he e'et of soot di'erentil di'usion n lso e qunti(ed for soot prtiles in terms of volume frtion f V @pigure SFTA nd numer density of prtiles IRW @pigure sine these quntities re provided y the setionl method used to desrie the soot phseF st n e oserved tht soot volume frtion is gretly inresed due to difE ferentil di'usion e'etsD of ftor IHD whih is onsistent with the evolution of ersF woreoverD the numer of prtiles is impted of ftor SF hese results re of priml importne when they re interpreted in terms of soot ISH Chapter 5 -Inclusion of differential diffusion effects with the Progress Variable approach rditive properties with the hqEpe model X the sorption oe0ient is strongly inresed sine it is diretly proportionl to f V D while the sttering expliitely depends on the numer density funtion nd will lso e enhnedF hese results highlight the need for onsidering di'erentil di'usion e'ets in lminr )mes to urtely retrieve the good level of soot volume frtionD whih hs diret impt on soot rditive ontriutionF he following setions re orgnized s follows X (rstD n extension of pGp model is derived nd vlidted in the ef ompressile odeF sn seond prtD er ontriutors to soot formtion re tken into ount nd lso vlidtedF 5.2.2 FPV-RFPV extension and modication of TTC formalism

accounting for dierential diusion in amelet models

emong the existing )melet modelsD the plmelet qenerted wnifolds @pqwA method hs een initilly developed nd pplied for turulent premixed onE (gurtionsF e olletion of )melets is generted nd these Ih )mes re prmetrized in terms of mixture frtion Z nd progress vrile Y c @unlike the p method where the strin rte is used instedAF sn erhoeven et lF @PHIPAD the pqw pproh is extended to lminr nonEpremixed )mesF hi'erentil di'usion e'ets re tken into ount y generting dtse of )melets with di'erent speies vewis numers nd y trnsporting two equtions for the mixture frtion Z nd the progress vrile Y c F he results of the )melet pproh re ompred with detiled hemistry on lminr methneEir )meF yne of the min issue emphsized is tht multiEdimensionnl e'ets re not tken into ount in the dtse genertionD whih leds to signi(E nt devitions of speies preditionF snluding these urvture e'ets in the pqw remins however hllenging tsk @vn yijen et lF @PHHUADxguyen et lF @PHIHAAF sn the p pprohD pioneer work hs een onduted in itsh nd eE ters @IWWVA to inlude di'erentil di'usion e'etsF sn their workD the mixture frtion Z is no longer de(ned s pssive slrD ut vi its own trnsport equtionD with n pproprite vewis numerF he model hs een pplied to turulent nonEpremixed hydrogen )me @itsh et lF @IWWVAA whih yields to good resultsF he use of this extended p pproh for lminr )mes remins di0ult @gronell et lF @PHHWAAF sn the study of viu et lF @PHHTAD n xisymmetri o)ow ethyleneEir di'usion )me ws omputed using the p model with di'erentil di'usion nd ompred with detiled hemistryF imiE lrly to the pqw methodD the inlusion of urvture e'ets remins essentil to predit downstrem the )me the mjor speies nd )me topologyF eent work @hlup nd flnqurt @PHIWAA ims t inluding these urvture e'ets ISI ut re fr limited to premixed on(gurtionsF yne issue rises from the de(nition of Y c D whih is usully sed on the speies Y k X indeedD sine the vewis numer of eh speies Y k is no longer equl to ID the de(nition of n equivlent vewis numer for Y c is not strightforwrdF sn prllelD the trnsport of the Y k speies in the ode would e too umersomeF hereforeD the ojetive isD in (rst timeD to propose de(nition of Y c whih ounts for di'erentil di'usion e'etsD following the work of itsh nd eE tersD y de(ning Y c y its own trnsport equtionF henD het losses re tken into ount y dding nother prmeter to Z nd Y c F

New denition of look-up table parameters

Denition of Mixture fraction Z: he proposed extension is sed on pioneer work of itsh nd eters @IWWVA who inluded di'erentil di'usion e'ets in )melet formultionF sn this pprohD the mixture frtion Z is no longer de(ned s pssive slr vi speiesD ut vi its own trnsport equtionD nmely X ρ ∂Z ∂t + ρv ⋅ ∇Z -∇ ⋅ (ρD Z ∇Z) = 0 @SFIWA sn this equtionD the di'usion oe0ient D Z n e ritrrily hosenF foundE ry onditions on Z ensures tht equls H in pure oxidizer nd I in the fuelF st is then possile to reple the equtions of the )melets expressed in spE til oordintes @the lssi mssD speies nd temperture equtionsA y n eqution expressed in this new mixture frtion oordintes @itsh nd eters @IWWVAAF sn the followingD )melets generted respetively with the sptil nd mixE ture frtion oordintes will e referred respetively s X-amelets nd Z-ameletsF he trnsport eqution SFIW hs een implemented in the )melet solverF e Denition of a "ctive" enthalpy h ′ : ret losses re ounting for y introduing (tive enthlpy h ′ D whih follows its own trnsport equtionX

ρ ∂h ′ ∂t + ρv ⋅ ∇h ′ -∇ ⋅ ρD h ′ ∇h ′ = P R @SFPPA
st is importnt to note tht the prmeter h ′ is not diretly relted to the rel mixture enthlpy hF st enles to prmetrize the tle in order to tke into ount het losses without miguity on the de(nition of the di'usion oe0ientF rere ginD the di'usion oe0ient is hosen ritrry suh s Le H ′ = 1F sn order to vlidte the implementtion of this prmeterD we n verify thtD in sene of het losses @P R = 0AD Z nd h ′ re proportionlF uh property is due to the ft tht oth prmeters re trnsported with Le = 1F yn the ontrryD the rel enthlpy of the mixture h is not liner sine di'erentil di'usion e'ets re inludedF he two prmeters re plotted in pigure SFIH s funtion of Z for one of the )melets in pigure SFWF Figure 5.10: Evolution of the transported enthalpy and the mixture enthalpy in function of Z for one of the 1D counterow amelets generated with the KM2 mechanism for the ethylene sn pigure SFIHD the extremum vlues of oth enthlpies re respetively the enthlpy of ir @for aHA nd ethylene @aIAF he strongest nonElinerities of the enthlpy of the mixture re loted ner the stoehiometri mixture frE tion vluesF he thermodynmi quntities re (nlly stored in lookEup tleD prmetrized y ZD C @otined y normlizing the progress vrileA nd the normlized h F

Modication of the heat ux expression

en extr eqution for the rel energy in ddition to the one for the prmeter h ′ is onsidered in di'erent situtionsF sn lowEwh solverD the rel thermoE dynmi vriles n e stored in the )melet dtseF elterntivelyD one ould prefer to keep trk of the rel energy or enthlpy y solving its trnsport eqution nd dedue the temperture from itF sn ompressile )ow solverD s the ef odeD ompressile e'ets must e tken into ountD s done in the g formlismD y keeping the referene energyF he expression of the 4rel4 energy eqution @see iqution SFWA originlly used in g formlism is however no longer vlidD sine its derivtion ssumes unityE vewis numersF he generl expression of the het )ux vetor q j is @see etion SFPFIFIA X

q j = -λ ∂T ∂x i + N k=1 ρh k Y k V k,i @SFPQA with X ρY k V k,i = -ρD k W k W ∂X k ∂x i + ρY k N j=1 D j W j W ∂X j ∂x i @SFPRA
he expression involves the N speies of the mehnismF sn order to e trnsE ported in the gph solverD we need to express the het)ux vetor s funtion of the N f ic 4(tive4 speies @nmely the prmeters Z, Y c , h ′ AF o do soD we (rst need to rewrite the expression of the het )ux vetor X

q i = -λ ∂T ∂x i + N k=1 ⎛ ⎝ -ρh k D k W k W ∂X k ∂x i + ρh k Y k N j=1 D j W j W ∂X j ∂x i ⎞ ⎠ = -λ ∂T ∂x i - N k=1 ρh k D k W k W ∂X k ∂x i + ⎛ ⎝ N k=1 ρh k Y k ⎞ ⎠ ⎛ ⎝ N j=1 D j W j W ∂X j ∂x i ⎞ ⎠ = -λ ∂T ∂x i - N k=1 ρh k D k W k W ∂X k ∂x i + ρh ⎛ ⎝ N j=1 D j W j W ∂X j ∂x i ⎞ ⎠ = -λ ∂T ∂x i - N k=1 ρh k D k W k W ∂X k ∂x i + N j=1 ρhD j W j W ∂X j ∂x i = -λ ∂T ∂x i - N k=1 ρ (h k -h) D k W k W ∂X k ∂x i @SFPSA
IST Chapter 5 -Inclusion of differential diffusion effects with the Flamelet Variable approach e n now introdue the jEth (tive speies Y f ic,j whih yields to X

q i = -λ ∂T ∂x i - N f ic j=1 N k=1 ρ (h k -h) D k W k W ∂X k ∂Y f ic,j ∂Y f ic,j ∂x i @SFPTA
sn this expression ppers the enthlpy of the speie k @h k A tht needs to e tultedF uh enthlpy re impted y ompressile e'ets nd therefore nnot e diretly tultedF sn order to tke into ount ompressiility e'etsD similr tretment s the originl g formlism is doneF vet us split the previous eqution in two terms for the ske of lrity X

q i = -λ ∂T ∂x i - N f ic j=1 N k=1 ρh k D k W k W ∂X k ∂Y f ic,j ∂Y f ic,j ∂x i + N f ic j=1 N k=1 ρhD k W k W ∂X k ∂Y f ic,j ∂Y f ic,j ∂x i @SFPUA
he seond termD relted to the orretive veloity does not need to e orreted y ompressile e'ets X indeedD the rel enthlpy h n e diretly retrieved from the ompressile energy trnsported y the gph ode s X h = e + P ρ F por h k we use the following reltion X

h k -h tab k = c tab p k (T -T tab ) ↔ h k = h tab k + c tab p k ∆T @SFPVA
with c tab p k given y the dtseF ith this expressionD we n write the het )ux vetor in more ompt formD highlighting the quntities tht re stored in the tle X 

q i = -λ ∂T ∂x i - N f ic j=1 ρ W A tab j + M tab j ∆T -L tab j h ∂Y f ic,j ∂x i @SFPWA with X A tab j = N k=1 h k D k W k ∂X k ∂Y f ic,j @SFQHA M tab j = N k=1 Cp k D k W k ∂X k ∂Y f ic,j @SFQIA L tab j = N k=1 D k W k ∂X k ∂Y f ic,j @SFQPA
= - √ ρ f uel √ ρ ox dv dy ox @SFQUA nd a = √ ρ f uel √ ρ ox du dx ox @SFQVA
iqutions SFQS to SFQV enle to presrie oundry onditions in ef for the veloitiesF

Boundary conditions for the non-reactive ow :

Fuel size :

u(x, y) = ax v(x, y) = -ay @SFQWA
Oxidizer size :

u(x, y) = ρ f uel ρ ox ax v(x, y) = - ρ f uel ρ ox ay @SFRHA
Numerical set-up and results :

he Ph mesh is generted y gixe nd is omposed of I million trinE glesD nd is hosen suh s the retion zone of the )me is out 1 3 of the outlet lengthF he strinErte is imposed t IPH s -1 F he two wlls of the domin re de(ned y stremlines whom equtions re de(ned in potentil )ow theoryF wo inlets using xgfg formlism re onE sideredF por eh of themD tempertureD veloity nd (tive speies vlues re The strain rate is set at 120s -1 .

sn n e oserved tht (elds re invrint long the trnsverse diretionD nd tht the temperture omputed y ef is very lose to the expeted temE perture of the tleF he ft tht oth tempertures re not stritly equls @hrterized y ∆T ≠ 0 A relies on ompressile e'ets not tken into E ount in iqerF pigure SFIQ presents diret omprisons with the iqer ode with the uwP mehnism nd detiled trnsport propertiesF he tempertureD energyD enE thlpy of the mixture @in ef this quntity is reonstruted vi the energy trnsportedA nd the progress vrile (elds re displyedF en exellent greeE ment etween the implementtion in ef nd the iqer ode is oservedD whih vlidtes the methodology employedF vet us note tht the enthlpy is not liner funtion of Z sine di'erentil di'usion e'ets re tken into ountF ITH Chapter 5 -Inclusion of differential diffusion effects with the Flamelet Progress approach sn order to ompute sooty )mes with the p methodD dditionl informE tion suh s the soure terms for the di'erent soot formtion mehnisms needs to e tultedF qseous speies whih leds to soot formtion re known s olyyli eromti rydrorons @ersAF hey n e lso stored in the lookEup tleD s these gseous speies re inluded in the detiled mehnism used to generte the )meletsF roweverD er speies hve reltively low hemistry timesles @fisetti et lF @PHIPAD ettili et lF @PHIRAA nd do not relx fst enough on the )melet mnE ifoldF hereforeD otin the ers diretly from the dtse is not urteF ers re then omputed in the ode with their own trnsport equtionF sn turulent )mes @where unity vewis numers re ssumedAD one strtegy is to onsidered lumpedEer pproh X single trnsport eqution is solved for n equivlent lumpedEer @wueller nd itsh @PHIPAA insted of onsiderE ing ll the ersF his enles to redue the simultion ostD s less equtions re solvedF his methodology hs een onsidered to otin the gph nd soot (elds used in ghpters Q nd R @odrigues et lF @PHIVADodrigues et lF @PHIWAAF sn the ontext of di'erentil di'usion for the studied lminr )meD this strtE egy is however not suitle X indeedD the di'usion oe0ient of lumpedEer nnot e de(ned sine ll the ers hve their own di'usion oe0ientF hereE foreD we need to trnsport one eqution per erF

Multi-PAH model and extension to dierential diusion

Original formulation for Unity-Lewis numbers :

sn the study of un et lF @PHIRAD eh lss of er hs its own dynmi X eh er needs to e trnsported in order to retrieve their prodution whih will impt soot formtionF por the uwP kineti sheme onsideredD the following ers nd prodution re onsidered X

A 1 ↔ A 2 ↔ A 3 ↔ A 4 ↔ A 5 ↔ A 6 ↔ A 7 @SFRIA
his is shemti point of view where er omposed of j romti yles is noted A j F por eh P AH j D the following trnsport equtionD ssuming nity vewis numE ersD is solved X

∂ρY PAH j ∂t + ∂ρu i Y PAH j ∂x i = ∂ ∂x i ρD PAH j ∂Y PAH j ∂x i + ṁPAH j @SFRPA
where D P AH j is the onsidered di'usion oe0ient for the jEth er nd ṁPAH j is the soure term tking into ount gseous prodution nd onsumption of the erF ine er speies hve low hemistry timesles D their soure term ṁPAH j is not diretly tken from the tleF he soure term is relxed sed on the urrent vlue of the er mss frtion nd is writtenX

ṁPAH = ṁtab + + ṁtab - ⎛ ⎝ Y PAH Y tab PAH ⎞ ⎠ + ṁtab D ⎛ ⎝ Y PAH Y tab PAH ⎞ ⎠ 2 @SFRQA
where ṁtab + , ṁ-t nd ṁtab D orrespond respetively to the tulted er gseous produtionD gseous onsumption nd dimeriztion onsumption soure termsF Y tab PAH orresponds to the tulted vlue of the erF yur ojetive here is to extended the pproh to tke into ount di'erentil di'usion e'etsF Formulation accounting for dierential diusion :

he derivtion of this model follows the sme philosophy thn the extension of p model X e orret the onvetive het )ux vetor whih ppers in the energy eqution y seprting the ontriution of nonEers speies @whih re stored in the tleA nd ers speiesD whih re diretly trnsportedF hen we reEexpress the speies di'usive )ux vetor in funtion of the trnsported vrilesD whih will modify the set of iqutions SFRP Expression of the heat ux vector elling the expression of q i derived for the extended p modelD we n split the ontriutions due to er trnsported nd the gseous speies tulted in

A tab j D M tab j nd L tab j X q i = -λ ∂T ∂x i - N f ic j=1 ρ W A tab j + M tab j ∆T -L tab j h ∂Y f ic,j ∂x i - N P AH j=1 ρ W A P AH j + M P AH j ∆T -L P AH j h ∂X P AH,j ∂x i @SFRRA
where the quntities supersripted tab refers now to nonEer vluesX

A tab j = N k=1 k≠P AH h k D k W k ∂X k ∂Y f ic,j @SFRSA M tab j = N k=1 k≠P AH Cp k D k W k ∂X k ∂Y f ic,j @SFRTA L tab j = N k=1 k≠P AH D k W k ∂X k ∂Y f ic,j @SFRUA
nd the quntities supersripted P AH refers to the U ers onsidered nd re tulted seprtely with the Q previous expressions X

A P AH j = N =P AH k=1 h P AH k D P AH k W P AH k @SFRVA M P AH j = N =P AH k=1 Cp P AH k D P AH k W P AH k @SFRWA L P AH j = N =P AH k=1 D P AH k W P AH k @SFSHA
Expression of the transport equation of PAHs :

he generl trnsport eqution of the j -th er is written X

∂ρY PAH j ∂t + ∂ρu i Y PAH j ∂x i = - ∂ ∂x i (J i,j ) + ṁPAH j @SFSIA
with J i,j the di'usive speiesE)ux vetor of the j -th erD is X

J i,j = -ρD j W j W ∂X j ∂x i + ρY j N l=1 D l W l W ∂X l ∂x i @SFSPA
he (rst term does not need to e modi(ed s X j n e omputed diretly from Y j trnsported in the gph solverF he seond term involves ll the speies of the mehnism X it needs to e split into the ers speies @diretly omputedA nd the others @tulted s done for the pGp extended pprohAF his leds to the following expression X

