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ABSTRACT

This thesis concerns with the development of mathematical model for fixed
bed gasification:. It was separated-into three types which are 1.) Computational fluid
dynamics model 2.) Thermodynamics equilibrium-model 3.) Plug flow. reactor model

Computational fluid ‘dynamics model for fixed bed egasification is considered
one of the most complex model which multi-physics have to be taken into account.
The model development is necessary to commence with the less.complicate task
which _the physics involved are ' 1.) Homogeneous ' combustion in pores cavity
between the packed fuel bed 2.)' Conductionheat transfer of the packed solid
particle and contact heat transfer 3.) Heat transfer between solid porous matrix and
the gas in pores space due to thermal in-equilibrium 4.) Solid matrix-radiation 5.)
Additional transport due to flow dispersion. These physics involved are equivalent to
the combustion within.inert:porous media problem. In this thesis, the computational
fluid dynamics model for combustion within inert porous media was developed. The
model was calibrated and validated with three cases of the experimental result.

The 'second part of this thesis deals with thermodynamics equilibrium model
and the reduction kinetic ‘using-plug flow reactor model. These two models were
validate with stratified. downdraft gasification .test. ¢ The different experimental
condition were carried out ‘with different fuel using rice-husk and the wood pellet.
The air flow rates were.in between 20 to 50 L/min Chemical equilibrium modeling
was employed to predict the temperature and composition of the sample in the
combustion zone. Finite kinetic modeling was used to simulate the reduction zone.
The initial temperature and composition of the reduction zone simulation were
obtained from the chemical equilibrium results taken from the combustion zone.
The flame propagation rate was calculated from the temperature profile at different
time steps and was used as the prerequisite to calculate the equivalent ratio in
modeling the combustion zone. The flame propagation speed of the rice husk was
found to be around five times greater than wood pellet at the same air flow rate.

The peak temperature of both fuels had similar values. For all air mass flow rates,



the equilibrium modeling over-estimated the peaks in comparison with the
experimental tests. The kinetic model was sensitive to the input temperature at the
zone inlet. The predicted temperature in the reduction zone demonstrated high
kinetic activity at the top of the zone due to a high gas temperature. The predicted

temperature was in agreement with the experimental test results.
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ywalug 1 Tsslwihihue vie usieletr uaslassmsunadnidfiolfananudualums
asu Aesldesdndngnnisilng msiinnsanlurdasygmansuazgnsaanslunig
Usznaugsne 3agrhlilassnisyszavenudnialussesenla

AINARNSsuAS DU DI ATTaRAa Aauasarildianasin lngnssuay
nsrvINMsLAadTatl dunsinlndiainsalveideuldlgnsanuiiseeondindu
Tuvalginsvurunsufadilipdunglinandnduifafiwalungdly viaSoniinsfingesufia
detiluunludliaaseuludusoly Tnendnnisuda uiadfiadufionisainduuuniuey
o1nAdsUAseiiatuluisdaz s amena Usenauludisuinmiliiay fade sl
Uanudesaudon wazusnaildanufoudilinnuduainaniswnlndidelusaveansi
wlndfliannidemasil Snedadiusadidau Souitenissemermudue s domadm
warUsnAnUARSESEnTu RefiusmansautaianssemewtivdlFnndomas fuy
nsguaNNsLAREHATLE difnenwlunsU Sudgsdne B sndsauiinnn s nding
Hunszunsfiazeinuasinaiiuiidosndt Wenisusuuisnssuiuasihegiagnies

nMseseilseansnimuagienlunisyaulanuesssuunisenuauaunsaililag
ayusnadmnssimansluaivivesluannufeu nsitaseienaldnisesniuunis
Nnaed (Experimental method) Lile49E9Re7 WeeliuudnasInepdinAIaas (modeling)
drsanlunisTiesnzsidng uuusiaemisedinemanslagiilay dfammsmen ndidniau 3
FlFanusniiasesauiunanisnaaedaemiiainnis e eRluddniioty egralsia
LUUSIABINIATRA1ARS A9 uTuE o 15 USULA ¢ (Calibration) wazAIIdRU
(validation) flunaniswaaesludeulunsiaufinndismaldsnoy

ielildesdnnuiuazlusunsuneniinesiaduayunsiesgiidednvenszuiuns
wiadfliaduuuy packed bed ATeisdldinavedunounisiaunuusiaemia
Adnrans lngludiuusnidunuuiiasmianadansvesivalleniuin (computational
fluid dynamics) @slunsadranuusiasamanamanivedladruinueinszuiunsuie
%Wmsuw,muwﬂsm,umvmaqwmﬁmﬂ'ﬁmamLLaﬂLUuaauqmﬂsvﬂaUMma

1) mswrlutlugaiuzufanielulnsiszninedudemausaziy (homogeneous
combustion) 2.) Mhmafeunmeluifotudemduarmssemanudouiniaduiaves
Foudusariy 3.) msmemanuieussriniudenduasuiaiiomnanuwandies
punpdvastuidomdazufanelulnsseridudomausasiu 4) mawissdnnudou



semiduidemduda (solid matrix radiation) 5.) Msehemauiinanmsinawuunszids
(flow dispersion) 6.) MITHMEAIUTU WAZNIITTUANLVBIETTLMEINTUTDINAS (particle
- fluid phase mass transfer at the interface) 7.) msmuLLLiusuaqLLﬁ"ﬂIuLaanajLLaﬂaﬁw
Sognmgivesufadigumniiiiniigandusi 8) naunlndfindasusuiituinvesdeimds
9.) ﬂ’liméf'maa%ul,%mwﬁaLﬁaw'mmigjfgl,ﬁama azdiuldinienemandiintulu
nsrurunsuiaRaduludnvariid anuduiusdatusas iy (nter-ink) fefulunssraes
nsrvunsLRadiatuiasenaulufemmuduiuduesunngnisaiiusiuiuinn uagns
mdmousndudesldnszurunisidrauniiadnusyndluuuudiaesasiiaill
Wasuuas videdentinmsgdvdinausiniiy

spiulduuuiasmtnasansvesivasadnsruaunsuiadiinduusenauluse
ms;lmwsmqmﬂmwaﬁqﬁlé’ﬂénuﬂuﬂwﬁﬁﬂ'a‘m‘i FIUASEUALN T AILILUUS 18899119
warnanivedlwa S1dudosdudunndamidanududeunianesmiitesninneu ludu
wsnuesinerfnusifeldianuuusiasresniswiludinslutagmiuiiianudes
HaymidagsyneulUsemeniafnienfiun1ssiassnssuaunisuiadiliadu suuansly
a1374 1 Tnefidunouniswauuuusassfeysuiinisesnuuuiaanesiu n1susuud
(calibration)-wag n135957988Y-(validation) funanIsnaaes wuUs1aes waglusunsuild
annsniluldimwsegondunuuinaesnssuiumsuiadmaduiasysalldsionisii
nngnnAs fnaastunase 1

Tudruftassuasinerdnus Usgnsuluapmsimuituudiassaunaniamesly
loundind (el Aunisviuiesumgiesdiulssnaunfafiusnamanugisonnawn g
LAgMIFNALIMYYTIABILIUY plug flow reactor ifleldlunvhinenisnszaisgamniiuas
duvsznounidluvinndiinufiteisndunadsdosuuiaosazgniliuuiiouuay
AATIATIUAUNANITVASDN

Flue gas/Oxy mixture

JUN 1.1 uansnisiawuunszids (dispersion) melulwseTagngu (2]
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3UT 1.3 uaaansienlndivesansseiviemmainalalulnsssznindudeinwaa [60]
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1.1.1_meawmawitusinneludaaniusaznea nueinszuIunIsuiadnay

wuuingdiun

TudarinusnlgwansimuienigandisutouresuuusrdesnsguIunsuiadilady
LUUTNGIUA BanszUIUMIsSIALILUUSIaess LT udoafiniuusiaswnemenimdiluiias
vhie uazUuudsaiiunanismnasy iedunmiuUuiiaasaz A fdedldly
LUUTNaaIneUaNDIdonanIsinaedliag1sgaaes auRlafwmansenuannIsUTULA
mmﬁﬁmqﬁﬁﬁiagﬂiwﬁumqmmﬁ (temperature profile) #ilFann1ss1aedaiias

Inednustldiauuuudaesnisenlndmelutannguilihuinieed uasvhnsg
USuun (calibration) Lagns339@eu (validation) funanisnaassfiaudeulunisvaaes
LLUUf\TﬂaaﬂﬁimmamwﬁﬁwL‘f]umzwm@‘Iumiﬁﬂaaamsmlwﬁmaiui’aqwqu Faudutuneud
dnfyneufiazifinanududeunisnteaimluwuusiassiiowmunduwuusiassves
nsTUILUMILAETTATY Fsmenmvasmswilndneluasmu wagnszuiumsuiadiady
wuudndiun Teuandlumisned 1.1 gﬂﬁ 1.4 LLangﬁ 1.5



Inert solid %
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* Homogeneous gas phase combustion in pores space
e Heat transfer through solid porous.media
e Heat transfer between gas and solid (temperature in-equilibrium)
e Solid radiation heat transfer

e Flow dispersion-transport

JUN 1.4 uananeninvesnswiinineludaansuniienuinesrenisiiaynienad

/4 3N BIOMASS IN »

( )
Vo1ati|izati3?§nd\\ . % )
fixed carbon combustion ™ : ' S . A
r “J : Combustion
f\r | - ‘Mﬂl\ Y Redugtion
[ X =Syjigas productior
XX Adh
e Homogeneous gas phase combustion in pores space
e Heat transfer through solid porous media
e Heat transfer between gas and solid (temperature in-equilibrium)
e  Solid radiation heat transfer
¢ Flow dispersion transport
o Solid - fluid phase mass transfer at the interface
» Condensation of steam and heavy hydrocarbon
e Fix carbon combustion
e Solid shrinkage

g‘uﬁ 1.5 WAMINIEAINVDINTLUIUNSWAFD L ATULUUANTLUA



A1999 1.1 dansnsilTeuisuniennuesdginszuiunsuiadiaduluuiingiua iu
nswnndngluannsuniicnudessiensinufnsenad

U37M5INIeNIEaIN *PM **FBG

v

s trsiluanusAan e Ul NS IsE IR U AILAaSTU v v

(Homogeneous combustion)

A1591AU5 U TUL L DT U BLNAILAZ NI TAIUMAINUS DUNY v v
RFEAY DT DN AL A AL

ANSANELNAINUS DUTEUINNTULTDLNAILAL LN AL DI91NAIY

LmﬂsiNsuaqqmmﬁmaqsﬁuﬁamamazLLﬁ”ﬁﬂﬁﬂiquaqasw’jN%u v v
Houndausiaziiu

A5uKSeAA S0 uTE T T WA T (solid matrix V. v
radiation)

msegiduiivanmsirauuunszids (Flow dispersion) v v
NSTANE AN LAY NI TR TN T U DL A - v
(Particle - fluid phase.mass transfer at the interface)
ﬂ’]iﬂ’JULI.L‘Liu“U@ﬂLLfTanIS,JLﬁQﬁIﬁiﬂLLaﬂaﬁﬁLﬁaqm%gﬁ%a\mﬁﬁﬁ v L\
DUNATAININIYANSUA?

nsunluifindensueuiiiuisuesdoinad X v
mimﬁaﬁum%m%aLwémﬁmmﬂmﬁgﬁgtﬁama X v

*PM fan1swmdnteluganguiliviunseed, *FB6 Aonswrlnlingluiindiuauia
BlLAdu

1.1:2 nMssrassmamnlugiansludaansuuaznisitassvesnsrusunisufadiadu
UUUANGLUA
wuvraasnisiludimeluiaangue tasiuuitasanszurunsuiadiaduuuuiing
e Suanihsavhdieasnsmanaranstesiua (Computational fluid dynamics) léaaes
Py Fawvudrgesnanamanivedlnadunuusianifidsieamndeanisnieninlunig
$1a09g9 fafldounanslunisei 1 senslsiRduyuasiaiguasUiunanulunis
W lusunsusaulufan1susunn (calibration) tag N19ASIADUAUNANITNAADY
(validation) fannaulusemusieasdeniiunniy nszuiumsuiadiedusdinadenly
mMsaiauvudaesiifingazideaitesas uazandunuuazUiinanulunmsiauiuuudiaes
Fauvusraeunarduliud wuusiansaunanisguunaniand (Thermodynamics
equilibrium model) taghuuaaauwuu Plug flow reactor %GLLUU?T’]@ENm&i’ﬁjﬁ]mﬂmﬁam
auludufidgewoineninusi



1.2 IngUseanvaInIside
Inendnusiiingusvasdlumsthiauenssuiunmsiuuuuusaemsadaamansiiio

T Aemeinuuimisuiulgsssuuuiadiinduasninanindlufanngu Tnelddaisnig

npaes SuAUITMsAuandeiuavlunuuiigeg luddiamnss feinguszasdniaide

i I LY 4 1 Y d”
ﬁ’]&l'ﬁi‘lLLUQ@@ﬂLUUV’J‘U@EJE)EJI@@Qu

1.

e llalusunsunuudasmanamanivedlvandsdifvesnsilndnneluan
wyu AlifinisUanuudesansssimeuarlaifinninufindeniuda (inert porous
media) neflusunsudanmsaiauidoifiotluldfussuuuiadiinduuuy
fixed bed 16

vi1n15USuLA - (Calibration) tuvdraeslfieldlinavesgusisvesqungd
(temperaturé profile) Mndlpuiuiunanisvaaed luawnsdnismaass uaz
90U (validation) Wsknsuuuuiasswilsiifveanisnlvsinelutanmyu
wnlafssanseulunisUuaseini masandouanuSetseitaudanisly
TnssTammyu Auvesudsiannyu Aldegusnegamginle
Aladamansznulunisuiusssarnsiinisiu (extinction coefficient) fifisie
sUSTsanngliild

dnaansveslusunsuiinaus uinlunisiias1eiineazi8en nasaeimen
AasaNtAnIslum N i Taansus i unan1 snaes
iellalsunsunuydiaesanganiavieslalourdind (Thermodynamic
Equitibrium) waglusunsuuuusIaes plug flow reactor iialdlun1ssaes
nsznunsLiadilladuiuglvaadls

gl dlafmansenumesteulnidomd Mtdarmiivaili wasuinniiaa
UinTendsnau lunseuiunsuiadiadunuulnaas
1fuvudiassanganrneslulauiiind (Thetmodynamic Equilibrium) Lile
sSurUsng M snRatluuinuiieURnsen s bl

THuuudanos plug flow reacter saasureusngnasaifiiniuluuinaiian
Unsen3dndu

1.3 YBUWAVBINITIREY

1.3.1 ‘UE]‘UL‘llﬁﬂ"lﬁ%‘f]lﬁlLLUI\‘l'EJEIﬂL‘f]‘L!‘UE]‘UL‘UGl‘ll'e]ﬁLL‘U‘U’:]"]aaﬁﬂﬁ\‘lWﬁﬂ'l’dﬁg“UE]\i‘lMaL‘?N
AU (Computational fluid dynamics)

1.
2.

3.

Junsvawuusuiseu

nslvsilnsny wazdumuAatuauufnien 1 9u uasdniswlwdididy
AIUHANUNY

manlvsfoelutisdasdruanyadl 0.4 Adamnsloundanuil 125.86 Alatad

AOANSIUAT 157.33 AlaTnARan1S19UAT WAy 188.79 AlatnfmamIsIuums



4. fnsRorsannstemanudouiaveufaniglulnsstagngu wazvesudeta
WIULENAINFL karfinnsanmsiemaufoulosneauanei1esgamgl
sznivesndsiaanunasuianielulnssiannyu

5. vpaudsTannsuiiennudesiensiAaufniouai

1.3.2 Y9ULUAYBILUUTIADIFNAANIQUUNAAIENS

1. insuritudomdsdoamaiuiiugumpivewufanelulnsswosiesenindy
Hoinds

2. finnsaninusngmisaisnlviAstuludnvazmiioutuisiuiinnsd i uas
Ufnsenmsunindifaiduvisiisiguvnigsiianiinailag

3. finsanihifimsegidemmiensenaintSnadiinusing saimsennd

4. wuuhaesiidesuisusnadiiauinienswinivigy

5. frsansruiumsiiadiledunuunaasiudematnay uasdomdsdnudad
8n91lmaeInIe20 30-40 way 50 Anssieuil

1.3.3 Y9ULUAUBILUUINANUY plug flow reactor

1. fsanitudemAdlsamgivisugamaivesuianelulnssmasiaseninedy
o

2. luvrdrassilumses s uinaiinuinsenisnduiah waguiniedendu
\Anfisumisanannsiusidlgumndigideluiinmiznisinaiinaleg

3. AN IS MBLUUTRNATY TABaefensdmuuun TN

4. FnsannssuaunsuAsdiledunuyiveastuidomasunay wandomdsnding

onslyaennid 20 30 40 way 50 anssoudl

1.4 AUYRAFIUVDIIUINY
1.4.1 ANYAFIUVIWUUTIAIINNNAATENTVBLNALTIAIU3 (Computational
fluid dynamics)
Ladunnsivanuusuisey
2. mawAlvsinsivng wasduuistuguuinsenl tu wesdunisenindien
AIUNEANUAY
3. ldAnNansEnUINLIEEFuSIMN I BNkAEv R TR NTY
1.4.2 suyagruiililunuuirassaunamamesTalaunding
1. forsannssvumsunludiAatunuaunisnisslndlnenuvesdomauds
Tng Tallddilsianszuindunounuunngmssimsunindifomndudeiifiniu
2. insumidudemduiilnglifnnunanssnuanaanuty
3. lm'ﬁmsmmaﬂizmmﬂﬁauﬂimau%ﬂauﬁagiuL%/aL‘wﬁa
4. innsanilifimsgayideanudousenanuuUfisediianisinls
5. fisgprnandfivsnedinsinlvsiazidhganinzauna (Equilibrium)



6. liuuudassuuuiassaunavmameslulaunfindiamzuinaiinu §idonise
st

7. fsannszuiumsuiadilatuluulvaasuuiaiiouauna (Quasi-steady) Tng
finsanuinuiifnufisonsunlwiimegaisegiuilasiifionsanindiues
packed bed vaadpindaadoufithonnuisuifuarudlunsanmesinad

Fnnsinvsidsuanslugud 1.6 (flame speed)

Oxidizer Oxidizer

Fresh biomass
packed bed

Stationary cembustion zone

Stationary reduction zone

JUN 1.6 wamsanyAgiilunasiiansannszvaumsiiadietuiuulnas wuuailowana

(Quasi-steady)

1.4.3 auqagﬁum"iﬂu Plug flow reactor model
1 -Sondaultlunmsvihuiiseameluudnauddenmalndidsmuamieniinaiie
\AnURATo IR Fua L
2. @n3sumeiiaund wualuvuaiiAnn el v owd fixed carbon Tutud
IR fASe3an T
3. URSensdnduduannelusyey 0.0 wns fdudsesuinuiiAnmawil

1.5 38n1saniiun1saae

1. Anwmdnnisuaznguinisatemaiiuiou wagniswilndindndy ST

LLUUﬁi”]aawmqﬁﬁmsﬁaﬁm’]u%’ﬂﬁ

2. AnwkazUseAvglusunIuAauiimeiUsenaume LU INaransves
IVaLBIAIUIN LUUTIA0IFUAANIIQUNNAFAIENT LazuuuTI1aed Plug flow
reactor

3. USULALAZATIDEDUNAVDILUUTIADITNAUAUNITNAADY WaZILATIZATULTIEN
Sfunaildannsmaaes

4. Invieany asung



1.6 Uszlewilduannauide

1. llusunsumawamanduesinadednnniamsayiunesngnisainiswilg
aeludagnula

2. Iilusunsumanamansveslnaidsfuniiannsaimuideseaiioldviiue
nszUUMsUAadTiaduLuuTingLuald

3. fimnadnlatenisuSuudsuuuinasdlagnisldnanisnszaegunn1veans
NAROY

4. llusunsuanganisguvnamansiiielflunisedusuinumannisenlvily
N3z AT Tladuiiylnaa

5. lalusunsudldosureuinaniiaufisensandulunszuiunisuiadilnduiuy
laag

1.7 99ATINUDIINEIUNUS

dHevingrdnusinnnuniassznaule unil 2 1ssunTsauivmidees
nanfseAdefiAgatadlasutadudiutesn sunlwinsluianmsu tagaszuaunisuia
Fptusudsuuitasmaiamanivadivadsiunn tivieesivuaugamesluunind
uazutUaesuuy plug flow reactor Tudiuvesumil 3 nquiiazsgnisAnhaitiside
znanfanurfauaaluusiaosig Ingaded 3.1 Lay 3.2 aznaniwuuiiaemig
warnaniveslnadeining wazlumate 3.3 84 3.5 wndntimsasiaaiug iy
MIEY LUV UUIR0 MUUaNRaWeTLATNg wagluudiaaauuy plug flow reactor il
Tupseuannsuie@eduuuulvens . unit 4 ssdumsiauTsunsureyiiamesd deluunid
afumstiieraninunil 3 uusRugiusunsy unitaduiinmeaiadaneifumsdiun
unil 5 gunsalmsvaassuasiouluniseraes Fsna1nfToaz Sunuasyemnaeanisin Lyl
melutagnauiilifnufsenitaiiadu uagsasdoaganaastuiadinduuuulnaas
AuantALdaAILNY Wamdstuiasaide wzdeulymsvnast suluiaieulvvey
(boundary condition).fildtunisdnass . undl-6 kafaeasIkazATsSaenTaY ludiu
usnnanfsnsuiuutiouiiaemnsmamansvesivaisdinanielilfnsnsraiodves
gamginlndlAsstunanismeass STIAITIATIEARANTENUYRIAEILUTTId A lu
Luuassiiinasenadnssusan1snssegungiuazdiuiiassnainfianisdiasesina
A5INTA UL LaZRAaN1ITNAIELAANNEUUNAFIANT LAZNITNANITVIADILUY

plug flow reactor Un#l 7 a@5UNaN13IY Uazdolauauy
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2.1 snwAdeigadastunamlvdnieludaguiuildsinsiiaufnien

msunlnineluiaanguitliviinier Saadnvusidsainnsunlnilagnly
u arwasnsolunssnndfdusandomdauazemaiivnaienniiiinaanindlog
Unfagsild mamnlniiigamaiigs [1] mvanunsalumsisenaisidaanig Seviilinngmn
Inffnnelufaguiui dnvarevimngiumsidanulunsdions Wy mamnlndives
Fowdsiiienauseus ansluiidomasamn el 2] (3] [4] mawnlndly
Fowdsiiinindouureudaitldannsomtvgldluuinngs Wumswnwiinsiieesuia
lgannszununsufiadiedu 5] maUfnsoisesuwesiidndmaandomasivuni
nimsuninsiilagyialé (6]

tuviaddaufin (excess enthalpy) gnilenusdaus 50 Sikaumn [7] Fsilaunune
Aeafunsunlwsibun super adiabatic #3rontswinliffonngiiganitgaumgiian

