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ABSTRACT

The objective of this study on the updraft gasification was carried out with
a new method for assessing an updraft gasification reactor. An attached side door
enabled the investigation of zone development by stopping air supply at specific
times, when the thickness of biomass, char, and ash layers were measured.
Development in zone thicknesses of biomass, char, and ash with time associated
with temperature distribution provided information about the speed of flame
propagation inside the reactor. Initially, pyrolysis and volatile combustion
occurred, as evidenced by the high mass loss rate and high growth rate of the
char layer. Shrinkage in the char layer took place later, and this phenomenon was
governed by char glowing, which was relatively slow in mass loss rate. Finally, the
fully developed char layer was obtained. The results from four different air mass
fluxes under updraft configuration were presented, showing the differences in
layer development. Temperature profiles at each time step revealed that the
location of peak temperature coincided with the location of ash-char interface for
every air mass flux. This effect was due to the high energy release during the

oxidation of fixed carbon.
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movement) Walins1uiaUsingn1samAnvuloiinsusulisudnsinisivaveseinie
WU 60, 90, 120 taz 180 kg/m*h aasingg)

1.2 AUYInIuAEIngUIzeeA
1.2.1 ﬁﬂquaﬂsiuﬂ']'il,auimaq%’u%t,ﬁ’l (Layer ash) $ud"u (Layer char) uaz
HuFaa (Layer biomass) lnga8uneusIngn1salsuiun1snseegamgd
ﬁL’JaWiNG} fiindunielumndnfodunsziuuulnaiy (fixed bed
updraft gasification) ﬁﬁmswmﬂwamaammﬁﬁhm

1.3 aUYAFIUVINITANYN
131  nsivavesornianelumndunuunsdl (Uniform flow) winfusianings
1.3.2  nsdasesivendamainelusduldegrsasinane



1.4 YAULIAYBINITANEI
1.4.1 M maninedsasziluulnadu (Fixed bed updraft gasification)
1.4.2 \Wowasildlunsveassiedomaawnay (Rice husk)

1.4.3 9951715 1av0981N1AIAY 60, 90, 120 way 180 ke/m*h

1.5 Uselaviifinndnaslésu
1.5.1 Wuuwwmdumsuiuussimunnndnuiadansziifoussansningaan
1.5.2 Wuwwmsdunsidemadananiaulndudomdmdnuitensliia
Useleviigaan

3 a a 4
1.6 83AUTLNOUVBIIMNYIUNUS

unanlusoanuniiesingidnusazidu uni 2 2155unssNUdTaiNNgIv0wan
a 6V U 4 > .o . a 6V o (3
naniwduAs1ERnUUInaad(Fixed-bed downdraft gasification) lNERNIEILATIZIALUY
madu (Fixed-bed updraft gasification) WU UT1ADINIIADAAIAATVDILYUNTTLNA
1915(Combustion zone) waz lauufAse(Reduction zone) Tu un 3 az1dunguives
& a o v & a o A a = v &
WoLNAITINIE W llreInasTnaviln199 nszuunIsUasulUasdianialindu
WEIUAIBNTZUIUNITEAETTLATY Sudelsulizenniindulunssuiunisuiadindy
wazaznandwmguinmsenluiidewiu uni ¢ anlugpnismaass gunsaldmiunnaes waz
NTEUIUNTYAADIVDLA AN TRILATIZALUUIVYU (Fixed-bed updraft gasification) Way
Reulvlunisneaewisnun un? 5 WuNaN1IMARIINTAINANITNAADIVDUANARRY
Fuaszsiuuulnatu (Fixed- bed updraft gasification) 1n8931ATIZNHAIATIE ‘vmami
YYIWAIVD suumm(Layer ash) %umu(Layer char) kag suuﬁmma(Layer biomass) Wlavi
nsUsuasusnsnisinaveserne und 6 auidudIuTesaIUnanIINAass



unii 2
o= O ¢
550UNISUUINAU

' (%
o Y a

TuuninanieuiTeA199MiNe1989nIEUIUANSUASTTLATUTTILU UL THAR AN

U s

dumasiziuuuluaas (Downdraft draft gasification) AR A1wdAsIERLUUlNaTY

& Aan

(Updraft gasification) uagluud1a09n NANAFIER 109N T2 UIUNNTUATTHLATY

Av A o v & Aaa o
2.1 UYNENYIVDIVDINTSUIUNTLNAYW LAY
= a o & a i ~ Aa Py =
PNNTANUANAALAATOING LU Fixed — bed gasificaton Alenldiuazdl 2
WUU Ao Updraft Gasifier Wag Downdraft Gasifier uavisgesiuuAiitafveidenieu
1. Updraft Gasifier tdumalulagimuizdmsunisudaluiiidegs (1 Mw July)
wsoldaulunisudnninudeu 1wy nsihwiawewdduidudsmasitunsislavinaiusuly
nsuanlaun wanunlethnndaleuinda il lealdinsasdnsnaiulauiaiuisaldfuiomwaai
~ & ' ¢ ¢ v o X a o a o Ay A A a ¢
1AUTUgs 11NN 50 Wesiows) laufaaindaungiian undvedesie Usuiaumis
(Tars) aaunn Fedleinoguszanas 10-100 ¢/Nm’ [4], [6], [7] vandeeirluldiuiaTeseud
LA TTUUYMANNAYDIANTUTEANT AN
.. ! I aa (%) a < I
2. Downdraft Gasifier wJumaluladNuuizaununisuanllinvuinan (uinly
Au 1MW) widiusgansangalun1siidanas (Tars) 1e931n n1sngandndululay
Pyrolysis aglnaasunsuaisenniwazgnidalulauyes Combustion %38 Oxidation tUu
NaliszuulllAnn15(Tars) Yesn315euu Updraft Gasifier lngsialuasiia1ussunas 50 -500
me/Nm? [4], [5] 9991198933 ULH A9 Wwatnasnldaasiauinmssiauszui 20-60 mm
wedesiuldlminnisiavinsnisluavesuiannanla nan1sAnwIves Earp 1988 [8] NAn®1
ﬁwmmaqL%aLwaqﬁmmzauﬁm%’umeﬁmLLﬁ"ﬁL%LwawﬁmlmaaaL.Lazlﬁaqﬂ’jﬂ YUIAVDY
WownAtlinsiiu 1/8 veddusiiugudnataven wazwomasnisivunlnaifesiu asdiy
insanemaiuseu aamgdl wazdnseaiilumndauiadamaslaegeainiane uay
X & a Ay Yo PR A oa & & a Lo a
ANuTWIamalgiuwrtaildasianiu 25 wWesiwunuinsgiuden [9] usnainiidll
UATYYes Dogru 2000 [10] NvinsAnwAgtumIndawiaamndwinluaas wagla
ayuindwendsdaiudugeardwalidiainusouvesuiaiiomdanas inszillounly
nsEUILNsUINAUlY
1uT1998 Wirat Arunlaksadamrong [11] lavian1sanuifigdendsinanlaain
STUUNARNDLYDLNAILUU AT U ez UN A9 B nas Nuas b bulalun1sinlvillnens
iialiauseu lneAnwitanisifsuidasgaumgiiniegluy indafinenseausng o uazfinw
= & & & a a a v o A A
A5asULUaI09AUSENaUYRIRTT DLNAINNARL o1 1HBIU191NNSUASULUAIIUINVDY
WomdwarnsiUdsuwlaiusunugnsinisinaveseinia Agwndning nndafinenly
Tuauddell aq 175 @y, Wurigudnaanieuen 65 wu. aeluwineniedgnulivun 10 au.
lPgT0ULALAADANIAT NATBIN1TVARBIlUAUNTAEULUARRUNTTIAAIINYUIAYEY
WoLNAe kazUSUNEnNIINISMaveI01n1@ NUIIBLNAINTVUINS1ILaLUSUIUINTINS



