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EYXAPIZTIEX

H napovoa dlatpiBr onuatodoTel TNV EMUTLUXN OAOKANPWON TWYV OTIOLIWV
pou oTn oxoAn Mnxavohoywv Mnxavikwv oto EBviko MeTooBo MoAuTeyveio. H
oLVOALKN dladikacia mov akoAouvBnBnke wWaoTe va OAOKANPWBOEL N epyacia avTn
anoTeAel pgla onpavTikn EPTMELPia TOOO 0€ aKkadnUaAlko 000 Kal O EMAYYEAUATIKO
eninedo. H nepdtwon avTtng &€ Ba uynopovoe va KataoTel duvartn xwplig Tnv
0UCLaoTLKA KaBodnynon Kat umooTAPLEN Tov dEXBNKa aro MoAAoUGg Kat
dLaPopETLKOVG avBpwItoug.

MpwTa Kat KLpLa, Ba RBeAA va ELXAPLOTHOW ToV EMURAEMOVTA TNG
OIMAWWATIKAG epyaciag kaBnynTpla Mapia douvTn, n onoia pe unooTnPLEE Kad’
OAn Tn dlapKela TNG SUMAWUATIKNAG £pYAOCLAG OE YVWOTLKO KAl PUXOAOYLKO
eninedo, evw MapdAAnAa pou Apnoe apKETO XWPO yLa va SOVAEPW LE TOV TPOTIO
pou. OL HEAETNPEVEG IAPATNPINOELG TNG OXETIKA UE TNV TIPOCEYYLON OE TEXVIKA
{nTApaTa a&idouv va onuelwBoLy KaBwg BeATiwaoav KaTd MOAL TNV MoLoTATA TNG
OOUAELAG pou. Oa RBeAa va eMonUavw Twg N EPNeLpia TnG ocuvepyaoiag pag nrav
€EALPETIKN, KABWG N OTEV €MAPN TOL eixape pe Bondnoe va Eenepdow apkeTa
NPOBAAATA TOVU AVTIUETWILLA OTO UTIOAOYLOTLKO PHEPOG TNG Epyaciag, OTou
ekmnovnenke oTo Instituto Superior Tecnico Tng MopToyaliag. Anodidw og peydlo
BaBuo To eninedo TNG Mapovoag dLaTpLBAG TNV UMOOTAPLEN TNG KABWG XWPLSG
€Kelvn, n epyaocia de Ba eixe oAoKANpwWOEL ETULTUXWG.

Eniong, 8a n6eka va ekppdow TNV LALKPLVI) HOU EVYVWHOOUV OTOUG
kadnynTeg Jose Carlos Fernandez Pereira kat Jose Manuel Chaves Pereira kaBwg o
PWTOG dLadpapdTIOE TPWTAPXLKO POAO GTNHV MPO0JO OTIOL ChHUEiWoa oTNV
£PYAOLA HOU PEOW TOCO TWV AAAEMAAANAWY GUVAVTHOEWYV MOV EiXaUe 000 Kal
TWV LOEWV MOV €iXE OXETIKA € TOV MPOCAVATOALOPO TNG EpyAsiag, EVW 0O
0e0TEPOG CUVEBAAE TA PEYLOTA AVAPOPLKA PE TO UTIOAOYLOTIKO KOPUATL TNG
€pyaoctag Kabwg pEow TNG ouvepyaciag pag didaxbnka T1G BACIKES ApXES TNG
YMoAoyLloTIKNG PevoTopunxaviking Kat eE0IKELWONKaA e OPLOPEVA EUTIOPLKA TIAKETA
TIPOYPAPHATLOHOV.

ErunA€ov, Ba n6eAa va evxaploTiow amnod kapdidg oAa Ta pEAn Tou LASEF,
0TO TUNEAa MnxavoAoywv Mnxavikwy Tng AtoaBovag, Kabwg oLV EVAOYNHUEVOG
va oUAELW PE pLa opada ApLOTWYV Kat ELXAPLOTWY POLTNTWY, IOV EEacpalioav
TNV opaAn peTABaocn pou anod Tnv EANAda otnv MopToyalia, mpoopEpovTag Hou
Hla VOTA OLKELOTNTAG OE €va EEVO yla ePEvVa TEPLBAAAOV.

T€AeuTaio alAd oxL AlyOTEpO onuavTiko, 8Ba NBgAa va euXapLoTHOW TNV
OLKOYEVELA POV, TOCO yLd TNV OTNPLEN TOL Jou napeixav kad‘okn Tn dldpKela Tw
TWV OTOLSWV POV, KaBWG Kal yla TV mapdTPuVon Toug yia va TagdEyw oe yla
€€vn Xwpa yLa akadnuatkoug oKomoug.
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1. 2YNOWH

To napov Keipgevo anoTeAel mepiAnyn Tou KLUPLWG CWHATOG TNG
OIMAWWATIKAG epyaciag onou umoBARBNKe oTnV ayyAlkn YAwooad pe TiTAo
“Modeling of Porous Media Combustion” kat oTnv eAAnvikn yAwooa pe TiTAo
"MovTtelonoinon Kavong og Mopwdn Méoa” .

Atioel va onpelwBeil nwg n mapovoa AtmAwpaTikn Epyacia
anoTeAel MPOLOV EvapPOVIOPEVNG cuepyaciag ueTa&L Tou EpyaoTtnpiov
ETepoyevwyv MelypdTwy & TuoTnudTwy Kavong Tou TUAUATOG
MnxavoAoywv Mnxavikwy rou avikel oTo EBvikd MeTooBelo MoAuTexveio
Kal Tou EpyacTnpiou Mpoowpoiwong Evépyelag & PELGTWY TOU TUNPATOG
MnxavoAoywv Mnxavikwy Tou avikel oTo Instituto Superior Tecnico. To
TEPLEXOUEVO TNG APoVOAC EPYACiag OpyavwVveTaAlL KAl KATAVEUETAL OE TPEIG
KUpPLEG KATELBUVOELG.

ApXLKQ, OTO TPWTO KOUHATL KAL OE £10AYWYLKO £Minedo, ounTeiTal
N avaykatrtoTnTa Twy Nopwdwyv KauoTHPWV KaBwg Kal n epappoyn Toug oTn
olyxpovn HeTaBlognxavikn enoxn. EKTOG anod To £10aywyiko auTo KOPUATL,
eKTiBeTal n Baoikn Bswpia evw avalvovTal Ta BepeALwWdN CLCTATLKA TIOV
anapTidouv TETOlA cLOTAPATA. ETUMA€oy, napovotldadeTal mAnBwpa nbavwy
dlapopPwoewyv Jali e OXETIKO OXOALACHO OV apopd T XPNOLUOTNTA Kal
anodoTIKOTNTA TWV MOPWIWV LALKWY oL eTUAEXBNKav. KaTomy,
NapaTiBETAL Pla EKTETAPPEVN AVACKOTINGN TWV TILO AVTLMPOCWTEVTIKWY
HEAETWY, (€(TE MELPAPATIKEG €(TE UTIOAOYLOTLKEG), EVW AVAAVETAL N
OUVELOPOPA TOUG HE OPOUG ETLOTNHOVIKAG TPOODOL 0TNV akadnuatkn
KOLVOTNTA.

>T0 OeVUTEPO KOPPATL TNG MAPOVOAG EpYACIAG, KATAOKELAZETAL EVa
aplBunNTIKO HOVTENO amnd Tn BAon TOv, ETOL WOTE VA avanapdgel Tnv Kavon
Kal Ta XapakTnpLoTkad Tou nediov pong oe adpaveig mopwdelg doPES.
Epgpaon diveTal oTnv MepLypapr) Tou EUMOPLKOUV TAKETOU TOV
XPNOLUOTOLABNKE TO OTOL0 ANMAOTOINCE/GLEVKOAUVE TNV UTIOAOYLOTLKN
dladikacia Kat TNV mpaypaTonoinon Tou npoavapepBEVTOG 0ToXoU. Kabwg
TO UTIOAOYLOTIKO KOUUATL TNG £pYACiag ETUKEVTPWVETAL KUPLWG 0TN HEAETN
TNG MPOAVAPEPELYHUEVNG KAVONG HeBaviov, TO KATAOKELACBEY HOVTENO
nepleixe OAA TA AVWTEPW XAPAKTNPLOTIKA. H aplBunTLKA POCEYYLON oV
akoAouBnenke €TolL woTe va KaTaAn§ovpe og pia cuykAivovoa Avon Ka va
efayoupe XpNOoLPEG MANPOPOPIES amd auTn avalleTal MANPWG, EVW
WdLaiTepn npoooxn diveTal o€ GUYKEKPLUEVEG TEXVIKEG (IoodUvaun
Mopwdng MepLOXN, ELKOVIKN EVOWPATWON TNG akTvoBoAiag K.T.\) ou
€(pPapPo0dnNKav yLa Tnv mpoonePaon TEXVIKWY EUMOdLWY 0oL auTd
eppaviodbnkav.

>TO TPLTO KAl TEAEUTALO HEPOG TOL MAPOVTOG €PYOU, TA KUPLOTEPA
anoTeAEoPATA TOL MPOKUMTOULV AMd Tn oVYKALON TNG AVONG avapEpovTal
oTn HopYpn SlaypappATwy padi pe OXETIKO OXOALAoHO. AuTd Ta
npoavaPpepBEVTA anoTeAECSPATA TOLKIAOLY AMO TA KATAVEUNUEVA TPOPIN
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TNg BepUoKpaciag Kal TG HOPLAKNAG CUYKEVTPwWONG (KABe €idoug mou
EUMAEKETAL OTLG AVTIOPACELG) KATA PHAKOG TOL KAUOTNAPA OTNV EVOWHATWON
aKkTLvoBoAlag oTn BepULKN AyWYLHOTNTA TNG OTEPEAG TIEPLOXAG KAl TN
BeppoTNTaA OV aneAevBepwveTaAL ano Ta dlapopa idn Aoyw Tng
TPAYHATOMOINONG TWV XNUIKWYVY avTidpdoswyv. MeTa&ly dAAwy,
dlanmoTwenKe OTL N HETaPopd BepPOTNTAG HECW aKTIVOBOAiag dev pmopei
o€ Kapia mepinTwon va napapeAnBei, dedopgvou OTL anoTeAel KUPLO
TapdyovTa yla Ta evrova BEpULKA paLvOpEVaA IOV CLUKBALVOLY Kal OTL N
HEYLOTN aneAELOEPWHEVN BEPUOTNTA BPIOKETAL GTNV EPMPOCOLA MEPLOXN
NG PAOYaG.

T€Aog, dlaTunwvovTal MOAAd cuPTEPAoUATa Ta omnoia
EMKEVTPWVOVTAL KUPILWG OTNV LKAVOTNTA EVOG EUTIOPLKOV TIAKETOU OTIWG TO
STAR-CCM+ va avanapaydyet nepinAoKa (puoikd (palvopeva, EVW
npoTeivovTal S1APopeg MPOTACELG yia Tibavr) HEANOVTLKA €pguva oV
OXeTiCovTal OTEVA PE TO MAALOLO TNG LTO EETAON UTIOBEDNG.

2. EIZAITQrH

KaBwg Ta ZnTRuarta Tng aAAayng Tou KA{PATog, TNG UNMEPBEPPAVONG
TOU TMAQVATN, TNG MEPLBANNOVTIKNAG OTABEPOTNTAG, TOU EVEPYELAKOV
€podLaopoL Kal TNG acPaAeLag, Kabwg Kat TnG nPoodeuTIKNG EAVTANONG
TWV KALoigwy KadioTavTatl 6Ao Kal Lo avnouxnTIKA Kaénuepiva, To
EVOLAPEPOV YLa TIG TEXVOAOYIEG PE ALYOTEPEG EKTIOUTIEG OTWG KAL YLd TOUG
TPOTIOLG BEATIWONG TNG AMOTEAEOUATIKOTNTAG OE TETOLA CLOTAHUATA
av€averalt.

Eva eKTETAPEVO EPELVNTIKO CWHA EXEL HETATOTILOEL TO EVILAPEPOV TOU YyLa
TN XPNON EVAANAKTIKWY TINYWV EVEPYELAG KAL CUOTNHATWY IOV a§LoToLoVV
TA MAEOVEKTNHATA TIOL POOPEPOLY, OTIWG N AveEAVTANTN Ttapoxn
EVEPYELAG, TO HELWUEVO KOOTOG AELTOLPYLAG, N HELWON TOU OXNUATLOPOV
PUTIWV Kal N enakoAoudn andppupn vepoL Kat agpa anod 1o TeAevTaio.

Q0TO00, UTIAPXOUV OPLOPEVOL PPAYHOL OTNV EPAPHOYH AUTWYV TWV
TEXVOAOYLWV OTNV TPEX0LOA LTTOJOWN, OTIWG N AELOTILOTIA TOUG OTOV
€(podLacyo Kat oTn dlavopn Kat n JELWHEVN AnoTEAEOUATIKOTNTA TOUG OF
MEYAAEG KALUAKWTEG HOVADEG, Ue PHEYANO apLBUO TEXVOAOYLWY TIOV
XPNOLUOTOLOUV OPUKTA Kavoiua. EEAAAOU, Ta opuKTA KavoLpa gival n kupla
TINYN EVEPYELAG OTOV KOOHO Kdal, WG EK TOUTOU, N CNUEPLVA OLKOVouia
e€apTaTal oe peyalo Baduod amod auvTd. Qg ek TOUTOU, PNoPEL va yivel
KaTavonTo OTL, mapdAAnAa Pe TV mMpoodo TnG TPEXOLCAG EPELVAS yla Ta
pelypaTa Kauoipgwy Tou MPoEPXoVTal and eVAANAKTIKEG TINYEG EVEPYELAG,
elval eniong e€alpeTikng onuaciag n BEATLOTOMOINGCN TWV LPLOTAPEVWV
OUCTNUATWV.
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H kavon og MopwdELg KAVOTNPES AMOTEAEL Pla KatvoTopo Avon rou mAnpot
TIG AMALTAOELG Yla AVENPEVN anodoaon Katl XapnAEG EKTIOUTES pUNwV [7,16],
XQPaKTNPLZOPEVN ano LYNAN TIUKVOTNTA LOXVOG, UYNAR amnodoon
akTwvoBoAlag, avEnuevn oTabepOTNTA KAVONG Kal HEYANEG avaloyieg
avaTporng. EMmA€oy, TETOLOL TUTIOL KAUOTAPEG TAPOLOLAZOLY TIOAAG
AELTOUPYIKA MAEOVEKTAUATA, CUUTIEPIAAPBAVOUEVNG TNG EVAANAELPOTNTAG
TWV KAUGTHWY, TWV EKTETAUEVWY opiwv avapAeELuoTnTag [4,10] kal Tng
duvatoTnTag AeLToupyiag os eEALPETIKA «PTWYA» KABECTWTA KAVONG.

H kavon og pla dopn adpavoug Mopwdoug HECOL €lval PLa €vvola Tov €Xel
€€eTAOTEL OLOTNUATIKA KATA TO MAPEABOV Kal €xel anodei&el Tn BEon TNG
avayeoa o€ TOANEG AAAEG epappoyEG Kavong [16]. AuTo opeileTal Kupiwg
0TO YEYOVOG OTL p€oa o€ pia adpavi mopwdn dopun AayBdvel xwpa n kavon
unepPBoALknG evBaAmiag [4], pe anoTEAeopa va dLoXeTeVETAL BEPUOTNTA ATO
Ta Bgppd npotovTa Kavong yla va npoBepuaveel To ELOEPXOUEVO piypa
Kauoipgou / agpa, ETOL WOTE N BEPUOTNTA VA EMAVAKUKAOPOPEL CUVEXWG
pEOa OTOV KauoTNPQ, 0dNywvTag o BeppPoKpacieg PAOyag KaL TaxuTNTES
Kavong PeyalluTepeg ano Tnv adlaBaTiki Beppokpacia TG PAOyag Kat Tn
OoTPWTN TaxLTNTA KAVONG, AvTioToLXA.

AUTI N ECWTEPLKN AUTO-0pyavwpevn dladikacia Aappavel xwpa Aoyw Tng
napouoiag evog BepUoL 0TEPEOL MAEYHATOG PUE AVWTEPEG LOLOTNTEG
HETAPOPAG BepPOTNTAG HEOA OTO BANAPO KAVONG, TIOL SLEVUKOAUVEL TV
oTaBepn Kavon og €va eupL PAcpa Aoywv Looduvapiag, TaxUTATWY
avTidpaoTnpiwyv Kat Beputkwv PopTiwv [10]. EdkdTEPQ, KABWG TO piypa
KAUGIPOUL / agpa Mou €XEL MPONYOUUEVWG avapepLXBel Kaiel HEoa OTLG
KOLAOTNTEG HLag TETOLAG URTPAG, N BEPUOTNTA EMAVAKUKAOPOPEL amno Tn
Zwvn PETA TN PAOYa oTn wvn MPo-PpAOYag Tov XpNOLPOTIOLEL
anoTEAECHATLKA KAl TOUG TPELG TPOTIOUG PHETAPOPAG BEPUOTNTAG,
odnywvTag T000 0 LYPNAOTEPEG BEPPOKPATIEG 00O Kal O KAUON
XAUNAOTEPEG AMO TIG AVTIOTOLXEG OE €vav OUUPBATIKO KAVOTNPA e
€AELBEPN, ABIKTN PAOYA. TUVETIWG, UTIOPEL VA ETUTEVXOEL ONUAVTLIKN
npoodog oTn BeATiwon TNG MEPLOXNAG KAVONG.

AOyw TwV TpoavaPpepBEVTWV LBLOTATWY, LTIAPXOLV NSN dLaPpopeTLKOL
TOMELG epapuoyng TNG TEXVoAoyiag kavong PHEoa o €va adpaveg mopwdeg
HECO OoTNV TPEXouoa umodopn [6]. H mpoavayepLyyévn Kavon o TETolA HEOA
pmopei va xpnotyomnotnBel yia napaywyr 8epuodTnTAG 08 BLOUNXAVIKEG Kal
OLKLOKEG KALPAKEG, OMWG £va cLOTNHA KEVTPLKNG BEppavong. Eniong, unopei
va anavTnBei og pnxaveg ECWTEPLKAG KAvong, agplooTPOBLAOUG, AEBNTES
Kavoaspiwy, OLKLAKEG CUOKEVEG BEppavong, Bagpn Kat Enpavon.
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3. KAYXZTHPEZ XE NMOPQAH MEZA
3.1 Epappoyeg Kavotrnpwy ot Mopwdn Méaoa

Mexpl onuepa €xouv die€axBei MOANEG HEAETEG OXETIKA YE TIG
EPAPHOYEG TNG Kavong oe mopwdn peoa. OpLOPEVEG and aUTEG, UTIoypdupLoay Tn
onuacia Tng Xpnong avTol Tou TUTIOU KAUGTHPWYV YLa OLKIAKEG CUOKEVEG
B€ppavong, onwg AEPNTEG VEPOU, BEPUAVTAPEG AEPA EVW AAAEG TApEixav pla
OANOKANPWHEVN ELKOVA YL TN XPNON TNG TEXVOAOYIag TWV MOpwWdWY KAUoTHPWY
og 51aPopPOoLG TOUELG, OTIWG KLVNTAPEG ECWTEPLKNG KAVONG, AEPLOCTPORLAOL Kal
NPOwWaOI, avakTnon neTpeAaiov Kat agpiov|2,3].

AVOTLXWG, CLPPWVA PE TNV TPEXOLOA TEXVOAOYia, OL TOPWIELG KAUOTNPEG
HTIOPOUV va EPappooBolV KUPLwG 0TNV MEPLOXN TWV XAUNAWY KAl HECWV
Beppokpactlwy dlepyaciag Kat AlyoTepo o LYNAEG BeppoKpacieg AOyw Twv
OUVOETWY PALVOUEVWY TIOU ePPavidovTal o€ auTeG TIG SopEg [2]. MéxplL onuepa
£X0ULV EVOWHATWOEL EMTLUXWG 0TOLG KAAdoLG TNG Blopnxaviag, 6Twg To XUTHPLO
ehappwyv HeTANAWY, N enegepyacia xaAuBa, n avomTnon yuahlol f KEPAPLKWY Kat
n enegepyaoia MAACTIKWY, OTNV KATAOKELH KAWOTOUPAVTOUPYLKWY TIPOTOVTWY,
XQPTLOU KAl KAOUTOOUK Kat oTn Blopnxavia Tpopipwv(2,3].