Y
(%

llogiAgiufAn (adiabatic. flame temperature) NSt ntianwazianuisarinlanisimaia
nsvyEisuauey luwadlwhuy 1.8 dasan1snuiguanuiaugniemuaingnsidiuy
mstememufouildannsainddounduingudiunatiainiasayidenatnoumusd
Wnnstualng Asvyulgualnueuvendadln 1 dalunisiilvddiunas (premixed
flame) Indvhldagifumsiiaiuou denuseuainiiasouainnisnlvdiemdoundy
lugaunannigumgiiiainin Inevldudufaazidinsihaufeus Jeitlvnismuiou
anuFeurilstios dwalyirausianlil (lame speed) fiAatoy Mstisdnsmayuioy
arafoudinalini S udaalniiangedy
nafidnsmsmudsumniauaildlasnislfenawaans saenislva
LUUHUAR Gwirl flow). 8] [9] Fafiundesluawlusidliluniagaanunssy slnauuy
V3UA9BTAANS AU UuM AL (recirculation flow) Fsaviufeumuiisuaziingin
msanaifeudsdisnsdduniinnienuseuiaigwii wonsniunislvauuumy
wifrelmAnnsderituwundaidsilinsm eifntuluiinun e Seilvausomn
Inshdoundsusunaunnlimaliiuluiuisesiindfste odrlsAdlunimauinng
vyudsuanuieussnisinanvunyuaisliansafiagliivarlniianufousinnii
gumpimlwezideludnls iesnnnsianianuieufenisnunaveanfafiwnlndiud
Hounduinuauiudrunauenimdoinds duilidmsauAanisidoranndiuusznauves
uhadterlndlalls luvaeziinisenindngluiangudumssomanufeudounduiniulae
flaifinamauussnitufatoufiunlniud fudunavemeauasdomasiigumnd s
nyuisunuSouraan s lnineluaanguinainnistiaiuseu wagnswpssdn Iy
Souvervoandeiaamyn nstomanudeufiounduivinlieutalvosdiunaueiniauas
HomdadirgatunewAnmawnlgl Ssusingaudie “leutalidauAu” (excess enthalpy)
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a & A

LBUVI@‘UE"DULﬂNNVIﬂﬁ@ﬂJ%ﬂ@JLLﬂ?W]LN’]IViiJiJE]ﬂJﬁﬂJJ?Nﬂ’JW aamma LﬂEJLUG]ﬂV]ﬂ’]U'Jm‘\]']ﬂ

a

dndruNaNDINIALAY L“UaLWﬁﬂ‘VIQﬂJWﬂNVINL‘?J']‘VT@QLN’]VLME.J ammwmmwammmﬂa:}

TrlesiReuiniAntufivisduveaieamnlng mmﬂwmamlmmaimaqwqummmLm
TN AREIUNALDINABAL I DNAINANAIUUNNMToUUININANSN T UN Rz LR

Enthalpy

A

___Y

N ! N pr

s
/ AQ los
A
. >
(a) Conventional system (b) Heat recirculating Flow direction
(Without heat recirculation) combustion system

Uil 2.1 uanseuialduiudiominasvyuiisuniniden [61)

e fesunsinininielufaaiguiiidinromismanes kazduresuuusiass
W9eLaY [10] [111-[12)[13] [14] mﬁwaau%aé’aLaéuﬁu’uL@um%aﬁamﬁmﬂﬁuﬁfﬁﬁﬁgﬁ
Fredfidanudbaferiuta s fifnansenusuteulansinuvesnsnlingdanely
faangu masiaoudaiiavanioliswas Benvetiangmsaifiintuliunnniinig
naasilesegnafen [15] dnddenarevinildnanbingasdeaierivonsdaesnisunlug
aneluTanws W [16] 1171 AJBara et.at [18) I@nwnAB UM emA L oINS
wlvsinelutannsulasliuntelussfusieozden (detailed kinetics) lagfithuliing
d1gmauseunteluiagnu lounn1svyuieuadnusaulagnisuisidnusouluda
Uana Tud 2017 S'Sabhani wazaaiz(19] TdRnwAsAvtaAgsnmyosnsmtlvinngly
Fagmyuiidrunauuslagltivvdiasifinatiasinnsvaasuilednuinnunmuvesian
uaglassairaveudeTaguyuild 1wl 2003 AJBarra wazame [20] léFnwinanseuves
auandAimIndeuresiagmuiitionisinvaiesaimdadln vesnsinlusinngluan
wyuiinafuwuuaesdau Ifuidugudiunay wazdwdnwiatosnmnsinlue Tud 2008
S.Afsharvahid wazaaig [21] la@nwidnwazn1siia Nox tagldnisinassuuy plug flow
reactor wagldufinsenluseiuseazigun (detailed kinetics) 1wl 2008 S.Hossainpour wag
Aty [22] WAnwwansenuveswUsiefifinatunisilvivaznisnevaiy uwiindnide
naneulanszutdndsunuindidgassnisitasadsdnariunisfnwiniswnlulnelu
fannu tunounisuuudFuUsiiddey (calibration) iAsadaslunuusiasndeiaia
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[

welvlananisdnassnaennaninunanitsnaastdotdudunaundialun1swmun

o

A

wuudasudaiaay dunidevatevinulaldnavesguienmsnssavaamgiluduneunis
M3I9A0UAINNYNABIVEINTTIRRLTIAY TagrinsiUSeuliisuiunanimaass [5]
[19] [23] uatlauddedruuldunni@nwiieifunavesiiudsndr Ay ninanesusnanis

N32289UNNUYBINANITIABLTINLAY

2.2 nudteiiieatasiunszuiunisuiiadfiadu

nszuruMsuRa@IAduuUseenifu findiun (fixed bed) Migdnladiun (fluidized
bed) waziowmsulwad (entrained flow) nszuIunITRAadTLATULULUANGIUATNTS
panLUUTMBLasIganiunisysg ndldfussuUsunidn [39] Usingnisainisans
vondarlinelunssdenandudenlefididiyresniseentuunisideu nssuaunis
WAl dunuuiindiuandseaniBu wuulvatu traas waglvadagiudng dedsvenis
ﬁﬂmamﬂmamaamiﬁﬁwﬁﬂ'%mLLﬁ”a%?\lw‘ifu (gasification agent) Hewlouiuidemnai
agluimnufn3en

— = -4 Gasecleani

e |
j 'it'L

I)
Iplo!-)-e e onling G€ (C1-C3)

Grate :

02 Air Steam Control & Monitoring

U 2.2 gavnaesufadiadunuulnaturualvgildansuiadfiedunaluda
dunnee [33]
wRadTlmdunuylwaty (updraft sasification) IHUSInamg (tar) aannsAIULLY
vosufdlalasnfueulianalngdeunanasssmevendomas (volatile) fiunniuuulya
andosnnuandaufanldlvadiuanzuinudiiigumgiis viliusingnisal tar cracking
aufalelnsmsueuluanaluaiinnsunndafuufaluanadn liaunsafatuld fafude
feuldfuidemasiitiansszme (volatile) fisn sruuufadiedunuulnatusunlnaigu ud
2017 cerone wazame [33] Wlddamdnawndnnnnszuiums hydrolytic biorefinery &
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mnmanageulaslfasnaudondiauaslothifuaufadfindunuissuvansoniauia
H/CO Iiludinaaufigafis 2,08 uenandudanuin Yseloviveanisldlodnduansdiudy
omelunsruIunsiaiangungivionsunsadomas shlviisannisgasuidesainnis
MADUVBITLEN (slag clogging) s‘i'iwmmaama@ﬂugﬂﬁ 2.2

wAadiladunuulviaas (downdraft gasification) lUSuamns (tar) fivfesnituuy
natudosnn mssumefildndomasiesvariuuinuiigungias Sutliaaufnien
unnivesuialalasesuenluanaluglld (tar cracking) uenvndusafnufinien water-gas
shift @eaunsaiiudiutsenounfainlvldlunandaufadnie nszurunsuuulnaasd
uinainuinernisunlug (volatile combustion) wazuIuiiAauinienIdndudamn
nusaniinnsw lvsfludiamtnisinevesansindndeaufadiladu

wAadiadunutinaasuiseeniduassuuy (501 IRLALUY Imbert Wag Wy
Stratified StipideduiunmiinsAnwiefumaaesUalwrasfadiladunuulug
a4 Tud 2001 Dassappa-S. uag Paul P [34] wuinadnsiluaingfveteimafilviaiainu
msauiannigiftgrudouluifadfaduiuuivaasiagldduiudomas agil 0.1 Alanty
sogauIRfmY Lagnuindefiudasinsinamilenangiudy aniisimsamiualnags
Aanas wazidieimudnitmsluasinaliiFosauisauiaUmlnagiuiomnnsgads
AuSouvesusaiiinn s udaannsiwanaausen Tutl 2014 Mahapatra uae
Dassappa S. [46] wuaaauiiwesn1sasvarlniianuduiusinenseiuainanumuiiuu
yosnasidonds sgadlsinmmsmoadailiiiuogdiudiuusiaed

nasassmswvEiTeumasdwssneulusaedtusen Tiin ssemoanaty ns
SMEASITERTNTBIES Maalnlansssmetnn@emas wozmisunlniifindansueud
fufontewds snsnsenuiivestuseumsausoaiaildainaguesens silea
[30] Wensrudeyaaamnil uazatuduresasane lutinaifiasan Tuwufasi
iU mInsTanedvesenmnd tagaammdudutesa sinqgnauaNsaEUI 1N N funng
S18NATEY UaZN1SENENN BN BInsEUINMITIRRa U IdlaenTzlIun TGN
Wiy ASEUINANSELS BN nIssdenad dndTeinalB i1y (computational fluid
dynamics) %38.CFD Sifnidenareviniddutudiass CFD lun1sesutatsngnsadiintu
Tunszurumsufia@iadu [557[47) [48] [56]

LLUUﬁ?ﬂaaﬂamﬂamﬂqmwwamam% (Thermodynamics equilibrium model) fifiun
nnngteiiaesvennesiulaurfing sunaunpgiuinseniatuludnuaeiiduide
Weanunue (lumped system) ﬁQﬁ?u?Nﬁaﬂ%ﬁﬂm&JLawwluu'%wmﬁLﬁ@ﬂgjﬂ%mmumlmﬁ
Wil (sub zone modeling) dagnaiinideilduuusraosannansgammwamanslunuide
laun [57] [41] [53] [44] [28] [36]

Uinsenidnduluitenldlunmsdasnmufadiliadunuulvaatangluudnmi
AnUfn3enidndu wuudaesifiauyiguiaissemennitemdsddsseaunun wasiin
msunlniulivdoormafidumisiiiamawnniiuuy deassumenundemadady
fuseiindansueuiiviiind Sunddenarevuliuuuiiaesufniedindulunisiuie
MsnszarwamMgiuardrunauuiainisoenveann Tudl 2003 Giltrap D. uazauz [38]
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wuddmUsznevveaLiainieenvesiennnlug uagn1snszaegmmngivinaiiia
Uin3enidnduanuuudassiuunliuiiaonndeiunanisaass ul 2006 Babu B.V. uay
Sheth N.P. [29] lévinnsusuussuuudiass3dndusnonsudsiiud char reactivity factor
Toefanintuuuuiendlmuudeaniuszoznisvesian lul 2001 Sharma AK. [54] ¢
Wiguiiguwuudnaesaunansamnarmansiukuudnaes finite kinetic :Mnn1siUTeuiisy
funuiwuusiassaedlimaiuieuvesuiafiaenndaaiu uavgamniiniseanveLiad
ISGIGEN! %ﬂﬂgﬂim finite kinetic aﬂsl‘lji’JMﬂULLUUﬁ]’laaﬂLLUU plug flow reactor Tneiidl
nsutiinafiiauinieidnduesnifuuimasmuauiiiuiudngdety dnitediuu
unldlfuuudiassiidnsiulunisiassanzdruvesuinionlaglumdudetu 137 [52)
A13s1aesUiiBendn multizone modeling

finsAnuuigaioUfnisufadiladufuduaniBemaedanaisvia (biomass
charsluiBsdndaenislslota Fanuindnmnaiatjansenduogfuarsusenaveiunis
(inorganic elements) ﬁﬁagﬂuﬁmwﬁﬂ a1sUsznoulnina@enaziduiassuinien dauans
Fanoularveailoasridugidusnininufnsen 1T 2016 Dupont G, wazamg [35]
WU TAnUg NS vl nitemasTasnanainmane v iniao waLiuSL iy
fuaanduvesansetunidludomdsideuluz Inunadon wsdas arsidnouuas
wganesasuiutazliuisuisuiundassiasndulaeldiulssnsdiuteseseiunis
Tudeindadusudslunuudaes Tull 2018 Prestipino M. wazame (49} WWFeuiiieu
wuUaeIdRTIISAaUANSEvesulAIN T AsTIRaTRae 9 LarwuTwuUs A
Avami-Ercfeev Iuaflaanndasiunanisnansy vanundudsiisnidefiioidasiunisld
Haunasnasmdialugaannssy wu Tull 2018 Bartocd P, kovansy [32] WAnwTngnTs
shlnlsladatuidomasdnanadade wasthdiu (biomass chan) Allshnssuunsufiadi
wniugnelotde Andwhnssuamgmiaaanslagldngasaunanssuauiou
uavapaananslunszuIum St dmuiienudeuildannswnndaissemeann
nszuumsinlsladaiivmoropauissnsmdssuaanseurmunlunssuaunsnanuiai
fduusenavveslalasiaugs 1wl 2018 Bartocci P. wazaniy [31] Anerdiudsenauuia
nnnszurunsinlslagaresdomnawnidaita unanvedamauat glycerol idhsdiu
NELFE gﬁx‘iﬁ?ﬂlﬁﬁ’] olycerobanunsavunldidudomass dusgrsilunisuanainudou
524 (Combine heat and power) %38 (CHP)



uni 3

NOAHATAITATIEUNITUUUTABINABIUD

dewrluuniinandeaunisilluiuusiaesidludiuves wuusaeamianamans
vaslnadaduinvein s udaneludaangu wuudtassauganiavesiulauniind uay
wuus1aes plug flow reactor Aldlunissiaeanszurumsuiadiadu uenandudsiingud
fiatosdug Wy aumsguvmaransiadl (Thermo-chemistry) 1asn1aunlng fugiuves
woNayRuSTaIANMINIT W waETnBUN TS RsaNnsN1sthemTioglusUaumsoysius
T fuaunsdadu susiumnpuresaunsdemlngliuafavesTaamsuuunidedeatu
(continuum porous media) kagANNITANNUL (equation of state) mﬂ"‘]msﬂmwmﬁaaﬂ

3.1 nguinugrunswalusiiineados
3.1.1 warmansmsiadiuaenastenlugd (combustion thermo-chemistry)
maundidemaduanugifafna nastewdndnuiasefuaisdentlawes
Tusmuzuia feszneulufeviansyfAsenAntuedweonas (91 UfRsoasadouldly
wuudwluluusn w38i38n37 Global reaction %QUQﬁ‘%&nLLszammﬂ’]iLvaﬁﬁL%aL‘wﬁﬂa
TsmsuauiueTnasamsadeuaunsulndon 1adsi

CiHy +a(Qy +3.76N,) = xCO5 +(p/2)H50 + 3.76aN (3.1)

1nei

a=x+yl4 (3.2)

(Y]

ANdRaIUlAYLIAVBALTDLNAILALDINATILHN LT WD Aa 1NN SaA W lagal

B B 4.76a MWair
stoic ~ - 1

(3.3)
Mquel

A8RTIEIUANLA (equivalent ratio) veddIuNaNITBINGwazR N ATEREIUlA Y Mlaain

(A/F)stoic (F/A)
(4/F)  (Fr4) (3.4)

stoic

equivalence ratio =
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gauvNaran3N1ALl (Thermo chemistry) flilunsdmnmmiudtusveanams
Ao waasdondlawes waasudnie wazeuduiusuesnisgavionsaudon
Hoswmnujaseuedllan fifinrsan guvmamanimaadidenaldeiuiuasruisagumal
vouAaludan1nsan ((well-stir system) w3alesuiuuuuTIaasmIenaransvolnalds
funalutunounisuiamenfefiinainudou wIeneswilaulaanslagfifiarsani
Uiinasmuaulagmeluveuiuanisiam Uiiseuuunuvesmsunivilunsdinamnlud
Homdaudetuonamunsndeuldludnvasnienty fuanduaunis (3.29)

3.2 AMSATINUUUTIARINAATAATURI LnALTeAILIN
3.2.1 Usngnisalnsangmaianaadaluauidmsiva
Luuaasmamansvedlnailaduaniifuguiiaeinaisiansainisaemen
AuauTAlaqluatunislua Sadiisiainnsiaisanmssemaisaanddiuazesn ity

q
1%

fufnmuAEaINUTIRsAIANTEvnndnsnn lusazi e sauanisiva [59] Tag
WUGTUBNNITANUWRULUNS NN TINLMUUUTAN dagivaun1snamilinAnmau R
aneludiunsaiuguiifiarsu ainismsdigmAguandala qauisadeuluguiuy
usguilefinrsantyimiuy 1 as sauansluaunnsi 3.5

div(pu®) = div(tgrad®) + .S (3.5)

;4
SNad A

nsdiffuTintsduaanuseendutesdaasinsanta wasYrniidnunsdnneiias

Y &

forserlilulymuutiiiodeanuls (continuum) Aeuandlusun 3.4 dredraulym
wiadlntuwutindiun nsedaminisalvdaigluiannguy aumsnisatemaziaisan
dndaunisaseuasosuIAnkasUsnnsInvetudinng Gwanunsodiedluguiuualuld

FIFUNITN 3.6

A-Alsolid

A;Pore filled
with stagnant fluid

5UN 3.1 uanuuiAnvesiagnyusieLiles (continuum porous media) [16]
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div(pu®¢) = div(rdgrad ) + SO (3.6)

IngfArdndiuredinsaialunisasouasesiunitnarUsuinsaiuau (void fraction)
#1500 NIUN 3.1 wazlisunauansluaunisn 3.7

A,V
p=—L -1 (5.7)
4V

3.2.2 N15ad19aun1sNsanemAIAaNUR luauanslug

wwudraesmsualviinielutagwiuildlunuided Snsfeisanaunisnisaiemen
AaNtALa 8 aunts kU uANNIN1SII8MINAAIT 6 AUN1T LARANNITNIEBN
Ausau 2 auns tikn aunsnisatemaaseulurewlsTanngu aunsnisanemaly
Fouvenianglulnasianngu aun1sniseamuadIsinany Uiy seniau lulnsiay
asusulaseniss uarleth Ssusavaunsfieasidensiaans

aunisnIsaremauianvesiiamelulnseianngu In15Wasaeunaniiie
wasnuALEeUINUFRTI I Tl wagmsremanneSeulilasangumgiiiuansniy
swvseudeiagwsu Aulfanielulnssiannsu nsdiemaniaseusuiiesnainnisuns
UVDIUINGNT iﬁgﬂﬁmwﬂiuaumiﬁ MSAIANANALTINISANIAI L FOU LazARITn1th
anuseu auanslvgluidoaunisaniue ( calorific equation of state)

s dl, ~ g4 dT dT,
g g
mC,, o=-—| @Ak —\+ AH,\ Ty -T, |+ @4 C Wy —=
p-g dx  dx ( ejj‘,g dx j o ( g S) ;pg p,k k dx (3.8)
+(DAa)khk =0

aunsmstaemaminieuluvesudsiagnyu biflneumshigmuuuian 1osan
vosudslallfinisindeudt finrsAnvienteiudnosineamafinuaniafusyninswesuds
Taangu duwianiglulnsaiaawsu lngdrmgdunvluaunisnisaemanuiouniglulng
TAANTU NITHHTIAAIINTRUTIRBIVUANLAFIUVDILTAUAUARIENITTI U AUNBUVBINT
unslasfinsanidurnsiinmaunsiiiuiu dasuandigluideaunisaniug

d dT,
—;((1‘¢)keﬂ,s d—;j—AHv (Tg —TS)=0 (3.9)
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AUNIINITABNNIAANTVRI 6 ansniansantudaymiil anunsadeulaluguuuy
Wiy lnefimeunaniiasuisanainufizeiniswalg

. d(¢ApVY )
dy, k

m Tk KL+ oo dx =0
dx dx

(3.10)

Lﬁa@mﬂmﬁé’]’aﬁﬁumiﬁﬁmmﬂﬁymuw 1 3@ mamarrdalulamunig
Amnadsanunsovildlaefnsangvsananalaunsd (3:11) femamuiitiuresuia
Nammmmmléfmﬂaumiamuzgz‘fwgLLamﬂﬁ@ﬂuﬁ’s%’aauﬂﬁamuz Tunsafdudgmuuy
2 vse 3 1R pramemnusasieundnisdieansTiua g1ty PISO wse SIMPLE
Jusu

7;1=¢pgu (3.11)

3.2.3 dUNFHNIUL

TunisminamasetaimsmMsdemsagldmanautinnssaendluudag3unsg
muaggesiiaglulnmunisauial sunsaniusAeaumsidesldmaaautilunisana
Tunsstaasiifiauntsaotusldss

dunisuidgasaivasiaddy 1WlunisIuiamma Ll u o suRaHau T
Usgnavludeufa 6 sliafiildnannun aunstlidmanautifvasenududuontausios
YUANIIUATNIALULENE AINNITWIHALRASVRIAUNTNITANLNIIAAT UazAnuaudd
gaunIveskian18luln s AN NTUINNITMIRALRAYVDIANNTINITH1UMAIINTOUVDILT &
melulwstiannsu Msdaesifast A udulidwinduarusuussonIafee UL

ANTANU Y
Vio
pg =
1
RuTg (3.12)
MWmix

aunsfmsanmafaufsened Tunsdifarsanaumsnisnlniinswuiay
aunmsmanlvsfumufianduaunisi (3.13) uay (3.14) ShnnsiiauiAseadiaiunse
AululaanAIRuantinutudueteandiau nswmu uazsluny  wazAinuaudd
gaumniivednianislulnssiannsu IneAdnsinsiiaujizersvgnirluldmuineiniy
$ou iiloldlunsdmmendeiiiavesaunismsdemanuouveuialulnssiannyu
wagldlunisiuinimennenidanveaunisnsanemnuaans
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d|C i n
% =-4,, CXP(—Eapro /Ry, [C3H8] [02] ) (3.13)
@ =~ exp(_Eabu /Ry [C4H10]p [02 ]q) (3.14)

AmsiinsianAasoudomngumgiiiuanafussninevesudsTanmgu Auufa
Tulnsadagniu arunsalguldfwanslu(3.15). 231 munsamuinlaainansdluad waz
AwauvitiuefuagAINTIA IS e uTasALnaNL A BagIWIREuR AU NA IR ITY
a0

H= 1+—4(1_¢) :

1/2
)

Pr1/ 3

K

(1 A Rep mixture /D (3.15)

! =i o 1o A £ = aa '
ARSI TUNSIHBIRINA TR danuSoududumenndedluaunismsatemn Ay
Fouluvewdstanngu arunsarmnalinaauaudfganniveseudadagniu uas
AIAANISAU