lnaveseInia g9 g mimmmumaimmwammws LHTANGIAT 9 g9n17 waziin
NTTUIUNITAN msﬂumwammmﬂuummmwmwwamawmmmauua Uimmamw
Mslrave s nanadueIRUsEneUTesR oA finanldiy Wemasitvundu
wliesiwudfne arsveuneuuenledanindemdsiifvuinend winanisfiunig
Wasuwasinasnsnisiva veseiniaiulunisnaaesiinasensnaninva1iueuLoy
wanlenagUng Fawadasuudacly mMuruinresdemads 9nnsnaasinsetinudn fgmﬁ
wsnzadluguuAve Il BIwA Az USRS nrslnaveteiniaitiauladmuNas
ﬁ”wﬁas;.uiiusduwumsuammumal,%yaLwaq 2-3 931, wazUSunadnsnisivavesenie 0.44-
0.51 Alandusoundt Tudreilvodiaudnig nanfsardusunsuuenlesllsinin 28.7
Wesiaua

Side loading door i Hopper

Air supply nozzle Temperature probe

4

Cone

¥ Plenum
Grate

Air supply 3
Ash door \ s""

/

Sight glass

/

Gas outlet

Main body

5UN 2.1 YANIMARRIYeY Zainal UazANE

1u¥ 2001 Zainal wagany [12) Winmsfinwssuusdafmdomdauulnans Ing
THlfvdeldnnlsanuruesivefidudemadisnuusdunssgnuidnauinasd 50 mm?
maivAmslnesanmameasdlann n1snszanedivesunginielun n1siesien
navesasiUsEnausesimtoimas Insfimsingamgiinasanmuuinnuindsusznaudie
Twuauuits, Teulnlslada, Touwnlugd, leusdndu uaziniseenufies navesteyagumgiily
Tyusinaqgniranuanadunisiasuuamesgamgiinunafiduiulseuitanismaasslag
TunimaaesazAnyiauduiuiszninsdnsndruauyalequivalent ratio) dnasie
@ﬁﬁﬂi”ﬂ@U%@ﬂﬁ’]‘dL‘%@LWaﬂ ArAmou(Calorific value)wasfimilioinds uagdnsn1suan
frmidoina(cas production rate) ﬁ]’]ﬂﬂ’]i‘w@a@ﬂWU’J’W]@G]i’]ﬁ%UﬂSJZJﬁG]’NS]Uiﬂ,ﬂm
amﬂﬁmaumaﬂm%wamaw sulstumunmUsuAshduauyafiistuluuiaznisvases
igngeanganiafiflindnsidiuauyanindu 0.38 udrezanasudsniufuadnsidiu
auya Fudanuduiusluuuriusufenfuisenindinnufouresiuitemdsty
gnIIEINANYALTUTY



Gasifier

| Drving

Pyrolysis

gﬂﬁ 2.2 YANTNARDIVBY Midilli LLlazAaly

108 2001 Murat wazmay [13] tEvinsnufsdemainanldanssuunaning
L%aL‘WEQLLUUlmaaQLLazé’ﬂwmsmﬂmﬁuﬂaﬂam (Throated downdraft gasification) ¥u1n
Sgendnlni 10 Alatedlasldninazneuainsruutidanide (Sewage sludee) Wy
Fomdwadeufinuisnadesazveniduaresiuomdnnindldesusyneusigg
Tuf1gndnduaiusenauni18n1g Hy CO kay CH, dAmny 10.48 LUasiaus, 8.66
Wesiwud uay 1.58 wWedwus audiiu Inefsdemadilaidaiudeuminfu 3.8
MJ/m?® %aﬁudﬂﬂqamaﬁfﬂﬁm%’mzwmamﬁﬂm%’aL‘wﬁqLL‘U‘UIMam wrngalshnaunsaasy
I¥mneznouanszuut dandeansaliidudemadumsmn iy

Drying &
Distillation
I L | zone
| T - drying \

| | Pyrolysis
Carbon-

ization

T - pyrolysis |
|

[
// | | zone
/ | T
14 | = || Oxidation-  ye—s
\ | || Gasificatior
\ N
\ ; Air AT - throaty zone 2
| Supply d
\\ | — Reduction =
| zone
—— L]
g Ash pit - /N
eume g

T
1200 900 600 300 25C GASIFER

UM 2.3 4AN1MARBIYDY M. Dogru uagAny

Tud 2002 M. Dogru wazaeg [14] lavinnsAnwiniswanineidelndasainiuaenaasn
@@ (Hazelnut Shell) mewndnfiadomauulmaasawin 5 kWe lawuslaulgizen
Ae3UN 2.3 Inglausuunadaamgiisening 70-200 °C 91A31uge 0.1 m. loulnlslagad



a 1

gaunnisEning 350-500 °C AiAuge 0.17 m. leumswnlnudgaumngiisenine 1000-
1200° C #immge 0.12 m. Twuddnduilgaumgfisening 700-1000 °C fiusnfuanswes
lgunsiluy 3nnsveassnuItguvgiaantulauauuns, leulnlslada waslouns
walndifa1minAu 125, 566 way 1206 °C MdNfu anMgfimuzaunesn1sHannIe
dowdsgumgiuinueeaon lulsumawvafigumglividu 1050 °C Tasfosadsznen
YOINTDINES Hy, CO, WAy CHe SANYNTY 11.86 Wodiwus, 19.89 Weswud wag 2.47

Waswud MUa1AU TuraENIAIANNTAUWINAU 5.15 MJ/Nm?>

5UN 2.4 yan1IMAReaved Chawdhury LazAy

Tud 2010 Chawdhury wazmne [15] lavinseenuuusariauwnadiladusia
waasruindnuunfidnds 6-7 Alatnn vainaunuad Aoren 6.3 lWURLLAT g9 272
wuRluns U7 219 wuRens vssgdemddias 5 Alansy ielsdwiuguaululsyneds
aamevhmsvadeulnelydomasludunasludadin swnusznevluduuulsyinaruty
7.360W5wud @a1ssie 65-75 Wosiwusd Arsueuasil 1520 Wosiwud 101 0.338
Wosious 99AUIENaULUUALIEEAAISUBY 46-54 Wastaus lalasiau 4-6 1Uasiaud
gendiau 38-43 Wesiwud swnUsznevlusmdauuuustananuiy 8.55 Wodwus a1se
Wiy 80-85 LUastaus AsuauAsil 6-10 Waswud 11 0.574 1Wesiaus a3aUsznauLuL
azidgan1sueu 41-48 Wesiwud lalasiau 6-8 Wesigud 0andlau 42-46 Wesiwud A
gaumaiilumsuendula 950-1150 ssrwafea Nan1TVA@EUNUIN TlBaaUsENaUTBIN
CO, Hy, CHa, CO,, wag Ny 1¥niu 19-22 1asiwus, 12-19 wWaswus, 1-2 wWaswus, 10-12
Weswud uay 50-56 1Waslus AUy A1AINSEU JuRn 4,424-5,007 k/m® Tned
Uszdnsnan (Cold Gas Efficiency) 62.5-69.4 1osious Use@nsn1miteninuseau 90-92.4
Weswud fnsludomas ludu 3.1 ke/hr Tudadin 2.9 ke/hr