Mapd To yeyovog oTL N Texvoloyia mopwdoug KauoTnpa ival oXeTLKA VEa Kal
Tapd To YEYOVOG OTL MPOKUTITOUV OPLOUEVA EPTODLA 00OV apopd TIG dlepyaoieq
uYPNANG Beppokpaciag Aoyw Twv SUOKOALWY TIOL LIIAPXOULV YyLd TN ARYn akpLBWY
TIELPAUATIKWY UETPNOEWY, EXEL NON BPeL £daPog og €va eVpL PACHA EPAPHOYWV
[3]. QoTO00, 0L BUVATOTNTEG EVOWUATWONG TOUG 0TN Blopnxavia eival TEpACTLEG
Kal eATiZovpE OTL 0 pla HEANOVTIKA TEXVOAOyia N avBpwmnoTnTa 8a UMopETEL va
a€lomotnoeL MANPWG TA OCNUAVTLKA TTAEOVEKTAHATA MOV TAPOLCLAZouV auTol ot
KAUOTNPEG.

3.2 Awapoppwoelg Kavotnpwyv og Nopwdn Méoa

MExpL onuEPa, £€X0LV MAPOLOLACTEL TTOANEG DLAPOPPUWOELG KAUOTHPWYV Kal
oX£01a Mov ennPeddouyv Ageoda Tnv anodoon Tou KavoTnpd. Ot KAUOTAPES
TIOPWAOUG HECOL PITOPOLV Va TaELVoUNBoLV o TPELG KUPLEG KATNYOPLeg avdaloya
HE:

i) TOV apLBpo MopwdwWYV oTpwHATWY [1],
ii) Tn B€on TNG oTaBeponotnuevng PAOyag
iii) TOV TPOTIO PE TOV OoToio Ba avTAnBel xpnolun evépyela anod avTtd.
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3.3 Oewpnoelg yia Tov Xxedlacpuo Mopwdwyv Kavotnpwv

MpoKeLPEVOL va uAoTotnBoLV e akpiBeLa oL ToPWIELG KAVOTAPEG OTNV
TPEXOUOA Kat Tn HEAANOVTIKI LTIOSON, WOTE va EMWPEANBoLpE anod Ta
TIAEOVEKTAHATA TIOL POCPEPEL N CUYKEKPLUEVN TEXVOAOYLQ, anatTeiTal akpLpng
HEAETN Kal oXedLaopog auvTwy. Exouv d1e€axBei MOANEG HENETEG OXETIKA PE AUTO
TO B€pa [5,9], ol omoieg €del€av OTL LIIAPXOLV TIOANOL TTAPAYOVTEG TOUL MPEMEL Va
ANPOOLY LTIOYN, OTIWG N CWOTH ETUAOYH TIOPWBWY LALKWY, TO OXNHA Kal 0
TPOCAvVATOALOHOG TOL BaAdpoL Kavong, N EPapHPoyn EVOG ETUMAEOV EEWTEPLKOV
npoBepuavTipa, To BAB0G TOL MOPWSOUG GTPWHATOG, TN HOVWON TWYV TIAEUPLKWV
TOLXWHATWY TOU KAUOTAPA K.A.TT

3TNV napovoa epyacia €L91KN eppaocn SiveTal 0TOV MPWTO ATO TOUG
npoavapepBEVTEG mapayovTeg, dnAadn TNV KaTtaAAnAn erAoyn TwWv Mopwdwyv
UALKWV AoV Ta XapaKTNPLOTIKA anodoong Twy KAuoTHPWY 0g Mopwdn peoa
e€apTwvTal og peyalo Babuo anod Tig BEpUOPUCLKEG 1dLoTNTEG [9] (ONwg N
BePULKNA AyWYLHOTNTA, O HECOG GUVTEAEOTNG OYKOUETPLKAG HETAPOPAG
BepPOTNTAG KAL N EKTIOUTI) TOL UALKOU TIOU ETUAEYETAL.

MeTagL aAAwv avapepBnKe WG Ta KEPAWPLIKA UALKA anoTEAOLV eEALPETIKA
KaTAAANAn emihoyn yla Kavon evTog adpavoug mopwdoug HEGOU, AOYyw TNG
KOTIWONG TOUG EvavTL LYNAWY BEPUOKPACLWY, LYNANG XNHULKAG adpdvelag Kat TnG
avToxNng Toug TOGO 0TN PBopd 600 Kat oTn didBpwon [9]. Eniong, Ta peTaAAka
UALKA gival emiong KaTtdAAnAa LAIKA yia TopwdeLg doPEG Kal, av Kal dev Pmopouv
va xpnotpomnotnBouv o BEpUOKPACiEg TOGO UPNAEG 00O TA KEPAULKA,
napouoldadouv Kakn BepULKA avToxn, PNXAvIKn avToxn Kat KaAn yeTapopd
aywylung 8eppoTnTag.

T€Nog, napaTiBeTal MANBwpa dLAPopwy TLBAVWY YEWHETPLKWY SLAUOPPWOEWY
0To BdAapo kavong Kabwg anoTeAel EMUMAEOV apayovTa rouv emdpd oTn
OULVOALKI anddoon TWV KauoTHPWYV, ONWGE ival Jla CUOKEVACPEVN KALVN LALKOU),
KEPAULKOL appoi avolTwy KLYeAWY, PAbeg amno iveg, peTapepopeva JeTalAa i
KEPAUIKA, CUPHATOTAEYHA HETAANLIKWY KPAPATWY, AAPENA 1} aKOpN OOUEG
KNpnepag.

3.4 Enwokomnnon AVTUTPOCWIEVTIKWY Epyactwv

H napovoa peAETN MEPIAAPBAVEL PLla AETITOUEPK ETILOKOTNON TWYV MELPAPATIKWY
KAl aplBunTIKWV MPooeyyioswy 0To BEPa TNG Kavong pEca og €va adpaveg
MopWOEG HECO MOV TMAPOLCLACTNKE Ao TNV apXLK CUANNYN TG WOEAg oTNV
TPEXOLOA KATAOTAON. X€ AUTA TNV EVOTNTA NMAPATIBEVTAL TTOALAPLOYES
OLOXETL{OPEVEG HENETEG avAloya pe T puon Toug (MELPAPATLKA 1 UTIOAOYLOTLKN)
KaBwg Kal Tn XpovoAoylkn oelpd dnuoacicuong Toug. Edikn npoooxn dideTal o
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duo epyaoieg [13,14] ol onoleg BonBnoav oTnv 0AOKANPwWON TNG napoloag
gpyaociag pe MAOLPAALOTLKO TPOTO (E(TE Ao Tnv danoyn TnG e€aywyng dedopevwv
anod auTeg €iTe and Tnv dnoyn TNG CLUPTAYNG aAVTIANYNG TWV LTTOKEIPEVWY
PALVOUEVWY TIOL cuPBaivouy og Mopwdelg adpaveiq doPER)

4. YMNOAOTIZTIKH NPOZEITIZH

2TO MapoOV KEPAAALO MEPLKAELETAL N AVATITUEN €VOG aplBUNTIKOV HOVTENOU UE TN
XPnon Tou eUnoptkoL Aoyloptkou (STAR-CCM+) pe okomo Tnv akpLpn
avanapaywyn Twv XapakTnpLloTIKwy nediov pong y€oa og pla mopwdn adpavn
dopr oL AVTLMPOOWTEVEL OAA Ta CUVOETA PALVOUEVA HETAPOPAG BEPUOTNTAG
Tou AapBdvouv Xxwpa evTog TNG UATPAG Xwpig eEwTepLkn Bonbela (eLte
TIPOKELTAL YA HaBNPATIKO TAKETO / solver eiTe yla pla yAwooa mpoypaupaTiopou).

AuTO TO KEPAAALO TEPLYPAPEL TN YEVLIKN dladikacia povTeAomnoinong mov
€PAPUOTETAL OTO TAPOV EPELVNTIKO €pY0. O TENLKOG OTOXOG €lval va anokTnoel
€va JOVTEAO OV va PTMOPEL va KaTaypdyel Ta KUPLA XApaKTNPLOTIKA PLag
avTidpaoTikng dladikaciag mouv AapBavel xwpa J€oa o €va mopwdeg adpaveg
péoo (PIM) oo meptBaAAov STAR-CCM +. H Baotkn MPAKTIKN MPOBgon auTou Tou
povTENOUL eival va mpoBAEPeL pe akpifela Tnv katavopr Beppokpaciag kard
pnKog evog avTidpaoTtnpa PIM mou propei va BonBRoeL oTny €peuva OXETIKA JE TA
(PUOLKA XaPAKTNPLOTIKA TNG dladikaociag kavong kabwg Kat Tig dladikaocieg
oXedlaopoL Kal BEATLOTOMOINONG OE TETOLEG YEWHETPIEG.
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4.1 STAR-CCM+

To STAR-CCM + gival pta 0AOKANPWHEVN TMOAVETLOTNHOVLKA MAATPOpUA
yla Tnv npooopoiwon oxediwv LMo MPAYHATIKEG oLUVBNKEG. MpPoKeLTaL yla Pla
AUon LTTOAOYLOTIKNG LToBonBoLpevVNG puNxavikng (CAE) yla Tnv emiluon
OLEMIOTNHOVIKWY MPOBANUATWY TOGO OE LYPO OCO KAl OE OTEPEO PNXAVIOHO
ouVEXO0UG HEOOU, HECA OE €va €VLALO OAOKANPWUEVO TIEPIBAANAOV XPAOTN. TNV
Tapovuoa EVOTNTA AVPEPOVTAL OPLOPEVA ATO TA BACLKA XAPAKTNPLOTIKA TOU
nak€Touv STAR-CCM + mou BonBnoav Tnv uno PEAETN Epyacia.

> T0 MAALOLO AUTAG TNG HEAETNG, Kpiolpa nedia mou dwenke 1dlaiTepn mpocoxn
elval ekeiva mouv oxeTi¢ovTal ye Tn ou{evypevn peTapopd BeppoTnTag (CHT) kat
TO Medi0 AVTIOPACTLKAG PONG, KABWG TO CUYKEKPLUEVO EUTOPLKO TAKETO, EKTOG
ano Tnv TEPACTLA BAcn SEDOPEVWYV TWV KAUGIHWY TIOL EXEL KAL TWV KABECTWTWY
Kauong mou ocupmepAayBdvovTat oe auTo, TAPEXEL EMONG TANPOPOPIESG yLa TLG
aAANAETUOPACELG HETAEL TWV MAPAPETPWY TOL MEDIOL PONG KAl TNG LTTOKEIPEVNG
XNUElag Twv powv avTidpaong.

4.2 YnoAoyloTikn Aladikacia Movrelomnoinong

3TNV Mapouoa evOTNTA, TEPLYPAPETAL N KUPLA LITOAOYLOTIKN dladlkaota mou
aKoAouBnBnKe WOTE va EMLTELXOEL N APLOUNTIKN CLYKALON, EVW avaAbovTal OAEG
OL EMLPEPOUG UTIONOYLOTLKEG KAl U TEXVLKEG MOV EPAPHOCONKAV WOTE va
kaTtaoTel duvaTo auTo (onwg auTr Tou Iooduvapou Mopwdoug). ZUYKEKPLPEVQ, TA
TUTUKA BrjpaTa Tmou akoAouBnénkav oTo napov KePpAialo apopoly Ta Kupla
XQPAKTNPLOTLKA TOU TPOGILOPLOHOL TOL MPORAAKATOG, TNV EPAPHOYH OPLAKWY
oLVBNKWV Kat Tn dtacVvdeon Twv PETABANTWY, TN dLaTLVMWON TNG LNOBEONG Kal
TWV VoUWV dlaTtnpnong Kat TEAOG TNV aplBunTIKN eMiAvon TwV €ELOWOEWYV TOU
KATAOKEVAOUEVOU POVTENOU.

Y& auTO To onueio, agLZel va onueLlwBEL N KuPLA TEXVLKN TOV EPAPUOCONKE Kal
NTav LKavi va avanapa&gel Tnv nopwadn neploxn HEoa oTnv omoia yeAEToOLVTAL Ol
HETABANTEG TOL MEDIOL PONG. TUYKEKPLUEVQ, N TPOCEYYLON IOV AKOAOLBRBNKE
ovopdZeTat Texvikn looduvapou Mopwdoug (EPM). H moAUmAokn puon Twv
TPAYHATLIKWY TopwdwV PHEGWYV 0dNyEL 0TN XPRON HLag anAomotnUEvng
avanapaoTaong Tng mopwdoug dopng, apou POvo Pe auTov Tov TPOTO eivatl
duvaTov va mepLypaPpei n PpatvouevoloyLKn cupnepLpopd Tou pEcou. To EPM eival
€vag amAog TPOMOG yLa TN HOVTEAOTOINON CLUCTNHATWY TOPWIOLG ATAWG
ayvowvTag Ta JE€oa oTnV oTEPEA MEPLOXN KAl avanTuooovTag LoodUVAUES
BEPUIKEG KAl LOPAVALKEG MAPAPUETPOUC TIOL AVATIAPAYOUV TO ATIOTEAECHA TWV
aYVOOUHEVWY TIEPLOXWV.
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4.2.1 Oplopoc MpoBAnpaTog

Onwg avapepBbnKe Kal mapandvw, oKOTog Tou TapovTog HOVTENOUL givatl va
OLlEPELVIOEL TN CLUMEPLPOPA TNG KAVONG TOL ELXE MpoavapuelEn agpa Pe pebavio
pEoa o pla dopn mopwdoug adpavolg pEaou. AuTh n dopn €Xel pia oTadepn
TEPLOXN EYKAPOLAG DLATOUNG, LTTOOTNPILZEL EEALPETIKA «PTWYA» CLCTAKATA
Kavong Kat UIApXeL EMAKOAOUBOG OXNUATLOPOG aveNLBVPNTWY puUNWYV. EE oplopou,
oL anWAELEG BEPUOTNTAG HECW TWV TOLXWHATWY TOU KAUGTHPA TapageAovvTat
(adlaBaTika TolXwyaTa) EKTOG ano Tnv enupdvela €€660v auTAG TNG S0pNG, N
onoia avraAAdooel BeppoTnTaA YE TO MEPIBANNOV HECW aKTLVOBOALAG.

I5laiTepn mpoooxn dideTal oTnv avrallayn BgpuoTNTAG HETAEL TNG OTEPEAG Kal
TNG LYPNG MEPLOXNG. Mapd To yEYOVOG OTL oL dUO JLAKPLTEG MEPLOXES
TOTOBETOUVTAL IAVOUOLOTUTA N hia Avw oTnV dAAN, AapgBdvouv xwpLoTn
enefepyaoia kat dev emnpeadovTal anod Tov aplBpo Twv dlenapwy aAld ano Thv
avtaAAayn BgppoTNTAG AMO PAKPOOKOTILKI AToyn. To EMOUEVO Bripd MPOKELUEVOL
va kaTaypaei pe akpiBeta n Bgppikn aAAnAenidpacn Twyv dVo neploxwy givat va
XapToypapnBouv Ta nedia Beppokpaciag TnG plag meEPLOXNG 0TO AANO Kal
avTioTpopa.

To oxnua 4A napouctdel Yia EMLOKOTNGN TOL OPLOPOV TOL MPORANHATOG,
ETMLONPAlVOVTAG Ta PUCLKA XAPAKTNPLOTIKA Kal TIG JETABANTEG IOV OXETIZovTal
PE TN HovTeAomoinon TNG Kavong mopwdoug HEowWY. Od MPEMEL VA ONUELWBEL OTL
yla TOLG OKOTIOUG TOU OXAUATOG AUTOV OL LYPEG KAL OL OTEPEEG TIEPLOXES
HETAPPACTNKAV KAl AMELKOVIOTNKAV XWPLOTA. ZTHV MPayPaTikoTnTa, ot Vo
MEPLOXEG TOTOBETABNKAY MAVOUOLOTLTA N pia Mdvw oTnV AAAn €TOL WOTE va
OULAAGBoLV TNV aAANAemidpaon HeTAPOPAG BEPUOTNTAG HETAEL TOUG.

Equivalent Porous Fluid Region
Media approach

QOutlet

C=>>» Heat losses

Inlet via radiation

Adiabatic

Solid Region
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Zxnpa 4A) Sxnuarikii lapovaiaon 1ng mopwodous dourg mouv 8a diauoppwbei
xpnowonowwvrag tnv TExViki looduvapou lopwdoug, pali e Ta kupla
XapakTnpLoTikd Tou npoBAnuarog.

4.2.2 Baolkeg YnoBeoelg

Me yvwpova Tov oplopo Tou TPoBARPATOG, dnULoupynoaue TIG MapadoxEg Tou
HOVTENOU OTLG onoieg Ba Bpebel n amAonotnuevn LMTOBETIKI PUOILKN
EKTIPOOWTNON TNG MPAYUATIKOTNTAG. O ETUAEYHEVOG BABUOG AMAOVOTELONG
KaBopilel To XapakTnPa TWV HABNUATIKWY OXECEWY TOL Ba anoTEAECOUV TEAIKA
Tn dtadikacia kavong [11].

H pon Tou pguoToL BewpeiTal OTL eival OTPWTN Kat e aEANTEA MTWON TIiEONC
eneldn T000 N TaXVTNTA PONG 000 KAL TO HAKOG TOU KavoTnpa dev sival
unepBOALKA LYPNAEG. ETunAgoy, BewpoLpe TNy poavauelEn kavong yia Eva
OTOLXELOUETPLKO Peiypa yeBaviov / agpa o mopwdn aPppd KATAOKEVACUEVO Ao
aloupiva. Mia dAAn napadoxn Tav avTr TNG TOMIKNAG BEPULKNAG W LooppoTtiag
HETAEL TNG agplag Kat TNG oTEPENG PpAong AOYyw TNG ONPAVTLKAG Mapaywyng
BepuoTNTAG OTNV A€pLa paon [8].

Ooov apopda To Peiypa agpiov paong, ot Baclkeg napadoxEg eivat
XOAPAKTNPLOTLKEG YL TIG EAACHATOTIOLNUEVEG TIPO-AVAPEHULYHEVEG PAOYEG, OTIWG
elval n wavikn avaAnyn agpiov, n €vvola Tng PAOYag Ue oTpwWTH PAOya Kat To
A€PLO TOAAATIAWY CGUOTATIKWV.

To nmopwdeg adpaveg peco (PIM) avTIHETWIIZETAL WG OPOLOYEVEG KAl LOOTPOTIO
anoé PAaKPOOKOTILKI) Aroyn Kat oL Baveg KaTaAUTIKEG eTUdPAOELG tapapeAolvTal.
ErunA€ov, To PIM BewpeiTal AKApmTo Kal oTaTIko. Q¢ €k TOUTOU, N HOvn nidpaon
ToL PIM 07N dladikacia kavong oXeTiZeTal AMOKAELOTIKA PE PpaLvopeva
HETAPOPAG BEPUOTNTAG.

Ooov apopda Tnv akTivoBolia, auTn npooeyyiobnke pe Tn pEBodo dlaxuong
Roseland. H mpoogyylon diaxvuong Roseland gival €va anhomotnuEvo HovTENO
HETAPOPAG BepUOTNTAG PE aKTLVOROALA MOV CUPPBAiVEL OE OTITIKA TIUKVA TIOpwWdN
adpavn PE€oq, LY naxeig appoug Pe PIKkPoLG MOPOUG. YTIOBETEL OTL TO OTITIKO
BaBog ival dmelpo Kal OTL n pon BepuoTNTAG And TNV akTivoBoAia pnopei va
ypapei wg avahoyn pe Tnv KAion Tng Beppokpaociag. av anoTENECHA, 0 0POG
HETaPoPAg BepuoTnTag dU' akTvoBoAiag oTnv e€iowon EVEPYELAG OTEPEAG PAONG
OoL{eLXBNKE UE TOV OPO PETAPOPAG BeppoTNTAG OL' aywyng AOyw TOu XapakTnpad
TouG (Kat ot dvo o6pol ATav diaxuvong).