16073 dT

WA R T

(3.16)

9naun1snsagmennaumslulauveidsfagnauluaun3n (3.9) nmstem
mm%aummsm%uimugﬂqusuaqmsl,t,wédamﬁm (Rosseland approximation) Tae
Amsfinstiaaulseneusng mmsteiieunigluvesidsiagusu saufuainisi
ANTOUIINNISHHTIARINTOUY

_160T?
3K

K

eff ,s = Ksolid +

(3.17)

3.2.4 Ujisonaiiiiansun

Tueuideildidomas LPG duludrunauvesdnsimy 70 Wedwudlaslua way
T 30 Woeswudlaelua Ssarmsadvuaunisiaiiiieldnianuduiuslneuiaves
Fowmadldesd
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h
0.7C;Hg +(3.5+y)(0, +3.76N, ) —c>2.1co2 +28H,0+y0, +(3.5+y)(3.76)N,  (3.18)

h
03C4Hy o +(1.95+y)(0, +3.76N, ) —c>1.2co2 +15H,0+y0, +(1.95+y)(3.76) N, (3.19)

3.2.5 myvinilaidaiilas (Discretization)

Tudeiudldnanisaunisnsiemequandivesuudians dud susglugy
aunsoywus ( differential equation) Maneauns wazisazaunsiaNuduiusdaiuuas
fu (coupled) Trumernasiilugunsaatgfifigossawialnsldaunisaaiug (Equation of
state) N15911A1MOUVEIWVTR A0 dnvar T ldanusaldsnedaansnimgui e
(analytical mathematics) M1nwisLTuufosldnssuisidsiatay (Numerical method) Tu
funouusnuesnnifidafnaufionisuamunsnissemenauadt A duaunsoyius
(differential equation) Tdussutann 153 udy (system-of algebraic equation) Tne3ad
WA IRUsHuiiMIsmanulinasmuaues ] wiudasaunisnisiemly
HusyuuannsdaduiiaonndesiuunianassUswssTinnsrauaniuUs deaziidiuiy
aunsWAUT USRS uANLY s auan Vg lusi ez Bondaly

3.2.6 N13LUINTA (grid generation)

Weowwindauidnasandulyniwuy 16 na1aAeNiaTNIdIAIANEaN TR
WastuUawnuuknuivhi dafunsuisnieSwmnsaililaohslae uisenueimns
WUaLNLT0IUTIn SR e snLTY 400,000 Usuiniruanges Tusresaiue1nvesiiud
MIFMaEIhAU 0.1 was fnanstusui (3.2)

| SL 2o oV
Pc oo o o o -0 oo#

X(0) DX X(N+1)

400,000 control volume

JUN 3.2 wandn1suusiiuiinnsAaneaniluUiuinsAIuAnLIaLan

3.2.7 3nsudasaunisaynus liilussuuaunisdadu

aunisnisatgmaguantilaqiforsunilediunszuiuinlilisdeLies
(discretization) udgldaunadadusuaushiuiinnsauauiivhmauds Tuduseuns
assaunsmsnemiy liaunsazeglusuuuiidudouniefivuedilngfieda nssey
wenAinaduauinenaneduusazinesazgnuonaniufeiniomneuin au liud me
NISWANT (convection transport) MauNIsHWs (diffusion transport) kagwmaun1INBNLLA

(source term)
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Tunsdlveameunsredidaiuamsosuauenldflansdluutasiiasauaud
yimsutsdeannsaduanildanaunisaniug (Equation of state) uagdoyauIunsues
Uinnsmunuiidioamsiuan faiunisuasguazendegndumonvaansuns uaznisiin
wwiniu daumennisnefdaszunnglumenvesnisdaguliussuuaunsidaduly
SULUULINSEU (3.29)

aun1snsaemanusnidoulieglusuuuuninsgiulugvannisoysius el

9

a ! o a 2 4" 1y d d@ v I
WINTUUNDUNDANUAAIANNIT (3.20) FILNDUNAITUNIAD d—(Fd—) BAZENDUNITNANIAD
X X

d
= (pud
T (pud)

d d dod (3.20)
= (pud) = P2
x dx dx

WeNa1sandsutnsmala g lunilalii Nilvuinmaguin 3.3 151agaunsaaily
nsgurunITHlatauniseyRusIvsenaumeinermsian kaen1suns lunsdintynidu
WUUMIRER laneaunis (3.21)

A
A\

5UN 3.3 uapsUsumsmuauniglulagluiunnmsaiuin [59]

do do
(pud®), —(pudd) = (FA —j - (FA Ej (3.21)
e w

dx

A o v a R al' Y] ° v I 4 o d'
Lll@ﬂ']‘ﬁu@lﬁ F:pu LIYAITATATAINATITNANI LLagﬂ']‘Viu@s[fV] D=5—L§8ﬂ’ﬂﬂqﬂ\‘ﬁ/]ﬂqi
X

[ N v 1 a 1 & ! & A Y 2 v O
NS ANAIVINITNANILAZANAINANTUNTLUUAIUUNUNTUIGA (face) ﬂ@ﬂﬂiu’miﬂ’)‘U@N PNUU
= a a dy Qll Y @ Qll ¥ . . dy
Jaimsszuiievasiuivtindnnugun 3.3 Iaeldns subscript Aail
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Fy=(pu),, (3.22)

Fo=(pu), (3.23)
r

Dy =~ = (3.24)
*wp
r

b E (3.25)
*pE

Walauaunis (3.21) vl aglain

Fo®g=F @ =D& = @ p )~ Dy (@ =), ) (3.26)

Y
vaad a

il umenmsianiaesnoniininsegluslus sqaasan R IAUAN (control
volume face properties) %’a%umawiaiﬂ%Lﬁuiﬁmsﬂszmmﬂ'mmauﬁ'ﬁﬁﬁammﬂ%mm
rruns TneUszan alioelumoyuesdrnniandRnliunvesUIuTnsmuey 3n1sUszund
3801 Numerical scheme afinanes LsineAsAtinnummnyasusnaafiulugseansom
eandgadiuiule (58] dnsulurwateildnisusinauay first order upwind scheme
FafinsuszutaiananuaniRnilngy ssnalitawhiuaguauiivesuduinsiiogd uay
arufiavasnisiue feduinnisanuaudadnsuaunis (3.28) Wioglugdatnnsidadunuy
vlUnuaLn 51 (3.29) wae (3.30)

Dy, =Dy and Py =D, (3.27)
Fo® p = Fy®yy, = D (B ~® )= Dy (0~ D)) (3.28)

sUnuulUvesaumM g uLansanaunisi (3.30) uway (3.31)
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aP(I)PzaWd)W+aE(I)E+Su (3.29)
ap=ay+a; +(F,—F,)—S, (3.30)

Wednguaunis (3.28) Wedluslaunis@adunwuuniluninaunisn (3.29) uag
(3.30) wdwihnaiilsududseans azlai

ap =D, (3.30)
ay =D, + F; (3.31)
S, =0 (3.32)
SE=0 (3.33)

dusyAnsuosauniadaduisgvioutulunnUinesauauiblegAaveu (internal
cel) Mvirmstsly drusuuiinnsniursiagintevdnludesanieuluiiueuse 3 avinls
AdulsyavsluguresssutainsBadunmgiulimm doullmnUsinseunuiieg nely
WA TS A AU e RE Y Fefingaanud)

speanszuaumaililineides (disarétization) vasainInnsie WA @y
19 LLaﬂﬂﬁLﬁuﬁﬂgUﬁ 3.3 Ysgnaulumemsutaveusing luaunisesmdulnoun1snan
WMBNNITUNS Kazimaun1snenlile mmijuLLﬂ@ﬁuﬁmﬁﬁﬂmwaaﬂLﬂuﬂ%umm’sUﬂméaa
nazld38msnnsmiadon 3.2.6 iiewvasaumsmssawlveglussuuaunisdadulusuuuy
LIATFIUANANNTT 329 way 3.30 Tumeuganefenisudszuudumaaduiiolildua
aagAguanAludag TR TR uANTiinsIUsld Bsanursarildlaenislduoanediiu
wuus1eq eludeninusilddsuuy. TDMA (Tri Diagonal- Matrix Algorithm) @1113a81984
funoulasaziBonldan (58]
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Convection - Diffusion
Discretization process

Numerical scheme 1
property

* order upwind for face
estimation

Re — arrange in general from of algebraic equatation

. drl,| |d dT dT -
mC,, dxg —E(QAkdf’g EJ HAH, (T, -T. ) + @A; p,C, .V, dxg HPAw, h|=0
|
[
Convection ( C]?)fiscit(i)(l)ln) Source f(T)

Update all source term from previous solved
temperature iteration

Combine s

ources term w.

ith discretized equitation

A, +T,= ayTy

+ agly + S,

TDMA solve for fluid temperature field

Uil 3.4 uansiegestunaunsuuasaunisnisanemanuan TR liiussuvaunsdedilugusuuansgu
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3.3 N159LAS1ERNsN InsTdaunaNaInNIAazidaIwasuUs U suly
aaruzufia uaznisalngdlunszulunisuiasiiasunuulnaas

nsa1uvesn1sulugl packed bed veudoimdudinelumuiadinduwuulvans
osunglaludnuneillndidestunsunindidunauemasasdomamuusudsuluaniue
uAaunEean nswnlnidunasonawasitomaduanuzuia awuseneudeuinmms
rofufaunamsuazmsmomanuiousauandusufl 3.7 Tunsdnswnludidunaeinia
uarieimddlalasnivon Uinaiifeufisenewninifomansdvunndulsvanm 1-2 3
Aluns desenoufeuinniisanniniuiiseniutuesssnlusseznufiamanisiva
Funinaiin thermal runaway Us1ngn1sal thermatrunaway Buduainnisiulvsiaie
audou shlsidunauiiguvadasiu Tunasferty gungifigiiuidsmalisnsinismn
Indfgetu duanduguil 35 dafnmsilniisidenaazgnldlunshuiasendamald
ARt omAvemandenutuduitoma o asiadmislsingnisal thermal
runaway azAuaRasdLIusuvLiiiesns nselnsiaeiian sortntusmsnnulndas
SuprnsuAvaan s iniideansdaumamun seeiisondn fuel depletion zone Lilaias
#Iunia fuel depletion zone lUudran38endlniwessenuntunsaiimiudiunauuns nie

& a aa & !
Walnasay v LunsumUudILNaNAUT

Reaction rate

Thermal runaway zone Fuel depletion
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JUN 3.5 wanausniiin Thermal runaway wae Fuel depletion Ustanuiinn1silvg
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aufouildainuuilfisenismnluddiuniagdemlufiansafuduiuie
mensivaienisinuieuruInaTesEIuHaNe N ALAZLTBINEY luraefinnsdnew
AnusoussnanLuIlfisenisuddrulugiazaramluiianieniunisluasienisinm,
ANuFaUnINiANIINIsiYa

nsgvaun s ludiiatulagededadearnsgrsussnauiulann 1.) 910 2.)
Walnds 3.) gauuginiaanenazgaannisuivngdle delusuiusnaiiaufiseiniswnlngd
zdvusundsliillaifiadadensaunSondunswnislag lunsdniswluddiunan

[
aa v

aInAkastiomawuuniliauuUsnuAnujisen s ndildannsawdoudiluauie

a 9]

n1an1stualaudiinaziigungigarnnsianiaiiudeusenainusuiianisilng

iesnnansdendlatvesseldomnagnuslanduruanda nuausnadiiaUAzennisien
vs! Fsvenidededeivialimfnnsinilulls luvariinninnuioussnainuuinisienil
ludirgiunnuiianinistuasvdanaliaamgivesd1unanusiu itk wIN TR Ml d
qmmﬁqﬁu%aﬁaﬂﬁnmﬁdﬁ preheat zone LﬁaqmugﬁﬁauNamu%nmﬁjgmuﬁaqmmﬁﬁ;m
Radauay (ignition temperature) avdmaliuuw v inmiiams nifedeuiatuly
Adn1sarunsfuianianisive snsnisthainfeusanannuiaiiinUfAzeanasinedadl
mdiuslaga sUuLUsRunLfUSHs I sindeuiivesuT i Ann sl §ns1nns
LﬂﬁauﬁmaqU§LamﬁLﬁﬂmil,mlwﬁgm%ﬂ'jﬁ flame speed

a s & a a L4 a a a YA o 1
msataensk ndlngnalulisndiasigiuun usiniminni s lugisiumrds
agfladusiunusenede neiifideunaatamdaazainirinar uusuuiian s vliae
A2NL527 9 AU flame speed WoR Tl anwagldun1571AS18RULUU quasi-steady
AR89 YUN 1 TLAT TN SN I B Y LT Fawwan s lvilsususuin@munnsens
< 1 a | v [ a o =i
ANISoENANTAWnduANITIN TRl ineRdaLanslug Uil 3.6
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Outer cone (diffusion)

Inner cone (premixed)

Inner flame cone

- <

Vi
/
|

) O ( <— Air

<«— Fuyel

/

JUN 3.6-uanen15UsEENAATIEILUIUIRTAAN SN nilvsiduvisog s

WWusuleenede [12]

TorG™or xg

Preheat zone | Reaction zone o
- - o !-.. "I
/ Temperature, T
Reactants, ¥u 9
)/

Volumctric heat
release rate, 0™

Axial distance

UM 3.7 uananign nusiueineuesniseninidiunauideindaageinialagiinsennig

Tvakuusiuseu [12]
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12500 12500
T _ 24F x 3 T
x x 10 eq B CH3X 10 eq™|
1.0 "CHa L 42000 .. 20} a <2000
c xcozyeq_ Eﬁ g i é
0.8 _ ¢ 216 o
- 15005 g X « 103 1500 §
£0.6 g % 1.2 CH;0 g
2 11000 8 —= -11000 -
204 § Sos 5
&= ZHCO X 104 =
0.2 500 0.4 1500
xCO,eq-
0 1 1 1 1 0 0 1 1 1 1 Il 0
6 05 10 15 20 25 3.0 0 05 1.0 15 20 25 3.0
Axial distance (mm) Axial distance (mm)
] 12500
Xu.0,% 10 6 Teq-
208 7 Xg,0% 10 sk &cux 10 L 42000 .
TAHL0,eq o
g g 4 g
.51_5- . .% 1 lSOOE
r.g xHoz X 10 ﬁ 3 g
21.0F K~rr X 100 o ‘1000&
s OH ) E
(F)
20 st = =
I 1 Xox 108 300
0‘ O 1 ) | i 1 0
0 05 1.‘0 L5 20 25 30 0 05 10 15 20 25 30
Axial distance (mm) Axial distance (mm)

U 3.8 BanaNaN15I1a0IN S N EILuREL A iukazanlugunsiva
LUUSIULREU [12]
nsrvaunIsufagiiedubtulnaadunsanusuamifan s lvdeganglulngs

Fo1I93E I UABINAS (submerged flame) asdldnvazinsnindiiaslndidsaiunis
wWlvs AN AL I NALATLT BINA I A A 1UED Tadauanssiulud seiiuveuia
F ol ITIEe ST ImEININNT U A AnnsHAL T uUB N AT A aLn deuF aLRe
Hunislavesdunandelnduayomeinfengainnsunvildidodemngigeded
ignition tempefature. 91N lagldAsSIaewuUnaRTARsYaTl AT IR W
voenszuaumskiaaleduuuuneattunsdivadleganelulnsssswiatudomas [20]
wuiumsvdanintulussasiivaudssina 2 8 3 Saduias Tnoitanssendlawoday
vaangluszosAian sl luyuyidnvazniswasufivesuuiusnaiinni sl
suiadouilufianinssiududuianisnsinareseinia San1saewmaudounazuIaans
AU Atenswindinsasindofutunsdnmamlndidunandomauas
ornAdaildnaniungs Wewanisanomainudeudeunduiinisuifedaniudewas

YaNLeaNN1sUNANNSaulUaVRILAE
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3.4 nenntiadun1glunszurun1suiadinsunuuluaas

Tuate 3.3 fuunlseSuiednalnniswilnsiuuuniadflaefinssouiivunis
AApuRvEanIsaLTe LN TN lvsveensainsun ndidunau doimaazonmaluaniug
wid waznisipdsuiivesusnaiiinniswnlndvesnssurunsuiadfedunuulvaas 3
wuitnalnnisiadeuiivesusnafitinnisunlndivensdnassdinnuadiondsiu Taednns
wasuilufirnssiuduiuiiansnisinavesernalunsdivesmsunludvesnszuiunisuia
Filatunuuluaas waziinisirdeuiiluiinnseiudufufienienisivavesdrunaudomas
wazenalunsainiswnlndidunaudsmaswazornaluaniusuia Sniedanuinusnmd
AnUfATeIN TR nddauenIUssunn 1 Dafiwesiadiuns Tunsalnswnlnddiunay
Fowdwazenidluaniuruia way 3 Jadwes lunsdinssvaunsuiadfindunuulvaas
TnednuugrasnuIUfAseanisinlindusenausas vinuiiAn thermal runaway kag

U fuel depletion ludnsaziheafiu

N5 lnsivensesuaun1sLAad i aduwuulnassdinusudeunianiswa g
dunaudemaazennaluaenueu i (esaamile s nadiinniswaludiadeudaly
FEN 9939 UL AURANNINITINE VB INIALED WRESDULAZAISNAR Ui AAINNI TN
Tndazaowlifudrumdsvondamaiiuansnalusildndeusruluudy Sediumievos
WamdstazegluamaziliuanUdssasssmeliudrnunssiudfouanmiuduvie fixed
carbon %Gmﬂmiz:haL‘mmﬁwﬁmﬁmsﬁuazmm%@uﬁiﬁmﬂﬂ']il,mlwﬁﬁagjéfuaulmamu fixed

carbon vdawaliiaU]isen reduction Tudautl msindeunuosuTianiinn13nn lrives
nszvIumsLiagieduuUlraaswandluzun 3.9

Fresh biomass zene— -+

Combustion zone

Reduction zone

t—1t [ tg(t2>t1) = t3(t3>tg) t— t4(t3>t4)

5UN 3.9 uansnmsiadeuvesusamiinugisenmsenindivasusnaiinugisen

reduction 3a161199)

Tun1s3msiernssuIun1skiad i duLuUraasausaldnuifnludnwus NAae
AUNITIATIZINITIN IS UN ALY DN A Ibar N EluanUskAaRI b naun Tuden 3.3

'
a

laen1siasasuIUsnaliiansviveatisegiuin Inefinnuiiaves fixed bed vaa

Y
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Wandwdaadeunlufafsiutufiansirasinia laedanusuvinduanusivesuinig
wlvslunudiandluzun 3.10 Fnsinsziwuuiagyiliaiunsofinnsannssuiunsuiia
Faduuuulmaaawvuaiiouinuannzasila (quasi-steady state)

Oxidizer Oxidizer

|
i
1
, } !
Fresh biomass [
packed bed —Biomass velocity = Flame speed

— Stationary combustion zone

Stationary reduction zone

i
i
|
1
l
|
|
|
I
i
|
L

JUN 3.10 M3lasgdinsyuannsufiadiladuwuuluanatvuiaiioninluanneasi(quasi-

steady state)

3.5 n15Uszenaltiuudiaasauganiamasiulauiiing wazwuudnasg
plug flow.reactor TunssuaunisuiaantatuwuulvaasuuuLEdaudn

Whuan1zesi

nsusggnalduuuinaamiamesiulauilind wazuuuinaas plug flow reactor Tu
nszvIumsuAadfatuluuinaasayilne insaniailioudluannzadidyianlugud
3.10 Tngnasfiansaindusnaiinu jissinsuniwitinasnaifismedimssnlvsiasidng
annzaunaniaail (Thermodynamics equilibrium) LN YD iU AAURATE NI
Iydfiarsanindivunuiann waghifimsgadeaaiuieusenainuinauiiianiswil dou
Ui uatwesuinmminu§izensenivsagldyn Uiite reduction kinetics $afi
wuuinaeawuy plug flow reactor Tapnskusdsiimsmvauesniluuiunsaiuaugoss Tu
dudvesuinaiifaUfiseimamalugl Usiesmuanflogiumisuugnagliagumg
wazdiunauLAanldainnisdtassnuvannanisguunanians deldviiuisuinu
AaujAsennsilugl §nsinislunaideuiavesufiadilvaiing reduction zone Auanan
Sasmslnalaunavesenmasiuiudadiusiavesanssymvaiiemas (volatile component)
flFnmsieseiidomas
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Combustion zone R

T Ax
"~ Finite volume in reduction zone

5UM 3.11 uanadnuuzlialSuinsmuaugagveIusumiinuinsen reduction

Reduction zone

4 o = o ol ¢ .
3.6 ﬂ']'i’s'ﬁ'NLLUU"iﬂaENﬁﬁJﬂanI'NLﬂﬂJ(ChemIcal Equilibrium)
LUUT1a0vaENAanIIgnnaman sllukuUIrmomdsldvinuagusnng n1sain s
gl wuuinaesiifanyfgiudeu lbud Yaseinsrlndifivanniiemesuisgaauna
= aaa a < & I~ [y 1al = k4 £ o =1
mapil U Asenfaduduiiasisany liinisgyidgadiusey vanannshiuuudiassi
MggungikazHand g1 nlannsiiindvearamdsnegluanusuiaiad
LUUS IR 0aUNav 198U VNaAIEs S (Thermodynamics Equilibrium) §aduiidewldlunis
inugmsalvdvesisindaund Bnsae TS eunadiie Tuariusangnsalius
& a o v & = 9 v o a i
gan duusmmgnay (431 [50) Awudsiinisuusldwuvimasaamzuuuluyiiiudneg lay
NN Isaematnaan TRssasusaaluwu. plug flow reactor lun1s3dediinasld
wuudaaedaunansmesilaudndlunisviiuigaraamgiiardaudsenounandusiuia
giasgqluamzusnaninsiaugisansiiinivainseuunsiiadiaduwuulvaas
uwazAgamiuasiiayiasegitievuluusnauitelinsaigmmenisian lugusianaug
nalupufia@iladu aunisnasennduest)iseveswiadliatuanunsndeulanad

CHxOyNZ er(O2 +3.76N2)—>x1H2 +X2CO+X3C02 +x4H20+x5CH4

3.34
+(z/2+3.76m)N2 ( )

NauNsT (3.30) e TonaunaognesasUoLalH
x2+x3+x5—120 (3.35)

INAUNTN (3.34) WeRNansanaunaeznoulalasiauazla

2x1 +2x4+4x5 -x=0 (3.36)
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INAUNTTN (3.34) WoRansanaunaeznoudendiauazla

Xy +2Xx3 +xy —y=2m=0 (3.37)

diefiansandntulguniswnluniiaziin 3 Uisendn launujisen methannation

(C+2H,«—> CH,)Uf)581 Boudouard (C + CO, «—2CO) wag U n3e1 CO shift
(CO+H,0—>CO,+H,) \ilosmU{ATe1 Boudouard fu UfA381 CO shift agléiiu