Gad Flare

pr —Flowmeter

\ |
i;%

5UN 2.5 ¥ANINAaRavad Kuhe uazany

Tud 2012 Kuhe wazaueg [16] lavinnis@nennadlnieesvinlraasuuyu Top
Throatless Inglungatuznsrndmdonds lnswunseonuuufineuasUssndanuyu las
nzatuEnI1fonlsznauLuUUSTUIM 8152wy 67.2 Wasiwusd Arsusuasi 19.0
Woesiud a1 2.1 Wesiaus eenlsenauluuaridena1suau 52.0 Wesiwus lelasiau 5.7
Wodiwud lulnsiau 0.04 1Wediwud sendiau 43.8 1Waswus wazA1ALseuTuRl 18.1
MJ/kg lml%mmLmaé’qmmwﬁﬁﬁqmﬁmuié’ﬁ”w CO, Hy, CHa, @ CO, wINAU 22.12
Wasiaud, 17.96 wasiwus, 2.43 Weswud uaz 13.15 wWoswusd auaisu fsnsilva
917l 3.31 gnuadnmnsnodalus ER 0.332 Sasinisludoinds 2 Alanfunedalug
mwmau%y’w‘hﬁ 5,960 kJ/m’ UsgAnsamnsasudunnadunsisy 62.9 Wosidun
\saneuaznzautunislvnulvdmiuaaidou

Top caver

I Walter treatment unltl l(.‘hillu- unit

Cyclone

Flare

Engine-gencrator sel

Gasifier
Steam

Boiler Biomass filter

Ash cxtraction sysiem

JUN 2.6 YAN1TNARBIYRY Arjham UagAne



Tul 2012 Arjharn wagauy [17] WYIn1sAnEIn1SNAANE9IUaINTINIE 10 wiln
Ao ldnsediudnyg ldya duda Whenldgaduda Unlderanisidatialng unay
nraruzndny MeUdn wifuduzngs wazdenduduends mewmaluladufadfindy
wuunAdalnaas ieysziliulszansaimmsuanliin wanis@nvimuinszdugumgilumn
wstulnenssfusnsimslvavesveiailomas uasiinaviliesdlsznovvouiadomas
Wasuuladldidntios Annudouveufademaildoglutng 4.2 - 5.6 MI/NmR&inIs
wanlifidnsnsivavesufadonasgean denegludis 47 - 63 kw lneddasinasld
Foundssumigaind 2 kg/kwh TnsUseaniamnisndnuiademaningaidusa, 4
41l wagldnsezdudnddaininnia 70 wWesiwud waglszansamluniswdaliiiainds
wana 10 vin ogflutag 6.3 - 18.6 iesleus

1T 2013 Arjharn wazmmg (18] NadeufsKannEsuaInnInazneutde Tneld
wuAadilatusuusidlvaasseiudunun) deussduaussouznisndalnin wud s
Fasnisinavosufmdomdnilisyfugunginislumigedu uasidunaliinnis
L‘U?{ammawaqaqﬁmmauLLﬁ"aLLaziﬁuwm%uazﬁ;ﬂmﬁaﬁaLwaﬁmamléf RPEITECIEIR
uiadamdedneglugag 4.2 - 4.87 My/Nm® lnsufademndsiindalddss fusnsanislua
180 Nm*/hr asnsandaludiale 47 kw agulfin szvvuAadfindunuuuialvaasseiu
Funuul anunsandeandsauliiiannnazneutideld

4
i 35E )
-,
)
sz

[ =

JUN 2.7 9AN151A903989 Kumar Wagaae

Tud 2014 Kumar uazAny [19] 16¥n1sado UNEAnSIusIessUULAEETATY
wuuLAalwaas (Downdraft Gasifier) Tnamaasuiuideinasdaunaiiiaiudusieiu 3 sz
Ao 15Weswudunsguden, 30 Wesi@uduinsguden waz 45 Wesiwuduinsgnuden
o unAnAYDIMLTURTIRUSEANS AN INEANS 19U HaNSAdBUYIRUIN ALY
Y09T AT RNT U IR SEANS AN SHAANS I UARAIALEISU Ao 65 Wodlaud, 52
Wodwud way 37 Wedwud Weswnanuduluiemameyilildnanlunisunlndiuiuiu

denariauisenlunuasyilinun nveuiaiomasanas
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‘Biomass Fuel

[ High-Voltage Oscillator

Water Treatment Unit [| Chiller Unit

i

Water Scrubber  Water Scrubber  Chilled Water
# a2 Scrubber

Flas
" [} 1 Power Suppy Syste

Electronic Magnetic

000 1 A Scanning System
000 .
Bag Filter Switch)

Gas Supply System

n).yagunIainsnaaes ).49UNT0dv04 Plasma
JUN 2.8 YAN13NAABIYRY Naiyawat hazAnse

Tud 2017 Naiyawat wazamz [20] liinswssudisuseninssuuniadilady
LLUUﬁQl‘U(conventionaL gasification) LLazizuuwaﬁaﬂﬂLLﬁa%WLﬂsi'fbu(Plasma gasification) Tu
AuUsEaNS AN THARNEY Inglunisnaassaziinatanteisa (plasma arc) Aua 50
kW 11Usegndldiumufasiiiadunuulnaas (fixed - bed downdraft gasification) Tu
nsdneagldlinszdusndifudemasauiuieds 16 Wedwudunsgudenszuy
plasma arc vinlgauvgiadslumniiniu dwmadsonsuisunlasesdusenauvesuia
Fowds Iufademasiifinnuiougtu uoainidmuiiusinumifivzduntuuia
Fodsanasiediowseudisuiiusyuu conventional gasification d1vsunsnAdeUnan
nFanunidomaslinsauiifianutugede 28 Wosiwudunsgrudenuas 34 wWedleus
wwsgrudlonnud seUU plasma arc anansnantesiiaduatureadomadunisiu
s¥UUR conventional gasification lnsautiutesdeimasdwmaligungiiadsnielum,
anas uifinasioasdusznoumes H, luufaidiomas Idemanusousdlussduiigs > 5 MI/Nm?
wazflamn nenusuasgIudviunisiiufademdsllduselevd Snfadng
Usyansarmileuieeiuszuy conventional gasification Tnemnedissuainuiu 34
Weswudunmspudonuagifonasanlumssdandmuanidomanuiiu 16 Weswus
uasgudendefasaundsnuluniseuuiasag wuitssuu plasma arc aglvuszansaw
83U 1520 Wosiwus wanslidiuinszuu plasma arc anansaiuszuulngldidomas
Funamutugdldosnsiiuszaniam wosdumsanduneuuazmdnulumanioudowmas

