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VFPH qs @plin linesA nd wll @dshed linesA temperture pro(les of stedy )me positioned t zero oordinteD s funtion of the energy of the depositionF he end deposition oordinte is d P aET mm with width of w P aS mmF F F F F F F F F F F F F F F PHP VFPI qs @plin lineA nd wll @dshed linesA temperture pro(les of stedy )me for three end deposition oordinte d P with w P aS mm t mximum imposed deposition energy of pollowing the minituristion tendeny of eletronisD iology nd iomehE nisD the demnd for reduedEsize mehnil nd eletroEmehnil devies is gretly inresingF sn this run to redue devies sleD the limiting fE tor is usully the power soure @hunnEnkin et lF @PHHSAAF he ommeril nd tehnologil need for reduedEsizeD sfe nd e0ient power system sets ontext of reserhes for tehnil solutionsF husD if the ommonly used power soure for eletroEmehnil devies re tteriesD they prove to e too hevyD volumeGspe onsumingD with short lifetime nd long rehrge timeF hereforeD new genertion of power soures ws neededD ering three ritil hrteristis X redued size @volumeAD low weight nd long opertionl lifetimeF hese new soures re highEspei(Eenergy miroeletromehnil power systems @wiwAF R Chapitre 1 -Introduction he frition of these reduedEsized power systems ws lso hllengeF E king dvntge of the evolution of high preision mirofrition tehniques @entimeter sleA in the preursor (elds @io nd eletronisAD the retion of wiw got fstEtrked in prototyping nd mnufturingD using for instne the sme mterils s mirohipsF elsoD the miroEfrition tehnologies suh s stereolithogrphyD low temperture oE(red ermi tping @vggA nd siliE on sed miroeletromehnil system @wiwA frition tehniques hve een used for the design of miroEthrustersF prom simple tutors to now pumpsD motorsD miroroversD miroirplnesD unmnned ir vehiles nd thrusE tersD the wiw frition is rpidly expnding @pernndezEello @PHHPAAF sn the serh for het power souresD omustion hs gret potentil for smll mehnil devies when oupled with thermoEeletri onvertersF sn ftD so lled miro nd mesosle omustion ene(t from the gret energy density of hydroron fuels tht is sixty times higher thn the one for lssil lithiumE ion tteries with the dvntge of unlimited nd immedite re(llF fsed on IH 7 energy onversion e0ienyD the energy density of miroEomustor is six times higher thn the one of lithium ttery @wrut @PHIIAAF ith n dpted onversion system sed on omustionD liquid fuel ould then e used to feed wiw in vrious pplitions s iomedil @suh s drug delivery systemAD teleommunitions or smll thrustersF 1.1.2 Existing micro burners he energy generted y miro urners n e onverted into severl energy typesF pigF IFI represents three possile pths of onversion from therml energy reted y the mirourner to eletrilD mehnil nd hemil energyF he onversion from therml to mehnil @→wA is mde through miroE turine @µA or miropropulsion @µA systemF husD r 2 is produed through n endothermi retor @→gAF o otin eletriity from the mirournerD the diret onversion is done through thermoeletri elements @→iAF iletriE ity n e otined from the miroturine onverting mehnil energy to eletril energyD or from the reted r 2 using fuel ellsF he hllenge of reduedEsize omustors is to ignite nd mintin omusE tion with inresing het nd rdil losses to the wllsF husD the mterils used must resist to high tempertures nd possily elevted pressuresF sn the lst dedesD severl kinds of miroEthrusters with di'erent omustor length slesD mterilsD propellntsD nd ignition methods hve een designed nd tested suessfullyF e sum up of some of the existing meso nd miroEsle thrusters nd power genertors using gsEphse omustion extrted from tu nd wrut @PHIIA is represented in pigF IFPF he vriety of mterils nd power developed s well s the sizing of the devies show gret potentil of these deviesD espeilly of the smll sle omustion s power soureF hree exmples extrted from the tle pigF IFP re repreE sented in pigF IFQF everl dvned gs turine engines were developed y xonethelessD s highlighted y the 4hllenge4 olumn in pigF IFPD the size of these miro nd mesosle devies sets some limits to overome for rod inE dustril developmentF sn those devies the lrge surfe to volume rtio uses mssive het loss leding to )me osilltionsD quenhing nd setting )mmE ility limitsF husD to hieve sustinle omustion with high omustion e0ienyD mterils9 therml stilityD therml isoltionD turine ooling nd Part I -Context, experimental set up and measurements strategies U high pressure seling sets tehnil hllenges to overomeF hereyD miro nd mesosle omustion rise gret interests through the tehnil hllenges to understnd physil phenomen involved in the opertion of these systems nd to overome the stility limits of suh smll sle deviesF 1.2 Narrow channel combustion 1.2.1 Denition and limits he nrrow hnnel omustion is hrterized y omustion in hnnel or ondut dimensions where lrge het loss to the wlls ours due to high surfeGvolume rtioF he )ow is usully lminr nd therefore moleulr difE fusion is the primry mehnism for mixingF he ommonly dopted sling is to onsider miro sle omustion for hrteristil urner dimensions under I mmD meso sle etween I mm nd I m nd mro sle ove I mF he mesosle is often used to highlight spei( fetures of mirosle omustion using sleEup model pprohF he )mmility limits of nrrow hnnel re set y the quenhing phenoE menonD whih is de(ned s the smllest dimension under whih no )me n propgte in old )owF o overome this limitD therml nd hemil stE ility mngements re required to estlish stle omustion in miro nd mesosle deviesF 1.2.2 State of the art on ame propagation and stabilization he multiple ehviors of )mes hve rised interests of reserh for ouple of dedesF sn reent studiesD three di'erent phenomen hve een investigted oth numerilly nd experimentlly X " the propgtion of premixed )mes in mesoGmiro tues @propgtion speedsD limit of propgtionD wek )meFFFAD " the thermlD hemil nd mehnil stility mngement of )mes using externl ssistne @heted wllsD tlyti wllsD lu' odyD het reirultionD externl pilot )meD )me holderFFFA " the dynmi ehvior of )mes @pisD osilltionsD rotting )mesD inE stilitiesFFFA hese three tegories of studies re more desried in the followingF 1.2.2.1 Propagation of premixed ames xumerilD experimentl nd nlytil studies of )me propgtion nd exE tintion limits in nrrow hnnel hve een extensively rried outF xumeE rillyD the stiliztion of )mes in the omputtionl domin y mss )ow rte dpttion ws hllengingD nd therey the )mes propgtion is often studiedF xumeril omputtions represent mjority of the existing literE tureF ghronologillyD the hypothesis onsidered were X (rstD negleting grvity V Chapitre 1 -Introduction e'etsD nd then domin xisymmetry ssumption in order to remove ompuE ttionl domin nd s onsequene omputtionl timeF Numerical studies with domain symmetry winly efore PHHVD due to the limittions on omputtionl resouresD the numeril omputtions were rried out with domin symmetry hypothesis to study )mes propgtion in nrrow hnnelsF husD in the mjority of these worksD diti or isotherml onditions were pplied to the wlls nd minly redued hemistry is used @few retion stepsAF es erly s IWSQD on urmn nd willn @IWSQA onsidered the propgtion of two dimensionl )mes in sttionry )owsD in lrge dimeter tues (lled with unurned gs mixtureF he uthors onluded tht the )me shpe is determined y the therml ondutionF vess thnD forty yers lterD using one step hemistry on len methneGir mixtureD vee nd si @IWWRA identi(ed two )me shpes in diti nd isoE therml wllsF hese )mes re represented on pigF IFRF he (rst struture is lled 4tulip4 shpedF he )me is onve towrd the diretion of propgE tion t the hnnel enterlineF st is minly existing in diti wll onditionsF he seond shpe lled mushroom shped is onvex towrd the unurned gsD nd minly existing in isotherml wll onditionsF st is shown tht the primry mode of the solution is tulip shped )me in diti wllsD nd mushroom shped in isotherml wllsF pigure IFR depits the existene of these two )mes in funtion of the )me propgtion speed with the tue rdius for φ = 0.5275D onsidering diti @topA or isotherml wlls @ottomAF foth )me shpes n e found propgting stedily in tuesF pollowing the work of vee nd si @IWWRA nd lso using one step hemistry nd two dimensionl dominD rkert et lF @IWWVA showed the dependne of the two )me shpes on the hnnel width nd on the het trnsferD ompring ditiD isotherml nd ooled wlls y externl nturl onvetion nd solid rditionF hey onluded tht the het trnsfers to the wlls gretly 'et )me shpe nd propgtion speedD espeilly solid rdition whih hs n impt on temperture distriution nd )me propgtion speedF pew yers lterD uurdyumov nd pernándezErrzo @PHHPA rried out two nd three dimensionl numeril study on )me propgtion in onduts with isotherml nd diti wll onditionsF he e'et of the vewis numer on the )me struture is nlyzedF por unity vewis numer the mushroom )me is retrievedF por vewis numer under unityD the )me dopts ellulr strutureD with two ells in shpe lose to the tulip )me strutureF sn this se the )me lmost extinguished ner the tue9s enterlineF herefore it is shown tht the vewis numer hs strong in)uene on the quenhing rdius nd on the )me shpeF sn hou nd wtlon @PHHPA the )me propgtion sujeted to oiseuille )ow is studied in two dimensionl hnnel nd ounting for the het losses y wll ondutionF st is found tht the mgnitude of the het losses is proporE tionl to the squre of the hnnel9s widthD nd extintion ours t urning rte lose to TH7 of the diti lminr )me speedF uim nd wrut @PHHTA simulted premixed methneGir )me in irulr tues with dimeters rnging from HFR to RFH mm investigting the e'et of therml @diti or isothermlA nd veloity oundry onditionsF sing stedy formultion nd singleEstep irreversile retionD they nlyzed the )me shpeD the propgtion veloityD nd the )ow veloity vritions generted y the )mesF es result in isotherml wllD uniform veloity pro(le nd noE slip wllD they showed tht two )me solutions re possile depending on the propgtion veloities @positive or negtive )ow pro(leA nd shpesF sn the sme yerD the shpe nd propgtion of unstedy premixed )mes in nrrow hnnels were numerilly investigted in ong et lF @PHHTA with diti nd isotherml wlls nd oneEstep overll retionF he two )me shpes previously illustrted ofD tulip nd mushroomD were retrieved ording to the wll onditionsF he results show tht the therml oundry onditions gretly 'et the )me formtion nd shpeF pew of the symmetri studies used omplex hemistryD mong them imonE deu et lF @PHHPAY tu nd u @PHHSAY vi et lF @PHHVAY vi et lF @PHHWA studied IH Chapitre 1 -Introduction the propgtion of )mes in nrrow hnnelsF imondeu et lF @PHHPA showed tht the intertion etween the gs nd solid is ritil for )me stilityF sn ftD two interfil disontinuities n possily existF he (rst disontinuity is used y mss trnsfer t the wllD where the rdils re sored into tive wll site nd re therefore removed from the retions re leding to wll termintion retions nd thus derese in the retion rteF he seond disontinuity involves the energy trnsfer etween the gs nd the wllsF he )me stility omes under the ompetition etween het lossD rdil quenE hingD nd het genertionF tu nd u @PHHSA studied nlytillyD numerilly nd experimentlly the proE pgtion of propne )me inside U mm dimeter tue looking t the inE )uene of het lossesF st shows tht y deresing the hnnel width two types of )mes n propgte t sme equivlene rtio X fst )me nd slow )meF hese multiple )me regimes re used y the wllE)me intertionsF he ltter lso impts the )mmility limitsF hey lso prove nonEliner dependne of the )me speed on equivlene rtioF vi et lF @PHHVA nd vi et lF @PHHWA solved the wll temperture in symmetri ssumption for two dimensionl ylindril nd plnr hnnelD showing the e'ets of omustor geometry on )me tempertureD respetively for hydrogen nd methne ir mixtureF he pigF IFS depits the )me temperture ording to the geometryD nd the inlet veloityF st n e seen on pigF IFS tht the )me temperture is lower in ylindril geometry urners thn in plnr hnnelsF wo min )me types re found in symmetril omputtionsD the tulip nd mushroom shped )mes using diti nd isotherml wll onditions ut lso using wll solved temperture omputtionsF hese numeril results ll Part I -Context, experimental set up and measurements strategies II onverge to the sme onlusions tht the wll onditionsD geometry nd wllE gs interfe re ritil to )me stilityD propgtion speeds nd shpeF rowever the symmetri ssumption ws progressively put in defult strting with izz et lF @PHHUAD izz et lF @PHHVA nd si @PHHVAF sn these more reent studies the omputtion domins re solved entirelyD nd the tulip shpe )me is not retrievedF 1.2.2.1.1 Numerical studies with and without domain symmetry si @PHHVA proposed the study of stoihiometri methneGir premixed )me propgtion in two dimensionl hnnel nd in irulr tueD with isotherE ml wll nd presried oiseuille )owD using oneEstep irreversile retionF he symmetry ssumption is onsidered nd ompred to the full domin omE puttionF st is shown tht without the symmetry ssumptionD two )me shpes re distinguished in the numeril results X mushroom shped nd n symE metril slnt shped )meF he mushroom shpe is preferly found in smll onduts nd symmetril shpe found in lrger onesF hen the symmetril ssumption is onsideredD the tulip shped )me is retrieved insted of the symmetril slnt shped )meF he symmetril slnt shped )me is then more roust mnifesttion of the tulip )me in full domin omputtionF sn izz et lF @PHHUA nd izz et lF @PHHVA the stiliztion nd dynmis of len @φaHFSA premixed hydrogenGir )me re investigted in respetively miro @height haHFQ to IFH mmA nd meso @heights haPDQ nd U mmA plE IP Chapitre 1 -Introduction nr hnnels using diret numeril simultion with detiled hemistryF he )me regimes re mpped ording to the hnnel height h nd the in)ow veloityF sn mirosle hnnelD (ve di'erent urning modes re oserved X perE iodi ignitionGextintionD Eshped stedy )meD symmetri )meD osilltory mode etween two symmetri )mes nd osilltory mode pulsting xillyF sn mesosle hnnelD six urning modesD re identi(ed X mild omustionD perioE di ignitionGextintionD losed symmetri stle )mesD open symmetri stle )mesD osillting )mesD nd symmetri stle )meF por mesosle hnnelsD ellulr )me strutures nd hoti ehvior re lso oservedF fy inresing the hnnel9s heightD nd vrying the in)ow veloityD the )me dynmis eE omes riherF hose two prmeters re then ruil in the stiliztion nd propgtion regimes of the )meF uurdyumov et lF @PHHWA investigted the e'ets of hnnel heightD in)ow veE loity nd wll temperture on the urning modes with twoEdimensionl thermoEdi'usive modelD isotherml wllsD single step hemistry nd unity vewis numerF egin stedy symmetri nd symmetri )mes re oserved s well s osilltory ehviorsF he wll temperture is shown to hve strong in)uene on the )me dynmisF e oneEdimensionl model is developed nd is le to qulittively reprodue some of the oserved dynmis of twoEdimensionl )meF sing redued hemistry nd no hydrodynmi nd thermoEdi'usive instilities due to the dopted modelsD the soure of )me instilities is idenE ti(es s the therml )meEwll intertionF vter onD uurdyumov @PHIIA studied the in)uene of the di'erentil di'usion e'et on len )me propgtionD using onstnt density pproximtion to eliminte hydrodynmi e'ets nd )meE)uid intertionsD in diti wllsF tedy nd osilltory symmetril nd symmetril )mes re oserved E ording to the vewis numer nd the )ow rteF e liner stility nlysis of the solutions is lso providedF pinlly the di'erentil di'usion e'et is not the only phenomenon whih n ontriute to formtion of the symmetrilly propgting )mes in dutsF sn following work using the sme modelistionD uurdyumov nd timénez @PHIRAD investigted the in)uene of ondutive het lossesF eginD for vewis numer elow unityD stedy symmetril nd symmetril solutions re oservedD nd in the se of high )ow rtes they oexist for the sme set of prmetersF st is shown tht for symmetril )mes in this seD ondutive hetElosses produe stiliztion e'etF por high vewis numersD the osilltory symmetril nd symmetril )mes re oserved nd the liner stility nlysis shows tht in this se the ondutive het losses promote the osilltory ehviorF vter onD uurdyumov nd timénez @PHITA proposed n nlysis of len )me propgtion in two nd three dimensionl ylindril ondut with diti wllsD di'usiveEtherml modelistion nd single step hemistryD investigting the e'ets of vewis numer nd hnnel rdius on the urning modesF he therml expnsion nd het loss e'ets re not ounted forF es for the plnr hnnelD for vewis numer elow unityD the solution re stedy symmetril or Part I -Context, experimental set up and measurements strategies IQ symmetrilF husD for low vewis numer the two stedy solutions n oEexist for the sme set of prmetersF por vewis numer higher thn unityD osilltion nd rottion ehviors re oservedF herefore the xil symmetry ommonly used is invlidted for nonEunity vewis numersF tointly hejon nd uurdyumov @PHIVAD using the sme modelistion with single step hemistryD investigted the therml expnsion e'et on the )me propE gtionF herefore the )ow is under vrileEdensity nd zero wh pproximE tionF he multipliity of )me propgtion solutions is retrievedF hus in non xiEsymmetril ssumptionD the slnt shpe )me is oserved insted of the onve )me or tulip shpe )me rnhD whih is not oservedF he therml expnsion hs n e'et on expnding the vewis numer rnge @elow unityA t whih the stedy solutions pperF hue to the density vritionD the )me struture is modi(ed y n elerted )ow t the )me frontF pollowing the work of uurdyumov nd pernándezErrzo @PHHPAD uurdyumov @PHIIA nd pernándezEqlisteo et lF @PHIRAD omined with omplexe hemistryD trnsport nd therml expnsion e'ets timénez et lF @PHISA investigted the propgtion nd )shk limits of len hydrogenEir )mes in two dimensionl nrrow hnnelD with diti wlls using diret numeril simultionF he propgtion speeds di'er gretly etween the symmetril nd symmetril )mesD whih lso impts )shk onditionsF pernándezEqlisteo et lF @PHIUA showed tht oth di'erentil di'usion nd preferentil di'usion hve in)uene on the stility of the symmetri )me shpeF por high nd low equivlene rtioD the )me ehves s ditted y the vewis numer of the de(ient retntD mening tht the )me destilizes towrd nonEsymmetri solutions for lrge mss )ow rtes when the mentioned vewis numer is less thn oneF xer stoihiometryD the symmetri solution is stle for lrge mss )ow rtes euse of the di0ulty found y the less di'usive retnt to reh the retive zone of the )meF o onludeD in numeril omputtionsD the symmetry ssumption s well s strong wll onditions @diti or isothermlA were (rst rodly dopted eE use of omputtion limittionsF pollowing this ssumption two )me shpes were enountered X the mushroom shped nd tulip shped )mesF sn the lst dedeD the full domin resolution results led to di'erent )me shpeD symmetri mushroom shped )me nd n symmetri slnt shped )meF he )me shpe is found to depend on the equivlene rtioD the thermlE di'usion @vewis numerAD the het lossesD the inoming veloity nd the wll ondutivityF hus the )me stiliztion is hllenging nd requires stility mngementF 1.2.2.2 Thermal, mechanical and chemical stability management he seond set of studies investigted the stiliztion of lminr )me in nrrow hnnels with externl ssistneF sndeedD the miro nd meso omusE tion su'er from mssive het lossF he strtegy is to ompenste het loss y IR Chapitre 1 -Introduction thermlD hemil or mehnil ssistneD in order to stilize the )meD nd extend the )mmility limitsF Thermal combustion assistance herml ssistne is performed either y preEheting fresh gses @gho et lF @PHHUAY tu nd u @PHHTAY onney @PHHQAY pederii nd lhos @PHHVAAD y reting ontrolled temperture distriution within the tue wll @hi tzio et lF @PHISAY wrut et lF @PHHRAY wrut et lF @PHHSAY xkmur et lF @PHIPAAD or y stilizing pilot )me t the tue output @ivns nd uyritsis @PHHWAAF hese methods re lled ssistne y exess enthlpyF " ehnillyD the preheting of the fresh gs @ánhezEnz @PHIPAY gho et lF @PHHUAY tu nd u @PHHTAY onney @PHHQAY pederii nd lhos @PHHVAA n e proessed y reirultion of the urned gsD or y heting systems suh s heting wiresD or eletril heterF ret reirultion hs een extensively studied in the pst dedeD espeilly its e'et on )me speeds nd )mmility limitF st is sed on the diret enthlpy trnsfer from the urned gs to the unurned old mixtureD through wll ondutionF sn single hnnel urnersD n indiret enthlpy trnsfer from the urned gs to the fresh retnt ours through the xil wll ondutionF his indiret het reirultion strongly depends on the wll ondutivityF st is responsile for strong oupling etween the )me nd the wllF o use diret enthlpy trnsferD reirultion urners re onsidered nd represented in pigF IFU@leftAF tu nd ghoi @PHHQA rried out study on the @A ounter )ow urnerD where two prllel hnnels in whih two equl unurned gs )ow in opposite diretions re ignited in wy tht the urned gs of one )me prehets the unurned gs of the other oneF st is shown tht the )me n e mintined in lener onditions thn without het reirultionF onney @PHHQA investigted the @A shped urnerD nd show tht the xil ondution in wlls hs gret e'et on the operting limits of the urnerD espeilly for low )ow speedsF sf the mss )ow rte is su0iently lowD it leds to higher het reirultion nd greter time residene of the )meD possily overoming the het lossesD nd y suppressing xil wll ondutionD no extintion limit is foundF roweverD the urE ner shows high sensitivity to the wll ondutionF he investigtion of pederii nd lhos @PHHVA on the e'ets of preheting the unurned gs on )me speed using @dA urnerD is depited in pigF IFU@rightAD where the ritil veloity is plotted ginst the wll therml ondutiE vity using two dimensionl gph simultionF he lowout nd extintion limits re drwn for the het reirultion urner @rAD nd the single hnnel@gAF snEetween these limitsD )me n e stilizedF st is therefore shown tht the lowout limit is lerly extended y the use of het reirultionF he height of the enter r urner hnnel nd g urner hnnel is THH µmD while the seondry hnnels height of r Two types of temperature proles. Left : gaussian type, using three 120 Chemical combustion assistance ghemil ssistne is minly perforE med through tlyti wlls tht ould ompenste the het losses @hogwiler et lF @IWWVA Y wrut et lF @PHHPA Y myth nd uyritsis @PHIPA Y uisre nd lhos @PHIPAAF he tlyti ssistne tkes dvntges of the lrge surfeE toEvolume rtioD removing rdil quenhing nd giving (xed retion reF husD len emission n e hieved y using pproprite mterilF uisre nd lhos @PHIPA shemtilly desrie in pigF IFW the mehnisms of tE lyti omustion ssistneF he di'usive mss trnsfer of retnts our from ulk )ow to the tlyst lyerD inside whih exothermi tlyti retions tke pleF he produts of these retions re trnsferred k into the ulk )ow y di'usionF ret trnsfer our from the het produed y these exothermi reE tion to the solid struture @wllA nd to the ulk )owD nd therefore ontriute to the )me stiliztion t spei( lotionF sing tEoted surfes on U mm height plnr hnnelD hogwiler et lF @IWWVA investigted numerilly nd experimentlly the e'ets of tlyti wlls on len methneGir @φaHFQIEHFQUA )meF he inoming )ow is heted round USH u nd the )ow speed is set to P m•s -1 F ith the tlyti wllsD the uthors were le to retrieve the tulip shpe )me found with het ssistne or diti wllsD nd whih ws repled y the symmetril slnt shpe without the ssistneF Mechanical combustion assistance wehnil ssistne is reted through
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)me holders to fore the )me stiliztion t given point where the veloE ity (eld is dpted nd )me het is umultedF sing wire mesh etween two qurtz tue represented in pigF IFIID wikmi et lF @PHIQA show tht the )mmility limits re gretly extended s )mes n e stilized inside the tue ner the mesh for tue dimeter lower thn the quenhing dimeterF sn the sme wyD wunir nd wikmi @PHISA show numerilly the stilizing e'et of onentri ringsF o onludeD these three types of ssistnes llow to extend the )mmiE lity limits nd the domin of stiliztion of the )me ut lso to oserve severl )me regimesF roweverD they re extensively modifying or nnihilting the )meEwll intertionsD nd the )mmility domin dependene to )ow hrteristisD het trnsfer nd wll properties is not identi(edF 1.2.2.3 The dynamic behavior of ames he lst set of studies oserved or modeled originl dynmi ehviors of )mes in the ontext of miroEomustionD in prtiulr the se of the pis phenoE menon iheoeur nd uyritsis @PHHSAY wrut et lF @PHHRAY xkmur et lF @PHIPA Y wrut et lF @PHHSAY uurdyumov et lF @PHHWAY winev et lF @PHHUAY hi tzio et lF @PHITA or rotting )mes uumr et lF @PHHUAF hese instiE lities re oserved with the previously therml or hemil stilizing mehE nismsF he temporl motions of vrious )mes of propneGir mixtures t n verge mixture veloity of aQH m•s -1 nd n equivlene rtio of φaHFS re represented in pigF IFIPF he ylindril qurtz tue hs P mm inner dimeter whih is under the quenhing dimeter for the mixtureF e step temE perture grdient is imposed to the tue9s wllD nd ording to the mximum of temperture imposedD four di'erent )me regimes re oserved X stle )me for c aIQPH uD )me with repetitive extintion nd ignition @pisA for c aIIQH uD pulsting )me for c aIPUH u nd )me with omintion of pulsting )me nd pis t c aIPHH uF he origin of these instilities n e multipleD nd the literture shows growing interest in identifying these phenomenF " fuoyny fores instility leding to vortex motions of urned nd unurned gses " rydrodynmi hrrieusEvndu instilityD used y therml expnE sionD nd leding to stremline deformtionF " hi'usiveEherml mss di'usivity of the hevier speies " 'mnEylor instility is linked to pressure grdient indued y visE ous e'ets " yleighEylor instility our when two gses of di'erent densities re in ontt ell instilities hve n impt in terms of )me shpes nd propgtion rtesF 1.2.3 Parametric studies and eects sn the literture the min vrited prmeters re the hnnel width @rkert et lF @IWWVAY hou nd wtlon @PHHPAY xorton nd lhos @PHHRAY tu nd u @PHHTAY si @PHHVAY izz et lF @PHHVAAD the inoming veloity @ xorton nd lhos @PHHRAY hou nd wtlon @PHHPAY tu nd u @PHHTAY si @PHHVAY izz et lF @PHHVAAD the wll het losses @ rkert et lF @IWWVAY xorton nd lhos @PHHRAY hou nd wtlon @PHHPAY ánhezEnz et lF @PHIRAA the vewis numer @ tu nd u @PHHTAY uurdyumov nd pernándezErrzo @PHHPAY uurdyumov @PHIIAY ánhezEnz et lF @PHIRAAD the equivlene rtioF he e'ets re multipleD nd these study show the sensitivity of the omustion in nrrow hnnelsF 1.2.4 Numerical studies considering gravity qrvity ws not rodly investigted in the litertureD the hypothesis of no e'et on the omustion is mde in the gret mjority of the sesF yne of the erly investigtors of grvity e'ets on the )me propgtion vee nd si @IWWRAD tke the grvity long the tue xisD with symmetry ssumptionF he diretion of the grvity with respet to the )ow is vriedD with n intervl of elertion of grvity of EQ`gGg 0 `IFS with g 0 aWFV m•s -2 D with diti wllsF he existenes of oth tulip nd mushroom )me shpe re represented in pigF IFIQ@A in these sesF PH Chapitre 1 -Introduction eentlyD si @PHHVA took into onsidertion the grvity in the numeril omE puttion of twoEdimensionl hnnelF he non dimensionl urning rte is represented in pigF IFIQ@A s funtion of the proude numerF he proude numer pr -1 = (gd/U a d 2 ) vries from negtive vlues where the diretion of the )ow is opposite to the grvity to positive vlues where oth hve the sme diretionF Figure 1.13 Left : Bifurcation map for φ=0.592 and isothermal wall, extracted from Lee and Tsai (1994) ; Right : Variation of the burning rate with Fr -1 for stationary ame in 2D channel ; V P =0, extracted from Tsai (2008).

pigF IFIQ highlights the threshold etween the symmetri mushroom nd symE metri slnt shpe )me t ertin proude numer @≈QAD for aWSδ width hnnelF his threshold does not pper for aIPHδ width hnnel where only the symmetril slnt shpe )me is oservedF qlollyD it shows tht positive proude numer promotes the symmetril )me shpeF he uoyny fores push the heted gs of the retion re wy from the fresh gsD in the oppoE site diretion of the grvityD leding to n inrese in the )me re with the inrese of gD nd resulting in the inrese of )me propgtion speedF he ltest rtile on the in)uene of grvity on )me shpeD stility nd propgtion in nrrow hnnel is pernándezEqlisteo nd uurdyumov @PHIVAF e two dimensionl study of plnr )me propgting in diti wllsF he wllEpltes re inlined with vriting ngleF et negtive nglesD the )me propgtes downwrdD nd inversely t positive ngles the )me propgtes upwrdsF et zero ngle the pltes re horizontlF e grvity prmeter is de(ned ording to this ngle nd the grvity elertion s G = (h 2 | g | sin α)/(12P rS 2 L δ T )F por downwrd propgtion @qbHA nd vewis numer elow unityD it is found tht ove ritil vlue of q c ≈SFVRD the uoyny fores stilize the hydrodynmi instilityF por unity vewis numerD only the hrrieusEvndu hydrodynmi instility is suppressedD ove threshold of q c ≈IHFTIF eove unity vewis numerD the )me osilltory instility is shown Part I -Context, experimental set up and measurements strategies PI to hve di'usiveEtherml ntureF por qbH the uoyny fores re unle to stilize the instilityD nd the most unstle modes re rehed for q`HF he impt of uoyny fores on nrrow hnnel omustion seems then imE portnt to ount forF purther work on grvity is rried out in hpitre T s the orienttion of the tue is vriedD to explin some experimentl nd numeE ril oserved phenomenF PP Chapitre 1 -Introduction 1.3 Motivations and outline of the presented work sn most of the presented studiesD the )me residene time in the hnnel is not long enough to intert thermlly with the wlls nd modify the temperture distriution in the wllF husD numeril omputtions often dopt strong sE sumptions suh s diti or isotherml wllsD nd symmetri dominF ome of studies foused on the )me wll intertions in miro omustion without ssistne @hou nd wtlon @PHHPAY tkson et lF @PHHUAY n et lF @PHISAA rie)y showed the stiliztion of premixed )me in U mm high retnE gulr tue nd oserved the nonEsymmetry of the )meF he mehnisms of stiliztion of )me without ssistne re not su0iently doumented ndD onsequently the lk of knowledge on the intertions etween the )me nd the wll mkes impossile (ne tuning of the )me stiliztion strtegyF husD severl instilities hve een oserved nd studied in the ses of no therml oupling with wllsF st is the purpose of this study to show the ehvior of premixed lminr )me stilized in S mm dimeter qurtz tue without ssistne nd to expose wy to hoose the )me lotion through n externl therml ontrollerF he question is rised if the oserved instilities exist in suh on(gurtionD or if the wll oupling plys role in stilizing the )meF he hoie of the experimentl setup9s sle is hllengingF he present study uses tue dimeter slightly ove the quenhing dimeter so tht het trnsE fers hve signi(nt impt on the )meD ut the ltter is selfEmintinedF sf the dimeter is too smllD the het losses nd )ow speed inreseD leding to )me propgtion or extintionF sf the dimeter is too lrgeD therml e'ets hve weker impt on )me stiliztionF he rst part of the present work ims to set the ontextD presenting the on(gurtions studied nd the dignostis usedD s well s highlighting the (rst oservtionsF sn hpitre ID the interests of nrrow hnnel omustion were pointed outF hus the stte of the rt ws presented to ontextulize the present workD s well s its stkes nd limittionsF hpitre P presents the hoE sen experimentl set up of len premixed methneGir )meD in qurtz tuesD without externl ssistneF purthermoreD the dignostis operted desriedF husD the justi(tions of the hoies of the studied on(gurtions re exposedF hpitre Q nswers demnd of preise wll temperture mesurements y exE posing vser sndued hosphoresene temperture mesurementsD nd tests two mesurements methods on high urvture rdius tuesF he second part of the present work introdues the (rst results in )me stedy regimeF hE pitre R exposes the stiliztion domins of the )me ording to )ow speed nd equivlene rtio s well s its shpeF he e'ets on the )me shpe nd operting points due to the vrition of tue dimeter nd positioning in horiE zontl or vertil on(gurtion re oservedF ell together this hpter llows to hrterize the )me stility without ssistneF pollowing this experimentl hrteriztionD hpitre S provides theoretil nlysis on het exhnges from the )me to the mint irD s well s oneEdimensionl stedy omE Part I -Context, experimental set up and measurements strategies PQ puttion using omplex hemistry ode @iqerAF st llows to identify the het trnsfer exhnges nd quntify their impt on )me stilityF tointly with gyse reserh tem proeeding two dimensionl hx simultion of the studied on(gurtionD hpitre T retres the origin of the oserved )me symmetryF pinlly the third part of this work shows the response of the )me to two types of perturtionsF he hpitre U desries experimentlly nd numerillyD one gin using the oneEdimensionl omplex hemistry ode iqerD the )shk of )me used y therml input upstrem from the )meF vstlyD hpitre V s perspetives for further workD exposes the possile experimentl oupling of mirowveEplsm ssistne to the )meF xumeriE llyD n existing model is tested in the studied on(gurtion to evlute the )me response to virtionl energy input upstrem from the )me frontF 2.1 Extended abstract he min motivtions for miroEomustion development is to onvert e0E iently nd stedily liquid fuel into het to equip portle or smllEsize deviesF sn litertureD most of the studied on(gurtions provide het to the omustor @or t lest onsider diti wllsA or investigte the nonEsttionry regime of propgtionF e simple experimentl setupD uilt round ylindril tueD is designed to oserve sttionry len premixed )me with signi(nt het losses to the wllsF he smller the dimeter of the tueD the lrger the het loss through the wllsF et the limitD elow the quenhing dimeterD the )me nnot stnd due to exessive het loss ndGor rdil quenhing t the wllsF PT Chapitre 2 -Experimental configuration : Flame in a narrow channel hus the experiment runs with n internl dimeter equl to S mm nd wll thikness equl to I mmF hese dimensions strongly depends on the wll mE terilF pirstD qurtz llows to oserve )me intermedite speies in ultrEviolet frequeny nd nd therefore trk urtely the )me shpe nd positionF eondD qurtz minimises rdil quenhing t the wlls in the rnge of temE perture studiedF hirdD the therml ondutivity provides therml time sle of the order of tens of seonds tht re smll enough to oserve e'et on the )me ut lrge enough not to ompete diretly with onvetion nd hemil time slesF he wll ondutivity lso ontrols the length of the tueF he ide is to get n experimentl setup where the exess energy from omustion is trnsferred to externl medium through nturl onvetion nd rditive trnsfersF o there should not e ny inrese of the gz enthlpy etween the input nd the output of the tueF ith twentyEentimeter long tueD the outgoing urnt gs reover the mient temperture nd do not onvey resiE dul hetF hysil onsidertions impose the geometry nd the mterilF sn this on(gurtionD stedy lminr )me is stilized within the tue t giE ven position without ny rti(il nhoringF he oupling etween the )me nd the wll temperture retes fvorle zone where the )me sits for given mss )ow rte nd equivlene rtioF he )me n dpt to hnge of mss )ow rteD equivlene rtio nd therml onditionsF o understnd how the )me stndsD diret oservtions of hydroxyl rdils in the )me front re performed with (ltered merF st trks oth the position nd the geometry of the )me @urvtureD thiknessD orienttionF F F AF hue to the importne of het exhngesD externl wll tempertures re mesuredF pirst results show mximum temperture t VSH u for the highest equivlene rtio studied with sptil dispersion vlidting the tue length @iFeF the wll temperture is equl to mient tempertureAF 2.2 Flame in a narrow channel in natural environment 2.2.1 Description of the experimental setup he experimentl setupD displyed in pigF PFID onsists in d i aS mm inner dimeter nd e w aI mm thik qurtz tue pled in two on(gurtions X horiE zontl or vertil positionF he tue9s length is vaPHH mmF snside the tue len methneGir premixture is injetedF he mixture is ignited t the free end of the tueD the mss )ow rte is then dpted for the )me to enter the tue nd the )me is (nlly stilized t given position y equlizing the ulk men speed to the urning veloityF he qurtz ws hosen for its therml nd optil propertiesD whih llow diret visuliztion of the )me nd its propgtionF sn ftD diret visuliztion of the )me is essentil to trk the )me motion nd topologyD ut lso euse prt of the dignostis re sed on imge nlysisF he dimeter ws hosen ordingly to the dependene of het exhnges nd )me speed to the tue dimeterF st is right ove the quenhing dimeter of the premixture @ Q mmA to prevent the use of n externl ssistne nd keep similr stiliztion ehvior to mirosle )meF he quenhing e'ets on )me propgtion nd stiliztion re exposed in the following setion PFQFPF es ovementionnedD len methneGir premixture is injeted inside the tue illustrted in pigF PFIF wo mss )ow ontrollers @ivEpvy fronkhorstA of rnge for ir HEUHH xml•min -1 nd for methne HEUH xml•min -1 re enslved to ommnd the ulk veloity nd the equivlene rtio of the )owF e mixture hmer is reted prior to the qurtz tue entrne @not shown on the (gureAF he mximum men ulk veloity imposed is then aUH m•s -1 @VPT ml•min -1 t aQHH uAF ith preision of HFQS ml•min -1 @HFHT m•s -1 in ulk speedAD the mss )ow ontrollers llow to preisely modify the ulk veloityF he )ow is lminr with eynolds numer elow PHHD nd is under presried oiseuille pro(leF hen the ulk speed is equl to the urning veloityD the )me is stilized inside the tueF hese operting points re hrterized y unique ouple of equivlene rtio nd ulk veloityF he interest of this firly simple on(gurtion is then to oserve the full interE tion etween the inner gsD outer gs nd wllD without ssistneF he im is to evlute the het exhnges nd identify the dominnt phenomen in the propgtion nd stiliztion mehnisms of )me in suh dimensionsF sn ftD on pigF PFQ therml equilirium is rehed QH mm upstrem nd IHH mm downstrem the )me frontF he left oundry ondition is therey set where the temperture of the unurned gs is equl to the wll temperture t mE ient temperture T U G = T BC 1 = T 0 D QH mm upstrem from the )meF he tue9s length @PHH mmA is hosen to gurntee tht t the output setion of the tue @xaISH mmAD oth urned gs nd wll tempertures @respetivelyD BG nd BC 2 A hve the sme vluesD nd do not hnge with the xil diretionF hereyD the right oundry onditions of the domin re X BG a BC 2 nd ∂T BG /∂x = ∂T BC 2 /∂x = 0F he outgoing oundry ondition is set IHH mm downstrem from the )meD where the temperture of the urned gs is equl to the temperture of the wllF hrough temperture mesurementsD the mximum temperture rehed y the wll t the highest studied equivlene rtio @φaHFWSA is determined nd equl to w aVSH uD few millimeters downstrem from the )me frontF hese limits re used s referene for further numeril omputtionsF 2.2.3 Various type of congurations yther on(gurtions thn the si on(gurtionD of di'erent dimeters nd orienttions were testedF he gol is to reprodue the stiliztion ehvior of mirosle )me while stying ove the quenhing dimeter in order to void the use of externl ssistneF hereyD severl inner dimeter ove the quenE hing dimeter re tested nd summed up in tle PFIF he omprison etween 