Uifi3un water gas shift @smanluiazesungldlaslduffzeoransufaizenlaun Uiazen
water gas shift uag Ufnse1 methannation

FouaunsvaaedleglusUuuuresanntsiiidaunamaaiiiiolflunisduan
9AUszNEUvRILAT 9¢li1AAN equilioritm vesUATeEN watter gas shift anunsaiTeuls
Faaunns 3.37_AazAasit equilibrium 289UiA38 methanation a@misaideuldfaunis
3.39

K= (3.38)

*5Xotal
i, AR (3.39)

7

(%
&Y |

Wa, x AR U LAY RUAYDINAAN U L UFDIULLAALUANNTA 3.34 F9tUA

total

= < vo &
X grnsaguduaunislasal

total

7
Xeotal =11 +x2 +x3 +x4 +x5 +(5+3.76mj (3.40)

ARST equilibrium.aa3U)Asealaqaruisariuanilaenaunis 3.41 A1 standard
Gibbs of formation vasa13lee. astusdivgMuga au1TanlaaNaun1slne8198991n
[41]

= . (3.41)
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(% 6

gaunginswnbndesunelnanaunisaunaeun1alseniaseanuuiundn e
FAUAIDIAUTZNOUVDILAE X, X, AUNT0BUlARIY

Z xih.leai = Z X; (h.?”,j + ARy ) (3.42)

i=reactants J=products

AUN1T 3.42 @90leunTEAemeuUIte N TUNE1 IR MAeTeslun1 s Ll
WolnAawds auaun1si 3.3 laaeueans

o

0 o (0 0
Ahf,feedslock + mhf,a T 3.76mh./-,N =x hf,H + CP,H AT | +xy hf,CO + CP,COAT
2 2 2 7
s | 49 +C ATj Tx (h"- +C ) AT)
] ( f,CO2 P,CO2 41"f ,1120(vapor) P,IIZO(vapa/ ) (343)

o z o
+Xs (hf’CH4 +CP,CH4AT)+(E+3.76m hf’N2 +CP,N2AT
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3.7 A158519uUU1804 plug flow reactor

wuUs1aed plug flow reactor iunuusiass 1 HRfiazfiadiunisaiemuuunIsuns
Tuwwaficeafufianianisinag wuusiassadaduniann1simsset wavadraduaunis
ouus [9] wdoodldnmsutsiuiinisdunesnifuuiiesmuaugosafifinumun uras

1 '
v A

Fuiszyleldfauandluguil 3.13 [50)

L ]

Flow |
—

|
cU | >
V///A

—>X
Plug — flow reactor

gﬂﬁ 3.12 LAAILUNARYOIUUIIEBY plug flow reactor [9]

Superficial velocity

Zmihi

SUN1 3.13 uansUSinasaauauildluiuudians plug flow reactor (541

muifeflduuusaaauuu plug flow reactor tuvsiamilisUgAze dendu Tnglden
Susudsliunadunalngliausauia uayAgainmivlsnannissiassaunanianes
Tulaunfindluvsnaiiinnasieiu Arpauasudy (ntet superficial velocity) léiunann
nsAIUIMAINaNNS 3.11 TnefidaAn void fraction veq packed bed YOINAUAINANAAY
fiAnfu 69 anunsad1edeldann [62] UfATesdnduiinuaUsznevludie 4 aunisldun
AUNNT 3.04 3.45 3.46 uaz 3.47 laefiaun1s 3.44 3.45 uay 3.46 \JuURATe LAY (char
surface reaction ) #39138171 heterogeneous reaction Wazaun1y 3.47 L‘fluﬂﬁﬁ%mﬁlﬁﬂ
semiufalunslulnssosduunauiosinfuludnume packed bed Aguvgiiuay
dnadnlaguiavesufanuiuinsauauinsgnislurinuiiinujatenidndu awnse
funalldandeyadinanihufisenadsluutasduliiaseua
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U7i3e1-1 Boudouard reaction : C+CO, < 2CO (172,600 J / mol) (3.44)
U)A381-2 Water-gas combustion : C+H,0 < CO+H, (131,400 J / mol) (3.45)
U)381-3 Methane reaction : C+2H, < CH, (-75,000 J / mol) (3.46)

Ufji3en-4 Steam reformation : CH +H,0 < CO+3H, (206,400 J / mol) (3.47)

-E y2
- 1A . Yeon,
r, =4 exp( RT j [szo 9 J (3.48)
E Ve
e exp| A\ A
i i p(RTj [sz Ko (3.49)

RT K

R4

—E V¥
v A, exp( 3 j'[szoycm ~ COJ (3.50)
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ANSAAILUNIUSUASUADUNLADS

Jamalugmaimnssuvesluannuieusndudesesungmeaunisraisaunis
sy aunsTilddnlngfnnuduiusaiunasfu (inter-link) Soiildanunsonnaiaas
yosaumsldsenmamimeuiiissadaien maudsniudosinsmuanasvemnannisud
wuamaaglmilitlganaunisaus wludadoniinsvien (teration) mMsveniazdiosin
unAfnsyadlifinswasuulasiiieniimsgiimeiney vdessuudaavinie
(residual) tfeentaniisauali nrsinuutEamasavildmelusunsunoufinnosiifing
ponuuuLeaneifufiwinzaufiolinmisigiimaneu ioniluuniasiinnudeidos
mnundt 3 Tpgagnanis 1) Tupeunisaiidlusinsureuianesildlunissaomanians
vaslvavesmsinlninetuiagusu 2) msadildsunsunoninme filduuudrassauna
ysguvmamans 3.) msalusinsuaesifiomasiilduuudiges plug flow reactor

4.1 NISNAIUN LUSHNSUUUIIGDININAAIFATVD I AT IATUIEIN S UNITLH

Indfludaanyu
wuunassmswnbndmeluagnsuinanvudusuudnaemasnananivedlna

(%
)

(Computational Fluid Dynamics) lnguadaiiugiuvasnisaduuusiaesidnandosuly
unil 3 1fisennssuunsunlndinielufagnguduienududounnisaings Tunism
Ao uluN1591889380UUTENoUlUAIEgENNITNITAN SN ANITENAT LazLAaZALNTSE
ALduRLSTwaz i (interlink) nsuiaunisvesszuuiduasafiazitaemsldnisus
ﬁllﬂ’]i@’;EJﬂmGlﬂﬂﬁG]iVl’]Wli]‘H{]lﬂﬁNﬁ]’]LﬂUG]EJQiGULVlﬂuﬁVI’Nﬂ’Iiﬁ’m’Jm (Numerical) saufiu
nseeALUUSEID8UNISYIngT (iteration) ﬁmmﬂmmLLUimmwummauwuﬁﬂﬂus N34
AUNNTN TEUWILAY AN TAANLENNANN TN TNTALaenAd BTN NALMS ViaiFundn
msguinmaneu. (convergence) asiuladl n1smasmeulunwudRasiildlaenisideu
TUsunsumeufiaunes i

Tutuneuldasduaz SN asEUIunT5hanIng (Discretization) titauuslamunis
AweenilulsuinsnIvaNEnY SuneLiliaendINsuuensa (Grid generation) aAntuvh
ﬂﬂiLL‘UaaiUqummmuﬁuaqammimimaszfwuauaaiuiﬂLLUUG{Jmammmuwuﬁ
(Differential Equation) TL¥uszuvann1si891du (System of algebraic equation) i
aenadosiulauumsmumailduiiosndulsungdng wazdenlduuuuaunisudiaunis
\BaLdu (Solver algorithm) Iumi@’e}ﬂLLUU‘iﬂl‘\]“aaﬂLL‘U‘ULLNUﬂWiLLﬁﬁuL%GL§ULLUU (TDMA: Tri-
Diagonal Matrix Algorlthm) nturzeanwuumsinalvsn (Program flow chart) Wiolw
ansavnsEUINM TSR ietauninagldmfudssnan fifauduiusiulusening
LARZANNITNITAEMLATALNTANUEIANNARARRBINUNNANNTT F99ERdnAIR LU s
Jurmouresszuuniswnldaneluianngu
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dlevnluunil 3 1Hunsadsaunisuuuasmisadamansisonseglugauns
oyiusAenIunsnsaem Useneulusemeunsmemlaenisian msdiemsaens
Wns haginaunsnainila musUluUNATIIL laslaunisaniusvatgaunissinegluny
$raowhe aunsmsdemynaunisazsinszuumsyilliseries (discretization) Tumea
Adueyiusliunmenian wazmeuuns luflanagldaunmadadulusiuuuinnsgiu mu
AN 3.27 was 328%aawuﬁiﬁwwu@ﬁwuamﬁwaem)awﬁoapm)uazsum)maanﬂq
U3amsmunueesiia 400,000 Usinmsmuaudildudsliluiate 3.2.5 14 dsluldsunsuay
a3196uus ae(ii) aw(ii) apli) wae su(i) Tuguvewinuysesisd FagnJutlym 2 vide 3 T5 as
HuozisdlugUaeing (matrix) lunsdiffutiom 1 87 Muusandugvesanmes

iusfjgumaumﬁzwh ae(i) awlii) ap(ii) wag. sUsLduanaiivosannindadutu o
windu 3 funeude

1) syuAIRainsiaw (convective coefficient) auguannisdidnlé

2) 5¥UsEyAmeIinITin (diffusive coefficient) snsguann 33 le

3) syyr aelii) awii).ap(ii) wag sui

fheliinginustazuansunennsianilUsunsludmvosainisnsdem
aufoursatanslulnssTagusuwingu annsnisdremauqiiansanluwuuiiaes
mmmwﬂﬁumumamwuLﬂmﬂumu

Funouil 1 gasauntsnisiiomesSoutawfanisliulnssiannsuaiusaviililag
9 UL AVBURSEMN S BINFURUULNA 3501 FRUIMBIIBNANNAIN ST AN T047

'
=

v IS o & d
FagUUULUIATZ UV UNDUNITHANT HILUDUNIRIFIULRUNA L DY RWTITIY d—(pu¢)

X
WauNIsHANIvesdaunIsn1saIsmaNsauvewianislulwssiagniudeuladil
e dTg o ~ o v K e P o !
mChe 2 alguiuweniIesguagladn T =mC, Gsfarasiinisfan uaz 1

AosaNR O =T,

A\ var,
| rth,gi‘—g
! M aAX

..........

" "

Convective mass flux per unit area of N of East cell
fETre (1) RROE G VRECHY R GuoTor) "GP (1T,
ng-onvectwe mass flux per unit area of N of " west cell
.;T;;(:1% .RHOW(11)”VXW(11) KGR (VDIDF)*CP(11),,
er |u """"""""""""""

"

JUM 4.1 UAnITURUNNTIYAAINNI TR YBIALNITNITANENNAI YD ETY
Insedannyu
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naunsnsansnaufouvesufanislulnsefagniu (3.8) Mdouluunil 3
%”’umaul,l,sﬂ%ﬁwmiizq@i'}mﬁmsﬁ@wﬂﬂﬂiLmimauﬁ:}Lm@% AasTimsianLIunaau R
yosiiuiintde Jafesseyuen Fdulusunsalifoduusin FTFEG) dmsumasiitmonnisin
wasaunTsMstemauieuefanslulnssagnulufufivindalufiains Susen
Y94URINAIAIUANTIRTUN Wag FTRW() dmsusiasineunisiamvesaunisnisaneim
anudeuvesufanislulnsstagnuluiuiividaluiialnz funnvesusuinsaiuaud
finnzan Taodradsnstmuniianugud 3.3 luunil 3 Fusidnisszydunnees Tnefie
04 il flaglunadu uansdamnoiavvosTunsmuandslunsdivszneuludas 400,000
USuesauny YSinesaunuminelay 1 egaudiegn LLamﬂugUVi 3.2 Besiuaudalsung
AIUANMINELAY 400,000 fiveUUmmsesnvesradina bl

Fus RHOW(i) tay RHOE() tlusnanumuuuve sudalulnssianmu i
fufinthinilneitnn uazeeTuosnmusiy Jedlmduegtuanutuiureufalsazyin
wazAgugiivesufanielulnssvagnsuluvsumsauaumuisiaalagfifiansan dagn
Fuansnanannien 3.12 T subroutine AidurniAaEN T Adfalls VXWGD Lag
VXEGH) duAriai§ il fafuanainaumsa ugannsi-3.11 Fuus s Aefiufivindaves
Usinpsmuasdslunsditiamn 1 daes seylitiamindu 1 §kus VOIDR. fiodn void fraction
voafanmyu dard CR) Aodipmgnisoutssuianelulnsetagwsudadentuegiu
ANATLTUY At U sENaU YRR Ay IaLa T QUUAN ATNIMNININALNITA UL

wuiisnmenieglugiuuuveimsianlsiiimesvasnsaTmanieuiiosann
AsunseEnssRasia Ssagaiunslutuuianfusuiingungd wastaasdinisie
wunsantusanandlugun 4.2

‘IJ_____.‘l. N A e AN e S s §§

"FTEE(i i) <= RHOE (i 1)*s*vOIDF*(rCPT (1 1)*VDEPR(id )*Fuy(ii)+
PCPT(ii)*vDEBU(Ti)*FUB(ii)+0CPT(id)™*VDEO(ii)*Fuo(ii)
+CTCPT(3)*VDECT (1) *FUYCT (31 ) +HTCPT(7 i) *VDEHT (1) *FUYHT(ii)
4 NCPT (39 Y*VDEN(ii)*FUYN(ii)) + FIFE(T) ;

_____________________________________________________________________________________________________________

Toge il =1 n

FTFw(ii)

RHOW(31) * s*VOIDF*(PCPT(11) *WDWPR (17) *FUY(i1)+ N
PCPT(i1)*VOWBU(ii)*FUB(i7)+0CPT(ii)*vDWOo(ii)*Fuo(ii)

+ NCPT(ii)*VDWN(ii)*FUYN(ii))+ FTFW(ii) ;

+CTCPT(Ii)*vDWCT (1) *FUYCT(i1)+HTCPT (1) *VDWHT (1) *FUYHT(i1)

end”

JUN 4.2 Uansdunoun1sszumAINTRA AL RLLEBI9INNTUNT Vs UNaNLA A YR
e asaNNISNISAEWNEIuYaLialulnseTannu

'\
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TUNBUN 2 JEYAIATINITUNTTENINAINANNTT 3.8 Tuundl 3) nn1sdnguaunis

o xd _df

nsmemideuluzuwuvaunseyiusunsg g salioulansil d—(l“d—) WWevin
X X

Y v

N32UIUANT discretization waArduUszavsnsunsdoulanstd D = —" uay
X,
wpP

Fe v gj ) a ! v 6
D, = fﬂ\‘iuu"mﬂﬂ'ﬁl,ﬂiﬂ‘UL‘V]EJUEULLU‘ULV]'EJ@J&MﬂWiﬂ'ﬁO']EJLﬂiugﬂLLUUﬁNﬂﬂia‘l‘éWUﬁ

e

Xpg
mmﬁmﬁ’uammimidmmwé’mwuaaLﬁaiuiwiﬁa@wquﬁa%ﬁq?ﬁﬂuwﬁ 3 9gladn
d¢ d dT = bl ) L2 Y1 (% :’1
—(F — @k —) dlawSeuiieuiuagledn T =(gdk,, ) waz T =¢ failu

ssqmmwmmwﬂ@LLamﬁquﬁ 43

% Estimate Diffusion conductance (face\property)
for T oS0, 0 S

DTRUE(J1) = -KEEffa(‘l"l) 5“(V{]IDF):!’DX -

1‘"}) ; %

sUT 4.3 LansusountssyyAInalinsunT e RSN st NG Ut suidly
Insadaangy
Funouil 3-5zumiasi aelii) awli) ap(i) wag su(i) Fsvldainnszuauntsdnsudsls
wanstiluund 3 luded 3.2.6 Tunsdinuisedenasivawudassunsrvaniibioginvou

Y
1

raglugUnuuiAen MumdniiesInIu1AYe sUsHAnsAIuUANYINA UNNA AIlURLTEYAIIN

9
&

U310 IRIVANMENELEY 1 BMNIELaY-400,000. Ludlaniu é’ummiugﬂﬁ 4.4 %é’amaﬂmﬁ'a
%’mguLLé’a%UsWﬂgmammﬁﬁaﬁqLﬁﬂ%umammau Ie1lA HEATPRG) AB ineunanLinaIy
Sowilosannasimludiufalnsinu HEATBUG) Ao wiexderwilannudeuiiosainniswn
TnsiuAadaimy way SOURCETF(iY fie viesidefadamudeuainnisiamanuseuiiessin
gaumnliluansnaiy (thermatin-equitibrium) sevsvesidetagnsuiuuialulnseanmyu
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% Define Aw(I) AE(T) su(z)sp(x)for internal cell
for i1 = 1 n
AWTFU(i1)= DTFuw(1-|)+FTFw(11)

EEIEE%%__P_TEIJE_ 1_1% ______________________
|5UTFU “(HEATPR 11')+HEATBL| i7)) + SOURCETE(i1) ;1
Bt =LV I 1) 12 ’

end
% Define I) for internal cell
for ii = 1%
APTFU(ii)= A UCT1)+AETFU(Fi)+(FTFE(F1)-FTFW(ii))-sPTFU(ii)
end

LAAIVIDLANSABATLLRA

JUN 4.4 uansdunounsseURIaNYTEaNSTtaInIstduile dn AN SN SINgImMNE Y
vounalulnsadanniulveglusuuuuinnsgiuveslsumasaununglunian

TUAOUN 4 STUAT ap ae aw suU kag sp BIUTHINTAIUANTBYNIVOUNIABIAY
LauAUsumsAIUANMNISIAY 1 hagninaay 400,000 nasseyaulvvaurialalanaly 2 35
AorAaNTRAW MIBATANTUMS LBV YaIRA AL TRA- [59]

% F1x convection 1n1et enargy transport %
% overwrite for dnlet boundary cell (ii=1 cell}
FTEIN = RHOIN * VXEIN *s*((VOIDF)}) * CP(1)
% Define-AW(CI) AE(IY SULT) SP(I} for inlet boundary cell
AWTFU(1)= O
AETFU{1)= DTFUE(1)
SUTFU(1)= ((2*0TFUE(1)+FTFIN)* TXFIN) + = (HEATPR{1)+HEATBU(1) )+ SOURCETF(1);
SPTFU(1)= -(2*DTFUE(1)+FTFE(1)) ;
% Define AP(I) for inlet boundary cell (1=l cell)
APTFUL ) =AWTFUA ) +AETFU(L)+ (FTFE{L ) -FTFW(1) ) -SPTFU(1) :
SRR SN RSN

ety

S S s

55 %% OUTLET BOUNDARY CONDITION 3 R S T

% F1x diffusion 0ut1et energy transport = 0 { Zero gradient )

% overwrite for outlet boundary cel (11 =m'cell)

% pefine AW(I) AE(I) suU(T) sP(I) for outlet boundary cell
AWTFULN)= FTFW(n)+DbTFUw{n) = ;
AETFU(Nn)= 0 :
SUTFUCR)= —(HEATPR(H)+HEﬁTBU(n)}+ SOURCETF (n) ; % Thermal in-equiibrium
SPTFU(N)= 0

% Define AP(I) for outlet boundary cell (ii=n cell)

APTFULN)=AWTFU(N)+AETEFU{N)+ (FTEFE{N) -FTFW{N)) -SPTFU(n) -

JUN 4.5 uanstumeun) SITyAdIUsEAVS IR saNm Sad eI FUaNNINTENBLINE 1Y
vouhalulnssiannsulieglusUuuunnsguveslsunsauAuivey

fupoud 5 Humaufsruvaumadaduiivasguinnnaunisnsiem taefinisda
suleglusunuunnnsgiuniuannisi 3.27 uag 3.28 szuvaunsidaduindeoulugy
mmgmmmmLLﬁszwaumi@]’wmsﬁ%‘ TDMA (Tri Diagonal Matrix Algorithm) [59] o
amsaideudunounisudsruvanmsdelusunsurenfinmesldlasdte Woannnanuns
MseemAAuaNTRvzHIUNTEUINNT discretization Beuvasauniseyiudlieglussuy
AUN19LT9LEU (system of algebraic equation) s?faL%ulmugﬂqummgﬂmwmﬁmﬁ’u
TDMA algorithm LHunszuaunsfiesnuuusiiondszuuaunaidadu (solver) Mdsuagly
sUNMSFIUALULUUANNTS 3.27 uay 3.28 Tasfisumdunmbuaduussans aeli aw(i)
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ap(ii) wag su(ii) oty n§emnnns update ﬁwﬁmﬂaxam%‘mmamﬁmsmstmamauﬁ’mm6‘]
uErFeihmsireafulsvesduuszans lUAif aeli awdi) apli uaz su(isuansyndd
Tuguil 4.6 iteld TOMA algorithm lun1synralaasvesszUUaNNISITAEY TDMA solver
algorithm 3adewdiu subroutine AldsamAulunnaunmsnssemifiansanluwuuiasd
a¥ 19ty fedulusunsudegneanuuuliiisuus INDEX iieldszyinaunisnisdiewmlad
Fonld subroutine TOMA tfleflazldldrndudsuasndneuignies fiogragudaunns
nsmomaufeuvesuianielulnssTanmsuduannisfiFonld subroutine TOMA f1vaq
AMmeuszuvaunuduazdsidnounduiiduagumgiivesfanelulnssTanmnyud
sussnadlufuiinssiuan Sdusunsulddeduusin TXRG) duandlugud 4.7 uazguil
4.8 \Jusiu

<
=

i/ I, e = v & A [ =1 a v
dupranlseavaadnismsanawmlng lUldlusnanadiedidn solver

% coefficjentitransfer hefore call.solfer routine
ffor 4i =1 :n .
H AE(i1) = AETFU(ii1)
i AW(ii) = AWTFUCTT)
1 APE'ii% = APTFUE'i'iig H
: Suii) = suTFu(d o 7 N X .
I‘\_?_nd : '_,:' AILUs INDEX ‘SS‘J"IJ']L‘T;J‘LJELL’;'BETG?.I'Edﬂllﬂﬂ’;ﬂ']‘mﬂm‘ﬂn.{ﬂ
% call TOMA SoTver rautine. —
INDEX = 11 s EX indicate solver .to-acknowledge who €all.the solver

:"‘I’ﬂ#TEEET\TEFE??"TJ; % Execute TDMA solver

13810 sub-routing LASTUUAINTT akdusas TDMA algorithm
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% coeffici EI‘It trans'Fer tU def1ne BETA:I DELTA:I ALPHA:I CJ (praperty caeff1c1ent )]
% Initialization all variables

for i1 =1 : n

BETA (ii) = 0 ;
ALPHA(TT) = 0
DELTA? 1_; =0 :
c(ii) =0
PROP(ii) = 0 ; % clear PROP variable

end

% coefficier transfer
for ii =1 :n
% same array position of i
ALPHA(11) = AE(i1) ;
BETA(i1) AW(i)
DELTA(11) APE{jg H
sui1) ;

c(ii)
% calc for A(31) and CPRI(I)
% special treatment on first array A(l; calculation
A(1l) = (ALPHA(1)/(DELTACLY)

cPrI(1) = (c(1)/DELTACLY)