Tudl 2003 Giltrap waganz [21] levinn1s@nwinuudiasanisadnaans kinetic
model tieviugasdusznovtasfmvaumsinenelaas nuuuiiasmendaamans
zdansfian1azawia(steady state) U84 reduction zone YBIUFATEWNY sEnIeiwiy
duifiAntunelu reduction zone lasisauufgiunazimuadayamagfianneFus
NUININKUUTIBDIMNADRAIERTAINTAMIBIAUsENo TR IsNEn S st lalnalAssiuna
MsnnassfignimUSsuiiioy Jawailduiinaluavesesduseneufnesia I6fne CO, Hs,
CHa, CO,, hag Ny 11U 25 Wasiwus, 10 wWosiaus, 9 1Uaswun, 6 lWasiwus wag 50
Woesiwud mudrdu Sndadimuinainuusiugivesuvusiaemsadamanslunismad
osdUsznavrasimdemastusgfuanuuiusvestoyaaning Sud umilou reduction

zone 1uAR® combustion zone L4


http://www.orientjchem.org/vol33no4/the-potential-of-high-moisture-biomass-for-energy-production-using-plasma-assisted-gasification/naiyawat47@hotmail.com
http://www.orientjchem.org/vol33no4/the-potential-of-high-moisture-biomass-for-energy-production-using-plasma-assisted-gasification/naiyawat47@hotmail.com
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Tud 2003 T.HJayah Lagamue [22] Anw1n15IElUSHASUABNRILABSAIUSUNIS
aaﬂLLUULLazU%’UUEQUixﬁw%mWﬁJmm%qmamﬁ”wﬁaméumﬂmawmm 20 kg/hr lag
Tyvayafildarnnismaasdylusraludomaduniomanfedemauuulnaas e
Suisunuusiaesilddmiuimumalupsuiinnes midulalduuusastaesduie aw
vadlaulnlslada warlounswilusiainnissiaesssuundninaidewmamutlnaas wuan
anmeiuuzaumensnanmudomdsdedalivun 3 - 5cm. mudurendomddunis
Au 15 Weslwud uasfiddlounisunlnumsivunmaurugudnans 33 cm.

Nipat Songsangthong 2007 [23] l@vinn15AnwIUUINa0INIIAIAFAIERS kinetic
model iorungesrusynouresnianes reduction zone fian1iednsnistouainieid
Usimsaneg nuilena denndesiufe fendndaudiivsinaerdsznouresinadoumnas
qqqmﬁam’;zﬁmwms JauenadsUsnnsiviniu 350 aas/uil lnganwanisnaasslanig
AsSUBuLBAUanbYR 19.99 wWaswud, Awlalasiay 10.34 wWaswus wazheimuy 1.73
Wosigud wazannuani1siinuudtasslanig Arsusumteuenlen 21.50 Weosiwud, Aig
lalasiau 8.67 Wostwud wazfedmuy 0.92 Weoswud 991001591 wuus1aends
aunaransaunIanIALduRusTEnIdn N nAnuf Aseadidunis Wasuuuag
pamginelulsudanduld Saansdldinmsiinufisegaainufoussving fefudiuwis
meluleuidndugniunlaeufiter ygeniaduufitemandiiinase Usuuesddszney
adomdsiindnlsnniian lnewuildsasnininuffsenatiagean flanigdnmnston
91MATIUTNIATINAY 350 Bns/unit fsna1d Fadunasnnisiiths gaumginieluley
Snduilmanyay

1u¥ 2008 Sharmar wazauy [24] lavin1sAnwiluudiasamisadn1dns kinetic
model tiayuieaadusenauTaILiauad reduction zone TadmLiadTlatuLuulnaas
IngannanageunuItnLTuTesdodsdinadonsiusznouveuiiawasUssansnmaes
svuu nuidlornuturessdomdaiiutudmanenisidsuulateeUsyneuniaildan
¥l H, il CO anasdniidmasiommudeurouiatomnduazlssansanlag sy
anag

Tl 2012 Sayed wagAne [25] n1sTms1eRadyanianeslulauiiing
(Thermodynamic equilibrium model) T4 AU U 328w ﬁ L% 9g 3 an (Cold gas
efﬂoency,CGE) YIT¥UU Gasification buu Entramed flow mmlfuaLwammamaﬂum il
viln efiegmgiigegn 1000 fe 1500K Lag unRemasiivan 10 um 8¢ 0.1 mm vl
fanusnzauaenndestuauniguildlunisiinsessiuuy equilibrium Weiwds 4 vile
AlddmIuszuu Gasification 1éun RTC coal, pine needles, ply-wood and lignite Tnes
uwsiFnuAreemefilivhuAseidnadengfinssuves CGE uay asdUsznevveLialile
st nEildlunsiFazer lunsiauinuusiaeses Gasification agA1uIn 7
FanUslunanu9v03 Gasification lagagladaunis Mass balance 4 @aun1iuag aunis
Equilibrium 3n 3 aun1s aunisadildldsuasveuilimnlnilundnSueidie aunis
Energy 9:14lun15A L IMgUMQTives53 U Gasification F9HATDILUUTIABITTUANS
Usg@nam CGE gegn 1le Solid carbon Wasudu CO Wuifeafu H Tuieiwdad
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Waswu H, Insuvudiasinisuszanansvealsednsaim CEG qqqmﬁﬁmm%é’w%ﬂma
14 Van Krevelen diagram @swadnsazuanddiifudauunldufifintuves CGE dlodnsidy
89 O/C and H/C Tudeumdaiintu mei’waaq%%uagjﬁ’uﬂ%mmmmﬂﬁ@?nﬁqmﬁ%wﬁ'au
asuautamaludemasidu co



uni 3

I WBLNAITINIaNAZNILNA LAl

Tuunilaznandmguiveudondsdniadelaunosnusznaureuemasinuia
AaauURnINIenMaesTia ludiusaunaznaninisasudalndundinuiig
nsrurunsuiadiledy weluladufadiledy saufwdavofadiindu ludiudauifag

nanfanguiileswureiniswnlugl wusasidnndomasiosinianlyluniswalngd

3.1 WoinasTaaaa(Biomass) [2], [6]
Frnadldfudomadussuundniudemandudemauddilsinaninans
waioglunguls! (Woody biomass) waz@asadilaildeglungalsl (Non woody biomass )
Funafteglunguld 1w Wefiadeq Al fseudnitudutgnitensnanndssy way
wvlingpamnesuls ustu Tunailildeglunguld mneddnnafidutanmiodisan
nsinens ewa wnau W1edn nvatugnsn wagnzareurdy Wudu n1sihdnalvlddu
Fowmaduszuunan fedemas szdosdinsissuiunadeuiieliildnvasmanienmly
Frusingg wsnzaunesufiazi Uy Wy vune Aety wasanuruuduredina Ju
du FnadutpgaulunisnasiedomasitsninalreinadednuusresUfizenmandn
AeTamnasiiinty wasnandugildainnszuuns suunsiidamaaluldlussuunan
Aroidomdssniudesinuesdlseney wazauaudivesiunadiafudeyadosdudiay
ilUldlunsesnuuutazinseissuURan AT amasmindiuia
Fomddunafisuunmuduideausaudseenduduszan dail

£%

a a v (3 [

1. Tagmasliugugdl : ndndnrimaselanniveimsuasUa(ld ve Sygnms $1ilne

udiv)

2. Janwiaelinienll : nandueinasuliainnszuaunnanlugeavnssu(anaIun Ty
T50idey nsgay o1vnIiazLASesA Lus)

3. Saquwdolinfogd  wdndusinanaosldainvedd@endsuarliannissonoudy
A1)

4. fwdanu (@anduda nseiudng weudes Wus)

a a

WondstunanaunauaudRauisanuseenlatdunnussan fadl

e

[
A a

WonAsliuazlududu wuliiideuds Wiileseu lla1nnissenaududy
fivduan wu Wt we wazadudlnadusiu