4.2.3 Kupiapxeg EElowoelg
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Ot LNIOBECELG TIOL TIAPOUGLACTNKAVY TAPATAVW HAG ETILTPEMOLY Va
OLaPOPPWOOLIE TOLG VOUOUG dLATAPNONG yla Ta Halkd idn agpiov paong Kat
TNV EVEPYELA agpiov Kal oTEPEAg pAong. To OLVOAO TWV EELOWOEWY TIOU JLETOLV
MEPLAQUBAVEL TIG HOVIUEG HOPPEG TwV pakpookoTitkwy 3D Navier-Stokes
£€L0WOEWV PECWYV OYKWV pali PE TIG EVEPYELAKEG LOOPPOTIIEG YLa TIG OTEPEEG Kal
UYPEG PACELG, WOTE va ETUTPEMETAL N EYPAVLON TOTUKNAG BEPULKNAG PN LooppoTtiag
KAl TwV 100¢uYiwV paZag Twv XNUIKWY L5WV.

4.2.4 YmoloyloTiko MAgypa

I5taiTepn Mpocoxn oTnVv eEeTalopevn nepinTwon d06NKe 0TO LMOAOYLOTIKO
TAEYHQ, apoL 0 akpLBRG 0pLoPOG Tou TEAeLTalo dladpaparidel Kpioldo polo yla
TNV eMiTELEN AKPLBWY APLOUNTIKWY AMOTEAEOUATWY. TO LUMTOAOYLOTIKO MAEYHA
QvapEPETAL OE PLA AMAOTIOLNKEVN HOPYPH TOU PUGLKOV eSOV, TOCO WG TPOG TN
YEWUETPLKN AvanapdoTacn 000 Kdl W¢ TPOC TNV €TLBOAN TNG 0PLAKAG
KATAoTAoNG.

To UTIOAOYLOTLKO MAEYHA deV glval TAUTOCNHO PE TOV PUGLKO edio oTnv
nepinTwon avTr, aA\d eMeKTEIveTAL and To TEAELTALO KATA UKOG TOL AEova X
oTnNV KaTevBuvon €10000V KaTd 2 cm, TPOKELPEVOU va AnPpeel uroyn n
OHOLOpOPYPN KaTavoun Kplotgwy peTaBANTwWY 0nwg n Beppokpaocia kat n pon
paZag mpLv Tnv mopwdn dopn.

Ooov apopda Tn dadikacia KaTaokeLNG MAEYHATOG Kal EKTOG amo To epyaleio
€€wONONG MAEYPATOG TIOL XPNOLUOTIOLNBNKE Yla TNV EMEKTACN TWV 0piwv
UTIOAOYLOTIKAG TMEPLOXAG KAL YLa TNV AMOKTNON EVOG TILO AVTLIPOCWTEVTIKOV
UTIOAOYLOTLKOU TEdiov, uTtpxav dLAPopeg AELTOUPYLKEG aAAayEG rou odnynoav
oTNV TEAKN popPpr) avToL onwg n ene€epyacia empaveiaq woTe va EXOVUE
KaAUTEPN OLAKPLTOTOLNGN TWV KEALWV.

ErumA€ov, yia va emutevyBei n mpoavapepBeioa akplBng ocuykALon,
npaypaTonotnenke pia dokiun ave&apTnoiag nAEypartog [15]. 2To neplexopyevo
TNG napovoag HEAETNG, EPapuooTnKav dLapopeg aAAayeg oTov aplbpo Twv
KEALWYV, TWV ETILPAVELWY KAL TWV KOPUPWYV TIPOKELPEVOU Va ETILTEVXOEL O
BEATLOTOG APLBUOG TETOLWY OVTOTATWY TOU KATAOKEVLAZOLV TO TEAIKO
UTIOAOYLOTIKO TAEYHQ, EVW VA OLYKEKPLUEVO €TLiMEDO avoxng KabopioTnke ek
TWV MPOTEPWY. ZUVOAIKA, MPAYHATOTOLBNKE [Pld MPOCEYYLoN BApa npog BRua
oUPPWVA JE TNV OToLa TO HEYEBOG TWV KEALWYV HELWONKE TPOOSEVTIKA KaL
OLVETIWG TO MAEYHA AVAPOPPWVOTAV CUVEXWG, EWG OTOU N AVON KATEDTN
ave€apTnTn anod To MAEyUA TOL KATAOKEVLACTNKE OTaA £Mineda Tng
npoavapepbeioag avoyng.
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4.2.5 MovTelomnoinon duoitkwv Kat XnUIKWV datvopuEvwyv

AnatTnTLKO KOPPATL TNG Epyactag anodeixbnke n HovTeAOMoinon Tooo TWV
(PUCLKWY 000 KAl TWV XNULKWYV PALVOPEVWY TIOL CLKRALVOLY GTNV TOPWAN
neploxn. Ma va npaypgaronotnBouv auTEg eMIAEXONKAV CUYKEKPLUEVA HOVTENA
amo Tn Bdon dedopevwy Tou STAR-CCM+.

Ocov apopd TNV agpla pacn Tou Peiyparog eTAEXBNKav oplopEva JovTENA
OMWG aUTA TOU LBAVIKOUL AgPLOV, TNG OTPWTNAG PONG Kal TNG SlaxwpPLOPEVNG PONG.

Ocov apopa Tn XNULKA KLVNTLKN, EVAg HOVOBNUATIKOG UNXAvIopPog avTidpaong
HEBAVIOL PE agpa Mov eUMEPLEXEL 5 BlapopepLka XNHUIKA L8N €L0RX6N 0TO
AOYLopLKO. H oUYKEVTpwOoN KaBe £idoug LonX6N wg BaBuwTh cuvapTnon nedlov
apov yVwpLZape €K TWV MPOTEPWYV TNV TLPN TNG KATA PNKOG Tou KavoTnpa. AEiZeL
va onpeLlwBel OTL 0TO MAPOV HOVTENO £PELVABNKE N KAVGHN UTIO OTOLXELOPETPLKEG
OLVBNKEG Omou cupBaivel MANPENG Kavon.

Ooov apopd Tn oTEPEN PAOH, EPAPHOOTNKAV HEPLKA SLAPOPETIKA HOVTEAA OTO
OTEPEOD OLVEXEG OTIWG OTABEPN TMUKVOTNTA KAl dlaxwpLoPEVN oTepen evBaAmia. H
aloupiva emeA€yn wg LALIKO epyaciag. QoTOCO, MPOKELPEVOUL va avanapayei n
Kavon P€oa og mopwdn HEoa ano appod aAoupivag, oL TIHEG XAPAKTNPLOTIKWY
1OLOTATWY UALKOU OTWG N TIUKVOTNTA Kal N BEpULKA aywylpoTnTa dev
XPNOLPoToLBnNKav wg NMPoKaBOPLOPEVEG TIHEG TOL OTEPEOL UALKOV OTIWG
anodnkeLTNKav oTn Baocn dedopevwy STAR-CCM + aA\a dAAa&av pe oeBacpo oTo
nopwdeg Kal oTLG €ELOWOELG TOL JLEMOULY TO MPOBANUA.

4.2.6 OpLOKEG ZUVONKEG

IStaiTepn Mpocoxn 508nKe oTNV akPLBR EPAPHOY TWV 0PLAKWY CUVBNKWY,
KaBw¢ 0 CWOTOC KaBOPLOPOG AUTWY €ival €va oNUAvTIKO Bripa yia Thv NiTEVEN
pLag emTuXnNUEVNG Abong Tou nediov pong [8,11].

Ooov apopd Tnv oTEPEA MEPLOXT, TA TUAHKATA £L0000VL Kal MAEVPLKWY
TOolXWHATWY Bewpndnkav adtaBaTikd. ETol, auTEG oL MEPLOXES Elval
adlanepaocTeG anod TNV eVEpyeLla Kal dev UTIAPXEL PaLvOPeVo avTalAayng
BeppoTNTAG HETAEL ALTWYV KAl TOL MEPLBAANOVTOG. To TUAHA €EO080L TNG OTEPEAG
nePLOXNG BewpnBnNKe WG ToiX0G poNg BEPUOTNTAG EP OO0V EXOUHE ATIWAELEG
Mpog To mepLBaiiov.

Ooov apopd Tnv MEPLOXI OTIOL UTIAPXEL TO PELYHUA AEPILWY, TO TPAHA EL0ODOU
BewpnBnke wg £(0000¢ TaxLTNTAG. AUTO onpaivel 6TL o0 dlavuopa TaxLTNTAG
€10000V KaBopileTal dyeoa Kat opiel eniong Tn oTaTikn Beppokpaocia. Ta mAayla
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TOolXWHATA TNG MEPLOXNG ALTAS BewpnBnkav adlaBaTikd Kat adlanepaocTa, Xwpig
va JETAPEPOLY OTOLAdNTIOTE MOCOTNTA BEPUOTNTAG OTO NMEPLBAAAOV I} TO
avTioTpoo, evw To TURPa e€0dov opioTnke wg €€0dog ieong, Ue Tnv Tieon va
KaBopileTal oe OAOKANPN TNV MEPLOXN EKELVN.

5. AMNOTEAEZMATA KAI 2YZHTHzH

TNV EMOPEVN EVOTNTA TNG Mapoloag pyaciag, anetkovieTal mAnéwpa
anoTEAEOUATWY TIOL MPOKUTTOLYV Anod Th cLyKAivouoa AUon og cLVOLACHO e
KATOLO OXETLKO OXOALaopo. H yoppn TNG anetkoviong MotkiAAEL ano Ta KALAKwTd
TPOPIN OpLOPEVWY KPiowYV PeTABANTWY 0€ cLUPBATIKA dlaypdppaTa OVTOTATWY
KOTA PARKOg Tou a€ova x. Ta xpnotpa dedopgva mov eEAyovTal ano ThvV aplBunTIKN
npooopoiwon oto STAR-CCM + eival cuvapn pe Tnv anodoon Kal Tn AeLToupyia
TOL KAuoTHPA.

0.12m

Y Temperature (K
IraY 200.00 7473 1149.5 1574.2 1998.9 2423.7

Eikova 5A) Karavourj Bepuokpaotac otnyv nepLoxn Tov Uelyparog kard Ljkog Tou
afova x

0.12m

1Y Temperature (R
Z X 300.29 70I.64 1103.0 1504.3 19057 2307.1
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Eik. 5B) Karavouri Bepuokpaociag ornv oTEPEA NEPLOXI} KATd LIJKOG TOU aéova X

Temperature Plot
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Eikova 5D) MpopiA popiak v kAaoudtwv KABe Xnuikou €(00U¢ Mo EUNAEKETAL
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Effect of the Radiative Heat Transfer on the Thermal Conductivity
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Eik. 5G) Entidpaon Tou dpov petapopds Bspuotntag Ot’ akTivoBoliag orn Bepuikii
aywyoTnNTa Tou oTEPEOU

Ano Ta napanavw dlaypappara naparnpeital oTL:

e Ymdpxel pla anoToun av€non Twyv emnedwv Bepyokpaciag Tou PEVOTOV
€Kel OOV TO PETWIO PAOYAG €ival ayKUPOBOANUEVO EVW N PEYLOTN TR
NG Beppokpaciag avTou eivat 2427 K

e Taenineda Bepuokpaciag oTnv MEPLOXN TOL OTEPEOL avEavovTal oTadlakd
o€ OoLYKPLON PE TNV MEPLOXN TOL PEVCTOU OTIOV CNUELWONKE AMOTON
av&non Tng Oeppokpaciag. AuTo oPpeileTal KLPLWG 0TNV avakukAopopia
BeppOTNTAG MOV CLUPPAIVEL OTNV OTEPEA TIEPLOXN ATO TN CUUBOAN TNG
akTIvoBoAiag oTov UnXaviopo peTapopdag BeppuoTnTaAG.

e Taenineda Bepyokpaciag TNG oTEPEAG MEPLOXNG HELWVOVTAL OTO TUAHA
€000V TOL KAVOTAPA AOYW TWV BEPULKWY ATIWAELWY HECW aKTLVOBOALAG
oTo MepLBAAAoV cUPPpwva Pe Tov vopo Stefan-Boltzmann.
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e KaravTtt Tng Zwvng avTidpdoewg, To aEPLo eival BEPPOTEPO ATO TO OTEPED
KAl €TOL N BEPPOTNTA HETAPEPETAL ATO TA BEPUPA MPOLOVTA KAVONG P0G
TNV Mopwdn PATPA KAl EMAKOAouda To BEpUo 0TEPEOD SLOXETEVEL KaL
EKTIEUTEL BEPUOTNTA OTNV AVAVTN KATELBLVON.

e AvavTi Tng {wvng avTidpaong, n Beppokpacia Tou oTepeoL uepPaivel
€KELVN TOL PELOTOU KAL CUVETIWG UTIAPXEL HETAPOPA BEPUOTNTAG TIPOG
auTo. Ta eloepXOpEVa agpla mpoBeppaivovTal EToL HEXPL VA PTACOLV OTN
Beppokpacia avapAeEng, n avtidpaon AapyBdvel xwpa Kat 0 KUKAOG
ouveyileTal

e PLZIkn av&non 1 pelwon TnNg CUYKEVTPWONG KABE XnNULKOL €idoug yupw
anoé Tnv neploxn TG PAdyag avaloya pe Tov pOAO Tou oTnVv avTidpaon
(avTidpov n potiov). AuTEG oL anoTopeg akAayeg opeilovy Tnv napouvoia
TOUG OTNV aneAeLBEPWON BEPPOTNTAG OTNV TEPLOXN TNG PAOYAG.

e H Twun Tou pubuoL avTidpaong sival eEalpeTIKA LYPNAN HOVO OTNV MEPLOXN
NG PAOYag omouv cuuBaivet n avTidpaon. TNV MPAyPATIKOTNTA, N
gQPpavion Tng avtidpaong Kat n aneAeuBEPWON BEPPOTNTAG TOL AMOPPEEL
anod avTnv ival o KUPLOG MAPAYOVTAG yla TNV avEnon Tng Beppokpaciag
oTNV MepPLOXn LYPOUL

e MeTd Tn B€0n TNG PAOYAG OTOL LTIAPXEL HEYLOTN AMEAEUBEPWON
BeppOTNTAG, CLUVAVTOUUE TIG HEYLOTEG TIPEG TaxLTNTAG. AEiel va molpe
oTL 1o nedio TaxLTNTAG €EApTATAL O PEYANO BaBUO and To MoPwdIEC LALKO
TIOL ETUAEYETAL, KABWG N AvTioTaon oTn pon TOL PELOTOU PECW TOU
TopwWd0oLG HECOL OXETIZETAL PE TNV MOCOTNTA TWV CWHATIS WV (1 TNV
OUYKEVTPWON OYKOU)

e H mpaypaTikn BgpUIKN aywyLHOTNTA TOL OTEPEOL €XEL 0TABEPN TIUR 0,2 W
/ mK, evw n cupBOAR TNG akTLVoBoALag 6Tn CUVOALKN AywyLHOTATA
aKOAOULBE( Pla KaTavoun oTnv omoia KovTd oTnv B€on TNG PAOYag LTIAPXEL
pta opaAn avodog Tng a&iag TnNG Kal AOyw TwV BEPUIKWY ATWAELWV PECW
aKkTLvoBoAlag LTApXEL Pla eMAakOAouBn peiwaon oTo TuRUa e£6dou. Mmnopei
va pavei 0Tt n cLPYBOAN TNG AKTIVOBOAIAG OTN OTEPEA AYWYLHOTNTA WG
pEOCO avakukAopopiag BeppoTNTAG €ival onuavTikr Kat dev Pnopel oe
Kapia nepinTwon va napapeAnBet.
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6. 2YMIMNEPAZMATA KAIMNMPOTAZEIZ INA MEAAONTIKH MEAETH

To napov Kepdahato oAOKANPWVEL TN ALaTpLPn PE PLa oVVTOUN
nepiAnyn TnNG EpeLVNTIKNG Epyaciag Kabwg Kat ge Ta Bacika
ouunepdopaTa nov €€nxbnoav ano avTry. EmnpocdeTa avapeEpovTat ot
KUPLEG CUUPBOAEG TNG MapoLOaAg Epyaciag Kal mapouctdZovTal MPOTACELG
yla HeANOVTIKEG EPYACIEG OV OXETIZovTaL PE To BEPA TNG dLaTPLBAG.

Y€ AUTO TO EPELVNTLKO £pYO, EXEL AVANTUXBEL Eva HOVTENO KAVONG
IOV €XEL TIPOAvApELEN Ye peBaviov Pe agpa peoa og mopwdn adpavi doun
KaTaokevaopevn and akovpiva (PIM). To povTENo BacileTal og 1D
TIPOCEYYLON KAl AapuBAVEL UTIOYN TLG EVEPYELAKEG LOOPPOTILEG AEPIOL Kal
OTEPENG PAONG, CLPTEPLAAUBAVOUEVNG TNG XNHULKAG KLVNTIKAG KAt TNG
povTelomnoinong akTivoBoAiag. EMmAEoy, auTo To HOVTENO eival o BEon
va KaTaypayel Ta onUavTIKd XapakTNpLoTIKA Twy Slepyactwy Kavong peoa
oTnV nopwdn PATPA, Kabwg emniong ival apkeTd anAo yia va dei&el
HELWHEVOULG XPOVOUG POCOUOIWOoNG. H amokAELOTIKNA XPNon EVOG
EHUMOPLKOL AoYyLopLKOoU ‘onwg givat To STAR-CCM + pe oKomo Tnv
avanapaywyn pe apl8unTikn akpiBela MOAUTAOKWY PUCLKWY PALVOUEVWYV
OTWG N Kavon o€ MopwdELg OOUEG AMOKAAUTITEL TOV KALVOTOHO XAPAKTHPA
TNg napovoag epyaciag.

TuvoypiZovTag, Ta KUpLa cudnepaoparTa eivat Ta ENG:

v

OL duvaTOTNTEG TOL EUTIOPLIKOL MAKETOV STAR-CCM + peTaTporig evog
TOAUPAGLKOL TIPOBARHATOG OTIWG N KAUon Mopwdoug HECOL OE
HOVOpAGLKO.

H duvaToTnTa EPAPPOYNG TEXVIKWY Lo0dUVALOL OPWIOUG OE EUMOPLKEG
OULOKELAOLEG £TOL WOTE va avanapayxd8olv MopwdELG MEPLOXEG.

H akTivoBoAia prnopei va gyovrehomnolnBei anoTEAECOPATIKA WG OPOG OTNV
BEPULKA AYWYLHOTNTA TOL OTEPEOV

H oupnepiAnyn TnG anwAelag BepUIKNAG akTVoBOALag 0TO HOVTEAO TOU
KauoTnpa BPEBNKE OTL €XEL EYAAN onUacia yla Tnv eMTEVEN a&LOMIoTWV
apLéunNTIKWVY MPOBAEPEWV yla ThV Kavon oTnv nopwdn dopn, €BLKA oTavV
TPOKELTAL Yla avTIOPAcTAPESG PIKPNG KALpakag kat popTia xapnAng Loxvog.
H mpoogyyLon mouv akoAouLBEeiTal 0TO MapOV £pY0 €ival Lkavr va cUAAABEL
Ta KUPLA XAPAKTNPLOTLKA TNG KALONG ToU €XEL poavapelEn yebaviouv pe
agpa og mopwdn dopn, Kat CUYKEKPLUEVA, UTopei va PoBAEYEL e
LKavOTIOLNTIKNA akpiBela Tnv €EEAEN TwWv BEPUOKPACLWY KAl TWV
OULYKEVTPWOEWY TWV SLaPOPWV XNHULKWY ELBWV.