% calc a(1) CRI(J) for. 2 to _n.array pos1t'|0n

for ii = 2 n

A(11) = EALPHAE11§I(DELTA(11§ 3ETA(11)*AC11 ))g %
CPRI (Y = ((BETA(i1)*CPRICIN-1))+C (1) )/ (PELTA(T1) - (BETACLI Y®A(ii-1)))

ii

end

{% Back-substitution for property solution-on'each cell center |
H % special ass1 n property PROP(11+1) . ko) preyent error

i PROP (n+1 ? ;% special assign to prevent-error;
: for iil= n :-1 % First(: InCrement : kast H
: PROP (id) = (A(11)*PRDP(11+1))+CPRI(11) % I
1]

Jugouamvnaves TOMA algerithm 2l6iAT proplil Bsfsfaaiaudavingy1uey lulSimmshovay

(i) Tnpusinghuae

SUN 4.7 UAAITURMOUNITNSUATEULANN I BLAUNIETTUNMIZIUMUY TDMA

{"iF INDEX, == 11 % “INDEX = 11 ‘}
! for G = addp VU E __ !
i e,TXF(H) = PROP(ii) u % transfer solved property To TXF(ii) gas temperature field
__________________ I
| el S0 0 e NVWANT) g R N VY ¥y /
TF INDEX = 12 INDEX = 12
or“ifn=
;xs(11) = PROP(11) A% transfer solved property to TXS(ii) s0lid temperature field
en
end

e property(ii) ritsiminnTsudsavan s sl vaulstasdinisitns Senlaegain

A1 INDEX MiszyrouminibazfifhedasiiasAudiviuiawds TXR AoAgamgivesuialulnsian

n3u fFanssaiuas (i) Tngluiunnsduan

Ce
=)
<)

UM 4.8 wanstumeunisdsdimneuiitaainmuissuvaunsadululdlviiuanneas
donAdIiuaNNIALIEN solver
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4.1.1 Yaaun1saa1uy ( calorific equation of state )

aunsanuztuaunisieglusumsdunlaevhluilifineseyiudiduniedos
Faduilsdtuvesaniuzvesinuantissluauunisiva Wy anudu gaumadl vieanm
Wuduvesanslag Wudu arpaaud@sneluauunisieaiunsamldannismeainauves
aunsmstemdeiafldnananlufdenounthid Kufuysaunisaniugiomnazaiangn
melalaens update AanaviRluaunsanueiiviinasnuay (i) Taqluiufinisd

f R R R R N R R R R R SRR RS

% Arhenius rate fuel consumption (cell property )

SeleleraieRerateiaieieiesenene SRR NN e NP EIEIPEIEIENENETEE6
% Parameter ass1gnment

EARUF = 15098 ; %(Kelvin)
EARUS = 15098 ; %(Kelvin)
AHFE L6%10A11 %(unit _consistent with concemtration)
AHS L% 10\11 H %(umit consistent with concentration)

=

o

el
[ T T}
OO ~m

_________________________

R é 1= AHF *exp ( (~EARUE) * 'E 1
RHS(ii) 1= AHS*exp((-EARUS)* LTXF i1))) * CONCENB
0

i\

) ' I e w 3
#8879 sub-routine Nk update ﬂ']a'il'i"mﬂ JL“‘C“]MQH eI JLlLl'ﬂV!Qi‘LWJLTﬁ.J LLau‘U:‘LT'_u ‘m”_‘ﬂﬁ

n
[=}
z
(]
m
Zz
al
N‘\
!
™
,
o
3
=
n
A
\J
/‘\
o
o
)
n
%
m
L~
e
i
|
w
=
T
k]
ot
-t

—

pomnlinalulnssianveu taenadudurasfondau st waztai Tun1sdiun

UM 4.9 uanumeunsAmnaunspsnmsiinugnsentegldannaudsiluuiuinsaiue
aqegluseutag iy

AI9ENNIFATLINAIANNITAAIUZIIUNITATLINA IR IN ISR UL N3N 150 bagl
Fowdddwan Lasduiunuaunisnisunlng 3.13 Lay 314 Alduanduuniians ns
Aunsmsinsunlwsiisossyliaus RHFG) Aasnsarswaludlinsiv waz RHS() fo
ans Mg RaslvdrnnaNURT0IAIUNTRINS Y ANUTNTUTINY Lazen
gaunpiufaniolulnsfanngudaandusuil 4.9 wwanmsdnuziouaililusuudans
QNI IMARINNITUAYAANNITNTMBINAINMANUR waziinaT Update AYNTBUYBINTS
¥4 (teration)

4.1.2 nzUrUMaHauUsU (relaxation factor)

Tunsawhen (iteration) Husaauysardiiiwdsululuusasseu Gedhadudsd
an?iauuUmﬁwuwma mﬁ]ﬁﬂﬁlﬁmmi@jaaﬂﬁﬁu (divergence) laglangszuuNITINRY
mMsunlnsigaiimenvesiladtuiendlmuudsaldunaunisaniugildduansniinigia
Uinsenleeldnguesenifidea vilinmsnmaiudsuuiasmesiuusineglussuuingingsud
suuss fetudafosfingzuiuniseutsu (relaxation) ilethelvszuuiinuatosuasgitn
MAMaU (convergence) Tusewinstumounsye

'ﬁvmum'ﬁmauﬂsuﬁ]vmmﬂﬂiawlmmﬂmauumimﬂmmﬂmmnaumsmimamm
GIVGEGI2 Iuﬂivmumiwauﬂimvmm'ﬁmm’mmammmﬂmimmﬁawmum WAL
nasnafunadnsvesAAmatATiFannsuiaun1smstomseutiagiiu anifugudiee



aq

HouUTU (relaxation factor) waa3etA17la lUuinduAinuaudfansoufiiIuul ka3
update AAmuanTRlusoudagiudnaAss

SEITESIEIIATENITEN PRE-RELAXATION PROCEDURE FOR TXF(II)
% Initial rRelaxation factor value
RELAXF = 0.015 s % 0.006
% Transfer solved TXS(ii) to TXSTEMPORARY(11) variable (last solved TXS from couplingroutine )
for ii =1 : n
dTXFTEMPORARY(i1) = TXE(i1) H
en

% F1nd " delta " of updated TX5(ii) and last update one TXSTEMPORARY (ii)
or ii=1:n

DELTAF(i1) = TXF(ii)- TXFTEMPORARY(ii) ;
end

% Multiply ™ DELTA " by " RELAX " the relaxation factor
or ii =1

DELTAF(11) = RELAXF*DELTAF(ii). ;
end

% Re-updated to TXs(ii) for, source calculation
for ii =¥ : n

Td'xF(n) DELTAF(ii) + TXETEMPORARY(i1) ;
en

5U#1 4:10 LEASTUNBUATSYIINSEUIUNSHa L USUUISaYSaUN15Y8N
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4.1.3 uHuRen1ssulusunsy
Wethiunour1997lanauiesnkuu flow chart aaslusunsulasiinisiasutuneu

11373980 UNLAYNLNLIZaY 8819 UN1TATIVARUUTUFBLNG I Iua U TaaTtuNg
USumsmiuguazfaadamliiudsmaniemailnadiunduiu azvililalusunsuifiany
l@dgslunsmAIReUTeLULUINaRWEANNTuFauNn1en 1l

Initialize all field property and
boundary condition

h 4
Assign limit accumulate propane source-term

h 4

(If accumulate source > assign limit then source(ii) =0 )

Solve gas phase energy equation

A4
Seolve solid phase energy equation

h 4
Assign limit accumulate propane source-term

(Ifaccumulate source > assign limit then source(ii) =0 )

‘Solve all Spe—CiES mass fransport e_cTu_atioﬂ

v
Update all calorific equation
of state and source term

Check

(If propane mass fraction < 0 then source(ii) = 0)

JUN 4.11 uanstunaunsTulusunsuiuuiaesnaransvadinaisiuanildiunisen
Tnudngludannuilianudessenisiinufnsen
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4.2 mMsiaulusunsuunuuiaesaugawmaslalauniing (Thermodynamic

Equilibrium modeling)

Tudumounismdneuvesuuusiassaunanauneslulauniinddosiinnsyine
sEmisaunsaands uazsruvaunsauganameslulauniinddslildeglugannis
Fadu mavisnagiaunidgunndfldfeueniiinagamgianseuneunthieglu
Afgeniuld dmeuildzdumgumgiinazdiuuszneunfaiuinaiiAaufnienisiun
Tngd

4.3 AnsnAUIlUsUAsHLUUT1aae plug flow reactor

N13NAIUNlUTLATHLUUS 1809 plug flow reactor @aunsavinlalagnse (direct
solution) Tnglaifastinsvinga. (iteration) lusgwinanss vaunIs AIsE LIS IAINNATS
Uszanasnsnisivalnguia - Agumal ward1uUTeneuvawidtnanniu ud1aesaunani
weslulsurfindluvsnadiauiniennisn vl i 1) fwnamn residence time 970
Foyaruadildandnsmsivalasing 2) duumisnsimsiauinsen 3. Auum
dannnsuilnavesfaudazadaifiansnnuazdnsinsgavsenisnauiou 2ndnsIN9iAn
Ufndulia residence time filaAuanily 5. Auandiusznauuazgumgiiuiainseen
ypIU3HARsAUANTiksl Mnduirdldilurfiniadme e saavnsifoddaadly uay
vauluduroudl 184 4 autdiagasus uauinasaiuquiinuals

INPUT CALCULATE CALCULATE
Biomass characteristic
START (Ultimate analysis) I:> Equilibrium contants I:> Chemical composition(X;)
Operational condition (K1,K2)

of the syngas by mass

(temperature,kmole of air) Eq3.41 balance
Eq3.35-3.39
CALCULATE
YES
Equilibrium temperature
ot — Teq| <
END <}:| T~ Tegl < 1 K <}:| (7. by eneray balance
Bq3.43

JUN 4.12 wansduneumssulusunsuwuudnassaunamanesiulaunsindnldvinuneuiim
MmAnU eI s ndvenssuiunsuiadiliadusuulvaa



unil 5

gunsalnTsnaaskaziaulun1sinaas

& = ¢ = 1:4' & o A = A
UWULLaWQOQﬁWQUﬂimLLa3578@3LE]EJ@ILﬂs@ﬂﬂ@')ﬂﬂisﬁUﬂqs‘Wﬂa@Q 5'31]@%\1@1417]114

nsnmassiazoulaveu (boundary condition) U89n1531884

5.1 seazduayanaaainiswnludnngludagnyuy

5.1.1 YANITNAGDY

yanpaoumissnsingluiagnyy wanslugui 5:1.58uudseneusmeseanlvsl
NINTTUONIIMEENUAARRET 100 Haduns warilvwnduriuaudnats 67 dadunsvios
wldignifudoissfdlmueinn 5 wufuing ldiudrgmiudiutesianssaeifomnas
(Mixture distributor) @sUszneudaeiaunavadlanysiantifinszaediunaueiniftay
Fowmddliidnvugnasivaiisuyanasantda (aniform-flow) vosnsinTzuenioutiig
pzunseussaiaangy Smsdussesionduszes. 5 Sammsiefinsemedanratomnasd
Tuusinidnsfasaneslududaioldinonvgfivesdunanrouididdaue s fagnsy
USRI UULTDIAZINSIYNUTIIN LRI INaNVIAFURIUALINA1S 10 HadlnsiS e
dwuudy (random packed) tuszezarings 100 aduuas Tudrunisdnnisdiunay
Wadiuazormareumdngiownluinnssuen Usznousievia LPG uazvioo e uufia
WPnNALTuTTEHEL (mixing chamben) fnmshnsslinBinosiiaiuisninuasyfudnanis
Inawed LPG uagomataulingiiosway viesnaugnosnutulsi PG wavormanasduilo
Feafuraulvalingianszansidamas fnnsiasanosluduillowtu Typek $ruau 20 6
(T0-T19) Aebanslugud 5.2 (n) wmosTaddila To famsudinuituiiingsuiemnszany
Hounds unzaziinssussatannu inefluduidla T1 e T19 1¥ansnszasgamgiiniely
faomqu Savosvite 5 Sadunsseninamasludilaunasduiieliannsnitnsesiniue
Wadlyl (flame length) loog1eaziden Argungiainmesiuduilayndigniudinlag
GRAPHTECH Logger GL840
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k Q= 675111.111 5
Porous media [7] i ]
_ ] i :
7 | Ceramic fiber
10 P4oA - ﬁ(
&
* Ti8
T17 ] ‘ "
‘] Ti6
T15
Ti4
T13 E Ty 7Y TN |
2 G O P A /
L Ti2
100 mm Ti1
) Ti0
To
& T8
T7 = =
T6
o b
}
y a8
T
Tz
v il 5 mm
Giate_". ° 70 _||5mm
Free space chamber dMu.{tm'e
REd el

@ Mixing box @
T | o p
LPG Primary air

Check valve Flow meter

JUT 5.1 UandupunIngUn50ie199 wagdnuasuasia s vl

JUN 5.2 uanaganaaeinsrn dngludagmyunliniaufise

5.1.2 4uABUNIMIAGBY

mawssganaaeduiulagldisinegiuisnianatsuia 10 Sadiumsadlurioan
Indwsanszuan aundnazldminugs 100 Jawnsinainazunse lnedeeafiviesnina:
FaiFeeiiesasuunzunseineliluduswesiosmnindiduandusui 52 (1) 1Una1d
usumslnareseniedliil 20 Bnssowfiuasusuuinmdauaunisinaidomaaiielils
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AIUNALDINALATLTDINAIEATINALY 0.6 TneUsyuna ieliiadlnaiunsadne
nesnnluu3aiesing (Free space chamber) sywinefanszane domauaznzunseld
mﬂﬁ?uﬁﬂmiﬁJm“UUﬁ’uﬁﬂmammﬁ LLa%ﬁ’ﬁLﬁumiw@m%al,wﬁﬂﬁ’mﬁaLmlmﬁsuumﬁﬂﬁ
ATUULAAYDINTINTEUBN L‘Ua'ﬂmvamaauﬂamWﬂmwuuuamaammmLaammwhmuam
N3y maL‘uaLwawmumaamawaqLmlmﬁmaaammmﬂmmaﬂmﬂLUa TO 9%ilAgq
mﬂumamummaqummmmuqmmuqam 800 LAadu tagdannainen T1 8 T19 Tu
%”’umauajmﬁﬂaﬁw%fumé’mwmﬂmL%”aLwaaLﬁaiﬁlé’mé’mauwaummmLazLs?iyaLwaqmmﬁ
fOINTIUNITNAZOULAALNTE

A15199 5.1 hangaulunIsnnass

Case Equivalent Firing Adiabatic flame Mixture inlet(T0)
ratio rate(kW/m?) temperature(K) temperature(K)
1 0.6 188.787 1680 NA
2 0.4 125.858 1399 640
3 0.4 157.332 1399 393
4 0.4 188.787 1399 355

5.1.3 ﬂ']'iLL‘Li\iﬂ%ﬂLLﬁZﬂ"liﬁ’Wi‘LlﬂL?‘iau‘l%?JaU

wuudhassiaunig i dymiinesanddnuuniu' 1 38 seeauuiunuaiug
0.1 me%?iqLﬁuﬁuﬁi’aqwguﬁaLLaﬂﬁugﬂﬁ 5.3 (n) Aatudefirsanmatiomenauautiily
AN ALUILNULYATY Immuiumiﬁﬂmmgmm\ﬁaamﬁu 400,000- U339 5AIUANERE sl
yuIpITussuanslugui 53 () nsdnemArRmanTRAIEITac18E Ui v
(control surface) iﬂaﬂimmmmmaammﬂu [Foulavey-(boundary condition) NITY
A3UT 5.3 (@) Lmemimmaaumwwm 4/ n3didananalunnsnsdl 5.1 din1s1anegn
Bori N A9 1Hur el 213 g mamanmms;maiumwmmmmmmmami
naasssioly AAMLEIvesd s aNdilvaiingus I annsugnd I ndeyaannlsm
fmeiiasasnsluasnie uarArgangd T0 Afagaugiunautsnuiiuianion
nsvaedamnds MessBvadoyamnniimasiiflusuihaseletiansdmed 5.2



400,000

control volumes

X0

@)

Equivalent ratio =0.4

T
Ks== = —co (T} ~13)

-

CGX

@)

50

sun 5.3 wandnNIsMuaau Ity MIShUILTINISALIMBanY 400,000 USunns

AIURL

M13199. 5.2 bandAAsfid ugdvsuluuInaesneemnaansves iaan Ty

Parameter Quantity
VOID Fraction 0.49

Effective area 250

Solid matrix conductivity 0.0000025 m;
CsHg heating value 46357 kJ/ke
CqHyo heating value 45742 kJ/kg
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5.14 ﬁau‘l‘umi@:l,%"l (convergence criteria)
wuudnaoanaranvadlnadsanaldnisigilunismaimneuus sty Faus
avdaymianvarnissryReulumsgiasiululundasnsainsivuaeulunisgidng

v q

o =

Y A (% ! d
mneusdianwaeisneiululuudaznsdl
o -dl U ¥ Q.I} o ¥ aa v 1 o d‘

nsimuaReulvnsgidnlagniliarunsavirlanaeds laun Avuaeulalag
U3 residual Faduardruniunanliainniseusnenisaremeinuaudfluunasaunis
nsaemeRuaudR A1 residual agiiinssiuluniazUSuinsaivny wagluniazaunis
NsENEm FsiNENImAInaIsienLasaIntun1snTIvEeuls n15men residual Aol
13711 Normalized 1@snawiionazansaldilumiussgndlalunainwanadam

° = Y A adal ° [

nsnmuaeulunasgidianisnidlunisdiaesluaniizauna (steady state) laun
N1995IADUANUUAINANVBIANANENTR VToA1MLUINTAINdIAyfadnYMENIINIAIN
vaelgmanizhuuniansanildsululuusagseureanisigiigy Aeumgigantuy
Jymmssgursmnuieuves heat sink lugunsaiddnnseting vioonaluamsfinesa
dnfty WuALsEn Viekssiuvesiuamatutavionianaransiunu nsaldgminis
wnbdnelutannauluivendwusdliunidasinmanaujisegian duteuludndunis
a1 tleaaandunianisiinufaseniinnudAygesioanuaenemeainvesley il Loy
seylRaulunisgeiilagnii9sivaouiunianiddnsanasiind sengeiand oggfuns
USnsmunutAuiin 20 sy any wselnsiuasusnunslaiiv 15 Ysunnsaauau Tu
NNN159191 1,000 59U (Hauimluwuu 1 3/ szeeianua 100 WURWAS lawunisauim
NavuetU19an 0 400,000 USUIRTMIVANILIALNAL)

5.1.5 sasidsaaesiadanliluyanaaasmsunindiluiagwsu

Mnesiuidasia (Type K) TradunuAugna1 3 Taduns Famesluddavn
MnamuadaianugugilaUseann 1300 serwades  aunsaltudinAigamgiinuy
GRAPHTEC Logger GL840 fivasdayaainaamail 20 98¢ linilwesingnsinisivasinie
f193311350 0 89 50 Ansrount waelsadwaifilisnsnsnsivasfaweanidlilsaimosoy
Jaindnsimslvasiniafifiiasnisin 0l 1000 gnuiAfiguAlunsaow fnsAndsae
AT LLLTIEBULU (correction factor) wieldlsnilnosTaufa



3
Li]

U

N HE09IR=RAEI0Z, SU

71 5.4 uersguasaitufindTanmeiiluy GRAPHTEC Logger GL84O

=

JUN 5.6 uandlsmiiwesnldindnsnisivauiaweaid
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5.2 swanduayanaasuiadiliadunuulans
yanaassioonwuuiiielddnuusngnisaiufadiindunuulnaaduideliuna
(Quantitative) iislfidusmmsluniseenuuunismeaedanzlunsdlagidenisAng
WU wila Gemds Shsmslnaeina videlewmdsunelag Wud
unulagnnAaoILanafissuil 5.7 Usznaudie nmsenszuenvidnomaniiniuga
100 wukang Ywinduruaudgnalaniely 21 wufweswigniumeauiuesiindliues
v 5 lwuAnsnasauunua e Josiumsgapdenuieuainaneluen fuuugaves
w9zt duyAnszaneeInIa (Air manifold) Fsfleugs 10 lwuRlMS wazFUA9ERvBIANTE
Duiifiudidn (Ash tray) %aﬁmmqa 10 wudiwns wmesludila type K §1uau 10 §1 (T0
59 T10) gnindanaonm s iaunusdiseagsine. 10 teufiuns e tani3nszanofaves
gumpiinglunlasatgungifldannmesluduiliannfaazgniuiinlag YOKOGAWA
FX100 unggezninuasnediloindsazgninsowsainmiugs (Metering rod) dagniassly
%’uuuqmu‘%mmﬁwLmu'qsqmmzmammﬂ (Air manifold)

Data Logger

2y, A

Computer

Air Flow Meter.