J i,j = -ρD j W j W ∂X j ∂x i +ρY j N =P AH l=1 D l W l W ∂X l ∂x i +ρY j N f ic k=1 N l=1 l≠P AH D tab l W l ∂X l ∂Y f ic,k ∂Y f ic,k ∂x i @SFSQA
elling the de(nition of L tab k @eqution SFRUAD we get X

J i,j = -ρD j W j W ∂X j ∂x i + ρY j N =P AH l=1 D l W l W ∂X l ∂x i + ρY j N f ic k=1 L tab k ∂Y f ic,k ∂x i @SFSRA
whih gives the (nl formultion for the trnsported eqution for eh er X

∂ρY PAH j ∂t + ∂ρu i Y PAH j ∂x i = - ∂ ∂x i -ρD j W j W ∂X j ∂x i +ρY j N =P AH l=1 D l W l W ∂X l ∂x i +ρY j N f ic k=1 L tab k ∂Y f ic,k ∂x i + ṁPAH j @SFSSA
vet us rell tht ṁPAH j is given y the relxtion model @see iqution SFRQAF 

Conclusion

he hosen soot nd omustion modeling re similr to the previous gph simultions rried out y F odrigues in his thesisF he orresponding results in turulent )mes hve een used to quntify soot nd gs rdition in hpters Q nd RF he modeling pproh onsists in severl prtsX pGp model to minimize the g ost nd keep the informtion from detiled hemistryD e model of trnsported er s )melet ssumption is not vlid for suh speiesD he soot setionl model for the soot phseF st provides detiled desripE tion of soot mehnisms @formtionD growthD oxidtionA nd lso gives informtion on soot morphologyD whih is needed to ompute hqpe oe0ientsF hese models need to e dpted in order to tke into ount di'erentil di'usion e'ets in the studied lminr )meX e new de(nition of pGp prmeters hve een hosenD e trnsport eqution is solved for eh onsidered erD e onsistent formultion of di'usive moleulr trnsport @het nd speies )uxesA is requiredF hese modi(tions hve een implemented in the ompressile )ow solver ef using the g formlism nd vlidted y omprison with the iE qer solver tht tkes into ount detiled hemistry nd trnsportF 

Coupled simulation of an axisymmetric ethylene air-ame

In Chapter 5, a model of tabulated chemistry has been derived to account for dierential diusion eect in sooty ames. This model, with the sectional method, is considered in this chapter to compute an axisymmetric laminar ethylene-air ame initially studied by Santoro and coworkers (Santoro et al. (1987)). In the literature, exhaustive experimental data is available in order to assess the accuracy of the radiative models discussed and developed until here. The objective in this chapter is to perform multi-physics simulations of Santoro's burner, by including detailed radiative properties and conjugate heat transfer at the burner walls. In a rst part, the experimental and numerical setup is presented and justied. In a second part, the 3-codes coupling framework used to perform such simulations is presented along with the modications performed in this thesis. Finally, results and comparison with the literature data are presented and discussed. Contents 6.1 Experimental and numerical set-up : Santoro's burner168 he urner onsists of two onentri tuesD with the fuel )owing through the entrl tue nd ir through the outer pssgeF snner nd outer tues hve respetively rdius of 5.5mm nd 50.8mmF he thikness of the tues is 0.45mmF e uniform exit )ow pro(le is ensured y sreens nd glss edsF e ermi honeyom setion is used s the (nl setion of the ir )ow pssge to smooth the )owF e himney is usully used to shield the )me from surE rounding disturne to mke stle mesurementsF pigure TFI represents shemti of the experiment on(gurtionF roles in the himney enles to proe di'erent )me mesurementsF sn this studyD ethylene nd ir re onsidered s fuel nd oxidizerF he ulk inlet veloities re respetively of QFWV m s for the ethylene nd VFWH m s for the ir )owF he firly simple resulting )me on(gurtion enles to provide omprehensile mesurements on soot prtile struture X soot ggregte frE tl dimension @hoins nd wegridis @IWWHAAD primry prtile dimeter nd numer density @wegridis nd hoins @IWVVADhoins @IWVWAA D soot ggreE gte numer density @uri et lF @IWWQAAD nd the verge numer of primry prtiles per ggregte @syer et lF @PHHUAAF edditionl results fousing on soot rditive properties re lso ville in the litertureF sn the study y uri et lF @IWWQAD extintion oe0ientsD sttering rossEsetions nd rditive inE tensities re otined using vster ixtintion nd ttering tehniqueD t SIR nmD nd trnsmittnes re given in the study y ntoro et lF @IWVUAF oE mogrphi reonstrutions hve een used in work y fest et lF @IWWIA to otin rdines nd trnsmittnes for severl wvelengthsF pinllyD rditive intensities t VHH nm t di'erent heights ove the urner re provided in the study y vu et lF @PHHWAF he numerous experiments rried out on this )me hve enled to hrE terize soot formtion mehnisms s depited in pigure TFPF xer the urner exitD ers re forming nd led to soot formtion due to prtile ineptionF urfe growthD whih is the dominnt mehnism in this type of )meD ours downstrem the urnerF his leds to n importnt soot volume frtion @round V ppmA oserved ner the wings of the )me @orresponding to the luminous )me envelopeAD efore eing oxidizedF uh simple on(gurtion enles to hllenge soot modelsD without the di0ulties introdued y turulene modeling or omplex hemil fuel desriptionF 6.1.2 Numerical set-up 6.1.2.1 Importance of codes-coupling approach in laminar ames wost of the oupled gph simultions on lminr di'usion )mes re fousing on )ow solverErdition frmework @viu et lF @PHHRADu nd ho @PHPHAA sine the e'et of rditive models on the )me temperture nd soot volume frtion re notiele @round IHHEISH KD nd lmost I ppm of di'erene for soot volume frtionAF sn most sesD the temperture of the fuel inlet is set higher thn the mient tempertureD t RHH K for the investigted nE toro9s on(gurtionD in order to reprodue the fuel preheting e'et from the hot urner wllsF roweverD there is no experimentl dt of rdil temperE ture distriution t the exit of the pipe nor long the pipe to on(rm suh vlueF puel preheting studies hs reeived spei( interest in lminr )mesD sine it hs n impt on veloity nd temperture pro(les predited numerillyF sn the work y quo et lF @PHHPAD two omputtions hve een rried out X one imposing diretly temperture of RHHu for the fuel inlet @without onsiderE ing the fuel pipeAD nd one tking into ount isotherml oundry onditions @speifying temperture pro(leA on the fuel pipe to tke intoEount fuel hetingF hey found tht the soot volume frtion inresed when onsidering fuel preheting in this on(gurtionF vet us notie tht temperture rdil proE (les long the domin hve een mesured y qulder @qülder et lF @IWWTAAD ut no wll temperture hve een reportedF his in)uene of preheting on soot mehnisms hs een on(rmed experiE mentlly @uonsur et lF @IWWWAAF e reent study rried out y i et lF @PHPHA imposed di'erent vlues of the fuel temperture on the ntoro9s on(gurtion for di'erent fuelsX methneD ethylene with nd without nitrogen dilutionF e strong impt on soot volume frtion predition is shown on eh seF imE ilr onlusions were found for irEpreheting in methneGir di'usion )me @wndl et lF @PHHTAAF Part III -Soot radiation in laminar flames IUI pinllyD it is importnt to notie tht fuel preheting n hve n impt on the stiliztion of lminr )mesF wethne nd hydrogen o)owEdi'usion )mes hve een numerilly investigted in the work y qo et lF @PHIUA y modifyE ing the temperture t the urner lipF st hs een found tht the )me is either tthed @for high lip temperturesA or dethed @for low lip temperturesA for methne fuelsF he litterture shows the importne of tking into ount the fuel preE hetingF hespite the role of het trnsfer in suh on(gurtionsD the proper modeling of the urner nd fuel tempertures with oupled simultions involE ing onjugte het trnsfer hs never een onsideredF he (rst ojetive of this hpter is therefore to urtely desrie the fuel preEheting without imE posing dEho temperture pro(les or spei( fuel tempertureF everl odes must e oupled in order to tke into ount these e'etsF hree odes re onsidered in this study nd re presented herefterF 6.1.2.2 CFD solver : AVBP he following simultions re rried out using the ef solver @hönfeld nd udgyrd @IWWWAA long with the tulted hemistry model developed in ghpter SF he ef solver is prllel gph odeD developed t giE peg whih solves the threeEdimensionl ompressile xvierEtokes equtions on strutured nd unstrutured meshesF he highEorder qg sheme @golin nd udgyrd @PHHHAA is onsidered in the followingF he lookup tle used to desrie gseous phse is disretized in IHH x IHH x PH grid pointsD for ZD C nd H vriles respetivelyF hree trnsport equtions for ZD Y c nd h ′ re onsidered in ef D nd PS setions re trnsported for the soot phseD to desrie the prtile size distriutionF he er trnsport modelD lredy introdued in ghpter SD ounts for U ers @from eI to eUAF he dtse used to generte the lookEup tle is omposed of IhEounter)ow di'usion )mesD generted with the iqer pkge @prnzelli et lF @PHIQAA nd the detiled kineti sheme uwP with di'erentil di'usionF he extended p formultion ounting for di'erentil di'usionD developed in ghpter S is onsideredF fuoyny e'ets in this lminr on(gurtion re importnt nd re tken into ount y onsidering grvity soure term in the momentum nd enE ergy equtionsF he omputtionl domin @pigure TFQA is omposed of two inletsD where the tempertureD the omposition nd the veloity re spei(edD nd one outlet where the pressure is imposedF snlets nd outlet re sed on the xgfg IUPChapter 6 -Coupled simulation of an axisymmetric ethylene air-flame formlism @oinsot @IWWPAAD whih hs een dpted to the tulted hemistry used in the present work @iquelin et lF @PHIIAAF he domin extends to IP m downstrem the pipeD nd V m in the rdil diretionF he pipe is (nely meshed with ∆x ≈ HFI mm t the eginning of the pipe down to ∆x ≈ HFHS mm t the exitF he mesh is (ne enough to pture the oundry lyer development on the outer wll of the pipe on the o)ow sideF he pipe length is IS mD whih is long enough suh tht the pipe rehes the miente temperture wy from the tthed )meF Figure 6.3: Visualisation of the computational domain and zoom on the pipe area.

sn order to redue the mesh ndD heneD sve g timeD simultions re perE formed on n xisymmetri on(gurtionF his is done in ef with one ell in the orthordil diretionD nd spei( oundry tretment t the xisF he mesh is then omposed of IVH HHH hexhedron ellsD with QHH elements long the xis of symmetryF he detil of the used oundry onditions in the ef solver is provided in le TFIF sn le TFID the veloity pro(les imposed t fuel nd oxidizer inlets re respeE tively oiseuille )ow nd )t pro(leF he temperture nd omposition trget vlues t oth inlets provide oundry onditions for the trnsported slrs X Z @the mixture frtionAD Y c @the progress vrileAD h ′ @the (tive enthlpyAD e t @the totl energyA nd Y P AH,i @the i ers speiesAF xoEslip wll onditions re onsidered for the pipe wllsF hese wlls9 temperture (eld is determined in onjugte het trnsfer @grA pproh with seprte solid solverD whih solves the ondution prolem in the wllsF he orresponding setEup is detiled in the next setionsF his oupling voids to speify n dEho temperture t the wllsF his is of priml importne sine the temperture he e ode @ture et lF @PHIQAA is used to solve the unstedy het onE dution within the solid wlls with sptil seondEorder qlerkin di'usion sheme @honne nd ruert @PHHQAA nd (rstEorder kwrd iuler sheme time integrtionF he e domin length nd mesh size re sed on preliminry mesh onvergene studyF e very (ne mesh is pplied ner the urner lip nd P m upstrem on the inner nd outer wlls X the sme mesh size re pplied in ef dominD in order to hve onform meshes nd to pture urtely the hetE)uxes evolutionF e sketh of solid prt is displyed pigure TFRF Figure 6.4: Solid part sketch with corresponding length and mesh sizes. g ratio is the growth rate applied.

he mesh is sligthly orsen long the pipe with growth rtio g ratio a IFI in order to redue the totl numer of ellsF he pipe is omposed of T fes with the following oundry onditions X IURChapter 6 -Coupled simulation of an axisymmetric ethylene air-flame he urner lip wll where hetE)ux is presried from ef he urner innerGouter wlls where hetE)ux is lso presried he side wlls where diti ondition is presried suh tht the xE isymmetry is presried he externl wll where n isotherml ondition of T w = 300 u is imposed 6.1.2.4 Radiative solver : Rainier pinllyD the rditive power nd )uxes re omputed using the inier wonteE grlo solverF he ndomized usiEwonteEgrlo @wgA method @vemieux @PHHWAA sed on ool lowEdisrepny sequenes is used nd omined with the iw method @essé et lF @PHHRAAF imultions re performed with relE tive nd solute presried error of 1%F his hoie is driven y trdeEo' etween ury nd oupled simultions g timeF he kEmodel nd the hqEpe model re retined for the gseous phse nd the soot prtilesF he sttering y soot prtiles is lso tken into ount in this simultion with ll the methodologies developed in ghpter PX foredE sttering nd wgF he primry prtiles prmeters of n ggregte @n p D d p A re given y the seond surfeEvolume reltionship proposed in ghpter Q @sv-model2AF imissivities for the three oupled wlls @the urner lipD the inner nd outer wllsA re respetively set to HFV @oxidized steelA for the urner lip nd HFS for the two other wlls s no experimentl dt re ville for these vluesF por the other wllsD n emissivity of I is presriedF 6.1.2.5 Communication scheme for coupled simulations e Q odes oupling frmework hs een developed sed on the ypenlm lirry @huhine et lF @PHISAA nd is presented pigure TFSF et eh oupling time stepD the following ommunitions re done X Rainier <=> AVBP and AVTP : he rdition solver sends the rditive power (eld P R to ef nd rditive )uxes φ R wall to eF st reeives informtion out speies onentrtion @tulted vlues of X H2 O nd X CO 2 D tempertureD pressureD soot volume frtion nd prtile numer density @to ompute the sttering oe0ientA from ef s well s the wll temperture from the solid solver for next rditive power nd )uxes lultions AVBP <=> AVTP and Rainier : ef sends the )uid het )ux φ cc to e nd the forementioned informtions to inierF ef reeives the rditive het )ux lulted y inier nd the wll temperture omputed y eF AVTP <=> AVBP and Rainier : e sends the wll temperture to oth solvers nd reeives )uxes from oth solversF e note here tht the oupling setEup orresponds to lssil xeumnnE hirihlet pproh etween ef nd eD s the temperture is presried for ef nd the het )uxes for eF yne drwk of this methodology is tht the oupling period must e presried y the user efore the simultion nd is oviously se dependentF everl strtegies to overome this issue hve een developed in the work of uoren et lF @PHIVA who proposed n dptive oupling time step sed on n hyrid xeumnnEhirihlet methodology X the rgxh methodF sn our seD sine the )ow is sttionryD suh dvned method is not required nd the lssi pproh is retined instedF le TFP gthers the totl size of eh mesh onsideredD nd the numer of g ores used for the simultionF 6.1.2.6 Coupling time-step hen oupled simultion is performedD the oupling timeEstep indites how often the odes re exhnging informtionF uh prmeter hs strong imE pt on the stility of the simultionD on the ury of the results nd the g ost ssoitedF fetween two oupling timeEstepD eh ode solves sepE rtely its own system of eqution using the dt exhnged t the previous oupling step @fF pigure TFSAF sdellyD the three odes should exhnge dt t eh itertion @N cpl = 1A X when ef performs I itertionD inier nd e solve respetively the rditive trnsfer eqution nd the eqution of hetF elthough e'orts hve een done to redue the g ost of the wonteEgrlo simultionD suh oupling is not 'ordle in prtieF his is minly due to the simultion time required in ef to otin stE tionry stteF essuming tht one wnts to simulte R onvetive timesD this orresponds to simultion physil time of t simu ≈ 6sF unowing tht the )uid timeEstepD limited y the gpv onditionD is round ∆t f luid = 4 10 -7 sD more thn IR millions of oupling would e required to reh t simu F ith the preE sried errors in the wonteEgrlo simultionD one inier itertion orresponds to I minute of rel time @with UH g oresAD whih mens tht round hlf yer is needed to perform this simultionF ropefullyD suh re(ned oupling with esxsi is not needed given tht the solver input (elds rely hnge etween two ef itertionsD nd tht stedy stte solution is soughtF he oupling with therml rdition will e sfely orsenedF sn prllelD etween two oupling exhngesD e solves the insttionry het ondution prolemD whih orresponds to simulted physil time ∆t cpl,solid F wo strtegies n then e performed etween two oupling exhnges X he oupling is synchronous X the physil time of oth odes re the smeF he simulted time etween two oupling exhnges ∆t cpl = ∆t cpl,f luid = ∆t cpl,solid is the sme etween the odesF he oupling is desynchronous @huhine et lF @PHHWAA X in this pE prohD the physil times of eh ode re not synhronized nd the )ow solver simulted physil time of ∆t cpl,f luid while the solid het trnsfer solver simulted physil time of α∆t cpl,f luid D muh lrger to elerte the long therml trnsient of the solid prtsF yne n estimte solid hrteristi timesle for ondutionD sed on the pipe length nd steel di'usivity oe0ientD whih gives τ solid ≈ 100sF he strong di'erene with the onvetive )uid timesle of 1.5s prevents the use of the synhronous pprohF e signi(nt mount of omputtionl resoures IUU would e wsted to reh stedy stteF hereforeD the desynhronous pproh is retinedF sf the desynhronous prmeter α is too importntD the oupled simultion my eome unstle @huhine et lF @PHHWAAF woreoverD the ury of the result depends on N cpl whih must not e too lrge s wellF sn order to selet the prmeter αD we hve performed trnsient e stndE lone to ssess the solid response to )ux perturtionF sn this omputtionD the solid is initilly set t 320 uD the mesh size nd pipe length re the one determined eforeD nd the het )ux from the )uid re imposed from the soluE tion in preliminry lultions where n ad-hoc temperture pro(le ws spei(edF he solid timeEstep to solve the insttionry prolem is (xed t 1 msF he otined temperture pro(le is displyed pigure TFTF Figure 6.6: Pipe response to a heat-ux perturbation : temperature of the solid.