φCH 4 + 2(O 2 + γN 2 ) → 2φH 2 O + φCO 2 + 2 [(1 -φ)O 2 + γN 2 ] @PFIA
he methne is hosen s hydroron fuel euse it hs een extensively studied whih insure urte detiled retions mehnismsF hus the diE ti )me speeds for len premixture re low enough to hieve stiliztion y progressive mss )ow rte dpttionF he equivlene rtio is vried etween HFU nd HFWS ording to the on(gurtionsF Flame power scaling sn order to sle the power of the studied )meD the het relese per unit mss of fuel @vgA is multiplied y the fuel mss )ow rteF he power of the )me n e expressed s X

P f lame = ṁfuel × LCV
with LCV CH 4 a SH IH 6 t • kg -1 t QHH uF por stilized )me t equivlene rtio φaHFV in the si on(gurtionD the mss )ow rte is ṁaIFTW IH -7 kg • s -1 D in this on(gurtion the )me power is then P f lame = 50 10 6 × 1.69 10 -7 = 8 W his sling llows to evlute the rtio of possile ssistne power over the omustion powerF

Auto-ignition temperature (AIT) he utoEignition temperture @esA of the methne ir mixture hs een previously studied experimentlly @uong et lF @IWWSAA nd numerilly @e et lF @PHIRAA in the litertureF he utoE ignition is de(ned s the explosion limit of system of initilly stle hemil speies exposed to n elevted tempertureD t given pressureF sn e et lF @PHIRAD the utoEignition temperture is omputed using omplex hemistry @qs meshAD with onvetive het loss t the wllsF everl onvetive het oe0ient h re tested from nturl @IH G@m 2 •uAA to fored onvetion @PSE IHH G@m 2 •uAAF he es inreses with the inrese of het oe0ientD nd non linerly dereses with the inrese of equivlene rtioF husD the es experimentlly determined depends on the experimentl pprtusD nd n vry of hundreds of degrees etween on(gurtionsF st is estlished in quirguis et lF he generl de(nition of the quenhing dimeterGdistne is the smllest tue dimeterGhnnel height whih llows the propgtion of )me within old wll @plding @IWSUAAF st is determined y reduing progressively the dimeter of tue or the distne etween two slsD until )mes n no longer propE gte in the fresh gsesD inside the ondutGhnnelF his distne depends on the equivlene rtio of the gs preEmixture s well s pressure @d q ∝IGpA nd tempertureF hus the quenhing distne vries ording to the omustion regimeD either propgtion or stedy regimeF wo min mehnisms re soure of quenhingF he (rst is therml mehnismD due to the het loss to the wllF he seond is hemil mehnismD used y rdil sorption y the wllF hereyD the key phenomen of mirourners re interfil phenomen etween the gs nd solid phses of het loss nd rdil quenhingF he stE iliztion of )me inside these mirourners is then ompetition etween het genertionD het loss nd rdil quenhingF foth interfil mehnisms ply ritil role in )me stility nd propgtion t miroGmesoEsle @iE mondeu et lF @PHHPAAD nd ould e the root of two interfil disontinuitiesF 2.3.2.2 Radical quenching e (rst disontinuityD used y rdil quenhingD is relted to mss trnsfer t the interfeD nd therey to the individul onentrtions of rdils in oth phsesF he rdils reted s intermedite of retions in the omustion retion zone re sored in the wll where they reomine y surfe reE tions @wiesse et lF @PHHRAAF tle moleules resulting from these retions n possily desor in the )uidF hereforeD those surfe retions re termintion retionsF hus n importnt removl of these rdils from the retion zone QP Chapitre 2 -Experimental configuration : Flame in a narrow channel leds to )me extintionF he rte of removl is modeled in imondeu et lF @PHHPA using the )ux from the kineti theory of idel gses redued y the stiE king oe0ientF eording to eghlym et lF @IWWVAD the stiking oe0ient is de(ned s the proility of n impinging moleule to stik to the surfe nd the proility of rdil enountering n empty tive wll siteF st provides retion rte of the surfeF es result when the stiking oe0ient tends to zeroD the wll is onsidered s inertD nd on the ontrry when the proility is equl to oneD ll rdils re sored y the surfe nd therey the rdil removl rte is t its fstestF husD the rdil reominison eing exothermiD it n hve stilizing e'et of )mes through the het relesed @eghlym et lF @IWWVAAF roweverD tu nd u @PHHTA estlished two limits of the rdil quenhing X di'usion limit for lrge hnnel widths nd lrge rdil vewis numers nd kineti limit for lower vewis numerD where the limiting ftor is the rte of surfe quenhingF pinllyD rdil quenhing depends gretly on the surfe propertiesD temperE ture nd on the hnnel dimeterF sndeedD tu nd u @PHHTA demonstrted tht rdil quenhing hs stronger in)uene on )me propgtion t higher wll tempertureF st is demonstrted to hve n impt on )me speedD struE ture nd extintion limitsD nd therefore must e onsideredF 2.3.2.3 Thermal quenching he di'erene etween the loseEwll gs nd the wll temperture represent the seond disontinuity desried y imondeu et lF @PHHPAF his energy trnsfer is the soure of therml quenhingF herml quenhing ours when the het loss to the wlls gets too importnt regrding the het generted y the omustionF sndeedD the wll t s n enthlpy sink for the omustion re sine the het loss lower the temperture on the reting zoneD slow down the kineti retions nd led to )me extintionF es resultD dimeter exists unE der whih no )me n propgteF roweverD in the litertureD severl tehniques suh s exess enthlpy nd urned gs reirultionD re dopted to derese the therml quenhing y inresing the unurned gs temperture nd y tht reduing the di'erene of temperture etween the wll nd the gsD reduing in this wy the het loss @hirst nd qupt @PHIIAAF he importne of this disontinuity in the )me stility proess depends on the operting onditions @het lossAD the dimeter nd the gs moleules @imondeu et lF @PHHPAAF eginD the )me stilityD struture nd the extintion limits re impted y the therml quenhing nd should e tken into ountF 2.3.3 Parameters eects on quenching everl operting prmeters e'ets on quenhing distne hve een extensiE vely studied in the litertureD for oth quenhing mehnismsF Part I -Context, experimental set up and measurements strategies QQ 2.3.3.1 Surface temperature pirstD the surfe temperture plys mjor role in the )me stilityF sndeedD inresing the wll temperture llows to gretly extend the )mmility doE min of hydroron omustion in nrrow hnnelsF his extension is linked to quenhing distne inreseF o estimte these dependne to the wll tempeE rtureD fi et lF @PHIQA de(ned two quntities X the rdil quenhing oe0ient ΓD nd the het loss quenhing oe0ient ΩF sn this de(nitionD Γ equl zero reE presents n inert wll nd Ω equl zero desries n diti wllF he het loss quenhing oe0ient is plotted ginst the rdil quenhing oe0ient in pigF PFR for three wll temperture normlized y the mient tempertureF he re under eh plot lineD whih represents the )mmility dominD inreses with the inrese in wll tempertureF fi et lF @PHIQA point out tht the het loss quenhing limit is more extended y the inrese of wll temperture then the rdil quenhing limitF sn the litertureD it is estlished tht the rdil nd the therml quenhing do not operte on the sme rnge of temperturesF wore preiselyD uim et lF @PHHTA identi(ed three wll temperture rnge with di'erent quenhing diE meter evolution on methneGir )me with two dimensionl slit urnerF hese regimes depited in pigF PFSD re representtive of three physil phenoE menF sn the (rst regime @eAD under RHH • gD the quenhing distne dereses with the inrese of tempertureF sn this regimeD therml quenhing is domiE nntF he seond regime @fAD represents trnsition etween the two quenE hing mehnismsF sn ftD the quenhing distne slightly inreses with the wll temperture euse s the wll temperture inresesD the heterogeneous QR Chapitre 2 -Experimental configuration : Flame in a narrow channel hemil retions t the surfe re enhnedD nmely rdil removlF he loss of rdils y wll sorption slows down the omustion retion rte nd leds to )me extintionF he third regime @gAD shows drop of the quenhing distne with the inrese of tempertureF sn this temperture rngeD the homoE geneous hemil retionsD mong whih hinErnhing retionsD overome the heterogeneous retions of rdil removl y n exessive prodution of yrD yD nd r rdilsF pinllyD y inresing the wll temperture the quenhing distne deresesF he het loss quenhing is minly due to the ft tht under ertin temperE ture lled rossEover tempertureD the hin rnhing retion does not tke pleF fy inresing the wll temperture or the fresh gs tempertureD this rossEover temperture is rehed nd s result more rdils re retedD the omustion is enhned nd the )mmility domin is extendedFhusD t higher unurned gs tempertureD the rdil onentrtion nd the )me speed inrese nd onsequentlyD oth rdil nd therml quenhing limits re extended @ fi et lF @PHIQAAF roweverD the inrese of wll temperture s solution ginst het loss nd therml quenhing while deresing the hnnel dimeter hs its limits @ iE mondeu et lF @PHHPAAF sndeedD pigF PFT represents the dimensionless temE perture @ w G 0 A ginst the xil dimension of the retorD for three difE ferent rdii nd for two het exhnge oe0ientD RFIVU G@m 2 •uA @topA nd RIFVU G@m 2 •uA @ottomAF pirst derese of the temperture is oservedD due to het loss to the wllF henD the temperture rises with the )me frontD nd then drops gin in the urned gs re s the gs re ooled down y the sn n e oserved t hnnel rdius of IHH µmD with het exhnge oefE (ient of RIFVU G@m 2 •uA tht no )me n propgte in the hnnelD despite the het ssistneF his (gure illustrtes tht the therml properties of the wll nd preheting of the retnts in)uene drstilly the ritil dimeter for )me propgtionD ut lso tht this method hs limitsF 2.3.3.2 Surface properties ixperimentlly @iki nd uzuki @PHIQAY wiesse et lF @PHHRAY ng et lF @PHIIAAD numerilly @iki nd uzuki @PHIQAA nd nlytilly @fi et lF @PHIQAY tu nd u @PHHTAAD the quenhing is found to depend strongly on wll mterilsD espeilly t high temperturesF sndeedD it is estlished tht under w aVHH uD the quenhing distnes re not funtion of the mteril ut only the wll tempertureF hereforeD in this rnge of temperture the therml quenhing mehnism is dominntF sndeedD ng et lF @PHIIA desrie two reE sons why the rdil quenhing nnot our in this temperture rngeF he (rst reson is tht t these temperturesD the omustion hemil retions tking ple do not produe muh rdilsF he seond reson is euse the solid surfe rdil trps re oupied y hemisored yr groupsF hereforeD s the wll temperture inrese @strting from TUQ uA two phenomenon re dded in fvor of rdil quenhingF pirstD the yr groups desor in the retion QT Chapitre 2 -Experimental configuration : Flame in a narrow channel reD nd relese surfe trpsF henD the omustion hemil retion rete more rdilsF et high temperture @ w aWUQ uAD ll trps re freeD yr groups eing ompletely desored in the gsD nd the fuel oxidtion retions re more e'etiveD extensively reting yD r nd yr rdilsF hereyD from this temE pertureD the quenhing distnes eome funtion of the surfe ompositionD nd more spei(lly of overge proportions nd desorption rtes of yrF es resultD t high tempertureD rdil quenhing domintesF sndeedD wiesse et lF @PHHRA lerly demonstrte tht the therml proesses ply no role t high tempertureD y mesuring the quenhing distnes of two mterils with very similr therml ondutivities @qurtz nd ordieriteA nd (nding di'erent vluesF hus in iki nd uzuki @PHIQAD the yr * onentrtion lose to the wll is mesured for di'erent mterils nd t wll temperturesF sn ftD it hs een estlished tht the rdil quenhing uses the redution of the nerEwll yr * onentrtionD nd it is therefore used s quenhing indiE torF es resultD t wll temperture of w aVUQ uD the yr * onentrtion lose to the wll is unhnged for di'erent wll mterils wheres for higher temperturesD disrepny is oserved reveling the tions of kineti meE hnismsF purthermoreD the qurtz stiking oe0ient ssoited with rdil dsorptionD is estimted nd found to e nonEzero t w aIPUQ u @iki nd uzuki @PHIQAAD using derese in rdil onentrtionF hereyD t high temperture the rdil quenhing nnot e negleted for qurtzF his estliE shed ft is illustrted y uim et lF @PHHTA in pigF PFU drwing the quenhing distne of retive nd inert qurtz pltes ording to surfe tempertureF hereforeD efore w aVHH uD the quenhing distnes of oth qurtz re senE sily equlD however strting from w aVHH uD disrepny etween the inert nd retive mteril is oservleF pinllyD solution to redue quenhing distnes t high temperture is to use surfe preprtion to eliminte rdil trpsF urfe tretments ssoited with proper therml onditions is key to otin )me propgtion in hnnels with dimeter under the stndrd quenhing dimeter @wiesse et lF @PHHRAAF 2.3.3.3 Diameter inuence on quenching he derese of the dimeter implies n inrese of the surfeEtoEvolume rtio nd therey greter volumi lossF hus the rdils re more in ontt with the surfeD sine the onentrtion of rdils is higherF hereforeD oth rE dil nd therml quenhing inrese with the derese of the dimeter @fi et lF @PHIQAAF sing the het ssistne s dignostiD it n e seen tht the mount of preheting of unurned gses needed inreses s the dimeter dereses nd s the het trnsfer oe0ient inresesF sn the other diretionD when inresing the dimeter @eFgF d i aPH mmAD in propgting )me seD neither therml nor rdil quenhing hve n e'etD euse the het nd mss trnsfer hrteristil times re lower thn the residene time of the )me @imondeu et lF @PHHPAAF woreoverD when the )me is stilized wy from the surfe the )meGwll intertion is wek @eghlym et lF @IWWVAAF sn onlusionD the wll tempertureD the surfe nd the dimeter hve gret in)uenes on )me stility nd )mmility dominsF sn the presented workD nd in view to the mximum temperture rehed y the wll @ w aVSH uA t the highest equivlene rtio @φaHFWSA studied @PFQAD the therml quenhing is dominntF 2.4 Diagnostics o hrterize the )me regimes nd its therml environmentD severl dignosE tis re developedF sn ftD to evlute the )me regimeD position nd shpe trking method is usedF por the )me frontGshpe detetionD gr * mesureE ments re proessedF husD to evlute the het exhngesD urte temperE ture mesurements re neessryF 2.4.1 Position and shape tracking methods he mss )ow rte is ontrolled so tht the )me speed with respet to the tue @lortory frmeA is lowF he positionD shpe nd motion of the )me in the tue n e reorded y stndrd re)ex mer @xikon UHHHh E vens miro xikkor TH mm fGPFVqAF he ulk veloity is ontrolled so tht no high speed mer is required to trk the )meF he videos ptured re deomposed into PR frmes per seondF yn eh frmeD n edgeGontour detetion is ppliedF QV Chapitre 2 -Experimental configuration : Flame in a narrow channel ine the )me spontneous emission is very lowD the reording is proessed in omplete drknessF husD three min methods re onsidered nd ompred to otin optimum ury on the )me position nd shpeF he rst method onverts the )me imges to inry imges sed on threE shold of intensityF ih unity isolted group represents n ojetF he ojets re ordered y res nd therefore the ojet with the gretest re represents the )meF he regionprops wtl funtion performs shpe mesurements on the seleted ojetD giving the reD enter of mssD extrem etF he oordiE ntes of the enter of mss serve s the position trker for this methodF sn the second methodD the wtl edge funtion is used fter inrizing the )me imgeD to ontour the )meF he edge funtion is linked to gnny methodD tht (nds the edge y looking for lol mxim of intensity grdientF he trker hosen is then the mximum of the fresh gses edgeD nmely the )me frontF he third method uses the mximum of intensity of the spontneous emission of the )me s trkerF he three methods re ompred on pigF PFVD drwing stedy )me displE ement t n operting point of φaHFV s funtion of time @topA nd the stndrd devition etween the three tested methods @ottomAF ury X the enter of mss @entroid (tA nd the )me front @edge (tAF hese two methods re used for the following )me displement trkingF he (rst method @entroid (tA is lso used to get topologil mesurements of the )meF sn ftD the regionprops funtion providesD mong severl prmetersD (t of the )me y n ellipseD therey inluding the mjor nd minor xis lengthD the eentriity nd the orienttion of the ellipseF he forementioned prmeters llow to nlyse the )me regimeGstilityD topology nd orienttion evolution in the vrious nlyzed situtionsF roweverD the )me spontneous emission detetion shows some limits on the )me orienttion detetionF sn ftD when )me is tilted nd rottes round the tue xisD the deteted orienttion is not representtive of the )me9s E tul ngleF he pigF PFW shows the )me orienttion evolution during n xil rottion of )me in d i aU mm tue vertilly positionedF he three snpE shots re tken respetively t the minimum ngle @leftAD t zero ngle @enterA nd t the mximum ngle @topAF he (rst nd lst snpshots show the )me in pro(le shotD while the enter snpshots shows zero ngle sine the )me fes the mer nd the tilt is integrted to give null ngleF herefore the orienttion detetion must e monitored to pture the )me pro(leD espeilly in vertil tue positioningF RH Chapitre 2 -Experimental configuration : Flame in a narrow channel 2.4.2 Flame front detection -CH * measurements o oserve urtely the )me frontD nd espeilly the gr * hemiluminesE eneD ndEpss interferene (lter entered t RQHFH nm with fwhm of IH nm @±2 nmA nd RH7 minimum pek trnsmission is positioned in front of the ojetiveF he )me motion in stedy regime eing of the order of tenth of millimeters per minuteD nd the )me emission eing very wekD the exposure time is set etween P nd QH sF he gr * imge of stilized )me t n equivlene rtio of φaHFV is represented in pigFPFIHF eel trnsformtion is not performed in this study euse of the symmetry of the )meF he gr speies eing mostly present in the )me frontD the hemiluminesene llows to highlight the )me front shpe nd orienttionF 2.4.3 Temperature measurements emperture mesurements on the externl wll of the qurtz tue re rried out using two min tehniquesF he (rst tehniqueD esy nd fst to implementD is to enfore thermoouple ginst the externl wll of the tueF he therE moouple mesurements re n invsive methodD sine the thermoouple weld must e put in ontt with the mesured surfe or gsF roweverD y hoosing very smll weld dimeterD the mesurements do not lter muh the surfe tempertureD giving short temporl responseF he temperture pro(les re mesured y HFHUS mm @ymeg yyxEHHQA type x thermoouple enfored ginst the externl wll nd horizontlly displed with HFS mm step y horizontl displement devie @fg IHI horls E IHHmm trvel stgeAD illustrted in (gF PFIIF et eh sptil pointD SHH temE perture mesurements re tken nd vergedF husD the thermoouple hs pstrem from the )me the tue temperture equls W1 a PWV uF et disE tne of IHH mm fter the )me frontD the tue temperture does not hnge nymore nd me k to its originl vlueF es expetedD the mximum temE perture is rehed slightly downstrem the )me front nd hs its vlue vries with the equivlene rtio of the mixturesF he temperture mesurements on stilized )me for the di'erent operting points studiedD in d i aS mm inner dimeter tueD re represented in (gF PFIPF his thermoouple method gives good ury sine the theoretil errors for the temperture nd for the displement position re ll given y onstruE RP Chapitre 2 -Experimental configuration : Flame in a narrow channel torsF hue to the very smll dimeter of the thermooupleD nother impreision n our y the ft tht the soldered joint is not diretly in ontt with the qurtz tue9s outer surfe ut with the surrounding irF he inuries re estimted t ±IH u in temperture nd t HFP mm in displementF his meE thod is hepD esy to operte nd urteF roweverD the neessity of higher ury method led to seond methodD the vser sndued hosphoresene @vsAF his method is desried in the following hpitre QF etD the vs tehE nique is sujet to optil mislignments nd distortionsD nd omprison method is neessry to estimte its ury when pplied to the mesurement on the outer surfe of nrrow hnnelF es resultD the thermoouple mesuE rements re used s omprison method for the vs tehnique on the outer surfe of the qurtz tueF

Conclusion

sn this hpterD the experimentl setup studied in the presented work is desriE edF st is omposed of qurtz tue inside whih len methneGir premixture is injetedF hree tue sizes re onsidered nd investigtedD with n inner diE meter of d i aRD S or U mmF hus the tue is studied in horizontl nd vertil position to oserve the impt of the grvity diretion on the )meF he im is to study )me in these onditions without ny externl ssistne of the )meF hereforeD the dimensionl limits of the systems re evlutedF pirstD the length of the tues is justi(ed y the hrteriztion of the )me temperture dominD in order to reh onstnt gs nd wll tempertures upstrem nd downstrem from the )meF husD it lso llows to size the temperture rnge rehed y the externl wllD from the lowest to the highest equivlene rtio studiedF hen literture review on the quenhing distne llows to set the lower limit of the tue dimeterD under whih no )me n propgte without ssistneF pinlly the dignostis rried out on the experimentl setup re exE posedF e (rst dignosti used to estlish the )me regime nd its topology is the position nd shpe trking of the )meF henD the )me front is highlighted y gr * hemiluminesene to etter oserve the shpe nd orienttion vriE tionsF vstlyD (rst temperture mesurements method using thermoouple is desriedF he need of more urte temperture mesurement method leds to the study of phosphors nd vser sndued hosphoreseneD desried in the following hpterF Chapitre 3

Phosphors and laser induced phosphorescence es previously shownD len premixed lminr )me n stnd in nrrow qurtz tue nd hets up the surrounding medium through solid rdition nd onvetion t the externl wllsF he )meD one stilizedD indues temperE ture distriution long the wllF snverselyD slight modi(tion of the het )ux distriution etween the wll nd the externl medium impts the )me in the tueF he knowledge of the externl wll temperture distriution nd its evolution with respet to the time is ruil to understnd this twoEwy ouE pling mehnism etween the het trnsfers nd the )meF pirst mesurements presented in the previous hpter were performed with thermoouple in stE tionry regimeF st gives n ide of the mximum temperture nd the di'usion within the wll upstrem nd downstrem the )meF woEdimensionl tempeE rture mesurements sed on the phosphoresene of temperture sensitive speies hve the potentil to provide more urte vlue of the mximum temperture ut lso trk temperture evolution with the time during trnsiE tion phsesF rowever this promising pproh requires tests nd vlidtion to @iA hoose the most pproprite phosphorD @iiA experiment di'erent deposition methods on the urved qurtz surfeD @iiiA pture the light emission indued y lser nd @ivA proess the rw dt to otin the temperture (eldF hree di'erent phosphors re tested X the prseodymium doped yttrium luminium grnet @eq XrAD the dysprosium doped yttrium luminium grnet @eq XhyA nd the mgnesium )uorogermnte doped with mngnese @wg 4 pqey 5 XwnAF he former is mnuftured t ueio niversity in the rofF okomori lorE toryF sts properties re vlidted with di'erent tests mong them emi iletroE ni wirosopy @iwAD spetro)uometry nd Ey di'rtionF he deposition tehnique uses high temperture inder @ErgAF efter lirtionD difE ferent rtios etween inder nd phosphors re tested to minimise the in)uene of the inder on the wll temperture mesurementF he experimentl setup llows to light up the pinted tue with monoEfrequeny lser soure nd the phosphor emission is then ptured y n sntensi(ed ggh mer @to get twoEdimensionl temperture mpA or photometer @to gther lol intenE sityAF wo proessing strtegies re used X the intensity rtio nd the lifetime methodsF ith the pproprite ominison of phosphorD deposition methodD emission pture nd proessing strtegyD the temperture distriution is oE tined with ury nd repetilityF st shows tht the thermoouple underE estimte the mximum temperture of out IHH uF st vries etween THH u for equivlene rtio equl to HFUH nd goes up to VSH u for equivlene rtio HFWSF ewy from the high temperture regionD ll the temperture tehniques desrie the sme dey rte nd on(rm the temperture di'usion oserved initillyF Part I -Context, experimental set up and measurements strategies RS 3.2 Phosphor properties hosphor thermometry is strtegy for getting temperture from distneF his method exploits the ft tht phosphors re luminesent mterils nd tht the emitted light is temperture dependentF sn this setionD the ojetives re to explin wht luminesene is nd present the luminesent mterils nd their emissionF 3.2.1 Luminescence he de(nition of luminesene is the emission of light without inndeseneD y soure sumitted to n exittion whose origin n e light @photoluE mineseneAD therml @thermolumineseneAD hemil @hemilumineseneA or eletril @eletrolumineseneAF sn other words it is the property of ertin sustnes to restitute n energy not resulting from het into photonsF 3.2.2 Luminescent materials vuminesent mterils nmely phosphors re mterils tht onvert the reeiE ved nonEtherml energy into eletromgneti rditionF gonretelyD they re rreEerth or trnsition metl doped ermi mterilsF sn more generl termsD they re usully solid inorgni mterils omposed of trnsprent host rysE tl lttie intentionlly doped with low onentrtion of impurity tomsF he onentrtion of impurity must remin lowD euse high onentrtion of imE purities would led to derese in luminesene e0ieny due to onentrtion quenhingF he host is treted s medium for the impurityD it is trnsprent nd nonmgnetiF o thus void the phosphor soring visile lightD it must hve white ody olorF hen the phosphors re exited y n eletron omE rdmentD Ery or shortEwvelength lightD they emit visile lightF es result the emission of light n emnte from the host exittion or from the proesses tht our round nd within the impurity tomsF he impurity tom or defet nd its surrounding toms form luminesent or n emitting enterF wo types of emitting enters n e introdued in the host Y one is tivtor ions Y hosen for their emission spetrD whih usully hve one or two emission pek@sA ourring t vrious wvelengthsD nd sensitivity to the system prmeters @tempertureD FFAF hen the tivtors show n sorption tht is too wekD sensitizerD the seond kind of emitting enterD is introduedD whih sor the energy nd susequently trnsfer the energy to the tivtorsF yne exitedD the relxtion of the phosphor k to the ground stte proess is otined y rditive nd non rditive energy trnsfersF he rditive trnsfers re linked to spontneous emission of t lest one photon while non rditive trnsfers rely on internl energy trnsfer during moleule relxtion y ollisionF hosphor thermometry uses the ft tht non rditive trnsfers depend on the temperture of the phosphorF sndeedD therml quenhing ours t high temperture where the internl energy trnsfers re enhnedF RT Chapitre 3 -Phosphors and laser induced phosphorescence he phosphor n e hosen ording to its emission spetr peks in order to void intertions with other phenomenonD nd e dpted to the experimenE tl setupF husD for the sme host lttieD hoie of severl doped ions re villeD giving wy to mny possiilitiesF 3.2.3 Luminescent emission hen t = 0 s represents the end of the phosphor exittionD the intensity of the emitted light follows monoEexponentil dey desried y X

I(t) = I 0 exp( -t τ ) @QFIA
where I 0 the light intensity t t = 0 nd τ the dey timeD nmely the lifetime de(ned y I(τ ) = I 0 /eF he popultion of the exited stte N * (t)D depends on the rte of rditive nd non rditive trnsfer proessesD respetively

R R nd R N R D is desried y the di'erentil eqution X dN * (t) dt = -(R R + R N R )N * (t) @QFPA
e solution of this eqution depending on the lifetime nd the popultion N * o t t = 0 s n e written s X

N * (t) = N * o exp R R + R N R τ @QFQA
en evlution of the lifetime n e sutrted onsidering iqF QFI nd iqF QFQ X

τ = 1 R R + R N R @QFRA
gonsequentlyD the lifetime depends on the rte of non rditive trnsfer proE essesD whih is temperture dependentF he evlution of the lifetime gives then informtion on the temperture of the phosphorF

Phosphor acquisition

es seen in the previous setionD phosphors re omposed of host rystl lttie doped with impurity tomsD usully rreEerth or trnsition metlsF hepending on the tom nd on the host hosenD the phosphors n esily e reted y hemil proessF xumerous phosphors n e ought from speilized ompE niesF sn this setionD the retion of eq Xr is desried s well s the steps to verify the identity of the reted omponentF Part I -Context, experimental set up and measurements strategies RU 3.3.1 Phosphor creation here re severl oneivle options for otining phosphors re oneivleF he (rst solution is to uy th from mnufturerD like hosphor ehE nology @PHIVAF his solution gurntees n dpted prtile size distriutionD the exittion nd emission grphsD nd lso the mteril densityF he seond solution is to rete th of phosphorF he following experimentl protool desries the mking of yttrium luminium grnet @eq hostA doped with the rre erth metl ions of prseodymium @tivtorA @ 3 el 5 y 12 Xr or eq XrAF his phosphor will e used in the following setions for temperture mesurementsF sn order to do soD the host is reted y mixing yttrium nitrte @@xy 3 A 3 A with luminium nitrte nonhydrte t WWDW % @el@xy 3 A 3 A oth highly wter soluleF rseodymium ions @r 3+ A re dded with wter to the previous mixE tureF he solution otined is then mgnetilly shken nd heted t TH o g for TH minutesF emmoni@xr 2 A is then dded drop y drop into the mixtureF xextD the solution is left to het for nother QH minutesF he otined solution is (ltered using pump (lter systemF he (ltered solution is dried in n oven t IHH o g for PR hoursF e white powder of supposedly eq Xr is (nlly otined nd ground to get smller prtile sizeF he proportions of omponents to mke PH g of eq Xr dry powderD re HFQ g of yttrium nitrte @@xy 3 A 3 AD RH g of luminium nitrte nonhydrte t WWDW % @el@xy 3 A 3 AD UH g of rseodymium ions @r 3+ A nd I v of wterF is the angle between the incident beam and atom planes and d is the distance between two atom planes. The parallel incident waves reect on the atom plan. The reects interfere constructively if the Bragg condition is satised.

sn ftD s shown in pigF QFID if two inident Erys emsD prllel to one notherD mke n ngle θ with respet to the tom plnesD then their re)eted ems will interfere onstrutively only if their pthElength di'erene 2dsin(θ) with d the sping etween di'rting plnesD equls n integer multiple of the wvelength λF hereyD when the two inident Erys re in phse they oey frgg9s lwD tht n e written s 2dsinθ = nλ with λ wvelength of the em nd n nd integerF es resultD when the inidene ngle θ nd the wvelength λ of the em re knownD the distne etween the tom plnes d n e foundF he reted omponent is proessed through rystllogrpher nd its di'rE tion pttern is ompred to dt of the snterntionl enter for di'rtion dt @sggh @PHIVAAF hereyD pigF QFP represents in red the Ery di'rtion pttern of ttrium eluminium oxide from the sggh dtse nd in lk the Ery di'rtion from the reted phosphorF he intensity ounts re plotted ginst the ngle 2θ in order to ompre the pi intensities of the reted omponent to the dt se ptternF fy ompring frgg positions from the stndrd ptternD the hemil omE ponent is then lssi(ed s wellErystllized s ody ui entered nd lerly identi(ed s eq lttieF Semi Electronic Microscope (SEM) he seond step is to determine the prtile size distriution nd the struturl morphology of the prepred smpleF sn order to do soD semi eletroni miroE sope @rithi wQHQH plusA is used to get high resolution height mps nd Qh imges to illustrte the surfe topogrphyF he prtile size distriution is then evluted for severl smples of the thF st n e seen on pigF QFQ tht the prtiles dimeters remin under IHH µm ut the distriution is quite spredF he prtiles re seprted in two tegoriesD the lrge prtiles with dimeter of over VH µm leding to thiker lyer of phosphor nd to the o improve the prtile distriution nd thus the luminous e0ieny of the phosphorD two ting strtegies re villeF yne strtegy is to dopt more omplex mking proess in order to otin well shped rystl forms with uniE form size distriutionD for instne y dding )ux in the synthesis @ong et lF @PHIQAAF he other strtegy is to remove the prtiles tht re either too smll SH Chapitre 3 -Phosphors and laser induced phosphorescence or too ig with postEprodution tretments like sedimenttionD elutrition or sievingF he sedimenttion llows removing the (ne prtiles nd onsists in gitting the prtiles in wterF yne the solution left to stillD the lrger prE tiles sediment nd the (ner prtiles re then removed y denttionF he elutrition llows to remove orse prtiles nd onsists in putting the prE tiles in suspension in )uid olumnF fy djusting the speed of the )uidD the lrger prtiles would e dethed of the other prtiles nd then removedF he sieving proess is used to remove very lrge prtiles whose dimensions re ove the sieve lttie dimensionsF ine the prtile size of the reted thD evluted y the iw imgeryD is under IHH µmD none of these proesses where usedF his threshold is size imposed y the phosphor deposition method used nd exposed in the following setionsF Spectrouorometer he purpose of this third step is to determine the exittion nd emission spetr of the reted omponent t room tempertureF sn order to do so spetro)uorometer @himdzu pSQHHgA is usedF e smple of the phosphor th is deposited on (lterD nd pled inside the spetro)uorometerF he phosphor is then exited y enon lmp t PTT nm nd the intensity of the emitted light is reorded y photomultiplierF he emission nd exittion spetr otined re shown on pigF QFRF he two temperture dependent peks re identi(ed on the emission spetrum t the wvelengths RVU nm nd THV nmF he emission spetr drwn in pigF QFR on(rms tht the omponent reted is eq Xr y ompring its emission spetr with the literture @tordn nd othmer @PHIQAAF o sum upD (rst the tomi nd moleulr struture of the rystl ws lerly Part I -Context, experimental set up and measurements strategies SI identi(ed s eq y ompring frgg positions with interntionl di'rE tion dtse ptternsF henD the prtile size distriution nd the struturl morphology of the reted omponent ws oserved using semi eletroni miE rosopyF st is shown tht prtiles dimeters remin under IHH µm even if the distriution is extendedF pinllyD the emission nd exittion spetr re omE pred to the litertureF hrough those three stepsD the reted omponent is stted s eq XrF 3.4 Phosphor deposition methods and inuence on the measurements sn order to mesure surfe tempertures using phosphor thermometryD the phosphor needs to e in ontt with the mesured surfeF hereyD severl deposition methods nd their in)uene on the mesurement re investigtedF

Description of phosphor deposition methods

he deposition method re numerousD nd vry in di0ulty nd thikness preE isionF e ompromise must e done etween omplex method nd thin lyer of depositionF es resultD the phosphor deposition n e seprted in two types of depositionD the thin (lm deposition methodsD whih re omplexD nd the thik (lm deposition whih is less omplexF Thin lm deposition :

" he solEgel method is wet tehnique whih onsists in produing solid mteril from smll moleules y ssoiting liquid with solid reting solution tht evolves from diphsi system of oth liquid nd solid phses to ontinuous moleule networkF his gel is (xed on sustrte @surfe to deposit the (lmA during the proessF his method llows to use oEdopingD nmely the insertion of two tivtors ions in the host lttie to hve wider rnge of tempertureF rowever no study on the dherene of phosphor oting on sustrte hs een rried outF " hysil vpor deposition @hA is method of thin (lm deposition from gs phseF sndeedD the omponents of the (lm re (rst trnsformed to vpor phseD through physil proesses like evportionD sputtering or rD nd then ondensed on the sustrteF " ghemil vpor deposition @ghA is nother method of thin (lm depoE sition from gs phseF he preursors re put to vpor phse nd sor on the sustrte to produe the (lm depositionF he (lm is then E tivted thermlly or y plsmD lser light or other proessesF he (lm stility hs een proven on the long termD its thikness usully etween HFS nd Q µmD nd the method n e pplied to omplex geometry nd SP Chapitre 3 -Phosphors and laser induced phosphorescence porous mterilsF rene the sustrte needs to resist to the tivtion proessF e study presented in nson et lF @IWWVA sttes tht the thin (lms hve mE jor dvntges in omprison to thik (lms in terms of survivilityD nmely the roustness in hrsh onditions of temperturesD nd reduing the mesureE ments errors sine no lyer temperture grdient re estlished in thin (lmsF he thin (lm deposition methods re very useful to ontrol the thikness of the depositionD ut they require expensive mterils nd re omplex to performF Thick lm deposition : e simpler possiility to deposit (lm on surfe is to use dhesive ondingF edhesive onding is very simple methodD using oting inder nd mixing it with the phosphor powder nd pplying it to surfeF everl pplition methods re possile like irrush pint or dipF he issues enountered with this method is tht the deposit on the sustrte is thik (lmD therey temE perture grdient might e estlished in the phosphor lyerF st is lso limited in durilityF he method hosen in mtter of elerity is the dhesive ondingF he inder used is high temperture inder @ErgAD it is the most ommonly used in the litertureF st is wterEsed inderD with pr of U generlly not retive to mterils nd with mximum use temperture of ISHH o gF yne mixed with the phosphor powderD the solution is pinted with n irrush on the mesurement surfeD in our se the qurtz tueF wo issues remin to e to disussedF pirst the dherene of the phosphor oting on sustrte hs not een studiedF sn order to void pint from peeling o' the qurtzD the pint is pplied lyer y lyer respeting drying time in etween eh lyer pplitionF hen the oting e'et on the surfe propertiesF he oting lters wekly the ondutive resistne of the surfeF husD the rditive trnsfers my lso e slightly modi(ed due to derese in the wll trnsmittneF hese e'ets re onsidered negligileF 3.4.2 Thick lm deposition : inuence of the ratio binder phosphor on emitted light he in)uene of the rtio inderGphosphor hs not een lerly studied in the iliogrphyF sn order to hoose the etter rtioD setup ws put in ple to study its in)uene on the intensity nd visosity of the solutionF he setupD shown in pigF QFSD is omposed of phosphorGinder smple pled in tue furne within qurtz hmer nd exited y xenon lmp oupled with monohromter to selet the pproprite exittion wvelength of the phosphorF he emitted luminesene is olleted y spetrometerF fehind the phosphor smple thermoouple is pled in order to ontrol its temperture nd link it to the phosphor emission spetrF he tue furne is stilized t ten tempeE pour inderGphosphor rtio were testedD using the reted eq Xr phosphor X R g of inder for I g of phosphor @R XIAD R g of inder for Q g of phosphor @R XQAD P g of inder for I g of phosphor @P XIAD I g of inder for I g of phosphor @I XIAF he spetr re ompred in pigF QFT for tempertures PWQ uD RUQ uD TUQ u nd VUQ u for the four rtiosF prom this omprisonD it n e sid tht the di'erene of intensity is not signiE (tiveF pinlly the hoie of rtio phosphorGinder is ompromise etween visosity of the mixture nd emission intensityF sn ft the more phosphor is pplied the higher is the emission intensityD ut the more visous is the solutionF ine the phosphor will e irrushedD it nnot e too visousF e possiility is to dd some wter to the mixture to otin less visous solutionD sine the inder is wter sed nd tht the wter will evporte when the sustrte will e hetedF he rtio hosen for the following study is R g of inder for I g of phosphorD sine it gives good emission intensity nd the less visous mixtureF everl ojetives re tkled in this setionF pirst ojetive is to evlute the pity of the vser sndued hosphoresene to mesure temperture when pplied to smll nd urved volumes sujet to high temperture grdientsF henD two mesurement strtegies re exposed to get the temperture of the mesosle qurtz tue outer surfe with len premixture )me stilized inside t di'erent equivlene rtioF pinlly the gol is to ompre the ury nd sensitivity of phosphors s well s the two exposed mesurement strtegiesF