Air Temperature

and Humidity |
= rh 2\ B A
= I — 1'Tj« T
Air Ignite pcllrt - L= 1=
O o~

JUT 5.7 uanausuningunsnlaineg wazdnuaizvesavaaauiadiinduuuulvaag
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5.2.1 YunBUNITNAADY

WNN1500AYANTEINLDINIANUUUARTD LA LLawisagL%aLwéqﬁéfaamﬁwmaauaﬂu
MSINsEIeNEILTN 3 AlansudrSunsaivostemAinay Wae 20 Alansudmsunsdl
Yol ainatenidin awnﬁuﬁwmimmaaummgwaaﬂaaLs'f'iuaLwéadwagjﬁl 100 Wwuhluasiie
ATLUNT mﬂmmwudﬁguﬂau%aLwéqﬁmmgwaa%mﬁu 100 W URILATUANTINARTNT AL
meluneadomas mnﬂy’uf\hammﬁlwaLﬂi’hajmumm‘ﬂmzwﬁuﬁﬂqmmﬁ YOKOGAWA
FX100 LLaza;mLmu%nmsziaqa;m%al,w?m (Ignite-port) Aua1IgAvBAIMmIETILET A euen
(butane burner) fauanslugufl 5.8 so9undtgamall T1 dengefs 450 taadu JadawiNn
Aeuen Usuusinanisinaenmeilsmdmeslndulumunismeassiilaeenwuuliluwsas
nSal LLauVT']ms?Jﬂsziawm%aLwaa szuutuiingaumgiagitnisduiinangamgil TO s T10 i
mmawm 5 w19l mammumammauiamumﬂmumalﬂmuuumaumiuiumwmi
NARBY ﬁ@VI’WEJ’EJEUVIﬂlIﬁQﬁﬂﬁ]u’d’]ﬁJ‘U‘USJ’WUﬂQWUN’JUU‘UENﬂ@QL‘U@LW@Q%QQuﬂ’m’]iﬂﬂﬂUiﬂﬂ
mqmmmgqqm%Lsmﬂaummﬂﬂstaflummqaaqmuamm dledunouinisnaansas
guqmLLagazL’%'uﬂizmuqummamaau‘lma%msﬂaummﬁLﬁihgil,m wazUnAn1syauLeg
spuutiufingaungll Usingnisaimaniazgnosunsessasdealuitemaiusioly ndsndy
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AN ﬂﬂ’lﬂ’liﬂiﬂﬂ%ﬁ%aﬂﬂa%‘tjaLWﬁQ‘\]’]ﬂGﬂLmu\iLLVN’JG]ﬂT]@JﬁQ (Metering rod) $93uNI"
NN m&ﬂmmmﬂﬂaLﬂaaﬂ‘uammumauaﬂLLa'sLU@meL%al,wmaaﬂmmumumwa
fuamininventemaiimely fwzasunssuiunsnsnaasslunilnsdl GRIGRR
wavduUsznoumaaiifemasiliuandunisnai 5.3

M19197 5.3 uanspaudRidaundildluniveass

Wowwdanau(rice husk) | Wamdsdauiawood pellet)
29AUszNaU
Ultimate analysis(%, as received)
Carbon 38.00 42.69
Hydrogen 4.55 6.42
Oxygen 32.40 45.07
Nitrogen 0.69 0.47
Sulphur 0.06 0.012
LHV(MJ/kg) 14.98 18.79
Empirical formula CHy.4300 63No.006 CH1.8000.79No.009
Proximate analysis (%, as received)
Fixed carbon 20.10 15.23
Volatile 55.60 76.68
Moisture 10.30 9.81
Ash 14.00 2.28
ﬁﬂiﬂx‘lﬁ 5.4 LLZ‘WNLdﬂiQUVL?Jﬂ?i%@ﬁ@ﬂ%@ﬂLLﬁﬁ%WLﬂ%ﬂ
Feed stock Initial Air ftow rate | Period of e.xperiment ;alcutated |
mass (kg) (L/min) (min) equivalence ratio
20 165 3.17
Rice husk 3 >0 1> 24
40 130 2.24
50 120 1.98
Wood 20 40 510 3.60
pellet 50 430 3.50
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5.2.2 swauwsmLﬂiamamm?’ﬂuwmamLmaezjmmmtwu‘lwam

Tinesaudasdn (Type K) me 4 i Wradusugudna1e 10 Taduwns
maﬁmﬂLﬂawwmﬂaLmuLaaamamqmmmlmUszmm 1300 asrwaldien gunsaltuiinn
N ILUY YOKOGAWA FX100 fivesdayaaringaumail 12 ¥ee lsmilwesindnsinisiva
91M1ANYI9N15IA 0 £ 100 dnseioud

LY

YOKDGAWA

\

Ul 5.9 uansgunsaiufindngamginuy YOKOGAWA FX100 wazinesTuduida Type K

5U'5.10 tamalsendiinesildindnsnisluasinne



UNii 6
NANISNAADILLAZNANISANADUTINLAY

uniuvseeniluaosdiu i 1) nansveaewuarantssaesvesmswlviinngly
FannsuilsiiAnuiien wag 2) ianImeassuarnT9IaeIveInTEUILMILAETHLATULUY
naas iemludiuusnUszneulufenanismaassosminuiviinielutannsu anduas
namismanismaasslIeuiisutunanissiaesmanamanivadinadsiuniamiouly
ity Tudedaluasisifuaradilalunisnisusuuduuusiass (calibration) Fady
AnwinansznuvesiusiuiRanslaniUasumauouszniniveudstagniuuasuia
aelulnseianngy (effective heat convection area) wasfkUsAAIfinSEU (extinction
coefficient) MlwanazUsINIINTTNAMAL

dewludniiaodalunanisnnasiaznissiasmonsyuiunsuiasiladunuy
Tnaas Useneulusg nmsteneginsaswailininwanisnaaesiideulasieg wanis
Frae9annansguunaA1ans (Thermodynamics equilibrium) Aldvinutegamgiinay
dunaLAdl U R URRTIIM SN wagnansiaes plug flow reactor Aldvinuneg
pumgiuardrunastfaluuTnaiiiau jise ddndu

6.1 wan1snaaaILazNanisitasnIsndanealudaanyuy

000 4 a2

0.08

Zimi PR

0.07

Tistdy

TIE=

TLL [

Height(mm)

0.03 +

0.02

0.01

0.0a

200 400 400 200 1000 1200 1400 1600
Temperature("C)

—A— Casel —0— Case 2 —O— Cased —0— Cased

JUN 6.1 UARININTZLYUNHIIINNITNARDIVBINT 4 NTH
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nsnszegamgliuuuaknuaeluagnIuIeN1IIAABI 4 nadausaudns
leagui 6.1 Tneiteulalundaznsdluandliluaisned 5.1 :nnsmaasafiudnsinistou
( firing rate) 11Nl ¢ wunUadlrlazdinuidatesninausivesdiunaudilnaii
LLmsuaaqmmﬁqqqmmé’uﬁa%ugjﬁmuuéhammL.%a@imﬁﬂ Tuiigaidleuuinisunlvsivdus
Puisiumisuuaavesiagmsu Warlragduidesnnliannsownlvsineuenfaamauldld
Tudurauiivisluseduil nngnisalilSendinluadiewt Blow out)

n3dlfl 1 Admrdruauyad 0.6 uardnsmdasnuil 188.787 kw/m? wuinléian
onumaiigeand 1170 1nadu fishumis T1 eguinadiuaisgauesiagmyusuandusui 6.1
Agamgiinilafinsrareiemds T0 a1 1134.5 watu uandlfifiuinuinseanismlngd
meaudeuintunieluiiniiissswirsinssanaomdsiududaavosuinatagngu
warfenafnufnienaetfloslauisdrunsvesuinaagnsy gaumgiianasmasnmniy
uaLnuvesiannTuLes N IR ke MaHTERFouluRiamunisinavesduna
oonluiduutvesdniduannu samaiigsgadldmnirgungiadlvesifeufnds
Aunallel 1680 tadu amafioamaligegeadaideaniigungiivatlnezifeiudneguin
dlesanmsunlifllauysal tasanufeugydegaudosanuinaiinsmliniluesiis

Y
[

wiefnszaedomathiliinsiuauiuduandusui 5.1 mawalwsilunsdtifunisen
Indaneuenianniu (free flame mode)

N3E7 2 fiemsrauaad 0.4 uazdnsMaNIUT 125858 Kw/m? Usnngdiadlm
Lianisasenadosnwiivinadoviisssnindnssneidemauagnzunsdliflosn
drunasdamdsazaInmogludnduvisndnsdid 1 sumgiTiusnatosiiinld 6403
watu-wuinismrinfiedousiuludnunatesainegnelulnsetagnyuivionsunse
(submetge flame mode). Agrumgiigegniala 1305 tAaIuTUsIMEILA 19gAYeTanNTY
fafianlndifesiuaigamgiariilasdeidn Wi lunsdil 2 unisenlndiidoindad
drunanvianIlunsdldl 1 uddndulimigumgiigsanyiasninlunsdd 1 aitvsiinainly
nsdi 2udumsunlusinolufagwuiddnsaznisvauisuniuounionisiemnainy
Soudfounduludadufiginitniswntaiiugmlydsiliamgfin s vsidanganinnsen
Infuuuund Bnddludnadimsvanudesiunisgydeasoudnge

n3Ai 3uaEnsin 4 fiSasdinauyait 0.4 wagdnIINATIT 157332 Kw/m” uag
é’mwwé’wmﬁ 188.787. Kw/m” 913/d1A Wi‘dqumiﬂizmaammﬁﬁﬁé’ﬂwmvﬂéﬁmﬁq
i’ aﬁwmmmeuamﬁmmmEJmsLmsJuwawumﬂmnmm Lmiwummammmwm
syozAmiamdenzunse maqmﬂuuammmammmEJmimaummmummaaﬂUiLmauam
YoiannIY mqmmugaqmﬂwﬂiumm 1300 waduwiniu lunsdlil 2 nsdlil 3 wag nsdl
7l 4 FaudnauiiAnnisnlniognslulnsefagngu (submerge flame mode) gruny i
drunauneudguinaiagwgu (70) fidanasedrsunndmiunsdlil 3 Faildn 300 trady
uaznsdiil 4 Sefidn 400 watu lewisuiunsdd 2 meslududasusnlutanngu (T1) &
gaungiigeninatgamgddiunaunoulvadngiaamyu (T0) wandbiviuiigaumvgiiannyu
Uihamsunssigamgiiganitdrunandilvaiingiagnsu Ssmnemnuidinisdemanuiou
nnvesubuiinogiundsdigumgiigsnirdunaudomaiivadiguinududweinsins
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[

FeRausnanadmesiagnyuduandiiulugu 6.1 uaz a1319 5.1 nMsaemauiou

a9

nvesudsnglulnseTannsulgdiunanivomdanlnadannuinumadifaangudy

9 9
a

nalnidflunisinwiadesnmadlwvesnswnlusinnelutagmsu nalnnsaemany
Soudvinldunaudigamofiastuedsdeiilosmasnsresniwunuiunuvonionslng e
gaunnivesdrunangaaufsguvninaiuisagadnlwle (auto ignition temperature)
d’mmﬁm%ﬁ]L‘W’SﬂﬁwLﬁﬂmim'ﬂ,‘wmﬁfﬂL‘fJ‘uLL‘Ll’Jﬂguﬂﬁﬂ%mﬂ’ﬁm’ﬂ%ﬂ (reaction front) wag
suvndazldtugaasanluninafisity Wemsdundsfifigangfasanluudonmgfiag
anawnuinifeuiaeiauiimsenvesiagnyuiilesnainnisaiemanufouainfagnyu

9

ganlugdundouniguaniususiuuugAvesian iy

Reaction rate

0 20 40 60 80 100

010 1 . Il 1
0.09 ~
0.08
0.07 1
~ 006 7
g
o o
:—gu 0.05
)
o 0.04 ~
0.03 A
0.02 B e Ll Reaction rate
0.01 S Preheat zone
0.00 T T T T T T
[l (=] ] = = (=l = =
= (=] =] =] (= (= =] [=]
R F.8 2 2 8% 2

Temperature(“C)

JUT 6.2 uamdnuaizgaumniinardnsmasinufinseilaainwuuinaes

nsfraeadsfuavanunsaltiluriaadlelunsesuisunngnisalludsneningae
mMyBangisiunanisneasdld wodnssulagilveasuitenisnszatefuesgumnil
vosudsuazufavesnansdrasadeiiavildmssasauunennisinszigumgiiveds
wazuAaeana1niu (non-equilibrium model) mmsaa%maléfﬁaLLamﬂugﬂﬁ 6.2 Fafl
dnwngadendstutinidevinudugudu (1] [2] [4] [5] msl,miwﬁﬂwaiu’s’aqwquﬁ?ummm
Waalyl (flame thickness) Tagiiluazilaruinnitmsiwilnsiuuuund ( free flame) o9
vangiidadaenndesiunanninidevinudu 1w [5] [25] [26] wagwuiniiisuvives
gampivesuinaiiAansunlvsifadesninisunludiiuuuni dauanduguil 6.2
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AJBarra etal. [18] lauanswanisdraomisunindmeluagmiulasldniamnlud
dunamdeindsdinuuazenmaiisnsaiuauya 0.65 innuiSdunay 60 cm/s fuandly
Ul 6.3 wuinguiemsnsednuaiznsiemeuieulutausnazidunisiiemanuen
Mnvesudetagngulugamnanoiniauasdomasiivaringuinaiiianswn v
38091 preheat zone dnwaizgamgiuianislulnssianwguaziiingfouifiganitves
vosudsTannsufauandusud 6.3 WinamAnujiseinsuenlsilszosszana 1 Taduns
LLazL‘f]‘wff’lLmﬁﬂﬁagﬂﬂﬁﬁ'uﬁUﬁ’]LLMﬂQﬁLﬁ@QﬂMQﬁQGQG\%mLLﬁﬂﬂ’lEﬂﬂWN’?ﬂ@WEu

2000 , T 3.00
|
Teas v + 2,50
1600 A o
) = Lsolid ; F200 3 ~
£ 1200 + 3 £
= Volumetric:Heat ¥ F.150 8§ =
g Release Rate i e = -
g 800 1 i o
= 8
= / i + 050 2
400 J A
= B e £ 0.00
0 . . p—h}_terface 0.50
2.5 29 33 37 41 45
X (cm)

JUN 6.3 uansanuzaNvuzgungiiLazenINIsiaUgnselavnuuuTiaeves
A.J.Barra et.al. [18]

TuSinidaNtens 1 nenmgivesudsianmyu uas Lmamsﬂuiwwaa@wsu
Lﬁ:umﬂmmewwmmumaulwawnamwsummlmﬂanmlumumamamimaaa 3
gumnivewdstammauiiangininguugiuesdiunasiuuinul feiumiufoussgndiew
Mnvesudetaguiuluddunansaenainmaredeuliasannaauunndrsue gamn i
ogueunanliTgnumgiigiiu uenaptudiinaiemengdouduinluwninuyoios
wrllileannsivanuunseis (axial dispersion) FaiidnuarAdgadsfunisenemaiy
fiudesannsivaludruveinistuliu (eddy transport) U%LamﬁgﬂL’%&m’jw%nmﬁlﬁmmi
QUeaIUNAY (preheat zone)

a

ammmmmumamammmwumaam’m g mﬂmiumnmmﬂmm iaumuwau

Yy
a

auﬂiu‘mmumamammmmmawmmmmmumlwﬁlm (atito ignition temperature) &3
LUu‘Uinmwm@ﬂgﬂsmmﬁLmlmﬂuamqu Tagldusnaiifnufniensunlniiasd
dnwarlndifsstunisenindlasinly Aefudnvanifundusnsinamlvsifigenisyey
Usgan 1 daduns G‘hLmﬂaﬁLaamﬂu'%nmﬁLﬁmﬂmmiwﬁtﬂuu%nmﬁammﬁLLﬁaﬁﬂ'wm
ningnmaiveuds Jeay mﬂmimEJmmwmaummmasaumﬂﬂflsl,m"lmﬁlﬂaéuaqLm'gaﬂ
nyuaunszuAalulnssannsuuazvesdeiannsuasigumgiviiiu ndniuiufauay
SUENLLmaa@]wmzmqm‘mgmammmaamizEJwmmﬂwaammzmmmqaansuawam,mim o
ilesnannmisgapdennuouannsusissdaiuieulugduindeniimasenuesio sl
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Temperature(K)

WUUIEDILTIFILAY

Height(m)

—— Propane reaction rate
—— Butane reaction rate
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(@) 8nsIMsiiaUfAse1an

LUUIa0dLTsNLaTY

JUT 6.4 UAnINaINNINARRILATL UL IaRuTRaeTINeulungdin 2

0.10

0.09

0.08

0.07

0.06

0.05

Height(m)

0.04

0.03

0.02

0.01

0.00

(n) ﬂ'ﬁﬂi%‘mquﬂgﬁ‘\ﬂﬂﬂ’]iﬂﬂa@\‘]LLﬁ%

® Experiment
—— Gas phase temperature
—— Solid phase temperature

300 600 200

Temperature(K)

WUUTIRDLTIAUAY
UM 6.5 LanmaaNNIsnnaIazuuTIaandiiarnteulunsdin 3

1200 1500

Height(m)

—— Propane reaction rate
Butane reaction rate

010 7

0.09 -

0:08 4

0.07 4

0.06

0.05

0.04

0.03
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0.01 ~

0.00

T T T T T T
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(¥) IM1NSNAUH T8RN
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® Experiment —— Propane reaction rate
—— (Gas phase temperature —— Butane reaction rate
Solid phase temperature
010 T
o1
0.09 A
0.09 -
0.08 A
0.08 ~
0.07 +
0.07
— 0.06 A
~ 0.06 - £
‘g E 0.05 4
_-E.} 0.05 A %
Q o 4
T 004 0.04
0.03 Saady
ey 0.074—
0.01 - 0.01 1
OOD 0.00 | T T T T T T T T T
300 500 90041200 1500 010 20 30 40 50 60 70 80 90100
Temperature(K) Reaction rate(kmol/m°s)
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Uinumiletagnyy funliufiagyilfiAnanisivaiuy recirculation uinauvilenisesn
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6.1.1 N1IUYUWIBUAINTOU
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fuanildann [18] FeuSinuanudeunsuioulunsdd 2 nsddl 3 uaznsdld 4 dauviafu
2.37% 13.97% wag 18.59% muddu dwmiunudi 2 Seerdundadiunsyuisuaii
Soufleteniflesninszernsguarunamduuinaidy vldmumdsiiiaungenniaen
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6.1.2 HANTENUYBIAALINIIA (extinction coefficient)

Tumssaesnawnlvinelutagmsulumdded fnsannmsuifsdauioussaing
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Propane reaction rate X = 50 — Extinction coefficient & =50 ~— Extinction coefficient & =50
Propane reaction rate kK = 150 — Extinction coefficient £ = 150 — Extinction coefficient & = 100
~— Propane reaction rate & = 250 — Extinction coefficient X =250 Extinction coefficient & =250
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Fufiengeiu Inediguinemesgmmpivsswondelagnsuiidnuamnd il nosditesa
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6.1.3 NANTENUVRIATNUNIRINTTUANIUABUAINTOU (effective area)
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Uinafidomasanudosassaneluuduasnndediuresiindansueunioniu (char) &
Fungldannidomanldsuiuim wladoufitemmanuinunsalnianinfndend
HufaA1$uuouve LT oLnas (hetero generous reaction)wayUfn381 water-gas shift
(horogeneous reaction) deUfnTenwaniarlindn fausiSuansfiunlndld deldud uia
ansuauliludonles way uidlelasiau Tnsuslanasiunludlaildldun loth uagenduueu
1¢Bonles Ssdsnalirnnuou (heating value) Tunfaifindu I¥nduduufniongaanu



69

Foulpesiu (endothermic reaction) denalvigamgiluiiaseuanatetiewiaiiiomanniuinis
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9) uag JUT 6.13(n), 6.13(v) maweadarliluudaznsdgndnn uazianslusuil 6.14
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Abstract
This article present the progress of in-house one-dimensional CFD combustion modeling in porous media

development. Local non-equilibrium heat transfer between solid porous-matrix and fluid phase was coupled in both
solid and fluid phase energy equation. Considering transport equation are mass, solid phase energy, fluid phase
energy and fuel mass fraction. The kinetic rate was controlled by single step Arrhenius law. Current stage of the
development is focusing on qualitative phenomena of the coupled heat flow mechanism in solid porous media and
fluid phase. The comparison of flame stabilization of conventional gas phase combustion and combustion within
inert porous media was carried out. A case study employing a set of simulation parameter in order to test couple
stability and point out physical assessment on combustion in inert-porous media. It is revealed that 1.) Temperature
of the solid porous matrix is raised up with. non-thermal equilibrium along this region. 2.) Fluid and solid
temperature are finally in equilibrium 3.) Heat was transfer from solid to fluid at the preheating zone 4.) Heat was
transfer from fluid to solid at the reaction zone 5.) Heat conduction in porous media from the reaction zone back to
preheating zone act as additional heat recirculation surplus from conventional combustion flame. The couple in
stability has initiate at the last control volume which has negative value of fuel mass fraction. The negative value of
fuel mass fraction will resulting in non-conservation of fuel in the domain on the next round of coupling process.
The fuel check routine is add in the program to detect and correct the negative value of fuel mass fraction. The
relaxation value of 0.001 for all conservation equation is need in order to allow couple stabilized until the
convergence is achieved.

Keywords: Porous media, Combustion, CFD

from oxidation is modeled by Arrhenius law. The
code is currently develop in one dimension in order to
prevent fluid dynamics- complication at this stage.
Rather than employ the CFD. couple algorithm,
velocity field can be simply calculate using ideal gas
law as the calorific' equation of state with one
dimensional modeling. One  dimensional code is
recommended at the early stage of the complex porous
media ‘with combustion development [1] [2]. It has
more capability of validation and calibration process.
The validation on kinetic model and the energy model
can be pointed out. Because of the effect of fluid
dynamics was cut off. Moreover, couple of highly non-
linear term which is prone to instability situation can
easily understand.

1. Introduction

There are various application of combustion in
porous media in engineering discipline. For example,
combustion in inert-porous media, catalytic reactor,
fixed-bed gasification. They are resemble in terms of
physical modeling point of view:. The code can be
developed on the same platform- with = some
modification = on ~sub-physical model + for ' each
application [1].

Modeling of reacting flow-in porous media is
more complicate work than the conventional reacting
flow. More additional of several sources term are need
to incorporate in the equations. For example, 1.) Local
heat transfer between solid and fluid phase due to
thermal non-equilibrium 2.) Thermal radiation 'of
porous solid matrix 3.) Pressure drop due to flow in
porous media 4.) Porous surface volatilization 5.) The
porous surface heterogeneous reaction, Implement of
commercial code on particular case is more difficult
due to multi-physics interaction. In addition, the strong
non-linear term is resulting in couple stability issues.
Therefore, many of the researchers are developing in-
house CFD code rather than using the commercial
code [1][2][3].

2. Modeling

There are four transport equations taken in to
account. The mass transport in fluid pores phase.

d
—peu=0
dxp

This paper presents the current stage on in-house
code development of the CFD combustion in porous
media. The model is consider conservation of mass,
fuel species, energy in solid porous matrix, energy in
fluid pore space. Heat transfer between solid and fluid
phase due to local thermal non-equilibrium is modeled
via energy source term in separate solid and fluid
energy equation. Fuel consumption and heat release

Where p is the density of fluid, & is the porous

matrix void fraction and u is the fluid phase velocity in
x direction.
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Energy transport in fluid pores phase.

ar, 4  dT,

puc, d—f——[gsk—l—gZh“J mi+h(T, ~T,)

x  dx dx

Where T, is the fluid pores temperature, T is

the solid porous matrix temperature. k is air thermal
diffusitivity, / is convection coefficient.

Energy transport in solid porous media phase.

i[gskg}h(g—rf):o

dx X

Fuel species transport.

d d dY,
E(pguYF) = E(DBIDIF d_):) + Su

Where Y. is the fuel mass fraction, D, . is the

binary diffusitivity of the fuel and air mixture, Su is

the heat transfer between solid and fluid phase.

The amount of energy transport between gas
pores phase and- solid porous matrix phase which
depends on the different in local temperature field.
This term is taken in source term in both fluid and
solid energy transport equation

Su=h(T, 1)

Local fuel consumption rate is calculated by
Arrhenius law which depends on " local - fluid
temperature field and the concentration of the fuel
species. All constant parameter is taken from propane
one-step global combustion  kinetic  with - the
assumption of fuel lean mixture. This term is taken in
source term of fuel species transport equation.

Su=—Aexp(—EA/RT)[C.H "MW,

Local heat release is calculated corresponding to
Arrhenius law and the heat of combustion of propane.
This term is taken in source term of energy transport
equation in fluid phase.

Su=—Aexp(~EA/ RT)[C.H,1" MW, ,AH,

Where A is the pre-exponential factor, EA is
the activation energy, Ru is the universal gas constant,

Mque, is the fuel molecular weight, AH_ is the

heat of combustion, m is the fuel reaction order and
[C.H ]is the fuel concentration.