st n e seen tht the temperture rehes stedy stte round 100 sD whih is onsistent with our estimted hrteristi timesle of the solidF roweverD in order to minimize the vrition of temperture etween two oupling iterE tions for efD we hve hosen to set ∆t cpl,solid = 0.5 s @whih orresponds to vrition of round IH uAF pixing this oupling period for eD we hve performed oupled lultions etween ef nd e while hnging the numer of itertions N cpl in ef etween two oupling stepsF st hs een oserved thtD inresing N cpl too muh leds to osilltions of the temperture in the )uid dominF he hoie of N cpl = 10000 itertions enles to suppress these osilltionsD without eing too omputtionlly expensiveF hereforeD the orresponding desynhronistion prmeter α n e lulted is equl to X α = 10000 4 10 -7 0.5 = 2000F IUVChapter 6 -Coupled simulation of an axisymmetric ethylene air-flame pinllyD it is importnt to ensure tht N cpl = 10000 does not led to n imE portnt error in our rditive solverF o do soD we onsider the metri used in odrigues et lF @PHIWA to estimte the error ssoited to the oupling freE quenyF et itertion 4H4D ef nd inier re exhnging their dtD nd inier is omputing the rditive power P R 0 ssoited to its input dtF he temperture sent y ef t this referene itertion is noted T 0 F he error is evluted in terms of vP error norms on the temperture nd the rditive power fter N cpl itertions de(ned y X

α T (N cpl ) = V T N cpl -T 0 2 dV V T 0 2 dV α P R (N cpl ) = V P R N cpl -P R 0 2 dV V P R 0 2 dV @TFIA
where V is the volume of the omputtionl dominF sn pigure TFUD oth vP error norms re plotted in funtion of the numer of itertions N cpl F st n e oserved thtD even for n importnt numer of itertionsD oth errors re smllF st is therefore possile to oupled less often while keeping smll errorD with n urte trnsient nd without stility issuesF N cpl is thenD in this spei( seD limited y the efEe oupling prt s osilltions my our for high vlues of N cpl F he retined vlue N cpl = 10000 enles to hve n error less thn 1% for the oupling with therml rditionD whih is very stisftory nd onsistent with the wonteEgrlo presried uryF 6.1.3 Modications of the coupling framework during the thesis:

sn this thesisD four min modi(tions to the ommunition sheme initilly derived in F odrigues thesis @odrigues et lF @PHIVAA hve een performed in order to perform the simultions presented in the next setions X IF edpting the Q odes oupling to the lssi xeumnnEhirihlet pE proh X originllyD the frmework with the esxsi solver ws dpted to rgxh method onlyD whih requires dditionl exhnged vriles not needed in this workF PF edpting the frmework to xisymmetri on(gurtionsF sn the onE sidered on(gurtionD multiEtopology meshes re enountered X the xis wedge is meshed with prismsD while the remining omputtionl domin is meshed with hexhedronF yriginllyD the oupling sheme ws dpted for single mesh topologyF hereforeD modi(tions of the suroutines hndling exhnges were neededF QF snluding the sttering tretment in the oupling frmework s it requires the detiled numer density funtion to e exhnged etween ef nd inierF RF rndling the onnetivity etween the di'erent pthes X the indexing of ells nodesD used to perform the onnetivity etween the odesD is di'erent etween the Q odes nd the oupling interfe sed on ypenE lmF 6.2 Results and comparison with experimental data 6.2.1 Numerical elds 6.2.1.1 Temperature and radiative participating species pigure TFV presents the tempertureD the molr frtion of CO 2 nd H 2 OD the soot volume frtion f V nd the progress vrile Y c fter onvergene of the oupled simultionF he highest tempertures re otined ner the urner lip nd long the isoE lk lineF hese zones orrespond to high progress vrile Y c vluesF he e'et of the fuel preEheting due to the oupling with the pipe is lso notieE le s the temperture in the pipe inreses from QHH u @upstremA to round RHH u t the exit of the pipeF elong the enterlineD the temperture grduE lly inresesD lthough notiele derese is loted where the soot volume frtion is mximum @loted R m ove the urner exitAF en importnt mxE imum level of soot frtion is otined long the enterline @round IH ppmAF he otined )me is tthedD whih disturs the )owD espeilly ner the urner lipF sn this seD the )me domintes the )ow (eldD nd the mximum temperture is loted ner the urner lipD where high resideneEtimes re oE served @or lowEstrin rtesAF elling the S -curve presented in ghpter SD whih hrterizes the ounter)ow di'usion )meD the progress vrile Y c is importnt for these strinErtesF his ehviour is on(rmed in pigure TFV where the omputed progress vrile is displyed nd hieve mximum vlE ues in this zoneF st is worth notiing thtD due to the presene of rditive speiesD the temperture hieved is this zone is QHHu lower thn the diti tempertureF st is ler thtD ounting for rdition in suh on(gurtion is essentil in order to orretly predit the )me struture nd the temperture (eldsF rowE everD efore nlyzing the rditive power otined in this oupled simultionD it is importnt to understnd (rst how the di'erent soot mehnisms leds to the omputed soot volume frtion (eld in pigure TFVF
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pigure TFW shows the otined (elds of soot volume frtion with the totl prtiles numer density N part F he ontour Z = 0.064 is lso displyed with solid lk lineF Figure 6.9: Soot volume fraction, total particles number density and soot source terms (nucleation, surface growth, coagulation, oxidation and condensation for two sections.)

yne n notie tht soot prtiles re loted in the rih side of the )me @when Z > 0.064AD while the mximum density of prtile is enountered I m ove the pipe exitD on the enterlineD nd long the )me wingsF sn order to understnd how soot prtiles re orgnized in this )meD let us look t the di'erent soot soure terms lso displyed pigure TFWF vet us rell the di'erent mehnisms t stke here X he nuletion @soure term Qnucl A orresponds to the formtion of the smllest soot prtiles through the dimeriztion ollisionl proess he surfe growth @soure term Qsg A orresponds to the inrese of the soot surfeD governed y the rege mehnism @prenklh nd ng @IWWIAA he ogultionD @soure term Qcoag A orresponds to the ollision of two soot prtiles whih form igger one he ondenstion @soure term Qcond A orresponds to the ollision eE tween soot prtile nd er end the oxidtion @soure term Qoxi A orresponds to the destrution of soot prtileD due to the presene of O 2 nd OHF sn pigure TFWD nuletionD surfe growthD ondenstion nd oxidtion soure terms re sum over ll of the PS setions to extrt the glol ontriutionF gogultion eing n exhnge etween di'erent setions with null glol ontriutionD the (elds for setion I nd IQ re presentedF he nuletion proess ours in three min res X t the ottom of the )meD on the enterlineD nd further downstremF sn the study y hng et lF @PHHWAD the nuletion rte long the enterline is reported for this )meD using deE tiled mehnism nd n dvned setionl method with more omplete er desriptionF ulittivelyD the pek position is onsistent with the oE tined (eld pigure TFWD howeverD the nuletion rte tends to monotonilly derese long the enterlineD without reEinresing downstremF he sme ehviour is oserved in the work y isudero @PHIWAF foth studies re using detiled hemistry insted of tulted pprohF his inonsisteny is dE dressed lter in this setionF he surfeEgrowth mehnism ours downstrem the nuletion one X inE deedD the new nulei prtiles tend to inrese their mss due to the presene of speies suh s the etylene C 2 H 2 whih is the min ontriutor in the rege mehnismF uh mehnism ontriutes to inrese the soot volume frtion levelF vooking t the vlues rehed y the soure termD it n e notied tht this mehnism domintes @of ftor QA the nuletion proess nd is of the sme order of mgnitude s the ondenstion proessF sn the work y isudero @PHIWAD it hs een reported tht the ondenstion in this lminr di'usion )me is the minly dominnt proess long the enterlineD followed y the surfe growthD whih is onsistent with the otined (elds in pigure TFWF IVQ he ogultion soure term for the (rst setionD long the enterlineD is negE tiveF his mens tht these smll prtiles @formed with the nuletionA re 4leving4 the setion sine their volume inresesF hese smll prtiles re moved towrds higher setionsF sn the 13 th setion for exmpleD it n e oserved tht the term is positive upstrem orresponding to retion of prE tiles elonging to this setion nd eomes negtive downstrem @similrlyD these prtiles re moved towrds igger setionsAF gogultion impts the numer density of prtiles X sine the nuletion is less importnt thn ogE ultion @round Qm ove the urner exitAD igger prtiles re formed whih leds to n inrese of the soot volume frtionD nd derese of the density of prtilesF egrding the oxidtionD it ours t the top of the )me where O 2 is importnt @whih orresponds to Z = 0 in our lultionsAF efter this point @round R m ove the pipe exitAD the soot volume frtion quikly deresesF he inonsisteny of the inresing nuletion rte fter the oxidtion region still needs to e explinedF sn order to understnd this ehviourD pigure TFIH reports three di'erent er (elds with inresing size X A 3 D A 4 nd the iggest er onsideredD A 7 @gyyxixAF Figure 6.10: Mass fraction elds of three PAHs : A 3 , A 4 and A 7 . The nucleation source term is also displayed on the left.

he dvntge of trnsporting the di'erent ers using the multiEer model desried in ghpter S enles to provide (ner nlysis of the nuletion soure termF he smllest ers re forming (rstD nd re mjoritrily loted long the enterlineF his importnt er zone is responsile for the pek in the nuletion soure term oserved in pigure TFIH t x a P mF he er with igger size re formed downstremD nd the iggest oneD A 7 D is formed gin ner the enterline t round x a Q mF roweverD looking t pigure TFWD the oxidtion term domintes the nuletion proessF hereforeD s the ers re forming the smllest soot prtilesD these prtiles re diretly oxidizedF he A 7 er mss frtion is still importnt fter the oxidtion zone @fter R mA nd is diretly orrelted to the nuletion soure term zone oserved downstremF st is importnt to note tht the ers speies re trnsported diretly in the ef odeF heir soure term is not diretly tken from the tleD ut re relxed sed on the trnsported er vlue @see iqution SFRQ in ghpter SAF he orresponding soure term is shown pigure TFII for the er A 7 F st n e oserved tht the soure term is importnt ner the urner lip nd for x ≥ Q mD whih mens suh er is forming in these two regionsF gonseE quentlyD the presene of er t R m nd the sene of signi(nt oxidtion or ogultion explins the nuletion oserved downstremF hereforeD the inonsisteny of the nuletion soure term n e ttriuted to n inurte er desription due to the tultion employedF IVS o sum upD ner the urnerElipD the nuletion proess domintes whih tend to inrese the prtile numer density N part F hownstremD the ogultion tends to derese the prtile numer density s it eomes the dominnt proessF et ertin pointD the ogultion impt deresesD ndD sine ers re still forming in this regionD the nuletion tend to inreseD whih gin inreses the prtile numer densityF 6.2.2 Comparison with experimental data 6.2.2.1 Centerline he results of the oupled simultions re (rst ompred ginst ville exE perimentl dt long the enterline X tempertureD xil veloityD soot volume frtion nd numer density of prtiulesD in pigure TFIPF exil veloity nd tempertures pro(les re in very good greement with the ville experimentl dtF he e'et of fuel preheting n e highlighted on the temperture pro(le s the otined vlue t x = 0 @orresponding to the exit of the pipeA is greter thn 300 uF he temperture round Q m strts to derese due to the inresing hetElosses from soot rditionF f V nd N part re overEpredited long the enterlineF nertinties in the hemil mehE nism nd in the retined setionl method n explin these resultsF st n e notiedD howeverD tht the good order of mgnitude is retrieved for the f V with the sme trend thn the experimentl dtF he pek lotion long the enE terline is lso well retrievedF pinllyD the tulted pproh with the setionl method fils to predit the prtile numer density evolution fter 4cm s this numer inreses insted of remining onstntF his issue hs een disussed in etion TFPFIFPF IVU pigure TFIQ ompres the lulted xil distriution of the integrted soot volume frtion f V,int with the mesurements of ntoro et lF @IWVUAF uh quntity is de(ned s ∫ ∞ 0 f v 2πrdr nd is relted to the totl mount of soot formed t given xil heightF hue to the high oxidtion oserved in etion TFPFIFPD the evolution of the integrted soot volume frtion is not ptured downstrem the )meF roweverD the levels hieved with the experimentl dt re in good greement up to x a Q mF oot oxidtion is due in the retined model to the O 2 nd OH presene nd re otined in the lookEup tle knowing the vlues of ZD Y c nd h ′ F sn viu et lF @PHHTAD omprisons etween Ph simultion with detiled hemistry nd with )melet pproh re rried out on n xisymmetri o)ow ethyleneE ir )meD without soot formtion nor het trnsferF he distriution of mss frtion OH is overpredited long the enterline using the )melet model nd n explinD in our seD the high oxidtion rte oservedF pinllyD the impt of the optilly thin ssumption on the enterline soot volume frtion pro(le is ssessed in pigure TFIRF sn this dditionl lultion @ye in pigure TFIRA D the wll temperture pro(le is imposed identil to the one otined in the referene oupled lultion @wg in pigure TFIRAAF gonsidering the optilly thin ssumption lowers the temperture long the enE terlineD whih impts soot formtion sine the soot volume frtion deresedF roweverD the ye strongly underEestimtes the temperture ompring to exE perimentl dtF he moderte impt on f V shows tht hieving signi(ntly etter soot preditions is then not relted here to rdition modelingD ut is rther impted y the tulted hemistry pproh onsidered nd lrge unE ertinties tht remin in the soot modelingF he soot setionl pproh is the sme s the one developed in odrigues et lF @PHIVA nd n e further improvedF 

Radial proles

pigure TFIS presents the temperture rdil pro(les t three xil heights @HFUD P nd U mA ompred with experimentl dt @ntoro et lF @IWVQAAF e good greement with experimentl dt is oserved for the three onsidered heightsF roweverD the temperture pek is otined slightly loser to the xis for the ses t HFU m nd P mF purther downstremD the temperture is onstntly underpreditedF pigure TFIT presents the otined xil veloity rdil pro(les F et the otE tom of the )me @smllest heights ove the urnerAD very good greement is otined with experimentl dtF yn the topD due to the low predited temE perturesD the veloity is lso underEpredited ompred to experimentl dtF he sme ehviour is oserved for rdil veloity pro(les displyed in pigure TFIUF urfe growth nd oxidtion of soot prtiles re strongly orrelted to the presene of etylene @C 2 H 2 A nd OH respetivelyF he tulted hemistry enles to retrieve the vlues of suh speies knowing ZD Y c nd h ′ in the dominF uh reonstruted vlues re plotted nd ompred ginst ville experimentl vlues in pigure TFIVF vooking t the vlues rehed for oth speies t x = 0.7 mD resonle greeE ment with experimentl dt is otined s the trend nd the vlues re orE retly reproduedF roweverD for x = 2mD lthough the glol evolution of the speies re well retrievedD signi(nt underEpredition of C 2 H 2 nd n overE predition of OH re oservedF et x = 1.5 mD the soot volume frtion pro(le f V is resonly well preditedD ut in our simultionD oxidtion ours for lower y vlues thn the experimentl dtF sn order to understnd the reltion etween C 2 H 2 nd OH preditions nd f V D the soot volume frtion f V t x = 2 m is lso reported pigure TFIVF et this heightD the presene of C 2 H 2 tivtes the surfe growth mehnismD whih leds to the inrese in soot volume frtion for y < 0.5 mF yn the ontrryD the oxidtion mehnism is very importnt for y > 0.5 mF uh mehnism leds to the soot destrutionD whih explins the sene of f V t this lotion nd hene the underEpredition of f V for higher yF he predition of these speies re therefore importnt to urtely predit f V F he )melet model needs to e urte in suh on(gurtion so these speies n e reonstruted vi n interpoltion within the )melet dtseF his is disussed lter on in etion TFPFPFRF 6.2.2.3 Flame wings ootErelted quntities long the pthline mximum soot volume frtion t the outer edge of the )me @ner stoihiometryAD usully referred s 4)me wings4D re plotted pigure TFIW X the soot volume frtionD the men numer of primry prtiles np nd dimeter dp F es explined in ghpter RD these lst two quntities re omputed from n ssumed surfeEvolume reltionshipF np nd dp re de(ned similrly to the study of hng et lF @PHHWA X