Kabwg auTn n epeuvnTIKN epyacia acXoAndnke pe diapopa EgxwploTd

@€paTa, Ta onoia oXeTi¢ovTal Ye TNV KAUON MPOAVAPEHPELYHEVOU UiyHaTOq
peBaviov pe agpa oe mopwdn adpavi dopn, oL EPEVVEG OE OPLOPEVA BEPATA EXOLV
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KAE(OEL MaPA TIG OTIOLEG YVWOTIKEG AVETAPKELEG. ETILMAEOV, EVTOTOTNKAV TOUE(G
£pYaoiag, EVTOg Twv onoiwyv Ba ATav emBupnTO va eTuTeLXBei KAAUTEPN
KATavonon. £Tn CUVEXELQ, OpLOPEVA BEPATA OV XPNTOLV TIEPALTEPW TIPOCOXNG
napatibevrat padi ye pa nepiAnyn Twyv CLCTACEWY YLd MEPALTEPW PEANOVTLKNA
epyaoia.

v N mapovoa epyacia Ba Propovoe va EMULTPEPEL OTOUG EPEVVNTEG VA
OLEPELVNOOLY TIG SLVATOTNTEG OAOKANPWHEVWY MAKETWYV ONwWE To STAR-
CCM +, IPOKELPEVOL Va BEATLOTOTOLCOLV OPLOPEVA XAPAKTNPLOTIKA, TA
omola Pe Tn ogLpd TOLG Ba 0dNYNOOLV OTNV AMOKAELOTIKNA XPNON AQUTWY
TWV MAKETWV yla TNV EMIAVON TOAVETLOTNHOVIKWY MPOBANUATWY PHECA OE
€va eviaio oAokAnpwpeEvo MepLBAAAOV XPROTN

v Ba Pnopouoe va peAeTNBel n cupmepiAnyn evog MoALdLACTATOL HOVTEANOU
TIPOKELPEVOL va AnPpBoLV akplBECTEPA anoTeEAECUATA OGOV aPopd Tn
BeppLkn aAAnAenidpaon HETAEL TWV SLAKPLTWYV TIEPLOXWY TOU
NPOoBAAPATOG

v Ba pnopouoe va peAeTNBel n cupnepiAnywn evog Mo eEEALyUEVOL HOVTEAOU
pETaPopAag BepudTNTAG OU' AKTLVOBOALQG IOV VA AVTLITPOCWTEVEL U
aKpPLBEOTEPO TPOTIO TA AMOTEAECUATA AUTAG.

v Xpnolpog Ba ATav €vag KaAUTEPOG XAPAKTNPLOPOG TWV KOLVWG
XPNOLUOTOLOUHEVWY TIOPWOWY LALKWY 000V apopd TnV LKavoTnTd Toug va
HETAPEPOLV TN BEPPOTNTA KABWG KAl PLa AVTLIKELPEVLKN Kal
OAOKANPWHEVN CUYKPLON TWV VALKWY WG TIPOG TV €MidPACK TOUg OTNV
anodoon Twv KauoTApwY

v' Mua BaBuTepn dlepelivnon TNG XPNong VEWVY MopwdwV VALIKWY,
oupnEePIAaPBAVOUEVWY EVAANAKTLKWY HOPPUWYV CUOKELAGLAG HETAAALKWV
appwy, Ba propovoe va SLEVKOAUVEL TLG TIELPAPATLKEG dlEpYacieg KaTA TV
KATAOKELI TWV MOpWOWYV KAUCTHPWYV Kdl THV ANOKTNON AMOTEAECUATWY
anod avToug, n onola Pe Tn ogLpd Tng Ba propovoe va BondroeL oTnV
aplBuNTIKA HoVTEANOTIOINON TETOLWV.
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NOMENCLATURE
A Arhenivs pre-exponential factor
g volumetric surface area
Cp  specific heat capacity
D diffusion coefficient
E activation energy
He surface heat transfer coefficient
H,  volumetric heat transfer coefficient
h spectfic enthalpy
l radiation intensity
L length
MW molecular weight
O radative flux
R universal gas constant
S, flame speed
§ direction vector
I temperature
I time
I velocity
X position
I' massfraction
Greek symbols
f extinction coefficient
§ specles perturbation amplitude
; solid emissivity
f eigenvalue
) thermal conductivity

i direction angle cosine

p o density

o Stefan-Boltzmann constant

I optical depth, temperature perturbation
amplitude

¢ phase function

o solid porosity

o scatiering albedo

©  chemical production rate

Superscripls

: perturbing quantity

- mean quantity

Subscripis

0 solid inlet

b black body

o critical

f flame

fuel  fuel species (CHy)

g gas mixture

: direction index

k species index

L solidoutlet

0 free flame

or  oxidizer species (0y)

5 porous solid
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Chapter 1: Synopsis

1  Synopsis

The present Thesis primarily aims at the revelation of the vast capabilities
that commercial integrated packages like STAR-CCM+ offer in order to numerically
analyze complex physical phenomena as is Combustion inside Porous Inert Media,
while secondarily, aims at a further expansion of the existing data collection on
Porous Media Combustion so as to hasten the development and employment of
this type of burners which may offer significant advantages in terms of
performance and operation against the conventional ones.

The context in the current study is organized and distributed in three main
directions. Firstly, at an introductory level, the necessity and applicability of this
type of burners in the current infrastructure is discussed. In this first part, apart
from the introductory section, the fundamental theory and the basic components of
systems containing Porous Media Burners are described, along with the operating
principles which govern them. Moreover, a plurality of configurations is presented
with relevant commendation regarding their utility and efficiency, along with a
thorough investigation of the properties of the porous material used. Additionally,
an exhaustive review of the most representative studies either numerical or
experimental ones on the matter is cited, and their contribution to the evolvement of
the academic community understanding regarding this complex issue is discussed.

On the second part of the present Thesis, a numerical model is constructed
in order to reproduce combustion and its characteristics inside Porous Inert
Structures. Special emphasis is being given to the commercial package utilized
which provided a stable environment so as to facilitate the achievement of the
aforementioned goal. As the numerical part of work mainly focuses on the
investigation of methane premixed, laminar flames, the case modelled was such
that included those characteristics. The numerical approach followed in order to
reach a final solution and extract useful information from it is step by step fully
explained, while special attention is paid on some techniques applied which enabled
us to overcome certain difficulties that were presented and head towards
convergence. In particular, the Equivalent Porous Media technique and the
successful incorporation of radiation in the model as a diffusive term in the solid
phase equation are fully described.

On the third and final part of the present work, the main results obtained
from the converged solution are cited in the form of diagrams along with relevant
commendation. These aforesaid results vary from temperature and molar
concentration (of each species involved in the reactions) distribution profiles along
the burner to the effect of radiation implementation in the solid region thermal
conductivity and the heat released from the species due to the reactions
occurrence. Amongst others, it was found that the heat transfer via radiation cannot
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be neglected at any case as it is a main contributor to the intense phenomena
occurring and that the maximum heat released is located in the flame front region.

Finally, numerous conclusions are drawn regarding the ability of a
commercial package to solely reproduce complex physical phenomena and
discussed while several suggestions for possible future research strongly related
with the context of the case under study are proposed.

It should be highlighted that the current Thesis is a product of harmonized
collaboration between the Laboratory of Heterogeneous Mixtures & Combustion
Systems belonging to the Mechanical Engineering Department of NTUA and the
Laboratory of Simulation of Energy and Fluid belonging to the corresponding
Department of Instituto Superior Tecnico in the context of Erasmus Studies Mobility
Program.
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2 Introduction

2.1 Preview of Porous Burner Technology

As the issues of climate change, global warming, environmental stability, energy
supply and its security, as well as the progressive fuel depletion become more
alarming from day to day, the interest for less-emissive technologies, eco-friendly
energy management systems implementation and increased efficiencies in such
systems grows as well.

An extensive body of research has shifted its interest towards the use of
alternative energy sources and systems which utilize the advantages those offer
such as an inexhaustible energy supply, reduced costs of operation, a reduction in
pollutants formation and a subsequent discharge of water and air from the latter.

However, there are certain and definitive barriers in the implementation of these
technologies in the current infrastructure, such as their reliability in supply and
distribution and their reduced efficiencies in large scaled units, with a vast number
of them involving technologies which employing fossil fuels. Besides, fossil fuels
are the world's primary energy source and, hence, the today's economy is highly
dependent on them.

Therefore, one may understand that, alongside with the progress in current
research on fuel blends derived from alternative energy sources, an optimization of
the existing systems is also of outmost importance.

Porous burner combustion constitutes a state of the art, innovative solution that
fulfills the requirements for increased efficiencies and low pollutant emissions,
being characterized by high power density, high radiant output, enhanced
combustion stability and large turndown ratios. Despite that, PMBs present several
operational advantages, including fuel interchangeability, extended flammability
limits and the potential to operate in ultra-lean combustion regimes.

Combustion in an inert porous media structure, is a concept that has been
examined systematically over the past and it has proven its place amongst several
other combustion applications. This is mainly attributed to the fact that inside an
inert porous structure, excess enthalpy burning takes place, thus, heat is delivered
from the hot combustion products in order to preheat the incoming fuel/air mixture,
so, heat recirculates constantly inside the burner, leading to flame temperatures
and burning velocities greater than the adiabatic flame temperature and laminar
burning velocity, respectively.

This internal self-organized process takes place due to the presence of a hot
solid matrix with superior heat transfer properties inside the combustion chamber,
which facilitates stable combustion over a wide range of equivalence ratios,

Page |7



Chapter 2: Introduction

reactant velocities and thermal loads. More specifically, as the premixed fuel/air
mixture burns within the cavities of such a matrix, heat is recirculated from the
post-flame zone to the pre-flame zone effectively utilizing all three modes of heat
transfer, leading to both higher temperatures and burning rates than the
corresponding ones in a conventional burner with free, unconfined flame. Therefore,
significant progress in combustion domain enhancement can be achieved. The
aforementioned heat transport mechanisms taking place in PBs are illustrated in

Fig A).

On account of the aforesaid qualities, there are already different fields of
application of combustion technology inside an inert porous medium in the current
infrastructure. Premixed combustion in such media can be utilized for heat
generation at industrial and domestic scales, such as a central heating system.
Also, it can be met in internal combustion engines, gas turbines, off gas boilers,
household heating devices, paint and drying processes.
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Fig. A) lllustration of the heat transport modes present within a porous medium

2.2 Purpose of the Thesis

For the further development of porous media combustion concept ,with a
view to optimize it, accurate numerical modeling of the combustion process within
the porous structure which accounts for the interaction of radiation ,convection,
dispersion and heat conduction in the gas and solid phase is required.

Up to date, models with varying degrees of sophistication have been applied
to the problem of predicting flame speeds, temperature and concentration profiles,
and radiative efficiency of combustion within porous media.
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However, combustion process in such geometries is quite complex due to
the restrictive presence of the solid matrix, in a way that a coupled solution of
energy transfer and chemical kinetics occurring locally in the medium must be
obtained. Also, the effects of conduction and radiation heat transfer as well as
convective interactions with the gas phase must be included in the solid-phase
energy equation. Convective transfer with the solid phase, conduction, and
chemical energy release terms must be included in the gas-phase equation. Hence,
any solver that iterates taking into consideration the above particularities is
extremely stiff, making the modeling of such a burner challenging. For both this
reason and the fact that the porous burner idea has not yet reached its full potential,
any new data that come to light and shift the interest of research towards this
direction gather special attention.

The purpose of this Thesis is to further expand the existing data collection
on Porous Media Combustion and hasten the development of this type of burners
by employing a numerical study on a porous structure that accurately predicts the
temperature distribution and the pollutants emissions. In that way our knowledge
and understanding of the fundamentals of the thermal, radiative, and fluid
mechanical processes within porous media, and how these participate in the
combustion process will be enhanced.

The innovative aspect of this Thesis is the investigation on the ability of
certain commercial software to reproduce solely the complex phenomena occurring
locally in the porous matrix without external assistance and thus, the important
information given about the significant role that commercial software can play in
terms of PMC modeling.

Furthermore, this Thesis provides an exhaustive review of the fundamental
aspects in both numerical and experimental studies of PMBs, classified according
to their objectives and presented with general conclusions in order to assist the
readers to comprehend the underlying phenomena that take place inside such
structures. Today's work as well as emerging trends in numerical modeling of PMBs
are also presented highlighting the significant perspectives that this concept has to
offer.

In conclusion, the author hopes that the present work will guide new
researchers in further investigating the complex matter of modeling PMC and the
role of commercial software in it and subsequently figuring out next steps leading
to further optimization of combustion systems and their efficiency.

2.3 Thesis Outline
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The present paragraph describes the thesis structure and details of the
numerical modeling that was carried out. The importance, innovative character and
diverse fields of application of combustion in Porous Inert Media have been briefly
stated earlier in this chapter.

In Chapter 3, several burner configurations that have been proposed so far
with a relative commendation regarding their efficiency are presented. Moreover,
the parameters regarding the burner’s design is discussed. This section provides
also a comprehensive review of relevant numerical and experimental studies that
have been conducted up to date in order to motivate new researchers in conceiving,
planning and executing future projects regarding Porous Media Combustion.
Special emphasis is given to two representative studies, which not only empowered
the motivation for the present study, but also valuable data were exported by them.

In Chapter 4, a numerical study regarding the temperature field and the
pollutants quantification of premixed combustion for stoichiometric mixtures in a
finite PIM for a variety of fuels is presented. The problem definition, construction of
the computational domain, explanation of basic assumptions, formulation of the
governing equations and generally the modeling procedure that was followed is
fully explained. Additionally, the detailed kinetic models and global multi step
schemes that were used is highlighted. In this section, there is also a brief reference
about the commercial software that was used for this multi-parametric study which
led to a converged solution.

In the next chapter, PIM combustion model calculations results are
presented such as heat transfer between solid and fluid region, molar fractions of
the different species that participate in the reactions, pollutants emissions. Also,
the corresponding diagrams/plots are depict. Moreover, the data exported are
validated against experimental results.

Finally, Chapter 6 concludes this Thesis by summarizing the research work,
extracting the main conclusions from it and suggesting ideas for further future
work.
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3 Porous Burners

3.1 Porous Burners Applications

As discussed earlier in Chapter 2, the idea of combustion in Porous Inert
Media offers a unique combination of features such as increased efficiencies,
minimum pollutants formation and reduced operational costs. In order to meet the
global pollutants emissions standards, avoid fossil fuel depletion and deliver
optimum quality products, industries commercialize porous burners for a wide
range of applications.

Up to date, many studies have been conducted about the applications of
Porous Media Combustion and though it is not in the scope of the present Thesis to
do the same, a brief reference to some pivotal studies and applications will be
provided.

Trimis and Drust were the ones who gave an outline of the advantages and
applications of PMC [22]. They highlighted the importance of employing this type of
burners for household heating devices, such as water boilers, air heaters. They also
foresaw the scale-up of PMC units for industrial scale operations.

In another article, M. Abdul Mujeebu et. al [23] provided a comprehensive
picture of the global scenario of applications of PMC. They investigated thoroughly
past studies about the appliance of Porous Burner technology on diverse fields,
such as internal combustion engines, gas turbines and propulsion, oil and gas
recovery.

Another study, conducted by M6Rbauer et al. [24], claimed that, due to the
allowance of complex geometry realizations that these burners offer, they could be
successfully applied to car engines as supplementary burners that operate at
medium level temperatures and offer significant advantages compared to the
conventional engines. They proposed a Zero Emission Steam Engine using porous
burner technology, suitable for automotive engine applications (Fig. 1)

Unfortunately, according to the current state of technology, porous burners
can be applied mostly in the area of low and medium process temperatures and
less to high temperature ones due to the complex phenomena occurring in these
structures. Up to date, they have been successfully integrated in branches of
industry as the foundry of light metals, steel treatment, annealing of glass or
ceramics and treatment of plastics, in the manufacturing of textiles, paper and
rubber and in the food industry.
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Notwithstanding the fact that porous burner technology is relative novel and
despite that certain barriers regarding high temperature processes arise due to the
difficulties in obtaining accurate experimental measurements, it has already found
ground in a wide spectrum of applications. Yet, the potential for their integration in
the industry is vast and hopefully, in a future state of technology, mankind will be
able to exploit fully the significant advantages that these burners exhibit.

Fig. 1) Multi-fuel burner for a one piston zero emission steam engine

3.2 Porous Burners Configurations

Up to date, there have been presented several burner configurations and
designs which affect directly the burner’'s performance. Porous Media Burners can
be classified in three main categories depending on :

)] the number of porous layers,
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ii) the location of the stabilized flame
iii) the way that useful energy will be extracted from them.

)] Regarding the number of porous layers, two different burner
configurations have been already proposed : the single-layer PMB
and the two layer or bilayer PMB.

The single layer PMB is used to sustain the flame within the porous
structure and accounts for the preservation of the internal heat feedback during the
combustion process. In this type of PMB high temperatures may be produced (in
fact, higher than the corresponding ones in the bilayer PMB).However, only a limited
number of studies has focused on this type of burner because flashback,(an
instable phenomenon that is associated with high flame speed, which, at certain
time grows greater than the flow velocity, thus the flame propagates upstream),
may occur.

The two layer PMB, which is manly the subject of numerous researches,
includes two separate porous media regions with both different pore sizes and pore
densities. The first region, often called as the diffuser layer, consists of pores with
smaller diameter, such that allows higher flow velocities, and subsequently,
prevents flame to propagate in the reverse direction [1]. The diffuser layer is often
considered as a preheating zone as heat from the combustion process is
transferred to this region so as for the incoming reactants to be preheated. The
second region, often called as the flame support layer, consists of pores with larger
pore diameter, and it usually serves as the combustion zone. In this type of PMB,
combustion is usually self-stabilized in the interface between the two regions. A
typical two layer PMB geometry is presented in Fig. 1a.

In a two-layer PMB, and in particular in the downstream section of the flame,
heat is transferred convectively from the hot combustion gases to the solid
medium, which in turn, conducts and radiates heat to the incoming fuel/air mixture
in the upstream section, thus, forming heat recirculation which takes place
continuously and leads to super-adiabatic combustion. From the above
considerations, derives the fact that conductive, convective and radiative heat
transfer are all contributors to the heat recirculation efficiency. These heat
transport processes are demonstrated schematically in Fig. 1b
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Fig. 1b). Schematic diagram of heat transfer processes and heat fluxes inside a two
layer PMB

ii) Regarding the location of the flame stabilization, two different burner
configurations have been already proposed : the matrix-stabilized
flame burners and surface stabilized flame ones.

With surface stabilized combustion, a flame sheet is developed on the
surface of a solid porous body by many small individual laminar premixed flames
[29]. Marbach et.al [25] conducted a comprehensive study about this type of porous
burners where they examined experimentally (Fig. 1c) the efficiency of a miniature
system with a porous structure made of silicon-carbide coated carbon foam for a
variety of reactant flow velocities. They found that pollutants emissions were
minimum and the combustion efficiency level was up to 99.5%. Finally, they used an
accurate numerical model to validate these results. However, only a limited number
of studies have been dedicated to porous burners with surface stabilized flame
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because the heat transport phenomena are not so intense and the burning rates are
lower as in the case of burners with matrix stabilized flame.

With matrix stabilized combustion, the combustion process takes place
within the solid porous media. The two phase interaction of matrix stabilized
combustion is similar to surface stabilized combustion within porous media except
that it takes place within the three dimensional volume of the porous matrix rather
than the two dimensional surface on the porous matrix, reducing the overall volume
required for the combustion process, increasing the energy density of the burner

[24].

In matrix stabilized combustion, the inlet section is used to transfer heat
from the combustion chamber to the reactants and to prevent upstream ignition
[24]. This inlet section has a pore diameter less than the flame quenching diameter
at the operating conditions which prevents flashback from occurring, where the
flame speed is higher than the mixture velocity and the flame propagates upstream.