= 1 gO/ = dy a 3 ¥
YDILEY WU NINAENBUINNULEY VILLUBLNAI(RDF) LWuUsU
VBAUALQAANNTIY

W1 (Aquatic plant)

A o

NYWS91U (Energy crop)



14

3.2 29AUTZNBUVRIYINIA
Fanannitsnniavszneusisansvdniidudulelndmesanuszian waglaa

(cellulose) taditwaglas (hemicellulose) uag Antiu (lignimduleUssianilldazaneth (&u

TeBnussnvmiliazanerild L%mﬁiﬂ,&ﬁ]’mﬂ’l dnsayayiieY LazHINATUNARL) BeAUTNBY

q

sesaauasianaldun Loy Wiy dhtuogiede ulls dh uasdviaeaglaa wasied
waglaaduaisuszneunedudnailse Fuduarsussianaisiulawmsaiifinaluanaguay
dnnulurdaadiiy

M1519% 3.1 USinaveswaglaa wellwaglaa uavdniuluianmdeldninmsinuns [2]

o \waglad \eliwaglaa anilu
(% uu.) (% uu.) (% uu.)
WAy 31.1 22.5 22.3
Sduldiilouda 40 - 45 24 - 40 18 - 25
séuliidosou 45 - 50 25 - 35 25 - 35
Waenin 25 - 30 25 - 30 30 - 40
WAUTILNA 45 35 15
N 25 - 40 95 550 10 - 30
W84 30 50 15
Tulg 15 - 20 80 - 85 0

Tnoesrusznevvesinnanseaasilvazusosndy 3 dundnie

1) A9uTu ( Moisture) wwﬁw‘%mmﬁwﬁﬁagﬂu%ama YauradrunINzdl
mm%uﬁam’mqqmemﬁumawémmm'ﬁmwm adoan1stnTannadundanulagnisiwn
Twstaadalairasiiy 50 %

2) @i lnsile ( Combustible substance) d@rudhmnlngdleazuiseamdy 2
dufe Volatiles matter uaz Fixed carbon lagfl Volatiles matter Apdudignlviilsiing
Fefuaunaiifien Volatiles matter geaginlnléinandndaunadifien Volatiles matter i
N1

3) dhuinlndlaile fott &1 (Ash) mmamiﬂ,w gasiitdusyanas 1- 3% enuy
unavsazrednsidndiutidUszina 10 - 20 % Feeziymlumswnlndiuaznisida

WadUAIT
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3.3 auUAmnanien mvsudemasiauna [5]

auﬁ’aLLasé’ﬂwmsmqm&mmmau%amﬁﬁamaﬁﬂmuﬁwﬁmaﬂwqéaﬁ%ﬁmﬁwm
firsutsznovlunmnidanasiadunldlunsdandnulaseme sl lsugudana
Tneldnszuaunismaeiinnudeuaudiasdnuarnanon musstomwasdnnaldus Ay
YUY AT Lavauineesiiiia Wuduandinismenmiuandidosduiiosdos
tanfinnsanvsenevlunisdadendunasiadululday Wesmnaudiuardnvazmig
M mweITalIaasiinatetunouLarnszuunsuN s thiamatululdny Wy nsvuds
Frana nse3udanaa warnsihdanalUldau wu nsafidemdsdamnaiinumuuiy
mazvhlraudedunisvuds Fenadedinswdouimnaneufiavauddiothluldnulaeg
msvhudomasinunis wiedalidvuindn Wusudmiudemasieddautugasl
wnzauiazdluldlunssuiun1snanfnedonds FeaiuaEde i FauatuNINiy
nsvuaumsannutudeuiissth lUldnuluduautiuasdnvaemanen st oiwasd
afidwmanonszuiunsuazUiisensuaniadomadldun anumuiuly aaamun
Fowas warvunnvestiina Wudu

3.3.1 ATuvuIsLuTsudawmas

Fanaduaniildmalnonswioudisernsiiafiudomasiudumng 4 wu
SnsnsAudBoadomds warssosnaiildlunsganidemdsiiiauruiuigasiisng
nsAudendomdminindemadiiiaumunuiuiinds ansenuRansIsensnan e
dondsagludowmdnfmdomasuuivatulaslddamanmatu 3 9dia Tdud Tuldyan
AUia nzanugnim wadeilng wudsvesaifldlunisgainn (Start time) JuifudiaAnny
‘Vimm,iusuau%aLwﬁa%amaima%au’aaﬁﬁmﬂ'nwmLLﬂuga%’Li’fswsnaﬂumm@meu
ndlenSoudisutudaafidanuuudusinga

AU LT e AT rans e e mawiainnsanlddu 3 dnvas fe
AU BUUTIRTTS(True density) AUNUILUNUSING (Apparent density) wWazAIN
“UILUUTIM (Bulk density)

AATLLTILT (True density) 93 umuILtuTianannansfouvesdy
naflsuiuUsinsvesiinaguisasnaliandndiuvesianeUsinnsvesdnans
Fourumunuduiiniassamsomldananuduiussuanduaunisi 3.1

Total mass of biomass

= 31
Ptrue = Solid volume in biomass (3.1)

ATIMUILLLUIING (Apparent density) AoAunuILLuAiAnIINIIAYE LD
Fanafisufuuinesimuntesiunanuiiunsvesnudsaninsos uanldan
SasdruresunadeUIunsuenventemasdiuiadnuiauiningveangy Ay
vmiuUngannsovldnanuduiussaanduaunisi 3.2
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Total mass of biomass

Papparent = Apparent volume of biomass including solids and internal pores (3.2

AL ULLTI (Bulk density) fle AramvuLuiidanaveniieTunade
ﬂsmmsuamwummiammauummmvimLLuui’smaﬂmmaummmmuLLa danasie
UfAsensnaniudemas wasannmuasfedemasdinaald iesarnaumuuiug
flnuduitusiuszesnafidemadddlunsiuiaseneluedemdaiedomadedi
FeowdsegniglumuusnnifuluagiliAndmeon wasdrsvsznaiidemasogniely
wnduAulvagsiliiensveuitliwnndiinfusnnaumuuiusivaninsasuadldan
anuduiusfanduaunisi 3.3

Total mass of biomass

P = : ; . :
bulk ™ By1k volume ooccupied by biomass particles or stack (3.3)

ANUNULUESINTATUAUUTELNNVBITIUIE dusunTruraldnuaueduwdn
o duLdy Wy wnaunsan191z AR NUILLES NS taasA1UsEual 150 - 200
a [ 1 I3 al A Qy 1 Y 1 a1
AlansusiegnuiAiiums Fdamdudu 1w lduanuvmnuiusinazdenuszann 600 - 900
Alansudeanuieilang