np = +∞ 0 n(V )n p (V )dV +∞ 0 n(V )dV @TFPA dp = +∞ 0 n(V )d p (V )dV +∞ 0 n(V )dV @TFQA
where n p nd d p re the numer nd dimeter of primry prtiles of n gE gregte with volume V D given y the surfeEvolume reltionshipF he evolution of np nd dp re in fir greement greement with experimentl dt with orret order of mgnitudeF dp is slightly underpredited nd np is overEpredited of ftor QF vet us rell tht the surfeEvolume reltionship proposed is n dEho formultionD nd more e'ort needs to e done in the soot morphology modellingF he soot volume frtion levels rehed re onsistent with experimentl dtD howeverD the pek is one gin predited loser to the urner exitF et lF @PHIIAD isudero @PHIWAA improves the predition of ers growth long the enterline for this on(gurtionF woreoverD these works re fousing on the modi(tion of the rege prmeters @whih ontrols the surfeEgrowth mehnismA in order to retrieve soot trget quntitiesF roweverD even with suh mehnismsD the soot volume frtion long the enterline is underEpreditedF wore generllyD lot of unertinties remins on the rege mehnismD nd very reent work rdelli et lF @PHIWA ims t hving etter understnding of this mehnism nd ltests improvements on more omplex on(gurtionsF enother soure of unertinty is relted to the )melet pproh retined for the lminr )meD sine we wnted to retin similr setEup thn the lulE tions rried out in ghpters Q nd R on turulent )mesF st is importnt to notie tht the )melet model predits the lotion of the mximum H 2 O nd CO 2 t the sme ple @see pigure TFVAF sndeedD in the ounter)ow )mesD suh onentrtions re predited lose to equilirium t low strinErtesD suh s noted in viu et lF @PHHTA for nother ethyleneEir o)ow on(gurtionF sn the sme workD lultions hve een performed with detiled mehnismD nd the uthors hve found tht oth speies re not loted t the sme pleF his n introdue error in the predited lotion of these two speies nd thereforeD on the omputed rditive powerF nfortuntelyD soot formtion ws not tken into ount in the lultions y viu et lF @PHHTAD ndD to our est knowledgeD suh work is the only one ssessing the impt of )melet model in lminr di'usion )meF edditionl lultionsD sed on the unity vewisEnumer ssumption @orresponding to the originl p pprohA hve een rried outF he soot volume frtion otined in suh lultions in round two order of mgnitude lower thn the experimentl mesurementsF hespite the whole unertinties ssoited with the p pproh Dit is ler tht the model developed in ghpter S enles to signi(ntly improve the resultsF 6.3 Analysis of fuel preheating 6.3.1 Wall and fuel temperature he oupled simultion ounts for onjugteEhet trnsfer whih enles to quntify the fuel preEheting imptF st is importnt to rell tht no experiE mentl mesurements long the pipe wlls re reportedF wny simultions of the ntoro9s urner ounts for fuel preEheting y ssuming uniform temE perture of 400 u t the inlet of the domin with proli oiseuille shpe for veloityF he ojetive of this setion is to verify whether these ssumptions re vlid or notF he results of the simultion ounting for onjugte het trnsfer re ompred with other lultions performed with diti wllsF he otined wll temperture pro(les t the inner nd outer wlls re disE plyed pigure TFPHF fefore rehing the )me zone @tthed t x a H mAD it n e oserved tht the evolution of oth pro(les long the inner nd outer wlls re very simiE lrF his n e explined y the (n therml pproximtionD sine the solid hrteristi time of ondution is muh lower thn the hrteristi time of ondutoEonvetionF he temperture rehed is the sme for oth fes of the (nF he only di'erene is otined t x = 0 mD whih orresponds here to the exit of the pipeD nd is ttriuted to )me e'etF elong the pipeD the fuel reeives energy from the inner wll nd is hetedF pigE ure TFPI presents di'erent rdil temperture pro(les otined long the pipeF he indited positions re reltive to the exit of the pipeF et IH m of the exit of the pipeD the temperture is uniform nd equl to the mient tempertureF es long s the fuel moves forwrd in the pipeD its temperture inresesF p to HFS m efore the exit of the pipeD the wll is hotter thn the fuel tempertureF he fuel is therefore simply heted up y the hot wllsF e strong modi(tion of the temperture pro(le is however oserved t the exit of the pipeD whih is ttriuted to the )me whih diretly trnsfers its energy to the fuelF st n e notied tht the preheted region extends up to the entrl xis for ll pro(les X eyond R m from the pipe exitD the )uid ondutive time is short enough to homogenize the temperture (eld Y loser to the exitD the sme time sle nnot ompete enough with the shrp rise in wll tempertureD nd the fuel strem temperture eomes inhomogeneousF sn order to vlidte the literture ssumption of onsidering fuel t 400 u t the inletD ulk temperture T b t the exit of the pipe is omputed s

T b = ∫ A ρuc p T dA ∫ A ρuc p dA = 376 u @TFRA
where A is the setion of the exitD ρ the density of the mixtureD T the omE puted temperture nd c p the het pityD whih is otined vi the lookEup tleF he otined vlue is elow the lssilly presried temperture for this omputtionD whih shows the need for tking into ount gr to provide urte oundry onditionsF he omplex temperture distriution t the exit of the pipe hs diret imE pt on the veloityF he xil veloity pro(les re extrted from the sme lotions thn pigure TFPI nd presented pigure TFPPF et EIH mD the xil veloity exhiits oiseuille pro(leF elong the pipeD due to the inrese of tempertureD the mss )ow rte onservtion yields to derese of the veloE ity ner the xisF woreoverD the veloity pro(le hs no longer oiseuille shpe t the exit of the pipeF he xil veloity pro(le t the exit of the pipe is ompred with the one oE tined without fuel preheting in pigure TFPQF sn the pipeD oth pro(les hve very di'erent shpesF ithout ounting for gr with diti wllsD the otined pro(le is lssi proli oiseuille )owF yn the ontrryD when onsidering grD the veloity pro(le is not monotonilly deresing long the xisF sn the pipeD sine the temperture inreses lose to the wll @rdil disE tne round HFR mAD the veloity inreses s wellF yn the ontrryD s lredy sttedD the mss onservtion yields to derese of the veloity ner the xisF his result shows tht imposing oiseuille veloity pro(le t the fuel inlet is inurte nd does not reprodue the fuel preheting nd emphsize the need fro tking into ount gr to provide urte oundry onditionsF 

+ V -P R dV (III) = Ω (IV)
@TFSA his eqution shows the di'erent ontriutions to the integrted het relese rte @term @sAAF he (rst term @sA represents the outlet nd inlet onvetive )uxesF he seond term @ssA orresponds to the integrted ondutive )ux on the pipe wllsD nd the third term @sssA is the soure term due to rditionF he di'erent ontriutions for two ses re reported in le TFQ X the diE ti se @no rdition nd no wll het )uxesA nd the oupled se with rdition nd onjugte het trnsferF gse gonvF )ux @yutEsnA gondF )ux dF soure term r rte editi QHFPR H H QHFPR goupled PIFT H VFTR QHFPR Table 6.3: Contributions of the terms I, II, III in the integrated heat release (HR) rate in W.

sn the oupled lultionD the ondutive )ux hs null ontriutionD sine the )ux reeived y the urner lip is distriuted long the inner nd outer wllsF he rditive power ontriution is round PH %D whih shows the importne of rdition in this on(gurtionF he rditive power term orresponds to het loss of VFTR F he onvetive )ux is deresing etween the diti se nd the oupled simultion X this is explined y the lower temperture rehed y urnt gses t the outlet of the domin when introduing het lossesF 6.3.3 Wall heat uxes he ontriution of the term @ssA n e split etween the urner lipD the inner nd outer wlls @fF pigure TFRAF he energy lne on the pipe wlls writes X

Φ conv lip + Φ rad lip + Φ conv outer + Φ rad outer + Φ conv inner + Φ rad inner = 0 @TFTA
where Φ denotes the surfeEintegrted vlues of onvetiveGrditive )uxes on the wllsF elgeri vlues re onsidered with positive sign when the solid prt is hetedF le TFR gthers the di'erent wll hetE)ux ontriutionsF por the urner9s lipD the rditive ontriution is round PH % of the totl wll het )uxesF his ontriution is muh smller for the inner nd outer wllsF he high emissivity of the steel for the urner lip @HFVAD the tempertures nd the presene of prtiipting speies ove the urner n explin these di'erenesF his shows tht onsidering rditive het trnsfer t the urner9s lip is neededF he energy @rdition C onvetionA from the urner lip is redistriuted long the outer nd inner wllsF he inner wll releses energy @negtive onvetive )uxA to the )uid @the fuelAD whih orresponds to the fuel preEheting e'etF elong the outer wllD the oE)ow is lso hetedEupF hue to the higher veloities enounteredD the onvetive )ux long the outer wll is more importnt @in mgnitudeA thn the inner wllF he )me is tthed to the outer wllD whih results in positive rditive )uxF he rditive nd onvetive )uxes pro(les long the inner nd outer wlls re plotted pigure TFPRD with zoom view ner the urner lipF he onvetive )ux sign onvention is kept from the solide side X positive )ux mens tht the solid is hetedEupF he vlues rehed y the onvetive )uxes re one order of mgnitude higher thn the rditive )uxesF he inner wll is (rst heting the )uidD whih orreE sponds to negtive onvetive )uxF henD the )uidD due to the )me e'etD is heting up the wllD whih orresponds to positive onvetive )uxF e simE ilr ehviour is oserved with the outer wllF roweverD the wll )ux pek oserved t x = 0 mD orresponding to the tthed )me for the outer wll is more importnt to the higher temperture involvedF Figure 6.24: Convective and radiative wall uxes proles along the inner and outer pipe wall.

6.4 Analysis of radiative heat transfer 6.4.1 Radiative power elds pigure TFPS presents the soot nd gs ontriutions to the rditive power nd the totl rditive powerF hese two ontriutions orresponds to results from ieGqiqe lultions @see etion TFRFP for more detilsAF vet us rell tht the net rditive power orresponds to the di'erene etween the sored power nd the emitted powerF he rditive power due to the prtiipting gses is spreding ll long the )meD while the rditive power due to soot prtiles is more lolizedF he emission due to gses is mximum where the onentrtion of H 2 O nd CO 2 is Figure 6.25: Participating gases and soot particles contributions to the total radiative power. An iso-contour of f V = 1ppm is also displayed on the gaseous phase contribution.

mximumD nd in regions with high tempertures @see pigure TFVAF elong the enterlineD the ontriution due to gses inreses s the temperture nd the onentrtion of suh speies lso inresesF pinllyD rditive power is positive in len nd rih regionsD orresponding to res with low temperture @elow IHHH uA where sored power from CO2 nd H2O is higher thn emitted powerF sn prllelD the ontriution of soot prtiles is loted where the soot volume frtion is the most importntF his is expeted s the sorption oe0ient is diretly proportionl to f V in the hqEpe theoryF vooking t the levels rehed y the rditive powerD it is ler tht soot rdition is key ontriuE tor to the totl het losses in the )me s the rditive power is round T times more importnt thn the one due to gsesF pew studies hve ssessed the impt of soot rdition in lminr )me omE pred to the gseous phseD espeilly for this on(gurtionF imilr onlusions hve een found in the study y viu et lF @PHHPA who reportedD in similr )me ut with di'erent oundry onditionsD tht soot rdition hs greter impt on the temperture derese thn the gseous phseF st n e seen thtD due to the lotion of their orresponding rditive powerD the gseous phse tends to derese the temperture ner the urner lip nd long the )me wingsD in the lower prt of the )meD while soot prtiles tend to derese the temperture in the upper portion of the )meD s reported in the study of viu et lF @PHHPAF purther downstrem @x > 4 mA D hot urnt gses re still present in lrge zoneD whih lso inreses het losses hereF hese results hve een otined tking into ount emission nd sorption y soot nd gseous phsesF pigure TFPT presents the emitted nd sored rditive power in this )meF he rtio etween oth quntities is lso proE PHPChapter 6 -Coupled simulation of an axisymmetric ethylene air-flame videdF st n e oserved thtD in len regions @on the oxidizer sideAD due to the low tempertures nd the presene of gseous ontriutorsD the sorption domintes the emission @the rtio is greter thn IHH % s the gseous phse sors more power thn it emitsAD this orresponds to positive rditive power s disussed pigure TFPSF snside the )meD sorption ounts for IH to PH % of the totl rditive powerF woreoverD integrting the vlues of sored nd emitted power over the whole dominD one (nds respetively 1.5 nd 9.72 respetivelyD whih mens tht 15% of the rditive power is soredF he sorption might pper smll utD s outlined in ghpter QD the spetrl dependeny of therml rdition revels tht the ontriuting nds re hrE terized y moderte to lrge optil thiknessD espeilly for the gs phse ontriutionF he glol nd lol @right of pigure TFPTA impt of rdition show the need to solve the ditive rnsfer iqution in suh on(gurtion nd outlining the indequy of the optilly thin rdition model whih neE glets the resorption phenomenonF Figure 6.26: Emitted and absorbed radiative power due to soot and gaseous phase.

The ratio between the absorbed and emitted power is also displayed on the right.

6.4.2 Spectral emitted and absorbed radiative power sn etion TFRFID glol nlysis hs een rried out on totl integrted rE ditive power (elds otined vi the oupled simultionF vet us rell tht the rditive properties of gseous speies @the kEmodelA nd soot prtiles @hqE peA rely on spetrl formultionsF e deeper nlysis n then e performed y looking t ndEintegrted spetrl vlues of the rditive power in order to understnd the role of gseous prtiipting speies nd soot prtiles in the totl rditive power nlyzed in etion TFRFIF

Part III -Soot radiation in laminar flames PHQ pive dditionl spectral wonteEgrlo omputtions hve een rried out sed on the solution otined vi the oupled lultionF yne sed on oth soot nd gseous phses ontriution @omputtion RefFAD one onsidering only gs emission nd gs sorption @omputtion GEGAAD one onsidering only gs emission nd soot sorption @omputtion GESAAD one onsidering only soot emission nd gs sorption @omputtion SEGAA nd one onsidering only soot emission nd soot sorption @omputtion SESAAF pigure TFPU presents the otined the spetrum of emitted nd sored power for eh seF Table 6.5: Spectral integrated values of emitted and absorbed power for each case presented Figure 6.27.

hue to the high soot volume frtionD soot rdition hs strong ontriuE tion to the rditive power @round QH % of the totl emission nd lmost hlf of the rditive powerAF sn our lultionD the soot volume frtion is howE ever slightly overEpredited ompred to experimentl dtD whih mens these vlues re slightly overEestimtedF st still shows the need for urtely tking into ount soot rdition in suh on(gurtionF sntertions with the gseous phse @qie nd iqeA re smllF ynly IH % of the power emitted y soot prtiles is resored y soot phse @ieAF 6.4.3 Transmissivity and soot/gas interaction st is importnt to note tht the previous nlysis is performed y integrting spetrl vlues ll over the omputtionl dominD thereforeD lol e'ets nnot e notied hereF sn order to emphsize the impt of soot nd gseous phse in the rditive trnsferD it is possile to ompute lol trnsmissivity spetrum t given height of the urnerF uh trnsmissivity is lulted y X

τ ν (x) = exp - +∞ y=-∞ (σ ν + κ ν )(y, z = 0)dy @TFUA
sn the experimentl work y fest et lF @IWWIAD trnsmissivity spetrum hs een lulted using tomogrphi reonstrution in the infrredD t height e very good greement with the experimentl dt is otined X the pek round PQHH m -1 is orretly reproduedD while the levels of trnsmissivity hieved for higher wvenumers re very lose to the experimentl dtF sn order to understnd the ontriution from gses nd soot prtiles in this trnsmissivityD pigure TFPV @ottomA presents the ontriution of oth phsesF st n e oserved tht the pek t 2300cm -1 is not only due to the gses PHTChapter 6 -Coupled simulation of an axisymmetric ethylene air-flame ontriution @lue urveA ut lso to soot rdition @red urveAF hereforeD tking into ount soot rdition is essentil to retrieve the experimentl levE els of trnsmissivityF he trnsmissivity otined for wvenumers greter thn QHHH m -1 is mostly due to the soot prtilesF st n e oserved tht for low wvenumersD the sttering ontriution @green urveA is negligileD ut inE reses with νF foth hqEpe nd the kEmodel re then le to reprodue spetrl evolutions on this )meF roweverD the soot volume frtion level is overEpredited t this height ompring to experimentl dtF he sorption oe0ient in the hqpe model is diretly relted to the soot volume frtion f V X κ ν = C 0 f V ν with ν the wvenumerF por high vlues of νD only soot ontriutes to the trnsmissivity otinedF he slope of the trnsmissivity for high vlues of ν is therefore ontrolled y the vlue of the sorption oe0ientD hene f V F hese results hve een otined for vrile optil index m @the spetrl formultion introdued in ghpter IAF pigure TFPW shows the impt of the soot optil index modeling @onstnt or spetrl formultionA on the otined trnsmissivityF st n e seen thtD s lredy oserved in ghpter RD the speE trl formultion di'ers for the lowest wvenumers @or the highest wvelengthA leding only to smll di'erenesF Figure 6.29: Impact of soot optical index formulation on the computed transmissivities and comparison with experimental data.