Additionally, in matrix stabilized porous media combustion, fuel and air
mixture enters the combustion chamber, usually premixed, and encounters the
upstream section of the combustion zone. The solid structure is hotter than the
reactant mixture since it accumulates heat from the central porous media within
the combustion zone by conduction and radiation. The reactant mixture is
effectively preheated by the solid by convection before reaching the combustion
zone. The mixture will reach ignition temperature in the combustion zone which is
stabilized later in the solid media section. The combustion reaction will reach a
higher temperature than the porous media downstream of the reaction and will heat
that porous media by convection which then heats the upstream solid media by
conduction and radiation, completing the heat recirculation cycle.
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Fig. 1c) Marbach ‘s experimental combustor

iii) Regarding the way that useful energy is extracted and exploited, the
2 main means to do so are, as follows :

/ifa) the use of the burner for radiant heating

/iib) the use of a heat exchanger to allow the recovery of thermal energy

/ifa) Porous media radiant burners offer the potential for high radiant output
with low emissions of pollutants such as NOx and CO. The burners are
characterized by high flame speeds, extended lean flammability limits, and
high radiant output [27]. These burners work on the principle that if a
suitably emitting porous medium is used, the energy in the fuel can be
converted to radiant energy and used to heat a load.

Porous radiant burners must therefore be designed such that the
available radiating surface—usually the downstream end of the burner, but it
could be the circumferential surface-is maximized, and the flame is
stabilized close to this surface [26]. These burners therefore usually have a
relatively thin porous bed. Because a high temperature is required to
maximize the radiant output, they are also typically run on close to
stoichiometric mixtures.
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iib)  Recovery of thermal energy by means of some form of
integrated heat exchanger is less well documented. However a number of
investigations have looked at inserting heat exchanger tubes into the porous
matrix, either within, or downstream of, the combustion zone [28],[29],[30].
The working fluid is heated by the hot combustion products as well as by
radiation from the porous bed itself. The presence of cold surfaces in the
flame zone is to be avoided, as this could lead to incomplete combustion
and consequently increased CO and UHC emissions, so designs where the
heat exchange takes place downstream of the actual combustion region are
preferable.

In addition, the incorporation of porous media into the combustion
chambers of gas turbines or internal combustion engines has been
suggested. The direct generation of electricity in thermoelectric or
thermophotovoltaic systems based around combustion in a porous medium
has also been advocated.

3.3 Burner Design Considerations

In order to accurately implement Porous Burners to the current and
future infrastructure so as to benefit from the advantages those offer, precise
planning and designing are needed. A lot of studies have been conducted to this
regard which showed that there are a lot of factors that have to be taken into
consideration such as the proper selection of porous materials, the shape and
orientation of combustion chamber, the implementation of an additional external
preheater, the depth of the porous bed, the insulation of the burner’s side walls etc.

3.3.1 Selection of Porous Materials

The aforementioned considerations in Porous Media Burners design affect
directly the burner’'s performance and, thus, they should be chosen wisely and
accurately with respect to each different application. Though, the most crucial
consideration that has dramatic effects in various fields regarding the effectiveness
of the burner is the selection of the proper porous materials (which may differ
between the separate regions in the case of a two-layer PMB). That, derives from
the fact that performance characteristics of the PMBs are highly dependent on the
thermophysical properties (such as thermal conductivity, volumetric average heat
transfer coefficient, and emissivity) of the material/s being chosen.
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Ceramic materials constitute a highly appropriate choice for combustion inside
an inert porous media, due to their fatigue against high temperatures, high chemical
inertia and their resistance to both wear and corrosion [30]. Also, they present high
thermal conductivity and emissivity which are desired properties. The most
commonly used ceramic materials suitable for this type of combustion are alumina,
silicon carbide or zirconia, all of which are typically met either as reticulated foams,
lamella structures or packed beds. Aluminum oxide is relatively cheap, has
moderate thermal conductivity and a high application temperature [30]. Silicon
oxide has a very high thermal conductivity, a high application temperature, lower
thermal expansion, a high emissivity and excellent thermal shock behavior. Silicon
carbide oxidizes to SiO2 at around 600 °C which is inert and thermally resistive with
operational temperatures up to 1750 °C while aluminum oxide can be used up to
about 1700 °C in air. Finally, stabilized zirconium oxide has a very high application
temperature, up to 2400 °C, a good thermal shock behavior, high thermal expansion
but a poor thermal conductivity [30].

In Fig. 2a a two layer PMB is presented with the function of the diffuser layer
and the flame support layer are performed by a cylindrical plate made of alumina
and silicon carbide foam respectively, designed and built at the University of
Erlangen, Germany, and studied J. C. F. Pereira. [1].

Reactants mixture

Aly03

— e —

Combustion products

Fig .2a) two layer PMB consists of a cylindrical plate made of AI203 in the
upstream region and SiC foam in the downstream region

Metallic materials are also suitable materials for porous structures and,
though they cannot be used at as high temperatures as the ceramic ones, they
present good thermal shock resistance, mechanical strength and good conductive
heat transport [32]. Metallic materials such as nickel-based and FeCrAl-alloys have
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an upper thermal stability limit of about 1400 °C and with high thermal
capacity but lose stability at higher operational temperatures.

In Fig.2b, another porous matrix configuration that was used in a one layer
Porous Radiant Burner study by S. Gauthier, E. Lebas [21] is shown. Specifically, the
porous piece used for the experimental test and numerical model is a 1cm
thickness metallic foam disc made of NiCrAl with a porosity value of 94% which can
withstand temperatures higher than 1000°C and yield improved oxidation resistance
due to the presence of Aluminium. Fig.2c shows the internal structure of the
porous.

Fig.2b) 1cm thickness porous NiCrAl disc

3.3.2 Porous Structures

Porous Media Burners overall performance from the regard of design is not
solely governed by the proper material selection, but also by the chosen geometrical
configuration applied. The geometrical configuration should provide good contact,
conduction and convective heat transport Different possible geometrical
configurations can be used in the combustion chamber such as a packed bed of
material, open-cell ceramic foams, fiber mats, ported metals or ceramics, metal-
alloy wire mesh, lamellas or even honeycomb structures. Fig.2c shows the internal
structure of the porous matrix1 cm thick NiCrAl foam that was used by S. Gauthier
E. Lebas [21]

Foams typically exhibit good convective heat transport due to their large
internal surface area. Also, radiative and conductive heat transport are in sufficient
levels. Foams provide the additional advantages that they are easily manufactured
in a variety of complex shapes and that they have high porosity values [32].
However, due to their rigid structure, especially ceramic foams exhibit reduced
durability to thermal shock.
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An alternative configuration that is used instead of foams are the packed
beds of discrete particles. Those, present increased durability, as the particles are
small, robust shapes. However, packed beds of particles are characterized by
relatively low porosities—in the range 30—50% [26] .

Wire meshes and foils have poor dispersion properties due to their high
porosity and may be problematic considering thermal degradation at higher
temperatures [26]. Wire meshes, however, allow for greater radiative heat transfer
and due to a minimal amount of solid material, have a shorter start-up time of the
burner but therefore may have poor conduction heat transport [27].

Another alternative configuration that gains significant attention is lamella
structures that presents very high porosity values which may reach 95%. For this
reason, the pressure drop in such structures is minimized. Additionally, they have
big internal surface area and therefore high convective heat transfer values. Finally,
they exhibit good thermal stability and resistance. In Fig. 2d different porous
structures are illustrated that are typically met in porous burners.

Most of the proposed materials and geometrical configurations have been
investigated and tested experimentally along with a number of studies that have
focused solely on optimizing material properties and burner configurations for a
particular application but it is not in the scope of the present Thesis to analyze
further.

Fig. 2c ) Pores structure of NiCrAl disc
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Fig. 2d) lllustration of lamellae, reticulated foam and honeycomb structrures

3.4 Review of Representative Studies

Development of advanced combustion systems such as porous media
burners in order to meet global energy efficiency and low pollutant emission
standards, necessitate the optimization of the first, which in turn, requires, apart
from thorough experimental investigation, accurate numerical modeling and precise
mathematic computations as well. Up to date, much research, either experimental
or computational, has been dedicated to porous media combustion technology with
various degrees of sophistication.

The present study includes a detailed overview of the experimental and
numerical approaches to the matter of combustion inside an inert porous medium
that have been presented from the original conception of the idea to the current
state. In the following section, numerous associated studies will be cited and listed
according to their nature (experimental or computational) as well as the
chronological order that they were published.

3.4.1 Experimental Studies

One of the first researchers that introduced the idea of combustion in an
excess enthalpy regime where there is was Weinberg [2] (1974) through both
theoretical and experimental analysis. He and his colleagues came up with various
heat recirculating burner configurations in order to achieve excess enthalpy
burning. They concluded on a simple burner incorporating a counter flow heat
exchanger to demonstrate the rewards from an application in such regime. The
results showed fuel saving derived from the extended flammability limits, flame
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stability and reduced. Pollutants emissions. However, due to lack of knowledge,
many researchers left aside this innovative study for a certain period of time. In
Fig.3 two examples of burners investigated are illustrated.

combustion
chamber

reactants

insulation {,1?

combustion chamber

burner with counter current
heat exchanger

=~ nroducts

- = cactants

cross section of double spiral
burner

Fig.3) Burners that operate under excess enthalpy regime

Another experimental study was performed by Takeno et. al [34] (1984) on
the stability and combustion characteristics of the combustor system, based on the
excess enthalpy flame, for extended flow rate ranges using a natural gas and air
mixture. The combustor was designed in light of previous studies, and the inner
tube for combustion was surrounded by a heat exchanger to facilitate external heat
recirculation, while a bundle of narrow ceramic tubes was used to produce internal
heat recirculation. It became possible to burn stably mixtures as lean as
equivalence ratio of 0.151 for large flow rate of 10.0 L/s. The measured temperature
distributions showed that the combustion proceeded through the one-dimensional
laminar flame, and that the combined external and internal heat recirculation
produced very high flame temperature of more than twice the adiabatic flame
temperature. The emission characteristics of the combustor were found excellent,
while the pumping loss to force the flow through the narrow pores remained in the
tolerable range.

A compact study was performed by Xiong et.al [35] (1991), where they
conducted experiments using different porous structures such as ceramic foams,
particles made of alumina, carbide, zirconia applying different radiation conditions
to the walls so as to see how the surface emissivity of the latter affects the radiant
heat output and the flame location over a wide range of equivalence ratios. The
results showed that the flame location was closer to the radiating surface at higher
excess air because of a correspondingly higher flow velocity and lower flame speed.
The temperature on the radiating surface, however, was almost constant with
changing excess air due to the change in flame location, but it did depend on the

Page | 22


http://www.sciencedirect.com/science/article/pii/S0082078485807037
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/23/021/23021773.pdf

Chapter 3: Porous Burners

energy input. Also, at the same level of excess air, the flame location in the porous
medium was not sensitive to the energy input resulting in a high turndown ratio.

A relative study was conducted by D. Trimis & F. Durst [36] (1996) where
they developed and investigated a ceramic gas burner combined with a heat
exchanger system on the basis of porous inert media. The goals of this study were
to compare this system based on porous media principles with a conventional one
as well as to measure the emission and test if stable combustion occurs for
different fuel/air mixtures. The results showed that for the same power of such a
unit the volume of the porous media based one could be 10 to 15 times smaller.
Additionally, the pollutants emissions were minimized and stable combustion
occurred independently of the gas properties. In Fig. 3a, one may see the lowest NO
emissions for the system tested for a wide range of excess air.
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Fig. 3a) NO concentration over excess-air ratio for a combustion region with
SiC ceramic foam

A solid experimental investigation followed by Liu et.al [29] (2002) where
they examined the combustion performance with liquefied petroleum gas on a
porous media burner. They inserted cooling tubes in the downstream region of the
burner and quantified several parameters that affect the burner efficiency such as
pollutants emission, flame speed and temperature profile. They observed that for a
fixed equivalence ratio on the porous matrix only one flame speed exists in order to
assure the stabilization of combustion. They found that stable combustion can
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occur even for an equivalence ratio below the lean flammability limit. Moreover, they
found low pollutants emissions (below 10ppm) and that the temperature ranged
from 1050 to 1250 -C which is lower than the adiabatic flame temperature. In Fig.3b
the experimental apparatus they used is illustrated.
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Fig.3b) Schematic representation of the experimental apparatus used

Another experimental study that investigated the NOx reburning inside a
porous burner was performed by Afsharvahid, S., Dally, B.B. (2005) [13].This burner
consisted of a porous bed and a heat exchanger. It was found that the flame
stabilizes close to the top of the heat exchanger. Also, it was also found that up to
92% re burning of NOx is achievable when operating at moderately rich conditions.
Results also show that the maximum convergence efficiency correlate with input
NOx concentration.

A comprehensive survey was reported by Vogel et.al [14] (2005) where they
investigated experimentally the matter of flame stabilization for both sub-adiabatic
and super-adiabatic conditions. To that end, they used numerous porous burner
configurations. Also, they monitored the maximum and minimum velocity limit for
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which stabilized combustion will exist. The lower velocity limit for superadiabatic
performance was extinction of the flame. The upper limit for superadiabatic
performance was blowoff, which occurred for all burners at a flow velocity several
times the adiabatic laminar flame speed. For equivalence ratios above 0.70, only
subadiabatic performance was observed. The lower velocity limit occurred when the
flame reached extinction. The upper velocity limit occurred when heat recirculation
enhanced the laminar flame speed to a point at which the flame front propagated
through the upstream section of porous media and flashed back upstream of the
burner. Both the upper and lower velocity limits minimized at or near an equivalence
ratio of 1.1. For equivalence ratios between 1.3 and 1.7 and flow velocities between
4 and 9 cm/s, oscillations of the flame front within the downstream section of
porous media were observed.

An innovative study was presented by Ayman Bakry, Ahmed Al-Salaymeh,
Ala'a H. Al - Muhtaseb [16] (2010) which included an experimental investigation of
the combustion’s emissions of a methane/air mixture within a porous inert
structure under high pressure and employed a new flame stabilization technique.
This technique which was based on matching the stream velocity and the flame
speed, was tested and evaluated experimentally (Fig. 2c).The results were
astonishing compared to the corresponding ones that derived from aforepractised
techniques with zero emissivity of CO and a remarkable reduction in the emission of
NOx(less than 10ppm with an equivalence ratio of 0.689). At constant initial
temperature, the NOx emissions depended significantly on pressure at low relative
air ratios. This dependence decreased with increasing relative air ratio. At constant
pressure and relative air ratio the NOx emissions were significantly influenced by
the initial temperature.

Another investigative study about the thermal efficiency as well as the
operating limits of a rectangular two section porous burner was conducted by
Keramiotis et.al [15] (2011). Gaseous emissions were quantified using an online gas
analyzer sampling system. The burner’s stable operating range utilizing methane or
liquefied petroleum gas over a variety of thermal loads and excess air ratios was
studied. The results revealed a homogeneous temperature distribution, a matrix-
stabilized flame and low NOx and CO emissions (50ppm and 25ppm respectively)
with respect to fuels and thermal loads. Finally, the comparison between methane
and LPG operation revealed very good fuel interchangeability concerning emissions
and burner operation.

Zhiguo Qu.et.al [19] (2015) presented an experimental investigation of a
premixed fuel/air mixture in a packed bed two-layer burner where the first and the
second layer consisted of alumna beads of 3mm and 8mm respectively
(Fig.3c).Methane was the main fuel selection, while propane and hydrogen were
taken as alternative fuels. Results showed that the flame stability limits of methane,
propane, and hydrogen expanded with increasing equivalence ratio. The flame
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stabilization region of hydrogen/air was the largest among those of the three fuels
because of higher mass diffusion and heat release through combustion. The flame
temperature was highly dependent on flame speed, equivalence ratio, and fuel type.
CO emissions were mainly dependent on flame temperature and were significantly
reduced below 50 ppm when the temperature was above 1400-C. The UHC
emissions were sensitive to the equivalence ratio and fuel type. The NOx levels of
propane were higher than those of methane and remained fairly constant for a given
equivalence ratio.
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Fig.3c) Schematic experimental setup of a two-layer PMB consisted of
Al203 beads.

One of the most recent studies on the heat recirculation process that takes
place within a two-layer porous media burner was performed by Vahid Vandadia,
Chanwoo Park,(2016) [20].This burner, consisted of finned rods functioning as
radiation corridors and also including an external preheater, was numerically
examined.(Fig.3d).In the configuration they examined, the solid matrix conducts
heat to the radiating disks, while the energy of the exiting gases are being recovered
from the preheater.
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Fig. 3d) Schematic of superadiabatic radiant burner and external preheater

Combination of inherent internal heat recirculation in the porous burner,
external heat recovery and effective radiating pathways causes the exiting flue gas
having temperature lower than the radiating disks. After performing a three-
dimensional simulation of the burner’s behavior, found that the lean flammability
limit is extended to 0.2 equivalence ratio and the thermal efficiency that is recorded
extends to 50%.!

3.4.2 Computational Studies

The concept of using porous media in the radiation zone of a premixed
flame to obtain internal heat recirculation was introduced by Takeno, Sato
and Hase [3] (1981). They showed theoretically that by transferring energy
from the exhaust gas to the unburnt mixture, the flame temperature and
flame speeds were significantly increased. They performed numerical
computations in an excess enthalpy system, using one-step chemistry solver and
considered that heat is transferred via convection and conduction only. After that
many experiments were performed on porous ceramic burners [34][35][36].

One of the first researchers that studied the multimode heat transfer
mechanism incorporating a radiation model to the simulation were S. B. Sathe et.al
[4] (1989). They performed a 1D simulation using first order conduction and
convection schemes. Also, they assumed that the solid body emits, absorbs and
scatter the radiative energy and that thermal non-equilibrium between the two
phases exists. Thus, they solve different equations for the gas phase and the solid
one. As far as chemical kinetics and combustion are concerned, they used a one-
step global mechanism for a methane/air mixture. Their results showed that in
order to maximize the radiant output, the flame front should stabilize near the
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center of the porous matrix, the optical thickness value should be high
(approximately 10) and that a low thermal conductivity material should be used. In
Fig.3e the effect of the optical thickness parameter as a function of the flame's
critical characteristics is showed.
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Fig. 3e) lllustration of optical thickness T with respect to various flame
locations and speeds.

Mohamad AA et.al [5] (1994) presented a 2D modeling approach of a
porous burner with embedded coolant tubes and were among others founding
contributors to multidimensional PMC modeling. They use a premixed mixture
consisted of natural gas and air to burn in the cavities of the solid matrix. They
investigated the effects of radiation and convection from the flame front to the fluid
flowing in the coolant tubes. Also, they predicted several crucial parameters in PMC
such as the pressure drop in the porous matrix, the particle diameter of the material,
the temperature distribution and the stabilized flame location and validated their
results against available experimental data. Their results showed that flame
location has a strong dependency on the excess air ratio. Additionally, the particle
diameter of the bed material plays a significant role on the thermal efficiency and
pressure drop (Increasing diameter means higher efficiency, reduced pressure drop,
maximum temperature). Their numerical results compared with a relatively good
accuracy to the corresponding experimental data.
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A numerical study was performed by X.Y. Zhou, J.C.F. Pereira (1997) [7],
assuming one dimensional combustion in a porous burner but considering the
detailed reaction mechanism of methane/air,27 species and 73 reactions, and also
the conductive heat transfer of solid matrix and radiative heat transfer in the porous
media. It was concluded that CO and NOx emissions highly depend on the excess
air ratio and thermal power. Also, it was shown that peak temperature is reduced
with the reduction of thermal conductivity resulting in a subsequent NOx emission
reduction. In addition, the predicted gas and solid temperatures were compared and
discussed with reported measurements of center line temperature in a cylindrical
porous burner. It was shown that there was good agreement with experimental
observations.