3.3.2 AUPUVDILYDLNRITINIA

ANNTUYRNTBLINESTIadwanoU A e sAnf o wduse 10T
yraniunltlunszuiunisnanfidowmasalsiainnuduliiiusesay 30 Audulu
& a a = Ay v l r a4 o AV Yo
W LNAI919NINTUIIIATINIANIUN A IINWAES (As received) 181NN LAK Y

a & a A & % X A ' & a a ) =

N3EUIUNSIMTENIBINA LT DaRANTUNILEIANTUN g luWaINE el 3 dnvaie Ae
ANTUNegn18lulle®inda (Inherent moisture) MNNTUNBYNTURIVBITINIA (Surface
moisture) WaLAMUTUNLANIINATTLANAIVDIBUNSTENT (Decomposition moisture)

m']mwuaqszjaLwaammawmimmﬂﬂimmmmaaiuwmwauﬂaaumsJUﬂU
umummaammaﬂummamaumuﬂmaqmmamﬂaumimmwmmaqmmaawmmmlﬂ
2 33 18ud (1) nsmAtAnuduresthnalagdsuieuiuianadsni3oniini sl

& = . i & = ~ = )
ANUTUNULINTFIUTEN (Wet basis) kag (2) N1smAMINTuYsIalagwWeuisuiy
PIIBUAAITINTINTNIAIAILTUAINLINTFIUAS (dry basis)
' & a . Y PN
N13AALTURINLINTEIUTEN (wet basis ) @wnsamlaainaunisi 3.4

W. -W
wet dry
MCy,=——— 2 (3.4)

wet
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NSANAINUTUAINNINTFIULIAL (dry basis) a1EnsminaInaunisn 3.5

d
MCy=—— (3.5)

e MCy D ANNTUIDITIIANNTTINTEN  MCy AB AINUTUVBIFILIANINTFIULI
Woet AB WUMTINT0 08 08N Wy, D UNINU09TI081

3.3.3 YUIALALAN W VDNIDINAITINIA
X a A o = a o & a v a A
Wonasdnulantiunldlulasaandn A ed e nasasf o9l vuIn N Uz aukay
A1LALDVUINVDUTDNAITINIAL DN NADEMUINABAIANUAUAATLNATUN 18T ULATDINAS
Aaindsdnanivuiaaniinasyinlieiniawnsnnlulusenin@nalotssdaazvinla
Uiz inTuliadiaus
3.3.4 gUUANILANYDIYANAITINIA

v

antRuavesdusznaurantomdsdnnaduteyadostuiiadyaunnlussuy

mémﬁ”ﬂw‘gmwaqﬁﬁwLﬁuﬁaamwLﬁaﬁﬂﬂﬁagaﬁ’ﬂumiaamwuLLaz‘imiwﬁUizﬁm%mwmaq
syUUNARR T amAIn1sInI s iiussneuLavaudive ndomawddastiluiinis
WATIER 3 WUU FanTieTgiLAazuuuTTnguizasdnuandstulFLa (1) n1swaen
sarUsznavludomasiiulalaenisuszanaian (Proximate analysis)  (2) n137167
aqﬁﬂﬁzﬂauiul,%aLwaq%’smaimaamﬁaw'%at,w‘uLLsmﬁw; (Ultimate analysis) Wag (3) N1591
mmm%fausuaaL%@Lwéa%umaa(Heating value analysis)

1, MsdsziesdUsznavvesndamasiaunalagnisussanae

MFAsIviedUstnouve e masdinalagnisussanaan (Proximate analysis)
IrATIeRlAe S B mEN ST i UsneulneUszina et 1uinkas LA
MYUARNINNINTFIUNTNAFDU kg IanvasaNIANBlsAud1 nTua AN ASTM D3172 - 07
Felfmununsuism Al neilazinasguUinaifeansinmsiaseild

M51AsIEeIAUsTReUTeLTaIATInavE el A ddlnensUssnaAnU3ina
Fvmsiasenll ¢ Usimaldun

(1) AT (Moisture Content)

(2) @ssewmy (Volatile Matter)
(3) 101 (Ash)

(@) AsuauAIR’ (Fixed Carbon)

aruduiogludeimdaudatetnuarl it iinsesiddmmnnasgunimedey
uarTanaseuituamney Taailemadiliiflnseinunnsgiunm a deuuayTanues
o3 fuanIAN D- 871-1762 - 84 (ASTM D- 1762 - 84) uazdmiuilainasss (Refuse
derived fuel : RDF) 143831A51vnuuInsgIunsnnaeulay Janvasawsiuauing £ - 949-
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88 ( ASTM E- 949- 88 ) F3En1siiamiesinummsgiusisazunneineiuly wunsinseh
AarutueslimnnasgiunmsvageuLar Taguoseniuaunau D- 1762 - 84 (ASTM D-
1762 - 84 ) azldliiegnslunisiiasigyithniin 50 n3u evlumieuiigungd 103 oen
wardoafusrozina 30 uii wasndsaniuiisliiilumeuiiauaugamgfii 103 s
wadealuszozinat 16 $alus wagvdsaniuilfeanindsimdniuiinfveluden
Aruiiegluls

assemeeglutianineda leflaunsoauniuld waglefiliannsarmuuiuldd
UaogeanuidieTunaldiuausoutiinuamsssmeiivdesesnunagiutusasmsliei
Soudamdazgumadlunsinneiuiinuansssmeasliisiinesidadanuansg
mvadeuLay Tanuaseiituaiad i demadlilis e miaumsgunsmagey
uayTanuoseifuaiiau E-872 (ASTME-872) madasgvivilngldidomadlisogne 50
n3u fiduunanidemasdlsy 10 Alansulenisduiesndldisnunassunmeaounas an
Y0903 uaL1AY D-346 (ASTM D - 346) uazidisguualidowinidnndd 1 Jadwns
wazthiformdsuieiiuaudaiuin 1 niunllunisinsieilaesiesdlutimasuiidsn
Unuazldadlulumeuiisigamad 950 ssewaBealolyirrmdouiuna 7 udiansszme
wldeseaninisannsndunaldanniailnndaintutidesseanunuasyinlibuuasds
imiinvesdeimadihimnduime luAeansssive

161 Ao anseliunIdndsnavdoogudsaniimueuludamagninlyvsvunudased
unsdfiegluidnldun 8ann egfiilon wmdn ura@ey wunudey waslsunaden [Wudy
nMsissiesiUsEnevTend @ viuemasliliainsiesesinuuasgumsnaaeu
uay YanuasowdfuaunaL D-1102 (ASTM D- 1102) n1snsigsidvinlagldidoinasls
fog1a 2 ndu Advuadnni 475 luaseusuuianuAtuinsgiu wagthinnsuudmasy
flaisioalnr uarldlilumimgnmgiiadngligumgiifiuduogediqideavonluiung
g ndimuauds AdlRB wasiadadndn dadnildiduiminveadifiedly
Ao

AsusuAwia mneds Ysinumsveuludunaifinandesgludiumningaaini
a1seinegnUasyeanuIlunszuIuN1Taa1efInIeAINTaY N1IMATYSIIUAISUBUALHY
annsomldidensuuinamiuiu Yinuassve wedn Ingldanuduiusduansdy
aunsi 3.6

FC= 1-MC -VM - Ash (3.6)