Local velocity field is calculate by ideal gas law
which density is depends on fluid temperature field.
For the sake of simplicity, in current stage of
development work is consider fluid property as pure
air. The assumption is made that the pressure was
constant at latm for all range of the calculation
domain.

P=pRT
2.1 Mesh generation

Mesh generation is in one dimensional for 90
centimeters long. The domain was divided into
100,000 equally control volumes. As shows in the
figure (1) .The code was tested by employ the material
property and boundary condition as shows in the table

1
X(1) X(N)
X(0) DX X(N+1)

Fig. 1 Mesh generation in calculation domain

Mixture =10 m/s
T=0K——>
Y,=0.2 ;

Fig. 2 Boundary condition

Table.1 Boundary condition

Boundary condition

Mixture inlet velocity 10 m/s

Mixturelnlet temperature 750 K

Fuel mass fraction 0.54
Table.2 Material property
Material property
Porous void fraction 0.5
Fuel molecular weight 0.016 kg/mol
Mixture heat capacity 1000 J/kg K

Mixturebinary diffusitivity  0.0008 m2/s
Pressure 101325 N/m2
Air thermal diffusitivity 100000 W/m.K
Fuel heat of combustion 748310 J/mol
Pre-exponential Factor 1.3x10%

Ea/Ru 24358

All transport equation are discretized into finite
volume according to figure 1. In order to calculate
convection term, face property was estimate by first
order upwind scheme. All transport equation is written
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in system of algebraic equation. Special treatment was
executed to boundary mesh according to assigned
boundary condition. All of the system of algebraic
equations was solved by TDMA algorithm. The
equation of state is calculated basis on previous round
of solved property field. All of the system of algebraic

equation is then updated. The process is repeated until
the convergence criteria is achieved. Relaxation
constant and fuel conservation check was added during
coupling process otherwise the solution will blow up
with highly non-linear term.

v

Assemble coefficient matrix for energy equation in fluid

TDMA solve for fluid temperature field

N

Assemble coefficient matrix for energy equation in porous media

W

TDMA solve for porous media temperature field

Assemble coefficient matrix for Fuel mass fraction equation

TDMA solve for Fuel mass fraction field

Update all Source term and Calorific equation of state

Update velocity field

NN

Check for residual

NO =¥ES

N
END

Fig.3 Program flow chart exclude special treatment and relaxation
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3. Result and discussion
Gas velocity is accelerated from 15 m/s to 23 m/s
during the reaction front as shows in figure 4. Gas
temperature is raised due to heat of release from
reaction kinetic. Gas temperature is related to gas

Fluid velecity VS reactor length
% s S R B

Fluid velocity(mis)

0 0.01

002" 003 004 005 0086

reacterlength(m)

(LOW JF0.78 W03 ~~0.1

Fig.4 fluid velocity along the combustor length

Fuel consumption and kinetic rate zone is divide
into two distinct zone comprising of preheat zone and
reaction zone [4]. Preheat zone is 'dominate by
recirculation of the heat released from reaction zone
which the diffusion mode of heat and mass transport is
appeared. Preheat zone is deliver heat from reaction
zone in order to allow continuous on auto ignition
process of combustion of fresh cold mixture. The
reaction zone is the location where the mixture
temperature has reach the level that the fast kinetic rate
taking place. The kinetic rate  is determine by
Arrhenius law which is depends on the exponential of
temperature and concentration of the fuel and oxidizer
species.

Demonstration of the temperature non-equilibrium
between solid and  fluid  phase showing non-

reacion rate VSreactorlength
o I e N

reaction rate(kg/s)

i ]
004 005 006
reactor lengthim)

i
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| | |
0.02 007 0038 009 01

Fig.6 Reaction rate along reactor length
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density by ideal gas law. Therefore, higher gas
temperature is resulting in lower gas density.
Regarding to mass conservation equation, with the
constant flow cross area, the lower in gas density will
increase the flow velocity.

fuel mass fraction V'S reactor length
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feactor length({m)

005 006

Fig.5 Fuel mass fraction along the combustor length

equilibrium zone is restrict around the reaction and
preheat zone as figure 7. Solid porous phase promote
additional < heat recirculation via solid conduction
mode. Surplus heat is transport in counter direction to
ignite incoming cold mixture.

Temperature value of solid porous phase is higher
than fluid phase at the preheat zone. Therefore, heat is
transport from solid to fluid in this region.Conversely
at the reaction zone, heat is transport from fluid to
solid porous matrix as shows in figure 7.The overall
heat transfer mechanism has promote additional heat
recirculation ~which promote flame stabilization
capability. This mechanism = has claimed that
combustion in porous -media is cleaner and it has

higher — flame temperature = than  conventional
combustion.
Fluid and Solid temperature VS reactor length
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Temperature(k)

|
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Fig.7 Fluid and solid temperature along rector length
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Fig.8 Couple stability because of positive fuel mass fraction along combustor
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Fig. 9 Solid phase heat transfer

The instability initiate when fuel mass  fraction
becomes negative value on the last cell. The negative
value will resulting in backward fuel transport coming
from the end of the combustor. Fuel mass is in
violation of conservation from this round of couple
because of the additional fuel coming from the end of
the combustor. The temperature is raised to infinity by
continuing couple for the solution. Therefore, special
treatment routine of the program is need in order to
ensure that fuel mass fraction is always stay in positive
value along the computational domain as shows in
figure 8.

4.Conclusion

The comparison of flame stabilization of
conventional gas phase combustion and combustion
within inert porous media was carried out. It is
revealed that 1.) Temperature of the solid porous
matrix is raised up with non-thermal equilibrium along
this region. 2.) Fluid and solid temperature are finally
in equilibrium 3.) Heat was transfer from solid to fluid
at the beginning of the reaction 4.) Heat was transfer

from fluid to solid at the end of the reaction. 5.) Heat
conduction from the end of the reaction to the
beginning of the reaction act as additional heat
recirculation from- conventional combustion flame.
The coupling in stability has initiate at the last control
volume which has negative value of fuel mass fraction.
The negative value of fuel mass fraction will resulting
in non-conservation of fuel in the domain on the next
round of coupling process. The fuel check routine is
add in the program to detect and correct the negative
value of fuel mass fraction. The relaxation value of
0.001 for all conservation equation is need in order to
allow couple - stabilized until- the ' convergence is
achieve
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Abstract, In this paper, 1D CFD modelling of propane combustion in inert porous
media was carried out. Temperature of porous media and gaseous. species were
coupled and solved interactively using energy and mass. transports in solid and gas.
The interphase, non-equilibrium, heat transfer was taken into account via source term.
The global single-step: combustion model for propane was employed to depict the
relation of mass generation and consumption of specific species, while the kinetic rate
was computed by Arrhenius law. The species transport equations were used for the
distribution of gaseous mixture, comprising of propane, oxygen, nitrogen, carbon
dioxide and steam. A case of the simulation was picked as a case study. Coupling
algorithm was focused along 2000 iteration until the converged solution was achieved.
The algorithm had been designed such that the kinetic source built up took place from
the outlet of the combustor and diminished as the propane was depleted. The reaction
front was formed. After that the reaction front will moving to upstream. It finally
reached the convergence which more iterations no longer changed the field property
distribution in the system. The converged solution did capture the radiation and
convection mode of heat recirculation, which are the key important feature of the
combustion within porous media.

1. Introduction

Combustion in porous media was widely accepted in superior performance for many applications.
For example, low heating value fuel burner, cooking stove burner, and the heat engine applications.
The major advantage is the higher combustion temperature due to the additional heat recirculation
from radiation heat transfer of product downstream. Moreover, strong dispersion of the flow within
porous media allow thermal energy to spread across the combustion zone, which resulted in less hot
spot in such area[l]. Therefore, it is possible for flame stabilization of highly diluted, low heating
value fuel. However, a certain operating condition needs further investigation, as it is significantly
sensitive to the performance characteristic.
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Combustion in porous media is a complex physical phenomenon. It is not easy to investigate with
the experimental technique alone. It starts with combustion of the mixture in porous cavity.
Convection heat transfer occurring between gas cavity and porous matrix is not thermally equilibrium.
Conventional combustion stabilization technique make use of the recirculation heat from hot products,
which is in convection mode. However, the hot product would dilute the incoming mixture. Then, it is
not possible to obtain product temperature higher than adiabatic flame temperature of the mixture. In
contrast, with combustion in porous media, radiation heat transfer from hot porous matrix to cold
mixture region without mixing of fuel stream is the key factor of flame stabilization [2]. This feature
of flame stabilization mechanism has distinguished it from the conventional burner. Moreover, it is
possible to obtain super adiabatic flame temperature at some region because of non-diluted fuel stream
[3]. Due to the complexity of combustion inporous media, numerical modeling becomes an important
tool that enable a designer in gaining more elaborate assessment in their design process, thus
maximizing the efficiency for particular application.

There have been many researchers developing the numerical ' model for combustion in inert porous
media [4,5,6]. Despite many-of them had claimed success invalidation with the experimental result
but there were very few papers describing about the coupling algorithm being capable to bring highly
non-linear system to a converged solution, or the grid size that was able to capture the flame front.

In year 2016, the combustion laboratory at KMITL had commenced on in-house development of
the computational source code for combustion within porous media. The simple model, which adopted
the properties of air as those of the mixture, was successfully developed and its results were published
[5]. In this work, the results from the later version of source code will be presented. This model had
incorporated the mixture composition of the single step propane combustion due to its well-established
kinetics parameters{6]. More detailed kinetic are ready to be added into the code once it has been
developed to the point of desired robustness and user friendly.

2. Numerical Modelling

The modeling procedure was conducted with the continuum porous media concept [1] was
employed. The-transport equation can be casted in conventional form-except that the extra void
fraction parameter was multiplied to convection, diffusion transport term. This implied that the
transport flux was attenuated by the solid area fraction at the face of the control volume. Void fraction
parameter also appeared.in the volumetric source term. The concept of continuum porous media is
demonstrate in figure1[1].

A-Assolid

A¢Pore filled
with stagnant fluid

Figure 1. Continuum porous media concept.

Since it was 1D modelling, the coupling algorithm between pressure and velocity field could be
ignored. The velocity field could be obtained by mass conservation equation alone which can be
written below.
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The gas mixture consisted of propane, oxygen, carbon dioxide, steam and the inert nitrogen gas.
All species mass fractions in the mixture were obtained by solving the individual species transport
equation below.

i @A, o

dx

L + B, Adx =0

Energy transport equation for gas phase consist of convection term, species diffusion term,
volumetric heat generation from chemical reaction, inter-phase heat transfer and diffusion term. The
inter-phase heat transfer, which was in convection mode, will be driven by the temperature difference

between phases. The convection constant H, was locally calculated by Reynolds number and Prantl

number. The thermal dispersion and gas thermal conductivity were included in K in diffusion

term.
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Energy transport equation for solid phase comprised of diffusion term, inter-phase heat transfer,
radiation heat transfer and heat loss to environment. The thermal conduction and thermal radiation was

include in diffusion term with-the effective thermal conductivity K, which was the function of the

local solid material temperature.
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The species generation and consumption rate were calculated in regards with lean propane
combustion one step-global mechanism. The calculation will'be updated in the source term of species
transport equation. Heat generation was also updated, then, it will be included in the source term of
gas-phase energy equation.

C,H, +(5+EA)(O, +3.76N, ) hc3CO, +4H,0+(3.76*(5+ EA)) N, + EAO, ~ (©)

The gas mixture density was calculated by ideal gas law. It was the function of the pressure,
temperature and mixture composition which can be written as below.

P (7
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The kinetic rate used in this simulation is the function of the temperature and propane

concentration
P 3

Pem 701
RT * —— j
MWmix

3. Grid generation
The computation domain was divided into 100,000 control volumes for 0.1 meter long. The field

property was dependent on only one direction. The computational grid is demonstrated in figure 2.

Wy | o Lol o
|C|.|. 0 .l.l.l

X(0) ) z

DX X(N+1)

Figure 2. Grid arrangement

Boundary conditions were applied to all transport equations. All-of the inlet boundary conditions
were of Dirichlet type, of which the properties at the inlet face were defined. Zero gradients of all

outlet properties were assigned to the outlet boundary condition.

Initialize all field property and
boundary condition

Assign limit accumulate propane source-term

(If accumulate source > assign limit then source(ii) = 0)

‘Solve gas phase energy equation ‘

‘Solve solid phase energy equation ‘

Assign limit accumulate propane source-term

(If accumulate source > assign limit then source(ii) =0 )

‘Solve all species mass transport equation‘

A
Update all calorific equation
of state and source term

Check

(If propane mass fraction < 0 then source(ii) = 0)

Figure 3. Simplified algorithm design



Table 1. Boundary condition

Boundary condition

Mixture inlet superficial velocity 7 m/s
Mixture Inlet temperature 700 K
Solid temperature at the inlet 700 K
Nitrogen inlet mass fraction 0.75
Oxygen inlet mass fraction 0.2
Carbon dioxide inlet mass fraction 0
Steam inlet mass fraction 0
Propane inlet mass fraction 0.05

Table 2. Material property

Material property

Porous void fraction (porosity) 0.5
Mixture heat capacity 1000 J/kg.K
Mixture binary diffusivity 0.0008 m’/s
Pressure 101325 N/m*

4. Result and discussion

This simulation comprised of many variables that had interacted to each other in the system.
Therefore, the code developer need to pay attention on the algorithm to allow stable coupling until the
system had reached the convergence. The simplified algorithm design was shown in figure 3. At first,
all variables and boundary conditions had to be defined in order to enable consecutive iteration to
proceed. The predefined gas temperature field need a special attention. Since it was necessary to have
enough magnitude to permit reaction to take place. Figure 4 shows initial guessed temperature field of

700K

Gas phase temperature (K)

120

700

680 -

660

640 -

620

combustor length (m)

1 1 1 1 1 1 1 1 1
001 002 003 004 005 006 007 008 009

0.1

Figure 4. Initial guessed gas temperature field of 700 K



The relaxation factor of 0.003 was used for species mass fraction, gas temperature and solid
temperature to control the gradual change of field property during the iteration. At first 500 iteration,
Reaction rate did slowly build up around the outlet region of the combustion chamber. Because gas
temperature accumulated up due to the reaction kinetic along the way from the combustor inlet.

x10*
1500 ' ' ' ' ' ' ' ' ' 7

1000 -

500 1

Gas phase temperature (i)
Heat released.from reactionfJ)

0

0 001,002 003 004" 005 006 0.07, 008" 009, 01 0 % 0.04.90027 003 (004 005006 007008 009 01

combustor length {m} combustor length (m}

Figure 5. Gas temperature field at 500" iteration Figure 6. Reaction heat release field at 500"
iteration

At around 1000th iteration, the reaction rate started to drop as the propane mass fraction was
depleted at the value lower than 0.007. To prevent unrealistic result, the accumulative reaction source
term was controlled not to be greater than the total convection of the incoming mixture. The heat
release rate and propane mass fraction are shown in figure 7 and figure 8, respectively. The reaction
front (steep positive gradient of heat released from reaction) then moved backward to the combustor

inlet. It finally converged at around 2000 “ iteration.
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Figure 7. Reaction heat release field at 1000™  Figure 8. Propane mass fraction field at 1000™
iteration iteration



The converged solution shows that propane was depleted at 0.02 m from the combustor inlet as
shown in figure 9. There was left-over oxygen in the mixture stream, since this case study was under
lean condition. There were production of steam and carbon dioxide at the flame front. Nitrogen was
considered as a trace element in this system, it had constant mass fraction along the combustor. The
main feature of combustion in porous media was captured in this simulation as shown in figure 11.
Thermal in-equilibrium existed between gas and solid phase along 0.4 m from the combustor inlet.
Heat transferred from gas phase to solid phase just after the flame front which was around 0.2 to 0.4 m
from the inlet plane. Moreover, heat also transferred backward to the preheat zone by conduction and
radiation modes at 0 to 0.2 m from the combustor inlet plane.
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Figure 9. Propane and oxygen Figure 10. Carbon dioxide and steam
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Figure 11. Solid and gas temperature Figure 12. Gas and solid heat transfer

5. Conclusion

A case of numerical simulation of combustion in porous media had been performed. The design
algorithm to deal with highly non-linear combustion front was discussed. All variables were monitored
until convergence was reached. The converged solution could capture the radiation and conduction
heat recirculation which are the key features of combustion in porous media. The global kinetic of lean
propane combustion was integrated into the code. The relation of species mass generation and
destruction along the reaction front was properly described. The developed model was able to capture



in-equilibrium of heat between solid and gaseous phases which remain largely unexplored in the
existing literatures. This will enable reactor designer to understand interaction between reaction, heat
and mass transfer and properly control the reaction activity in the porous burner. Progress is
underway on validation work against experimental result of propane combustion in a porous reactor
with alumina ball
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Experiment and Numerical Modeling of Stratified
Downdraft Gasification Using Rice Husk and Wood
Pellet

Kittipass Wasinarom and Jarruwat Charoensuk *

Stratified downdraft gasification using rice husks and wood pellets was
carried out under different air mass flow rates using both experimental
and numerical methods. The flame propagation rate was calculated from
the temperature profile at different time steps and was used as the
prerequisite to calculate the equivalent ratio in modeling the combustion
zone. Chemical equilibrium. modeling was employed to predict the
temperature and composition of the sample in the combustion zone.
Finite kinetic modeling was used- to ‘simulate the reduction-zone. The
initial temperature and composition of the reduction zone simulation were
obtained from the chemical equilibrium- results taken  from the
combustion-zone. The flame propagation speed of the rice husk was
found to be around five times greater than wood pellet at the same air
flow rate. The peak temperature of both fuels had similar values. For all
air mass flow rates, the equilibrium modeling over-estimated the peaks in
comparison with the experimental tests. The kinetic model was sensitive
to the input temperature at the zone inlet. The predicted temperature in
the reduction zone demonstrated high kinetic activity at the top of the
zone due to a high gas temperature. The predicted temperature was in
agreement with the experimental test resulis.

Keywords: Stratified downdraft; Chemical equilibrium; Reduction zone; Gasification; Modeling

Contact information: Department of Mechanical Engineering, Faculty of Engineering, King Mongkut’s
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INTRODUCTION

Thailand is an agricultural country with a distribution of residual biomass over
areas of cultivation. This biomass can be used as-an energy resource given that there are
technologies available. for economical and environmentally friendly utilization.
Gasification is the thermo-chemical process of converting a biomass fuel to a
combustible gas mixture. The process comprises varying degrees of oxidation, pyrolysis,
and char heterogeneous reactions. It is governed by heat and the mass transfer of the
specific gasification type. The reactors are categorized into fixed bed, moving bed,
fluidized bed, and entrained flow. The fixed bed has a simple design, and are more
appropriate for small-scale applications (Guangul et al. 2012). The combustion front
propagation within packed fuel bed is the key indicator for successful operation. There
are various types of the fixed bed gasification reactors, which are updraft, downdraft, and
cross draft. In each case, the name indicates the flow direction of the gasification agent in
relation to the fuel bed.

An updraft reactor produces a higher amount of tar in comparison to downdraft
reactor because the pyrolysis gas passing through the low temperature region does not

Wasinarom & Charoensuk (2019). “Gasification,” BioResources 14(3), 5235-5253. 5235
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allow tar cracking to occur. Therefore, it is widely used with low-volatility fuels. More
complicated systems are found in larger-scale updraft gasification. Cerone et al. (2017)
conducted the oxy-steam gasification of hydrolytic residues from biorefinery. They
reported H2/CO ratios as high as 2.08. Moreover, they found that using steam as the co-
gasification agent would benefit in reducing temperatures above the fuel grate, therefore
alleviating slag clogging from ash melting.

Downdraft gasification provides lower tar content due to higher temperatures
along the pyrolysis gas flow path, which enable the tar cracking process and also allow
the water-gas shift reaction, which leads to increasing combustible syn-gas. Downdraft
models feature a combustion zone for volatile combustion, and the reduction zone exists
underneath it.

According to Reed and Das (1998) there are two-different configurations of
downdraft gasification, which are-the Imbert downdraft and stratified downdraft versions.
There has been research on flame propagation under downdraft conditions. Dasappa and
Pual (2001) found that the critical air mass flux that provides the peak propagation rate is
0.1 kg/m? for the char bed and that the smoldering velocity will decrease with the
increase of air flow rates beyond the peak value. Further increasing the air mass flux will
result in flame quenching due to convection loss.. Mahapatra et al. (2014) concluded that
front velocity was directly correlated with bulk density of the fuel bed. However, it is
difficult to specify a single parameter that influences the propagation velocity.

Combustion modeling of solid fuels, such as a biomass particle, is comprised of
four sub-processes that simultaneously occur in varying degrees of kinetic rates, which
are drying, devolatilization, volatiles homogeneous combustion, and char glowing or
heterogenecous combustion. By employing the Arrhenius law, the estimated kinetic rates
of each process can be calculated (Blasi 2000). Determining the local temperature and
concentrations of related species is a pre-requisite prior to the rate calculation. In the
gasification reactor, temperature and concentration distribution are governed by heat and
mass transfer. The calculation procedure incorporates many. inter-links of fluid dynamics,
heat transfer, species transport, and the kinetic rates into the model. The solution is
obtained by the iterative method.

By treating the domain as a continuum porous matrix with defined void fraction
of the packed fuel bed, the heat transport equation of the packed solid fuel and the gas
flow in pores space can be modelled. The calorific. equations of state is'comprised of
Arrhenius rate of reactions, species generation from. the ‘combination of reactions,
pyrolysis, and heat generation from oxidation. The domain was discretized into small
finite volumes. All transport equations were repeatedly solved and updated along with the
calorific equation of state of .each control volume until the converged solution was
obtained. This is known as conventional . computational fluid dynamics (CFD) modeling.
Many researchers have used CFD modeling to predict the process that occurs in the
gasification reactor (Wang et al. 2014; Monteiro et al. 2017; Murugan and Sekhar 2017,
Yan et al. 2018). CFD enables investigators to explore the most elaborate details of the
process in different locations in the reactor.

However, the development of a robust and reliable mathematical model is
required. It must be validated and calibrated with a wide range of operation. Moreover,
the gasification process is a complex system with many non-linear source terms.
Therefore, the CFD procedure consumes larger computational resources in comparison
with other prediction methods.
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The thermodynamics equilibrium model is another prediction method. The
concept stems from the second law of thermodynamics. It has been widely used to
evaluate the performance of gasification systems and usually developed with an
assumption that the process is a lumped system. Therefore, it is widely adopted to
simulate sub-zone volatile combustion in the reactor. Many researchers have used
equilibrium modeling in gasification analysis (Zainal ef al. 2001; Jarungthammachote
and Dutta 2007; Huang and Ramaswamy 2011; Shabbar et al. 2013; Liu et al. 2016;
Atnaw et al. 2017; Ferreira et al. 2019).