Introduction to phosphor thermometry

emperture is one of the fundmentl thermodynmi stte vrilesD nd is neessry to quntify het exhnges in therml systemsF everl temperture mesurement methods exist tht n e di'erentited in three groups X the inE vsivesD semiEinvsives nd non invsives methods @ghilds et lF @PHHHAAF pirstD the invsives methods imply pling physil sensor on or within the ojet or surfeF yne strightforwrd exmple is to use thermoouplesF hermoouples Part I -Context, experimental set up and measurements strategies SS re esyD inexpensive nd hve good uryF roweverD it is n invsive meE thodD sine it must e put in ontt with the mesured surfe nd y tht n lter the therml environmentF husD the plement of thermoouple must e plnned during the design of the experimentl setupD nd their positioning is restritedF fy thtD the sptil @twoEdimensionl temperture imgingD or volume proingA nd temporl resolution is strongly limitedF husD nother liE mittion of the thermoouple mesurements is when using plsmF sn ftD the plsm genertion usully uses errors in instrumentsD leding to impossiE ility to use thermoouple in plsm setupsF yther tehniques for temperture mesurementsD lled semiEinvsives re sensitive pints @viu @PHIIAA or orgni tempertureEsensitive otings suh s thermohromi liquid rystls @ikkd nd rn @PHHHAAF hese methods onfer the dvntge of Ph mp tempeE rture mesurementD however they give no temporl resolutionD nd their use is not possile for high temperturesF pinllyD nother temperture mesureE ments type is the non invsives methodsF he mesurements n e done from distne using infrred pyrometryF yrometers get to temperture from the detetion of rditive )ux ody emitsF woEdimensionl temperture mps n e visulized with very high temporl nd sptil resolutionF roweverD the preision of this method relies on the emissivity of the mesured surfeD whih is di0ult to determine with preision if not mentioned y the mnufturer of the surfe mterilF husD the emissivity evolves with the vrition of the surfe properties like temperture nd in time with oxidtionD prtile deposiE tionD etFFF purthermoreD if using semiEtrnsprent or trnsprent mterils like qurtzD interferene rditions might stem from urned gses or other heted mterils in the mesurement (eldF emong the semiEinvsive type of mesurementsD phosphor thermometry is method tht gives high sptil nd temporl resolution over rod temperE ture rnge of up to IWUH uD depending on the phosphors usedF his method is generlly insensitive to the surfe properties nd roust ginst interferenes from sttered lightD hemiluminesene or soot rditionF his method is therey hosen to mesureD in the studied on(gurtionD the externl surfe temperture of the qurtz tueF yne ojetive of this setion is then to evlute the pity of the vser sndued hosphoresene to meE sure temperture when pplied to smll nd urved volumes sujet to high temperture grdientsF prom these mesurementsD the het exhnges etween the gsD the qurtz wlls nd the mient ir n e evlutedD s they re key to ontrol the stility of the )me inside the qurtz tueF 3.5.2 Luminescence mechanisms es exposed in detil in setion QFPD if (lm of phosphor is deposited on surfeD nd then exited y light soureD the susequently emitted lumiE nesene llows us to determine the temperture of the surfeF he vser indued phosphoresene is then tehnique to mesure temperture using the ST Chapitre 3 -Phosphors and laser induced phosphorescence tempertureEdependeny of the phosphor luminesene emitted fter eing exE ited y n ultrviolet light soureF he pplition of thermogrphi phosphors inludes hoosing phosphorD (xing it to surfe fter its preprtion or fter uying itD seleting mesurement strtegy nd lirting itF Phosphor choice es ove mentionedD phosphors re omposed of the host lttie nd of tivtorsD the omintion giving vrious properties like temE perture rnge nd sensitivityD lifetime rnge or oxygen sensitivityF lenty of phosphors re ville or dole nd their properties re desried extensively in the litertureF he uthors hionoy et lF @PHIPA nd früh et lF @PHIPA gve detiled informtion on n exhustive list of phosphorsF sn order to hoose phosphorD one must estimte the rnge of temperture of the mesurementF he hoie lso depends on the mesurement strtegy usedF husD the phosE phors n e oxygen dependentD s result the environment properties must lso e known @in ontt with fresh or urned gsD mient irD etAF Film deposition he wy to (x the phosphor to the surfe isD s previously explinedD y mixing the phosphor powder to high temperture inderD nd spry it using n irrush on the surfeF st is proven in unppe et lF @PHIIA tht thik lyer of phosphor deposited on surfeD out severl tens of mirons n led to response dely in the hrteriztion of unstedy pheE nomenF roweverD the phenomen oserved in this study using phosphor therE mometry re mesured under n estlished stedy regimeF Excitation and measurement strategies he phosphor pint is exited y xd Xeq vser qudrupled t PTT nm or tripled t QSSnmD depending on the exittion wvelength of the phosphorD with IH rz repetition rteF wo mesurements strtegies re ville to get k to temperture from the phosphor emitted luminesene using two di'erent hrteristis of the emitted light X the timeEresolved nd the timeEintegrted luminesene hrteristisF he timeEintegrted or intensity rtio tehnique is prtiulrly dvntgeous in the study of surfe tempertures nd het trnsfer in gs turinesD sine it gives ess to twoEdimensionl mesurements where the temperture is too high for other tehniques to e ppliedD ut lso for rotting ojets @reyes et lF @PHHTAAF he timeEresolved or lifetime tehnique is well suited for singleE point mesurementsD nd therey for stedy on(gurtionsF he two methods re ompred in puhrmnn et lF @PHIQAD onluding tht t low tempertures @under SHH uA oth preision re of the sme order of mgnitude while when getting to higher temperturesD the lifetime proves to e I even P orders of mgnitude more urteF sn the present workD the mesurements re rried out on mesosle qurtz tue outer surfe with len premixture )me stilized inside t di'erent equivlene rtioF he mesurements re performed on stedy on(gurtionF Part I -Context, experimental set up and measurements strategies SU he temperture rnge is expeted to e etween QHH u nd IHHH uF he two methods re introdued nd the results with oth methods re exposedF 3.5.3 Intensity ratio, time integrated measurement strategy he timeEintegrted or intensity rtio method uses the ft tht the intensity mximum of the min emission peks of the emission spetr of phosphor re temperture dependentD s shown in pigF QFU for two phosphors @eq Xr nd eq XhyAF he mesurements nd lirtions re performed y reording the phosphor emission t wvelength where the emission spetrum of the phosphor hs temperture dependent pekF sn order to remove the possile noises nd intertions of the setup @optisD stter lightsFFAD it is preferle to selet two temperture dependent peks t two di'erent wvelengths nd perform the intensity rtio of these peksF e lirtion is then neessry to link the intensity rtio to the tempertureF ine two wvelengths re seletedD the method is lso lled the twoEolor methodF 3.5.3.1 Phosphor choice wo thermogrphi phosphors re of interest in our se for their lrge temperE ture rnge nd presenting no oxygen dependene X the dysprosium nd the prE seodymium doped yttrium luminium grnet @ 3 el 5 y 12 Xhy nd 3 el 5 y 12 XrAF he eq Xhy @ 3 el 5 y 12 XhyA @ehnology @PHIVAA is exited t the QSS nm wvelengthF everl peks n e hosen for the rtio of intensities sine this phosphor presents numerous temperture dependent peksF roweverD the nE lysis of the in)uene of the pek hoie on the intensity rtio is performed in sshiwd et lF @PHIVA nd tovii et lF @PHISAF fy ompring the intensity rtios s funtion of temperturesD they determine the more urte peks hoies y looking t the urve9s slopeD the highest slope giving the gretest ury on the temperture determintionF he two peks seleted re t the wvelengths RST nm nd RWU nm @emission spetr shown in pigF QFU @rightAAF his phosphor is rodly used in the literture @früh et lF @PHIPAAF he eq Xr @ 3 el 5 y 12 XrA @see setion QFQFIAD less ommonD is exited t the wvelength PTT nm nd hs lso two min temperture dependent peks t the wvelengths RVU nm nd TII nm @emission spetr shown in pigF QFU @leftAAF he spetr represented in pigF QFU re normlized y the mximum intensityF he methodology to mesure these emission spetr is desried in the following setionsF 3.5.3.2 Experimental setup he phosphor pinted tue is positioned s shown in pigF QFVF e )me is stE ilized inside the tueF he phosphor pint is exited y xd Xeq vser qudrupled t PTT nm @eq XrA or tripled t QSS nm @eq XhyAF he emitted luminesene response of the phosphor pint is reorded y n sggh mer @rmmtsu gIPSSHA with imge intensi(er @gWHITEPIAF he emission light pthwy is split in twoF he two di'erent pthwys go through two nd pss (ltersD whose entrl wvelengths orrespond to the two temperture dependent peks of the emission spetrum of the hosen phosphorF he two tue imges for the two wvelengths re reorded on two res of the sme mer hipF en exmple of mer hip imge is shown on pigF QFWD with the two imges t di'erent wvelength @RVU nm nd TII nmA without @topA nd with @ottomA es estlished in pigF QFUD the intensity of the emission is higher t room tempeE rture for the RVU nm wvelength nd on the ontrry the emission gets higher with the inrese of temperture t the TII nm wvelengthF 3.5.3.3 Post-processing por eh on(gurtionD SHH imges re tken suessively nd then verged in order to otin men imgeF he stndrd devition from the imges is lultedF he men imge otined is then ut in twoD di'erentiting the two ojet imges s seen in pigF QFWF he two imgesD orresponding to the two wvelengths imposed y the ndpss (lter upstrem from the merD re ligned through wtl proess nd y mthing severl points of refereneF he intensities from one imge re then divided y the intensities of the seond imgeD yielding mtrix of intensity rtiosF he intensity rtio mtrix otined with )me inside the tue is then normlized y the stndrd mtrix t mient tempertureF pinllyD using the lirtion urveD these intensity rtios re linked to temperturesD nd mp of temperture is (nlly otinedF TH Chapitre 3 -Phosphors and laser induced phosphorescence 3.5.3.4 Calibration hree types of lirtion re onsidered nd ompredF o reh etter uE ry the sme phosphor pint th reted is used oth on lirtion smples nd tue pintingF he (rst lirtion method is mde y repling the tue in pigF QFV y phosphor pinted thermoouple pled in heted )ow @ir loE werAF he phosphor pint is exited y the lser nd the emitted luminesene is reorded y the sggh merD nd simultneously the thermoouple tempeE rtures re lso reordedF sn the seond lirtion method the qurtz tue is sustitute y n eletril tue furne within whih qurtz pipe hmer is pled nd inside whih smple of the phosphor pint is pledF es for the tue nd the previous lirtion methodD the phosphor pint is exited y lser nd the sggh mer reords the susequent emission of the phosphor nd simultneously the temperture is reorded y thermoouple pled in ontt with the smpleF emperture vrition during the emission reording is ontrolled nd mintined under I u osilltionsF sn the sme on(gurE tionD third lirtion urve is reted y repling the sggh mer with spetrometer @yen yptis fPHHHCAD the susequent emission spetr is then reorded for eh tempertureD nd the rtio is lulted etween the two peks intensitiesF his lst tehnique is used to reord the emission spetr evolution with temperture of eq Xhy nd eq Xr represented in pigF QFUF he rnge of temperture for the lirtion goes from QHH u to IHHH uF he three lirtion urves otined for the eq Xr @A nd eq Xhy @A phosphors re drwn in pigF QFIHF st n e seen for oth phosphors lirtions tht ll urves gree well in temE pertures lower thn UHH uF eove thtD the dispersion is more importntF hus the tehnique of pinted thermoouple shows greter dispersion in repetitionF sn ftD this tehnique is less ostlyD ut it rises more issues for intensity rtio X sine the thermoouple is very smll in surfeD ll the pixels re not indiviE dully lirted nd the temperture osilltions re not ontrolledD ontrry to the furne methodF es result even though the mesurements re tken simultneouslyD the lirtion dispersion is importntF woreoverD the eq Xr lirtion urve from spetrometer shows doule vlutionD the sme rE tio orresponding to two possile tempertureF roweverD this doule vlution hppens only if the mesured tempertures re greter thn IHHH uF he mxiE mum wll temperture rehed ws determined y thermoouple mesurements in the previous hpitre PD nd rehes VSH u for the highest equivlene rtio operting point studied @φaHFWSAF herefore the rnge of temperture studied remins out of the doule vlution reD nd is for the most prt in the good reprodutiility re of the lirtion urvesF for YAG :Pr (a) and YAG :Dy (b) phosphor, for the three calibration methods exposed above, in black two repetition of the calibration using a painted thermocouple, the emission being recorded by a ICCD camera, in blue the calibration using the tube furnace, the emission being recorded by a ICCD camera and nally in red the calibration also using the furnace but the emission being recorded by a spectrometer.

whih is diretly extrted from the intensity rtio mtrix through the lirE tion urveF hen the enterline pro(le represented in pigF QFII@topA omposed of the verged ten lines of the mp surrounding the mximum of temperE ture of the mpF hose results were otined using eq Xr phosphor nd with stilized )me inside the qurtz tue t the operting point @φaHFVD aPIFI m•s -1 AF he temperture mp llows to hve two dimensionl estimtion of the temE pertureD while the extrted enterline pro(le llows etter omprison to other types of mesurements @thermoouplesDFFFA or to other )me on(gurE tionsF Inuence of the Calibration hree types of lirtions were previously desriedF sn order to ompre the impt on the temperture mesurementsD the sme mesurements dt of the pinted qurtz tueD using eq Xr phosE phor nd with stilized )me inside t φaHFV re postEtreted using the three lirtion urvesF he three enterline pro(les extrted from the resulE ting temperture mps re ompred in pigF QFIPF e disrepny etween the temperture pro(les is oservedF wo error soures re exposedF he (rst soure of error omes from the use of spetrometerD whose lirtion is not onsidered s 4inEsitu4 sine the optil ptor used di'ers from the lirtion to the mesurementF es result the iggest disE repny is oserved etween the resulting temperture pro(le using the speE trometer lirtionF his (rst remrk highlights the importne of n inEsitu lirtion in suh sensitive mesurement setupsF henD ompring the therE moouple nd the mer pro(lesD whih oth re inEsitu lirtionsD it n e noted tht the gretest vrine is oserved t high tempertureF sn ftD sine the thermoouple dimeter is I mmD it lirtes only few pixels of the mer hipF he optil ptors suh s mer hips su'er from well known inhomoE geneities etween pixels nd non lineritiesF ith inresing tempertureD the impreision inresesD whih explins the inrese in the disrepny etween the two lirtionsF pinlly the most urte solution is to use the mer lirtion with tue furneD whih would led to pixel y pixel lirtionF Inuence of the ICCD gain e soure of noise in the imges n e the mpli(tion proess of the intensi(ed merF sn ftD when the signl is mE pli(edD the input noise is lso mpli(edF husD noise n e reted during the mpli(tion proessF por merD the noise is represented y noise ftor desried y the reltionship etween the output nd input noise nd the mpli(tion gin @qAF por n idel mpli(erD the noise ftor is equl to oneF he e'et of the sggh gin on the mesurements is exposed in pigF QFIQ for the previously presented mer lirtion nd with stilized )me t φaHFVF feuse of the smll rdius of urvtureD the informtion is minly otined in the lines orthogonl to the lser lineF herey if this line is shifted from the enter of the tueD the resulting mps re lso shiftedF o onludeD this method of intensity rtio hs the dvntges of resulting in instntneous twoEdimensionl temperture mpsD nd therefore n e pplied to moving systems nd trnsitory phenomenonF rowever the ury of this method is disussed in the litertureD nd it is shown in the present study tht severl prmeters in)uene gretly the mesurements suh s the mer hip lirtionD the sggh mpli(er gin or the lser lignmentF enother method of vser indued phosphoresene is therefore onsideredF Part I -Context, experimental set up and measurements strategies TS 3.5.4 Lifetime, time-resolved strategy he lifetime method uses the ft tht the luminesene intensity following lE ser pulse n e pproximted y monoEexponentil dey @see setion QFPFQAD nd this dey is temperture dependentF es illustrted in the pigF QFISD the dey time gets shorter s the temperture inresesF hereyD the phosphor hoie in this method is ruil prmeter in order to get high ury on the mesurementsF husD in the detetion of the phosphor emissionD ll eletril omponents must e studied to detet low nd high frequeniesD espeilly the optil ptorD the signl mpli(erD nd the nlogi numeri onversionF gpturing high frequenies signls lso limits the hoie in optil ptorF sn ftD even if lot of progress hs een mde in term of high speed merD it is still unhievle to pture the dey of phosphors t high temperturesF sn order to ypss this limittionD ymrne et lF @PHHPA used eight onseutiE vely gted d detetorsD eh pturing frgment of the luminesene dey on every pixelF he exposure nd time dely etween eh detetor is ontrolE led to over the whole dey signlF he lifetimeD nd then the temperture through lirtionD is otined on every pixel y (tting the exponentil dey with the eight points from eh d ptorsF rowever this tehnique su'ers from poor ury t low tempertures nd is limited depending on the phosE phorF enother existing tehnique exposed in uhlid nd uontis @PHHWA uses the temperture dependent riseEtime of the phosphors emission fter lser shotF ith I wrz high speed mer nd single hipD they mesured the rise time on eh pixelF rowever this tehnique is limited in numer of frmesD leding to poor ury in low tempertures @unertinty of PH7 t TUQ uAF pinllyD uissel et lF @PHHWA used gwy high speed mer t TUS krz to perE form twoEdimensionl lifetime mesurementsD orreting the non linerities nd pixelEtoEpixel inhomogeneities of the gwy hipF he limited frme rte uses TT Chapitre 3 -Phosphors and laser induced phosphorescence the mesurements to stop t WHH uF sn ftD s the temperture inresesD the numer of smples deresesD nd thus so is the uryF pinllyD the mostly dopted ptors re photomultiplier tues llowing point mesurements t high frequenyD whih limits the pplition of this temperture mesurements meE thod to stedy on(gurtionsF 3.5.4.1 Phosphor choice sn the spei( se of lifetime mesurementsD literture studies show the imE pt of severl ftors on the dey timeF sn ft peist @PHHIA showed tht the dey time of 2 y 3 Xiu phosphor is deresing when inresing the exittion energyF enother ftorD presented in nson et lF @IWWVAD is the dey time derese with inresing onentrtions of dopnt in the hostF hen in früE h et lF @PHHUAD the in)uene of gs omposition nd pressure over the deE y time re studied nd shown to hve n imptF husD irreversile dey time modi(tions re oserved fter het tretmentsF ell those ftors must e tken into ount while hoosing phosphor for lifetime mesurementsF sn the present studyD the phosphor hosen for this method is the mgnesium )uorogermnte doped with mngnese wg 4 pqey 5 Xwn @phosphor tehnologyD ihPSGxEI ehnology @PHIVAAF his phosphor9s dey time dereses from SFIH -3 s to PFIH -7 s for tempertures from R u to IISH uF st is rodly used in the literture for its wide temperture rngeF sts emission spetrum is enE tered in TTH nm nd extends from TPH nm to TVH nmF he study of the four previously exposed ftors is rried out in früh et lF @PHHVA for the hosen phosphorF st n e extrted tht no signi(nt impt of the gs omposition nd the solute pressure of the surrounding gs phse is oservedF roweverD the phosphor9s dey time dereses with the inrese of dopnt onentrtion in the hostD with the inrese of exittion energy nd lso with the inrese in mximum temperture nd extend of the het tretmentsF xonethelessD ll ominedD these errors order of mgnitude is IEP u over the entire rnge of tempertureF hereyD the ury of the mesurements is not limited y the phosphor properties vritionsF 3.5.4.2 Experimental setup he experimentl setup of lifetime temperture mesurements is represented in pigF QFITF he phosphor pinted tue is exited y lser @gontinuumD winilite wv ssA t the wvelength PTT nm nd t IH rzF he emission light pss through two spheril lenses @faSHH mmAD then through long pss (lter tht suppresses wvelength under SSH nm in order to void ll interferenes from the lserD nd (nlly through nd pss (lter entered in TTH nm with IH nm ndF es previously exposedD the twoEdimensionl lifetime mesurement is still omE plex t high tempertureF hereforeD the temporl response of the phosphor pint is reorded y photomultiplier tue @wA with short response 

Post-processing

por eh point of mesurementD ertin numer of repetition @vrying etE ween QH nd IHHA of mesures is tkenD nd the verge s well s the stndrd devition is proessedF e (rst pproh of postEtretment is ppliedD following the literture quierti et lF @PHIRA on the tretment of the monoEexponentil signlD n interrogtion window is seleted in perentge of the mximum inE tensityF he perentges hosen for the lirtion nd the mesurements re p start aWH7 nd p stop aIH7 of the mximum intensityF he seond pprohD developed y früh et lF @PHHWA nd depited in TV Chapitre 3 -Phosphors and laser induced phosphorescence pigF QFIUD is n itertively dpted (tting window lgorithmF he (tting window strts t t 1 at 0 C 1 τ nd stops t t 2 at 0 C 2 τ D with t 0 is the lser trigger pointD 1 nd 2 predetermined onstnts whih depends on the on(gurtionF he initil vlue of τ is given y τ 0 a 0 ∆tD with ∆t is the oservtion time window nd 0 onstntF he prmeters used for the lirtion nd mesurements re 1 aHFI nd 2 aVF e sensiility study of those prmeters is given in the following susetion QFSFSFPF he onvergene riteri used is the one exposed in früh et lF @PHHWAD given s X he lifetime in logsle is plotted ginst the temperture in pigF QFIVF he lk urve represents the rw lirtion dt nd the red urve is the (t used to get k to temperture from the mesurements dtF his lirtion urve is similr to the ones found in the literture for the mgnesium phosphor @früh et lF @PHIPAY früh et lF @PHHVAAF he lirtion is proessed inEsitu nd therefore is dpted to the experimentl on(gurtion nd peulir to eh on(gurtionF he importnt mtter is to keep the sme on(gurtion etween the lirtion nd the mesurementsF 3.5.4.5 Results he temperture pro(le resulting in lifetime mesurements over qurtz tue pinted with phosphor @wg 4 pqey 5 XwnA inder inside whih )me is stE ilized t φaHFVD aPIFI m•s -1 is represented in pigF QFIWF sn ll results the )me front is mrked y x = 0 nd y vertil dshed lineF he stndrd devition etween the onseutive mesurements is represented s error rs on the grphsF hree phses n e lerly identi(edD the preheting zoneD the )me re nd the urned gsesF sn the (rst reD the fresh gs re preheted y the wllsD mening tht the xil ondution retroedes the het from the )me re to the fresh gsesF he temperture grdient is importnt sine the the wll UH Chapitre 3 -Phosphors and laser induced phosphorescence temperture inreses from mient temperture to THH u in IH mmF sn the )me reD the mximum temperture is rehed Q mm fter the )me frontF sn this re the rditionD ondution nd onvetion re linked to high temperE ture grdientsF sn this on(gurtion @φaHFVAD the qurtz tue rehes mient temperture round RH mm fter the )me frontF sn the urned gses reD the qurtz is eing ooled y externl nturl onvetionD through ondution in the qurtzF eove SHH u the mesurements hve very good repetilityF wore dispersion is oserved t low tempertures nd espeilly in urned gsesF egrding the sptil repetilityD the three phses of the temperture pro(le nmely the prehetingD )me nd ooling res re urtely reproduedF he ury loss in low temperture n e explined y the lirtion urve of the hosen phosphorD represented in pigF QFIVD whih shows lower slope t low temperE ture giving less ury on the onversion from lifetime to tempertureF husD sensitivity nlysis is proessed to evluted the impt of severl ftors on the ury of this methodF 3.5.5 Sensitivity analysis sn order to ssess the ury of the resultsD sensitivity nlysis of the expeE riment prmeters is hievedF 3.5.5.1 Eects of the amplication chain he mpli(tion hin is omposed of the resistor D represented in pigF QFIT nd of the opertionl mpli(erF he vrile in this hin is the vlue of the eletril resistneF snresing the resistne notly improves the rtio signl to noise nd redues e'etively the signl stteringF roweverD the resistor The intensity signal data is represented in black, the tted curve through the percentages approach is in blue and the tted curve through the iterative window is in red.

max(τ i , τ i-1 , τ i-2 ) -min(τ i , τ i-1 , τ i-2 ) < 10 -3 τ i + τ i-1 + τ i-2 3
he lue urve represents IH7 to WH7 mximum intensity seletion windowD wheres the red urve represents the onverged solution of the itertive winE dowingF he resulting lifetime is respetively of τ aPFH ms nd τ aPFT msF his disrepny n led in high tempertures to gret temperture di'ereneF st highlights the ruil role of the dpted windowing on the ury of the mesurementsF gonerning the seond pprohD sensitivity study on the 1 nd 2 prmeters is rried outF sn früh et lF @PHHWAD the vlues given to those prmeters re respetively I nd RF et (xed temperture @aQHH uAD x s aPHH emission smples re suessively reordedF he lgorithm is pplied to smples for 1 rnge from HFI to I with HFI step nd 2 from R to V with HFS stepF he stndrd devition etween the PHH resulting time dey for eh @ 1 D 2 A ouples is omputed nd normlized y the verge time dey of the oupleF his normlized stndrd devition is mpped on pigF QFPIF es resultD the prmeters vlues tht minimize the stndrd devition re 1 aHFI nd 2 aVF hose vlues di'er from the ones used in frühD tnikD nd hreizler @PHHWAD however they depend on the experimentl setup nd the equipment usedD nd llow the dpttion of the method to ll kinds of expeE rimentF husD it shows the importne of ring out this sensitivity nlysis nd n inEsitu lirtionsF 3.5.6 Comparison between all methods, Lifetime and Intensity ratio applied on a narrow quartz tube sn the sme on(gurtion of @φaHFUSD aITFT m•s -1 A nd @φaHFVDaPIFI m•s -1 AD ll the previously exposed methods with the di'erent phosphors re exposed nd put ginst thermoouple mesurements @desried in hpitre PA nd reE presented in pigF QFPPF pirstD the intensity rtio using eq Xr shows good reprodution of the temperture pro(le ut low ury in temperture mximumF sndeedD sturtion is oservle on the plots with plteu shpe t the temperture mximum for oth operting pointsF he intensity rtio using eq Xhy shows etter uryF ine the ury of the phosphors tehniques inrese with the temperture @due to high slope of lirtion urvesAD the intensity rtio @eq XhyA nd vifetime dte re more urte in reproduing the mximum of tempertureF hereyD the grphs show tht the thermoouple underestimtes the mximum of tempertureD for oth operting pointsF et lower temperturesD the phosphors tehniques loose in ury @due to low slope of lirtion urvesAD nd the thermoouple su'ering less from rdition nd temperture e'ets eomes more urte thn the phosphor tehniquesD who underestimte the tempertures in low tempertures resF pinllyD oth tehniques phosphors nd thermoouple re omplementry sine their est ury is within di'erent temperture rngesF

Conclusion

his hpter reltes the possiility to pply the two vser sndued hosphoresE ene @vsA strtegies on nrrow hnnel with low rdius of urvtureF he UR Chapitre 3 -Phosphors and laser induced phosphorescence intensity rtio method llows to otin instntneous twoEdimensionl tempeE rture mps nd n e pplied to trnsitory or moving systemsF wesurements lines re relized in the lifetime strtegy foring the system to e in stedy regimeF he ury of oth methods is evluted in sensitivity nlysis to severl prmetersF pinllyD the resulting mesurements re ompred to the thermoouple tempertures presented in the previous hpitre PF st is found tht the temperture mesurement strtegy re omplementryF sn ftD the thermoouple shows etter ury in low tempertures rnges inferiors to THH u sine it is less sujeted to rditionsD nd thus ording to the lirE tion urves of the phosphors whih slope re low rehing lower uryF por tempertures ove THH u the thermoouple is sujeted to severl disrupting phenomen leding to n underestimtion of the mximum of tempertureF yn the ontrry in this rnge of tempertures the vs methods show high ury sine the lirtion urve slope re highF herefore the omprison etween those two methods llows to estlish n 4idel4 temperture pro(leD with high ury in the low temperture rnge using thermoouple meE surements nd in the high tempertures using vs methodsF hese results re used to nlyse the temperture pro(les used in the following workF his hpter onludes this introdutive prt whih presented the stkes of the study s well s the stte of the rt nd ontextD the experimentl setup nd the dignosti used for )me hrteriztionF e fous ws mde on temperture determintion using vser indued phosphoreseneF he following prt preE sents the stedy regime through experimentl nd numeril hrteriztionF 4.1 Extended abstract he experimentl setup eing designed nd the dignostis tested nd vlidE tedD the extensive nlysis of the stedy stte is proposed hereF hree prE meters impting the )me stility n e vried X the internl dimeter of the tue @three di'erent tues of fourD (ve nd seven millimeters re testedAD the equivlene rtio of the mixture nd the orienttion of the tue @nmely the horizontl or vertil positionAF hen hnging these prmetersD the ulk veloity of the )ow hs to e dpted to stilize the )meF gontrry to wht is oserved when the )me is propgting in the tueD only one duet veloE ityGequivlene rtio n e foundF here is no wek )me regimeD for given UV Chapitre 4 -Stability definition and characterization equivlene rtio unique ulk veloity llows to sustin the )meF e slight modi(tion of one of the three prmeters modi(es lso the )me shpeD its orienttion nd the wll temperture distriutionF ome oservtion re notiE ele X @iA the equivlene rtio rnges from HFU to HFWS with the (veEmillimeter dimeter tueF his rnge shifts to the low vlues s the dimeter inreses nd to higher vlues s the dimeter deresesF @iiA he orienttion of the tue hs no in)uene for the smll dimeter tue ut drstilly hnges the operting points for the sevenEmillimeter dimeter tueF sn prtiulrD the )me n e slnted for lrge dimeter wheres the on(gurtion is perfetly symmetrilF @iiiA qrvity hs n impt on the )me regime ut lso the )me orienttionF sn the horizontl positionD slnted )me is oservedF he ngle of the )me hnges with the internl dimeter nd the equivlene rtioF @ivA he tulip nnot e oserved in the tested operting pointF he urvture of the )me remins towrds the urnt gsesF pinllyD the (veEmillimeter tue on(gurE tion is systemtilly investigted in order to quntify the di'erent prmeters involved in this stedy regimeF 4.2 Flame steady regime : denition and characterization 4.2.1 Denition of the steady regime sn nrrow ondutsD the stiliztion mehnisms re hrterized y oupled het exhngesD onvetive t the interfes )meGwll nd wllGmient irD nd ondutive within the wllF he slowest therml exhnge ourring in this on(gurtion is the het ondution through the qurtz wllF st is then used s referene of therml estlishmentF wo hrteristil times re then de(ned to desrie the )me therml environmentF pirstD the ondution time n e written s the rtio of the wll thikness over the therml di'usivity of the qurtz X t cd = e 2 w /α s F henD )me residene time is de(ned s the rtio etween the hrteristi )me thikness δ F nd the propgtion speed X t res = δ F /V p F he hrteristi )me thikness is expressed s X δ F aα g /S o L aUTFV µm with α g the fresh gs therml di'usivity nd