6.4.4 Accuracy of RDG-FA model and scattering impact he previous nlysis rried out on trnsmissivities hs shown the need for tking into ount spetrl rditive properties for gs nd soot prtiles to reprodue experimentl dtF roweverD it hs lso een notied tht the stE tering impt on the trnsmissivity ws smll in the onsidered spetrl rngeF reneD no de(nitive onlusions n e drwn on the sttering ury deE sription provided y the hqEpe modelF sn the study y uri et lF @IWWQAD lser sttering mesurements hve een performed t severl xil heights on the studied on(gurtion nd sttering relted oe0ients hve een providedF hese mesurements enle to ssess the vlidity of hqpe sttering formultion for the present gph resultsF he vertilEvertil sttering oe0ient is de(ned in the experimentl study y X

Q vv (θ i ) = n 2 p x 6 p F (m)N part f (θ i )k 2 @TFVA
where θ i is the sttering ngle mesured from the diretion of the inident polrized lightD n p the men numer of primry prtiles in n ggregteD x p the size prmeterD p@mA funtion of the optil indexD introdued in hpter ID N part the numer of prtiles densityD f the form ftorD nd k = 2π λ with λ the wvelengthF he mesurements hve een reported for n ngle θ i = 90 ○ nd wvelength λ = 513nmF he otined results in the oupled simultion re ompred with the experimentl dt in pigure TFQHF he men numer of primry prtile nd dimeter np nd dp re onsidered in order to e onsisE tent with the proposed experimentl formultionF vet us rell (rst tht the omputtion of Q vv depends on the prtile numer density N part nd the soot morphologil desription vi n p nd d p @inluded in the size prmeterAF et the ottom of the )meD it n e oserved tht the PHVChapter 6 -Coupled simulation of an axisymmetric ethylene air-flame hqEpe model is in n exellent greement with the experimentl vluesF es mentioned in pigure TFIWD the vlues otined for np nd dp re in fir greeE ment with experimentl dtF hereforeD resonle omprison etween the hqpe model nd the experimentl vlues n e done in logEsle for x < 3 mF he model is le to reprodue oth levels of mgnitude nd trend of the sttering oe0ient otined experimentllyF hownstrem the )meD it n e oserved tht the sttering vertilEvertil oe0ient is underpreditedF his is explined y the low d p nd n p vlues reonstruted from the surfeEvolume reltionship t these heights @see (gures TFIWAF pinllyD the extintion oe0ient β nu D de(ned s the sum of κ ν nd σ ν is lso omputed t the sme wvelength nd ompred with experimentl vlues in pigure TFQIF Figure 6.31: Axial evolution of the extinction coecient at wavelength λ = 513nm.

Experimental values with associated errors are also reported. he sme onlusions s for the vertilEvertil sttering oe0ient n e drwnF roviding n urte desription of soot morphology nd soot volE ume frtion @whih is the se in our omputtion t the ottom of the )meA enles to orretly retrieve the extintion oe0ients long the enterlineF purE ther downstremD due to the strong oxidtion enounteredD the omputed soot volume frtion t 5cm is lmost nullF ine the otined extintion oe0ient is lso lmost nullD oth sorption nd sttering oe0ient in this zoneD for the onsidered wvelength re smllF elling the experimentl soot volume frtion otined long the enterline TFIPD it n e notied tht the extintion oe0ient evolution is lso strongly orrelted to the soot volume frtion evolutionD nd heneD the soot sorption oe0ient @sine this oe0ient is proportionl to f V AF pinllyD the spetrl ledo ω λ for n ggregte distriution t given wveE length @iqution QFPFRA n e ompred with the results of syer et lF @PHHUA who reported the ledo for di'erent heights ove the urnerF he omprison PHW is provided pigure TFQPF eginD very good greement with experimentl dt is otined for the lower portion of the )me X this shows the good pility of hqpe to reprodue experimentl mesurements with good uryF (2007).

sn order to ssess the glol impt of sttering @i.e onsidering ll the speE trumAD pigure TFQQ @leftA presents the di'erene on the rditive power etween the se with nd without stteringF st n e oserved tht the mximum di'erene is loted ner the enterlineD where numerous nd ig soot prtiles re enounteredF his di'erene orresponds to round IFS % of the lol rdiE tive powerF ine the wonteEgrlo omputtion ury is presried to 0.1% of the lol rditive powerD the onvergene riteri ensures tht the otined di'erene is sttistilly meningfulF yn the other hndD the e'etive ledo importne ωeff nd men symmetry ftor Ḡ metri derived in ghpter Q re lso reported on the middle nd right prts of pigure TFQQF he e'etive ledo ωeff tkes reltively smll vlues @round HFIA long the enterline nd long the wingsD where it n e notied tht the sttering impt on the rditive power is firly smllF pinllyD Ḡ indites how the sttering oursF mll nd positive vlues re otined throughout ll the dominF sn this seD the sttering is modertely forwrd X the photons re llowed to stter for reltively wide rnge of nglesD whih results to mrginl ttenution of the sttering imptF hereforeD the omputtion of ωeff nd Ḡ enles one gin to estimte the importne of sttering prior ny wonteEgrlo simultionF 6.5 Conclusion sn this hpterD multiEphysis simultion hs een performed on lminr on(gurtionD ounting for sooting )meD detiled rdition nd onjugte het trnsfer t the wllsF he good predition of soot relted quntities @soot volume frtion FFFA is still numeril hllenge in the litertureD even in this Figure 6.33: Dierence of radiative power due to scattering, eective albedo importance and mean asymmetry factor elds for the studied conguration.

simple on(gurtionF he otined soot volume frtion is overpredited long the enterlineD whih is ttriuted either to the retined hemil modelD or the er desription in the uwP mehnism whih is not urte enough for the given on(gurtion or the modelling of soot formtion mehnisms in the setionl pproh @the oxidtion tkes ple too soon for exmpleAF oot relted quntities @ggregtes desriptionD numer of prtilesA re still in good greement in the lower prt of the )meD ner the urner exitF sn this )meD therml rdition represents QH7 of the totl het releseF yn the other hndD soot rdition hs een qunti(ed nd represents round 30% of the totl emitted power ut the lol e'ets re muh greter where soot prtiles re presentF eounting for soot rdition with ury is therefore ruil in this on(gurtionF he use of the stteEofEtheErt hqpe hs lso enled to quntify the sttering imptD whih is smllF his oservtion is lso on(rmed y the Epriori metris developed in ghpter QF he wll temperture pro(les hve een determined y ounting for onjuE gte het trnsferF his result is of priml importne sine no experimentl wll temperture pro(le is reported in the literture in this on(gurtionF he fuel preEheting e'et is usully simpli(ed y imposing temperture t the inlet of RHH u with oiseuille )owF yur study simulte this preEheting efE fet nd predits ulk temperture of QUH uF st lso shows tht the exiting temperture pro(le is not uniform tht oiseuille )ow pro(le is inorretF snhomogeneous pro(les should then e imposed instedD if not preditedF elsoD the heting of the urner lip must surely ount for the )me inoming rdiE tion @PH7 of the totl )ux in our seAF he result is however sensitive to the mteril propertyF Part III -Soot radiation in laminar PII pinllyD for the (rst time in this type of on(gurtionD n experimentl trnsE missivity is ompred with detiled rditive properties from gphF e very good greement is otinedX oth gseous nd soot rditive models re E urte enough to retrieve experimentl feturesF he ury of the hqpe model is further investigted y ompring the oe0ients from the model to experimentl ledoD extintion oe0ient nd sttering rossEsetionF sn the lower prt of the )meD very good greement is gin otined for the heights where the soot formtion preditions re orretF emining modeling errors ertinly 'et the qulity of the resultsF xonethelessD experimentl nd numerE il dt (elds on soot prtilesD spetrl trnsmissivities nd ledo llow for n exhustive investigtion of the soot morphology nd formtion mehnismF Chapter 7

Numerical synthesis of scattered Laser signals by soot particles

Experimental diagnostics, such as Laser scattering, rely on a Laser beam crossing the ame, whose intensity is collected by an optical apparatus at various angles from the beam emission. The obtained signal is determined by scattering from soot particles. It enables access to particle information such as aggregate primary particle size or fractal parameters. A diculty in such experiments is anticipating where the sensor must be placed, which sensitivity is required, which source wavelength is appropriate. The perception of these features is crucial to maximizing the measured scattered signal. This chapter aims to numerically synthetize such signals using the elds obtained from coupled simulations carried out on the Santoro laminar ame in Chapter 6 and assess the impact of the sensor position. The experimental setup constraints (such as the Laser wavelength, positions, geometry) are reproduced in the Monte Carlo solver to provide a qualitative comparison between the synthesized and measured signals. A numerical strategy based on the peel-o technique implemented in Rainier is proposed and validated in the rst part. In the second part, the technique is applied to the coupled numerical elds obtained in Chapter 6. The impact of the sensor position and wavelength is studied. Finally, in the last part, the same analysis is carried out on elds taken from detailed chemistry calculations to study the impact of the chemistry modeling. In both cases, only the rays exchanged between O-S are needed. For the targeted application, both methods are inecient in computing the radiative uxes impinging the observer (O point) from the Laser (S point).

Introduction to the peel-o Monte-Carlo technique

he peelEo' tehnique @usefEdeh et lF @IWVRAY ood nd eynolds @IWWWAY teinker et lF @PHIQAY veeD qF uF rF et lF @PHIUAA overomes the di0E ulties risen in etion UFIFIF his methodD lso lled next event estimateD hs een originlly developed in the ontext of strophysis where sttered light y strs nd neule @equivlent to the soureA needed to e olleted y telesopes @equivlent to the oserverAF he method is sed on the following propertyX At each interaction (emission and scattering) , the probability of being scattered towards a given direction is calculated. A photon is then forced towards the observer but with its contribution weighted by this probability.

ine we re using the imission eiproity wethodD whih is kwrd wonteEgrloEsed pprohD the photons re tred from the desired lotion @the oserverA throughout the whole omputtionl dominF reneD sine the position of the soure is knownD it is possile to ompute the proility tht the undle would hve sttered from the soureD s shown in pigure UFQF ih peeledEry ontriutes to the rditive )ux otined on the oserverD whih n e written s the sum of to ontriutions X where φ direct is reltive to the diret ontriution of the soure to the oE server @without stteringA when their respetive solid ngles see eh otherD nd φ peeled D whih is our quntity of interestD the rditive )ux otined from the photons peeled t the sttering lotionsF st is importnt to notie tht the 4rel4 photons do not see the soure in esxsi X the ry nnot impinge on the soure ojet with its emission propertyF ynly the peeled photons re wre of the soureX this ensures tht the rditive )ux is not ounted twie in the lultionF he following prE grphs fous on the implementtion nd the formultions of the rditive exE hnges for the diret nd the peeled ontriutionsF iqution UFP ounts for the soureEoserver exhnges onlyF st n e ompred to experimentl dt fter sutrting the kground signl of the nturl )me emission from the mesured signlF (green line). The source is characterized by its center C source , its radius R source , a direction characterized by a normal vector ⃗ n source , its power and the emission wavelength.

φ obs = φ direct + φ peeled @UFPA
where d P obs ,⃗ nsource is the distne etween the oserver point P obs nd its orE thogonl projetion onto the xis direted y the norml t the soure surfeF sn QhD the distne is expressed y

d P obs ,⃗ nsource = → CP source × ⃗ n source ⃗ n source , @UFRA
with the sign × denoting the url produtF woreoverD euse of the ollimted hypothesesD the following reltion on the normls of the soure nd the oserver must e veri(edX ⃗ n source = -⃗ n obs @UFSA sf these riteri re not veri(edD the inier solver strts without omputing the diret ontriutionF sn the other seD the diret ontriution is lulted in two stepsF he (rst step onsists of lulting the rditive exhnges etween the phoE ton tred from the oserver nd the points of the omputtionl domin until the photon rehes the soureF he photon is emitted from the oserver nd follows the lssi iw pproh desried in ghpter P in etion PFIFPF he initil diretion is imposedD prlE lel to ⃗ n obs D sine ollimted oserver nd soure re ssumedF he wvenumer is imposed y the soureF es stted erlierD the stohsti sttering tretE ment is not onsidered for the diret ontriutionF he mjor di'erene relies Part III -Soot radiation in laminar flames PIW on the spetrl sorptivity α j,m,ν @see iqution PFIH for de(nition nd noE ttionsAD whih is repled y 1 -exp (-κ ν + σ ν ) T j l jm to tke into ount the ttenution due to stteringF sn seond stepD one the photon tred from the oserver hs rehed the soureD the rditive exhnged )ux etween the surfe @the soure A nd the djent ell is omputedD using iqution PFIQF his is repeted for every point P of the oserverD enling reonstrution of omplete imge of the signlF 7.1.4 Computation of the peeled contribution Source-Observer pigure UFS presents the prmetriztion used to ompute soureEoserver onE triutions in the se of sttering eventD ourring t the point scat F he sitution is very similr to the se of diret ontriution omputtionX (rstD we ssess whether or not scat elongs to the ylinder generted y C source with rdius R source X

P scat ∈ C source ⇐⇒ d Pscat,⃗ nsource ≤ R source @UFTA
sf the ondition is veri(edD nother ry tht rries the sme energy s the origE inl ry from e is generted from scat F he originl one is sttered towrds point f in pigure UFSD following the defult sttering proedureD while the other ry is fored to stter towrds the soureF gontrry to the diret ontriutionD the proility p peeled tht the photon would hve sttered towrds the soure must e omputed X sn the se of isotropic scatteringD ll the sttering events re ourE ring with the sme proility X heneD p peeled = 1 4π sn the se of anisotropic scatteringD p peeled is given y the phse funE tion evluted t the peeledEo' sttering ngle θ po X p peeled a Φ ν (θ po )F he peeledEo' sttering ngleD using the nottions of pigure UFS is given y X

cos(θ po ) = → AP scat ⋅ → n source → AP scat ⃗ n source @UFUA
sn prtieD efore ny sttering eventD stndrd iw lultion is perE formedF he initil diretion of the photon is imposed prllel to the oserver norml @ollimted irrditionAF he wvenumer is imposed y the soure nd only the sttering optil thikness τ s is rndomly genertedF ine the stohsti pproh is retined for stteringD the ttenution of the photon long the pth is only lulted with the sorption oe0ient κ ν @the tE tenution due to sttering is hrterized y τ s AF elong the pthD the totl optil thikness due to sorption nd sttering is still storedF yne the sttering event oursD the ry is split in two X he stndrd ryD sttered in rndom diretionD whih depends the phse funtionD @iw tretmentA he peeledEo' ryD whih is fored to stter towrds the soureF he diretion is imposed y the ngle θ po F imilrly to the diret ontriutionD the peeledEo' ry does not use the stohsti sttering tretmentF reneD the ttenution of sttering is tken into ount using the totl optil thikness previously stored nd inremented long the pth towrds the soureF pinllyD one the peeledEo' photon rehes the soureD the exhnged )ux eE tween the soure nd the djent ell is lultedF his proedure is repeted for eh point P of the disretized oserverF xote tht it is possile to omine the peelEo' tehnique with importne smpling suh s the fstEforedEsttering tehnique presented in ghpter PF sn this seD the rditive power P exch,scat,ij is weighted y the pproprite ftorF 7.1.5 Validation : isotropic medium vet us then onsider Qh se presented pigure UFTF he soure @with wvelength equls to IRH m -1 A is set to e t the sme position s the left wll of the ueD nd is set ig enough to engloe the wll surfeF he frontD kD topD nd ottom fes re set with periodi oundriesF yne hundred points re set on the x nd y diretionD nd IH points re onsidered for the z diretionF ih side of the ue hs length L = 0.1 mF he domin nd the wlls re set t n identil temperture T = 300 uF his ensures tht the rys only intert with the soureF e gry gsD with onstnt sorption oe0ient κ = 0.1 m -1 is onsideredD nd the medium is supposed to stter isotropilly nd is hrterized y n ledo ωF ine the domin nd wll temperture re onstntD only exhnges etween the oserver nd the soure ourF husD oth oserver nd soure re olliE mtedF he hosen setEup enles to ompre the oserver rditive )ux omputed fromX the lssi inier solver @ERM caseAD whih is expeted to e ine0ient s disussed in etion UFIFIF the peelEo' method @Peel-o caseA he importnt point is tht the ondition to preisely lign the rndomly stE tered ry diretion with ⃗ n source is never ful(lled in prtie for stndrd iw omputtionsF hereforeD tolerne threshold or 1% is epted to hve still ontriution of the sttered rys for the iwF his limittion is not prolemE ti for peelEo' omputtions s the peeled ry is fored to e orretly lignedD whih shows the ene(ts of this method ompred to the stndrd iwF sn oth omputtionsD the onvergene is done t (xed numer of ry @M = 20 trils nd P = 100000 rys per trilAF he ledo is inresed from 0 @no stE teringA to 0.9F o improve the sttering tretmentD the full-RQMC with fstE fored sttering developed in ghpter P is used in these omputtionsF he orresponding hrteristi length is hosen equl to HFHI mF ell (elds re homogeneous in trnsverse diretionsF he results of the otined rditive )uxes for one oserver re presented in pigure UFUF he rditive )ux impinging the oserver due to the soure is deresing s the ledo inresesF his is explined y the inresing optil thikness of the domin s σ inreses with the ledoF en exellent greement of oth methods is otinedF vet us rell tht tolerne ftor needs to e pplied for the iw to hve onsistent results with the peelEo' tehniqueF woreoverD the peelEo' method enles to isolte the diret ontriution from the one due to stteringF hese two ontriutions re shown in pigure UFVF st n e notied tht the diret ontriution is muh more importnt thn the sttered ontriution given the fing of oserver nd soure in the present situtionF es the ledo inresesD the ontriution due to sttering lso inE reses while the diret ontriution dereses s expetedF he tehniques developed in ghpter P for the iw enle to improve the onE vergene of sttering omputtions y lowering the otined errorF e similr nlysis s the one performed in ghpter Q is then rried out for the se of ω = 0.9 y ompring the iw nd the eelEo' reltive stndrd devitions sn pigure UFWD the onvergene rte of oth is similrX this is expeted s oth omputtions re done using wg tehnique whih drives the vlue of the onvergene rteF roweverD signi(nt improvement in the error is oE tined using the peelEo' tehnique ompred to the iwX o hieve reltive error of 10 -4 D round IHH times more rys re required using the iw thn the eelEo' methodF he onsisteny etween the iw nd eelEo' methods llows vlidting the urrent implementtion of the peelEo' tehnique while mking sure tht it is muh more e0ientF he vlidtion is pursued with n nisotropi phse funtion suh s the one provided y the hqpe modelF 7.1.6 Validation : anisotropic medium sn this vlidtion seD the sme Qh geometry is onsidered @pigure UFTAF he soure is set to e t the sme position s the left wll of the ueF he frontD kD topD nd ottom fes re set with periodi oundriesF eginD IHH points re set on the x nd y diretionD nd IH points re onsidered for the z direE tionF ih side of the ue hs length L = 0.1mF he domin nd the wlls re set t T = 300 uF he hqpe model with the frtl prmeters D f = 1.8 nd k f = 1.2 is onE sidered for frtl ggregtes prmetersF e uniform distriution of soot gE gregtes is onsideredD with X f V = 10 -6 D n p = 500 primry prtiles per ggregtes d p = 50 nm for eh primry prtile dimeter hese vlues enle oosting sttering ontriution in the vlidtion seF he spetrl formultion of the soot optil index m from ghng nd ghrlmE popoulos @IWWHA is onsideredF everl wvelengths for the soure re onsidered in this vlidtion seD from 0.4 µm to 2 µmF his rnge orresponds to vlues where soot prtile rdition is importnt @nerEinfrred nd visile regionsAF por eh wvelengthD le UFQ presents the vlues of the sorption nd sttering oe0ient of soot prtiles nd the orresponding ledoF sn oth iw nd eelEo' omputtionsD the numer of ry is (xed @M = 20 trils nd P = 100000 rys per trilAF he full-QMC method long with the Fast-forced-scattering @with referene length equl to 0.1mA is usedF pigure UFIH ompres the rditive )uxes on the oserver otined with stnE drd iw lultion nd the peelEo' lultion for di'erent wvelengthsF foth methods re in very good greementD whih vlidtes the implementtion por eh pointD the solver inier omputes the lol rditive )ux with the implemented peelEo' methodF he fullEwg pproh developped in ghpter P is usedF he hqpe model with the sme prmeters @form ftorD frtl prmetersD surfeEvolume reltionship svEmodel PA s those of ghpter T is onsidered to ompute soot rditive propertiesF he reltive nd solute error of the wonteEgrlo solver re set to 0.1%F uh smll error n e presried t resonle g ost sine rys re only emitted from the desired lotion @the oserverA whih gretly limits the numer of photonsF he diretion → n obs is redily lulted with the ngle α o in the solute frme x, y, zX