Weo  FC Ap YSunaumnsuaumada  MC Ae USUnamnudu
VM fa USunaansseme Ash fa USunauan

USUIUAISUBUAIFINARINAITIATIEALALNITUSTEUIUALAEINNNITIATIZI LAY
azdunavdAunndaiu Wesnnsieneilaedsnisussunualilasiunsueuiiegly
A155 8T ALUNRILNUNYDIIATILALAYALLDNVLLAILANAIINUY LTHBIINNITIATIZILAY
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aa | M v ¢ ~ f = a =~ s a £
Fn1suszunaatlilasiuaisveuiiegluaissemeddaguniagnuiefaiug1iniady
PAI9INATTUIUNITEANYAILAIINS DU
N153LATILNDIAUTLNAUVDUTDINA T INTDT1IaLA8N1TUTEUIUAIDIANI NS
a ¢ Y] a ~ a Aa o ~ \ v & P
IATIEIMUBNYULVBITINIAN LT LUNISARSUN DT nwazAwanaanuduy 4 wuu A (1)
a (3 :311 a va :311 a d' Y . . a 6
FATILTDLNAIPUANTRUD T BLNAIRIUNLASUNN (As received basis ) (2) F1AS18%
& a o ¢ a X a & & a o . &
Wonasnielanaeinisiiansaintendaduldeind sl (Total dry basis) t0uns
a ¢ & a avy 1a E A A & a a ¢ & a o ¢
Aasidamdslinansanausunmuafegluends (3) inseiiendnielainoe
nMsRasaufldsiuanuduiing air dry basis) Wunisieseiidemaandenldfiansun
ANuTuegifvedowmdnluesiusznouludemds uaz (8) Tinszideindneldina
a =1 a & & = D o = ™ a ¢
nsiansauIndendadudeindwisnazlaidian(dry ash free basis) Falun153LAs89
X a < av 1a & ] & & a a & o ¢
Wondawdanldfansamnudutaziatdusardsenauluamaanisiasiennnelaun e
A199 USuuiinnisiasiginasysunuesalsenouiiasigilaasiaiana1esiunis
TnszviesruszneulneUszinumunaeiiin g duagladeyanuanseiugy n1s
AT1zretAUTENaUTBUTOMA LTI INAnYIsve BT ot uilisuandeyailasu
Usznaumeraiaisuau lalasau an3au lulnsiau dames AsuauAsii @158y
& A | & =~ S i a = a Ay v a ¢
Aanudunegluiliovesiiniawazanuduiiegluiivesiinlausiunlaainnisin ey
RINAILTINLLNAIAITS 4 LUULARITIEAZID AR U 3.1

As-received basis

R Air-dry basis >

< Total-dry basis —————*

Dry and ash-free basis ———

A C H O N S Mi Ms

A FC | VM M

JUN 3.1 YSunaildlunisiesisiesdusenauresdamnaauddlaensussunaminiy

LI [5]

A A9 FC  f9 A1SuauALs H Ao lalasiau
VM fie ansseive N fe lulnsiau M fie anuduniegluileovesdiiuig
a s = a . = X A da a
fla MUY O fo 2BNTaU Mi fD ANUTUNBENAIVEITINIG
S Ao Yawles Ms A8 ANUIUTNINUAVDITINIE

2. Mm3Anseviasdusznauvaadomasdaualagasden

nMsnssiesdUsznautentomddunalasasdenuionuuusnsig (Ultimate
Analysis agiillagl935819890u3E T iesdusznauuuuLensnuesduiiuLas
dnldnfidmunmuinassiunmaaouLas fanvetelsfuanaud 1 viuduiiu ASTM D
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3176 - 09 aunpspuildmvuadfiessiuasUnaidomsnszilagUsinudifes
MnsieeRlannusunavessueu lalasiau mugdu lulasiau waziilneusunuaes
sondauldismuralagfninUsunaasimualudemadidniu 100 @y drviunis
AnTziuuuLensIgaginzsilasfiansamuiuguiidemdaduidemawiagl
fosananutulussiusznevludemainisiinsigiuuvasiden (Ultimate analysis) Tng
51EmsJLLUUUaa@mwm%uLLasﬁLﬁw (dry and ash free basis) GEJENL%E]LW’SQ%’JM’J@UN‘Uﬁ@ﬁ’;ﬂu
Ussnalneuazanaussmauansialunsned 3.2

AN999 3.2 NMTUATIZNALUVAZIEER (Ultimate analysis) kag wWUUAITUTEUIAT

(Proximate analysis) asausznaulueinastuaa [2]

AAselneUszann AAseAlngazLdun
YnaUseine) (% UU.LUUER) (% UU.UanALLALAIIUTL)
AU | VM FC LN C H 0 N S

LLNau (1‘1/18) 10.30 55.60 | 20.10 | 14.00 | 50.20 | 6.01 | 42.80 | 0.91 | 0.08
NEangUIau (1‘1/18) 38.40 40.71 | 17.50 | 3.39 4307 | 5.71 1 49.74 | 0.32 | 1.16
Tonaunau(ine) 35.00 |48.40|12.10 | 450 |54.90|6.70 | 36.80 | 1.30 | 0.10
ﬂzmmﬁmd‘ﬂﬂ) 10.40 62.70 | 21.90 | 1.70 56.80 | 6.00 | 35.70 | 0.20 | 0.06
Waenld @mu) 50.00 | NA. [ NA. |650 |51.88|6.10|41.71|0.31 | NA.
NLANUTNS N
Al 6.50 48.15 | 38.85 | 23.80 | 53.21 | 6.20 | 39.25 | 1.28 | 0.05
(duULAY)
MSW(éJQﬂqw) 36.00 32.00 | 8.20 11.05 | 50.20 | 5.80 | 42.30 | 0.97 | 0.73
RDF (5\‘1ﬂ€]‘1ﬂ) 20.00 60.77 | 8.18 18.70 | 52.28 | 5.07 | 33.04 | 1.42 | 0.88
RDF (amﬁ) 1.90 69.90 | 9.80 | 7.04 | 55.79 | 7.93 | 36.37 | NA. | NA.
W199717 (LAUISA) 7.40 NA. NA. NA. 47.46 | 6.36 | 45.31 | 0.68 | 0.18
W99 (é’mqw) 7.88 80.08 | 6.76 5.28 50.18 | 6.31 | 42.38 | 0.69 | 0.44
Tuwazeanoae
- 4.00 5598 | 38.27 | 1.75 4987 | 599 | 44.13 | NA. | NA.
(duULAY)
NINRUG Switch
o ! 6.43 82.84 | 7.24 3.49 48.33 | 6.07 | 44.55 | 0.48 | 0.57
(33N Y)
SRR GG

. 12.00 69.52 | 14.39 | 4.09 | 49.24 | 6.40 | 43.90 | 0.46 | NA.
(LAUNTN)
W93 (83ngw) | 16.00 | 63.50 | 15.00 | 550 | 49.17 | 6.50 | 42.93 | 0.76 | 0.13
T93udu Gluwaun) | 45.00 | 46.75]7.15 | 1.10 |50.00 | 6.12 | 43.88 | NA. | NA.
laRudu Buia) 7.00 54.52 | 38.11 | 0.37 | 49.01 | 6.40 | 44.59 | NA. | NA.
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3. NFIATIZNAIAIUTDUVDITINIA