S o L aPV m•s -1 t φaHFVF he fresh gs therml di'usivity is de(ned s k g G@ρ g g pg A with k g aQRFR m•m -1 •u -1 D ρ g aIFIR kg•m -3 nd g pg aIFIH kt•kg -1 •u -1 F
he propgtion speed EV p x is de(ned s the solute )me speed in the lortory frmeF he ulk veloity V b x is the men speed resulting from the oiseuille pro(le of the inoming fresh gsesF he pigF RFI shemtilly illustrtes the di'erent veloities diretions of the systemF hese de(ned hrteristil times llow to ssess if the )me reside long enough in the sme setion of the tue for the therml environment to estlish itselfF es resultD for t cd /t res `ID the glol )me motion is slow enough for the ondution to e estlished nd to reh stedy stteF yn the ontrryD for t cd /t res ID the wll temperture t the )me position remins in the order of QHH u nd the )me propgtes over n isotherml wllF ixperimentllyD stedy regime is oserved when V p → HF sn prtieD the )me is (rst ignited in the output setion of the tueF o drive the )me into the tueD the mss )ow rte is progressively reduedD nd y tht the ulk veloityF yne the )me inside the tueD the mss )ow rte is preisely dpted to the urning veloity @lminr )me speedA in these nonEditi onditions to stilize the )meF herey the stility is rehed when the temperture in the wlls does not evolve nymore or evolves slightly t lrge time sle @order of minuteAF he therml environment exterior to the tue is not ontrolled so the het losses re not qunti(ed nd the rel )me speed n only e experimentlly determined y trils nd errorsF reneD the stiliztion of )me inside the forementioned tue is hllengingF he edge trking method is pplied on reordings mde t severl ulk veloity to estlish the propgtion speed of the )me in the serh of stility pointsF es result the motion of the )me n e drwn ording to time on pigF RFP @d i aS mmD φaHFVAF st n e seen tht the )me is never perfetly stedy nd osilltes round men position represented y the horizontl dshed line on pigF RFPF hose osilltions re usully not visile t eyesightF roweverD s previously sttedD VH Chapitre 4 -Stability definition and characterization the stedy regime is de(ned s regime where the therml exhnges re esE tlishedD not s regime where no )me motion is oservedF husD the men propgtion speed lulted from the rtio of men displement on the reE orded time is of order of PR µm per minuteF 4.2.2 Steady regime operating points dependance to channels diameter he stedy regimes of )mes re oserved in three tue on(gurtions of inner tue dimeter d i aR mm @gon(gurtion eAD d i aS mm @gon(gurtion fA nd d i aU mm @gon(gurtion gAD with sme e w aI mm wll thiknessF por eh on(gurtionD horizontl nd vertil tue positioning is onsideredF ell inner tue dimeters re greter thn the quenhing dimeter of the methne ir mixture injetedF he purposes of this (rst set of experienes re to identify the )ow onditions tht llow stiliztion of the )me t onstnt position without ssistne nd to oserve the hnges of the )me9s shpe with respet to the equivlene rtio nd to the tue dimeterF husD the dimeters re hosen s lose s posE sile to the quenhing dimeter to oserve stiliztion mehnisms mstered y het exhngesD ut lso to hve stisfying rnge of operting points nd otin ertin )me roustnessF sn the litertureD for the sme equivlene rtioD severl )ow speeds re found to reh )me stedinessD using )me therml ssistne @wrut et lF @PHHRAY wrut et lF @PHHSAY fi et lF @PHIQAAF sn the presented on(gurtionsD without )me ssistneD stedy operting points re hrterized y unique ouple of equivlene rtio nd ulk veloityF he equivlene rtio is vried from φaHFU to HFWSF husD the stedy regime is hrterized y V p → HD nd sine V p = V b -S L D the ulk veloity tends to urning veloityD V b → S L F es resultD the operting points llow to determine the urning veloity of the )me t eh equivlene rtioD y djusting the ulk veloityF he ulk veloityGmss )ow rte vries gretly etween the three sesF o keep good ury in mss )ow ontrolD the rnge is hosen s ompromise etween the three on(gurtionsD s results the low equivlene rtio for the @eA se nd the high equivlene rtio for the @gA se nnot e rehedF xonethelessD it is su0ient to mke seletionF he vrition of inner tue dimeter leds to vrition of the surfeEtoE volume rtio whih hs een presented s ritil ftor in nrrow hnnel omustion on the het exhngesF o ompre the rtio evolution with the inrese of the inner dimeterD sum up is presented in pigF RFQF es result the surfeEtoEvolume rtio inreses of UR7 etween the U mm nd R mm inner dimeter tuesF he greter the surfeEtoEvolume rtio isD the more het losses to the wll ourD nd therefore the )mmility domin of the )me reduesF his omprison etween the three on(gurtions is then used to identify nd understnd etter the e'ets of the phenomen whih intensities yverllD the evolutions of the ulk veloities with the equivlene rtio n e linerly pproximtedD nd the slopes inrese with the inner setionF por eh equivlene rtioD the ulk veloities re of the sme orderF husD the ulk veloity for vertil positioning is found to e onstntly lower thn for horizontlF he veloity di'erene etween oth tue positions inreses with VP Chapitre 4 -Stability definition and characterization the setionF sndeedD for the smller setion @eAD the operting points re lmost ominedD wheres for the lrger setion @gAD the speed gp is out S mFs -1 ll long the equivlene rtiosF herey s the setion inresesD the )me needs more power to stilize t horizontl position thn in vertilF he limits of the on(gurtions re lso ssedF por the @eA on(gurtionD no )me ould e ignited under the equivlene rtio HFVSF hereyD the lower limit of the )mmility domin ws rehedF woreoverD the )me is very sensitive to the environmentD nd n e extinguished y smll perturtionsF his on(gurtion is the losest to the quenhing dimeterD ut o'ers redued )mmility domin nd low roustnessF he @fA on(gurtion lower )mmE ility limit is rehed under the equivlene rtio HFUF he )me is roust to the environmentD mening tht the )me is well nhored in the tue nd n withstnd smll perturtions without extintionF he @gA on(gurtion lower )mmility limit ws not rehedF he )me is well nhored in the stedy regimeD nd therey very roustF he more powerful the more roust )me is nd nhored to the wllsF 4.2.3 Flame topology evolution with equivalence ratio and tube diameter he gr * hemiluminesene of the stedy )mes t eh operting point is oserved with (ltered digitl mer @see hpitre PAF he residene time of )me in stedy regime is of the order of mgnitude of severl minutesF he )me luminosity eing wekD long exposure time @P to QH seondsA is neededF he )me topology evolves gretly with the equivlene rtioGpowerD ut it evolves lso with the setion of the tueF herefore the gr * hemiluminesene imges of the )me re ompred for six operting points nd represented in pigF RFSF he lower limit of the @eA on(gurtion is mrked y the )mmility limitF he @gA on(gurtion is limited t high equivlene rtio y the rnge of the mss )ow meters usedD in order to keep ertin ury in the mss )ow ontrolF sn order to ompre the )me power for these equivlene rtio nd link the )me power to the )me strutureD the pigF RFT drws the )me power for ll on(gurtions in horizontl @lueA nd vertil @lkA tue positionF sn pigF RFSD the evolution of shpe in the @fA on(gurtion serves s referene for the two other on(gurtionsF sndeedD the )me shpe evolution from equivE lene rtio φaHFVS to HFWS for the @eA on(gurtion is very similr to the one of the @fA on(gurtion from equivlene rtio φaHFUH to HFVHF he )me moves from symmetril onvex menisus to )t slntEshped )meF his similE rity n e explined y the similr )me power for these equivlene rtio in oth on(gurtions s highlighted y the lue retngle in pigF RFTF e prllel n lso e done etween the )me shpe evolution of the @gA on(gurtion from equivlene rtio φaHFUH to HFVH nd the one of the @fA on(gurtion fromφaHFVS to HFWSF he )me is )t nd tiltedD nd the ngle to vertil inE reses with the equivlene rtioF he lst )me ppers s shped )meD nhored t the top of the tueD with til urved in the diretion of the otE tom wllF eginD when looking t the )me power @pigF RFTAD the red retngle highlights the three equivlene rtio for the @fA on(gurtion nd two of the @gA on(gurtionF rowever this omprison shows tht equivlene φaHFWS@fA nd φaHFUS@gA @insted of φaHFVH@gAA re loser in power nd therey in sme )me strutureF sn ftD the )me power t operting point φaHFVH@gA is SH7 greter thn t operting point φaHFWS@fAF hen looking k t the )me strutureD the )me ngle to vertil is indeed greter in the @gA on(gurtionF hese omprisons llow to mke link etween )me power nd )me struE tureD independently of the tue dimeterF enother point of omprison is the temperture pro(le imposed y the )me to the wll in stedy regimeF 4.2.4 Wall temperature proles : characterization of the ame domain prom the oservtion of the )meD the interest in temperture pro(le risesF he temperture mesurements re operted on the externl wll of the tueD on stilized )me @operting pointAF he experimentl protool to stilize the )me does not determine the siss x where the )me will stnd fter entering the tue whih depends on the retion time of the )ow rte ontrol systemF yne stilizedD the )me retes temperture distriution within the wll tht helps itself to sty nhored t this pointF pirstD the externl wll temperture of stilized )me inside the tue re ompred for the three on(gurtionsD t the sme equivlene rtioF ine no ommon operting point is hrterized etween the three on(gurtionsD the @fA on(gurtion serves s refereneF hereyD (rst grph shows temperE ture pro(les of stilized )mes t equivlene rtio HFWS for the @eA @green urveA nd @fA lue urve on(gurtions pigF RFU@AF e seond grph ompres the temperture pro(le of stilized )mes t equivlene rtio HFV for the @fA Part II -Steady flames regime and thermal characterization VS @lue urveA nd @gA @red urveA on(gurtions pigF RFU@AF sn oth grphsD the preheting zones re similrD nd the mximum temperture rehed is omprleF roweverD the higher dimeter on(gurtion ooling re is more extendedD highlighting tht the tue tkes more time to ool down s inner dimeter inresesF his omprison sttes the )me domin dimension etE ween two positions where the wll nd gs temperture re equl to mient tempertureF sn seond pprohD the externl temperture pro(les of )mes in the three on(gurtions with similr powers re plotted in pigF RFVF yn this grphD the wll temperture of the @eA on(gurtionD with the lowest )me power rehes the highest mximumF yn the ontrryD the @gA on(E gurtion with the highest )me power rehes the lowest temperture mxiE mumF his nlysis estlishes tht the @eA on(gurtion presenting the highest surfeEtoEvolume rtioD hs het trnsfer rte to the wll higher thn in the other on(gurtionsF herefore to ollet the energy reted y the omusE tionD the ompromise must e done etween the poor stility of the )me in low dimeter nd the high het trnsfer rte to the wlls whih leds to gret temperturesF 4.3 Focus of the characterization on the d i =5 mm tube gonsidering the previous setion omprison etween the three on(gurtionsD the @fA on(gurtion with n inner tue dimeter of d i aS mmD is the on(guE rtion whih gives the est ompromise etween the rnge of operting pointsD the )me roustness nd the surfeEtoEvolume rtioF hereforeD this on(guE rtion is the one mostly used long this workF he two other on(gurtions @fA VT Chapitre 4 -Stability definition and characterization nd @gA re used s omprison when neessry nd relevntF 4.3.1 Steady regime operating points he stedy operting points of the on(gurtion @fA re represented in pigF RFW@AD for oth vertil nd horizontl tue positioning nd put in prllel to the )me power evolution with equivlene rtioD represented in pigF RFW@AF he lter grph llows to evlute the )me power rnge over the studied operting points nd y thtD sling the possile externl ssistne or on the ontrryD olletion of powerF por the vertil on(gurtion @lk urveAD )me speed inreses smoothly with the equivlent rtioF he speed vlues re signi(ntly lower thn the diti one mening tht the het losses re lrge enough to impt the )me stiliztion ut not too lrge to llow the )me to reh stedy positionF sn the horizontl on(gurtion @lue urveAD the order of mgnitude of the ulk veloity is identil to the vertil on(gurtionD mening tht the het losses re of the sme orderF por equivlene rtio under HFUT the )me speed is lower in horizontl position thn in vertilF henD etween HFUT nd HFUW the operting points re nerly ominedF pinllyD for equivlene rtio ove HFVD the sitution is inverted s the )me speed is lower in vertil position thn in horizontlF he plot9s slope is higher for horizontl tue thn for vertil tueF his mens tht t higher equivlene rtio the )me needs less power to mintin its stility in vertil on(gurtionF et lower equivlene rtio it is the oppositeD the )me needs less power in horizontl on(gurtionF o stilize the )meD n inrese of the equivlene rtio requires n inrese of the )ow rteD so the stility mp is drwn for )mes with inresing powerF his power inrese is represented in pigF RFW@AF es the equivlene rtio inE reseD the )me genertes more nd more het tht is dissipted to mintin the )me positionF gonsequentlyD the struture of the )me is di'erent for eh stle pointF 4.3.2 Flame topology and orientation he )me topology nd orienttion evolution with equivlene rtio re oE served using gr * hemilumineseneF pigure RFIH presents these men )me emissions in the horizontl on(gurtion for six operting points of equivlene rtio X HFUD HFUSD HFVD HFVSD HFWH nd HFWSF st n e oserved tht the )mes urvture dereses s the equivlene rtio inresesF he urvture is onvex with respet to the )ow diretion s omE puted y hou nd wtlon @PHHPA nd tksonD fukmsterD vuD uyritsisD nd wss @PHHUAF es expeted the intensity of the )me inrese with the power of the )meF he inrese of the )ow rte genertes loss in )me xil symmetryF et high equivlene rtioD the )me remins stedyD mening tht oth its position in the tue nd its orienttion towrd the fresh gs do not hngeD ut the )me is tiltedF he )me )ttens until ertin point where it prtly inverts its diretionD moving from n xisymmetri onvex menisus to n symmetri slntEshpe )meD with hump direted to the unurned mixtureF hus the )me9s ngle to vertil evolution is represented on pigF RFII@AF he greter the ulk veloity the more tilted is the )meF hus the tilt is onstntly oriented towrd the fresh gsesD mening tht the )me9s speed is higher t the top of the tueF his loss of symmetry hs lredy een oserved experimentlly nd numerilly in the literture ut in di'erent on(gurtions where the wlls re either diti or isothermlD using di'erent fuelsD equivlene rtio or geometryF hile the )me )ttensD its height inresesD reduing the quenhing distne etween the )me nd the wllF sndeed the edgeGontour routine llows to determine the wll quenhing distneF he top nd ottom distnes etween the )me nd the wll re represented on pigF RFII@AF st n e seen tht the quenhing distne is lower t the tue9s top thn t its ottomF he )me is preferentilly nhored t the topD where the temperture is supposedly higherF egrding the previous quenhing distne nlysisD it mkes sense tht the distne etween the )me nd the wll is lower where the temperture is higherD nmely t the top of the tueF his phenomenon n e systemtilly repetedF 4.3.3 Thermal characterization of the ame domain he pigF RFIP shows the externl wll temperture long the longitudinl direE tion tken y thermoouple method for the sme six operting points presented oveD of equivlene rtio HFUD HFUSD HFVD HFVSD HFWH nd HFWSF he zero in sE iss orresponds to the )me front lotionF pstrem from the )meD t QH mm from the )me frontD the wll temperture to simulte onvetive het trnsfer t the inner nd outer wllsD together with the xil solid ondutionF pirstD theoretil study is performed to vlidte pproprite models for the omputtionF he )ow regimes re identi(ed then di'erent )mes re omputed for equivlene going from HFUS to HFWSF gomE puttion of rditive het )ux is implemented sine it represents hlf of the totl het )ux from the wll to the externl mediumF ith temperture proE (les within the wlls nd gsD het )uxes re omputed to drw het exhnges through the systemF es oserved experimentllyD stedy solution is omputed for the rnge of equivlene rtioF he )me speed is overEestimtedD minly due to twoEdimensionl e'ets tht re not tken into ountF sn the viiE nity of the )meD gs het up the wllsF ret is onduted xilly in the wlls ndD few millimeters prior to the )meD het trnsfers from the wll to the gs ontriuting to the preheting of fresh gs X this is the soElled exess enthlpy ssistne hrterizing miroEomustionF hownstrem the )meD urnt gses het up the wllD its enthlpy dereses rpidly until the gs temE perture equls mient nd wll tempertureD vnishing het trnsfersF hese omputtions in stedy regime quntify the reltive het )uxes involved in the stedy regime nd vlidte the numeril strtegy implementedF 5.2 Heat Transfer theoretical characterization e theoretil hrteriztion is neessry to quntify the het exhnges etE ween the )meD the wllsD nd the outside environmentF 5.2.1 Dimensionless numbers characterizing the system himensionless numers llow to hrterize the systemF e (rst dimensionless numer introdued is the Reynolds number hrterizing the )ow regime @lminrD trnsitory or turulentA inside the tue X Re = ρ g U d i µ g he rnge of eynolds numer in the studied on(gurtions extends from SH to PHHF he )ow is therefore lerly lminrF he Prandtl number gives the importne of visous di'usion ompred to therml di'usionD nd therefore hrterizes the speed nd temperture pro(lesF P r = c pg µ g /k g he rndtl numer remins lose to the lssil vlue of HFUF he Nusselt number hrterizes the type of het trnsfer X onvetion or ondutionF sts hrteriztion depends on the het trnsfer nd relies on orreltions from experimentl dtF he determintion of this dimensionless numer will e desried in the following setionsF hese ltter dimensionless numer vlues will e de(ned in the following seE tionsF 5.2.2 Forced convection : Heat transfer inside the tube sn long tues @dGv→HA most of the trnsfer ours in the thermlly fully deveE loped regionF es resultD the xusselt inside the tue with fored onvetion n e pproximted s onstnt independent of other prmetersF hen the oundry t the wll is set s isothermlD xusselt numer tends to xu i aQFTTF sn se of onstnt het )ux to the wllD xusselt numer tends to xu i aRFQTF sn the studied on(gurtionD the tue n e onsidered s long @dGvaHFHPSAD therey the het trnsfer ours in the fully developed regionF hen not in those ses of isotherml wll or onstnt het )ux to the wllD few orrelE tions exist in the litertureF st is then di0ult to give vlue to the xusselt numerF hen the wll temperture is higher thn the mient tempertureD the visosity of the preheted gs ner the wll is smller thn the visosity of the enter of the ulk nd therey the veloity grdient dereses s the het trnsfer rteF hereyD with gret temperture grdientD the prmeters must e temperture dependentD espeilly the het trnsfer oe0ientsF
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Chapitre 5 -Stabilization mechanisms iederEte proposed orreltion @ieder nd te @IWQTAA of the xusselt numer for lminr )owsD whih is only pplied in the therml entrne region X

N u i = 1.86(ReP r) 1/3 d L 1/3 µ g µ w 1/3
he therml nd hydrodynmi entrne regions re desried s X L th ≈ 0.05dRe L hy ≈ 0.033dReP r hese lengths derese with the inrese of tempertureF et mient tempeE rtureD in the studied on(gurtionD their vlues re respetively IS mm nd QH mmF enother orreltion exposed y wills in lminr )ows is independent of the tue9s length nd gives the verge xusselt numer X

N u i = 3.66 + 0.065ReP r d L 1 + 0.04 ReP r d L 2/3
ith the prmeters evluted t the (lm temperture i f ilm a@ w C g AGPD the verge xusselt numer evolution with temperture is represented in pigF SFIF xturl onvetion on horizontl nd vertil ylinders is extensively treted in the litertureF st n e seprted in two tegoriesD the nlytil @usully erly investigtorsA nd the xusselt orreltions using omputtionl )uid dyE nmis @more reent studiesAF Horizontal tubes fefore IWUHD erly investigtors @ville nd ghurhill @IWTUAY suouhi nd wsud @IWTUAA studied experimentlly nd nlytilly the het exhnges etween heted ylinder nd mient ir y nturl onvetionF en exhustive list of these orreltions is given in ndr uF F foether @PHIRAD nd they mostly hve the sme form X N u = a(GrP r) b with nd onstnts depending on the on(gurtionF vter onD more uE rte nd omplex xusselt orreltions were developed using severl di'erent methodsF sn this lineD ghurhill nd ghu @IWUSA proposed simple empiril expression of verge xusselt numer over horizontl ylinder for ll yleigh nd rndtl numers sed on ghurhillD FF nd sgi @IWUPA ompring with the experimentl results of suouhi nd wsud @IWTUAF elsoD uuehn nd qoldstein @IWUTA numerilly solved full xvierEtokes nd energy equE tionsD giving the lol nd verge xusselt numers for lrge rnges of yleigh nd rndtl numersD for horizontl heted ylinderF hey onluded tht the oundry lyer ssumptions re not vlid exept for high yleigh numersF e yer lterD using flsius nd qortler series expnsion methodD with integrl meE thod nd (nite di'erene shemeD werkin @IWUUA solved the full xvierEtokes equtions nd the oundry lyer )ow for isotherml or onstnt het )uxD horizontl nd vertil ylinders of ellipti ross setionsF prouk @IWVIA study ws sed on uuehn nd qoldstein @IWUTA modelD extending it to uniform nd non uniform tempertures nd het )ux of the horizontl ylinder9s surfeF hey onluded tht the verge xusselt numer evolves with the zimuth of the tueD s shown on pigF SFPD it dereses from ottom to top of the ylinderF olving the sme prolem s uuehn nd qoldstein @IWUTAD ng et lF @IWWHA re the (rst @nd onlyA to study the trnsient nturl onvetion from horiE zontl heted ylinderD using the spline frtionl step method under diverse surfe oundry onditionsF pew yers lterD itoh et lF @IWWQAD o'ered highE ury enh mrk solutions for nturl onvetion )ow round horizontl irulr ylinder with uniform surfe tempertureD for rndtl of raHFU nd yleigh from aIH 3 to IH 5 F hey developed (ve methods of solutionF gomE pring their results to uuehn nd qoldstein @IWUTA nd ng et lF @IWWHA for zimuthl xusseltD t di'erent nglesD they otined similr vluesF egin WU ttriuted to the presene of therml plume whih rises ove the ylinderF he plume e'etively insultes the ylinder from the ulk wter nd results in lower het trnsfer oe0ientF yne of the most reent studies on the nturl onvetion round n isotherml heted horizontl ylinders is given y ehry nd hsh @PHIUA using threeE dimensionl numeril resolution of xvierEtokes nd energy equtionF hey ompred the onvetion on solid nd hollow ylinderD short nd longD in ir nd on the groundD with nd without externl omputtion domin @thikness of the ylinder negletedAF he equtions re solved using multigrid gph ode pluentF he ylinder is heted t uniform temperture of QPT uF por solid ylinderD the xusselt numer n e onsidered s onstnt when the rtio of length over dimeter @vGdA is higher thn (veF yn the ontrry for hollow ylindersD the xusselt numer does not reh onstny even t high @vGdA rtiosF sn the se of hollow ylinderD veloity vetors nd temperture distriutions re represented for di'erent vGd vlues of the ylinder on pigF SFRF he temperture nd veloity plume used y nturl onvetion is oservedF he surrounding ir is heted y the ylinder nd )ows upD reting zone insulted from the mient irD inside whih the het trnsfer oe0ient is loE werF hereforeD in this reD the zimuthl xusselt dereseF husD the inner nd outer het losses re drwn for severl yleigh numerD s funtion of the rtio @vGdA on pigF SFSF st lerly shows tht the het loss nd therefore the xusselt numer inrese with the yleigh numerF hus s the outer het loss linerly inreses with the rtio @vGdAD the inner rtio rehes onstnt vlue t ertin threshold point of the rtio @vGdAF he vlue of this @vGhA threshold rtio inreses with the yleigh numerF st mens tht the inner het exhnge rehes ertin sturtion with the ir inside the ylinder for high @vGdAD nmely for long ylindersF sn onlusionD nturl onvetion on horizontl ylinder hs n in)uene on the het exhnge oe0ients nd therefore on the xusselt numerF his inE )uene depends on the experimentl setup nd on the tempertures usedD nd will e qunti(ed in the following setionsF Vertical tubes es previously exposed the nturl onvetion on horizontl ylinder hs een extensively studiedF sn prllelD severl studies hve een rried out for ntuE rl onvetion over vertil ylindersF egin n extensive list of the historil orreltions on xusselt numer is exposed in ndr uF F foether @PHIRAF he prolem is usully pproximted s vertil plteD whih is only vlid when the oundry lyer thikness is smll ompred to the dimeter of the ylinderF he wll eing ssumed s very thinD there is usully no ounting for ondution from the ylinder wllF he (rst pproximted solution for the lminr uoynt )ow of ir thing vertil ylinder heted with presried surfe temperture ws developed y prrow iw @IWSTAD y pplying the similrity method nd power series expnsionF he studied prolem is tken in onditions where the )t plte pE proximtion is not suitleF sn following work for the sme prolem nd lso using nonEsimilrity methodD winkowyz nd prrow @IWURA otined soluE tion for lol nd surfeEintegrted het trnsferF sn elEeri et lF @IWWIAD the xusselt orreltion is rried out for ylinders with mny inlintion ngles from horizontl to vertilF x @IWWSA studied the nturl onvetion over thin hollow vertil ylinder with onstnt inner surfe temperture nd outer surfe temperture ws to e found out from the oupled ondution of the ylinder nd the nturl onvetion of the )uid over the ylinderF he overll e'et of ondution of the ylinder is found to redue the het trnsferF ghng

Part II -Steady flames regime and thermal characterization WW @PHHVA imed their study t investigting the )ow nd het trnsfer hrE teristis for the nturl onvetion of miropolr )uid )ow long vertil slender irulr hollow ylinder with ondution e'etsD nd the e'et of wll ondution on lol het trnsfer oe0ient nd interfil temperture ws foundF fillh et lF @PHIIA studied the onvetion in lid driven vity hE ving heted ylinderF e hollow ylinder ws positioned t the enter of lidEdriven vityD nd the governing equtions were solved y residul (niteE element method with xewton9s phson tehniqueF st ws found tht the )ow (eld ws strongly dependent on the ylinder dimeterF king the sme moE del s ghng @PHHVAD ni nd eddy @PHIPA investigted the ondution nd nturl onvetion over vertil slender hollow ylinder with n isotherml heted inner surfeF gph hs een used to solve the unstedy nonEliner goE verning equtions of two dimensionl lminr nturl onvetion )owF he omputtions were rried out for di'erent vlues of het genertion prmeter Q = Q 0 r 2 e /(c p µ) nd onjugteEondution prmeter P = (k g /k w ) ln(r e /r i )F st is shown tht for the veloity nd temperture pro(lesD the time to reh the temporl mximum for veloity nd temperture inreses with the inresing vlues of nd F sn the sme wyD the time to reh stedy stte inreses with nd F woreoverD s het genertion prmeter inresesD n inrese in veloityD temperture is oservedF yn the ontrry these ltter vlues derese with the inrese of onjugteEondution prmeter F pinllyD the verge het trnsfer rte dereses with the inrese of or F sn onlusionD nturl onvetion on vertil ylinder lso hs n in)uene on the het exhnge oe0ientsD nd this impt depends on the temperture nd veloity of the )uidF 5.2.4 Heat Transfer from cylinders sn nturl onvetion the prolem n e determined y seven vriles X h @verge het trnsfer oe0ient W •m -2 •K -1 AD ρ 0 the density t mient temE pertureD µ the dynmi visosityD k the therml ondutivity W • m -1 • K -1 D c p the spei( het pity J • kg -1 • K -1 D v the length of the ylinder nd the led term ρ 0 gβ(T w -T 0 )F es previously presentedD the nturl onvetion on horizontl nd vertilD soE lid or hollow ylinders hs een extensively studied sine it is used in mny industril engineering pplitions @suh sD the ooling of eletroni ompoE nentsD pipe linesD wiresA ut lso to enhmrk solutions to vlidte numeril simultionsF 5.2.4.1 Horizontal cylinders por horizontl ylinder on(gurtionsD most of the studies re rried out in stedy stteD nd minly two study ses re onsideredF he (rst se is t IHH Chapitre 5 -Stabilization mechanisms smll yleigh numersD where the horizontl ylinder ehves like line het soureF he seond se is for lrger yleigh numersD where oundry lyer forms round the ylinderF rowever wide dispersion in nlytilD numerilD nd experimentl dt exists mong the numerous investigtionsF sndeedD in experimentl dtD this dispersion exists euse of the di0ulty to deouple other het trnsfer mehnisms suh s the ondution nd the rditionD s well s the prtil issues of mesurement like xil het ondution losses to the supporting struturesD interferene of the temperture nd veloity (elds y onvetive )uid movementsD utiliztion of smll ontining hmers for the experimentsD etF sn nlytil nd numeril methodsD the dispersion is due to the hypothesis nd prmeters tken y the uthorsD like the use of the oundry lyer ssumptionD oussinesq simpli(tionD the domin sizeD the oundry onditions @solid or freeA etF olving methodology for nturl onvetion prolems requires the lultion of the qrshof nd rndtl numersF eording to the qrshof nd the on(E gurtionD orreltion n e seletedF he het exhnge oe0ient nd the nturl onvetion )ux n then e lultedF Dimensionless number evaluation in the case of natural convection sn the se of horizontl tue positioningD temperture pro(les of externl wlls with stilized )me re used to quntify the dimensionless numers linked to nturl onvetionD espeilly qrshofD rndtl nd therey yleigh numersF st will llow to selet xusselt orreltion nd then lulte the het exhnge oe0ient h for nturl onvetionF sing temperture intervl from 0 aQHH @mient tempertureA to IHHH u @mximum temperture rehed y the wll in the presented experimentAD the rndtl nd qrshof orresponding intervls re lulted nd give X P r(T ) = [0.71, 0.77] nd Gr(T ) = [2.0 • 10 2 , 9.3 • 10 3 ] respetively t QHH u nd IHHH uF hen the yleigh numer is plotted ginst the temperture in (g SFTD in order to oserve its evolutionF herey the mximum intervl of yleigh numer in the se of this expeE riment is aIFS•IH 2 DUFH•IH 3 F eording to these results the xusselt orrelE tions were hosenD for horizontl tueF Nusselt correlations hree xusselt orreltions re seleted to e the most urte nd with the widest rnges for rndtl nd yleigh numersF hose orreltions re then pplied nd ompredF he orreltion of suouhi nd wsud @IWTUA is vlid for ll rndtl numers nd yleigh in the rnge of 10 -6 ≤ Ra D ≤ 10 9 F he orreltion n e expressed s X N u D = 0.36 + 0.518 Gr D P r [1 + (0.559/P r) 9/16 ] 16/9 1/4 he orreltion of ghurhill nd ghu @IWUSA is vlid for ll rndtl numers nd yleigh in the rnge of 10 -11 ≤ Ra D ≤ 10 9 F he orreltion n e expressed he orreltion of uuehn nd qoldstein @IWUTA is vlid for ll rndtl nd yleigh numersF he orreltion n e expressed s X

2 N u D = ln        1 + 2 0.518Ra 1/4 D 1 + 0.559 P r 3/5 -5/12 15 + (0.1Ra 1/3 D ) 15 1/15       
epplied to the temperture pro(le previously shownD with ll properties eing evluted t the (lm temperture f ilm a@ w C 0 AGPD the xusselt nd het exhnges re represented on pigF SFUF he results show dispersion etween the three orreltions resultsD espeilly etween uuehn nd qoldstein @uqA nd the two other orreltionsF sn ftD the men stndrd devition is of HFRI etween the three orreltions nd of HFHR etween suouhi wsud @wA nd ghurhill ghu @ggA orreltionsF he stndrd devition for the het exhnge oe0ient re of with HFIU men stnE drd devition etween w nd gg nd IFUR etween the three orreltionsF roweverD the vritions of the xusselt nd therey of the exhnge oe0ientD re not tremendous with stndrd devition of HFT long the temperture pro(leF husD even if the results show some dispersionD the tendenies etween the orreltions re similrF 

Vertical cylinders

por vertil ylinder on(gurtionsD the prolem is usully pproximted s vertil plteD whih is only vlid when the oundry lyer thikness is smll ompred to the dimeter of the ylinderF hen it is not the seD the literture is lkingF es for horizontl ylindersD dispersion in nlytilD numeril nd experimentl dt exitsF he pproximtion s vertil )t plte is vlid if @ndr uF F foether @PHIRAA X D L ≥ 35 Gr 0.25 L sn our on(gurtion this riteri is not vlidD the temperture of the ylinder is not onstnt neither is the het )uxD therefore s previously mentioned the orreltion is lking in the litertureF Part II -Steady flames regime and thermal characterization IHQ sn onlusion to this theoretil studyD the dimensionless numers of the systems were hrterized nd the het exhnges models were estlished to e used in the following omputtionF 5.3 Steady conguration of the 1-D computation 5.3.1 Resolution Methods everl methods re used to solve the retive )ow governing equtionsF wo tegories n e drwn out of these modelsF e (rst tegory is redued hemistryD where limited numer of retions re usedF he governing equtions re formulted in (nite di'erene formF he reE sulting oupled equtions re solved impliitly in time using lok tridigonl mtrix inversion methodD or integrl method resolution using mtrix inversion nd ungeEuutt fourth order integrtion sheme @rung et lF @IWVVAAF he seond tegory is the omplex hemistry resolutionD sed on odes like iwsD griwusx or here used iqer @gndel et lF @PHIIAAF hese odes use xewton method to solve the governing equtionsD with time inE tegrtionD nd tking in ount ll elementry retions from the prinipl hemil retionF por the resolution of the equtions ertin hypothesis re mdeF sn ftD even though the )me propgtion in tue is usully twoEdimensionlD in the sles of this studyD the dimeter of the tue nd the )me thikness re muh smller thn the tue9s lengthD therey the prolem n e simpli(ed to one dimensionF he resolution method dopted here is omplex hemistry omputtion using iqer @gndel et lF @PHIIAAF 5.3.2 Governing equations he omustion governing equtions re omposed of retive )ow equtions inluding the speies nd energy lne equtionsF he resolution is oneEdimensionlD the equtions re then projeted on the x xisF he onservtion equtions of speiesD energies nd mss re written s X

∂ρ g ∂t + ∂ρ g U ∂x = 0 @SFIA ρ g ∂Y k ∂t + ρ g U ∂Y k ∂x = - ∂ ∂x [ρ g Y k V k ] + ωk W k @SFPA ρ g ∂H g ∂t + ρ g U ∂H g ∂x = ∂ ∂x k g ∂T g ∂x - K k=1 ρ g Y k V k H k -Qcvfg @SFQA IHR Chapitre 5 -Stabilization mechanisms ρ w C pw ∂T w ∂t + ∂ ∂x k w ∂T w ∂x = Qcvn -Qcvfs + Qrad @SFRA where X Qcvfg = 2 r i h i (T )(T g -T w )
the gs fored onvetion het losses to the wllD

Qcvn = 2r e r 2 e -r 2 i h e (T w -T 0 )
the externl nturl onvetion het losses from the wll to the mient irD

Qrad = 2r e r 2 e -r 2 i S (T )σ(T 4 w -T 4 0 )
the rditive het losses from the wll to the mient irD nd

Qcvfs = 2r i r 2 e -r 2 i h i (T )(T g -T w )
the fored onvetion het losses from the wll to the inner gsF with the )ow veloityD k the speies mss frtionsD k the moleulr mss of the k th speiesD ωk the molr prodution rte y hemil retion of the k th speies y volume unityD r the enthlpy nd k the di'usion speed of the k th speiesF 5.3.2.1 Chemical kinetics model he soure term ωk in speies onservtion desried y iqF SFP is lulted y onsidering detiled hemil retionsF sn hemil kinetis modelD with system omposed y x sp speiesD reting in spei( mehnism of s eleE mentry retionsD n e presented s X Nsp k=1

ν ki χ k → Nsp k=1 ν ki χ k for i = 1...I @SFSA
where χ k is the hemil symol of the k th speiesD ν ki nd ν ki the stoihiometri oe0ients of the k th speies ppering in the i th retionF hese oe0ients verify the s mss onservtion reltions X Nsp k=1

ν ki W k = Nsp k=1 ν ki W k for i = 1...I @SFTA
Part II -Steady flames regime and thermal characterization IHS where W k is the molr mss of the k th speiesF husD the k th speies molr prodution rte is determined y the sum of the retion rtes of ll i retions X

ωc = I i=1 (ν ki -ν ki )Q i @SFUA
with Q i the rte of progress of the i th retion X

Q i = K f i Nsp k=1 [X k ] ν ki -K ri Nsp k=1 [X k ] ν ki
where k is the molr onentrtion of the k th speiesF Q i is the di'erene etE ween the forwrd nd reverse retion rtesD whih i th retion speed onstnts K f i nd K ri respetivelyD following the empiril errhenius lw X

K f i = A f i T β i g exp - E i RT g @SFVA
where e f i is the preEexponentil ftorD β i the temperture exponentD i i the tivtion energyD nd the universl gs onstntF he reverse speed retion onstnt K ri is given y the rtio of the forwrd retion speed onstnt on the equilirium onstntF

Transport properties

he di'usion speeds of speies k re solutions of liner system exposed in rirhfelder nd lF@IWSRA nd uuo @IWVTAF his system is very ostly to invertD nd therey n pproximtion of the di'usion of the k th speies is given y X

V k = - D k W k Y k W ∂X k ∂x + V c @SFWA
here h k is the k th speies di'usion oe0ient in the mixtureF hue to this pproximtion on the di'usion oe0ientD orretion veloity c is dded here in order to gurntee the mss onservtion so tht X

N sp k=1 Y k V k = 0 with V c = N sp k=1 D k W k W ∂X k ∂x @SFIHA

IHT

Chapitre 5 -Stabilization mechanisms 5.3.2.3 Temperature dependent properties of quartz he qurtz thermodynmil propertiesD nmely therml ondutivityD het pity nd emissivityD re temperture dependentF ome evolutions of these prmeters eing notleD it is of importne to tke them into ountF he density is onsidered s onstnt with vlue of PIHH kgGm 3 F ixperimentl dt of het pity nd therml ondutivity evolutions with temperture re villeF he qurtz therml ondutivity evolutions dt re given y rereus @AF hese dt nd polynomil (t re represented in pigF SFWF he qurtz ondutivity dependne on temperture is given y odrigues et lF @PHIVA X

k w (T ) k 0 w = a 0 -a 1 ( T T 0 ) + a 2 ( T T 0 ) 2 -a 3 ( T T 0 ) 3 @SFIIA
with X 0 aHFWUWVHD 1 aHFIHHTQD 2 aHFIQTUUD 3 aHFHIIURRD 0 aPWQ u nd k 0 ak w @PWQ uAaIFQV G@m•uAF ret pity mesurements were performed y osmn @IWPUAD nd represenE ted in pigF SFIHD with polynomil (tF he evolution of het pity with temperture is given y odrigues @PHIVA X

c p S (T ) = -b 0 + b 1 T T 0 -b 2 T T 0 2 + b 3 T T 0 3 -b 4 T T 0 4 + b 5 T T 0 5 -b 6 T T 0 6 @SFIPA
with X 0 aTPFVUUVD 1 aIIRVFRID 2 aRTVFIWPD 3 aIIWFIITD 4 aPIFTTPQD 5 aPFSHWID 6 aHFIQIRTS nd 0 aPWQ uF he qurtz emissivity is lso temperture dependent nd n e linerly pE proximtedD with vlues of HFWS t PWQ u nd HFUS t IVHH uD giving X S (T ) = -7535 • T + 2.21 • 10 6 @SFIQA 5.3.2.4 Temperature dependent properties of air he externl ir thermodynmi properties re omputed from polynomil (ts @c p air Dk air D µ air AF he ir density ρ air @A is omputed through the idel gs lwF he pressure is I rF 5.3.2.5 Heat transfer analytic : Nusselt and heat exchange coecients he het exhnges etween the wlls nd the inner nd outer gses re deE pendent on the onvetion het exhnges oe0ients h e nd h i F hey re used to lulte the het )ux etween the wll nd the )uidF sully these oe0E ients re verged over the het trnsfer surfeD however in ses of importnt temperture grdientD this pproximtion is not lwys relevntF yn the outer surfe of the tueD the nturl onvetion imposes low vlue of the exhnge oe0ientD nd s result onstnt vlue is (xed t X

h e = 14 W • m -2 • K -1 @SFIRA
snside the tue the het trnsfers with the wll re due to fored onvetionF he internl het oe0ient n e written s X he rnge of evolution of the internl het oe0ient is in gree with the literture for fored internl onvetionF sts oserved importnt vrition with temperture mkes it importnt to e tken it into onsidertion in the present simultionF

h i (T ) = N u i k g (T ) 2r i @SFISA

Time integration in steady computation

he stedy stte solution of the equtions system is the result of trnsiE tory physil phenomenonF olving the trnsitory equtions with the xewton method is very relile ut slowD with usully onvergene prolemsF enother possiility of premixed )me modelistion is to use trnsitory omputtionD voiding onvergene prolemsD ut the omputtion is less e0ientF iqer omines oth methods X during the omputtionD (rst xewton steps re usedD nd if onvergene issues ourD time steps re used instedF st is men to move from tril solution tht doesn9t elong to the xewton onverE gene domin to solution elonging to itF he time step nd numer of steps re determined y the userF 5.3.3.1 Newton method Problem denition ell stedy ordinry di'erentil equtions system n e trnsformed into (rst order ordinry di'erentil eqution systemF pirstD Part II -Steady flames regime and thermal characterization IHW solution is de(ned depending on the equtions vriles @empertureD mss frtionD mss etFFFA S(T g , Y 1 , Y 2 , ..., Y N SP , ṁ, T w ) he equtions system n e written s @ersevel @IWWTAA X dS j dx = g j (S 1 , ..., S M , x) f or j = 1, M with S j nd g j rel vlues funtionsF por eh j equtionD the vlue of S j in x = 0 or in x = 1 is (xed t γ j F Discretisation e mesh is introdued on the tue9s length X M = (x 1 < ... <

x i < ... < x N ) ith x the numer of points in the meshD (xed t IHPH in the simultionF por the j equtions where the vlue of S j in x = a is knownD the funtions ssoited to the equtions re de(ned nd the limit of these funtion towrd zero is studied with the onvergene of the solutionsF he system estlished is X

f 1j = S j (x 1 ) -γ j = 0 f ij = S j (x i )-S j (x i-1 ) x i -x i-1 -g j (S 1 (x i ), ..., S M (x i ), x u ) = 0 i = 2, N @SFITA
he disrete prolem n e written s X

F (S) = 0 with F = (f ij ) nd S = (S j (x i ))
Resolution he resolution is proessed using xewton method X

S n+1 = S n - ∂F ∂S -1 F (S n )
ith S n the solution t the n itertionF he lultion of the toin mtrix J = ∂F ∂S nd its inversion re ostly in omputtion timeF hese opertions n e fsten if the mtrix p is tridiE gonl lok mtrixF his struture is otined is the reltions written t the i node only depend on the vlues of j t the row i -1 nd i + 1F

Boundary conditions

he oundry onditions of the eqution system re de(ned s X veft oundry onditions

x → -∞ : T g = T 0 , Y k = Y k 0 , ṁ = ρ 0 U 0 @SFIUA IIH Chapitre 5 -Stabilization mechanisms x → -∞ : T w = T 0 @SFIVA ight oundry onditions x → +∞ : dT g dx = 0, dY k dx = 0 @SFIWA
x → +∞ : dT w dx = 0 @SFPHA 5.3.4 Fuel and kinetic scheme choice he kineti sheme pplied is the qs QFH @mith et lF @PHIIAA with methne fuel nd SQ speiesF 5.3.5 Code validation with the added solid equation sn the presented workD the wll domin is implemented in iqerD with the wll het exhnges toGfrom the mient ir nd from the omustion gsF fy hnging the onditions to the wllsD espeilly the het exhnge oe0ients nd the initil onditionsD severl ses n e tested to vlidte the ehvior of the ode fter the ddition of the wll resolutionF he gs nd wll temperture pro(les re plotted s funtion of the xil distne of the tue in pigF SFIPD with initil onditions of diti wllF he otined pro(les re similrD exept for the mximum temperture whih is higher for gs thn for the wll due to the het losses to the externl irF hus the wll temperture strts to inrese upstrem from the )me front due to xil ondution in the wllsF hree test ses re onsidered to evlute the ode ehvior X the se of diE ti wllsD the se of high externl onvetion het oe0ient to reprodue semiEin(nite wll nd (nlly the se of onstnt initil wll temperture equl to the mient tempertureF sn ll those tested sesD the initil wll nd gs temperture pro(les re onsidered with diti wllsF Case of adiabatic walls sn order to vlidte the ehvior of the ode with het lossesD the se of diti wll is reprodued y imposing h e = 0 W/(m 2 • K 1 )F he initil nd (nl temperture pro(les re represented in pigF SFIQF st n e seen tht omputed gs nd wll tempertures re similr to the initil onditionsF his is (rst vlidtion of the expeted resultsF Case of semi innite wall he externl het exhnge oe0ient is then inresed to vlue orresponding to fored onvetion equl to h e = 100 W/(m 2 •K 1 )D to reprodue semiEin(nite wllF he resulting temperture pro(les re represented in pigF SFIRF III Axial Coordinate (mm) Temperature (K) Figure 5.12 Wall and gas initial with adiabatic walls (resp. red and black curves) and nals with solved wall (resp. blue and green curves) according to the axial distance (mm) for external heat loss coecient h e = 7 W/(m 2 • K 1 ) and internal he mximum of temperture rehed y the wll is gretly reduedD lose to the hlf of gs mximum tempertureF husD the gs mximum temperture rehed is slightly lower thn in the si se previously oservedF purtherE moreD the ooling slopes re higher leding to redued ooling reF hese oservtions ttest n expeted evolution of the temperture pro(les while moE ving to semiEin(nite solid nd therey represent nother ode vlidtionF Transitory regime with temperature dependent thermal losses and nals with solved wall (resp. blue and green curves) according to the axial distance (mm) by imposing a constant initial temperature to the wall at T w =300 K and then by reaching convergence for external heat loss coecient h ext = 50 W/(m 2 • K 1 ) and internal h int = 250 W/(m 2 • K 1 ). The independence of the wall temperature to the initial conditions is hereby tested.

h i = 250 W/(m 2 • K 1 ).
Part II -Steady flames regime and thermal characterization IIQ he wll temperture is then independent from the initil onditionsF hese three tests reprodue the expeted evolutions of the temperture proE (les ording to the oundry onditions imposedD n therefore the ode is vlidtedF he results in stedy regime re exposed in the following setionF 5.3.6 Computation results in steady regime conguration he resolution of the oneEdimensionl governing equtionsD tking into ount the temperture evolutions of the qurtz prmetersD s well s the het exE hnge oe0ients gives gs nd wll temperture pro(les of the simulted )meF he gs @plin linesA nd wll @dshed linesA temperture pro(les in stedy on(gurtion re represented in pigF SFITD for equivlene rtios from φaHFUS to HFWSF he )me front is loted t x = 0F st n e seen tht for ll equivlene rtiosD the wll is preheted upstrem from the )me front due to xil ondution in the wllF por oth gs nd wll temperture pro(lesD the mximum temperture rehed inreses with the equivlene rtioF he ooling re lso inreses with the equivlene rtioF sn ftD the lower the mximum temperture is the fster the gs nd wll ool downF he evolution of the outer nturl onvetion @Φ cvn AD inner fored onvetion @Φ cvf A nd rdition @Φ rad A het )uxes with )me stilized t x = 0 re depited in pigF SFIU for equivlene rtios from φaHFUS to HFWSF ine the power of the )me inreses with the equivlene rtioD the het )uxes follow the sme tendenyF he nturl nd fored onvetion @respetively lue nd lk urvesA follow mximum inrese of the sme order respetively QS7 nd QH7 etween the operting points of equivlene rtio φaHFUS nd φaHFWSF .17 Evolution of the outer natural convection (blue curves Φ cvn ), inner forced convection (red curves Φ cvf ) and quartz radiation (black curves Φ rad ) heat uxes with a stabilized ame at x = 0 for equivalence ratios from φ=0.75 to 0.95. he rdition inrese is more importnt X IIP7 of inrese etween the two operting pointsF hen omputing the integrl of the positive fored onvetion )uxD the power of the )me is estimtedF hen y ompring the integrtion of the rdition nd nturl onvetionD it is shown tht WT7 of the )me power is trnsmitted to the mient ir through nturl onvetion nd rdition for n equivlene rtio of φaHFVF he preheting of the fresh gs represent R7 of the )me powerF es the equivlene rtio inresesD the perentge of )me power trnsmitted to the externl ir inresesF hese vlues lerly show n he temperture pro(les shpes etween numeril nd experiment mesuE rements show good greementF he tempertures re of the sme order of mgnitudeD however the mximum of temperture rehed y the simultion is higher thn tht of the experimentl mesurementsF sndeedD (rst it ws shown in the experimentl setion @hpitre PA tht the thermoouple mesurements underestimte the mximum of tempertureF henD sine the resolution is one dimensionlD the omputed temperture does not tke into ount the rdil ondutionD mening tht the temperture represented is not the externl surE fe wll temperture ut rdil wll temperture vergeF IIT Chapitre 5 -Stabilization mechanisms he experimentl @plin lineA nd numeril one dimensionl @dshed lineA operting points re represented in pigF SFPH y plotting the )ow veloity s funtion of the equivlene rtio of the otined stedy )mesF st n e seen tht the stedy ulk veloity is higher for the oneEdimensionl numeril omputtionF rowever the order of mgnitude of ulk veloity re similrF his disrepny of pproximtely S m•s -1 n e explined y the di'erene of the veloity pro(le whih is n estlished oiseuille in the expeE rimentl se while in the oneEdimensionl omputtion the speed is uniform pro(leF