→ n obs = -sin(α o )⃗ y + cos(α o )⃗ z @UFVA
he position of n oserver point M is then given y the expression

⃗ OM = h v ⃗ x + (d of sin(α o ) + h h cos(α o ))⃗ y + (-d of cos(α o ) + h h sin(α o ))⃗ z @UFWA
where h v nd h h re the oordintes of M in the lol frme of the oserver plneF glultions re rried out using the hqEpe model with the spetrl forE multion of ghng nd ghrlmpopoulos @IWWHA for the optil indexD nd frtl prmeters re set to D f = 1.8 nd k f = 1.2F o sty onsistent with the oupled lultionsD the form ftor expression is given y ng et lF @PHHSAF 7.2.2 Impact of observer angle por ll the lultions in this setionD the vser wvelength is set to 405 nm nd α of vries from H to WH degrees @lokwise nd ntilokwiseAF pirst of llD let us onsider the se where the vserD the )meD nd the oE server re lignedD whih orresponds to α o a HF sn pigure UFIQD the total signl olleted y the oserver is presentedF his signl is the sum of the diret onE triution due to the vserD nd the sttered signlF he signl is dominted y the diret vser ontriutionD nd the ngle α o a H nnot e used in prtie to study soot stteringF he ttenution of the diret signl y sttering n e oserved nd is loted where soot prtiles re present in the )meF vet us nlyse the sttering ontriution otined in order to extrt more spei( informtionF he sttered signl olleted y the oserverD in this seD is displyed in pigure UFIRF he orresponding ontriution is pproxiE mtively two orders of mgnitude lower thn the vser diret ontriutionF st is importnt to mention thtD sine we re onsidering the solid ngle Ω = 0D the olleted signl due to sttering is slightly underestimtedF sn this signlD high vlues re otined ner the xisD for lotions x = 3 mF et this heightD high numer of prtiles is presentD whih enhnes the stteringF he surfe growth mehnism is lso importnt in this zoneD whih inreses the size of ngles of sttering re expetedF sn pigure UFITD the sttering phse funtion for distriution of ggregtes loted t the mximum signl is reonstruted t the onsidered wvelengthF he sttering phse funtion presents indeed pek shpe loted towrds smll ngles @lose to 0 ○ AF reneD the sttered diretion most proly orresponds to smll nglesF hereforeD for the onE sidered ngle of 40 ○ D smll mount of signl is olletedF ih (gure in pigF UFIS presents signl symmetry whih is mirrored etween 40 ○ nd -40 ○ F he most notiele hnges our in the zone of mximum signlF et α o = -40 ○ D only the left prt of the entered zone ptures the mxiE mum signlD while it is the right prt for α o = 40 ○ F he symmetry is ttriuted to the ft tht some rys need to trvel longer portion of the )me to reh the oserverF he optil thikness long the pth therefore inresesD nd less signl rehes the oserverF he impt of the oserver ngle is now nlyzed in pigure UFIU in terms of integrted sttered ontriution to the rditive )ux on the oserver plneF he signl is symmetriF his ehviour is expeted sine the )me is xisymE metri nd the phse funtion is symmetriF eround reltively smll ngles @lower thn IH ○ AD the sttered ontriution dereses stronglyF his is gin explined y looking t the phse funtion ehviour for these smll nglesD nd t the onsidering wvelength @pigure UFITAF he phse funtion vlues he sme ngulr ehviour is oserved for oth sesX the mximum signl is otined for n oserver ngle equl to H ○ nd dereses s the ngle goes to WH ○ or EWH ○ F he sttered rditive )ux otined for the longer wvelength is lowerD onsistent with the orresponding deresing impt of stteringF he dey rte of the signl tils for lrge ngles ppers more moderte when onsidering higher wvelengthF sn other wordsD lthough the signl olleted is slightD vritions with the ngle re less sensitive to the signl ttenutionF he phse funtion for the sme ggregte distriution s the one onsidered in pigure UFIT @t RHS nmA is shown in pigure UFIW for the onsidered wvelength of UVS nmF he proility to e sttered t lrger ngles is indeed inresed t this wvelengthF hereforeD the olleted signl is reltively still importnt for moderte oserver nglesD whih is depited y smoother derese of the signl pro(le in pigure UFIVF he impt of the wvelength on single point of the oserverD t (xed ngle @hereD t α o = 0 ○ A is further exmined to understnd the di'erent ehvior of soot sttering propertiesF pigure UFPH presents the spetrl vrition of the het )ux rehing the enter of the oserverF teringD s lredy notied previouslyF roweverD elow QSH nmD the sttered signl ontriution is reduedD even though the sttering oe0ient σ soot is inresing @in the lssi yleigh theoryD it is proportionl to 1 λ 4 AF he peelEo' ontriution depends on the phse funtion nd the ttenution of the photon from the sttering point towrds the oserverF he sttering phseEfuntion ptterns re very similr for low wvelengths @we re fr from the yleigh ptternD nd forwrd sttering is fvoredAF e possile explnE tion is then the optil thikness of the medium tht hs inresedF sndeedD not only σ soot inreses with lower wvelengthD ut lso the sorption oe0ient κ soot X it is proportionl to 1 λ F sn order to ssess the optil thikness of the medium nd its impt on the results for α o = 0 ○ D let us onsider photon going from the soure to the enter of the oserverD t y = 0 s shown in pigure UFPIF pigure UFPP represents the evolution of the verge κ soot nd σ soot long the optil pth with the wveE length λD nd the orresponding ledo ωF es expeted for soot prtiles in the visile rngeD the sorption oe0ient domintes the sttering oe0ientD resulting in reltively low ledoF roweverD ner the D the ledo is muh stronger euse of the σ soot shrp inreseF reneD s λ deresesD σ soot inresesD nd more signl from sttering is exE petedF yn the other hndD κ soot inreses s wellD whih trps some prt of this signlF ith sttering eoming more nd more presentD the signl is lso ttenuted y devitionF foth opposite terms re omined in the produt σ soot e -βL @with β = σ soot + κ soot AF he evolution of this quntity is plotted in pigure UFPQ nd is strongly linked to the spetrl signl evolution otined in pigure UFPHF sndeedD oth mximums re otined for similr wvelengths @the order of mgnitude is round 350nmAF he e'et of sttering on the oserver signl is the highest in this spetrl rngeD whih omines fvorle sttering 

Application of peel-o technique to CFD elds from detailed chemistry calculations

sn this setionD numeril (elds otined using detiled hemistry lultions provided y tFv gonslvi @isudero @PHIWAA re onsidered to ssess the impt of the hemistry nd soot modeling on the peelEo' results for the sme lminr PQU )meF 7.3.1 Numerical setup hetils on the hemistry nd soot modeling n e found in the thesis y isE udero @PHIWAF rereD only summry is relled to emphsize the di'erenes with the simultions rried out in ghpter TF Gaseous phase description he hemil mehnism onsidered in this simultion is the detiled one from hworkin et lF @PHIIAD whih onsists of WR speies nd UPQ retionsF his mehnism hs een le to improve the predition of soot volume frtion long the enterline region ompred to mehnisms using other ers pthE wysF he dimeriztion proess only involves Q ers whih re formed y S romti ringsF

Soot phase description e setionl method is onsidered to solve the popultion lne eqution @fiA in order to retrieve the numer density funtion n(V ) of soot prtiE lesF hese prtiles re ssumed to e ggregtesD with frtl dimension D f = 1.8F he primry prtiles re supposed spherilF

Radiative properties

he gph results were oupled to therml rdition with hisrete yrdinte wethod @with T 3 qudrtureAF qseous rditive properties re desried y the xfgu modelD nd yleigh regime for nonEsttering soot prtiles ws ssumedD with the following expressionX κ λ,soot = 5.5f V λF pigure UFPR presents the orresponding soot volume frtion nd the density numer of prtile (elds otined with the presented numeril setupF he mximum level of soot volume frtion is round V ppm nd is loted long the wings of the )meD whih is onsistent with experimentl resultsF nlike the (elds presented in ghpter TD the soot volume frtion is not overestimted long the enterlineD whih is ttriuted to the hemil mehnism retined in the detiled lultion of the )meF en importnt numer of prtiles is loted t the ottom of the )meD whih is due to the strong loliztion of ers in this zoneF e seond zone of highEdensity prtiles is lso oserved downstrem the )meD ner the enterlineF he peelEo' methodology is pplied to these detiled (eldsF he di'erent soot topology (elds re expeted to modify the imges olleted y the oserver ompred to those otined in etion UFPF 

Results and comparison with coupled calculations

pigure UFPS presents the sttered signl reeived y the oserver t RHS nmD for n ngle α o = 0 ○ with the (elds tken from detiled hemistry simultions @leftA ompred with the one otined with oupled simultions in this thesis @rightAF vooking t the soot relted (elds otined in oth omputtionsD it is expeted tht the signl ptured y the oserver extends on higher heightD whih n e oserved in pigure UFPSF he signl is olleted up to IH m ginst R m for the oupled lultionF henD strong signl is otined t the ottom of the )meF his strong signl is orrelted with the high density of prtiles ner the wings seen in pigure UFPRD where nuletion is dominntF he signl then dereses s one moves downstrem the )meF he mximum vlue of the sttered signl is T mGm 2 D whih is three times higher thn the vlue otined in etion UFPF he hieved level of soot volume frtion etween oth omputtions is similr @round IH ppmAD whih implies tht the sorption oe0ient vlues re lose @sine κ is proportionl to the soot volume frtionAF hereforeD the di'erene in the signl mgnitude nnot e ttriuted to di'erene in sorption ttenE utionF egrding stteringD sine oth omputtions re sed on hqpe models with (xed frtl prmeters nd form ftorD only Q prmeters re llowed to vry X the totl numer density of prtiles N part D the numer of primry prtiles of n ggregte n P nd the dimeter of these primry prtiE les d P F PQW he omprison of the totl numer density of soot prtiles etween oth omputtions is presented in pigure UFPTF he (elds present strong di'erE enes in topologyF sn the oupled lultion rried out in the thesisD even though n importnt numer density of prtiles is loted long the wingsD the mximum vlues re enountered ner the enterlineF yn the oppositeD the detiled hemistry lultion presents mximum t the ottom of the )meF hese di'erenes in topology re diretly orrelted with the mximum signl ptured y the oserverF hereforeD n urte numeril predition of the numer density is ruil to synthesize the oserver signlF he signl intensity lso depends on the size of the prtilesF pigure UFPU presents the (elds of men dimeter of primry prtilesD noted dP D for oth simultionsF es lredy mentioned in ghpter RD the hoie surfeEvolume reltionship n hve strong in)uene on the sttering oe0ientD nd thereE foreD on the otined signlsF qlollyD the men prtile dimeter given y the oupled lultion @leftA is smller thn the one otined y the detiled hemistry omputtion @rightAF reneD the sttering oe0ient nd its impt re higher in the ltter seF foth informtion given in pigures UFPT nd UFPU re needed to understnd the olleted sttered signlsF sn the thesis oupled lultion (eldD lthough the numer of prtiles is importnt for x ≤ 2 mD the dimeter of primry prtiles is too smll to stter photons e0ientlyF xer the enterlineD for x ≈ 3 mD there is reltively importnt numer of prtiles with igger sizeD resulting in stronger signl oserved in pigure UFPSF por the (eld otined with detiled hemistryD the sme ehvior is oserved t the ottom of the )me X the overE lp of importnt primry prtile dimeter nd N part explins tht strong sttered signl is oserved ner the urner exitF hownstrem @for x ≥ 3 mAD prtiles re igger @whih ontriutes to the sttered signlAD ut the prtile numer density is smllerF reneD lower signl is olleted downstremF he totl signl olleted y the oserver for di'erent ngles is ompred eE tween oth omputtions in pigure UFPVF he wvelengths 405 nm nd 785 nm with the sme vser power @I mA re onsideredF he impt of the wveE lengthD lredy disussed in etion UFPFQD is retrievedF es mentioned in the previous nlysisD more signl is olleted y the oserver in the detiled hemE istry omputtionF ixperimentl dt re often given in terms of normlized signlsF sn orderD for further workD to ompre our results with experimentl mesurementsD sled pro(les for oth omputtions re presented pigure UFPWF ih pro(le is sled y its mximum vlue otined in the orresponding omputtionF st n e oserved tht the derese of the signl using the (elds from this thesis work is steeper thn the detiled hemistryF sn order to understnd suh ehviourD let us ompute the phse funtion t RHS nm for oth ses shown in pigure UFQHF e onsider the mximum vlues of nP nd dP to ompute ggregte properties nd the orresponding phse funtion given y the hqEpe theoryF he omputed phse funtion is nrrower for low ngles for the thesis simultion resultsF hereforeD the proility of eing sttered for higher ngles is smller for this seD resulting in fster ngulr derese of the sttered signlF

Conclusion

he ojetive of this hpter ws to generte vser sttering signls using our wonteEgrlo solver inier with the (elds otined in ghpter TF inier is sed on the iw pprohD fkwrd wonteEgrlo methodD nd is not suitle for this type of omputtionF hereforeD tehnique known s the peelEo' method hs een implemented nd vlidted in inier for isotropi nd nisotropi sttering sesF st is then pplied long with the wg method nd importne smpling for sttering developed in ghpter P to improve the onvergene of our simultionsF vser sttering signls hve een suessfully generted with two (eldsX the one otined from our oupled simultions nd one otined with detiled hemistry pproh provided y tFv gonslviF por oth (eldsD the impt of the oserver9s positionD whih ollets the signlD is ssessedF he mximum signl is otined when the vserD the )meD nd the oserver re lignedF roweverD in this positionD the signl is lso polluted y the diret ontriution of the vserF he signl then dereses with the ngulr positionF he integrted signl is higher for the detiled hemistry pprohD whih is due to X he igger size of prtiles enountered in the detiled simultion ssoE ited with lrger numer density of prtilesD e longer luminous )me por oth omputtionsD the impt of the ngulr position nd wvelength re similrF et higher wvelengthsD the olleted signl is reduedF he derese of the signl with the oserver position is less pronounedF his is interpreted thnks to the phse funtionX t higher wvelengthsD more isotropi stterE ing oursD whih mens tht the proility of eing sttered towrds lrger ngles is higherF hereforeD the signl is still olleted even for lrge oserver nglesF sn ny seD slightly dissymmetri signl is oserved when modifying the oserver ngle position for oth omputtionsD whih hs een interpreted s di'erene of optil pth length rossed y the photonsF e re now le to ompre suh signls with experimentl dtD whih will e done in further workF