Another numerical study that has received significant attention is the one of
D.J. Diamantis, E. Mastorakos, D.A. Goussis, (2002) [8]. Their model came to a
very good agreement with available experimental data on one layer- and two-layer
surface and submerged flames. This accurate validation derived from the detailed
boundary conditions and the precise implementation of the full radiation model in
their simulation, which was done by solving the radiation transfer equation inside
the porous medium without any simplifying models. They investigated the flame
speed for both surface stabilized and matrix stabilized flames. In the latter case,
they found higher velocities than the corresponding laminar ones in a free flames,
which led them to the conclusion that the burning velocity acceleration occurs due
to the reactants preheat, which in turn, makes lean combustion inside the porous
matrix possible.. Additionally, their results showed that intense heat recirculation
occurs in such burners and is a contributing factor to the flame stabilization. In Fig.
3f we observe the Temperature distributions of matrix stabilized flames for various
locations at equivalent ratios =0.5 and $=0.9
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Fig. 3f) Temperature distributions obtained for two equivalence ratios and
several flame locations

There are certain deductions one could extract from the above figures, such
as that in the pre flame zone, the solid is hotter than the gas, and vice versa ni the
post flame region due to heat losses from radiation of the solid to the environment.

Also, that for several positions the temperatures of gas and solid phace are
equal, which in turn means that, significant amount of the reactants preheat occurs
by heat transfer from the solid.

Finally, it is noticeable that for the lower equivalence ratio , the temperature
levels become higher than the adiabatic temperature, while for higher one, this is
not the case.

A.J. Barra, G. Diepvens, J.L. Ellzey, M.R. Henneke,(2003) [9] performed a one
dimensional parametric numerical study of the effects of material properties on
a two layer PMB, where the materials in the two separate sections of the burner
were different. Also, the range of equivalence ratios for which stable
combustion occurs were investigated. The results indicated that material
properties such as thermal conductivity and volumetric heat coefficient
significantly affect the stable operating range. Additionally, they found that the
upstream section acted primarily as a flame trap so as to prevent flashback for
the widest operating range and hence, materials with low thermal conductivity
and volumetric heat transfer coefficient are needed, while the downstream
section acted primarily to recirculate heat through the matrix, and hence,
materials with the aforementioned properties at a high level are needed.
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In another paper the heat recirculation in a porous burner was analyzed
using a one-dimensional time-dependent formulation with complete chemistry
by A.J. Barra, J.L. Ellzey,(2004) [10] . The importance of solid conduction and
solid-to-solid radiation for various stable operating conditions as well as the
radiant output efficiency were also presented. Results indicated that with
increasing equivalence ratio, heat recirculation efficiency decreases and that
the observed behavior is independent on the burner’s length. It is worthy saying
that the results were discussed in terms of non-diamensional parameters. Some
indicative diagrams are presented below :
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Fig. 3f1) Heat recirculation efficiency Fig. 3f2) Heat recirculation processes
as a function of flame speed ratio for a (p=0.55)

Range of equivalence ratios

The potential of ultra-lean methane-air mixtures combustion offered by
porous media technology was investigated numerically by Tierney et.al [11]
(2006). They modelled in ANSYS CFX 12.0 a laboratory-scale burnerina 1D
simulation where they solved separate equations for the solid and fluid region to
account for the solid conduction and solid/fluid convective heat transfer
mechanism. Also, they provided supplementary equations in order to
incorporate the radiative heat transfer in the computational domain and they
provided a detailed chemistry mechanism for methane/air combustion. They
investigated the combustion behavior for four different ultra-lean mixtures of
methane/air at a pressure of 10atm. Their results showed that all four mixtures
present a peak temperature due to the combustion heat release. The results
also indicated that internal heat recirculation takes place inside the porous
matrix which at some cases may lead to super adiabatic conditions even in
ultra-lean regimes.
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A compact 2D numerical approach was undertaken by Farzaneh M et.al [17]
(2008) in order to investigate the flow characteristics, heat transfer
mechanisms, combustion procedure in a 5kW porous burner and how these are
affected by crucial parameters such as material properties and excess air ratios.
Additionally, temperature distribution profiles and pollutants formulation
mechanism are studied. The results indicated that the flame location is strongly
affected by the excess air ratio value. By increasing the latter, the flame front
moves downstream, maximum temperatures and pollutants emissions are
decreasing. Also, they concluded that the solid conductivity parameter is of
outmost importance, since a slight change in its value might cause strong
fluctuations in the flame stabilizing location and reduce the peak temperature.
Regarding the volumetric heat transfer coefficient they found that an increase of
its value, consequently means enhanced heat recirculation, increase in the peak
temperature and upstream movement of the flame location. Finally, they
observed that an increase in the solid absorption coefficient means a
subsequent temperature decrease downstream the reaction front. In Fig. 3g one
may observe indicative diagrams of their work.

On another innovative study conducted by M.A.A. Mendes, J.M.C. Pereira,
J.C.F. Pereira [12] (2008), the issue of the stable combustion of ultra-lean H2/CO
mixtures inside a porous matrix was clarified by a 1D numerical simulation. The
author’'s model accounted for non-local thermal equilibrium and thus, solved two
separate equations for the solid and gas phase as well as for the radiation
contribution. A simplified chemical model was implemented (two step
mechanism) and linear stability analysis was performed. Their aim was to
investigate the effects of both H2/CO ratio, equivalence ratio and inlet
conditions to the flame stabilization. Their results indicated that an increase in
the H2/CO ratio at low inlet temperatures does not affect the flame stability
location, while at higher inlet temperatures the stable operating range for
submerged flames is significally increased. Additionally, they found that an
increase of the inlet temperature or the excess air ratio, significally affects the
burning velocity and the flame location.
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In a recent paper, Iman Mohammadi, Siamak, Hossainpour (2013), [18],
perform a two-dimensional numerical computation for the prediction of premixed
methane/air combustion inside a porous structure by employing four multi-step
mechanisms(GRI-3.0,GRI-2.11,skeletal,17species).Their model was axisymmetric
and used the finite volume method to solve the governing equations. Their results
showed that the four mechanisms had approximately the same accuracy in
predicting the temperature profiles. In addition, the Gri-3.0 mechanism shows the
best prediction of NO emission in comparison with experimental data. Finally, it was
concluded that by increasing in wall temperature, the peak temperature and the
amount of NO emission at the outlet of burner increased.

A sophisticated and comprehensive report on the subject of numerical
computations within inert porous media was conducted by Negin, Moallemi
Khiavi,(2014) [37]. They performed a two-dimensional numerical prediction of
premixed methane/air mixture inside such structures. . The two dimensional
Navier-stokes equations, the two separate energy equations for solid and gas
and conservation equations for chemical species were solved using finite
volume method based on SIMPLE algorithm. He studied a rectangular two-layer
burner, and simulated the chemical reactions using skeletal mechanism (26 species
and 77 reactions). The results indicated that the downstream of the burner should
be constructed from materials with high conductivity, high convective heat
transfer coefficient and high porosity in order to decrease the CO and NO
emissions. Also, with increasing the inlet velocity of gas mixture and the excess air
ratio, the pollutant emissions were decreased.

Seyed Mohammad Hashemi et.al [38] (2017) analyzed numerically a two
layer porous burner by finite volumes discretization technique operating with a
premixed methane/air mixture. A supplementary radiative transport equation was
incorporated into their model, while the energy equations for the gas and solid
phase were solved separately. They investigated the spectrum of equivalence ratios
for which stabilized flame exists. Also, heat recirculation processes were
investigated and the amounts of heat transfer modes were quantified. Additionally,
effect of diverse inlet conditions and different geometrical parameters on the burner
performance were examined. Finally, they validated their results against available
experimental data. Their results indicated that heat recirculation efficiency by all
three modes of heat transfer decreased while increasing the equivalence ratio. As
for the burner’'s geometrical parameters, the predicted results suggested that
modification of outlet diameter of burner and the length of preheat zone can
considerably improve the stability limit. Finally, their results came to a good
agreement with the experimental data.
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3.5 Selection of Cases to be Modelled

Special attention is drawn by two particular cases, which assisted the
simulation under study in a pluralistic manner (either in terms of data extraction or
in terms of compact conception of the underlying phenomena occurring)

These are, as follows :

a)

e a) “Development of intrusive and nonintrusive combustion
diagnostic methodologies and assessment of premixed combustion
systems. Implementation on a porous inert medium burner”
conducted by Christos N. Keramiotis (January 2013, Athens, Greece)

e b) “Anumerical study of the stability of one-dimensional laminar
premixed flames in inert porous media” conducted by M.A.A.
Mendes, J.M.C. Pereira, J.C.F. Pereira (11 March 2008, Lisbon,
Portugal)

As discussed in previous chapter, it is difficult to obtain accurately
experimental data from a Porous Media Burner due to the restrictive
presence of the solid matrix. However, new diagnostic techniques both
intrusive and non-intrusive come to light every day to help us export data
in an accurate way so as to exploit the benefits this technology offers.

An innovative study towards this direction was conducted by
Christos N. Keramiotis [39] (January 2013, Athens, Greece) which
focused on the development of combustion diagnostic techniques and
implementation of the latter in premixed combustion systems. This
comprehensive survey was divided in three main parts, with the latter to
be of particular interest in the scope of the present Thesis.

In the first part, alongside with the necessity and diverse applicability
of combustion diagnostic tools, the basic theory, fundamental practices
and operational principles of numerous diagnostic techniques with
various degrees of complexity is also cited. Specifically, a detailed
overview of both intrusive and non intrusive combustion diagnostic
techniques for a plurality of configurations is given. Such techniques are
the gas chromatography and continuous analysis from the regard of
intrusive diagnostic tools and Laser induced fluorescence from the
regard of non-intrusive diagnostic tools but it is not in the scope of the
present Theis to analyze further.
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In the second part, a flow reactor, which is a pivotal configuration in
terms of species measurement, is being investigated and its
potentialities are evaluated in terms of gas chromatography analysis.
Also, the results obtained are validated against accurate numerical
predictions. Two different detailed kinetic schemes are implemented in
order to evaluate the validity of the system. Moreover, the system’s
performance was evaluated by carrying out a study about the pyrolysis
of various methane mixtures. Polycyclic Aromatic Hydrocarbons (PAH),
also collected along the reactor and at the reactor exit, were measured
using a coupled gas chromatographic and molecular spectrometric
system (GC-MS), at selected temperatures. In the same part, an
implementation of laser induced fluorescence technique in fundamental
premixed combustion systems follows.

In the third and final part, both intrusive and nonintrusive tools
described in previous parts of the study were combined in order to fully
characterize stable species as well as radical concentrations from a
state of the art porous burner operating with both conventional and
alternative fuels. At first, a brief introduction about burning in excess
enthalpy regimes is given followed by combustion in inert porous media
benefits reference. Also, there is a brief reference about porous materials
selection and other burner design considerations.

Specifically, the final part examines the porous inert medium burner
stability and performance, with a variety of intrusive and nonintrusive
combustion diagnostic techniques, with respect to fuel and operating
conditions variation. A two stage porous burner, incorporating materials
and geometries representative of modern industrial porous burner
applications, with an Al203 flame trap and a 10 ppi SiSiC foam was
considered (Fig. 3B). Measurements of the hydroxyl radical in a
combustion environment inside porous inert media were performed for
the first time, and a methodology for visualizing the flame front inside a
porous inert media by planar laser induced fluorescence was proposed.

OH concentration monitoring, allowed the determination of the flame
front intensity and spatial stabilization position for various excess air
ratios at different thermal loads. It was shown that the thermal radiation
could be separated from the fluorescence signal of detected hydroxyl
radicals for the operating temperature range of a porous burner’s
glowing foam.

Additionally, in the context of burner operation, it was observed that
the position of the maximum OH concentration is almost independent of
the excess air ratio for the same thermal loads in the stable operation
regime. The results revealed that the flame zone length decreases with
higher excess air ratios. For lower excess air ratios and thermal loads of
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the order of 200 kW/m2, the flame stabilizes directly downstream of the
flame trap, whereas for higher thermal loads (up to 800 kW/m2), the
flame moved further downstream at high excess air ratios. It total, the
burner stable operation was demonstrated over a wide operational range
and this range becomes the basis for the experimental characterization
of the burner in terms of emission and performance.

The experimental campaign concerning burner performance
extended to exhaust emission measurements with online continuous
analyzers and a gas chromatographic system, along with solid and
gaseous phase measurements, when the burner was operated with
methane and LPG. The results revealed a stable burner operation for
wide power ranges with low emissions for different fuels, thermal loads
and stoichiometry. Mean CO emissions were of the order of 50 ppm and
NOx emissions were around 25 ppm at 1 mm height above the burner,
under high power and low excess air ratios, where the high temperature
range is in favor of thermal NOx formation. In addition, the comparison
between methane and LPG operation revealed very good fuel
interchangeability concerning emissions and burner operation. In the
latter case, temperature measurements indicate that thermal load
variation is of higher importance than equivalence ratio, for both
methane and LPG operation. In the context of burner operation, the
results suggest that the burner provides a wide flexibility when operated
at lean combustion regimes with excess air ratio higher than A = 1.2
providing low emissions and constant thermal potential

Finally, a detailed account of temperature and emission
measurements, aiming at experimental multi-parametric assessment as
well as burner stability mapping and characterization, were performed,
when the burner was operated with a typical biogas mixture. Exhaust gas
measurements revealed that the CO2 presence in the fuel mixture leads
to higher CO levels at the burner exhaust. This behavior could be either
attributed to the chemical impact of CO2 or to the fact that it also acts
as a diluent leading to lower residence times in the porous matrix and
lower temperatures in comparison with pure methane combustion. This
observation suggests that residence times versus kinetic scales in the
porous matrix of the particular burner are long enough to overcome any
kinetic effect. Overall, the work indicates that the CO2 addition had
eventually small chemical impact at the exhaust of the burner, although
this statement may not be valid for phenomena inside the combustion
zone. Considering this finding and also for direct comparison with pure
methane combustion, the mixture’s stoichiometry were presented
calculating excess air ratios bypassing the strict definition of the
equivalence ratio, without taking into consideration the percentage of
CO2 in the fuel stream. This approach results to a phenomenal fuel rich
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combustible domain, whereas the actual local conditions correspond to
fuel lean regime. The burner stable operation was tested for thermal
loads varying from 200 to 1000 kW/m2, with local excess air ratios
(calculated as discussed) from A = 1.1 to A = 1.4. It is here noted that the
global definition would result excess air ratios from A = 0.6 to A = 0.9.
The studied cases covered operating conditions from flashback up to
marginally blow-off operational conditions. The results revealed stable
burner operation for wide power ranges with low emissions and
complete fuel consumption (methane constituent) for different thermal
loads and stoichiometries. The stable operation domain was slightly
shifted to the richer domain in comparison to pure methane operation.
Temperature values reached 1100 oC under the highest applied thermal
load and were systematically 10% lower compared to pure methane
operation under the same fuel and air supply. Carbon monoxide levels
reached 300 ppm under 1000kW/m2 of nominal thermal load and A = 1.3
and total NOx levels were never above the threshold of 20 ppm. CO
emissions were around 50% increased, in comparison to pure methane
operation, whereas total NOx values were reduced by 50 to 60%. Overall,
the burner characterization in terms of operation, performance, emission
reduction and fuel interchangeability, reveals that the porous inert
medium burner constitutes a particularly attractive technology that
meets modern requirements (Richards et a/, 2001), resolving important
issues for fuel-flexible environmental friendly combustors.

SiSiC Foam

Fig. 3B) Two-layer rectangular porous burner
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b) Another fundamental study on the emerging matter of PMC despite
its novel conduction was reported by M.A.A. Mendes, J.M.C. Pereira,
J.C.F. Pereira [40] (11 March 2008, Lisbon, Portugal). This work
presented the stable operating range of a premixed methane/air
combustion inside a porous inert medium structure. The innovative
character of this work derives not only from the plurality of boundary
conditions formulated at the interface between solid and gas phase so
as to capture better the interaction of whom, but also from the compact
stability analysis presented that incorporated the radiation into the
model in an accurate way and pointed the existence of unstable flames
(both submerged and surface ones) in specific positions along the
burner.

This work could be divided into three main parts. In the first part, a
one dimensional numerical model with a certain degree of simplifications is
presented to simulate combustion within porous media. In the second part, a
linear stability analysis is performed. A linearized version of the discrete-
ordinates radiation model was included in the linear stability analysis to
discuss the stability of submerged and surface steady flames. In the third
and final part, results are presented regarding both the steady solutions and
the solutions derived from the linear stability analysis. In addition, the
influence of the various treatments for the interface solid/gas at inlet and
outlet porous planes and radiation models on the stability of the calculated
flames is discussed. Finally, several conclusive remarks are presented
regarding crucial parameters of the problem such as the implentation of
radiation, the diverse boundary conditions that can be applied, the
importance of the radiative heat transfer coefficient value etc.

In the first part, the goverining equations implemented are presented.
The authors considered premixed laminar combustion of a stoichiometric
methane/air mixture in a SiC ceramic foam of length L. They also assumed
a one dimensional geometry, inert homogeneous porous material, constant
pressure, and negligible catalytic effects. Regarding chemical kinetics
mechanism, they assumed a one step irreversible chemical reaction of
methane and calculated the production rate of each species on the basis of
the Arrehnius equation. In addition, they connected the two phases via the
volumetric heat transfer coefficient that appears in the energy equations of
the corresponding phases. For radiation purposes the porous material was
considered as a diffuse gray body together with a non radiating gas mixture.

The radiative heat transfer term in the solid equation was calculated,
by default, using the discrete ordinates method and more specifically the
Roseland approximation. They used not only the default computational
domain where the inlet/outlet porous solid boundaries are coincident with
the boundaries of the computational domain as it usually happens for the
study of submerged flames, but in order to ensure that the submerged and
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surface flames were not influenced by the inlet/outlet boundary conditions,
they also extended gas-phase B.C upstream and downstream of the SiC
foam. The boundary conditions that were common to both computational
domains were the inlet Dirichlet conditions for mass, species, and gas
energy, and the outlet Neumann conditions for mass and species.

In the second part, a linear stability analysis was performed, where
small disturbances with the evolution of time were taken into account.
These disturbances are given in a linearized form of the conservation
equations, obtained by the standard decomposition of the variables into a
mean solution and a perturbation. After a complex procedure, with various
discretizations and approximations that it is not in the scope of the Thesis
to analyze further, a matrix was obtained. This matrix solved so as to
determine the stability of each steady state solution.

The flame position was assumed to be located where the maximum

maximum heat release rate occurs (where 87g9/0xis maximum). It was observed
that the flame can be stabilized in three distinct combustion zones, : zone (B)
corresponds to submerged flames inside the porous foam, and zones (A) and (C) to
surface flames upstream or downstream of the solid, respectively.(Fig. 3C)
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Fig. 3C) Stabilization diagram with surface and submerged steady
flames stabilized using several boundary conditions sets.

The following conclusive remarks have been made:

(i) Different interface conditions can produce relatively similar solutions but
some important differences can occur near the gas/solid interfaces,
especially in the downstream surface flame zone. The use of a
computational domain that includes only the finite porous solid may
produce accurate results for submerged flames, but special attention is
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needed to the imposed inlet gas temperature (Dirichlet condition) because it
influences the location of the upstream submerged flames near the inlet.

(i) Inclusion of radiation is essential to obtain realistic results inside
porous media. Calculations using the Roseland approximation can simulate
the general effect of the solid radiation, but the error in predicting the flame
speed can be enormous. Outside the solid, the radiation has a negligible
effect except on the downstream surface flames near the gas/solid
interface.

(iii) The influence of radiative heat transfer on the linear stability analysis
was shown to be a very useful tool in the study of porous media premixed
flame stability phenomena. Besides the information provided by the
stabilization diagrams, it made it possible to quantify the degree of stability
for each flame. Moreover, the linearized Roseland radiation model and the
accurate linearized approximation were implemented in linearized
conservation equations, and they produce similar results on the stability
analysis. By comparing linear stability analysis solutions, including and
excluding radiation, it was possible to demonstrate the benefits of solid
radiation in increasing the flame stability.