Conclusion

his hpter presents theoretil nlysis nd literture review on fored nd nturl onvetion over heted ylindersD in vertil nd horizontl positionF e stedy oneEdimensionl omplex hemistry omputtion is exposedF he resoE lution methods s well s the solved governing equtions re presentedF he omputtion of wll domin is dded to the existing retive mixture resoluE tionD s well s the oupling terms of het exhnges etween the wllD the gsD nd the externl mient irF he het exhnges implemented etween the externl ir nd the wll re the nturl onvetion nd the qurtz rdition )uxesF he ondution in the wll is not omputed sine the resolution is oneE dimensionlF henD the het exhnges etween the retive mixture nd the wll is fored onvetionF he oe0ients implemented in the omputtion re sed on the theoretil nlysis rried out in the (rst prt of the hpterF e ode vlidtion is proessed fter these dditionsD resulting in logil ehvior Part II -Steady flames regime and thermal characterization IIU of the ode to severl ritil ses studied suh s diti wllsF he results of the odeD reproduing stedy )me intertions with wlls in mient ir re in good greement with the experimentsF hus the )ux nlysis llows to etter understnd the therml estlishment of the )meD nd to ompre the involvement of the di'erent het exhnges in the stiliztionF fy thtD the importne of qurtz rdition on wll temperture is estlishedF pinllyD without giving quntittive dtD the oneEdimensionl omputtion helps to unE derstnd the implitions of the di'erent phenomen in the )me stiliztion or propgtionF Chapitre 6

Origin of the ame asymmetry 6.1 Extended abstract he )me in stedy regime is experimentlly found to e symmetri in oth horizontl nd vertil tue positioning for tues inner dimeters greter thn R mmF hi'erent mehnisms my generte thisD tht depends on the tue orienE ttionF pirst omprison of horizontl nd vertil tue positioning is expoE sed to highlight the in)uene of grvityF yn the horizontl positionD two e'ets n in)uene the )me orienttion X @IA the grvity 'eting the externl )ow round the tue reting nonEsymmetri het trnsfer etween top nd ottom wllsD @PA the grvity 'eting the internl )ow in the viinity of the urved )me where lrge density grdients re oservedF por di'erent equivlene rE tiosD )mes re oserved when propgting with isotherml or fully oupled IPH Chapitre 6 -Origin of the flame asymmetry wlls in order to disriminte therml from grvity e'etsF fy oupling experiE mentl oservtion nd proessing of hiret xumeril imultions performed t gyse in the frmework of the weii ex projetD the mehnism leE ding to the slnted )me is identi(ed in the horizontl on(gurtionF qrvity retes vortiity in the internl )ow tht reks the symmetry of the retion zoneF his is then mpli(ed y externl therml e'et tht led to the )me oserved experimentllyD oriented towrds the lower wll of the tueF he se of the vertil orienttion remins unlerF resumlyD we re fing se of ifurtion where the stedy position of the )me is slnted wheres ll other prmeters of the system feture xisymmetryF 6.2 Experimental description of the ame asymmetry 6.2.1 Eect of the positioning of the tube (horizontal or vertical) on a stable ame sn the stedy regime hrteriztion hpterD di'erene in ulk veloities etween vertil nd horizontl operting points for the si on(gurtion is oservedF sndeedD s the equivlene rtio inresesD vertil stiliztion is reE hed t lower ulk veloities thn in horizontlF hereyD t high equivlene rtio the )me needs more power to mintin itself in horizontl tueF roweE verD the het losses remin of the sme order in oth tue positioningF he im of this setion is then to ompre the impt of the tue position on the )me stiliztionD y looking t the )me topology nd t the wll temperture pro(lesF 6.2.1.1 Flame topology pirstD omprison is mde on the )me topology for oth tue positions nd for the three di'erent tue9s dimensions @on(gurtions eD f nd g previously introduedAF sn hpitre RD it ws estlished tht for the on(gurtion @fA @d i aS mmAD the ulk veloity of stedy operting points di'ers from horizonE tl to vertilF roweverD in this on(gurtionD etween the equivlene rtio HFUT nd HFUV the ulk veloities re very loseF o remove possile hydrodynE mi nd power e'etsD the )me topologies etween the two tue positioning re ompred within this rnge of operting pointsF es resultD two )mes t equivlene rtio of φaHFUV re represented in pigF TFI for vertil @leftA nd horizontl @rightA tue positioningF hroughout this setionD the imges of vertil tue )mes re rotted of WH • in the indiret diretion when put in prllel to horizontl tue )mesD for etter omprison of the imgesF husD the orienttions of the )mes re ssessed etween the )me9s xis nd the orthogonl to the tue xis X ngles re onsidered s ngle to vertil in the horizontl tue nd ngle to horizontl in the vertil tueF he (tted ellipses highlighted in red dshed lines on the (gure llow to oE tin the eentriity nd orienttion of the )meF sn pigF TFID the omprison etween oth )mes revels tht the horizontl tue )me is )t nd tilted while the vertil tue )me is thiker nd strightF sndeedD the eentriity in the horizontl se is QH7 greter thn in the vertil seD mening tht the )me is more irulr in vertilF husD in the vertil tueD the )me9s ngle to horizontl is PFS • D wheres the )me mkes IP • ngle to the vertil in the horizontl tueD whih is lmost (ve times higherF his omprison t sme ulk veloity for two stle )mes nd etween vertil nd horizontl tue position highlights gret di'erene in therml nd grvittionl e'ets on the )me stiliztionF yne this ssessment mdeD to ompre more thoroughly the in)uene of the positioningD the R mm inner dimeter @eA on(gurtion is hosenD for two reE sonsF pirstD it is the on(gurtion where the het exhnges hve mximum in)uene on the )me stilityD therey the oservtions would e trnspoE sle in the other tue dimensionsF he seond reson is tht the horizontl nd vertil tue operting points re very lose in ulk veloity nd this for lrger rnge @φaHFVS to HFWWA thn in the @fA on(gurtion @φaHFUT to HFUVAF st frees us from the possile speed e'ets on )me deformtionF hereforeD gr * hemiluminesene )me imges for three equivlene rtio φaHFVSD HFWH nd HFWS in horizontl @topA nd vertil @ottomA tue position re represented in pigF TFSF sn horizontl tue positionD the )me follows previously desried evolution from low tilt ngle onvex menisus to )t slntEshped )meF roweverD in vertil tue positionD the )me9s deformtion with the inrese of equivlene rtio is not tht signi(ntF sndeedD the )me slightly )ttens nd therey its height inresesD ut no tilt evolution is remrkleF etD for high equivlene rtio nd for dimeters equl or higher to the @fA on(gurtion @d i aS mmAD tilt ngle is lso oserved on vertil tue )meF he grB hemiluminesene imge of )me t equivlene rtio φaHFWHD @gA on(gurtion @d i aU mmAD represented in pigF TFQD illustrtes the pro(le of tilted )me in vertil tue positionF gontrry to the horizontl positioning where the tilt ngle is onstnt nd lwys oriented hump towrds the fresh gsesD in vertilD the tilted )me rottes inside the tueD nd therey the )me9s orienttion vries in timeF Part II -Steady flames regime and thermal characterization IPQ sing the orienttion of )me9s pro(leD the evolution of the tilt ngle with the inrese of equivlene rtio is drwn in pigF TFR@A for three tue dimeter @eAD @fA nd @gA on(gurtions in vertil tueF husD the omprison etween horizontl nd vertil tue positioning for the @fA on(gurtion is shown in pigF TFR@AF sn the dimensions of @eA on(gurtionD the ngle to horizontl is onstnt nd lose to zero for the tested equivlene rtiosD mening tht the )me is nerly horizontlF sn oth @fA nd @gA on(gurtions the ngle evolves with the inE rese of equivlene rtioF sn @gA on(gurtionD the ngle inreses drstilly t equivlene rtio HFUD strting from zeroF sn the @fA on(gurtion the ngle remins lose to zero up to the equivlene rtio HFV where it strts inresingF he slope is greter in @gA thn in @fA on(gurtionD whih is onsistnt with higher slope in the power inrese of the )meF he )me tilt ngle is then linked to the mplitude of )me power inreseF roweverD when ompring the horizontl to vertil )mes ngle evolution with equivlene rtio in pigF TFR@AD the vertil )me ngle remins lower thn in horizontlD even though the )mes hve equivlent powersF he question isD in wht sitution n )me e symmetril in symmeE tri geometriesF his issue ws rrely investigted ut three mjor rtiles of the literture vee nd si @IWWRADsi @PHHVAnd pernándezEqlisteo nd uurE dyumov @PHIVA numerilly studied the impt of grvity on )me in nrrow hnnelsF he results were presented in the introdutive hpitre IF sn those studyD it ws estlished tht for grvity prllel to urner xis @hnnel or tueA nd opposite to )ow diretionD the uoyny fores push the heted gs of the retion re wy from the fresh gsD in the opposite diretion of the grvityD leding to n inrese in the )me re with the inrese of gD nd reE IPR Chapitre 6 -Origin of the flame asymmetry sulting in the inrese of )me propgtion speedF husD si @PHHVA oserved rek in )me symmetry when vrying the proude numer nd depending on the hnnel dimensionsF sn ftD mushroom shped )mes were found in smll onduts nd symmetril slntEshped in lrger dutsF sn interim dimensionsD oth mushroom nd slntEshped )mes were oservedD nd the trnsition oE urs t ertin proude numerF his ehvior is similr to the one previously oserved when inresing equivlene rtio leds to trnsition from mushE room to slntEshped )mesD whih ours t ertin vlue of equivlene rtioD nd depends on the tue dimeterF sn ftD y inresing the equivlene rtio ndGor the tue dimeterD the power of the )me rises @higher tempeE rtureA nd the e'ets of grvity on the )me re therefore more signi(ntF hen the urned gs re positioned ove the unurned gsD the symmetry of the )me is ttriuted to hrrieusEvndu instilitiesF rowever pernándezE qlisteo nd uurdyumov @PHIVA demonstrted tht ritil vlue of grvity prmeter exists ove whih the uoyny fores n suppress the hrrieusE vndu nd the di'usiveEtherml instilitiesF pinllyD when grvity nd the )ow hve the sme diretionD the rek in )me symmetry sems ttriuted to yleighEylor instilities @vord @IWHHAY ylor @IWSHAAF hus uoynt instE ility ours t n interfe etween two )uids of di'erent densitiesD when the lighter )uid is loted elow the denser oneF 6.2.1.2 Flame temperature domain comparison o sle the di'erene in therml exhnges the externl wll temperture proE (les re mesured y thermoouple in horizontl nd vertil tue positioning for the @eA on(gurtion t equivlene rtio φaHFWSD where the )mes show n importnt tilt ngle in horizontl ut no tilt in vertilF his omprison of temperture pro(les is drwn in pigF TFSF he omprison shows tht in the preheting zoneD the temperture in horizontl is higher thn in vertilF snE deedD the )me eing titled nd loser to the wllD the preheting of the wll is more e0ient in horizontlF hus in vertilD when the fresh gs re preheted their density dereses nd therey they move downstrem fsterD leving little time for the het exhnges with the wlls to estlishF herey the preheting zone is shorter in vertil positioningF foth )mes hve similr powerD ut gp in mximum temperture rehed is oserved y more thn SH uF hus the reting zone is more extended in horizontlD due to the )me tiltF sn the ooling reD post retion zoneD the wll temperture in horizontl drops under the vertil oneF wo possily omined phenomen ourF pirst in vertilD the heted externl loseEwll ir )ows up long the wlls nd exhnge het with the wlls fr from the retion zoneF eondlyD inside the tueD the urned gses with lower density )ow downstrem fster in vertil position nd therey het the wll further wy from the horizontlF he omprison etween stle )mes in horizontl nd vertil on(gurtions highlights the importne of the therml exhnges nd therey the )me power in the tilt of the )meF roweverD s the vertil tilt is used y hydrodynmi instilitiesD the symmetry origin in horizontl is not identi(edF husD the min di'erene etween the two on(gurtions eing the grvity diretionD further nlysis must e pursuedF sn order to remove the in)uene of therml exhnges in the tilt origin nlysisD the )me is studied in propgtion regime over isotherml wllsF 6.2.2 Propagation of the ame on isothermal walls sn the previous setionD the tilt of the )me is shown to e linked to oupled phenomenD of het exhnges nd grvityF he im of this setion is to unE ouple these e'ets on the )me ngle in order to identify the origin of the tilt in horizontl on(gurtionF o unouple these phenomenD the propgtion of )me inside the tue is studied long isotherml wllsF ixperimentllyD the )me is (rst stilized t n operting point inside the tueD the mss )ow rte is then deresed nd n upstrem propgtion is oservedF his setion is entered only on the @fA on(gurtion tue of inner dimeter d i a S mmF es exposed in hpitre RD rtio of ondution time t cd over )me residene time t res is lulted to ssess if the therml environment is estlishedF es reminderD for t cd /t res `ID the het exhnges re estlished nd reh stedy stteF yn the ontrryD for t cd /t res ID the )me propgtes over n isotherml wlls round QHH uF le TFI sums up ll tested mss )ow rtes for n equivlene rtio φaHFV in horizontl tue @fA on(gurtionD strting from the stedy operting point por the ses @PA to @RAD the )me propgtion speed is slightly ove zeroD ut the time rtio is under unityD mening tht the )me motion is suession of qusiEstti sttesD nd tht the propgtion speed is low enough for the therml exhnges to reh stedy stteF he motion of the )me is hrdly pereptileF yn the ontrryD in the ses @SA to @UAD time rtios re muh greter thn unityD nd therey the )me propgtes long isotherml wlls round QHH uF he propgtion speeds re of the order of few millimeters per seondsD the motion is then lerly notieleF hen looking t the )ow speedD the threshold etween the two regimes is loted etween aPHFUH nd PHFVH m•s -1 D mening tht the )me is very sensitive to the )ow rteF ixperimentllyD the )me motion reording is strted ten seonds efore the mss )ow rte modi(tion in order to oserve the vriles evolutions from the stedy stte @IA to the other sesF es resultD the ngles to vertil re plotted ording to time for ll trnsitions from the se @IA to the other ses in pigF TFTF o etter visulize the gp etween the two regimesD snpshots of the )me re shown in pigF TFIHF sn oth propgtion regimesD the snpshots re tken t three di'erent timesD (rst t t = 0 s in stedy stte @IAD then t t = 10 s in the trnsition in etween regimesD when the mss )ow rte is lowered nd (nlly t t = 15 s when the )me hs rehed onstnt propgtion speedF he top snpshots represent the trnsition from the stedy stte se @IA to the se @RA nd the ottom snpshots orresponds to the trnsition to the se @SAF everl oservtions n e dedued from the snpshots in pigF TFIH nd the ngles evolutions pigF TFTF pirstD the eentriity of the (tted ellipse dereses while propgtingD mening tht the )me gets more irulrF husD the hnge in propgtion speed nd (1) to quasi-static and propagation cases (2) to ( 7). The three quasi-static states reach dierent angles, decreasing with the increase of the ame propagation speed. The three isothermal propagations converge to the same nal angle around 3 • from vertical. The dotted line represents the mean value reached by those three cases.

ulk veloity is lerly ssoited with hnge in the tilt ngle of the )meF he three qusiEstti sttesD from se @PA to @RAD reh di'erent ngles whih vlue derese with the inrese of the )me propgtion speedF husD in ner zero propgtion speeds the )me keeps n ngle to vertil greter thn IH • D nd therey remins visile @top snpshots in pigF TFIHAF sndeedD strting from stedy stte with n ngle of PQFS • the ngles of the ses @PAD @QA nd @RA re respetively PHFW • D ITFQ • nd IIFW • D whih represent derese of respetively of IIFQ7D QHFV7 nd RWFS7F hereyD vrition of the )me ngle is pereptile from the stedy stte to qusiEstti stteD reveling the in)uene of the ulk veloity on the tilt of the )meF sndeed the ngle to vertil dereses with the ulk veloityF por instneD etween the ses @IA nd @RA the ulk veloity dereses of II7 nd the ngle dereses of RWFS7F reneD with estlished therml exhngesD n inrese in ulk veloity provokes n entution of the tiltF he three isotherml propgtionsD se @SA to @UA onverge towrd the sme (nl ngleD round Q • from vertilD yielding reltive derese in inlintion of VUFS7 nd s result the inlintion gets less notle in the snpshots progressionF sn those three sesD no in)uene of the ulk veloity on the ngle to vertil is remrkleF etD the inlintion still exists whih is n inditor of symmetry reking phenomenon other thn the het exhngesF prom these oservtions n e dedued tht the therml oupling nd the ulk veloity hve dominnt role in the tilt of the )meF roweverD the )me ngle in old wll propgtion regime does not reh zeroF es result the )me tilting is not entirely due to het exhngesF he tion of diretionl fore seems to point out grvity e'ets s soure of this dditionl tiltF o mke sure of thisD omprison etween the experiment nd numeril omputtion is performedF 6.3 Existing work on the asymmetrical ames and phenomena at the origin of symmetry breaking sn hpitre ID the literture review indites tht gret mjority of the studies onsider domin symmetry when investigting nrrow hnnel omustionF nE der this ondition two symmetril )mes were oserved X the mushroom nd tulip shped )mesF st is only reently tht symmetril )mes were studied in numeril nd experimentl studiesD without the domin symmetry hypoE thesisF eording to the on(gurtionD multiple physil phenomen justify the pperne of n symmetri )meF hese possile phenomen nd their (elds of pplition re presentedF • he hrrieusEvndu @h E vA hydrodynmi instilities @hrrieus @IWQVAY Part II -Steady flames regime and thermal characterization IPW vndu @IWRRAA use n mpli(tion of the )me surfe due to gs expnsionF hese instilities require miniml hrteristi length to developD nd therefore nnot exist in smllEdimension hnnels or tues s the ones used in the presented workF • he visosity indued 'mnEylor @ E A instilities @'mn nd ylor @IWVVAAD resulting of visousEindued pressure grdients re hE rteristi of omustion in nrrow hnnelsF • he di'usiveEtherml @h E A instility is diretly linked to the vewis numerF por ve < 1D the existene of nonEsymmetril )mes is disussed in vrious studies @mshhikov @PHHRAY izz et lF @PHIHAY uurdyumov @PHIIAY timénez et lF @PHISAAD whih demonstrte tht under ertin onditionsD the symmetri )me is stle mnifesttion of n unstle symmetri )meF por ve > 1D t low mss )ow rte )mes re found symmetri @uurdyumov @PHIIAA nd virtory instility of the plnr )me in the tue n develop @glvin et lF @IWWHAAF pinlly for unity vewis numer )mes hve een found symmetri when pprohing the miroEomustion sleF rowever ll of these study do not onsider grvityF hereforeD possile instE ility onsidered in this work re ody foresF sn ftD in smllEsle omustion numeril studiesD grvity is often negleted sed on the reltively high proude numer @prA ssoitedD this lst vrying s 1/L c F iFgF

pr = U 2 o gL c 1.59 , @TFIA
for hrteristi veloity of PV mFs -1 nd hrteristi length of S mmF rving pr higher thn one yields tht grvittionl e'ets do not drive the )me dynmis ut not neessrily tht these n e ompletely negletedF ixE periments treting the )me propgtion in horizontl tues show the ppeE rne of slnt shped )mes with preferentil diretion @tu nd u @PHHTAY mshhikov @PHHRAAD suggesting the role of diretionl foreF ixperiments on )me propgtion in horizontl tues show the pperne of slnted )mes with preferentil diretionF o fr this oservtion ws expliE ned y )me stilistion mehnism in)uened y the free onvetion in the ir surrounding the tueF sndeedD the nturl onvetion on horizontl ylinders hs een extensively studiedD ut wide dispersion in nlytilD numerilD nd experimentl dt exists mong the numerous investigtions in the litertureF roweverD severl studies @itoh et lF @IWWQAY ehry nd hsh @PHIUAY ng et lF @IWWIAA show tht therml nd )ow plume develops round heted tueD onsequently the xusselt numer dereses towrd the top of the ylinder s the oundry lyer thikensF sn ftD the plume insultes the ylinder from the surrounding ir nd results in lower het trnsfer oe0ientF e temperture di'erene etween the top nd ottom wll lso results from the estlishment of this plume round the tueF his phenomenon n e possile symmetry IQH Chapitre 6 -Origin of the flame asymmetry reking soureF qrvity is driving the )me shpe indiretly y 'eting the )ow surrounding the tueF fesidesD theoretil study uzkov @PHIPAD in the ontext of model eqution for )me propgtionD points out tht grvity might ply role not only through externl free onvetion ut lso vi uoynt e'ets inside the hnnelF rious prmeters re known to in)uene the ove mentioned instilities suh sD the hnnel dimensionsD the nture of the fuelD the wll temperture s well s the pplition re @miroEgrvityD onEerthAF prom the numerous symmetry reking souresD stle tulip )mes hve rrely een oserved experimentllyF xeverthelessD oservtions of stle tulipEshped stoihiometri methneEir )me hs een relized for tue of PFIS mm inner dimeter @hi tzio et lF @PHISAAF uh on(gurtion ws otined with high temperture pro(le imposedD vi n intense externl heting of the qurtz tue @temperture pek t ITHH uAD nd n inlet )ow rte of I mFs -1 F

Comparison between experimental results and numerical computation

e numeril omputtion of plnr hnnel in twoEdimension with the sme dimensions s of the experiment ws relized in the weii ex projet frE mework y uFfioheD qFiert nd vFervishF hue to the ost of simultionD only two of the ses presented ove re seleted to ompre with the numeriE l omputtionF hus the dimensions re the @fA on(gurtion hrteristi length d i a S mm in experimentl nd i = 5 mm in numeril plnr hnnelF his setion ws sumitted for review to the gomustion nd plme journl in ytoer PHIV nd epted for pulition @fioheD ieyreD iertD iheoeurD nd ervish @PHIWAAF 6.4.1 Experimental cases he two ses hosen for the omprison re summed up in the tle TFPF he ses @iA nd @iiA orrespond respetively to the ses @IA nd @SA of the previous setionD nmely stedy het ondutive intertion with the wll nd propgtion regime over isotherml wll round QHH uF hereyD the )me is exminedD @iA stilized y n djusted inoming )ow mthing the overll urning rte nd @iiA during n upstrem propgtion fter deresing the mss )ow rteF feuse the het di'usivity is muh lrger in the gs thn in the solidD in se @iiA the )me propgtes long n lmost isotherml wllF sn se @iAD s estlished in the previous hptersD the stiliztion mehnism of the stedy )me depends on omplex het exhnges with the wllD inluding het trnsfer etween the gs nd the wllD ondution of het in the solid wll nd onvetive het trnsfer etween the outside wll nd the environment @timénez et lF @PHISAY fiohe et lF @PHIVAAF husD the setion TFPFP demonstrte tht Part II -Steady flames regime and thermal characterization IQI with time rtio t cd /t res ID in se @iiA the )me propgtes over isotherml wllsF he urning veloityD V b = U +V p inreses y WFIU7 etween the )me moving upstrem nd the stilized oneF his enhnement of the urning veloity results from het retroession y the wll to the )ow slightly upstrem of the stilized )me frontF he inrese in mplitude of the )me speed depends on the mount of het relese nd therefore on the equivlene rtio of the mixtureF

gse ll V bulk m•s -1 V p m•s -1 t cd Gt res V b m•s -1 @iA retEondutive PQFIH ≈ H ≈ H PQFIH @iiA ssoEtherml PHFUH HFRT SP PIFIT
Table 6.2 Experimental conditions. Lean premixed methane/air ame (φ = 0.8).

V bulk x is the bulk ow velocity. -V p x is the ame front velocity in the laboratory frame.

t cd is a characteristic heat conduction time in the solid. t res is a ame residence time.

V b is the burning velocity.

Numerical setup

o verify tht the studied grvity mehnisms do not depend signi(ntly on the detils of the )ow on(gurtionD nd lso euse experiments in the )me tue show no sign of zimuthl e'etsD the most simple se of plnr hnnel is numerilly studied in twoEdimensionsD with hnnel height i = 5 mm nd qurtz wlls of thikness e w = 1 mmD therey with hrteristi lengths similr to the experimentl onesF he fully ompressile form of the unstedy onservtion equtions of mssD momentum nd totl sensile energy re integrted with (nite volume meE thod on grtesin grid with the igomEf )ow solver @homingo et lF @PHHVAY homingo nd ervish @PHIUAY fouherou et lF @PHIUAY huo et lF @PHIVAAF pourthEorder skewEsymmetriElike sheme for the onvetive )uxes @huE ros et lF @IWWWAA nd fourthEorder entered sheme for the visous nd di'usive )uxesD re used for sptil integrtionF ime dvnement is performed with ungeEuutt sheme of order fourF hue to gpv stility restritions nd sptil resolutionD the time step is limited to IT ns pprohing the stedy stteF yneEdimensionl xgfg @oinsot nd vele @IWWPAA re employed for inlet nd outlet oundry onditionsF he moleulr trnsport properties of the gseous mixture re omputed following the gurtiss nd rirshfelder pE proximtions @gurtiss nd rirshfelder @IWRWAAF e twoEwy )owGsolid oupling is orgnized to solve het trnsfers etween the gs nd the wllF he ouE pling proedure proposed in huhine et lF @PHHWA is employed for prllel omputtion in the two solversF he lternte diretion impliit houglsEqunn method @hougls @IWSSAA is dopted to solve for the temperture in the solidF he exterior wll surfe exhnges energy with the surrounding ir t QHH uD IQP Chapitre 6 -Origin of the flame asymmetry with het trnsfer onvetive oe0ient QH •m -2 •u -1 nd y rditionD through gry ody hypothesis with n emission oe0ient deying linerly from HFWS t PWH u to HFUS t IVHH uF he wll therml ondutivity nd pE ity re the ones of fused qurtz tulted versus temperture from womentive @PHIUAF he density of the solid wll is (xed t PPHH kg•m -3 F hue to the lrge di'erene in the hrteristi time sles of internl energy evolution in the solid nd the )owD deEsynhroniztion method is employed when onverging towrd the stedy stte solutions @uoren @PHITAAF wore detils onerning the set of equtions solved long with the oundry onditions of the present se studied my e found in fiohe et lF @PHIVAF he origin of the xil oordinte (x = 0) is set t the )me position tken s the pek het relese rte on the xis of symmetryF he mesh extends from ESI mm to the left in the fresh gses to IS mm to the right in the urnt gsesF his domin is long enough to pture the upstrem het di'usion through the wll while ensuring zeroEveloity grdient in the stremwise diretion t the inletF qret re is thus tken to generte onditions free from inlet e'etsD in other words the distne etween the tue inlet nd the )me is lrge enough so tht the ext stilistion position is not relevnt for the nlysisF he mesh is omposed of regulr squres of resolution δ x = PS µm from the inlet down to x = 9 mmF st is then progressively orsened in the longitudinl diretion down to the outletD with geometri oe0ient of IFHHPSF he spnwise mesh resolution does not vry in this grtesin grid nd is (xed to δ y = δ x D resulting in mesh omposed of SIPk ellsF e spei( proedure is pplied to rpidly determine the inlet ulk veloityD so tht the inoming )ow lnes the twoEdimensionl )me urning veloityF es in previous works @uetsh et lF @IWWSAY fiohe et lF @PHIVAAD this is hieved y mesuring the progression veloity of the methne isoEsurfe reltive to the )owD t the lotion of its pek urning rteD to djust the inoming veloity ordinglyF henD this )ow veloity is kept (xed t the inletF e redued hemil mehnism omposed of IU speies nd SQ retions hs een spei(lly developed sed on the qsEIFP mehnism prenklh et lF @IWWSA using the ygh @yptimised nd edued ghemistryA pproh touen et lF @PHIUAD trgeting the )me speeds nd speies pro(les of freely propgting premixed )mes for vrious levels of het loss up to quenhing nd utoEignition in homogeneous retors t vrious initil temperturesF he referene diE ti )me speed with the detiled sheme for the equivlene rtio φ = 0.8 is S o L a PVFRH m•s -1 nd the redued sheme leds to S o L a PVFST m•s -1 F epresenE ttive speies nd temperture pro(les ompred in the oneEdimensionl )mes t equivlene rtio φ = 0.8D etween the detiled nd redued shemes re giE ven in the supplementl mterilF he tul therml lminrE)me thikness sed on the temperture grdient is of the order of SHH µm nd the intermeE dite rdil lyers onsidered in the redued mehnism re fully resolved for this len )meF ll oundry onditions similr to the two experimentl ses of le TFP Part II -Steady flames regime and thermal characterization IQQ re onsideredD i.e. @iA hetEondutive with ll het trnsfers tive nd @iiA isoEtherml @ a QHH uAF sn the twoEdimensionl isoEtherml hnnel with grE vityD the )me urning veloity is S L = PRFWS m•s -1 D to eome PUFHW m•s -1 with wll hetEtrnsferF es it shouldD the solute vlues of these )me urning veloities di'er etween the xisymmetri tue in the experiment @le TFPA nd the twoEdimensionl hnnel in the simultionF roweverD the reltive inE rese in urning veloity etween isoEtherml nd nonEisotherml wll ses re quite loseD WFIU7 in the experiment nd VFSU7 in the simultionD whih rings some on(dene in the retined strtegyF 6.4.3 Analysis of gravity eects Case (i) : Flame stabilized with heat-conductive wall he )me stilized y n inoming )ow extly lning its urning rte is onsidered t (rst @se @iA of le TFPAF he gr * hemiluminesene is olleted in the experiment over n exposure time of P s nd the men )me emission is represented in pigF TFV leftF he retion zone mkes n ngle with the vertil of PR • D wheres the numeril simultion without grvity reports fully symmetri )me shpe @pigF TFV topErightAF edding the grvity fore in the xvierEtokes equtionD the )me tkes tilt s in the experiment @pigF TFV ottomErightAD even though the simultion is plnr nd the experiments xiE symmetriF he ngle of the retion zone with the vertil is QH • in the simuE ltionF sn the se with grvityD the top nd ottom loseEtoEwll edgeE)me shpes di'er @pigF TFVAF he topology nd the reltive progression veloity of these edgeE)mes ene(t from the preheting of the gses upstrem of the )me fter di'usion of het inside the wllF tremwise pro(les of veloity nd temperture tken t distne of HFU mm from the top nd ottom hnnel wlls re now nlyzedF he stremwise omponent of the veloity is lrger t the ottom due to the on(nement of the )ow y the onve )me shpe @pigF TFW@AAF his higher veloity goes with smller residene times nd thus less e0ient preheting y the wll therml oundry lyerD leding to smller temperture hed of the ottom edgeE)me @pigF TFW@AAF -2.0 -1.5 -1.0 -0.5 0.0

x -x flame (cm) feuse n eventul modi(tion y grvity of the free onvetion surrounE ding the hnnel is not inluded in the simultionD nother mehnism driven y grvity is t ply inside the hnnelF o isolte this mehnism from het trnsfer inside nd outside the wllD the )me propgting over n isoEtherml wll is further exmined @se @iiA of le TFPAF Case (ii) : Flame propagating over a quasi-isothermal wall sn the experimentD strting from stilized )me @se @iAAD the mss )ow rte is lowered to reh the operting point of se @iiAD in whih the )me propgtes inside the tue over qusiEisotherml wllsF he dignostis reported ove re ppliedD the reording strts ten seonds efore the mss )ow rte modi(tion nd is pursued up to stedily propgting )meF pigure TFIH shows )me imges tken initilly nd then susequently t IH nd IS seondsF he )me inlintion is signi(ntly reduedF he time evolution of the )me ngle with the vertil determined from the (tted ellipse is given in pigF TFIIF trting t stedy stte with n ngle of Part II -Steady flames regime and thermal characterization IQS PR • D the propgtion stte is rehed t whih the ngle is Q • D yielding reE ltive derese in inlintion of VUFS7F his derese of ngle to the vertil @redution of inlintionA is lso oserved in the simultionD where the experiE mentl proessing routine is pplied to ompute the )me ngle from y speies onentrtionF npshots of the isoEtherml wll simultions with nd without grvity re shown in pigF TFIPF he ngle tken y the )me with grvity nd isoEtherml wll is T • D lso muh less pronouned thn in se @iA @QH • AF he reltive derese in inlintion of )me simulted is of VH7F he reking of the symmetry is thus reported in oth experiments nd simultions with isoE therml nd old wll @ aQHH uAF .12 Simulation of iso-thermal wall (case (ii)) of Table 6.2), with and without gravity. Dashed-line : lines used for probing the vorticity budget.

mong the numerous oupling etween density nd pressure grdient present in )mesD the rolini torque is wellEestlished soure of vortiity in urved retion zones glvin nd ery @PHITA

B = 1 ρ 2 ∇ρ × ∇P = 1 ρ 2 ∂ρ ∂x ∂P ∂y - ∂ρ ∂y ∂P dx z , @TFPA
where ρ is the density nd P is the pressureF x is the stremwise oordinte @)ow diretionAD y is the trnsverse oordinte @grvittionl elertion is -gyA nd z the oordinte norml to the hnnel plneF he lne eqution for the vortiity ω = ∇ × u reds

∂ω ∂t = -(u • ∇) ω i + (ω • ∇) u ii -ω (∇ • u) iii + B iv + ∇ × 1 ρ ∇ • τ v , @TFQA
where u is the veloity vetor nd τ is the visous tensorF sn this twoEdimensionl seD there is no hnge in vortiity due to vortex strething nd the term (ii) in iqF @TFQA is zeroF (i) is the trnsport of vortiity y onvetionD (iii) is vortiity strething y density hnge nd (v) is the trnsport of vortiity y visous e'etsF sn the isotherml se without grvityD pprohing the edgeE)me lose to the wllD the pressure nd density grdients in the yEdiretion feture opposite sign on oth sides of the hnnel enterlineD wheres the density nd pressure grE dients in the xEdiretion sty the smeF he rolini torque given y reltion @TFPA therefore hnges its sign on oth sides of the hnnel enterlineD s do ll the terms of iqF @TFQAF his is veri(ed in pigF TFIQ displying the mgniE tude of the rolini torque long the dshedElines seen in pigF TFIPF hese plots re versus retion progress vrile de(ned from the gy 2 mss frE tion normlized y its vlue in the fully urnt gses @Y b CO 2 = 0.122576AD lso olleted long the dshed lines of pigF TFIPF he rolini torque in pigF TFIQ Part II -Steady flames regime and thermal characterization IQU @squresA is positive on upper prt of the hnnel @pigF TFIQ@AA nd negtive on the ottom prt @pigF TFIQ@AAD on(rming the symmetri e'ets pitured y the white rrows in pigF TFIP@AF ell the terms ontriuting to the vortiity udget in iqF @TFQA re shown in pigF TFIQD long with the totl udgetD whih sums up to zero s expeted for oth grvity @linesA nd noEgrvity @symolsA stedy sesF feuse the density di'erene etween fresh nd urnt gses nd )ow elertion re very lose with or without ody foresD the mgnitudes of the vrious terms of iqF @TFQA re only slightly 'eted y grvity @di'erene of the order of IH 4 s -2 in pigF TFIQAF o eluidte the mehnism tht mkes the )me to rotteD it is then neessry to exmine the trnsient when the grvity is ddedF

(i) (iii) (iv) (v)
(a) Top line of Fig. 6.12 CO2 along the dashed-lines of Fig. 6.12. Lines : With gravity. Symbols : Without gravity. Circles : (i) of Eq. 6.3 . Triangles : (iii). Squares : (iv) Baroclinic torque. Crosses : (v). Stars : budget.