Conclusion

he glol ojetive of this thesis ws to provide etter understnding of soot rdition y ssessing its impt on urte gph simultionsF prom n industril nd prtil perspetiveD simpli(ed rditive models re sometimes onsidered in omustion hmer simultionsF he yptilly hin essumption enles to diretly otin the rditive power without ny ddiE tionl solverD for exmpleF his model enles to sve g time nd is redyE toEuse in gph solverF roweverD it strongly underestimtes the tempertureD whih impts the predition of pollutnts suh s soot prtilesF e more generl gol of this thesis is to prove tht highE(delity nd e0ient simultions with detiled rditive properties n e performed in omplex on(gurtionsF o do soD four min xes hve een investigtedX @iA the develE opment of urte rditive methods tht n e used in ny omplex onE (gurtionY @iiA the evlution of key ftors whih impts the rditive power t lose industril operting pointsY @iiiA the pility of suh models to reE produe experimentl dt using highE(delity oupled lultion frmeworkY nd @ivA the synthesis of signls due to sttering whih n e ompred with experimentl dtF sn the following prgrphsD the min hievements nd limits of the di'erent works on these four xes re nlyzedD nd di'erent perspetives nd improveE ments re disussedF Development of accurate and ecient soot radiative models sn this thesisD the rditive power nd )uxes re omputed y solving the diE tive rnsfer iqution @iA with wonteEgrlo solverF sn the originl solver lled inierD the rditive soot model ws limited to the stndrd yleigh model for spheril prtiles without stteringF roweverD it is known tht soot prtiles hve n ggregte shpeD nd stteEofE theErt models hve een developed in the literture to ount for this omplex shpeF he yleighEheyeEqns for prtl eggregtes hs een retined in this thesis euse of its ury nd simpliityF eent studies @s developed in ghpter IA hve shown tht the hqpe model n urtely reprodue results otined y more sophistited @nd expensiveA methodsF he ssessment of hqpe properties on the rditive power in turulent sooted )me hs never een studied efore this thesisF o do soD in ghpter PD the tretment of sttering in our rditive wonteEgrlo solver hs een detiled sine the originl solver ws not ounting for itF yne signi(nt hievement of this thesis hs een to omine this lssil tretment with the usiEwonteEgrlo method @wgAF he wg method enles to improve the wonteEgrlo onvergene rte signi(ntlyF sn other wordsD the sme error on the rditive powerG)uxes n e hieved with muh lower numer of reliztionsF sn ghpter PD this method ws pplied on simple Qh homogeE neous domin with vrious operting onditionsF he method ppers to e roustD nd signi(nt improvement @up to ftor of PH when smll error is desiredA hs een notied for most investigted sesF he error is further reE dued y omining the wg pproh with importne smpling tehniquesD suh s the foredEsttering method detiled in ghpter PF his method is prtiulrly interesting in regions where sttering events rrely ourF sn ghpter QD the sttering impt on turulent sooted jetE)me is invesE tigted using the hqpe modelD the sttering tretment with the wg pE proh omined to importne smplingF he i is solved using instnE tneous (elds tken from previous vi oupled lultionsF he setionl methodD used to desrie soot dynmisD provides the sootErelted quntities required for the hqpe modelX the soot volume frtion f V D nd the numer density funtion n(V )F yverllD t (xed presried errorD speedEup fE tor of Q is otined with respet to the stndrd wonte grlo pprohF he e0ieny of the improved method is lso qunti(ed using lol error metE riF his metri emphsizes the res where our pproh rings signi(nt enhnementsF he sttering hs een urtely qunti(edD nd eventully ppers smllF hree glol metris tht n e omputed efore ny wonteEgrlo simulE tion hve een emphsizedF he ojetive is to e le to priori quntify the importne of sttering in ny gph simultionF he ledo importneD the men symmetry ftorD nd the men trnsmissivity expressions hve een reported in ghpter QF he (rst metri gives the reltive importne of the sttering oe0ient with respet to the totl extintion oe0ientD oth weighted on the eletromgneti spetrumF he seond metri enles to unE derline whether forwrd or kwrd sttering previls on the simultionF he men trnsmissivity enles the ssessment of the optil thikness in the doE minF hese metris hve een pplied in ll the investigted simultions in this thesisF sn ghpter QD oth ledo importne nd symmetry ftor vlues re onsistent with the low impt of sttering oserved in the turulent jet PRU )meF heir informtion is eventully omined into single metri denoted s n e'etive ledo importne sed on the e'etive trnsport sorption nd extintion oe0ientsF eent improvements on the hqpe models hve een pulished in the litE ertureD s disussed in ghpter ID to onsider omplex fetures @overlppingD polydispersity of ggregtesD nekingAF smplementing nd testing these new formultions in inier n e n interesting perspetiveF he sttering oe0ient expression depends on frtl prmeters k f nd D f whose vlues re unertinF sn the thesisD these prmeters re (xedF gomE puting the rditive powerG)uxes using nertinty unti(tion tools @A would e very useful to understnd the impt of these ftors on the resultsF es enountered in vrious on(gurtions in the thesisD the impt of soot stE tering on het trnsfer depends on the prtile morphology ut is usully smllF enlytil models suh s hqpe provides detiled formul for the stterE ing oe0ientD ut the sorption oe0ient expression remins identil to the yleigh regime formulF reneD the thesis minly foused on sttering e'etsF hetiled nlysis of the soot sorption oe0ient revels PHEQH7 erE ror of the stndrd expression viu et lF @PHPHAF he impt on het trnsfer of soot emission nd sorption is undoutedly more signi(nt thn stteringF edvned nlytil formuls for the soot sorption oe0ient re then very muh desiredF hey would surely involve the knowledge of the soot ggregte morphologyD whih gin outlines the need for @iA hrterizing it experimenE tlly nd @iiA numeril modelling of the di'erent omplex shpesF Evaluation of key factors impacting the radiative power olid nd roust rditive models hve een developed in ghpter P nd Q nd hve then een pplied to vrious operting points in ghpter RF sn the turuE lent jet )meD the size of soot prtiles hs een rti(illy inresed @from few nm to 50 nmAF o do soD the setionl methodD whih is used to desrie soot dynmisD is modi(edF he soot volume frtion f V D isD howeverD kept onE stntF reneD only the sttering oe0ient is impted y this size inreseF his study shows tht n urte desription of ggregtes is essentil to sE sess the impt of sttering in this seF sndeedD n dEho surfeEvolume reltionshipD whih enles to ompute the numer of primry prtiles n p nd dimeter d p of soot ggregteD hs een initilly retinedF he originl formultion of the setionl method yielded inurte resultsX new empiriE l lw (tted from experimentl dt hs een used while outlining the need for modelling e'orts on soot morphology desriptionF he pplition of the metris derived in ghpter Q to the inresedEsootEsize on(gurtion shows sustntil inrese in the ledo nd the men symmetry ftor ompred to the originl se with more signi(nt impt of sttering on the rditive power (eldF he soot optil index hs lso een investigted in the ndi turulent jet )me using onstnt formultion nd omplex spetrl expressionF foth formultions yield similr results in terms of rditive powerF roweverD E ounting for spetrl expression n e done without inresing the g ost of the simultionF he impt of soot volume frtion nd pressure hs een investigted in nE other turulent on(gurtionX the hv ps test rigF his swirled nonE premixed ethyleneEir )me opertes t Q rs nd exhiits severl fetures enE ountered in industril omustion hmers @suh s seondry ir injetionAF ttering remins negligile in ll investigted ses sine the size nd numer of prtiles in this omustion hmer re smllF et Q rsD for mximum soot volume frtion level of IHH ppmD emission of soot nd gs phses hve the sme order of mgnitudeF roweverD due to the resorption y hot gsesD the net impt on the rditive power is minly due to soot prtilesF ith inresing pressure for (xed soot levelsD gses dominte rditive exhngesF es resultD the intertion etween gs nd soot phses hs lso inresedF his result is essentil sine simpli(ed rditive models for soot nd gs phses re enountered in the litertureF roweverD these glol models usully ssume smll intertion etween oth phsesD whih is not the se in the investigted on(gurtion t QH rsF ixperimentl dt in industril operting points t high pressure with relisti soot levels re required in order to drw de(nitive onlusionsF Coupled simulation of a co-ow laminar diusion ame and accuracy of radiative models hue to the lrge unertinties ssoited with turulent on(gurtions @turE ulene modellingD intertions with rditionAD the thesis hs lso foused on simple lminr on(gurtion widely studied in the litertureF sn the turuE lent lrgeEeddy simultions performed efore this thesisD tulted hemistry pproh ws retined to desrie the gseous phse kinetisF reneD to e onsistent with suh omputtionsD similr pproh ws onsidered for the lminr )meF his pproh ws derived nd detiled in ghpter S for lmiE nr )mesF yne of the min limittions of this method is tht the di'erentil di'usion is only prtilly tken into ountF sndeedD the tulted hemistry relies on Ih ounter)ow di'usion )mesD whih does not enle omputing multidimensionl e'ets in the dtseF woreoverD the )melet pprohD s disussed in ghpter TD is not well suited for o)ow lminr )mes suh s the one investigted in ghpter TF sn future workD it would e interesting to perE form ll the simultions nd nlyses rried out in ghpter T using detiled PRW hemistry pproh instedF he lultions presented in ghpter T hve een otined y oupling three odesX ef @for the )uid prtAD e @ounting for onjugte het trnsfer t the wllsAD nd inier @ounting for rditive het trnsferAF wodi(E tions on the oupling frmework @multiEtopology mesh onnetivityD exhnges etween the odesA hve een done to hndle suh omputtionsF st hs een shown tht ounting for urte rditive properties is essentil to retrieve the orret temperture pro(leF fesidesD omputtions without rdition hve een rried outF he otined )me is not stle nd is )ikering s seen in pigure UFQIF he frequeny of this )utution hs een qunti(ed y looking t the evolution of the hetErelese rte @pigure UFQPA nd is round IP HzD whih is round the vlues experimentlly reported in uoynyEindued lmE inr )mesF hereforeD one e'et of rdition is to stilize the )me in this on(gurtionD onsistently with the experimentl oservtionF hue to the limittion of the )melet pprohD the unertinties in the hemil mehnism used to generte the )melet dtse nd in the soot formtion modelD the soot volume frtion f V nd the numer of prtiles N part re not orretly retrieving experimentl mesurements throughout the )meF ynly the lower prt gives stisftory resultsF he inlusion of onjugte het trnsfer hs enled us to ompute wll temE perture pro(les tht re not given experimentllyF e omplete rdil pro(le @tempertureD veloityA t the pipe9s exit hs lso een presented nd n e Figure 7.32: Evolution of the heat-release rate in the case of the ickering ame. used s new input for simultions without ounting for the pipeF sndeedD it hs een shown tht the stndrd inputs onsidered in the literture @imposing oiseuille pro(le with ulk temperture of RHH uA re not urte in this simultionF he rditive impt of soot prtiles hs een ssessed in this omputtionF st represents round 20% of the totl rditive power nd needs to e urtely tken into ountF ttering hs smll impt on the rditive power nd is round R % of the lol rditive powerF eginD the derived glol metris re onsistent with this moderte imptF por the (rst timeD omprison of the trnsmissivity otined experimentlly with the one omputed using detiled rditive propertiesD hs een mdeF he ontriution of soot nd gs rditive properties hs een disussedX n uE rte desription of oth phses rditive properties is required to reprodue the experimentl trnsmissivity @pekD overll evolutionAF pinllyD the sorption nd sttering oe0ient expressions given y the hqpe model re ompred with experimentl dt in terms of ledoD extintion oefE (ientD nd sttering rossEsetion oe0ientsF rere ginD in the lower prt of the )meD good greement is foundD whih shows the ury of the hqpe pprohF Numerical synthesis of Laser scattering signals his preliminry work hs imed t showing the pility of the wonteEgrlo solver inier to generte rditive intensity signls olleted y sensorF hese PSI signls re due to vser whih is sttered y soot prtilesF his on(gurE tion orresponds to n experimentl setup urrently rried out t the snstitut tenEveEondEd9elemertF o do soD the wonteEgrlo solver inier sed on fkwrd wonteEgrlo pproh hs een modi(edF e tehnique known s the peelEo' method hs een implemented nd vlidtedF xumeril signls hve then een suessfully generted for two on(gurtionsF he (rst is otined in this thesisD in ghpter TD sed on the tulted hemistry modelF he seond one hs een provided y tFv gonslvi nd uses detiled hemistry pprohF he impt of the wvelength nd the sensor position hs een investigted for oth lultionsF he results9 similrities nd di'erenes etween oth ses hve een nlyzed nd explinedF he experimentl mpign is still in progressD nd severl meetings hve tken ple etween iwPg nd the snstitut tenEveEondEd9elemertF gomprison of mesurements with the numerilly synthesized ones is plnnedF Synthesis: global metrics and simulations carried out in this thesis he ledo importne ωD the e'etive ledo importne ωeff nd the men symmetry ftor Ḡ reD y de(nitionD not sensitive to the lol numer of soot prtiles ut re determined y the prtile morphologyF pigure UFQQ presents the isoEontours of three metris omputed with the hqpe model in d agg En p digrmX n p is the numer of primry prtiles of n ggregteD nd d agg the equivlent ggregte dimeterF sn the sme (gure re pled four simultions onsidered in this workX the referene ndi jet )me se @Ref-SAD the ndi jet )me with the inrese in prtile size @Inc-SAD the hv ps test rig @DLR nd the lminr di'usion )me @SantoroAF hese di'erent points enle understnding in whih se soot sttering is signi(nt @grey to lk zoneA or not @light gry zoneAF es expetedD the se Inc-S orresponds to the on(gurtion with the most mrked imptF roviding experimentl informtion on d agg nd n p enles us to ntiipte the impt of soot sttering prior to ny omputtion thnks to these ontour plotsF 

1 O ′ 1 n e written X O 1 O ′ 1 = → C s O 1 ∧ ⃗ n source ⃗ n source @eFIA PSS st is ler thtD the point O 1 relies in the trunted one generted y the soure if O 1 O ′ 1 ≤ R cone,O 1 where R cone,O 1 
is the rdius of the trunted one t the height where O 1 is lotedF his distne n e split in two prts ording to pigure eFPD nd is equl to X

R cone,O 1 = R source + tan(Θ S )CO ′ 1 @eFPA ine the position of O 1 is knownD it is more onvenient to rewrite the previous expression using O 1 insted X R cone,O 1 = R source + tan(Θ S )(-C s O 1 ⃗ n s ⋅ ⃗ n o ) @eFQA e (nlly getD s the norml soure is horizontl X R cone,O 1 = R source + tan(Θ S )C s O 1 cos(α o inc ) @eFRA
sn the se where the soure is inlined with n ngle α s inc D the previous derivE tion is vlidD only the (nl dot produt etween the two norml vetors is modi(edF e n writeD thenD the (rst generl ondition of soureEoserver detetion X 

C X O 1 ∈ C ⇐⇒ → C s O 1 ∧ ⃗ n source ⃗ n source ≤ R source +tan(Θ S )C s O 1 cos(α o inc ) cos(α s inc ) @eFSA with Θ S = cos -1 1 -Ωs 2π F
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Transactions of the ASME 99 @eugust IWUUAD RSV!RTSF (p. 39) PUW n he rulstD rF gF @IWSUAF Light Scattering by Small ParticlesD olume IF (p. 33, 37) vn yijenD tFD F fstinsD nd vF de qoey @PHHUAF vowEdimensionl mniE folds in diret numeril simultions of premixed turulent )mesF Proceedings of the Combustion Institute 31 @IAD IQUU ! IQVRF (p. 150) erhoevenD vFD F mekersD tF vn yijenD nd vF de qoey @PHIPAF wodeling nonEpremixed lminr oE)ow )mes using )meletEgenerted mnifoldsF (p. xiv, 26, 45, 53, 54, 88) onD tFD pF viuD eF fesondD gF gumontErimD gF ozéD pF F yufD nd eF gopplle @PHIRAF i'ets of multiple sttering on rditive properE a challenging task as it strongly depends on particle size, morphology and optical properties. In the literature, all the studies related to thermal radiation in sooty flames are considering soot as spherical particles, although it is well admitted that they are clustering into complex aggregates. In this PhD work, an aggregate morphology for soot particles is considered and the impact of advanced soot radiative models (such as RDGFA) is assessed on several configurations. These models are implemented in an accurate code based on a Monte-Carlo approach, which solves the radiative transfer equation to retrieve key thermal radiation quantities. Numerical strategies are developed to reduce the computational cost due to the Monte-Carlo method while preserving a high accuracy. These strategies are applied on two turbulent flames: a diffusion coflow ethylene-air jet-flame and a swirled nonpremixed ethylene-air flame.

The radiative model RDGFA is then compared with experimental data obtained on laminar flames to assess its accuracy. A multi-physics coupled calculation is performed on the diffusion laminar ethylene-air Santoro's flame. This coupled approach accounts for soot dynamics, radiation, and ethylene pre-heating due to the hot burner walls. The thermal radiation analysis demonstrates the capability of the RDGFA model to retrieve experimental data with a good accuracy. Finally, an application of based on the numerical synthetization of laser scattering signals due to soot particles is proposed and applied on Santoro's flame.
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 1 Figure 1: Global Greenhouse Gas Emission contribution by Gas in 2015 (from United States Environmental Protection Agency website).
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 2 Figure 2: Evolution of the global fuel consumption over the years in function of the considered resource (from Our World in Data website).
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 3 Figure 3: Illustration of ICAO emissions certication at the vicinity of airports (extracted from ICAO website).
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 1 Figure 1.1: Schematic description of radiative mechanisms for the RTE.
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 1 Figure 1.2: Comparison between Monte Carlo and other techniques conventionally used for the RTE solutions (extracted from Modest (2003b))
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 10 Figure 1.3: Schematic representation of the absorption coecient evolution in a small band ∆ν. Extracted from Rodrigues (2018).
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 14 Figure 1.4: Comparison of soot complex index of refraction (from Modest (2003b)). 1 : Lee and Tien (1981) (polystyrene and plexiglas soot), 2 : Stull and Plass (1960) (amorphous carbon), 3 : Dalzell and Sarom (1969) (propane soot), 4 : Howarth et al. (1966) (pyrographite at 300K), 5 : Chang and Charalampopoulos (1990) (propane soot), 6 :Felske et al. (1984a) (propane soot)
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 15 Figure 1.5: Scattering regime map as a function of the particle size parameter x and the soot volume fraction fv. Extracted from Modest (2003b).

Figure 1 . 6 :

 16 Figure 1.6: Comparison of E(m) with excitation wavelength λ, extracted from Mouton (2014).

  formulation : κ λ = 4.89f V /λBuckius's formulation : κ λ = 5.5f V /λ Spectral Chang's formulation
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 17 Figure 1.7: Comparison of the absorption coecient obtained by Rayleigh scattering theory for dierent values of m.Scattering coecient for soot particles:

Figure 1

 1 Figure 1.8: Polar representation of the Rayleigh's phase function. Isotropic scattering is also displayed in dashed lines.