(iv) Several interface treatments were assessed on the flame stability
analysis and shown to have a non negligible influence on the submerged
and surface flames near the downstream gas/solid interface. The numerical
treatment of the downstream gas/solid interface, , may induce regions
where the downstream surface upper flames are unstable, but no unstable
downstream surface flames were predicted before.
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4. Numerical Simulation Approach

The aim of the present work is to develop a numerical model by
utilizing a commercial software in order to reproduce accurately the flow
field characteristics inside a porous inert structure accounting for all the
complex heat transport phenomena taking place inside the matrix without
any external assistance (either a mathematical package/solver or a
programming language). This attempt presents two main difficulties in
terms of both planning and executing the simulation.

Firstly, because of the complexity that all porous structures present
in terms of geometric configuration, the computational domain definition
and mesh construction are a heavy task and the number of cells for which
the governing equations have to be iteratively solved enormous. Secondly,
the heat transport phenomena taking place in such structures are complex
as well, due to the fluid solid interaction that affect the simulation in a multi
parametric way. For these two reasons, such a simulation is time consuming
and computationally impossible to execute with not only conventional, but
also advanced technology computers.

To the author’s knowledge, the pathway followed in order to develop
a model that avoids the aforementioned obstacles is not fully explored yet.
Specifically, the approach taken is called Equivalent Porous Media (EPM).
The complex nature of real porous media leads to the usage of a simplified
representation of the porous structure, since only this way it is possible to
describe the phenomenological behavior of the medium. EPM is a simple
way of modelling porosity systems by simply ignoring the void fractures
inside the solid region and by developing equivalent thermal and hydraulic
parameters that reproduce the effect of the ignored regions.

4.1 STAR-CCM +

From the above paragraphs, it can be easily deducted that the
selection of a proper commercial software, capable of providing a stable
environment in order to develop the numerical model utilizing the EPM
technique and execute the simulation, is of outmost importance.

In the context of this study, STAR-CCM+ software was employed as it
was the most feasible choice in order to develop a comprehensive
simulation. Much more than just a CFD code, STAR-CCM+ is a complete
multidisciplinary platform for the simulation of designs under real world
conditions. It is a Computational Aided Engineering (CAE) solution for
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solving multidisciplinary problems in both fluid and solid continuum
mechanics, within a single integrated user interface. In the following
paragraphs some of the main features of the STAR-CCM+ package that
assisted the work under study will be referred.

In such a platform, complex geometry parts and assemblies from a
small pipe to an industrial gas turbine can be created or modified. Also,
STAR-CCM+ provides a complete set of capabilities for meshing operations.
A complete database of common materials in categories of solid, liquid, gas,
and electrochemical species is included and more importantly, complex
systems of equations that derive from the fundamentals law of physics may
be solved.

In the context of this study, crucial fields that drawn significant
attention are the ones that relate with conjugate heat transfer (CHT) and
reacting flows field. ( This study involves different models of combustion of
methane/air mixture). Regarding CHT, STAR-CCM+ accurately predicts heat
transfer in fluids and solids using specialized convection, conduction and
radiation models. Additionally, flexible tools like Data Mappers are included
in order to capture accurately the interaction of a fluid/solid region like a
porous structure. From the reacting flows regard, STAR-CCM+ offers models
that simulate chemical processes that occur in combustion, polymerization,
and other chemical reactions. Apart from the vast database of fuels and
combustion regimes that are included, It provides insight into the
interactions between flow field parameters and underlying chemistry of
reacting flows.

On account of the aforesaid qualities, STAR-CCM+ constitutes the
ideal option for the depiction of combustion process inside Porous Inert
Media structures.

4.2 Computational Modeling Procedure

This chapter describes the general modeling procedure applied in the
present research work. The final objective is to obtain a model that is able to
capture the main features of a reactive process taking place inside a Porous
Inert Media (PIM) in the STAR-CCM+ environment. The main practical
intention of this model is to predict accurately the temperature distribution
along a PIM reactor which can assist the investigation on the physical
characteristics of the combustion process as well as the design and
optimization procedures in such geometries.
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The formal steps that were followed in this present chapter involve
the main features of defining the problem, applying boundary conditions and
interconnecting variables, formulating the hypothesis and the conservation
laws and finally numerically solve the equations of the constructed model.

4.2.1 Problem Definition

The purpose of the present model is to investigate the behavior of
methane premixed combustion within a Porous Inert Media structure. This
structure has a constant cross-sectional area, supports ultra-lean
combustion regimes and there is a consequent formation of undesired
pollutants. By default the heat losses through the burner walls are neglected
(adiabatic walls) except for the outlet surface of this structure which
exchanges heat with the environment via radiation.

As discussed before, the methodology followed in order to reach a
converged solution and to predict accurately crucial parameters of the
combustion process is the Equivalent Porous Media approach. Practically,
the void fractures in the solid region are ignored and substituted by
equivalent parameters that reproduce accurately the effect of the porous
matrix. Hence, in the present model there are only two regions, the fluid
region and the solid one.

Special treatment is given to the heat exchange between the solid
and the fluid region. Notwithstanding the fact that the two discrete regions
are identically placed one above the other, they receive separate treatment
and are not affected by the number of contact interfaces, but by the heat
exchange from a macroscopic point of view. The next step in order to
capture accurately the thermal interaction of the two regions is to map the
temperature fields of the one region to the other and vice versa. Fortunately,
the STAR-CCM+ software contains flexible tools that can match numerous
flow field variables from one region to another.

Figure 4A presents an overview of the problem definition, highlighting
the physical features and variables relevant to Porous Media Combustion
modeling. It should be noted, that for the purposes of this figure the fluid
and solid regions were translated and illustrated separately. In reality, the
two regions were identically placed one above the other so as to capture the
heat transfer interaction between them.
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Equivalent Porous Fluid Region
Media approach

Outlet

> Heat losses

Inlet via radiation

Adiabatic

Solid Region

Fig. 4A) Schematic Representation of the PIM structure to be
modeled utilizing the EPM technique, along with the main features of the
problem.

4.2.2 Basic Assumptions

With the problem definition in mind, we set up the model assumptions on
which the simplified hypothetical physical representation of reality will lay on. The
chosen degree of simplification determines the character of the mathematical
relationships that will finally represent the combustion process.

Primarily, the model is assumed to be quasi one dimensional, since the
variables of this problem vary along the x-axis. Also, the x- velocity component u
dominates the y and z components, v and w respectively. The choice of quasi 1-D
simulation was made in order to reduce the model complexity and the computation
time of the solution, however still being able to capture the crucial parameters
distribution. The fluid flow is assumed to be laminar and with negligible pressure
drop because both flow velocity and burner’s length are not excessively high.
Additionally, we consider premixed combustion for a stoichiometric methane/air
mixture in porous foam made of Alumina. Another assumption made was the one of
local thermal non-equilibrium between the gas and solid phase due to the
significant heat generation in the gas phase.

Regarding the gas phase mixture, the basic assumptions are typical for
laminar premixed flames such as ideal gas assumption, laminar flame concept, and
multi-component gas.

The PIM is treated as homogeneous and isotropic from the macroscopic
point of view and possible catalytic effects were neglected. Moreover, the PIM is
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assumed to be rigid and static. Therefore, the only influence of the PIM to the
combustion process is related exclusively with heat transport phenomena.

Regarding radiation, Roseland diffusion approximation method was
approached. The Roseland diffusion approximation is a simplified model for
radiative heat transfer occurring in optically thick Porous Inert Media, i.e. thick
foams with small pores. It assumes that the optical depth is infinite and the
radiative heat flux can be written as proportional to the gradient of temperature [40].
As a result, the radiative heat transfer term in the solid phase energy equation was
coupled with the convective heat transfer term due to their diffusive character. This
way the amount of heat transferred via radiation was incorporated with the heat
transferred via convection. In the following sections of the present work, a more
thorough explanation is being given.

Extra assumptions of a technical character were made in the content of
STAR-CCM+ software in order to reach to a converged solution. Firstly, instead of
the coupled flow model, a faster way to convergence was achieved, utilizing the
segregated flow model, which employs a segregated solver, which in turn, solves
the momentum equations in turn, one for each dimension and connects them with
the continuity equation via a predictor-corrector approach. Also, the complex
chemistry and reacting species transport models were added to the simulation in
order to solve transport equations for the mass fraction of all species participating
in the chemical reactions and capture transient phenomena and slowly forming
species in gaseous combustion.

4.2.3 Governing Equations

The assumptions presented above enable us to formulate the
conservation laws for mass, gas phase species and both gas and solid phase
energy. The set of governing equations includes the steady forms of the volume-
averaged macroscopic three-dimensional Navier—Stokes equations along with
energy balances for the solid and fluid phases, to allow for the occurrence of local
thermal non equilibrium, and the mass balances of chemical species.

The governing equations which were solved are, as follows:
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Continuity equation
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The gas and solid equations, (3) and (4), are connected by the convection
heat transfer term Av (7g - 7s), representing the heat exchange between the two
phases.

The species production rates w; are given in the Arrhenius
form by the equation :

5

wj = —aj AYfpel Yoxe E/(RTy) (5)
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Regarding radiation, the simplified Roseland approximation was made :
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In all the above equations, all symbols are as indicated in the Nomenclature.
4.2.4 Computational Domain

Specific attention in the case under study was given to the computational
domain, since the accurate definition of the latter plays a crucial role in order to
obtain precise numerical results. The computational domain refers to a simplified
form of the physical domain both in terms of geometrical representation and
boundary condition imposition.

As discussed before, the physical domain consists of two discrete parts in
the form of rectangular channels of equal size. Specifically, the length, width and
height dimensions of each channel is 10, 1, T cm respectively. One should keep in
mind, that the physical domain in this case is an artificial domain constructed in
order to reproduce the effect of the porous structure in the combustion process,
since the Equivalent Porous Media approach is employed.

However, the computational domain is not identical to the physical domain
in this case, but is extended from the latter along the x axis to the inlet direction by
2 cm, in order to take into consideration the uniform distribution of crucial variables
like temperature and mass flux before the porous structure. Another reason for the
aforementioned extension is the avoidance of numerical instabilities in the
transition region between the fluid and the porous structure. Hence, the
computational domain dimensions for each pipe is 12, 1, 1, in the x, y, z axis
respectively.

Regarding the mesh construction procedure , and apart from the mesh
extrusion tool that was employed in order to extend the computational domain
limits and obtain a more representative computational domain, there were several
operations applied that led to the final form of the first, on the cells of which the
complex set of governing equations described before was solved numerically.

Firstly, the surface remesher tool was utilized which remeshes the initial
surface providing a quality discretized mesh that is suitable for CFD. Also, the
trimmed mesher option was activated, in order to generate the volume mesh by
cutting a hexaedral template mesh with the geometry surface. Additionally, the
base cell size was chosen to be 0.001m with a relative target size 25 percentage of
the base.

Apart from the mesh configuration tools that were chosen in order to
construct a grid capable of providing accurate numerical results, numerous
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alterations took place regarding the uniformity and density of the latter in order to
achieve grid independency. During the pioneer attempt of obtaining a converged
solution, a uniform mesh was constructed with a total of 2800 cells, 78200 faces
and 34122 vertices. The results were adequate regarding temperature and velocity
distribution, but the flame front appeared to be very thick and thus lacking detailed
illustration of crucial variables distribution, and apart from that, due to numerical
reasons, the temperature value dropped below the allowable limit at the inlet
section.

For these reasons, the pre-inlet section that owned a length of 2mm was
divided in 40 layers so as to give extra detail on the way that the mixture enters the
inlet chamber and make sure that numerical instabilities will be prevented with a
smooth transition in the fluid region. On a more important note, the mesh near the
flame location position was made so much finer, in a way that an optimum
depiction of the flame front and the species concentration around it was achieved.
The total number of cells, faces and vertices that the computational domain
contained in this attempt was 47400, 132520, and 57596 respectively. In Fig. 4B
two discrete computational domains (pioneer and latter) constructed during the
simulation are shown.

In order to obtain the aforesaid accurate converged solution, a grid
independency test was performed. The independency of the mesh is a very
important issue strongly related to the validity of the obtained numerical results as
well as to the computational cost of the numerical procedure [40] . In any
Computational Fluid Dynamics issue an optimum solution is being seeked from the
regard that no computational resources are wasted unnecessarily. Grid-
independency means calculation results change so little along with a finer or
coarser mesh that the truncation error can be ignored in numerical simulation.
Whether the grid is independent directly influences the truncation error or even the
rationality of numerical results.

In the content of the present study, several alterations regarding the number
of cells, faces and vertices were applied in order to reach the optimum number of
such entities that construct the final computational domain (which is being
depicted below). A specific level of tolerance was determined in advance (107°)
based on the physical phenomena occurring as well as on relevant bibliography
[8,17,26,39]. In order to reach the final solution, a step by step approach was
undertaken according to which the cell size was progressively reduced and thus, the
mesh was continuously refined, until the solution became independent of the grid
constructed within the levels of the aforementioned tolerance.

During the procedure described in the above paragraph, several numerical
solutions were obtained and were proven to be problem dependent as their results
differed significally in a way that they were outside of the error margins. This
phenomenon was observed to be more intense in the flame front region and hence,
the mesh around this position was refined numerous times so as to avoid any
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problem dependencies. The final form of the mesh on the cells of which the set of
governing equations are solved contains a total number of 47400 cells, 132520
faces, 57596 vertices and is illustrated in Fig. 4B2

2

Fig. 4B1) Initial Computational domain illustration

4B2) Final Computational domain illustration with a zoom on the flame front
location

4.2.5 Modeling Physics
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In the present simulation in the context of STAR-CCM+ software, numerous
models regarding physics continua were chosen, both for the solid and the fluid
region. Primarily, the three dimensional and steady state models were chosen.

4.2.5.1 Gas Phase Mixture properties and Chemical Kinetics

Regarding the gas phase mixture, the ideal gas equation of the state was
selected, where the density of a gas-phase mixture is obtained from which.

_ PMWy
pg‘ RT, (7)

In equation (6) p is the imposed environmental pressure, MW is the
molecular weight of the mixture, R is the constant of gases and Ty, is the average
temperature of the mixture. Generally, the thermodynamic and transport properties
of the gas phase species are functions of temperature. However, for a multi-
component gas these properties depend also on the mixture composition.

Apart from the ideal gas assumption, several other models were
implemented. Firstly, due to the sufficiently low Reynolds number along the porous
medium, the Laminar Flow Model was selected. Additionally, the segregated flow
model was implemented. The segregated flow model invokes the segregated solver
which solves each of the momentum equations in turn, one for each dimension. The
linkage between the momentum and continuity equations is achieved with a
predictor-corrector approach. The Segregated Fluid Enthalpy model was also
selected, which solves the total energy equation with chemical thermal enthalpy as
the solved variable. Temperature is then computed from enthalpy according to the
equation of state.

Regarding the gas phase mixture the option of a multi component gas was
made with 5 species included. In Table 1, the properties of each species included in
the gas-phase mixture for the given composition are illustrated. It should be noted
that the specific heat of each species is determined by temperature polynomial data
from thermodynamic database included in STAR-CCM+. Moreover the Segregated
Species model was selected, which solves the species continuity equations for a
multi-component fluid mixture.

Regarding the combustion process, this is a sequence of exothermic
chemical reactions accompanied by the production of heat and conversion of
chemical species. The net chemical production rate w; of species k that appears in
equations (3), (5) results from a competition between all chemical reactions
involving that species. In order to model the combustion process and calculate w,
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for each species involved, a chemical reaction mechanism is used. This is formed
by a sequence of elementary or global reactions, where each reaction is presumed
to proceed according to the law of mass action. The forward rate coefficients are in
Arrhenius form :

kp=ATexf (8)

Several types of chemical reaction mechanisms can be applied depending
on the inherent complexity of the combustion process and on the desired model
accuracy. The most simple ones, while still being able to capture accurately
numerous parameters of combustion process, are the global reaction mechanisms
that represent the overall chemical kinetics of the important species excluding the
direct effect of the intermediate or minor species [18] . In the other side are the
detailed reaction mechanisms, which are formed by a sequence of elementary
reactions describing the intermediate steps in the chemical reaction chain and
consequently, including a large number of intermediate and minor species. In the
present research work, methane combustion is being investigated and specifically a
Single Step Methane Combustion Mechanism is implemented. The results of the
mechanism have already been compared to the corresponding ones by utilizing a
detailed chemistry kinetic model in a previous study [41] and showed good
agreement over a variety of conditions.

A unique technique was applied in order to implement the reaction in the
current model. Although STAR-CCM+ offers the choice of a manual setup of the
reactions or even the coupling with an external code, in multi-disciplinary
applications such as combustion in porous media where complex thermal and
chemical phenomena occur, the solver may crush during the simulation or present
several type of instabilities. For these reasons, distributions for each component
were entered as scalar profiles according to the global reaction mechanism that
was used so as to force the solver to accept the chemistry selected. It is worth
saying that in the present model combustion under stoichiometric conditions was
investigated where complete combustion occurs and the species concentration
were known upstream and downstream of the flame position. So, the
aforementioned scalar profiles regarding the initial conditions were linear
expressions of those species concentrations.

Moreover, numerous field functions were created during the simulation so
as to calculate the discrete production rates of each species and multiply them by
their molecular weight and enthalpy release and finally create a source term for the
gas phase equation.

As stated in the above paragraphs, in the context of this study, the following
single step expression was utilized for the global reaction of methane:
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kg
C,H, +(x + y/4)0, = xCO, + (y/2)H,0
While the reaction rate quantity was given in the Arrhenius form:

d[C.H
“[—(-l.!:_y] = —A4 Exp(_EafRu T)[CIH,P]m[OZ]H

-

Where the parameters A,%, m, n are the pre-exponential factor, the

a

activation temperature (activation energy divided by the gas constant), and the
reaction order of the reactants respectively. All of these quantities are listed in
Table4 and have been chosen to provide very good agreement with experiments and
flame speed limits Stephen R. Turns [42].

Gas phase mixture CH4+air

Pre exponential factor A 1,3 *10e8
Activation Temperature Ea/Ra (cal/mol) 24358
Reaction order m -0,3
Reaction ordern 1,3‘

Table4 : Single Step Reaction Rate Parameters

(, 0 y (0, i
Molecular Weight (kg/kmol) L9 20 B Mo 18018
Dynamic Viscosity (105 Pa/s) 003 2 L7 1o 1%
Thermal Conductivity (W /m¥) 0038 006  00% 00169 00253

Table 1. Material Properties of each species involved in the reaction

4.2.5.2 Solid Phase and Material Properties
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As far as the solid phase is concerned, some different models were
implemented in the solid continua such as constant density and segregated solid
enthalpy. Alumina was selected as working material. However, in order to reproduce
combustion inside porous media made of alumina foam, the values of
characteristic material properties such as density and thermal conductivity were
not used as the default values of the solid material as stored in STAR-CCM+
database but were altered with respect to the porosity and the governing equations.
It should be mentioned that some values included the porosity of the foam were
given a specific value in order to validate the results against previous studies. In
Table 2, the material properties values are illustrated exactly as they were used in

the simulation.

Alumina foam properties

Density (kg/m3) 750.0
Specific Heat (J/kgK) 350.0
Thermal Conductivity (W/mK) 0.160

Table 2: Material Properties of Alumina foam

Especially about thermal conductivity, it should be denoted that this is the
value utilized before we took into consideration the effect of the radiative heat
transfer term. Once we did this, the value of thermal conductivity was not constant
anymore, but varied with respect to the third power of the solid temperature, as the

Roseland approximation suggests [40].