(i) (iii) (iv) (v) (b) Bottom line of
trting from the onverged simultion without grvityD the ody fore is dded nd the upper edgeE)me rottion is ompleted in IT msD to reh the slnted )me stedy stte of pigF TFIP@AF he introdution of grvity leds to n ddiE tionl ontriution to the rolini torque @TFPAD whih my e pproximted s

1 ρ 2 ∂ρ ∂x ∂P ∂y g - ∂ρ ∂y g ∂P ∂x . @TFRA
ssolting the e'et of grvityD its premier impt is to promote )ow strti(E tion with negtive density nd pressure grdients in the vertil diretionD (∂P/∂y) g < 0 nd (∂ρ/∂y) g < 0F gonsidering n isentropi )ow t rest sujeE ted to grvityD the reltive vrition of pressure nd density de(nes the speed of sound c 2 = (∂P/∂ρ) > 1F hereforeD the mgnitudes of the density nd presE sure grdients in the vertil diretion nd due to grvity my e rnked s (∂P/∂y) g < (∂ρ/∂y) g < 0F eross the premixed retion zoneD (∂P/∂x) < 0D (∂ρ/∂x) < 0 nd (∂T /∂x) > 0F he rnking in pressure nd density grdient evolves ross the )me front @pigF TFIRD without grvityAF sn the upstrem prt of the )me front (∂ρ/∂x) < (∂P/∂x) < 0D while further downstrem o verify this simple slingD t the time t = 18 µs fter dding grvityD the soure of vortiity is nlyzed y omputing the vrition of ll the terms of iqF @TFQAF his vrition is mesured in the simultion etween their stedy stte vlue without grvity @pigF TFIQA nd their vlue t t = 18 µs fter grvity dditionF sn oth the upper nd the ottom edgeE)me lose to wllD positive soure of rolini torque is indeed oservedD orresponding to positive soure of vortiity @pigF TFISAF his ddition of vortiity represents few perent of the overll rolini torque nd is loted ross the retion zonesD where the longitudinl pressure nd density grdients ourF sn the top prt of the hnnelD Part II -Steady flames regime and thermal characterization IQW the stremlines devite less towrd the enterline with grvity when rossing the )me @pigF TFITAD leding to their spreding upstrem of the )me with lol )ow deelertionD followed y n upstrem )me movement @see pigF TFIUD dshed lineAF sn the ottom prt of the hnnelD the opposite mehnism is foundD with highest onentrtion of the stremlines y the dded vortiity @pigF TFIT@AAD leding to lol )ow elertion nd downstrem )me movement @see pigF TFIUD dotted lineAF he net result is retion zone tht is pushed downstrem t the ottom nd pulled upstrem t the top to evolve towrds slnted shpeF sn summryD the rolini torques tht re of opposite signs in stle )meD ene(t from out the sme positive inrese on oth sides of the xis of symmetry when grvity is turned onD leding to the )me rottion nd modiE (tion of the stremlinesD up to new equilirium onditionD ut feturing nonEsymmetri devition of the stremlinesF he di'erene in term @ivA of iqF @TFQA during the trnsient @i.e. when grvity is dded in pigF TFISA therefore explins the )me rottionF yne the )me stle ginD the di'erene etween terms @ivA with or without grvity in pigF TFIQ informs on the hnge in )ow topology @hnge in stremlines devitionAF he e'et of introduing grvity in )mes propgting in nrrowEhnnel is studied from numeril simultions with omprison ginst experiments onduted in nrrowEtue @hnnel of internl width or tue dimeter of i = 5 mmAF ixperimentl mesurements nd simultion reports similr trends for )mes freely propgting ove isoEtherml wlls or stilized y the inoming )ow with strongly oupled het exhnged with nd within the wllF foth )mes re symmetrilD with n inlintion tht is less pronouned in the isoE therml wll seF sn the sene of modi(tion y grvity of the onvetion on the outside hnnel wllD the )me is still tiltedD with n nhoring t the upper wllF he hetEretroession vi ondution in the wll nd the therml oundry lyer in the fresh gses upstrem of the )meD inrese the inlintion of the slnted )mesF pollowing previous works uzkov @PHIPAD the response of the rolini torque to grvity is explored nd results on(rm its driving role in suh nrrow omustionEsystemsF hese (ndings di'er from previous works devoted to )me instilities in vertil tuesD s in the present horizontl tuesD the inlined )me is the single solution oserved in presene of grvityF foth stle @wll thermlly oupledA nd )me moving with (nite veloity with respet to the wll @isotherml wllA on(gurtions re 'eted y grvity e'etsF his hpter onludes the seond prt of this thesis workF his prt ws foE used on the stedy regime hrteriztion experimentlly nd numerillyF hus the origin of the experimentlly oserved )me symmetry is estlished s n e'et of grvityF he following prt fouses on trnsitory regimes nd possile ssistne of the )meF

Troisième partie

Transitory ames and perspectives

Chapitre 7

Thermal induced ashback 7.1 Extended abstract yne stilized t stedy position in the tueD premixed methneGir )me indues temperture distriution within the qurtz wllsF lls re the meE dium used to extrt or reyle het from the )me nd urnt gses X perenE tge of the het generted y the )me is onduted within the wlls towrds the fresh gses preheting themD the remining prt is trnsferred to the exterE nl medium through rditive nd onvetive het trnsfersF hese het )uxes in the wlls mke the stedy stte possileF husD modifying the het distriuE tion in the wlls impts the )me stedy stteF his hypothesis is tested here y heting the tue wlls t di'erent distnes upstrem from the )meF he response of stilized )me inside the nrrow hnnel to therml perturE tion is studiedF he experimentl perturtion steps re desried on pigF UFIF pirst )me is ignited @A nd stilized @A on the extremity of the vertil tueF henD het soure @here lighter on pigF UFIA is pled t (xed distne upstrem from the stilized )me surrounding the externl prt of the tueF he purpose is to lolly het up the wllD modify the temperture distriution within the wll nd oserve the )me9s motion indued y this het dditionF fetween the strt of the heting nd the eginning of the )me motion exists dely time of ∆taIQFI sF hereforeD the phenomen responsile for the )shk hve lrge hrteristi timeF husD the )me retrieves its initil regime fter the thermlly indued propgtionF he exmple of )shk shown on pigF UFI is the (rst on(gurtion in whih the Part III -Transitory flames and perspectives

IRS

)shk hs een experimentlly oservedF purther work on the het soureD the tue positioning @rorizontlGertilA nd the )ow hrteristis is preE sented in this hpterF he ojetives of this hpter re then to X • ghoose n optimum experimentl het soure • ghrterize the in)uene of the heting on gs nd wll temperture X sptil nd temporl temperture hrteriztion of the hetingD for severl intensities nd distne etween the het soure nd the )me frontF • ghrterize the )shk X trk during the )shk the displementD speedD shpe nd orienttion of the )me • gompre )shk in horizontl nd vertil positioning of the tue • xumerilly reprodue the experimentl )shk in one dimensionl omplex hemistry omputtion • sdentify the physil phenomen involved in the )me motion 7.2 Characterization of the heating system 7.2.1 Choice of an experimental heat source everl het soures were tested to (nd n optiml on(gurtionD the het soure should reh high temperturesD while giving good ury on the pplition point for oth horizontl nd vertil on(gurtions of the tueF hose soures re lighterD n eletri resistne nd two di'erent mterils @gonstntn nd unthlA of resistive wiresF

• snitillyD smll di'usion urner @gs lighterA is used s het soure s desried in the pigF UFIF he lighter llows short response time of the )me sine the mximum temperture imposed to the wll is high @≈ THH uAD the temperture pro(le is spred @pigF UFPA nd the lighter )me emitted rdition is importntF rowever the preision nd repetE ility given y this het soure is not stisftory sine good ury on the pplition point ould not e rehedF husD the di'erene etE ween temperture pro(le of the horizontl nd vertil on(gurtions is sustntilF purthermore the lighter )me rdition e'ets n not e ontrolledF por thisD the lighter is not kept s solutionF • enother onsidered het soure is g heter @Ω ref X hfu rq PGPP USxQS IHHEPRH QVA powered y hg urrentD whih temperture n reh RUH uF e irulr noth is reted on the g heter frmeD with dimeter slightly ove the tue9s dimeter in order to irle hlf of the tueF sn this solutionD the pplition point n e ontrolled with spred of S mmD howeverD s depited on pigF UFPD the mximum temperture rehed is too lowD nd leds to very high hrteristi time of )shkF • he lst tested solution is heting resistne wire rolled round the IRT Chapitre 7 -Thermal induced flashback qurtz tue nd powered y hg urrent power supplyF wo mterils of heting wire were onsideredF he (rst mteril tried is HFP mm dimeter gonstntn wireF gonstntn mteril onsists of SS7 opper nd RS7 nikel nd its most interesting feture is to hve onstnt resistivity over wide rnge of temperturesF he results otined using this on(gurtion were stisftoryD ut severl drwks were enounE tered s the wire would rek when sujet to high powerF sn ftD one hetedD the wire eomes esily rekleD nd therefore uses repeE tility nd durility issuesF he seond mteril used nd dopted for the experiments is unthl @pegrelAD fmily of iron hromium @PH to QH7A luminium @R to UFS7A lloys used in wide rnge of resistne nd high temperture pplitionsF unthl resists well to power supply @up to SH AD keeps its )exiility properties fter eing hetedD nd doesn9t rek esilyF es result unthl wire of HFPS mm dimeter is hosen s het soureD with resistne of aRFS ΩF es for the stedy )me temperture mesurementsD displement devie lE lows to move ype x thermoouple nd mesure the outer wll temperture long the tue9s xisF he temperture pro(les imposed y the di'erent soures on the outer tue wllD using the sme power for the eletril omponentsD re mesured nd represented on pigF UFPF he thermoouple hs response time less thn one seond nd is of high ury in low temperture @`IHHH uAD whih llows to follow the time evoE lution of the temperture t given point nd its sptil evolution y grdully moving the thermoouple long the tueF he temperture pro(les re otiE ned y verging SHH temperture mesurements t eh sptil pointD with displement step of HFS mm over IHH mm of totl length in the horizontl on(gurtion of the tueF he temperture pro(les represented in pigF UFP on(rm the hoie of unthl Part III -Transitory flames and perspectives IRU wire sine it presents temperture mximum lose to the lighterD with low pro(le width providing high ury on the pplition pointD its intensity n e esily ontrolled through the hg power supplyD nd it n e used in oth horizontl nd vertil on(gurtionsF 7.2.2 Kanthal resistive wire : Spatial characterization e unthl wire is rolled round the qurtz tueD inside whih )ow speed orresponding to operting points is injetedF he wll inner nd outer temE perture pro(les re tken long the tue xis in horizontl position using ypeEx thermooupleF e sheme of the experiment is represented in pigF UFQF Figure 7.3 Scheme of the spatial characterization of the heating wire. The wire power is P=13 W, the mean ow speed is varied U=15 cm•s -1 and U=25 cm•s -1 . The displacement device course is 100 mm. he eletril power imposed to the wire is set to aIQ F he resulting inner @red urveA nd outer @lk urvesA temperture pro(les re represented on pigF UFS@A for two )ow speeds aIS m•s -1 @plin linesA nd aPS m•s -1 @dshed linesAF st n e seen tht the temperture mximum rehed y the wll nd gs re higher for aIS m•s -1 D nmely for the lower )ow speedF hus the ooling re is shorter in low )ow speedF gonsidering the het exhnges t the wllD three het )uxes re relevntF pirstD the ondution through the wll n e expressed s X

Φ cd = T w i -T we R cd @UFIA
where X R cd = ln(r e /r i )/ (2πk w L) is the ondution resistne of the wllD nd T w i nd T we re respetively the inner nd outer wll surfe temperturesF henD two het exhnges our from the outer surfe wll to the mient irD the nturl onvetion nd the rdition of the qurtzD leding to totl )ux IRV Chapitre 7 -Thermal induced flashback

T wire Φ CD (x)
x Fresh Gas Fresh Gas Φ CVF (x)

Φ RAD (x) Φ CVN (x)
T wall T gas T air Figure 7.4 Scheme of the heat uxes in half a tube, with the external wire, representing the axial conduction ux (Φ CD ), the inner gas forced convection ux (Φ CV F ) and the external uxes of natural convection (Φ CV N ) and quartz radiation (Φ RAD ). The vertical links are handled through the cross exchanges terms in the energy equations.

expressed s X

Φ cvn+rad = T we -T 0 R cvn + R rad @UFPA
where X R cvn = 1/ (h cvn S e ) is the nturl onvetion resistneD with h cvn aIR W • m -2 • K -1 the nturl onvetion oe0ient nd S e the externl tue surfeF R rad = 1/4/ q S e T 3 0 is the rdition resistne with q the qurtz emissivityF hese )uxes re represented on pigF UFS@A for oth )ow speeds aIS m•s -1 @plin linesA nd aPS m•s -1 @dshed linesA using the temperture pro(les represented on pigF UFS@AD entered on the wire position t x = 0F ine the )uxes re de(ned from the inner to the outer wll surfeD the resulting ondution )ux of n externl heting is minly negtive t the wire positionF he positive res of the ondution )ux upstrem nd downstrem from the wire position highlight the preheting of the wll nd of the inner gsF husD n symmetry of the temperture pro(les nd therey of the )uxes revels the in)uene of the inner gs fored onvetionF sn the positive re upstrem from the wire @for x < -2 mmAD the wll is heted y xil ondution nd through onvetion prehets the inoming fresh gs nd therey the wll temperture drops in few tenth of millimeters to mient tempertureF sn the positive re downstrem from the wire @for x > 2 mmAD the wll is lso heted through longitudinl ondution in the qurtzD however the gs het retroession to the wll llows to mintin n elevted temperture up to RHESH millimeters from the wireF et the tempertures imposed y the wire the qurtz rdition is not very importntF he )ux re greter t lower )ow speedD due to longer residene time nd higher (b) conduction (green curve) and natural convection added radiation of the solid (blue curve) uxes ; for ow speeds of U=15 cm•s -1 (dashed lines) and U=25 cm•s -1 (plain lines). The resistive wire position is positioned at x = 0. temperturesF et lower speed the gs retroedes its het fster thn t higher speedsD therefore the ooling re of the gs is shorter t low )ow speedsF husD those pro(les llow to nlyse gin the distnes of in)uene of the heting systemF sndeedD (fty millimeters downstrem from the wire positionD the inner nd outer tempertures re lmost k to mient tempertureD nd therey would hve limited impt if )me is positioned t this distneF sn onlusion three phenomen ourF pirstD the e0ieny of the onvetion is etter t low )ow speed sine the mximum of temperture rehed is higherF husD the temperture dereses fsterD t low )ow speed leding to shorter ooling reF yn the ontrry t high )ow speedsD the heted gs re trnsported further wy from the )me front nd exhnge less with the wll leding to longer ooling reF es resultD when studying the )shk t n operting point of high )ow veloity the onvetion would e less e0ient leding to higher hrteristil time of the unstedy phenomenF roweverD the heted gs would e trnsported further wyD extending the tion distne of the het soureF position inside the tube, in order to see the intrusive inuence of the thermocouple support (represented in grey) and possible recirculation created by it. In the rst conguration the thermocouple is inserted several centimeters inside the quartz tube. In the second conguration, only the weld of the thermocouple is placed inside the quartz tube, the support remains outside. 7.2.3 Choice of a thermocouple conguration through temporal characterization of temperature measurements sn order to evlute the e'et of the intrusion of the thermoouple inside the qurtz tueD two on(gurtions shemtilly represented in pigF UFT re ompE redF sn the (rst on(gurtion @pigF UFT leftA the thermoouple is inserted severl entimeters inside the qurtz tue onterE)owD with its supportF sn the seond on(gurtion @pigF UFT rightAD only the weld of the thermoouple is pled inside the qurtz tueD the support remining outsideF he distne etween the thermoouple weld nd the heting wire is vried nd the temperture is temporlly hrterized inside the tue t these di'erent distnesD represented in pigF UFUF pigure UFU@A represents the temporl temperture omprison etween the two on(gurtionsD mde t onstnt )ow speed aPIFI m•s -1 nd eletril poE wer of the resistive wire aIU D for severl distnes etween the heting wire nd the thermoouple weldF he temperture pro(les re (tted to n exponenE til funtion in order to extrt the heting time onstnt τ T F st n e oserved tht the mximum of temperture rehed for distnes T from S to SH mm is lower in the seond on(gurtion thn in the (rstF his might e explined y the mient ir intertion with the internl gs t the end of the qurtz tueD using drop in tempertureF husD the mximum of temperture rehed ording to the distne etween the wire nd the thermooupleD represented in pigF UFU@AD depits derese of mximum temperture rehed with the inrese of the distne for oth on(gurtionsF purthermoreD t T aS mmD the mximum of temperture rehed y the gs represents pproximtively T7 of the diti )me tempertureF es result if motion of the )me is oE served t SH mmD the gs temperture inrese represents I7 of the diti )me tempertureF herey the sensiility of the )me motion trigger n e ssessedF he therml hrteristi time onstnt inrese τ T evolution with distne T is represented in pigF UFU@AF he hrteristi time inreses with the distneD mening tht the gs tkes more time to reh the mximum temperture s the distne etween the wire nd the thermoouple inreseF he o'set time is the only vrile whih evolution does not mke senseF st n e explined y onvertor non onstnt ltenesD nd (le registrtionD therey it is not tken into ount in this nlysisF ISP Chapitre 7 -Thermal induced flashback pixing the distne etween the resistive wire nd the thermoouple weld t T aIH mmD the repetility of the temporl temperture pro(les is tested for oth previously exposed on(gurtionsF he pro(les re represented on pigF UFVF he plot lines represent n verge of ten mesurements in the sme on(guE rtionD nd the error rs show the stndrd devitionF he results of the (rst on(gurtion re represented in plin lineD nd those of the seond on(gurtion re plotted in dshed lineF st n e seen tht the error rs show good repetility of the mesureE mentsD nd good reprodution of the temperture pro(les for oth on(gurE tionsF pinllyD oth on(gurtions re similr in tendenies nd in repetilityF st n e onluded tht the thermoouple position does not hve gret in)uene on the therml hrteriztion of the resistive wireF por the following mesuE rementsD the (rst on(gurtion is usedD in order to void ll tmpering of the inner gs temperture y mient irF Part III -Transitory flames and perspectives ISQ 7.2.4 Temporal characterization of the resistive wire for several distances T , varying the ow speed sing the (rst on(gurtion of thermoouple positioningD the temporl therml pro(les of resistive wire t sme eletril power @aIU A re hrterized for two di'erent men )ow speeds nd for severl distnes T etween the heting wire nd the thermoouple weldF he resulting pro(les re represented in pigF UFWD where the plin lines orrespond to )ow speed of aPIFI m•s -1 nd the dshed lines represent aITFT m•s -1 F he )ow speed used re opeE rting points )ow speeds respetively of φaHFV nd φaHFUSF he mximum of temperture rehed s well s the therml time onstnt evolutions with the distne T re lso represented in pigF UFWF U=21.1 cm.s -1 U=16.6 cm.s -1 (c) Thermal time constant evolution with distance from the wire two ow speed Figure 7.9 Temporal characterization of the wire by varying the conguration of the thermocouple for two ow speeds : U=21.1 cm•s -1 (plain lines) and U=16.6 cm•s -1 (dashed lines).

por distnes T equl or under to IH mmD the mximum temperture rehed ISR Chapitre 7 -Thermal induced flashback is higher for the lower )ow speed vlue @aITFT m•s -1 AD howeverD s shown in pigF UFW@AD few millimeters fter T aIH mmD this tendeny is invertedD nd the mximum of temperture rehed is greter for higher )ow speedF sn ft due to lower )ow speedD the gs residene time in the heting re is greter thn for higher )ow speedF herey for smll distnes etween this heting re nd the thermoouple the temperture is greter for lower )ow speedF rowever s the distne inresesD gin with greter residene time t lower )ow speedD the heted gs exhnges more het to the old wlls of the qurtz tue nd therey the mximum of temperture rehed drops under the temperture for higher )ow speedD where the gs fster onveted exhnges less with the wllsD nd therey 4stores4 the temperture more e0ientlyF woreoverD s depited in pigF UFW@A the time onstnt of temperture inrese is greter in the low )ow speed seD mening tht the gs tkes more time to reh its mximumF he )ow speed hs gret in)uene on the onvetion of the heted gsD therey the temperture rehedD nd on the heting hrteristi timeF st must e tken into ount in the omprison of )me displement for di'erent )ow speedsF 7.2.5 Wire heating temporal characterization at xed distance T =10 mm, variation of several parameters everl heting nd )ow prmeters re vried to ssess their in)uene on the therml environment reted y the resistne wireF he vrition of the following prmeters is proessed t (xed distne T aIH mm etween the thermoouple nd the heting wireF he vried prmeters re summed up in tle UFIF gse rmeter studied gonstnt prmeters

@A φ @HFUDHFVDHFWA aPIFI m•s -1 @A m•s -1 φaHFV @A
φaHFV nd aPIFI m•s -1 @dA Ω aIU nd daHFHPS mm Table 7.1 Sum up of the parameters varied to observe their inuence he e'et of the equivlene rtio on the temperture temporl evolution is reE presented on pigF UFIH@A for (xed )ow speed of aPIFI m•s -1 F he pro(les re similrD mening tht the equivlene rtio hs no impt on the temperE ture rehed y the gsF sn pigF UFIH@AD the in)uene of the )ow speed on the temperture temporl evolution is tested t (xed equivlene rtioF es previously oservedD the mxiE mum temperture rehed dereses with the inrese of )ow speedF hus s shown on pigF UFIH@eAD the heting time onstnt τ T lso dereses with the inrese of )ow speedD mening tht the mximum of temperture is rehed fster s the )ow speed inreseD whih orresponds with gs onvetionF Flame speed (e) and power (f) are plotted against the thermal time constant.

he temperture pro(les with eletril power vrition represented in pigF UFIH@A show tht the temperture mximum rehed y the gs inreses with the inrese of powerF husD pigF UFIH@fA shows tht the therml time onstnt glolly dereses with the inrese of eletril powerF pinllyD pigF UFIH@dA depits the vrition of resistne of the wire t sme IST Chapitre 7 -Thermal induced flashback power @aIU AD showing tht the inrese of resistne indues derese of mximum temperture rehedF he hg power supply eing limited in intensity nd voltgeD the wire resistne is hosen to hve etter dptility to the power supplyF sn onlusionD the previous susetions llowed to ssess the in)uene of heting nd )ow prmeters of the estlishment of the therml pro(le y the resistive wireF sndeedD the sensitivity of the motion trigger to temperture inrese n e nlyzed through the pro(les t severl distnes etween the wire nd the )me frontF husD the )ow speed nd eletril power re shown to hve n in)uene on the heting time onstnt nd on the mximum temperture reE hedF he heting wire used for the following experiments is lso hrterized with n eletril power of aIU D the inner gs rehes mximum temE perture of g i aRHH u nd with heting time onstnt round SH sF hese dt n e of use to understnd the )me motion phses nd to reprodue numerilly the heting provided y the wireF 7.3 Flame characterization during ashback he )shk studied in this setion is slightly di'erent from the one presenE ted in the introdution of this hpter using lighter s het soureF sn ftD the gol ws to provide het soure more lolisedD with high mximum tempertureF wo pitures of the studied horizontl on(gurtion re depited in pigF UFII@AF he top piture shows the )me downstrem from the wireD whih is not powered onD while the ottom piture shows the )me upstrem from the )me fter the )shkD with the resistive wire powered onF he in)uene of severl vriles is studiedF hose prmeters re the operting points @speed nd equivlene rtioAD the distne T etween the resistne wire nd the )me front represented in pigF UFII@A nd (nlly the eletril power imposed to the wireF sn the previous setion the in)uene of those prmeters on the therml hrteriztion of the wire ws rried outF he results re then nlyzed in the light of the e'ets of these prmeters of the wireF he )me hrteriztion during )shk is rried out y position nd shpe trkingF he position nd the motion of the )me in the tue n e reorded y stndrd re)ex mer shooting series of individul pituresF he reording nd the wire re powered on simultneously to oserve the evolution from the stle positionF he video is deomposed frme y frme nd the )me position nd shpe re trked using n edgeGontour seleting routineF unowing the time etween two frmes nd the position of the )meD men displement veloity n e lultedF aPIFI m•s -1 F he )me propgtion speed with respet to the tue nd the )me position in the tue re plotted in pigF UFIPF he error rs re the stndrd devitions determined y repetition of the experiments with the sme initil onditionsF he green irles on the displement urve highlight the time when the )me hs trveled respetively SDIH nd IS mmD nmely T aS mmD T aH mm nd T aES mmF he )me motion n e deomposed in two phsesF he (rst phse is hrteE rized y fst ontinuous displementD from taH s to t≈IHH s when the )me rehes the resistne wire position t IH mmF huring this phseD the )me E elertes drstilly then deelertesF he )me rehes pek of propgtion speed during short lpse of timeD nd then dereses to reh the wire with speed lower then SH µm•s -1 @HFHHS m•s -1 AF his phse lsts out IHH sF he seond phse strts t the viinity of the resistive wire position @loted t IH mmAF st is hrterized y slow displement speedF he )me propgE tion speed slowly dereses towrd zero nd the )me tends symptotilly to new stedy positionF he heting power n then e swithed o'D the )me will sty t its new positionD it is nhored in the viinity of the new mximum recording and the ame mean propagation speed (red curve), is calculated with the distance traveled between two frames. The green circles on the displacement curve show the time when the ame has traveled respectively 5,10 and 15 mm, namely T =5 mm, T =0 mm and T =-5 mm. An average of several repetitions of the experiment is made and the error bars represent the standard deviation. temperture lotion in the tueF es the )me trvels in the tue t di'erent veloitiesD its shpe nd orienttion lso evolveF prom the frmes reorded during the motionD the )me emission is (tted to n ellipse y n uto orreltion method nd the eentriity nd re of the (t re reorded for eh frmeF he eentriity nd the )me ngle with respet to the horizontl xis re plotted s funtion of time in pigF UFIQF he time sle stops when the )me rehes the heting wireD mening tht only the (rst phse of the displement is representedF es for the displement nd propgtion speedD the plot is the verge over severl repetitions of the experimentD nd the error rs represent the stndrd devition etween those repetitionsF his trking shows tht the )me hnges its shpe to ompenste the sudden inrese in het nd )ow veloity when quikly moving towrd the het soureF sndeedD in (rst stgeD the )me9s eentriity drops when the )me strts moving mening tht the )me endsD leding to shpe loser to irle nd n inrese of the )me re s shown in the left snpshot of the )me edgesF huring this stgeD the )me ngle with the horizontl xis inresesD whih mens tht the )me strightens upF hen the )me loses speedD seond stge strts where the eentriity grows k to its initil vlue nd the )me re dereses to its originl vlueF sn dditionD the )me tilts k to its initil orienttion s shown in the right snpshot of the )me edgesF yne the )me hs overome the wire nd is in the slow phse of displementD the )me tkes k its originl shpe nd orienttion s it moves symptotilly to new stle positionF he response of the )me to the temperture perturtion indued y the heting wire is displement towrd the heting soure then stiliztion to new positionF fy hnging the temperture distriution surrounding the )meD its propgtion speed ws modi(ed to indue the displementF he speed vrition is smll ut su0ient to e oserved nd to led the )me to new stle positionF 7.3.2 Inuence of the wire-ame front distance T on the ame ashback he in)uene of the distnes T aSD IHD PHD QHD RH nd SH mm etween wire nd )me on the )shk is ssessedF he )me motion nd speed re represented in pigF UFIRF wo motion modes n e distinguished in pigF UFIR@AF por wireE)me distnes under T aIH mmD the motion n e desried s root squre funtionD with two phsesF pirst shrp displement from the strt followed y slow stiE listionF he tngent slope t the origin inreses with the distneF por wireE)me distnes over T aPH mmD threeEphse motion is oservedF he (rst phse n e desried s n exponentil inrese of the distneF he tngent slope t the origin dereses with the inrese of distneF he seond phse is hrterized y pek in the )me speed nd therefore shrp inrese in the )me motionD until rehing the viinity of the heted reF he seond phse ends upstrem from the wire positionF xer this regionD the )me moves on to the third motion phseD with low speed displement towrds stiliztionD equivlent to the seond phse of the (rst motion modeF pigureF UFIR@A represents the )me propgtion speed long the reording timeF e pek in )me propgtion is oserved orresponding to the seond phse of the seond motion modeF st n e noted tht the mximum propgtion speed inreses until RH mm nd then deresesF he mximum propgtion speed is of the order of m•s -1 whih is two orders of mgnitude ove the propgtion speed for wireE)me front distnes of S or IH mmF hese two modes nd di'erent phses n e linked to therml phenomenonF he temperture pro(le of externl tue wll inside whih )me is stilized t n operting point of φaHFVD aPIFI m•s -1 is plotted in pigF UFISF he zero oordinte mrks the )me frontF yn thisD grphD the inner wll temperture imposed y the resistive wire t di'erent distnes T aSD IHD PH nd RH mm re superimposed on pigFUFISF his grph llows to understnd the therml exhnges implitions on the phses of )me motionF por distnes T under PH mmD the wire is loted in the gs nd wll preheting re of the )meF his re ws referred efore s indiret exess enthlpyD sine the fresh gses re preheted trough xil het ondution in the wllF herefore oth therml environment of the )me nd the wire re overlpping nd the )me is lredy in the therml environment of the wire through ondution in the wllF he movement is therefore slow sine the gs nd wll re preheted few millimeters upstrem from the )me frontF por distnes T ove PH mmD the pro(les pper more seprtedF herefore (rst the )me reeives heted gs through inner gs onvetionD whih inreses its speed nd it strts moving slowly towrds the wire X it is the (rst phse of the motion modeF hen the )me hs moved wy from its therml environE ment @wll temperture pro(leAD ut rehes the heted wlls from the wireD U=21.1 cm•s -1 where the zero coordinate marks the ame front, with superimposed temperature proles of resistive wire placed at dierent distances T .

it elertes sine the )me propgtes upstrem over heted wllsD it is the seond phse of the motion modeF his isotherml propgtion stops round the wire position where the temperture in the wll is mximumD whih mrks the eginning of the third phseF 7.3.3 Inuence of the operating point variation on the ame ashback he vrition in operting points modi(es the methne mss )ow nd therey )me power s well s the )ow speedD oth hving n impt on the )me shpe nd ehviorD ut lso on the estlishment of the wire temperture pro(leF he )me displement is represented in pigF UFIT for two operting pointsD t φaHFUS aITFT m•s -1 @dshed linesA nd t φaHFV aPIFI m•s -1 @plin lineAF por ll distnes the end positions re similrF por T aS nd IH mmD the )me motion nd speed re very similr for the two operting pointsF rowever in the loseEup represented in pigF UFIT@AD t T aIH mm @red urveA disrepny strts to pper in the )me motionD with shrper displement in the (rst phse of the motion for the lower )ow speedF e fous is mde on )me propgE tion speeds during the seond phse of the seond motion modeF herefore the speeds represented in pigF UFIR@A re entered on the mximum nd plotted for oth equivlene rtio on pigFUFIT@AD s funtion of the reording timeF por greter distnes etween the het soure nd the )me frontD it n e seen tht propgtion speeds re omprleF he di'erene lys in the hrteristi time to reh the end positionD nmely the time of the (rst phse of the motion modeF his hrteristil timeD summed up in tle UFPD is lerly redued for the lower equivlene rtioG)ow speed operting pointF in vertilF husD in horizontl on(gurtionD the time to reh the mximum speed is greter thn in vertilD the )me retion to the het input is then slowerF sn the seond phseD the gp etween the displement is reduedD hoE wever the overshoot for the vertil on(gurtion remins greter thn for the horizontlF he )me shpe nd orienttion is lso trked during its )shk in oth tue positioningF es resultD the shpe nd ngle of the )mes in oth on(gurtions re represented in pigF UFIW y the eentriity @leftA nd the ngle of the (tted ellipse with the tue9s xis @rightAF yne n see tht the )me in vertil on(gurtion is more irulr with lower eentriity thn in horizontlF husD the )me9s ngle to the tue9s xis shows slight vrition of ±S degrees during the motion in oth on(gurtionsD with stiliztion t the initil vlue in the seond phse of the motionF es previously sttedD t this operting pointD the men ngle of the )me to the tue xis is round PH • in horizontl while it is lose to H • in vertilF his omprison etween horizontl nd vertil on(gurtion shows the imE pt of grvity on the on(gurtionF sn ft the motion in vertil on(gurtion is promoted y grvity sine the gs density lowers when hetedD nd therey is onveted downstrem fster thn in the horizontl on(gurtionF his phenoE menon explins the slower retion of the )me in the horizontl on(gurtionD ut lso the lower speed nd displementF he literture review on the e'et of grvity on vertil tue ws rried out in hpitre IF sn this setion the hrteriztion of )me during )shk indued y heting wire pled upstrem from the )me front ws rried outF eording to the distne etween the wire nd the )me front T D two motion modes were oserved X ontinuous mode in two phses for T under PH mm nd disrupted three phses motion mode for T ove PH mmF hese two modes Part III -Transitory flames and perspectives ITS were linked to therml exhnges phenomen of gs onvetion nd ondution through the wllF hus the vrition of the operting pointD hs n impt on the )shk sine the men )ow speed to reh )me stiliztion di'ers from one operting point to notherF st is oserved tht the displement re very similr in tendeny nd (nl position rehedF hus the speeds rehed during fst motion re similrF he di'erene lys for T ove PH mmD where the disE tne trvelled y the )me during the (rst phse of the motion is greter for higher men )ow speedsF herefore the hrteristil time of this phse is liE kewise greter for higher men )ow speedsF purthermoreD omprison etween )me )shk in horizontl nd vertil tue position is rried out t (xed distne T F st is shown tht the propgtion speed rehed during )shk in vertil is twie s gret s in horizontlF st is linked to the grvity e'ets prllel to the tue9s xis promoting the )me motion upstrem in vertil on(gurtionF sn the following setionD the )shk will e reprodued using oneEdimension omplex hemistry ode y imposing temperture pro(le in the surrounding ir upstrem from the )meF 7.4 Computation of the thermal ashback solved with 1-D complex chemistry code (REGATH)

xumerillyD the ojetive is to reprodue the )shk phenomenon experiE mentlly oserved y imposing in the omplex hemistry ode iqer preE viously desried in hpitre SD temperture pro(le in the externl mient ir upstrem from stilized )me frontF efter severl itertions the tempeE rture pro(le is trnsmitted to the wll nd then to the fresh gs y ondutoE onvetion het trnsfersF he grvity is not tken into ount in the present work omputtionF sndeedD it ws shown in hpitre T tht the uoyny e'ets hve n impt on the )me shpeD however sine in oneEdimensionl the )me shpe is not reproduedD the grvity e'ets re deEoupled from the therml onesF he im is then to understnd the therml phenomen involved in the )me )shk in response to n upstrem het soureF he mss )ow is progressively dpted to otin stilized )meD ut the )me hs no nhor point ontrry to stedy omputtionF sing this 4moving front4 oneEdimension modeliztionD the )shk is reproduedF 7.4.1 Characterization of the numerically imposed heating source he temperture pro(le imposed in the surrounding ir is gussin typeD with three input prmetersD σ g the gussin width hrteristiD max the mximum of the imposed temperture t the oordinte x p F he eqution of ITT Chapitre 7 -Thermal induced flashback the gussin is given y X

T a (x) = T 0 + (T max -T 0 ) exp - (x -x p ) 2 2σ 2 g @UFQA
he pro(le entered oordinte is de(ned s X x p = x@plme prontAE T F wo gussinsD with di'erent widthD re ompred in pigF UFPH to the experimentl temperture externl wll pro(le imposed y the wireF eording to the input of temperture nd the distne etween the )me front nd the temperture pro(leD the omputtion time di'ers gretlyF e rE togrphy of distnes nd tempertures is rried out to hrterize the )me motion during )shkF 7.4.2 Spatial characterization of the heat source imposed to the surrounding air he (rst step is to desrie the temperture pro(le imposed from the mient ir to the inner gsD depending on the the temperture mximum hosen nd the gussin width hrteristi σ g F he temperture pro(les of externl ir @dotted lineAD wll @dshed lineA nd inner gs @plin lineA t t = 150 s re represented on pigF UFPID for pro(le de(ned y max = 800 uD σ g aIT mm nd T aIHT mmF et this seleted timeD t = 150 sD the temperture pro(les re estlished in the wll nd in the gsF et taISH sD the tempertures in the wll nd in the gs hve rehed their mximumD nd the )me front strts to move towrd the het soureF he mximum tempertures rehed y the wll nd gs re lower thn the impoE sed temperture in the mient ir due to externl het losses nd xil het trnsfersF he ondution in the wll leds to lol inrese of the tempeE rture t the het soure position @pigF UFPI@AAD the wll temperture then drops lose to the fresh gs tempertureD nd strts inresing gin tenth of millimeters upstrem from the )me frontF he inner gs onvetion leds to n inrese of temperture slightly downstrem from the het soureD followed y gs ooling with deresing slope lower thn in the wllF he hypothesis is tht the gs preheted y the wll t the het soure )ows to the )me front reD nd inreses the mixture enthlpy nd therefore the )me speedD whih will strt to move upstrem sine the mss )ow rte is onstntF he )shk would then e triggered y the onvetion of preheted gs to the )me frontF he width of the gussin pro(le is ruil to the )shk hrteriztion in terms of hrteristil timeD nd motion modes sine the energy deposited vriesF sts vrition impt on the )shk is studied in the following setionsF 7.4.3 Temporal characterization of the heating source he seond step is to desrie the temporl evolution of temperture from the mient ir to the inner gsF he temperture pro(le is progressively imposed in order to reprodue the heting wire ehvior with temperture inrese time onstnt similr to the one of the experiment @τ T ≈ 50 sAF he wll nd gs temperture inreses s funtion of time re represented on pigF UFPP tken t the mximum temperture oordinte x P of the het soure pro(leF he wll nd gs tempertures follow n exponentil inrese whih heting time onstntsD respetively τ w aQV s nd τ g aRP s re printed on the grphF he heting onstnt nd the mximum of temperture rehed re of the sme order s in the experimentF he temperture pro(les on the omputed domin with the heting soure plE ed t distne T aIHT mm of stilized )me is represented in pigF UFPQF he gussin temperture pro(les imposed y the het soure in the wll @dE shed linesA nd in the gs @plin linesA re depited for severl times from H to PRH sF es the wll temperture pro(le is entered t T aIHT mmD the gs tempeE rture mximum is positioned slightly downstrem due to inner gs onvetionF he gs temperture inreses progressively due to the qurtz wll inertiF he oupling etween the wll nd the gs is lerly oservedD sine the inrese in wll temperture indues n inrese in gs temperture nd n inrese in gs speedF hereforeD lolly n inrese of the mss )ow rte is oserved upstrem from the )me frontF proles as a function of the axial coordinate for several times from t =0 to 240 s, with an external temperature prole characteristics : T max = 800 K, σ g =16 mm and T =106 mm. The stabilized ame front is located at the zero coordinate.

he upstrem displement of the )me frontD represented y the pek of the gs temperture initilly t x = 0 mmD is notle on pigF UFPQF es oserved in the experimentsD the propgtion speed of the )me front depends on the heting temperture pro(le nd the distne etween the )me nd the heting soureF hereforeD the in)uene of oth prmeters is tested in the followingF tion (Φ cvf ) and radiation (Φ rad ) heat ux with a stabilized ame at the zero axial coordinate and an external heating with T max = 800 K, σ g =16 mm and T =106 mm he fored onvetion )ux oserves negtive pek t the heting soure oorE dinte reveling the energy inputD followed y positive plteu rehing the )me preheting re whih hrterizes the heted gs onvetionF yn the ontrryD the nturl onvetion shows positive pek t the het soure oorE dinte sine the lol mient temperture is superior to the wll temperture in this reF husD in the two res where the qurtz is hetedD nmely the het soure nd the )meD the rdition )ux shows negtive pekD greter thn the nturl onvetion in the )me frontD gin reveling the importne of the rditionF hi'erent prmeters of the temperture pro(le show impts on the )me )shkF heir vrition is studied in the following setionF 7.4.4 Parameter variation impact on the ashback he impt of the vrition of di'erent prmeters on the )shk is studiedF he prmeters vried re X the distne etween the het soure nd the )me front T D the mximum of temperture imposed max D the gussin width σ g nd the operting point hrterized y the ouple @φDAF e sum up of the vrile nd (xed prmeters is given in tle UFQF sn the followingD the displement pro(les re extended y dshed lines of the sme olor strting from the onverged point to redue the omputing time nd in order to hve etter visuliztion of the pro(lesF husD the displements he width of the gussin pro(le is ruil prmeter sine it determines the energy input to the system nd the distne etween the )me front nd the downstrem end of the temperture pro(le imposed y the het soureF he width is vried etween σ g aHFVS mm to σ g aPP mmD for (xed prmeters of equivlene rtio φaHFVD mximum temperture of max aVHH u nd disE tne etween the het soure nd the )me front of T aIH mmF he resulting displement urves re represented in pigF UFPS@AF wo ses re seleted to further omprison of the e'et of the width on the )shk X σ g aIT mm nd I mmF husD the )me displements of these two ses re isolted in pigF UFPS@AF por the two widthsD the extremum oordintes t whih the exterE nl temperture strts to e greter thn QHH u re registered to demrte the imposed pro(leF hese limits of the temperture pro(lesD upstrem nd downsE trem from x p re represented in red nd green dotted lines in pigF UFPS@AD respetively for σ g aIT mm nd I mmF sn the se of σ g aIT mmD only one extremity of the externl pro(le is represented sine the other one is negtiveF es the gussin width inresesD the energy deposited lso inreses nd theE refore s is the tngent slope t the originD leding to shrper propgtion speed nd onvergene t di'erent (nl distnesF sndeed the pro(le eing widerD the )me moves further wy from the mximum of temperture @set t T aIH mmA sine it ontinues to reeive preheted gsesD whih inrese the mixture enthlpy nd therefore the )me speedF he )me stops it moE tion when the imposed externl temperture pro(le hs no more impt on the wll nor the inner gs temperturesF roweverD s depited in pigF UFPS@AD the )me stedy position is loted downstrem from the extremity of the imposed temperture pro(leF time with a variation of the gaussian width for : T max =800 K, T =10 mm, φ=0.8. The dotted lines demarcate the limits of the imposed external prole in green for σ g =1 mm and red for σ g =16 mm. Only one limit of the σ g =16 mm prole is represented, since the other limit is negative.