Figure 1

 1 Figure 1.9: Contour error in terms of Q ext . x is the size parameter and m the refractive index Kerker et al.(1963). Region I corresponds to an error of less than 10% between RDG and Mie's theory. Region II corresponds to an error less than 100%, region III corresponds to an error greater than 100%.
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 1 Figure 1.10: TEM characterization of soot aggregates for ethylene/air diusion laminar ame. Both single sphere and aggregates are displayed in the TEM images (Okyay (2016))
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 1 Figure 1.11: Comparison of ICP method, RDG standard and for fractal aggregates theories and equivalent sphere Mie method in terms of non-dimensionnal absorption (a) and scattering (b) coecients. N is the number of soot particles in the aggregate.
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 1 Figure 1.12: Comparison of DDSCAT code using DDA and GMM method (from Comberg and Wriedt (1999)) in terms of intensity in a row parallel (left) and perpendicular (right) to an incident electromagnetic wave.
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 1 Figure 1.13: Illustration of soot morphology interactions : standard point-touch (a), overlapping (b) and necking (c) from Liu et al. (2016)
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 1 Figure 1.14: Inuence of soot overlapping in extinction coecient (Yon et al. (2015))

  Figure 1.15: Discretization of the soot volume fraction density q i (v).

  Figure 2.1: Parametrization of the scattering problem

Figure 2

 2 Figure 2.2: Wall emittance obtained in function of the albedo ω for two optical thickness τ L and comparison with literature data from Siegel (1987).
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 2 Figure 2.3: Wall emittances obtained in function of the albedo ω for two optical thickness τ L and for four dierent scattering treatments. Comparison with reference results from Siegel (1987) is also provided. Plain markers : τ L = 0.2, empty markers : τ L = 0.5.
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 2 Figure 2.4: Relative standard deviation of computed wall emittance as a function of the total number of rays N for the ve considered cases. Conditions: τ L = 0.2 and ω = 0.3. Convergence rates are also displayed in dashed lines.
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 2 Figure 2.5: Relative standard deviation of computed wall emittance as a function of the total number of rays N for the ve considered cases. Conditions: τ L = 1 and ω = 0.7. Convergence rates are also displayed in dashed lines.
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 2 Figure 2.6: Relative standard deviation of computed wall emittance as a function of the total number of rays N for standard Monte Carlo case and Standard Forced Scattering and Fast-forced-scattering case. Conditions: τ L = 0.1 and ω = 0.9. Convergence rate is also displayed in dashed lines.
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 2 Figure 2.8: Comparison of relative standard deviation for the computed wall emittance as a function of the total number of rays N for the cases full-RQMC and full-RQMC-FFS. Conditions: τ L = 0.1 and ω = 0.9. Convergence rate is also displayed in dashed lines.
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 31 Figure 3.1: Comparison of phase functions between Rayleigh theory (red dashed lines)

Figure 3

 3 Figure 3.2: Comparison of phase functions between Rayleigh theory (red dashed lines)

Figure 3

 3 Figure 3.3: Prole of radiative power along the domain composed of soot aggregates and comparison with Ref. Eymet et al. (2002).
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 3 Figure 3.4: Relative dierence of spectral radiative power with and without scattering for both RDG-FA setups.
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 3 Figure 3.5: Spectral evolution of the albedo in the RDGFA validation case
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 3 Figure 3.6: Left: reference elds of temperature and soot volume fraction. Right: computed radiative power eld.
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 37 Figure 3.7: Soot mass fraction and soot number density elds for the rst and tenth sections.
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 38 Figure 3.8: Comparison of relative standard deviation elds in the turbulent jet ame. Top: Standard-MC. Bottom: full-RQMC-FFS.
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 39 Figure 3.9: Relative standard deviation as a function of the number of rays N at the location of maximum soot volume fraction.
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  Figure 3.11: Local eciency between for the standard-MC computation in the turbulent jet ame.
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 3 Figure 3.12: Ratio of local eciencies between full-RQMC-FFS and Standard-MC in the turbulent jet ame.
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 3 Figure 3.13: Comparison of radiative power proles (left axis, solid and dashed lines) along the jet ame centerline. The plotted region corresponds to the peak in soot volume fraction (right-axis, dotted line).
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 3 Figure 3.14: Dierence of radiative power along the centerline with and without scattering for RDG-FA (solid line) and Rayleigh (dashed line) theories. Error bounds corresponding to the results' standard deviation are shown in plain horizontal lines.
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 3 Figure 3.16: Dierence in spectral radiative power obtained at the soot volume fraction peak location in wavenumber (top) and wavelength (bottom) space.
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 3 Figure 3.18: Evolution of the spectral albedo factor ω λ for the aggregate distribution at the maximum soot volume fraction location.

  Figure 3.21: Mean asymmetry factor Ḡ for the studied turbulent jet ame eld. The black line corresponds to an isocontour of temperature at 1000 K.
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 3 Figure 3.22: Computed eective albedo importance ω ef f on the Sandia turbulent jet ame.
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 41 Figure 4.1: Comparison between instantaneous emitted radiative powers from gas and soot phases, extracted from P. Rodrigues PhD thesis Rodrigues (2018).
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Figure 4 . 2 :

 42 Figure 4.2: Burner geometry of the DLR conguration (from Geigle et al. (2015)).
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 4 Figure 4.3: Temperature, soot volume fraction and radiative power reference elds in the DLR First Burner.
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 44 Figure 4.4: Soot contribution to the mean transmissivity τ soot calculated using soot optical properties. The reference length is here chosen equals to 0.01 m. See Chapter 3 for more details on this metric.
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 45 Figure 4.5: Spectral emitted and absorbed radiative power integrated over the volume of the combustion chamber.
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 47 Figure 4.7: Spectral emitted and absorbed radiative power integrated over the volume of the combustion chamber, at P = 3 bars, and with a soot volume fraction multiplied by 10, 100 and 1000.
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 4 Figure 4.8: Spectral emitted and absorbed radiative power integrated over the volume of the combustion chamber at P = 30 bars, obtained with the reference f V eld.
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 4 Figure 4.9: Evolution of optical index component for soot particles with the wavelength.
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 4 Figure 4.10: Derivation of the surface-volume model (SV-1) based on numerical results obtained on 1D laminar premixed ames by Mueller et al. (2009), Salenbauch et al. (2015). Extracted from Rodrigues (2018)
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 4 Figure 4.13: Dierence of radaitive power with and without scattering along the centerline for Sandia jet ame with the two morphological models presented Section 4.3.3. Soot volume fraction is represented with dot lines.
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 4 Figure 4.14: Number density function at maximum soot volume fraction location.
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 4 Figure 4.15: Impact along the centerline of the soot mean particle size on the radiative power with SV-model 2.
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 4 Figure 4.16: Mean eective albedo importance ω ef f for the studied turbulent jet ame eld with increased particle size.

Figure 4 .

 4 Figure 4.17: Mean soot transmissivity τ soot for the studied turbulent jet ame eld with increased particle size. The black line corresponds to an isocontour of Temperature equals to 1000 K. The characteristic length is chosen equals to 0.01 m.
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 4 Figure 4.18: Mean asymmetry factor Ḡ for the studied turbulent jet ame eld with increased particle size. The black line corresponds to an isocontour of Temperature equals to 1000 K.

Figure 5

 5 Figure 5.1: Schematic "S-curve" representing the set of steady amelet solutions (solid and dashed black lines), extracted from Pierce and Moin (2004).
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 52 Figure 5.2: Inclusion of heat loss eect with the RFPV technique by computing intermediate non-adiabatic amelets (in red).
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 53 Figure 5.3: Comparison of 1D proles of temperature with/without dierential diusion eects using detailed chemistry (KM2 mechanism) on a 1D counterow diusion ame for a strain rate a = 100 cm -1 .
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 5 Figure 5.4: Comparison of 1D proles of acetylene mass fraction with/without dierential diusion eects using detailed chemistry (KM2 mechanism) on a 1D counterow diusion ame for a strain rate a = 100 cm -1 .
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 56 Figure 5.6: Comparison of 1D proles of soot volume fraction with/without dierential diusion eects using detailed chemistry (KM2 mechanism) on a 1D counterow diusion ame for a strain rate a = 100 cm -1 .
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 57 Figure 5.7: Comparison of 1D proles of number density of soot particles with/without dierential diusion eects using detailed chemistry (KM2 mechanism) on a 1D counterow diusion ame for a strain rate a = 100 cm -1 .

  Figure 5.8: Evolution of temperature in function of the mixture fraction for Xamelet and Z-amelet formulation in a 1D counterow diusion ame, accounting for dierential diusion eects.

  Figure 5.11: Geometry of the counterow problem

  Figure 5.12: Obtained elds on the counterow diusion ame computed in AVBP.

Figure 5 .

 5 Figure 5.13: Comparison of proles obtained in AVBP (tabulated chemistry) and in the amelet solver REGATH with dierential diusion. The strain rate is set at 120 s -1 .
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 33 Figure 5.14: Obtained elds on the sooty counterow diusion ame computed in AVBP. The strain rate is set at 120s -1 .
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 5 Figure 5.15: Comparison of the proles obtained in AVBP and in the amelet solver REGATH (sooting case). The strain rate is set at 120s -1 .
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 61 Figure 6.1: Schematic of Santoro's burner. Extracted from Santoro et al. (1987).

Figure 6 . 2 :

 62 Figure 6.2: Soot formation mechanisms in a laminar diusion coow ame. Extracted and adapted from Intasopa (2011).

Figure 6

 6 Figure 6.5: Communication scheme between the three solvers with corresponding exchanged quantities.
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 67 Figure 6.7: Evolution of L2 error norms of temperature T and radiative power as a function of the uid solver iteration N cpl .

Figure 6

 6 Figure 6.8: Temperature, molar fractions of H 2 O and CO 2 , soot volume fraction, and progress variable results from the coupled simulation. The contour Z = 0.064 is also displayed in black line.

Figure 6 .

 6 Figure 6.11: Source term of the biggest PAH considered in this study (A 7 ) based on the relaxation model presented in Chapter 5.

Figure 6 .

 6 Figure 6.12: Centerline proles of temperature, axial velocity, soot volume fraction and N part with comparison to experimental data : Santoro et al. (1983) ( ), Köylü et al. (1997) (▼), McEnally et al. (1997) (★).
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 6 Figure 6.13: Integrated soot volume fraction distribution along the axis height above the burner : experimental data from Santoro et al. (1983) ( )

Figure 6 .

 6 Figure 6.14: Comparison Coupled Calculation / optically thin assumption on the predicted soot volume fraction along the centerline and temperature. Experimental data (( )) from Santoro et al. (1983).
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 6 Figure 6.15: Comparison of radial temperature proles obtained for three dierent axial heights above the burner with experimental data from Santoro et al. (1983) ( )

Figure 6 .

 6 Figure 6.16: Comparison of axial velocity proles for six axial heights above the burner with experimental data from Santoro et al. (1983) ( ).
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 6 Figure 6.17: Comparison of radial velocity proles for six axial heights above the burner with experimental data from Santoro et al. (1983) ( ).
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 6 Figure 6.18: Comparison of radial proles mass fraction of C 2 H 2 ,OH and soot volume fraction with experimental data from Santoro et al. (1983) ( ) at a xed height above the burner exit.
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 6 Figure 6.20: Obtained wall temperature proles for the inner, outer and lip walls, accounting for conjugate heat transfer.

Figure 6 .

 6 Figure 6.21: Radial temperature proles obtained at various locations along the pipe when accounting for fuel preheating (CHT). The referred positions are relative to the exit of the pipe.
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 6 Figure 6.22: Radial axial velocity proles obtained at various locations along the pipe when accounting for fuel preheating (CHT). The referred positions are relative to the exit of the pipe.
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 6 Figure 6.23: Comparison between axial velocity proles at the exit of the pipe, accounting for fuel preheating (CHT) or not. The pipe extends radially between 0 and 0.55 cm, while the coow extends above 0.59 cm.
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 6 Figure 6.27: Spectral emitted and absorbed volume-integrated powers for the instantaneous representative solution. Results correspond to the reference case taking into account gas and soot particles emission and absorption and the four other studied cases: GEGA, GESA, SEGA and SESA.he omputed spetrum on the Ref. se exhiits two distint strutures X for low wvenumersD it is highly dynmi while for the high wvenumersD it is smoothF vooking t the GEGA seD the highly dynmi nds re explined y the gseous phse ontriutionF st should e noted tht two kEnds @eE tween PHHH nd PSHH m -1 A re the mjor ontriutors to the rditive power orresponding to CO 2 rditionF por this nd n importnt resorption is notiedF gonsidering the SESA seD it n e notied tht the otined spetrum is ontinuousD whih shows tht the highEwvenumer ontriution

  Figure 6.28: Spectral transmissivity computed at x = 4cm above the burner and comparison with experimental data (top), and detailed contribution of gas and soot particles (bottom).
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 6 Figure 6.30: Axial evolution of the vertical-vertical scattering coecient (for an angle of θ i = 90 ○ and a wavelength λ = 513nm. Experimental values with associated errors are also reported.

Figure 6 .

 6 Figure 6.32: Reconstructed albedo of aggregates at various heights above the burner with experimental data comparison at 513nm. Errors bars are taken from Iyer et al. (2007).
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 717 Figure 7.1: Schematic of the studied problem: a Laser beam scattered and collected by an observer (2D view). The source and observer are actually much wider.

  Figure 7.3: Principle of peel-o illustrated with a photon scattered three times (points A, B, C). At each scattered location, an additional ray is generated and is traced towards the source.

  Figure 7.4: Parametrization used to compute the direct contribution Source-Observer
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 7 Figure 7.5: Parametrization used to compute the scattering contribution Source-Observer (green line). The real photon computed by Rainier is scattered at P scat and goes to B. θ po represents the angle between the initial direction and the direction pointing towards the source.

  Figure 7.6: Peel-o validation case: uniform slab with absorption coecient κ and albedo ω; the source is dened on the left of the cube with an imposed surface ux; the observer elements are placed along the right face of the cube.
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 7 Figure 7.7: Radiative ux at the observer as function of the albedo for the ERM (( )) and peel-o (★) methods in the case of an homogeneous and isotropic medium (κL = 0.01).

Figure 7

 7 Figure 7.8: Radiative ux direct (▲) and scattered contributions computed with the peel-o methods in the case of an homogeneous and isotropic medium (κL = 0.01).

  Figure 7.10: Radiative ux at the observer as a function of the source wavelength for the ERM and peel-o methods in the case of anisotropic scattering due to soot particles.
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 7 Figure 7.12: Parametrization used to generate signals from the Santoro laminar diusion ame. Left : side view, right : top view.
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 7 Figure 7.13: Synthetized image of total signal obtained on the observer. Wavelength: 405 nm. Angle: α o = 0 ○ .
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 7 Figure 7.15: Synthetized image of scattered signal obtained on the observer. Wavelength: 405 nm. Angle: α o = -40 ○ (left), α o = 40 ○ (right).
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 7 Figure 7.16: Phase function given by the RDGFA model for an aggregate distribution localized at the maximum signal location in Figure 7.15. The phase function given by Rayleigh theory is indicated by the red dashed line.
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 7 Figure 7.17: Angular evolution of the integrated radiative ux on the observer. Wavelength : 405 nm.

Figure 7 .

 7 Figure 7.19: Phase function given by the RDGFA model for an aggregate distribution localized at the maximum signal location at 785 nm. The phase function given by Rayleigh theory is indicated by the red dashed line.
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 7 Figure 7.20: Spectral evolution of the scattered radiative ux on the center of the observer, for an angle α o = 0 ○ .
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 7 Figure 7.22: Spectral evolution of soot radiative properties averaged on a characteristic optical path along the ame.
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 7 Figure 7.24: Fields of soot volume fraction and density of the number of particles from detailed chemistry calculations.
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 7 Figure 7.25: Synthetized image obtained on the observer : scattering of particles at 405 nm, α o = 0 ○ . Top : detailed chemistry, bottom : tabulated chemistry.
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 7 Figure 7.26: Comparison of the total density number of particles N part between the coupled calculation performed in this thesis (left) and the detailed chemistry simulation (right).
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 7 Figure 7.27: Comparison of mean primary particles diameter between the thesis computation (left) and detailed chemistry simulation (right).
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 7 Figure 7.28: Comparison of integrated signals collected by the observer for both computations : thesis work (dashed lines), detailed chemistry (solid lines) at two dierent wavelengths (405 nm : black , 785 nm : gray).
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 7 Figure 7.29: Angular variation of normalized integrated signal. Computations: detailed chemistry (solid line); thesis work (dashed line)F
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 7 Figure 7.30: Computation of phase functions for the thesis computation (left) and detailed chemistry simulation (right) in a polar diagram. The phase function predicted by Rayleigh theory is indicated by a red dashed line.
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 7 Figure 7.31: Flickering behaviour of the laminar ame investigated in Chapter 6 without including radiation.
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 72 Figure 7.33: Evolution of ω (top), ωeff (middle) and Ḡ (bottom) for various aggregate morphology. The four studied cases in this thesis are indicated with red stars.
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 3 Figure A.3: Determination of the second condition for the computation of the direct contribution observer-source in a case of non-collimated radiation.
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 4 1: Gaseous and soot contributions of emitted and asorbed radiative power for the reference eld and the f V increased eld.
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 4 2: Gaseous and soot contributions of emitted and absorbed radiative power for the reference eld and the f V increased eld.
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 6 4: Detailed analysis of convective/radiative uxes (in W) on the pipe walls.
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