4.2.6 Boundary Conditions

Specific attention was given to the accurate implementation of the
boundary conditions since setting these conditions correctly is a vital step in
achieving a successful flow solution .This chapter will be divided in two discrete
sections, one for each region. Before we discuss further the BCs applied it is worth
mentioning that both the solid and fluid regions own three sub regions in the
context of STAR-CCM+: the inlet, outlet and the lateral walls.
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Regarding the Solid Region, the inlet and lateral walls sections were
considered as adiabatic walls. Thus, these regions are impermeable for energy and
there is no heat exchange occurrence between them and the environment. The
outlet section of the solid region was considered to be a heat flux wall. This, in the
context of the commercial software used means that, either a constant or a varying
heat flux is defined for the specific region. The reason for that boundary condition
implementation on the outlet section was to achieve a better physical
representation of the thermal phenomena occurring by accounting the heat loss via
radiation of the outlet to the environment [10]. Specifically, a field function was
created and held responsible for implementing the Stefan—Boltzmann law, which
describes the power radiated by a black body to the environment. However, the
solid is not considered to act as a black body or a perfect absorber, so the final
value of the heat transfer occurring was multiplied by the emissivity of the solid,
where a typical value of 0.85 was selected as it was done in a relevant study.

Regarding the Fluid Region, the inlet section was considered as a velocity
inlet. This means that the inlet face velocity vector is specified directly and the
static temperature is defined as well. The flow direction was chosen to be normal to
the boundary faces. Additionally, a low inlet velocity value was defined so as to
assure that the flame will stabilize at a certain position with no crucial phenomena
such as flashback or blowoff occurring [10]. The inlet static temperature was
chosen to be as the environmental one. Moreover, the species were specified via
mole fraction definition. At the inlet section the products mole fraction values were
zero, while the reactants one were chosen with respect to the reaction mechanism
applied.

The fluid region’s lateral walls were considered adiabatic and impermeable,
without transferring any amount of heat to the environment or vice versa.
Additionally, a slip wall boundary condition was imposed to the lateral walls, since
the effect of shear stress was considered zero, the surface frictionless and the
focus on the boundary layer formation is of no importance in the scope of the
present study.

The outlet section was defined as a pressure outlet, whereas the pressure is
specified across this area and the velocity is extrapolated from the interior of the
cells to nearby cells following a corrector-predictor approach. For the purposes of
this study, the environmental pressure was selected. Also, a normal flow
specification was chosen. Additionally, each species was specified via mole
fraction value definition, with the reactants owning a value of zero, since complete
combustion occurred, while the products owned a mole fraction value with respect
to the reaction mechanism.

4.2.7 Initial Conditions and Road to Convergence
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Initial conditions in a physics continuum as well as in particular regions
specify the initial field data for the simulation. For steady state simulations, as the
present, the converged solution should be independent of the initial field. However,
the path to convergence, and hence the computational effort that is required to
reach convergence, is affected. Therefore the initial conditions and values were
chosen judiciously with respect to the complexity of the problem.

Generally, most initial conditions are specified as constants but in the
present model that is not the case and the main reason for this is that we force
some regions to accept certain profiles either in terms of temperature or in mole
fraction values so as we can assure convergence without instabilities as we ve seen
them before when constant values were applied.

Regarding the gas phase mixture, the velocity and pressure values of the
physics continua were chosen so as to match the corresponding values in the inlet
and outlet section, while the temperature and mole fraction values were imposed as
scalar profiles. These profiles have been created earlier in the simulation with
respect to the chemical kinetics and adiabatic flame temperature.

Specifically, the molar fraction profile for each species included in the
reaction was constructed so as the values match the corresponding ones in
stoichiometric combustion of methane and air. A specific length was considered
along the burner in which the flame would be anchored. Therefore, before this
interval the temperature imposed was sufficiently low to make sure that any igniting
sparks would not appear and, consequently, the reactants concentrations would
have the same value as in the inlet section. After the aforesaid interval in which the
flame is located, the temperature imposed was the adiabatic flame temperature and
the species concentrations were the ones in equilibrium state where all the
reactants have fully reacted. As far as the length in which the flame appears is
concerned, the temperature and reactants concentrations were linearly increased
and decreased respectively. In the same area, products begin to formulate , the
concentration of which, also is a linear expression. In Fig.4C1, Fig.4C2 the initial
profiles of temperature and species concentrations are illustrated with some
relevant commendation.

Regarding the solid phase, the only field that needed initialization was the
temperature field, for which we imposed the same temperature profile as for the
fluid region. The main reason for this was not only to facilitate the numerical
computations that the iterative solver should process, but also to investigate the
fluid field variables behavior if the solid region has certain physical characteristics.
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Fig.4C2) Initial Mole Fraction Profiles for each species participating in the reaction

After the initialization of the flow field variables and before running the
simulation, numerous field functions were defined in order to assist the

Page | 57



Chapter 4: Numerical Simulation Approach

achievement of convergence. Firstly, in order to account for the species
contribution to the gas phase energy equation (3) a field function by the name of
reaction rate was created where the values listed in Table4 were utilized. Then, a
field function for each species individually was defined where the reaction rate was
multiplied by the molecular weight for each species with respect to the
stoichiometry of the reaction. It should be denoted, that the nitrogen contribution
was neglected since the latter is considered inert in chemical reactions [18]. Finally,
each of those field functions were multiplied by the enthalpy that each species
release during the reaction and summed all together so as to constitute a heat
source for the fluid region (Source chemistry field function).

The next formal step followed during the numerical procedure was to
capture accurately the heat transfer interaction between the two regions that
happens mostly due to the convective heat transfer term which appears in both
phases energy equations and, thus, is coupled via tables that STAR-CCM+ offers. In
the context of STAR-CCM+, tables are entities that contain a combination of
location and scalar data. The variable that was of outmost importance in the
present simulation was Temperature, which, when calculated for each region, was
stored to a table. When the table construction was completed and the values were
stored successfully, a field function accounting for the convection was created,
which interpolated the temperature values to the tables. Later in the simulation, this
field function was specified as a volumetric heat source for the solid region, which
means that, when the temperature of the gas was subjected to a change due to the
chemical reaction occurrence, the temperature of the solid changed accordingly
and this how the heat transfer via convection was captured.

It is worth saying that a parameter that plays a significant role to the amount
of the heat that is transferred via convection is the volumetric heat transfer
coefficient [17], which, although in the present model was considered constant and
its value was obtained by a previous study that utilized the exact same porous
material parameters, its effect on the temperature profile can be seen when we
alter this value on diagrams that are presented later with some relevant
commendation.

Apart from the various field functions created which assisted in a pluralistic
way the simulation and in general the pre-processing procedure, executing the
simulation was proven to be a major issue in order to achieve a converged solution.
After multiple attempts made based on the “all in once” concept where we
unleashed simultaneously the different solvers no convergence was achieved
mostly due to the high level of complexity this problem presents for a commercial
software to solely overcome it. So, a step by step approach on the matter was
taken.

At a primary level, we unleashed just the segregated flow solver which is
responsible for creating a velocity and pressure profile for the simulation by solving
the continuity equation, while the segregated species and energy solvers were
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frozen, and thus, the momentum equations and the species contributions in those
were set aside for the moment. Specifically the segregated flow solver solves the
integral conservation equations of mass and momentum in a sequential manner.
The non-linear governing equations are solved iteratively one after the other for the
solution variables u, v, w, p . The segregated solver employs a pressure-velocity
coupling algorithm where the mass conservation constraint on the velocity field is
fulfilled by solving a pressure-correction equation. The pressure-correction equation
is constructed from the continuity equation and the momentum equations such
that a predicted velocity field is sought that fulfills the continuity equation, which is
achieved by correcting the pressure.

After obtaining a converged solution with the correct values of velocity and
pressure, we unfroze the species solver where the species continuity equations for
our multi-component fluid mixture are being solved. It should be denoted that in the
aforesaid procedure, no heat source was applied to the solid region so as to reduce
the computational cost up to this point. After the species concentration profiles
seem to be accurate at a primary level and a converged solution is obtained, we
unleash the energy solver, right after we implement the heat source in the solid
region that accounts for the heat transferred via convection to the solid. At the
same time, we alter the value of the heat source in the fluid region so as to account
not only for the different species contribution to the gas phase energy equation, but
for the convection term also. Finally, with some slight alterations to the under
relaxation factor of the energy solver and the grid points at some crucial spots
along the burner we gradually proceed to a converged solution but this time by
taking into account all the different contributors to the problem.

Regarding modeling the heat transfer via radiation, as discussed earlier in
the study, the Roseland diffusion approximation for optically thick media was
implemented as the radiative heat transfer term in the gas phase energy equation
[40] . The procedure followed so as to consider radiation in our model is a very
simplistic one. We expressed the parameter of optical thickness as the extinction
coefficient multiplied by a specific length along the x direction. In that way the term
that belongs to the radiation was considered as a diffusive term in the energy
equation and thus, coupled with the thermal conductivity diffusive term. So, the
solid thermal conductivity became a sum of the effective thermal conductivity of
the solid and of the “conduction” as a means of heat recirculation that occurs due
to radiation. (In more common words, it's the radiation contribution to the
conductive heat). In terms of numerical modeling, we just changed the value of the
thermal conductivity from constant to a field function that accounts not only for
heat transfer via conduction, but via radiation as well. In the Results section,
diagrams are illustrated where the important role that radiation plays as a means of
heat recirculation is discussed.
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5 Results

In the following section of the present Thesis, a plurality of results derived
from the converged solution are illustrated combined with some relevant
commendation. The form of the illustration varies from scalar profiles of some
crucial variables to conventional plots of entities along the x axis. The useful data
exported from the numerical simulation in STAR-CCM+ are relevant with the burner
performance and operation.

Fig. 5A) shows the temperature distribution in the fluid region along the x-
axis of the Porous Burner in a form of a scalar profile. As expected there is an
abrupt increase in the levels of temperature where the flame front is anchored.
From relevant reports conducted in the context of STAR-CCM+ the peak
Temperature is observed in this region and owns a value of 2427 K degrees.

0.12m

1Y Temperatire (8]
ZX 0000 72473 1149.5 1574.2 1998.9 2423.7

Fig. 5A) Temperature distribution in the fluid region along the x-axis

While in the above figure one may see the Temperature distribution in the fluid
region, in Fig. 5B) the corresponding entity for the solid region is being depicted. It
is observed that the Temperature levels are increasing gradually compared with the
fluid region where there was an abrupt rise of Temperature. This is mostly due to
the heat recirculation occurring in the solid region by the contribution of the
radiation in the heat transfer mechanism. Also, it is easily observed that the levels
of Temperature are decreasing in the outlet section of the burner because of heat
losses via radiation to the environment according to the Stefan—Boltzmann law.
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Fig. 5B) Temperature distribution in the solid region along the x-axis

Both of the foreshown Figures regarding Temperature distribution are
combined and illustrated in Fig. 5C) in a form of a plot so as to facilitate the
comparison of the values in some crucial points along the burner.

Temperature Plot
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Fluid Region
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Fig. 5C) Temperature distribution in both fluid and solid regions along the burner
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One may observe that in the pre flame zone the temperature of the solid is
higher than the one of the fluid, while in the post flame zone the reverse phenomena
is observed. This can be easily explained from the effect of heat recirculation to the
enhancement of the Temperature values. Downstream of the reaction zone, the gas
is hotter than the solid, and so heat is transferred convectively from the hot
combustion products to the porous matrix, the hot solid conducts and radiates heat
in the upstream direction. Upstream of the reaction zone, the temperature of the
solid exceeds that of the gas, and so there is solid-to-gas convective heat transfer.
The incoming gases are thus preheated until they reach the ignition temperature,
reaction takes place, and the cycle continues. It should be mentioned that in the
above diagram radiation is implemented in our model.

The following diagrams that will be presented below are related with the
species concentrations in the form of molar fraction profiles. Firstly, in Fig. 5D) the
concentration of each species involved in the reaction is shown apart from the one
of Nitrogen, which is considered to be chemically inert and does not participate in
any reaction. We can see the radical increase or decrease of every species
concentration around the flame region according to its role on the reaction
(reactant or product). This abrupt changes owe their presence to the heat release in
the flame front region. As explained earlier before, this heat release by the reactants
was considered to be a heat source in the fluid region. Another issue that was
taken into consideration in the current work is the occurrence of complete
combustion with no unburnt reactants.

Male Fractions
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Fig. 5D) Mole Fraction profile of each species involved in the reactions

In Fig.5D1) methane concentration along the x-axis is presented in the form
of a scalar profile.

In Fig.5D2) oxygen concentration along the x-axis is presented in the form of
a scalar profile.

In Fig.5D3) carbon dioxide concentration along the x-axis is presented in the
form of a scalar profile.

In Fig.5D4) water concentration along the x-axis is presented in the form of a
scalar profile.

0.12m

Wole Fraction of CH$
5.6335-17 0.019000 0.038000 0.057000 0.076000 0.095000

¥

Fig. 5D1) CH4 molar fraction profile along the x-axis

0.12m

Mole Fraction of 02
1.15140-23 0.038000 0.076000 0.11400 0.15200 0.13000

Y
Fig. 5D2) 02 molar fraction profile along the x-axis
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Fig. 5D3) CO2 molar fraction profile along the x-axis
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Fig. 5D4) H20 molar fraction profile along the x-axis

Fig. 5E1), Fig. 5E2) show the reaction rate and the heat release along the x-

axis of the porous burner. As expected the reaction rate value is extremely high only
in the flame region where the reaction occurs. Actually, the reaction occurrence and
the heat release that derives from it is the main factor for the temperature rise in the
fluid region and, as a result of the convective heat transfer between the two regions,
in the solid one
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Fig. 5E2) Heat Release along the x-axis

In Fig. 5F) the velocity field is illustrated along the burner’s length. As
expected, after the flame location where there is maximum heat release, we meet
maximum values of velocity. It is worth saying that velocity field is highly
dependent on the porous material chosen [19], as the resistance to fluid flow
through the porous medium is related to the amount of particles present (or volume
concentration)
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In the diagram below (Fig. 5G), the contribution of the radiative heat transfer term,
which was calculated according to Roseland diffusion approximation, to the
effective thermal conductivity along the x-axis is presented. In the same plot, the
total thermal conductivity along the same axis is illustrated. As discussed earlier,
the effective thermal conductivity of the solid owns a constant value of 0.2 W/mK,
while the radiative contribution to the total solid conductivity follows a distribution
in which, near the flame location there is a smooth rise in its value, and due to heat
losses via radiation there is a consequent decrease at the outlet section. It can be
seen, that the contribution of radiation to the solid conductivity as a means of heat
recirculation, is significant and cannot be neglected at any case.
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Fig. 5G) Effect of Radiative Heat Transfer Term on the Solid Thermal Conductivity
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6 Conclusions and Future Research

This chapter concludes the Thesis with a brief summary of the research
work as well as with the main conclusions extracted from it. In addition, the main
contributions of the present work are referred and suggestions for future work
related with the Thesis subject are outlined.

In this research work, a model of methane premixed combustion within
Porous Inert Media (PIM) has been developed. The model is based on a quasi-1D
approach and takes into account gas- and solid-phase energy balances, including
chemical kinetics and radiation modeling. Moreover, this model is able to capture
the important features of combustion processes within PIM, as well as it is simple
enough to show reduced simulation times. Therefore, it could assist the
experimental design and optimization of small-scale reactors working not only with
methane but also for a variety of fuel blends that vary as far as their composition is
concerned.

The one-dimensional version of the PIM combustion model has been first
used to numerically study the complex physical phenomena occurring in a finite
PIM. This fundamental investigation was motivated by the lack of knowledge
regarding this important matter. Numerical results were obtained for methane
stoichiometric combustion under numerous model assumptions to conclude about
the influence of different parameters on the PIM combustion.

The exclusive utilization of a commercial software as STAR-CCM+ is to
reproduce with numerical accuracy complex physical phenomena like combustion
in Porous Inert Media reveals the innovative character of the present Thesis. It is a
fact that the present study could assist in a pluralistic manner a wider research
about the improvement or even optimization of commercial software so as to
reproduce solely and without any external assistance complex physical phenomena
(from multiphase physical problems to phenomena related with complex chemical
kinetics).

It can be easily deducted from the above paragraphs in the present chapter
that the main conclusions that can be extracted from the research work can be
categorized in a dual way. Firstly, we have conclusions regarding the essence of
numerical modeling of combustion inside Porous Inert Media like the obtained
results relevant to temperature field values or species concentrations ones or even
the quantity of heat transferred in the solid region via radiation. Additionally, we can
make remarkable conclusions related with the STAR-CCM+ integrated package and
its wide capabilities not only about solving set of equations of high complexity but
also about functioning and providing results under complex physical and chemical
regimes as PMC is.
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As discussed earlier, the problem of methane combustion inside PIM solved
exclusively in the context of STAR-CCM+ without external assistance. In this way, a
multi-phase problem (since in the porous region we have interaction of two discrete
phases) transformed feasibly in a single-phase one by utilizing only one package.
This transformation was the result of Equivalent Porous Media application, an
indirect way of reproducing the physical phenomena occurring in both regions.

Another remarkable conclusion is the indirect way of modeling the radiation.
In particular, the Roseland diffusion approximation was assumed and the radiation
was effectively modeled as a diffusive term in the solid’s thermal conductivity.
Additionally, the capability of the package used on handling several species and the
reactions between them (based on chemical libraries contained in the database of
it) should be noted.

Finally, some conclusions can be made about the substance of combustion
in Porous Media. Firstly, maximum heat release is obtained in the flame front
regions where reactions occur. Also, solid region owns higher temperature values
than the fluid region’s one before the flame front and that reveals that heat
recirculation is successfully occurring. Moreover, heat losses at the outlet section
via radiation can be successfully modeled (so as to avoid unrealistic numerical
results) by assuming Stefan-Boltzmann's law and that is the reason for the drop of
Temperature values in the solid region at the same section.

Summarizing, the main conclusions are:

% STAR-CCM+ capability of converting a multi-phase problem like
Porous Media Combustion to a single-phase one

% The ability of applying Equivalent Porous Media technique on
commercial packages so as to reproduce porous regions.

% Radiation can be effectively modeled as a term in solid’'s thermal
conductivity

% Inclusion of radiative heat losses in the reactor model was found to
be of major importance in order to obtain reliable predictions of PIM
combustion, especially for small-scale reactors and low power loads.

% The approach followed in the present work is able to capture the
main features of methane premixed combustion within PIM, in
particular, it can well predict temperatures and species evolution.

As this research work has addressed various distinct subjects, which have
relevance to methane premixed combustion within PIM, investigations on some
subjects have been closed despite of well-known shortcomings. Furthermore,
working areas have been identified, within which it would be desirable to obtain an
improved understanding. In the following, some subjects that need further attention
are listed together with an outline of recommendations to further work.
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Primarily, the present work could enable researchers to investigate the
capabilities of integrated packages like STAR-CCM+ in order to optimize some
features, which in turn, will result in the exclusive use of those packages for solving
multidisciplinary problems within a single integrated user interface. In particular,
the modelling of PIM combustion by utilizing a single package, used for practical
investigations, could be improved in two aspects. One is the inclusion of a multi-
dimensional quasi model in order to obtain more precise results regarding heat
interaction between the discrete regions of the problem. Furthermore, multi-
dimensional CFD simulations were found to provide useful information for the
simplified quasi-1D modeling approach [20], hence, a deeper exploration of this
symbiosis is suggested to fulfill the lack of information regarding PIM properties
and correlations required by simplified models, which are important for accurate
predictions. The other aspect is the inclusion of a more sophisticated radiative heat
transfer model that accounts for the multi-dimensional radiation effects.

Additionally, a number of specific topics have been identified that have not
been explored fully to date and where further research would be beneficial. Firstly, a
better characterization of commonly used porous materials regarding their ability of
transporting heat as well as an objective and comprehensive comparison of
materials and their effect on burner performance would come in handy. Moreover, a
deeper exploration of the use of novel porous materials including alternative
packing shapes metal foams could facilitate the experimental processes in
manufacturing PMB’s and obtaining results by them, which in turn, could assist the
numerical modeling of such. Up to date, the porous medium is treated in radiative
analyses as a homogeneous absorbing and scattering medium. As a result,
treatment of radiative interactions on a microscopic scale through modeling of
radiation absorption and reflection from the struts nodes of the solid portion
remains an unsolved issue.

Concluding, as derives from the above paragraphs, the author hopes that the
present work could be further extended in a number of aspects, which could
integrate and complete the research carried out. Also, the current research could
guide the new researchers in deciding the direction of further investigation.
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