o etter visulize the evolution of the temperture pro(les ording to the externl het soure pro(leD the initil nd (nl wll nd gs temperture proE (les re represented in pigF UFPT for the two seleted ses of gussin width σ g aIT mm @DA nd σ g aI mm @DdAF he initil nd (nl pro(les orrespond to stedy )mesF husD in (gures UFPT@A nd UFPT@dAD oth pro(les re superposed to etter oserve the temperture modi(tions etween oth sttesF he temperture pro(les llow to understnd the inrese in origin tngent slopes with the gussin widthD represented in pigF UFPSF sndeedD the externl temperture t the oordinte of the )me front is higher when the externl temperture pro(le is widerD leding to higher initil propgtion speedF hen ompring initil nd (nl stedy sttes of the )meD one n see tht in the se of σ g aI mmD the pro(les re perfetly superposedD while in the se of σ g aIT mmD slight di'erene is notle in the preheting re upstrem from the )meD with (nl temperture higher thn the initilF sn the ltter seD gret di'erene is oserved in the urned gs zoneD where the gs nd wll re still under the het soure in)ueneF roweverD these modi(tions hve no impt on the stility of the )me sine they re loted in the urned gsesF 7.4.4.2 Variation of T the distance heat source -ame front pirstD the in)uene of distne etween the )me front nd the het soure is evluted for two ses of gussin width vlueD σ g aIT mm nd I mm nd t (xed prmeters of φaHFV nd max aVHH uF foth ses re represented in pigF UFPU for T from S to IHH mmF sn the nrrow gussin width seD σ g aI mmD nd for distnes equl or under to T aPH mmD the root squre funtion inrese of the displement pro(le oserved in the experimentl )shk is retrievedF por distnes equl or ove to T aQH mmD the displement pro(le evolves to the exponentil inrese with deresing slope of the tngent to the originF rowever no pek movement of the )me is oservedF et T aIHH mm the heting soure hs no e'et on the )me whih remins stle t its initil positionF he onvetion of heted gs llows to inrese the )me speedD ut the )me does not reeive enough energy to propgte over old wllsD nd therefore do not reh the estlished therml environment of the wireF sn the wide gussin width seD σ g aIT mmD the two motion modes experiE mentlly oserved re retrievedF sn ftD for distnes under T aQH mmD the displement of the )me is ontinuous nd follows root funtion inreseF por distnes over T aQH mmD nd espeilly for T aRH nd SH mmD (rst phse of slow displement is oservedD followed y seond phse of shrp inrese in the )me propgtion speed nd then third phse of )me stiliztionF he se of T aQH mm is more spei(lly nlyzedF he wll nd gs tempeE rture pro(les re extrted for times right efore @t = 39.96 sA nd right fter @t = 40.0 sA the ifurtionD to identify the phenomenon using this rupt hnge in )me positionF st is seen tht the ifurtion ours when the gs temperture rehes the wll tempertureF he di'erene etween oth tempertures is redued leding to onvetion het )ux lose to zeroF he fored onvetion het )uxes re plotted in pigF UFPV@A to evlute the impt of the het soureF he mximum )ux in the )me front inreses s the )me gets loser to the het soureF hus the negtive het )ux upstrem from the )meD whih represents the wll preheting through xil ondutionD dereses highlighting the inrese in wll nd gs temperturesF he ifurtion ours when oth the )me front positive )ux is mximum nd the negtive )ux upstrem from the )me is minimumF husD the )me propgtes over nerly isotherml heted wllsD whih justi(es the high )me propgtion speedF efter the ifurtionD the onvetion het )uxes shift k to their initil sttesF es the energy given to the stedy system inreses with the mximum of temE pertureD the displement speed follows this tendeny in oth sesF herey the time onstnt to reh the (nl position gets lower s the temperture mxiE mum inresesF his time onstnt to reh (nl )me position is pproximtely Q times higher in the se of the nrrow gussin pro(le @σ g aI mmA thn in the wide gussin pro(le @σ g aIT mmAF 7.4.4.4 Variation of the operating point he hnge in operting point modi(es the methne mss )ow rteD s well s the men )ow rteF sndeedD higher is the equivlene rtioD greter is the men )ow speed t whih the )me stilizesD nd thus greter is the )me powerF herefore the )shk of the )me is studied for operting points from φaHFUS to HFWSD for the two gussin pro(le widths σ g aIT mm nd I mmF pigure UFQH represents the displements for the two vlues of σ g D with het soure pro(le pled t T aIH mm from the )me frontF he tendeny in oth grphs is similr X s the equivlene rtio inresesD the (nl )me position dereses nd gets loser to the T aIH mm positionD nd therefore the overshoot reduesF henD for the se of σ g aIT mmD the impt of the equivlene rtio is studied t T aQH mm nd represented in pigF UFQID sine t this distne nother motion mode ws oservedF he (rst notiele result is thtD y deresing the equivlene rtio from φaHFV to HFUSD the displement moves from the threeEphse motion mode to the twoEphse modeF henD from φaHFV to HFWSD in the (rst phse the origin tngent slope gets higher s the equivlene rtio inresesD nd in the third phse it is the ontrry s lowest (nl displement orresponds the highest to 0.95 σ g =16 mm at T =30 mm. equivlene rtio @s in the T aIH mmAF 7.5 Conclusion he response of stilized )me to therml perturtion is studied expeE rimentlly nd numerilly using oneEdimensionl omplex hemistry ompuE ttionD y imposing gussin temperture pro(le upstrem from the )meF ixperimentllyD the lolized het soure is hosen nd hrterized sptilly nd temporllyF eording to the distne etween the het soure nd the )me front two modes of propgtion were oservedF he )me )shk is numerilly reproduedD retrieving the two propgtion modes t the di'erent )me frontEhet soure distnesF he (rst mode is slow two phsed )me propgtionD for distnes under PH mmD whih is justi(ed y the positioning Part III -Transitory flames and perspectives IUU of the het soure in the preheting zone of the )meF sn the seond modeD for distnes ove PH mmD fst propgtion is oserved when the )me propE gtes over isotherml heted wllsF sn ftD the xil ondution t the het soure omined with the gs het retroession to the wlls nd with the )me preheting llow to reh n lmost onstnt temperture in the wlls etween the )me front nd the het soureF hus numeril prmetril study is rried out on the impt of the gussin widthD the mximum of temperture nd on the operting pointF rl types of plsm exist ording to their genertionF en exmple of plsm genertion is y using n eletri (eldF sn this seD the eletri (eld eleE rtes the eletrons omposing gsF he ollision of these elerted eletrons with neutrl moleules or tomsD produe pir of eletronEionD following the retionl sheme X e -+ n → i + 2e - with e -n eletronD n neutrl moleule or tom nd i n ionF he dditionl eletron n lso e elerted y the eletri (eld nd gin ollide with neutrl moleulesD produing plsm through this eletroni vlnheF he energy of toms ionistion is of the order of mgnitude from few to tenth of eletronvoltsF yne retedD the hrged speies n e lost either y interting with retors surfesD y di'usion @ollision or uoynyA or y reomintion to other speies ording to the type of plsmF o mintin plsm energy needs to e dded ontinuouslyF e plsm n e t equilirium or nonEequilirium stteF he vol hermoE dynmi iquilirium @viA is de(ned y stte where the temperture of the eletrons nd hevy @ionsD neutrlA speies re the smeF st is rehed when the dishrge energy is su0ient nd long enoughF er plsm or fusion plsm re exmples of equilirium plsmsF he role of hemil nd ionistion proE esses depend strongly on the gs tempertureD the eletron temperture nd the plsmF xon equilirium or nonEtherml plsms re plsms where the temperture of the eletrons is di'erent from the hevy prtiules temperE tureF wost of lortory dishrges re nonEtherml plsmsF 8.1.2 Plasma diversity o illustrte the plsm diversityD it is ommon to plot the eletron temperture ording to the verge eletron numer density s represented in pigF VFIF he lssil plsm over plsm from strophysisD industril (elds or loE rtory plsmF hree min ommunities ome out of this X oldD hot nd sptil plsmsF Cold or non-thermal plasmas re wekly ionizedD reted in neutrl gs @usully rgon or xenonA y n externl eletromgneti energy soureF he hoies of gsD pressureD retor geometry s well s the hrteristis of the energy soure @frequenyD sored power etFF A determine the type of diE shrgeF pigure VFI represents the min types of dishrgeF sully the density of hrged prtiles @eletrons or ionsA is very wek ompred to the neutrl speies densityD therey the ionistion rtes re very low @IH -5 to IH -1 AF sn view to mss rtiosD the momentum trnsfers re very wek from eletrons to neutrls nd very e0ient from ions to neutrls @similr mssAF hereforeD the tempertures of the eletrons nd hevy speies @ionsD neutrlA re very difE ferent in old plsm t low pressure X old plsms re not t thermodynmi equiliriumF gloser to tmospheri pressureD s the ollision rte inreses the eletrons nd hevy speies tend to hve similr temperturesD nd the plsm tends to reh therml equilirium @viAF Hot plasmas re reted t high eletroni density nd high eletroni temE pertureF hese plsms re ompletely ionizedF ixmples of these industril plsms re mgneti on(nement okmksD lser on(nement @inertil fuE sionA or mgneti ompression @EpinhAF Spatial plasmas re for instne omposing stellr interiorF everl plsE ms re lso oservle in erth environmentD like lightningD uror orelis or ionosphereF ell these types of plsms hve di'erent possile pplitionsD ording to the demnd X energy produtionD hrged speiesD photon emissionsD etFFF 8.1.3 Plasma applications sn the industryD plsm hve lots of possile pplitionsF rot plsms re minly developed in wy to produe energyF xon equilirium plsm re IVP Chapitre 8 -Perspectives : Plasma assisted combustion usully used s onvertor of eletromgneti energy into other forms of energyF ome exmples of onversion of eletromgneti energy re X

• gonversion into photons emission @plsm sreenD lsersD lightingFFFA • gonversion into kineti energyD soure of hrged prtiles @eletrons emD ioni propulsionD ion soureFFFA • gonversion into hemil energyD soure of hemilly tive speies X surfe deontmintion @frndenurg et lF @PHIVAY hsn et lF @PHIVAY woisn et lF @PHHIAAD steriliztionD medil pplitions suh s ner tretmentsD remeditionD surfe tretmentD etFFF everl types of plsm re lso rodly used s wy to ssist omustionF 8.1.4 Plasma-assisted combustion (PAC) he plsm oupling to omustion hs een extensively studied in the reent dedesF sn ftD it ws proven to enhne the )me9s ignitionD stility nd extend )mmility limitsD ut lso redue pollunt emissions nd inrese fuel e0ienyF everl types of plsms n e used in the ssistne of omustionF pirstD equilibrium plasma n e used like plsm torh @fri et lF @IWVWAY E kit et lF @PHHSAY tosen et lF @PHHVAA or sprk plugF henD non equilibrium plasma n lso e used like nnoseond repetitively pulsed dishrges @nheshnyi et lF @PHHTAY trikovskii et lF @PHHTAY fo et lF @PHHUAY uosE rev et lF @PHHVAAD mirowve dishrge @iskov et lF @PHHRAY tokmn et lF @PHHUAAD oron dishrge@ng et lF @PHHSAAD dieletri rrier dishrge @uim et lF @PHHSAY ymrello et lF @PHIHAA or gliding r dishrge @ymrello et lF @PHHTAY ymrello nd tu @PHHVAY ymrello et lF @PHHVAAD etF sndeedD using nnoseond pulsed plsm dishrges @xhAD uim et lF @PHIHA showed n extension of the )mmility limit y IH7 in the stiliztion of ultr len premixed methneGirF st is demonstrted tht smll mount of r 2 nd gyD generted in strem of dishrgeEtivted speiesD plys role in enhning the stility of the premixed )meF husD in ill et lF @PHHTAD nE noseond repetitively pulsed plsms @xA is shown to improve omustion e0ieny nd inrese the len )mmility limit of IPFS k len turulent premixed propneGir )meF he plsm power represents less thn I7 of the )me powerF he )mes with nd without plsm dishrges re represented in pigF VFPF yn this (gureD one n see tht the retive zone is lrger with plsm nd new emission region existsF sing spetrosopi mesurementsD n inrese of free rdils onentrtion in the )me hs een oservedD possily explining the )me enhnementF sn sme wy in fros et lF @PHISAD the stility domin of premixed propneGir )me in swirled urner is shown to e gretly extended y the ddition of x dishrges in the )meF he plsm power represents round I7 of the )me powerF he len extintion limit is found to e four times lower with plsmF es in ill et lF @PHHTAD the importne of the dishrges repetition frequeny on the omustion e'etiveness is oservedF ghnging type of plsmD ymrello et lF @PHHVA studied the kineti ignition enhnement in methneGir nd hydrogenGir ounter)ow di'usion )me urE nersD using mgneti gliding r @wqeAD non equilirium plsmF he explE ntion of the mehnisms of enhnement through experimentl nd numeril nlysis is exposedF sndeedD the signi(nt kineti ignition enhnement y the wqe plsm is shown to e due to xy x D the ignition regime depending on the onentrtion of xy dditionF egin introduing nother type of plsmD ymrello et lF @PHIHA studied exE perimentlly nd numerilly the therml nd kinetis e'ets of ozone on )me propgtionD using hieletri frrier hishrge @hfhA to produe ozoneF he )me is propneGoxygenGnitrogen lminr lifted )meF ixperimentllyD with IPTH ppm of ozone ddition to the oxygenGnitrogen oxidizerD the )me proE pgtion is enhned y V7F xumerillyD in the preheting reD the ozone deomposition produes tomi oxygen whih will ret with the fuel nd proE due hydroxide @yrAF sn prllelD the ozone retion with tomi hydrogen @rA produes more hydroxideD whih will ret with fuel nd fuel frgments proviE ding hemil het relese leding to n inrese in )me propgtionF yne onlusion of this study is tht the kinetis e'ets re greter thn the therml e'ets in this omustion ssistne y ozone produtionF pinllyD in olk et lF @PHIQAD mirowveEssisted sprk ignition were used to IVR Chapitre 8 -Perspectives : Plasma assisted combustion enhne the development of lminr methneGir )meF he ssistne results in n inrese of the )me kernel size leding to n inrese in the )me speedD nd n extension of len nd rih ignition limitsF sn ftD ghen nd tu @PHHUA nd ghen et lF @PHHWA showed tht the minimum ignition energy is linked to ritil )me initition rdius whih is strong funtion of the mixture veE wis numerF fy reking lrge fuel moleulesD the lewis numer is redued nd therey the ignition kernel size gets greter thn the ritil )me initition rE diusD whih explins the enhnement e'ets of the plsm in olk et lF @PHIQAF sn the litertureD severl types of )me enhnements re exposed nd deE monstrtedD using di'erent kinds of nonEtherml plsmF o sum upD those enhnements re represented in pigF VFQF wirowve dishrges re usully non equilirium plsmsF hey re generted in prtiulrD using the propgtion of surfe wve t ultr high frequeniesD usully in qurtz pillryF e very e0ient lunhing devie for suh wves is lled surftronD powered y mirowve plsm soureF he otined plsm is highly reproduile @woisn et lF @IWURAY woisn et lF @IWUWAAF he min dvntge of using mirowve plsms to ssist omustion is tht there is no eletrodesF sn ftD the exittion eing t high frequeny @PFRS qrzAD the ions nnot follow the eletromgneti (eld vritionsF he dishrge is therey lmost ontinuousF xot eing under n eletromgneti (eld in the omusE tion hmer is indeed n dvntge sine it hs een extensively oserved tht eletromgneti (elds hve n impt on )me ehvior nd therey it is nother e'et to deorrelte from the hemil nd therml ssistne when using plsm ssisted omustionF husD eletrodes re intrusive nd di0ult to insert into lredy existing on(gurtions nd n onstitute )me holdersF herefore oth re onsiderle dvntges to the mirowve on(gurtionsF woreover mirowve plsms hve high oupling e0ienyD long life time nd n operte under high or low pressures @ o et lF @PHIIAAF husD plsm ssisted omustion studies using mirowve plsm demonstrte n in)uene on the )me strutureD volumeD speed nd temperture nd extend the fuel len )mmility limitsF sndeedD rong nd hm @PHHTA nd fng et lF @PHHTA showed signi(nt temperture inrese using plsm torhes urnersD y injeting hydrorons into the plsm torh generted y ir nd irEoxygen mixtureF sn remwn et lF @PHHTAD the study of oupled plsm to premixed methneGoxygen )me in torh urner demonstrtes tht IH ddition of mirowve power to the omustion llows to extend the len )mmility limits @equivlene rtioA y S7 to IP7 @W7 in vergeAF sn the work of reE mwn et lF @PHHWAD using di'erent pplitorD the e'ets of the plsm on the )mmility domin n e oservle with even less mirowve power dditionF pigure VFR depits the )me extintion limits urves with severl miE rowve power dditionF he e'et of the plsm power input is lerly visile s the len )mmility limit is extendedF tokmn et lF @PHHWA studied the enhnement of lminr premixed meE thneGir )t )me y mirowve ssistneF en inrese up to PH7 of the lminr )me speed is oserved s well s temperture inrese from IHH to PHH uD nd n inrese in the pek hydroxide @yrA numer densityF vE ter onD rmmk et lF @PHIIA nd rmmk et lF @PHIPA used tmospheri mirowve plsm dishrge s diret oupling to stoihiometri premixed methneGir resulting in etter stiliztion of the )me t high )ow rtesD the elimintion of soot prtiles nd the redution in )me front disontinuiE ties for rih premixed )owF st is estlished tht mirowve plsm helps to initite omustion through methne deomposition y filitting dditionl hemil pthwysF pigure VFS illustrtes the evolution of the methneGir )me @ottomAD its verged temperture @middleA nd yr numer density @topA t severl plsm powerF hey proved tht the yr numer density n e inreE sed up to SH7 nd the omustion temperture up to RH7 with the plsm ssistneF wore reentlyD u et lF @PHISA presented n upEtunning nd downEtunning of premixed nd nonEpremixed methneGir )mesF he upEtuning represents n inrese of the plsm power until seeing e'ets on the injeted fuel premixed @ignitionEstilistionAF por the downEtuningD the plsm is strted t high poE wer with n ignited )meD nd lowered until )me extintionF he oupling of the omustion gs nd the plsm is performed using ross of three qurtz tues of R mm inner dimeterF he omustion gs re injeted in the vertil tues nd the mirowve plsm is generted in rgon in the horizontl tueF he )me is stilized in the mient irF pigure VFT@A illustrtes the up nd downEtunning of premixed )meF st n e oserved tht the initil ignition requires more power sine the )me ignites t SH in the upEtunning while it remins stle down to PH in the downEtunningF et sme power of QH the spetrl emission di'ers etween the up nd downEtunningD highlighting di'erent hemil retion pthwys involvedF husD the e'ets of plsm power on the )me ignition nd stiliztion limits re represented in pigF VFT@AD where the lowest plsm power t whih rgon plsmEssisted omustion )mes re oserved is plotted ording to the fuel equivlene rtioF he premixed urve plotted in pigF VFT @leftA displys minimum of power t n equivlene rtio lose to HFTF he plsm power neessry to ignite )me inreses for equivlene rtios lower thn HFTF his is due to the ft tht the het losses to the surrounding gs re more importntD nd the ignition dely is higher for lower equivlene rtiosD onsequently more power ssistne is neededF henD for equivlene rtios higher thn HFTD the power needed to ignite nd stilize )me lso inresesF his phenomenon is explined y the quenhing of the plsm y the fuel whih inreses with the equivlene rtioF his minimum estlishes n optimum equivlene rtio for the ssistneF o onlude this literture reviewD the ility of the mirowve plsm to inE tert with omusting hydroron systems in order to provide enhnement t di'erent levels is demonstrtedF husD with two mjor dvntgesD eing no eletrodes nd no eletromgneti (eld in the omustion hmerD the miE rowve plsm is good ndidte in the hoie of plsm to ssist the previously introdued mesosle )meF he experimentl investigtion on this oupling is exposed in the following setionF he surftron is oxil vity with n end gpF et this gpD the eletri (eld rehes its mximum of intensity nd gs rekdown oursF he eleE tron density is mximum t the gp lotionF he surftron is lled surfe wve lunher sine it genertes surfe wves propgting long the pillry surfe @dieletriA nd the plsmF he wve only propgtes t high enough plsm densityF st is sored y the plsmD nd s its power dereses with the distne from the surftron gpD the plsm eletron density dropsF he mirowve plsm vity is powered y PFRSEqrz ontinuous wve @gA miE rowve plsm soure @ete snterntionlA vi HFTEm lowEloss oxil le @vwERHHD imes wirowve ystemsAF en impedne mthing stu is pled etween the mirowve genertor nd the surftron to redue the re)eted poE werD nd therefore mximize the power trnsmitted to the plsmF he typil frtion of trnsmitted power to plsm is on the order of PH7F he power input to the system is vried from S to SH F snresing the miroE wve plsm power leds to greter plsm lengthF husD sine the surfe wve generted y the surftron propgtes in oth diretionsD the plsm exE tends upstrem nd downstrem from the surftron gpF hue to the rgon )owD the plsm is symmetrilD with greter length downstrem from the gpF reneD t sme mirowve powerD inresing the )ow speed leds to longer extend of plsm downstremF he ommonly dopted lw of ssisted omustion y plsm is tht the plsm power represents one perent of the )me powerF sn the present seD this lw is not respeted sine the verge )me power is IH @depending on the methne mss )ow rteAF herey the plsm power is of the sme order or greter thn the )me powerF plasma to a premixed lean methane/air ame. The combustion gas ow through the primary injection(s), and argon through the secondary injection. The rst conguration is referred as orthogonal and the two latter as parallel, depending on the ame propagation direction and the plasma injection.

he two (rst on(gurtions re shpedD nd the third one is ross shpedF ell the on(gurtions re omposed of min injetion of omustion gs @oxygenD methne nd nitrogenA in the U mm externl dimeter tue@sA nd seondry injetion of rgon in the qurtz pillryF sn order to ompenste for the input of rgon nd mintin onstnt equivlene rtioD the rgon mss )ow rte is sutrted from the rte of nitrogen in the min injetionF herey the totl mss )ow rte nd equivlene rtio re onserved ompring with on(gurtion without plsmF sn the rst conguration @top leftAD the min injetion is unique nd the Part III -Transitory flames and perspectives IWI seondry )ow meets the (rst one t the enter of the min tueF his on(E gurtion llows good ontrol of the )me position ording to the pillry entrneF sn the second conguration @top rightAD the min injetion ws douled nd hole ws drilled in the min tue stright in front of the seonE dry injetionF he mss )ow rte of the min injetion ws divided etween the two injetionsF he )me stiliztion is etter ontrolled sine the )me gets nhored t the hole9s edgesF sn the third conguration @ottomAD the min injetion is lso douled nd tue of the sme dimensions s the omustion tue is merged stright in front of the seondry injetionD reting rossF he (rst on(gurtion is referred s orthogonl sine the xis of the pillry @ z on pigF VFUA is orthogonl to the x xis of the omustion tueF hereyD the )me propgtes orthogonlly to the plsmGrgon )ow inputF he seond nd third on(gurtions re referred s prllelD sine the pillry nd omustion tue xis @or hole in the se of the seond on(gurtionA re prllelD nd therey the )me propgtesGstilizes longside the plsmGrgon )ow inputF wo min issues re highlighted in these on(gurtionsF he (rst issue is the therml input of the rgon gsD heted t the plsm genertionF sn ftD the rgon temperture t the exit of the pillry is round SPH uF reneD the therml e'et on )me hs een studied in the previous setionsD nd the sensitivity of the )me to het input is very highF herey the het input nnot e deorrelted from the hemil dditionD nd if stiliztion is oservedD it nnot e ssigned only to the hemil e'etF he seond issue lys on the seondry injetion inside whih the mss )ow must e importnt to extend the plsm downstrem nd y thtD onvet the hrged speies to the fresh gsesF rowever the dimensions of the pillry @I mm inner dimeterA led to n rgon )ow speed seven times higher thn the omustion tue )ow speedD for the mximum mss )ow rte usedF his jet )ow uses )me instilities whih prevents )me stiliztion lose to the pillry exitF hus in suh onditionsD the rgon is not mixed to the omustion gs leding to lol equivlene rtio higher thn expetedF pigure VFW illustrtes the distortion of the )me due to the inoming rgon )owD in the (rst on(gurtionF he )ow retes hole in the )me sine rgon is neutrl in omustion retionsF 

1 =648 ml•min -1 (U 1 =55 cm•s -1 ) and secondary injection Q 2 =150 ml•min -1 (U 2 =318 cm•s -1 ).
sn prllel on(gurtions @P nd QAD the loser the )me is from the pillry output the more instle it getsD ut the more hemil nd het ssistne it reeives from the plsmF pigure VFIH depits top view snpshots of the time evolution of )me nd plsm in the third on(gurtionF he )me osilltes until it )ows upstrem to the injetion tues nd extinguishesF xo stility ws rehed in on(gurtions P nd QD mening tht the plsm het nd hemil ssistne do not ompenste for the hydrodynmi instilities reted y the pillry outputF he onlusion drwn from these oservtions is tht the plsm must e geE nerted in lrger qurtz tue to reh )ow speed in the sme order of mgnitude to the one used in the omustion tuesD nd therey not disrupt the )me stilityF he )me ould then e pprohed from the rgon plsm nd n ssistne ould possily e oservedD s estlished in the literture @u et lF @PHISAAF 8.2.3 Conguration showing an inuence of the plasma on the ame stabilization e lst on(gurtion ws onsidered in order to oserve n in)uene of miroE wve plsm on the studied methneGir )meF his on(gurtion represented in pigF VFII is prllel ounter)ow on(gurtionF sndeedD the rgon pillry is inserted t the free end of the omustion tueF he omustion gs injetion is mde from left to rightD nd the rgon is injeted from right to leftF e )me is ignited in the omustion tue t φaHFWS nd 1 aRUI ml•min -1 @ 1 aRH m•s -1 AD nd plsm is generted t plasma aSH D 2 aTH ml•min microwave plasma to a premixed lean methane/air ame. The primary injection of combustion gas is from left to right while the argon is injected through the secondary injection from right to left.

@ 2 aIPU m•s -1 AF he )me is pled upstrem from the plsmD t few milE limeters from the pillry outputF he seondry mss )ow rte is then inE resed from 2 aTH ml•min -1 to ISH ml•min -1 @ 2 aQIV m•s -1 AF he )me retion to this seondry injetion mss )ow rte inrese is represented on time evolution side view snpshots in pigF VFIPF (U 1 =40 cm•s -1 ). The plasma power is set to P plasma =50 W.

he time evolution illustrted in pigF VFIP shows tht the )me (rstly )ows IWR Chapitre 8 -Perspectives : Plasma assisted combustion upstrem with slight rottion @taVQ ms nd PWP msAD s if pushed y the inrese in rgon mss )ow rteD nd then stilizes on one side of the pilE lry @taQQQ ms nd QUS msAF sn this on(gurtionD the rgon mss )ow rte is not sutrted from the nitrogen input in the primry injetionD therey fter the pillry injetionD the equivlene rtio dereses nd totl mss )ow rte inresesF sn the se desried in pigF VFIPD with seondry mss )ow rte of 2 aTH mlFmin -1 D the lol equivlene rtio dips to φaHFUU nd the totl mss )ow rte inreses to tot aSQI mlFmin -1 leding to men )ow speed round the pillry of tot aRU m•s -1 F es the seondry injetion is inreE sed to 2 aISH mlFmin -1 D the lol equivlene rtio drops to φaHFTT nd the totl mss )ow rte inreses to tot aTPI ml•min -1 leding to men )ow speed round the pillry of tot aSS m•s es previously mentionedD this stiliztion n e due to two phenomen X the therml ssistne of the plsm with n rgon )ow preheted y the plsm genertionD nd the prodution of hrged nd exited speies enhning the omustionF sn order to investigte the e'ets of therml ssistneD two ses re studiedF sn oth sesD the sme protool is used onerning the previously desried inrese in seondry mss )ow rteF sn the (rst seD the )me is ignited nd positioned lose to the pillry outputF he pillry is therey heted y the )me urned gsesF sn the seond seD the rgon )ow is preheted y pling torh I m upstrem from the pillry outputF husD s in (rst seD the pillry is heted y the )me urned gsesF por oth sesD the rgon mss )ow rte is then inresed from 2 aTH to ISH ml•min -1 F he )me retion Part III -Transitory flames and perspectives IWS to this rgon mss )ow inrese is represented in pigF VFIR@A for the (rst seD nd in pigF VFIR@A for the seond seF Figure 8.14 Two possible thermal eects are tested, in the rst case (left) the capillary is heated in contact to the ame burned gases and in the second case (right) the argon gas is preheated by a torch 1 cm upstream from the capillary output, and the capillary is preheated by the ame burned gases. The secondary mass ow rate is increased from Q 2 =60 to 150 ml•min -1 , and the ame reaction to this mass ow increase is captured by snapshots of the ame.

sn oth sesD the )me is pushed upstrem s the rgon mss )ow rte inE resesD rottes nd then )ows downstrem round the pillry until rehing the end of the omustion tueF herefore no )me stiliztion ould e oE servedF ithout ny quntittive mesurementsD these results show (rst pE proh to )me ssistne y the mirowve plsmF o onludeD the gol in this setion ws to suggest on(gurtion were hemil e'et of the plsm on the studied )meD y deoupling the therml e'ets from the hemil onesF he stiliztion of )me ws oserved t lower equivlene rtio nd higher )ow rteF roweverD no quntittive meE surements were rried outD nd further work should e done to hrterize the system X quntify the therml e'et @wll tempertureAD estimte the hrE ged nd rdil speies proportions in the fresh gsesD etFFF he ounter)ow on(gurtion ws the produt of long quest in merging the two existing on(E gurtions of omustion nd plsmF his setion enters into the perspetives of the presented workF IWT Chapitre 8 -Perspectives : Plasma assisted combustion 8.3 Implementation of a plasma modelisation into the previously introduced 1-D complex chemistry code (REGATH) he im of this setion is to numerilly investigte possile hemil sE sistne to stedy one dimension methneGir )meF o do soD high level of x dishrges modeling developed y gstel @PHITA is usedF his model ws implemented in the omplex hemistry ode iqer nd dpted to the previously exposed modelistion of omustion @gstel et lF @PHITAAF 8.3.1 Model description and addition of the plasma to the previously established equations in steady conguration xnoseond epetitively ulsed @xA dishrges re nonEequilirium plsE msD of highEvoltge @tens of kilooltsA pulses lsting tens of nnoseondsD nd repeted t ulse epetition prequeny @pA of the order of tens of kiloE rertzF hree x regimes existD the oronD glow nd sprk dishrges orE ding to the dishrge prmeters @pD redued eletri (eld iGxDFFFAF wo min energy trnsfers our during dishrge in irD hving diret impt on the )owF pirst the exittion nd relxtion of eletroni sttes of nitrogen moleules following two steps X

N 2 (X) + e -→ N 2 (A, B, C, a , ...) + e - @VFIA N 2 (A, B, C, a , ...) + O 2 → 2O + N 2 (X) + heat @VFPA
with N 2 (X) nd N 2 (A, B, C, a , ...) respetively ground stte nd eletronilly exited nitrogen moleulesF his lst step leds to n ultrfst heting of the gs nd oxygen moleules dissoitionF yxygen moleules dissoition n lso result from diret eletronE impt following X

O 2 + e -→ 2O + e - @VFQA
he seond energy trnsfer ours through the exittion nd relxtion of virtionl sttes of nitrogen following X 

N 2 (X) + e -→ N 2 (v) + e - @VFRA N 2 (v) → N 2 (X) + heat @VFSA
ρ g ∂Y k ∂t + ρ g U ∂Y k ∂x = - ∂ ∂x [ρ g Y k V k ] + W k ωc k + W k ωp k @VFVA ∂ρ g e vib ∂t + ∂ρ g U e vib ∂x = ∂ ∂x ρ g α N 2 ∂e vib ∂x + Ėp vib -Ṙp V T @VFWA ρ g ∂H g ∂t +ρ g U ∂H g ∂x = ∂ ∂x k g ∂T g ∂x + Ėp chem + Ėp heat + Ṙp V T - K k=1 ρ g Y k V k H k -Qcvfg @VFIHA ρ w C pw ∂T w ∂t + ∂ ∂x k w ∂T w ∂x = Qcvn -Qcvfs + Qrad @VFIIA
with e vib the virtionl energy nd ωp k the molr prodution rte ssoited with speies dissoition due to plsmF where X Qcvfg = 2 r i h i (T g -T w )

the gs fored onvetion het losses to the wllD 

(x) = erfc (x -x cd ) 2 (w P /2) 2 2.5
@VFIPA with x cd = d P -w P /2 the dishrge enter oordinteF he prmeters re omputed to ensure tht the re de(ned y the spe (lter is equl to π(xx cd ) 2 F he hrteristi time of the )me motion in )shk is of the order of hunE dreds of seondsD nd thereyD millions of dishrges of τ pulse aSH ns would e neessry to oserve omplete )shkF rereD the hoie is mde to impose ontinuous dishrgeD the numer of dishrges is set to one nd the dishrge time is set very high @τ pulse aIHH sAF fy doing soD the relxtion from the virE tionl sttes of nitrogen is not representedD therey the dishrge gs heting linked to this phenomenon is not tken into ountF hese hypothesis re mde s (rst step to test the ode oupling with the plsm modeling nd to see if e'ets of the dishrge on the )me re oservleD nd to try to distinguish the therml e'ets from the hemil e'etsF en energy nd distne rtogrphy of the dishrge is rried outD keeping onstnt width of w P aS mmF the axial coordinate, with a stabilized ame at the zero coordinate. The zoom on the discharge area is represented on the right. The deposition energy is varied.The end deposition coordinate is d P =-6 mm and the deposition width is w P =5 mm. he dishrge is hrterized y drop in y 2 speiesD whih is dissoited in y speiesD nd therefore pek in y speiesF he more energy is given to the dishrge the more dioxygen moleules re dissoited nd thus tomi oxygen speies retedF roweverD the inrese in y speies only ours within the dishrge widthF husD minimum energy is required for the dissoition to ourD nd thereforeD under i p aIH 5 t•m -3 D no dissoition is oservedF sn experimentl studiesD it ws estlished tht x dishrges hve n impt on yD yr nd r speiesD whih re speies ruil for omustionF sn order to mesure the in)uene of the presented deposition upstrem from the )me front on yD yr nd r speiesD their mss frtions re represented in pigF VFIVD for severl deposition energiesF yn the dishrge zoom @rightAD n inrese of yr speies n e oserved in the dishrgeD for the highest input energyF husD in the glol pro(le representtion es depited in the zoomD the smoothing of the funtion up to the oordinte x = -12 mm leds to the pek of speies ner this oordinteF he more energy is given to the dishrgeD the lrger smoothing of the dishrge is extendedF his PHP Chapitre 8 -Perspectives : Plasma assisted combustion (rst pek is followed y derese of the speies mss frtionD highlighting non liner reominisonsF he temperture pro(les of wll nd gs re represented in pigF VFPHF st n e noted tht in the re of the depositionD n inrese of gs temperture is oserved for the highest deposited energyF hereforeD under the deposition energy of i p aIH 7 t•m -3 D no e'et on gs temperture is notieleF The end deposition coordinate is d P =-6 mm with a width of w P =5 mm. en impt of the dishrge is oserved on the yD y 2 D yr nd r speies within the dishrge width ut lso in the )me frontD nd on the temperture pro(le of the wll nd gsF he study is therefore rried out for severl end deposition d p in stedy )me on(gurtionF 
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Conclusion

his hpter is presented s perspetives of further work to ssist )me using plsmF ixperimentlly on(gurtion ws found to oserve n ssistne on stilized )meF sn this ounter)ow on(gurtion new )me stiliztion ws oservedF rowever no quntittive mesurements were performedF xumerillyD PHR Chapitre 8 -Perspectives : Plasma assisted combustion n existing x plsm modelistion is usedD dding the wll to the retive mixture omputtionF he e'ets on the )me re oserved t severl plsm deposition distnes from the )me with n inrese of the yD yr nd r speies in the )me frontD nd with higher stiliztion )ow rteF hese e'ets re only oserved for deposited energy higher thn threshold vlueF rowever the dishrge lso retes therml ssistne s the deposited energy is PH7 trnsformed into het soure termF purther work on the deoupling of these e'ets nd on the ssistne must e rried outF