The reduction kinetic model was extensively used in downdraft gasification,
particularly to simulate char reduction zone. The pyrolysis and combustion were assumed
to be completed within the combustion zone. Because. there was no oxygen in this zone,
the packed fuel particle was completely transformed into char. The reduction kinetic
model has been used in various research for reduction zone prediction. The predicted
temperature profile and the-exit gas composition were in good agreement with the
experimental data  (Giltrap-et-al. 2003). The improvement was made by using variable
char reactivity factor (exponentially increasing) along the length of reduction zone (Babu
and Sheth 2006). Sharma (2001) compared equilibrium modeling and finite kinetic
modeling in the char reduction zone and pointed out the similar trend of the calorific
values, conversion efficiency and exhaust gas temperature. Kinetic modeling was applied
to finite sub-layers inthe reduction zone. A number of researchers have used multi-zone
modeling in their works (Gao et al. 2008; Masmoudi et al. 2014; Salem and Paul 2018).
More elaborate study on the kinetic of steam gasification of various biomass chars has
been performed. It was found that the char conversion rate depended on: inorganic
elements of the feedstock. Potassium acts as the catalyst which increases the reactivity
during char conversion.. On the contrary, silicon and phosphorous behave as_inhibitors,
which reduce the conversion rate. Dupont ef al. (2016) revealed that the reactivity among
different biomass chars -~ were correlated  well  with. the inorganic elements of
potassium/(stlicon+ phosphorus) ratio. They also compared the experimental result and
the model prediction of biomass char conversion by using inorganic element ratio as an
indicator. Prestipino ez al. (2018) constructed the model prediction for different biomass
char. He postulated that the Avrami-Erofeev model could capture sigmoidal behavior of
some types of biomass char conversion.

There has been recent research study on the pellet used in energy plants. For
instance, Bartocei et al. (2018b) made the series of experimental studies on the pyrolysis
of commercial biomass pellet, followed by steam-gasification of obtained charcoal pellet.
The investigation focused on heat and mass balance of the integrated plant of hydrogen-
rich gas production. They demonstrated. that all the heat required by all different reactors
can be supplied by heat released from volatile oxidation. Bartocci et al. (2018a) studied
the pyrolysis of the pellet made of raw glycerol and biomass with different mixing ratio.
They concluded that glycerol pellet was a good fuel to be used in Combine Heat and
Power (CHP) plants.

In this paper, the interaction between flame propagation, combustion zone
temperature, and reduction zone was highlighted. The flame propagation was analyzed
under stratified downdraft gasification in different operating conditions with two different
feedstocks, rice husk and wood pellet. Equilibrium modeling was employed to predict
temperature and gas composition in the combustion zone, and kinetic reduction modeling
was used to simulate the reduction zone. The analysis focused on heat and mass transfer
at the propagation front and temperature distribution in the reduction zone. The predicted
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temperature was considered relative to the experimental data.

EXPERIMENTAL

Methods
Fixed bed reactor

The experimental test rigs are shown in Fig. 1. The reactor was made of
cylindrical stainless steel tubes. It had an inner diameter of 21 cm and a height of 100 cm
and was covered with 5 cm of ceramic fiber to prevent major heat loss. An air distributor
manifold was located on top of the reactor. It was piped with the air compressor tank via
an air flow meter. Ten type-K thermocouples (T1 through T10) were placed along the
axial location. There were 10 cm gaps between the thermocouples. A thermocouple (TO)
was placed at the syngas exit port. The temperature was recorded by a YOKOGAWA
FX100 data recording system .(Yokogawa Electric Corporation, Tokyo, Japan). A
metering rod used for monitoring bed height was placed on the top of the reactor.
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Fig. 1. Schematic diagram for downdraft gasification (a) and the reactor used for downdraft
gasification (b)

Experimental procedure

The feedstocks were poured into the reactor from the top. In the case of rise husk,
3 kg was poured, while 20 kg was used in the case of wood pellet. The top surface of the
packed fuel was meant to reach a height of 100 cm if it was properly packed into the
reactor. Air was fed into the reactor, and the burner was used for firing into the ignite
port. T1 was monitored until it reached a temperature of 450 K. The volatile combustion
took place and propagated at this temperature. After that, the burner was pulled out and
the ignite port was closed. The air input was adjusted to satisfy specific cases of the
experiment. A data logger was used to collect temperature information at intervals of 5
min. The peak temperature moved in the upward direction following the propagation
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front during the test period, as shown in Fig. 3. Finally, the propagation front reached the
top surface of the packed fuel bed. This was indicated by movement of the peak
temperature in the downward direction to the grate below. This behavior is further
explained in results and discussion section. At this moment, the air supply and data
logger were stopped. The total bed movement was measured by the bed height indicator
rod. The residual was collected and weighted to perform the mass loss calculation. An
experimental test case was completed for a specified condition. In this work, 6 cases of
the experimental were performed. The details of all conditions are provided in Table 1.

Table 1. Experimental Details

Initial Air flow rate Period of experiment Calculated
Feedstock . . . .
mass (kg) (L/min) (min) equivalent ratio
20 165 3.17
. 30 155 2.41
Rice husk <] 20 130 524
50 120 1.98
40 510 3.60
Wood pellet 20 50 230 350
Materials

Wood pellet (Jumneansawas 2017) and rice husk (Madhiyanon et al. 2010) were
used as fuel in this work. Their properties and heating values are shown in Table 2.

Table 2. Proximate and Ultimate Analyses of Wood Pellet and Rice Husk

Feedstock
- 2 Rice Husk Wood Pellet
roperties B e
Ultimate analysis (%, as received)
C 38.00 42.69
H 4.55 6.42
o 32.40 45.07
N 0.69 0.47
S 0.06 0.012
LHV* 20.43 18.79
Empirical formula CH1.4300.63No.006 CH1.8000.79No.009
Bulk density (kg/m®) 115 771
Proximate analysis
(%, as received)

Fixed carbon 20.10 15.23
Volatile 55.60 76.68
Moisture 10.30 1.81

Ash 14.00 2.28

*Calculated according to the empirical formula used by Jarungthammachote and Dutta (2007)

The flame front propagation rate (FPR) was calculated by tracing the location of
the peak temperature along the recorded period of time between two adjacent
thermocouples (Mahapatra ef al. 2014), as indicated below.
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Distance thermocouples(cm)

FPR(cm/ min) = (1)

Time required to reach the temperature(min)
Bed movement was calculated using Eq. 2.

F . .
Bed movement(cm | min) = uel subsidence in reactor(cm) )

Time of experimental(min)

Modeling
Equilibrium modeling
The global species balance for gasification of dry feedstock is expressed by Eq. 3,

CH O /N +m(0;+3.16N,)——>x H, +x,CO+x,CO, +x,H,0 + x,CH,
+(z/243.76m)N,

€)

where x, y, and z are the atomic numbers of hydrogen, oxygen; and nitrogen in the
feedstock, respectively, and x; to xs represent the moles of the gasification products per 1
mole of feedstock. The wvariable' m represents (4.76 m) the moles of air that were
introduced in gasification per 1 mole of feedstock. The atomic ‘balance of carbon,
hydrogen, and oxygen atoms could be written in Egs. 4, 5, and 6, respectively, as shown
below.

Carbon balance

Xy, +x, 10 4)
Hydrogen balance
2x, +2x, +4x,—x=0 (5)

Oxygen balance
X, 4+ 2x5+x, —y—2m=0 (6)

There are three major kinetics that contribute to gasification process which are the
Boudouard reaction (¢ +co, «—s2c0) 2.), CO water shift reaction(CO+ H,0<—CO, +H,),
and methanation (¢ +2#,«-—cm,). The equilibrium constants of each Kinetic rate are
expressed by Egs. 7, 8,.and 9,

Equilibrium constant for CO water shift reaction:

X3 X

K - (7)
X, X,
Equilibrium constant for methanation combustion,
K, = xS'xtzotal (8)
X

where X1 1S the total molar of the gaseous product from Eq. 3, which can be calculated
by Eq. 9.
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xtotal

:xl+x2+x3+x4+x5+(§+3.76mj 9)

The equilibrium constants of any kinetic rates can be calculated from Eq. 10. The

parameter AGi is the change in Gibbs function of formation obtained from all species
involved in the reaction, which are functions of temperature. The calculation of the Gibbs
of formation are referred to by Jarungthammachote and Dutta (2007).

_AG)

K =e ®,i=1,2 (10)

The energy equation could be written in the form of Eq. 11. The temperature of
gas compositions can be calculated by energy conservation principle. hjo,wl. is the enthalpy

of formation of the reactant; (kJ/kmol). h}”j is the enthalpy of formation of the products

(kJ/kmol). Ah,is the sensible enthalpy of the products (kJ/kmol). C, is the specific

heat of the i species in the product, which is a function of temperature (kJ/kmol K). It
was calculated in accordance with temperature by using the correlation referred to by
Jarungthammachote and Dutta (2007). AT is the change in temperature with respect to
the reference temperature of 298 K.

Ah +mh;

o
f . feedstock 1,05

+3.76mh7 = %, (A 3+ € AT )45, (1) i+ Cp g AT V4% (B2 2, + Cp 0 AT )
X, (h?',HZO(vapur) % CP,HZO(vapor)AT) + X5 (hj,CH4 + CP,C‘H4AT)

+(§ - 3.76711)(}1},N2 + CP,NZAT)

(11)

Reduction kinetic modeling

The reduction kinetic rate. model was described in previous, studies (Sharma 2001;
Giltrap ef al. 2003). The heat of reaction and the reaction rate of all considering reactions
can be written as follows,

C+C0, & 200 (172,600.J/ mol) (12)

C+H,0 < CO~+ H, (131,400 J / mol) (13)

C+2H, < CH, (=75,000.J / mol) (14)

CH, + H,0 < CO+3H, (206,400 J / mol) (15)

1n=CRF e 4 exp(_—E‘j-[ycm—ﬁj (16)
RT K,

r, = CRF o A, exp (%)-(mo - ychRy:z ] (17)
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-F yéH
r.=CRF e A exp| —= |-| y? ——= 18
3 3 p(RTj Vu, K., (18)
E VoY
- H,Y'Cco
r4:A4eXp( R;j. Yu,0Vcn, ~ K. (19)

where 7; is the rate of reaction for the i reaction; (kmol/m’s), 4, is the frequency factor
for the i” reaction; (kmol/m’s), E; is the activation energy of the i’ reaction; (kj/kmol). R
is the universal gas constant; (kj/’kmol), 7' is the temperature, y, is the mole fraction of x
species, k; is the equilibrium constant for the i reaction,-and CRF is the char reactivity
factor.

Model solution procedure

The flow chart of the numerical procedure is illustrated in Fig. 2. The chemical
equilibrium modeling was -employed to predict the temperature and the composition of
the combustion zone. Then the obtained temperature-and composition was used as the
initial value in reduction kinetic modeling in the reduction zone. In obtaining the solution
for the chemical equilibrium modeling, there was a need to-couple between an energy
equation and the. system of chemical equilibrium equations. This could be achieved
through an-iterative technique until the relative error of the predicted temperature was at
an acceptable tolerance. For the solution of reduction kinetic modeling, the finite layer
height was. defined in the reduction zone and the residence time mn each layer was
estimated. The temperature and -the composition were then used as the input for the
adjacent layer below. More detail ~of the zone definition from. the experimental
information will be discussed ‘in the next section.

> CALCULATE The
( START :NPUT n:.u.al L+ equiibrium K1 K2 using |
empearalune - Eqs({7) and (8} 1

Solang Xi by using
Egsi(4).(5)46)(7) and (8)

: Reasult :’ CALCULATE
Kinetc rale / termperature -+—— _The temperature by using

END : ;
(ReduChegl / (Trgw). 7 Eqgs.(11)

Fig. 2. Calculation procedure

RESULTS AND DISCUSSION

Flame Propagation and Kinetic Mechanism in Stratified Downdraft
Gasification

The flame propagation and characteristics of each regime of the stratified
downdraft gasification in different conditions were similar. It comprised of a combustion
zone at the flame front following by a reduction zone, as depicted in Fig. 3a. The steep
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temperature gradient where the temperature rose to its peak was observed in the
combustion zone. This was due to major heat release from volatile combustion within the
pores of the packed fuel bed. Oxygen was completely consumed within this zone. The
fresh fuel was devolatilized, thus leaving char behind as the flame propagation moved
counter to the supplied oxidizer stream as shown in Fig. 3b.

The reduction zone was located below the combustion zone. In this zone, the
kinetic mechanism took place in the absence of the oxidizer. Flue gas from the
combustion zone then reacted with solid char at a high temperature to produce carbon
monoxide and hydrogen. While carbon dioxide and steam were consumed in the
reduction process, the process was endothermic overall, so a decrease in temperature
along the direction of the flue gas was observed in this.zone:.
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Fig. 3. Zone and temperature at specific times (a) and zone and temperature movement at
different time periods (b)

Flame Propagation in Stratified Downdraft Gasification

In stratified downdraft gasification conditions, flame propagation moved counter
to the supply oxidizer stream, as calculated by Eq.. 1. The speed of the propagation
depended on various factors, for example, fuel particle type, fuel size, moisture content in
fuel, and air mass flow rate.-The flame propagation mechanism was controlled by
diffusion heat and mass transports in the direction counter to the supplied oxidizer
stream. This was observed at the reaction front where a steep temperature gradient was
presented. There were two distinctive regimes revealed in the propagation characteristic
regardless the type of feedstock.

In regime I, at a low range of air flow rate, the propagation speed increased with
increasing air flow rates. As the air flow rate increased, at a certain point, the peak
propagation speed was reached. In regime II, at a higher range of air flow rate,
propagation speed decreased with increasing air flow rate (Sadhan et al. 2014). In this
scenario, increasing the air flow rate more than that resulted in the peak propagation
speed. The propagation speed has a direct variation with the peak temperature under
different air flow rates and the same feedstock conditions (Onthong et al. 2016).
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Fig. 4. Temperature distribution at different times in the reactor at various air flow rates for rice
husk

After the ignition period, the flame was propagated upwards, as can be seen in the
temperature profile evolution in Figs. 4 and 5. The propagation speed of each case was
demonstrated in Fig. 6. The values of all cases were calculated by Eq. 1. All cases fell
within regime I as stated in previous paragraph. The propagation rate of the wood pellet
was around five times greater than rice husk at the same air flow rate. This could be
because of the higher bulk density of the wood pellet, which was around six times higher
in the randomly packed bed. The higher bulk density of the feedstock required more
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thermal energy input to heat it up to de-volatilization temperature level at the reaction
front. Heat was transferred from the combustion front in diffusion mode to heat up the
fresh biomass until volatile combustion occurred within the pores space at the adjacent
layer above the current location of the combustion front.
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Fig. 5. Temperature distribution at different times in the reactor at various air flow rates for wood
pellet
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Fig. 6. Propagation rate and bed movement at different air flow rates

The combustion temperature, indicated by the peak temperature as shown in Fig.
3, was found to increase with the increasing air flow rate. A higher temperature would

Wasinarom & Charoensuk (2019). “Gasification,” BioResources 14(3), 5235-5253. 5245



PEER-REVIEWED ARTICLE bioresources. com

have allowed a greater rate of heat transfer in the diffusion mode at the reaction front,
which had resulted in a higher propagation rate of the flame front. Increasing the air flow
rate would enrich the oxidizer concentration, which would have resulted in a higher heat
release rate at the flame front. However, Sadhan et al. (2014) found that increasing the air
flow rate until reaching a certain value will provide peak propagation rate. Further
increasing air flow rate would then result in decreases in the propagation rate and the
combustion temperature because the convection loss at the flame front was more
dominant. This was considered as regime I, which was explained in previous paragraph.

A spike in temperature was observed for every case, as highlighted in Figs. 4 and
5. This happened when the propagation front reached the top surface of the packed fuel
bed. This was the indication for termination in every experimental case. The air flow rate
and data logger were stopped, and the data was collected for analysis at this point. The
spike in temperature appeared because the flame front had reached the top fuel layer.
This prevented the flame from propagating. The flame front stayed there until the
volatiles had been completely released and the combustion regime had changed to char
burning mode. There was a considerably higher combustion temperature in the char
burning mode due to less dilution constituent in comparison with the volatile combustion
mode. If the air flow was continued, the flame. propagation front of the char burning
mode moved downward until it reached the fuel grate, leaving incombustible ash behind
(Ryu et al. 2006). Considerable bed movement due to fuel particle shrinkage was
observed, as seen in Fig. 6.

Combustion Zone Prediction (Equilibrium Modeling)

The combustion zone temperature was defined as the peak temperature for any
experimental cases as given in Fig. 7. Tt was also considered as the beginning of
reduction zone, since the combustion zone in the stratified downdraft condition is
typically very thin (Blasi 2000).
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Fig. 7. Comparison of the equilibrium analysis and experimental test on temperature

The reduction zone occupied the area underneath the combustion zone downward
to the combustor grate. It was necessary to define the m value (4.76 moles of air per a
mole of fuel) for equilibrium modeling in Eq. 3. The global kinetic equation can be
written from the known fuel composition. The stoichiometric air to fuel ratio was
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calculated based on previous studies (Madhiyanon et al. 2010; Jumneansawas 2017). The
experimental condition for the air to fuel mass ratio can be estimated by the total amount
of air required for a complete batch divided by complete batch of feedstock usage, as
seen in Table 1.

All the predicted temperatures were higher than the experimental results as seen
in Fig. 7. It was assumed that the model did not account for any heat loss. In fact, there
was heat loss at the combustion zone. Thermal energy at the combustion zone had
diffused upstream allowing the propagation mechanism to proceed as stated in the
previous paragraph. It was also due to the convection downstream that promoted char
reduction endothermic kinetics. Increasing the air flow rate had resulted in a leaner air-
fuel mixture. The product species tended to have a greater. composition of combustion
product (COz and H>0O), as can be seen in Fig. 8.
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Fig. 8. Equilibrium analysis on the gas composition of the product

The.combustion temperature of the wood pellet was a little lower than that of the
rice husk. For wood pellet, volatile combustion was quenched when the supply air was
fed at 20 L/min-and 30 L/min. This was due to the greater size and higher bulk density of
the wood pellet than those of rice husk because of the higher thermal inertia of the fuel
particle. However, the limited concentration of the oxidizer had restricted the rate of heat
generation during homogeneous volatile combustion within the pore  space. If heat
generation was lower than the heat loss, the flame would decrease in temperature and
finally be quenched.

Reduction Zone Prediction (Reduction Kinetic Modeling)

High temperature flue gas from the combustion zone reacted with solid char to
produce carbon monoxide and hydrogen species in the reduction zone. The kinetics
involved were boudouard, water gas, methanation, and water gas shift reactions, as
shown in Eqgs. 12, 13, 14, and 15, respectively. The calculation procedure began by
defining the reduction zone length and dividing it into a finite number of layers. Property
transport between vertically adjacent layers was considered only due to convection where
diffusion effect was ignored. This resembled the plug flow reactor model (Turns 1988).

The initial properties of the first layer were included. Gas compositions and
temperatures were obtained from the combustion zone calculation. The initial superficial
velocity was calculated from the total air supply flow rate, porosity of the packed bed,
initial gas mixture, initial temperature, and the averaged mass loss of the case.
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The temperature profiles for most cases gave similar trends. The temperature
decreased at a higher rate at the first 10 cm from its peak value within the reduction zone,
as they exhibited steeper gradients in comparison with other layers, as can be seen in
Figs. 9 and 11. This was because the high temperature of flue gas from the combustion
zone allowed a greater reduction in the kinetic rate. The reduction kinetics were
endothermic so the kinetic rates at certain locations were reflected by the temperature
gradient. A higher temperature gradient at the beginning of the reduction zone was
observed in the case of higher air flow rates. This was due to the higher temperature in
the combustion zone when compared with the cases with lower air flow rates.
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Fig. 12. Effect of air flow rate on the gas composition for wood pellet

The reason for the discrepancy between the experimental data and the simulation
model solution for the temperature profile in the case of rice husk with 20 liter/min air
supply was not clear. It was possible that the reduction kinetic had considerably slower
rates due to the low combustion temperature at the beginning of the reduction zone, as
indicated by the relatively mild decrease in temperature seen in Fig. 9a. Consequently,
the adjacent lower layer with-a high gas temperature had a greater amount of heat loss to
the lower solid char particle in comparison with the endothermic reduction at the
beginning of the reduction zone. Therefore, the temperature decreased with the higher
downstream gradient. Kinetic modeling did not ‘account for the heat transfer due to
different temperatures between the gas and char.

Kinetic: modeling with a CRF value of 10 provided similar trends of temperature
profiles as-in the experimental results. However, in the case of rice husk at air flow rates
of 40 L/min-and 50 L/min, a decrease in the temperature at the beginning of the reduction
zone was over-predicted, as shown in Figs. 9¢ and 9d. This was due to the over-
prediction in the temperature of the combustion zone by equilibrium modeling, which
was used as the initial temperature m reduction modeling. The Arrhenius rate model had
an exponential relation with temperature, which meant it had a high.sensitivity to the
accuracy of the temperature, which was used as initial value. The CO> and H,O mole
fraction decreased while: CO and H» increased along the reduction zone. H: slightly
decreased when the air flow rate was increased. The exit compositions were not
significantly different for all of the cases, as can be seen in Figs. 10 and 12. The
compositions and temperature profiles of the modeling results were in agreement with
previous research (Giltrap et al. 2003; Babu and Sheth 2006).

CONCLUSIONS

Flame propagation under downdraft gasification at different air flow rates was
investigated. The effects of different feedstocks on the propagation, namely rice husk and
wood pellet, were considered. Flame propagation rate, mass loss, and bed movement was
discussed. Equilibrium modeling was employed to predict the temperature and gas
composition at the combustion zone. The equilibrium model results were used as the
initial conditions for the reduction zone calculation. The temperature and gas composition
along the reduction zone were predicted using finite kinetic modeling.
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1. Flame propagation increased with increasing air mass flow rates for all the cases with
rice husk and wood pellet between 20 L/min to 50 L/min. For wood pellet, the flame
propagation (volatile combustion) was quenched in when the supply air flow rate was
between 20 L/min and 30 L/min. This was because the bulk density of the wood
pellet was considerably higher than rice husk, which resulted in massive heat loss to
the fuel particle during the volatile combustion within the cavity space of the packed
fuel bed.

2. The propagation rate of wood pellet was around five times greater than rice husk at
the same air flow rate. This was because of the high bulk density of the wood pellet,
which was around five times higher than the rick husk in the randomly packed bed.
The higher bulk density of the feedstock required more thermal energy input to heat
up to a de-volatilization temperature level at the reaction front, allowing flame front
propagation.

3. Equilibrium modeling tended to overestimate the combustion temperature. This was
possibly because-it-did not-account for any heat loss, while there was a certain degree
of heat loss at the flame front from upstream diffusion heat transfer to the feed
propagation mechanism and downstream convection heat transfer.

4. Reduction kinetic modeling had a high sensitivity to the initial temperature input. The
over-prediction of temperature in the combustion zone by equilibrium modeling led
to over-prediction of the temperature gradient at the beginning of the reduction layer.
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