Conclusion

Thesis achievements sn ontext of reduing devies sle nd inrese their portilityD the nrrow hnnel omustion shows gret potentil for power supplyD onsidering the high energy density of hydroron fuelsF roweverD mjor issue of omusE tion t this sle is the mssive het losses due to high surfeEtoEvolume rtioF sn the litertureD miro nd mesosle omustions re mostly studied ompensting these het losses y ssisting the )me nd therey extending the )mmility limitsF etD few studies were rried out on )mes in 4nturl environment4D without externl ssistneD nd therefore evluting the posE siility to use this omustion s power supplyF he ojetive of the present work ws to provide etter understnding on the stiliztion mehnisms of )mes in nrrow hnnelsD onsidering ll het exhnges from the inner gs to the mient ir X fored onvetionD wll ondutionD nturl onvetion nd solid rditionF xo ssistne ws given to the ompenste the het losses or extend the )mmility limitsD therefore in (rst prt the limits of the system were estlishedF hen the di'erent )me regimes nd shpes were hrteriE zed experimentlly nd ompred to oneEdimensionl numeril omputtionF he (rst prt of this work ws foused on delimiting the systemD on justifying the on(gurtions studied nd on vlidting the dignostis usedF ixperimenE tllyD the on(gurtion studied ws seleted so tht no externl ssistne of the )me ws neededF hereforeD the limits of the system re determined y this onditionD (xing the tue length to otin onstnt nd equl wll nd gs temperture upstrem nd downstrem from the )meF he lower limit in urner dimeters is (xed y the quenhing distneD under whih no )me n propgte without ssistne nd whih depends on equivlene rtioD tempeE rtures nd fuelF husD temperture mesurements re ruil prmeter of the het exhnges hrteriztion nd therefore of this workF reneD vser sndued hosphoresene @vsA ws implemented nd vlidted s dignosti over smll dimensions tuesF he omprison to thermoouple mesurements llows to ssess the ury of the two tehniques over di'erent rnges of temE perturesF st is estlished tht oth mesurements re omplementryD sine the thermoouple mesurements hve greter ury in low tempertures while the vs mesurements re more relile in reproduing the mximum of PHT Conclusion temperture rehedF o estlish n 4idel4 temperture pro(leD oth tempeE rture mesurements re neessryF he het exhnges hrteriztion of stedy system ws rried out in the seond prt of this workF vooking t the hrteristi timesD the wll ondution ws estlished s the slowest therml exhngeF herefore rtio of this ondution time over the )me resideny hrteristi time ws lulted s n inditor of the )me regimeF hen this rtio is under unityD the therml estlishment is rehedF yn the ontrry when the rtio is greter thn unity the )me is propgting over isotherml wllsF he stedy regime of )me ws (rstly hrterized experimentllyF es exE posed in pigF VFPQD unique stedy )me is otined for three input prE meters X the tue dimeterD the equivlene rtio nd the tue position @hoE rizontlGvertilAF hese stedy )mes re hrterized y their temperture dominD ut lso y their shpes nd orienttionsF hese prmeters revel the strong impt of the therml intertions on the )me regimesF sn ftD y reduing the tue dimeterD the surfeEtoEvolume rtio inreses leding to greter het losses nd therefore higher trnsfer rte to the externl irF roweverD the stility domin of the )me is reduedF henD fter literture review nd using theoretil nlysis on fored nd ntuE rl onvetion over heted ylinders in vertil nd horizontl positionD the het exhnges re sizedF fsed on this hrteriztionD nd to enhne the desE ription nd knowledge on the het exhngesD oneEdimensionl omplex heE mistry ode is used to ompute )mes in simultion lose to the experimentF he resulting )me speeds nd tempertures re in good greement with the experimentsF husD n nlysis of the het )uxes llows to etter understnd the therml estlishment of the )meD nd to ompre the involvement of the di'erent het exhnges in the stiliztionF fy thtD the importne of qurtz rdition on wll temperture is demonstrtedF husD it is omputed tht WT7 of the )me power is trnsmitted to the mient ir through nturl onvetion nd rdition for n equivlene rtio of φaHFVF he preheting of the fresh gs represents R7 of the )me powerF es the equivlene rtio inresesD the perE Conclusion PHU entge of )me power trnsmitted to the externl ir inresesF hese vlues lerly show n overestimtion of the externl het )uxesD however they put in relief the tendeny of het exhngesF woreoverD in stedy experimentl oservtions the )me shpe nd orienttion highlight the presene of symmetry reking phenomenF pirst y ompring horizontl nd vertil )mes nd then using two dimensionl hx simultion proessed y gyse l reserh tem @uFfioheD qFiert nd vFervishAD the origin of this tilt ws ttriuted to grvity e'etsF sndeedD y deoupling the het e'ets from the grvity the )mes remin symmetrilD with n inliniE son ngle lower thn in the oupled seF his slight inlinison is demonstrted to e used y the rolini torque response to grvityF pinllyD the third prt of the presented work reltes the response of )me to n upstrem temperture perturtionF his (nding is n originl wy to moE dify the )me lotionF hrough the hrteriztion of this trnsitory regime towrd the therml perturtionD the het exhnges mehnisms re nlyE zedF sn ftD two modes of propgtion re oserved ording to the distne etween the )me front nd the het perturtionF he (rst mode is slow propgtionD where the )me is lredy in ontt with the het soure tempeE rture pro(leF sn the seond modeD the )me propgtes over isotherml wllsD with high propgtion speedD efore rehing stiliztionF he initil nd (E nl sttes of the )mes re ompred nd shown equlD mening tht the )me moves from stedy regime to nother through this trnsitory trnsltionF Perspectives he improvements nd perspetives of the presented work n e further disE ussed in severl (eldsF e (rst xis of improvement would e to determine the origin of the )me symmetry in vertil tuesF sn the sme wy mirogrvity experiments ould e pursed to further understnding on the e'ets of grvity on the )mes in nrrow hnnelsF sn seond xisD rehing etter ompE rison etween experimentl mesurements nd numeril omputtions ould e hievedF sn ftD euse of the dimensions of the miroEurnersD few digE nostis re fesile leding to di0ulties to quire quntittive dtF yn the other hndD the omplex oupling of therml exhnges mkes the modeling hllengeF es third xisD the optimistion of miroEurner ould e rried outD whih ould led to smllEsle power soure deviesF he im is then to inE rese the het ville outside from the tueD nd therefore enhne the )me power nd the e0ieny of the systemF o optimise the het trnsferD the wll ondutivity n e vriedF roweverD it n led to rek in )me stilityF o void thtD n ssistne to )me stility is neessryF sn the introdution hpter of this workD severl possile ssistne re exposedD espeilly thermlD hemil nd mehnil ssistneF es hemil ssistneD the use of plsm is onsidered in the lst hpter of the presented workF st ws shown experiE PHV Conclusion mentlly tht with the use of the plsm in ontt with the )meD the mss )ow rte ould e inresed leding to n inrese in )me powerF xumerillyD the plsm ddition lso leds to n inrese in the stedy mss )ow rteF purE ther work on this oupling must e rried out for quntittive dt nd to distinguish the therml e'ets of the plsm on the )me from the hemil onesF enother possile hemil ssistne is the tlyti omustion presenE ted in the introdutionD whih hs gret potentil in )me stiliztion nd in enhning the therml exhngesF pinllyD severl pplitions using therE ml ssistne re lredy sumitted to ptentsD suh s the swissEroll urner or n integrted miroEomustion power genertor tht onverts hydroron fuel into eletriity @tent numer X VDTVTDPUVfPAF husD very reent stuE dies @wilrek et lF @PHIWAY wilrek nd ehn @PHIWAA showed tht with two stges omustor using methneD high power density @bQHH m•m -2 A nd high eletril e0ieny @bIFP7A re hieved for equivlene rtios elow IFTF roweverD s these omplishments re hievedD new hllenges re unveiled nd the dilemm of otining high power densityD high eletril e0ieny nd no soot is disussedF st is evidentD thenD from ll tht ws exposed tht miro nd mesosle omustion re promising (eld of reserh nd tht it hs right future s portle power soureF Références ehryD F nd F uF hsh @PHIUAF xturl gonvetion ret rnsfer prom hort or vongD olid or rollow rorizontl gylinder uspended in eir or led on qroundF Journal of Heat Transfer 139 @UAD HUPSHIF (p. xxi, 97, 98, 129) eghlymD FD FEF fuiD nd hF qF lhos @IWWVAF he role of rdil wll quenhing in )me stility nd wll het )ux X hydrogenEir mixturesF Combustion Theory and Modelling 2 @RAD SIS!SQHF (p. 32, 37) elEeriD wFD wF uhmisD nd wF edElEeziz @IWWIAF ret trnsfer y nturl onvetion from the inside surfe of uniformly heted tue t di'erent ngles of inlintionF International Journal of Heat and Mass Transfer 34 @RESAD IHIW!IHPSF (p. 98) fiD fFD F ghenD rF hngD nd F ghen @PHIQAF plme propgtion in tue with wll quenhing of rdilsF Combustion and Flame 160 @IPAD PVIH ! PVIWF (p. xvi, 33, 34, 35, 36, 80) fngD gF FD F gF rongD F gF ghoD rF F hmD nd F tF i @PHHTAF wethneEugmented mirowve plsm urnerF IEEE Transactions on Plasma Science 34 frühD tFD tF tnikD nd eF hreizler @PHHWAF en lgorithm for the hrE teristion of multiEexponentil dey urvesF 47D US!UWF (p. xix, 67, 68, 71, 72) frühD tFD gF )itshD eF hreizlerD nd fF etkn @PHIPAF yn surfe tempeE rture mesurements with thermogrphi phosphors X e reviewF Progress in Energy and Combustion Science 39 @IAD QU!THF (p. 56, 57, 69) gndelD FD F hmittD nd xF hrih @PHIIAF rogress in trnsritil omustionF 23rd ICDERS F (p. 103) gstelD wF @PHITAF Modelling plasma-assisted combustion in quiescent and turbulent ow conditionsF hF hF thesisD niversité risElyD gentrE leupéleF (p. 196) gstelD wFD fF piorinD eF goussementD yF qiquelD xF hrihD nd gF yF vux @PHITAF wodelling the impt of nonEequilirium dishrges on reE tive mixtures for simultions of plsmEssisted ignition in turulent
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  Figure 1.1 Paths of thermal energy released on microcombustion. "T / E" (thermal to electrical), "T / C" (thermal to chemical) and "T / M" (thermal to mechanical) (extracted from Kaisare and Vlachos (2012))

Figure 1

 1 Figure 1.4 Left : Variation of the ame propagation speed with the tube radius for adiabatic (top) and isothermal (bottom) walls. Right : Contours of temperature (upper half) and relative pressure (lower half) showing mushroom shaped ame (top) in adiabatic walls conditions, and tulip shape ame (bottom) in isothermal wall conditions for φ=0.5275 and U=18 cm•s -1 (extracted from Lee and Tsai (1994))

Figure 1 . 5

 15 Figure 1.5 Eects of combustor geometry on the ame temperature (extracted from Li et al. (2009))

Figure 1 .

 1 Figure 1.6 Left : Variation of the ame burning rate with the duct width for the stationary ame (V p =0) in ducts. Right : from top to bottom : Mushroom-shaped ame in 2-D channel, D =60δ and V p =0. Tulip-shaped and asymmetrical slant-shaped ame in 2-D channel, D=120δ and V p =0. Upper half : contours of the dimensionless temperature T=T/298K. Lower half : contours of the dimensionless fuel mass reaction rate ẇf = -ẇf /510 (extracted from Tsai (2008)).

  Figure 1.7 Left : Heat recirculation burners (a) counter-ow burner, (b) Ushaped burner, (c) serpentine burner, (d) symmetric recirculation burner, (e) porous co-ow burner. Right : Eects of heat recirculation burner (HR) on ame speed, in comparison to a single channel burner (SC) (extracted from Kaisare and Vlachos (2012); Federici and Vlachos (2008)).

Figure 1 . 9

 19 Figure 1.9 Schematic of various processes within a catalytic microburner. The mass and thermal processes are shown on left and right ends, respectively, for clarity ; these processes indeed take place at the same location in a microburner.(Kaisare and Vlachos (2012))

  Figure 1.10 Top : Measured (d1) and predicted (d2) OH concentration maps (in ppm) for the non catalytic case : φ=0.33, U=2.1 m•s -1 , T GF =680 K. Bottom : Measured (b1) and predicted (b2) OH concentration maps (in ppm) for cases (b) (extracted from Dogwiler et al. (1998)).

  Figure 1.11 Wire mesh used as ame holder in a mechanical combustion assistance (extracted from Mikami et al. (2013))

  Figure 1.12 Temporal evolutions of the motions of various ames of propane/air mixtures at an average mixture velocity of 30 cm•s -1 and an equivalence ratio of φ=0.5 ; (A) stable ame in the case of maximum wall temperature, Tc=1320 K, (B) ame with repetitive extinction and ignition, Tc=1130 K, (C) pulsating ame, Tc=1270 K, and (D) ame with a combination of pulsating ame and FREI, Tc= 1200 K (extracted from Maruta et al. (2005))

  Scheme of the experimental setup (b) Picture of the experimental setup

Figure 2 . 1

 21 Figure 2.1 Schematic view (a) and picture (b) of the experimental setup composed of a quartz tube of 5 mm inner diameter and 1 mm thickness, inside which a lean methane/air mixture is injected.

Figure 2 . 4

 24 Figure 2.4 Eects of wall temperature on ame quenching limits. Flame quenching occurs when the coecients of (Γ, Ω) are on the upper-right side of each line (extracted from Bai et al. (2013)).

Figure 2 . 5

 25 Figure 2.5 Three evolutions of the quenching diameter are observed according to the wall temperature (extracted from Kim et al. (2006))

  Figure 2.6 Wall dimensionless temperature proles along the length of the reactor for three dierent radii indicated on the gure for two dierent heat exchange coecient (top) 4.187 W/(m 2 •K) and (bottom) 41.87 W•m -2 •K -1 (extracted from Raimondeau et al. (2002)).

QUFigure 2

 2 Figure 2.7 Quenching distances evolutions of both reactive and inert quartz plates with surface temperature (extracted from Kim et al. (2006)).

Figure 2 . 8

 28 Figure 2.8 Three position trackers evolutions with time (top) for a steady regime (φ=0.8), comparing the previously exposed methods and the standard deviation between those methods (bottom).

Figure 2 . 9

 29 Figure 2.9 Limits in ame orientation detection, when the ame rotates around the tube axis (vertical tube conguration) : the ame angle is represented as a function of time. Three snapshots are extracted from the time evolution, the dashed red lines represent the tted ellipse of the rst method (centroid t).

Figure 2 .

 2 Figure 2.10 Flame front detection using CH * chemiluminescence on a stabilized ame at an equivalence ratio φ=0.8.

  Figure 2.11 Scheme of the thermocouple temperature proles measurements on the external quartz wall. A ame is stabilized inside the tube for dierent equivalence ratio.

Figure 2 .

 2 Figure 2.12 Thermocouple temperature proles of the external quartz wall. A ame is stabilized inside the tube for dierent equivalence ratio. The ame position is marked by the zero coordinate and by the vertical dashed black line.
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 32 Figure 3.1 The scheme shows the Bragg diraction from a cubic crystal lattice. θ

RWFigure 3

 3 Figure 3.2 X-Ray Diraction (XRD) pattern identication for Yttrium garnet, in red the graph from the database of Yttrium Aluminium oxide, cubic centered lattice, in black line the sample tested in the XRD.

  Figure 3.4 Excitation (dashed line) and emission (plain line) spectra of the batch at room temperature.

  Figure 3.5 Experimental setup used to compare binder to phosphor ratio

Figure 3 . 6

 36 Figure 3.6 Intensity counts plotted against wavelength for binder/phosphor ratio 4 :1, 4 :3, 2 :1 and 1 :1 for four temperatures a.293 K, b.473 K, c.673 K and d.873 K

Figure 3

 3 Figure 3.7 Emission spectra evolution with temperature measured for the two phosphors used : YAG :Pr (left) and YAG :DY (right).

  Figure 3.8 Experimental scheme of the intensity ratio measurements and calibration used for temperature acquisition on a quartz tube inside which a methane/air ame is stabilized. The two wavelengths displayed after each band-pass lter (611 and 487 nm) are given as an example as they represent the wavelength corresponding to the temperature dependent peaks of the YAG :Pr phosphor.

  Figure 3.9 Camera chip image of intensity distribution (false colors) of the tube painted with YAG :Pr phosphor, top at room temperature and bottom with the ame, and for the two wavelength 611 nm (left) and 487 nm (right).

  Figure 3.10 Calibration curve : graph linking the intensity ratio to temperature

Figure 3

 3 Figure 3.11 Results obtained from the intensity ratio measurements on a quartz tube painted with YAG :Pr phosphor paint and with a stabilized ame inside at the operating point (φ=0.8, U=21.1 cm•s -1 ). The center line prole is obtained by averaging ten lines of the temperature map surrounding the maximum of temperature reached.

  Figure3.12 The same measurement data of the painted quartz tube, using YAG :Pr phosphor and with a stabilized ame inside (φ=0.8), are treated with the three dierent calibration curves equations.

Figure 3

 3 Figure3.13 The same measurement data of the painted quartz tube, using YAG :Pr phosphor and with a stabilized ame inside (φ=0.8), is treated with the camera calibration curve equation for two amplication gain of 700 (plain line) and 760 (dashed line).

Figure 3

 3 Figure 3.15 Emission intensity mono-exponential decay of Mg phosphor at several temperatures.

Figure 3 .Figure 3

 33 Figure 3.17 Chart describing the iteratively adapted tting window algorithm (extracted from Brübach et al. (2009)).sn oth windowing strtegiesD the resulting urve frgment is (tted y mono exponentil model s@tA = I o exp(-t/τ ) using lest squre methodD therey giE ving ess to the lifetime τ F o e free from I o D the signl is normlized y the signl t mient tempertureF he lifetime is then linked to the temperture through the lirtion urveF

Figure 3

 3 Figure3.19 Repeatability on Lifetime measurements over a quartz tube painted with a phosphor (Mg 4 FGeO 5 :Mn) binder, inside which a methane/air premixed ame is stabilized at the equivalence ratio of φ=0.8 and V=21.1 cm/s speed.

  Figure 3.20 The intensity signal data is represented in black, the tted curve

Figure 3

 3 Figure 3.21 Standard deviation normalized by the time decay average of the N s samples taken at T=300 K, mapped according to c 1 and c 2 .

  Figure 3.22 Comparison between temperature measurements using lifetime and intensity ratio measurements and thermocouple at two operating points of equivalence ratio φ=0.75 (a) and φ=0.8 (b).

Figure 4 . 1

 41 Figure 4.1 Schematic representation of the propagation velocity of the ame and the bulk velocity, in a narrow channel.

Figure 4 . 2

 42 Figure 4.2 Flame position evolution with time at an operating point (steady regime) in the d i =5 mm tube at φ=0.8. The dashed horizontal line represents the mean ame position over the time recorded.

  Figure 4.3 Sum up of the three tested congurations sections, and the order of magnitude in between the surface to volume ratio calculated on the diameter of the tube.

Figure 4 . 4

 44 Figure 4.4 The ame steady operating points are represented by drawing the couples of ow speed and equivalence ratio for the three tested conguration, of inner diameter 4 mm (A), 5 mm (B) and 7 mm (C). For each conguration the horizontal (blue curves) and vertical (black curves) positioning of the tube is considered.

  Figure 4.5 Flame topology evolution with equivalence ratio, put in relief by CH *chemiluminescence, for the three studied congurations, respectively from top to bottom (A),(B) and (C). In each picture, the white dashed lines delimit the inner wall, and the frame the outer wall limit. Thus the horizontal dimension is of 5 mm for congurations (A) and (B), and of 8 mm for the conguration (C).

Figure 4 . 6

 46 Figure 4.6 Flame power evolution with equivalence ratio, for congurations (A),(B) and (C). The blue rectangle highlights the ame power similarities between congurations (A) [φ=0.85,0.90 and 0.95] and (B) [φ=0.70,0.75 and 0.80]. In the same way, the red rectangle allows the comparison between ame power for congurations (B) [φ=0.85,0.90 and 0.95] and (C) [φ=0.70 and 0.75].

Figure 4 . 7

 47 Figure 4.7 Horizontal conguration (A) and (B) external temperature prole at φ=0.95 (left) and (B) and (C) external temperature prole at φ=0.80 (right). The black dashed vertical line marks the ame front location.

Figure 4 . 8

 48 Figure 4.8 External wall temperature prole of ames in the three dierent conguration (A) (φ=0.95),(B) (φ=0.80) and (C) (φ=0.70) but with power comparable respectively P=9.0, 10.5 and 13.5 W.

Figure 4 .

 4 Figure 4.9 Left : The ame stability points are represented by drawing the couples of ow speed and equivalence ratio for the two studied congurations : the horizontal and the vertical tube. The error bars are determined by repetition of the experiment of stabilization. Right : The ame power is calculated for each operating point, by multiplying the methane mass ow rate and the LCV (chapitre 2).

  Figure 4.10 Mean chemiluminescence CH * ames (false color) corresponding to the six operating points of equivalence ratio 0.7(a), 0.75(b), 0.80(c), 0.85(d), 0.90(e), 0.95(f) for the horizontal (B) conguration. The white arrow represents the ow direction in the tube, and the white dashed line outlines the interior wall limits, and the frame of the picture delimits the outer wall.

  Figure 4.11 Angle (a) and quenching distance (b) evolution with equivalence ratio on horizontal basic conguration.

  Part II -Steady flames regime and thermal characterization WQ he Richardson number hrterizes the rtio etween erhimedes fores nd inertil fores X nturl onvetion is negligile when i `HFID nd fored onvetion is negligile when i b IHFRi = βg(T w -T 0 )d U 2 ref husD if R i >> 1 the erhimedes fore is greter thn inerti nd for R i = 1erhimedes fore nd inerti re equivlentF he Grashof number hrterizes the rtio etween therml e'ets nd visous e'ets in nturl onvetionF st is similr to the eynolds numer y expressing the referene speed s u r = (ρgβ(T w -T 0 )d 2 )/µF he dimeterEsed qrshof numer n e written s XGr D = gβ(T w -T 0 )d 3 /ν 2F he Rayleigh number is ssoited with uoynyEdriven )owD nmely ntuE rl onvetionF hen the yleigh numer is elow ritil vlue for )uidD het trnsfer ours primrily in the form of ondutionD nd when it exeeds this ritil vlue het trnsfer ours primrily in the form of onvetionF he yleigh numer n e expressed reltive to dimeterD height or lolEsedD depending on the hrteristil dimension of the systemF he dimeterEsed yleigh numer n e expressed s X Ra D = Gr D P r

  Figure 5.1 Forced convection Nusselt number evolution with temperature according to the Mills correlation for established temperature and mechanical regime.

WT

  Figure 5.2 Average Nusselt number evolution with the azimuthal angle (left) and front representation of isotherms with a prescribed non uniform temperature distribution generated by an articial temperature function T = T 2 o -e 2 cos 2 θ -T ∞ + e sin θ with T o =23.85 • C, T ∞ =18.85 • C and the eccentricity e=5.0.(Farouk (1981))

Figure 5 . 4

 54 Figure 5.4 Velocity vectors (Left), and temperature distribution (Right) for Ra=10 6 and for L/d=2 and 5 respectively (Acharya and Dash (2017)).

  Figure 5.5 Evolution of the inner and outer heat losses Q with L/d (length/diameter) ratio for several Rayleigh numbers from 10 4 to 10 8 on a hollow horizontal heated cylinder (Acharya and Dash (2017)).

  Figure 5.6 Calculated Rayleigh number evolution with temperature.

Figure 5 Figure 5

 55 Figure 5.7 Nusselt (left) and Exchange coecient h (right) evolution as a function of the axial coordinate of the tube, the temperature prole is represented (plain line). The Nusselt and Exchange coecients are calculated for the three selected correlations (symbols)

Figure 5 . 9

 59 Figure 5.9 Quartz thermal conductivity tted from the literature data taken from Heraeus ().

Figure 5 .

 5 Figure 5.10 Quartz heat capacity tted from the literature (Sosman (1927))

Figure 5 .

 5 Figure 5.11 Internal heat exchange coecient evolution with a ame front stabilized at the coordinate x = 0 mm.

Figure 5 .

 5 Figure 5.13 Solution with adiabatic walls : wall and gas initial (resp. red and black curves) and nals (resp. blue and green curves) according to the axial distance (mm) for external heat loss coecient h e = 0 W/(m 2 • K 1 ) and internal h i = W/(m 2 • K 1 ).

Figure 5

 5 Figure 5.14 Solution with semi-innite walls : wall and gas initial with adiabatic wall (resp. red and black curves) and nals with solved wall (resp. blue and green curves) according to the axial distance (mm) for external heat loss coecient h e = 100 W/(m 2 • K 1 ) and internal h i = 250 W/(m 2 • K 1 )

Figure 5 .

 5 Figure 5.15 Wall and gas initial with adiabatic wall (resp. red and black curves)

Figure 5 .

 5 Figure5.16 Gas (plain lines) and wall (dashed lines) temperature proles for equivalence ratios from 0.75 to 0.95 with a steady ame front.

Figure 5

 5 Figure 5.17 Evolution of the outer natural convection (blue curves Φ cvn ), inner

Figure 5 .

 5 Figure 5.18 Gas and wall temperature proles with (green) and without (black) quartz radiation in a steady regime at an equivalence ratio of φ=0.8.

Figure 5 .

 5 Figure 5.19 Experimental (plain lines) and Numerical (dashed lines) wall temperature proles for equivalence ratios from φ=0.75 to 0.95 in steady regime.

Figure 5 .

 5 Figure 5.20 Experimental (plain lines) and Numerical (dashed lines) operating points for equivalence ratios from φ=0.75 to 0.95 in steady regime.
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  images (false color) for vertical (left) and horizontal (right) tube position, at equivalence ratio φ=0.78. The vertical ame image is rotated of 90 • in the indirect direction for the images to be comparable. The red dashed lines represent the tted ellipse and the white dotted line is the ame edge. The ow direction is marked by a white arrow.

  2 CH * chemiluminescence ame images (false color) of (A) conguration (d i =4 mm) for horizontal (top) and vertical (bottom) tube positioning. The ow goes from left to right (white arrows). The white dashed line represents the inner walls limits.

Figure 6

 6 Figure 6.3 Tilted ame at equivalence ratio φ=0.90, in the vertical (B) conguration. The dashed white lines represent the inner wall limits.

  Figure 6.4 Evolution of the ame angle to horizontal with the increase of equivalence ratio for the three congurations (A), (B) and (C) in vertical tube positioning (left), and evolution of the angle in (B) conguration for horizontal and vertical tube positioning (right)

Figure 6

 6 Figure 6.5 Comparison of temperature proles of the external wall with a stabilized ame inside the tube at the same equivalence ratio φ=0.95, for horizontal (blue) and vertical (black) tube positioning. The ame front is marked by the zero coordinate and the black dashed vertical line.

Figure 6 . 6

 66 Figure 6.6 Angle to vertical evolution with time for transition from steady case

Figure 6 . 7

 67 Figure 6.7 The rst snapshot of each line is taken at time t=0 s, in the steady case (1). The top snapshots correspond to the transition from this steady case to the case (4) of quasi-static state. The bottom snapshots represent the transition to the case (5) of isothermal propagation. The white dotted lines represent the ame detected contour and the red dashed line represents the tted ellipse used to track the position, tilt angle and area of the ame. The white dashed lines represent the inner wall limits.

  Figure 6.8 Case (ii) of Table 6.2. Experiment (ame in tube) : Mean chemiluminescence CH * . Simulation (ame in channel) : Wall temperature and heat release rate.

  Figure 6.9 Streamwise velocity and temperature distribution at a distance of 0.7 mm from the top and bottom walls. x ame : maximum of heat release on the probed line (top or bottom). No-gravity : symmetric ame.

Figure 6 .

 6 Figure 6.10 Experimental snapshots at t = 0 s, t = 10 s and t = 15 s. White dotted line : ame detected contour. Red dashed line : tted ellipse.

  Figure 6.13 Vorticity budget versus Y CO2 /Y b
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 6 Figure 6.14 Pressure and density streamwise gradients versus Y CO2 /Y b CO2 along the dashed-lines of Fig. 6.12(a).

  Figure 6.15 Deviation of vorticity balance versus Y CO2 /Y bCO2 along the dashedlines of Fig.6.12. Dashed-dot : (i) of Eq. 6.3. Dotted : (iii). Solid : (iv) Baroclinic torque. Dashed : (v).

  Figure 6.16 Case (ii). Streamlines and ame contours of 10, 30, 50 and 70% of max heat release rate. The dashed line denotes the vertical axis.
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 71 Figure 7.1 Flashback step details on a vertical tube, using a lighter as a perturbation heat source.

Figure 7 . 2

 72 Figure 7.2 Wall temperature proles using dierent heat sources : lighter, resistance, Constantin and Kanthal resistive wire. The same power is used for the electrical components.

Figure 7

 7 Figure 7.5 (a) Inner (red curves) and outer (black curves) wall temperature ;

Figure 7

 7 Figure 7.6 Schema presenting the two tested congurations of the thermocouple

  Figure 7.7 Choice of thermocouple positioning by comparing the temporal thermal characterization of the resistive wire (a). The evolution of the maximum of temperature reached as well as the thermal time constant with the distance between the wire and the thermocouple are also represented in (b) and (c). The plain lines represent the results of conguration 1 and the dashed lines those of the conguration 2.

Figure 7 . 8

 78 Figure 7.8 Repeatability on the temporal temperature characterization of the wire by varying the conguration of the thermocouple, at xed distance T =10 mm.

  Figure 7.10 Temporal characterization of the wire by varying the equivalence ratio (a), the ow speed (b), the wire power (c), the wire electrical resistance (d).Flame speed (e) and power (f) are plotted against the thermal time constant.
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Figure 7 .

 7 Figure 7.11 General scheme and images of ashback conguration with a resistive wire. The ow direction is from left to right.

Figure 7

 7 Figure 7.12 The ame displacement (black curve) is tracked in time by video

Figure 7

 7 Figure 7.13 Evolution of the eccentricity (red plain line) and ame's angle with the horizontal axis (black dashed line), during the ashback. The graph only represents this evolution from the moment where the heating wire is powered on to the moment where the ame reaches the wire. The plots are an average of several repetitions and the error bars are the standard deviation. Two snapshots of the ame edges are represented in an equal frame to highlight the change in ame shape and orientation. The vertical frame is limited by the inner wall frontier.

  Figure 7.14 Flame displacement (a) and propagation speed (b) at equivalence ratio φ=0.8 for distances between the heat source and the ame front from 5 to 50 mm.

Figure 7

 7 Figure 7.15 Flame temperature prole at an operating point of φ=0.8,

Figure 7 .

 7 Figure 7.16 Flame displacement (a) and (b) and ame propagation speed duringthe second phase of the motion mode (c) at operating points φ=0.75 U=16.6 cm•s -1 (dashed lines) and φ=0.8 φ=0.8 U=21.1 cm•s -1 (plain lines) for distances between the heat source and the ame front from T =5 to 50 mm.

Figure 7 .

 7 Figure 7.18 Flame displacement and speed in the case of a heating wire placed at T =10 mm and (φ,U)=(0.8, 21.1 cm•s -1 ) for horizontal (blue curve) and vertical (black curve) congurations.

  Figure 7.19 Flame eccentricity and angle to vertical and horizontal evolution for respectively the horizontal (blue curve) and vertical (black curve) congurations.

Figure 7 .

 7 Figure 7.20 Gaussian temperature prole for two values of σ g =16 mm and 1 mm, with x p =0, compared to the experimental temperature prole of the external wall imposed by the heating wire.

Figure 7 .

 7 Figure 7.21 Temperature proles of the external air (dotted line), wall (dashed line) and gas (plain line), for T max = 800 K, σ g =16 mm and T =106 mm in global view (left) and close-up on the heating source (right). The zero coordinate marks the initial position of the ame front.

  Figure 7.22 Evolution of the wall and gas temperature with time at the local maxima of heating.

  Figure 7.23 Evolution of the gas (plain lines) and wall (dashed lines) temperature

  Figure 7.24 Evolution of the outer natural convection (Φ cvn ), inner forced convec-

Figure 7

 7 Figure 7.25 Evolution of the absolute value of the displacement as a function of

  Figure7.26 Evolution of the wall (dashed lines) and gas (plain lines) temperature proles as a function of the axial coordinate, from initial (blue) to nal (red) prole of the ashback. Both are steady ames. The ashback is represented for a xed distance T =10 mm, for two cases of gaussian width σ g =16 mm (a,c) and σ g =1 mm (b,d), with T max =800 K, φ=0.8. The rst two plots (a,b) depict the spatial evolution of the proles according to the external air prole (dotted line). In the last two plots (c,d) the initial and nal proles are superposed to better compare the temperature modications.

  Figure 7.27 Evolution of the absolute value of the displacement as a function of the distance heat source -ame front T for two cases of gaussian width σ g =16 mm (a) and σ g =1 mm (b), with T max =800 K, φ=0.8

  Figure 7.28 Evolution of the temperature proles before and after the bifurcation T =30 mm, σ g =16 mm, with T max =800 K, φ=0.8

  Figure 7.30 Evolution of the displacement according to the operating point for T =10 mm, T max =800 K, and for two cases of gaussian width σ g =16 mm (a) and σ g =1 mm (b).

Figure 7 .

 7 Figure 7.31 Flame motion according to the stable operating points from φ=0.75

  Figure 8.1 Schematic of electron temperature and number density for dierent discharges, Corona, direct current (DC) discharge, microwave (MW) discharge ; dielectric barrier discharge (DBD), radio-frequency discharge (RF), glow discharge, gliding arc, nanosecond pulsed discharge (NSD), arc, magneto-hydrodynamic discharge (MHD), and ame (extracted from Ju and Sun (2015a))

  Figure 8.2 Comparison of OH emission with and without NRPP discharges (P plasma =75 W) in a premixed propane/air ame (P flame =12.5 kW) (extracted from Pilla et al. (2006)).

Figure 8 . 3

 83 Figure 8.3 Four combustion enhancement pathways of plasma-assisted combustion (extracted from Ju and Sun (2015b))
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  Figure 8.4 Flame extinction curves adding 0, 3, 5 and 6 W of microwave power. Combustion power is displayed for each point (extracted from Hemawan et al. (2009)).

  Figure 8.5 Top : OH number density (10 16 cm -3 ) ; Middle : averaged temperature (K) ; Bottom : spontaneous emission of a direct coupling of microwave plasma with a stoichiometric methane/air ame. Total ow rate : 15 L • min -1 . Plasma power is varied from 60 W to 130 W (left to right) (extracted from Hammack et al. (2011)).
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  Figure 8.6 Left : Lowest plasma power at which argon plasma-assisted ames are observed ; Argon ow rate is 0.84 slm ; Methane/air ow rate is 2.0 slm. Right : Up-tunning (W u ) and down-tunning (W d ) of a premixed methane/air ame. Argon ow rate : 0.49 slm ; Combustion gas equivalence ratio : 0.7 ; Camera exposure time : 1/15 s (extracted from Wu et al. (2015)).

Figure 8 . 8

 88 Figure 8.8 Schematic top view of three tested congurations to couple microwave

Figure 8 . 9 Figure 8

 898 Figure 8.9 First conguration orthogonal : eects of argon ow on the premixed ame for φ=0.80, Q 1=353 ml•min -1 (U 1 =30 cm•s -1) and an argon mass ow rate of Q 2 =60 ml•min -1 (U 2 =127 cm•s -1 ). The combustion ow is from left to right.

Figure 8 .

 8 Figure 8.12 Counterow experimental setup side view snapshots of the ame time evolution after a change of secondary injection mass ow rate from Q 2 =60 to 150 ml.min -1 . The main injection characteristics are φ=0.95 and Q 1 =471 ml.min -1(U 1 =40 cm•s -1 ). The plasma power is set to P plasma =50 W.

Figure 8 .

 8 Figure 8.13 Side and top views of the ame stabilization observed with plasma addition, in spontaneous (rst line) and CH * emissions (second line).

  Part III -Transitory flames and perspectives IWU with N 2 (v) the virtionl exited nitrogen moleulesF he het relese resulE ting from the virtionl trnsltion relxtion leds to slow gs hetingF fsed on temperture mesurements nd solute density of oxygen nd eleE tronilly exited nitrogen moleulesD it is ssumed in the plsm modelistion nd zero dimensionl pprohD gstel et lF @PHITA tht WH7 of the x diE shrges energy is onsumed y the eletroni nd virtionl exittion of N 2 moleules nd dissoition of O 2 moleules through diret eletron imptF his result is pplile in ir nd in hydroron mixture sine the mss perenE tge of fuel is usully very lowF he model developed y gstel et lF @PHITA is shemtilly summed up in pigF VFISF hree mjor ssumptions re mde in the modelF pirstD two times de(ne the energy trnsfer from the pulse to the gsD hrterizing the relxtion time of N 2 moleules eletronilly exited @τ pulse A nd virtionlly exited @τ V T AF henD the dishrge energy deposition rte Ėp is deomposed in three resulting deposition rtes X hnge in hemil energy t rte of Ėp chem due to speies ultrfst dissoitionD n ultrfst gs heting t rte of Ėp heat D nd n ultrfst virtionl energy inrese t rte of Ėp vib F hereyD the deposited energy n e written s X Ėp = Ėp chem + Ėp heat + Ėp vib @VFTA pinllyD the rte Ṙp V T represents the inrese of the totl energy y the relxE tion of virtionl energy into the trnsltionl modeF

Figure 8 .

 8 Figure 8.15 Schematic representation of the NRP discharges model assumptions. The discharge energy is assumed to be deposited into (a) chemical, (b) sensible and (c) vibrational energies within the pulse characteristic time τ pulse . The vibrational energy relaxes after the pulse, leading to an increase of the (d) sensible energy within a characteristic time τ V T . (extracted from Castela et al. (2016))

Figure 8 .

 8 Figure 8.16 Schematic representing the plasma deposition upstream from the ame, with d P the end deposition coordinate and w P the width of the deposition.

8. 3

 3 .2.1 Discharge characterization at d p =-6 mm eording to the prmeters entered in the modelD the energy deposition is divided into QS7 of y 2 dissoition nd PH7 of het inputF herefore the e'ets of the deposition on the y 2 speie dissoition nd on temperture re oservedF he mss frtion evolution of y 2 nd y speies s funtion of the xil oordinte re represented on pigF VFIUD with dishrge end position of d P aE PHH Chapitre 8 -Perspectives : Plasma assisted combustion T mm nd deposition width of w P aS mmF he energy deposited is vried from H to i p aIH 9 t•m -3 F he glol grphs re represented on the left of the pigF VFIU nd zoom from I mm efore the dishrge to the )me front is represented on the right of the (gureF

Figure 8

 8 Figure 8.18 O, OH and H mass fraction proles according to energy of the deposition, with d P =-6 mm and w P =5 mm. The zero coordinate represents the ame front position. The graph on the left represents a global view and the one on the right is a close-up on the discharge.

  Figure8.20 Gas (plain lines) and wall (dashed lines) temperature proles of a steady ame positioned at zero coordinate, as a function of the energy of the deposition. The end deposition coordinate is d P =-6 mm with a width of w P =5 mm.

Figure 8

 8 Figure 8.21 Gas (plain line) and wall (dashed lines) temperature proles of a steady ame for three end deposition coordinate d P with w P =5 mm at a maximum imposed deposition energy of E p = 10 9 J•m -3 .

Figure 8 .

 8 Figure 8.22 Flow speed of a steady ame according to te energy of the deposition and to the end deposition coordinate d P with w P =5 mm.

Figure 8 .

 8 Figure8.23 Scheme representing the ame system, with three input entries of equivalence ratio φ, inner tube diameter d i and tube position H/V. According to those parameters, one ow velocity (U) corresponds and leads to a unique ame characterized by its temperature prole (T), its shape and orientation.
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Stability denition and characterization

Remerciements

Titre : Stabilisation et propagation de flammes pauvres prémélangées dans des conduits de petites dimensions en interaction forte avec les parois.

Mots clés : combustion en méso-échelle, conduit étroit, expérimental, simulation numérique 1-D, interactions flamme-paroi, méthane/air Résumé : Les besoins en systèmes d'énergie de quelques dizaines de Watts grandissent à mesure que la demande pour des outils portables de petite dimension augmente. La conversion d'énergie par combustion reste le procédé le plus efficace par kilogramme transporté. Seulement, la stabilisation de flammes de faible puissance dans des environnements confinés reste un défi car les échanges thermiques entre la flamme et l'extérieur sont très importants par rapport à la puissance de la flamme et conditionnent la capacité du système à produire de l'énergie de façon continue et stable. Le travail de thèse proposé étudie les propriétés et les échanges de chaleur d'une flamme de méthane dans un tube de 5 mm de diamètre. On montre expérimentalement à l'aide de diagnostics innovants et numériquement que sous certaines conditions, la flamme perd sa symétrie et que sa position dépend des échanges de chaleur. Ce travail explore aussi la possibilité d'assister la flamme en la couplant à un plasma micro-onde. Title : Stabilization and propagation of lean premixed flames in small dimensions conducts in strong thermal interaction with the walls Keywords : mesoscale combustion, narrow channel, experiments, numerical simulation 1-D, flamewall interactions, methane/air Abstract : The energy system needs of a few tens of Watts grow as the demand for reducedsize portable devices grows. Combustion energy conversion remains the most efficient process per kilogram transported. However, the stabilization of low-power flames in confined environments remains a challenge because the thermal exchanges between the flame and the outside are very important compared to the power of the flame and condition the capacity of the system to produce energy in a continuous and stable way. The thesis work proposed here studies the properties of a methane flame in a 5 mm diameter tube and the heat exchanges with the environment. It is shown experimentally using innovative diagnostics and numerically that under certain conditions, the flame loses its symmetry and can move according to heat exchanges. This work also explores the possibility of assisting the flame by coupling it to a microwave plasma.