AAnufouvesTanaannsamidlaelinseilagldiniesdetafifoniventuaaes
fimesuazlasisnmsdnnlaglideyailsnnmsiinseilasaziBeansiinseimeaiy
Souvoademdedinaiiienllaeiiluliissdwusi vuanasgiunsnasuLay fag
yoseuifuanaudmiuiuiuiliinnssu ASTM D 5868

msmeanufeutesdunaviodomanded 2 35 Ao Anneilaevaiarudougs
YOUTOLNAS (Higher Heating Value: HHV) LardnseRlagmAnufousiveadomas
(Lower Heating Value; LHV) Apanudousnveaidomddananiosnaiionii Arauden
and (Net Calorific Value; NCV) JunsmaianudeudiiAnannisetluidemasdiad
gaunnidudu 25 ssmuaidea e Ransaniwandusidldanmawiomnsauiaid
anusfuloraudougeendemisdunanieenaFenitAiauiousiu(Gross Calorific
Value: GCV) Li“]umsmf-ﬁwmm%fauﬁLﬁmmﬂmﬂmlwﬁﬁaLwaa%amaﬁqmmﬁLéuﬁu 25
svrwaidea Tunsdilethannswilndasamuuiunduinduveawar vhldmenutou
senudarzsilimnudeuainnisw ndidomadianfinntud e uSeuiiut uildn
wihifuraruSeuswesnisnanedvlevedled

| I
> - : T, ™ Sl
LUBLWAS ! |
| |
| - e - o &
” i e HANS U " ' HAAAMY
o i ™ Y ¥ ) Iy
| \\ u(leun) N\ | U(veaman)
21n1A ' \ :
| \ \ |
| |
| |
| I

2
JUN 3.2 AnuduiusseninemanuioumuasA1nusouga Rt na Wl

IINMIAITUWRUNNAERTUTUR 3.2 agldmnuduiusssninmanuious
LazAIAINTBUGURLTDINEITING wandluaunIsh 3.7

HHV = LHV + nhfgmzm (3.7)

Bk higrzo) A® oumadfildlumsivasuloiliduresnandsfinuringu
2,260 Alagasianlaniy
n fie uuluavedloun
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dosnAarmdouuddunisidulovesiifien 2,260 Alagadenlansy wasluana
vosiUsznaudelelasiauz exnew uazesndiau 1 ozsex Andusnmdiumaluanaves
lelnsausoinalianavesirfidwingu 1: 9 feduainaunisdt 37 azanunsaideu
aruduitusszriamanufeusuazamufeugsondomasinmaldfaunisd 3.8

HHV = LHV + 22.6 (OH+M) kJ / kg (3.8)
Yo  H Ap Sevazvaalalasauludiuig M Ae Sevazvasnnuaduludiuia

N1I11AIA1NS D UVRITILIREINITAAILIALAT M TIUUTUIUDIAUTZNBUAINY V89
Wonannsinseilagn1suseanaauarnTinseilagazdenladglauenuduiug
\evnA1AuTougentamddlagnismuinanUsutusgennilueamdsnlaainnis
Inszilavazidundesinglusuresaunisegsienaivaunisinewdaraun sasilansuay
= D - ] o = ° v - SV
weaulvlunisldaunisiuandrsfulunisagidendraunislaluldauasiududoya
2IAUTENOUVDITINANIY) NITLULYRLNES

HHV = 0.3491C +1.1783H +0.1005S - 0.10340 - 0.015N - 0.0211A(MJ/kg) (3.9)

g ¢ Ao Vsunamsuarluidemas Gevaslngtimiin)
H fo Usinallelasiouluidomds Gevayvlngiimiin)
s Ao Usinalelnsauludomads Gevazlnetmiin)
0 Ao Ysmnmeenauluiemas Govaslaeviwin)
N Ao Usnadlulpsiauluiemas Govaslnowin)
A Ao Usunaidnluidewnas Fovazlnotvein)

ANSUIAIAINS D UVBITBNAITINIABIDVINTANUIU LA INTIUNENITILATIEN
WA AU LU BI9INNNSAASIEI AU E U UL I8N IINTIASIEAlRgaZ LD U R
MnMsAnwvestamadlagliteyaannsliaszilagyseunauandsiaunisi 3.10

HHV = 03536FC + 0.1559VM - 0.0078Ash(MJ / kg) (3.10)

We  FC Ag USuaumnsusuassiluaiowmnae (Sasazlaeuiviin)
VM fs Usunasanssewmeluntainds (Sevaglnetinniin)
Ash fia USunauonludioinds 3asazlaguinin)
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, . ¥ ATUAUILUY
T druusenou PaREReu flmmu 37
(kJ/ke) (%) (ke/m?)
e 19917 12,330 10.00 125
wnau 14,204 8.20 150
998 Tu 15,479 9.20 100
YU 7,368 50.73 120
Tudleras | wdndudidevaa 5,494 59.40 250
aeu 7,560 48.40 NA
maly 1,760 78.40 NA
417l Faunalne 16,220 7.00 NA
anu 9830 41.70 NA
Uiduisiy | nzanetndy 7240 58.60 380
wuleurauy 11800 31.84 250
nzaiau 18627 12.00 400
afuUIay 7540 48.40 NA
g79N157 ag19mns 8600 45.00 450
lemauda | wWhenlilgadiuda | 6745 50.00 NA
UENI1 YNNI 6272 NA 270

3.4 NSTUNUNISHNAANAI9IUIINTINIE [1],[3]

ﬂi%‘U’JufﬂiLLUiEU%’JN?ﬁIﬁLﬁUWﬁNWUI@‘EJagﬂ’]iLﬂﬁVl’Nﬂ’J’liJ%’@u (Thermo

chemical process) @ansauusoeniiu 3 LWUUKANY fip NSEUIUNITUREEANEAIEAINSDY
(Pyrolysis) n5gUIUN15LN INTTABATY (Direct combustion) kag NT¥UIUNITUAATHLATY

(Gasification)

1. nszviuMseasaanameaIusay (Pyrolysis) LlunsEuIunseasaasdnlanie

auSeuluiifisrinusunaenis ammmiﬂumﬁ Pyrolysis 9xanI1fildluufiadfindy

NaNaGWIVL@’ﬂJU‘L!E)EJﬂ‘U E]m‘lel AUAY Uﬁmmmmwuaumuﬂimawadmmﬂmamamam

mlmvﬂimauma 21U (Char) Pyrolysis oil lun1uoa ﬂimmam wasndnsaeiiidunia g

whanleaursar Ul dundanuluniseudiuia Aasldlunseviumsmnindidomnas
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Transport
Energy

Biomass
- manure

- compost (C) 100%
- organic wastes
- grasses, com,
other crops M7

Coproducts (oil, cosmetics)
Industry

Residual Heat

Optionally, N,, NO_, SO_
CO,_ can be added to
increase C sink and
nutrient contents

Returned to soil (8
as Blo-char

UM 3.3 uaninszuIunsgesaanenisnImuseu (Pyrolysis Process)

2. msunlnsilagnss Direct combustion) F3nnstiinistdundausdeaislusia lunns
yad viieduwanletuieldlunmsiuedouaiesing mnudledemasiiauu vl
Ainmsgnivdiniennuieusanindiaudouresmindama Tuiligtumaluladiannsold
Uselomimedunnudouduldnanlovfiflgaungiigs arudugs wieldlunsduisiulo
wannszualiil viethanufeululddusiu

Schematic view of a steam cycle plant based on direct biomass combustion

biomass residues, electric
forestry, energy plants boiler turbine - power

o @0 Vi v
Sy l g e

condenser
biomass

pretreatment

Conditioning Energy conversion

gﬂﬁ 3.4 uansszuum s ndlaense (Direct Combustion System)

3. ﬂszmummﬁ”a%ﬂLﬂsﬁ"usuaa%ama (Biomass gasification process)

nszuIunsuiaadudunszurunsudsanmidomawddaserfonssuiunis
WasuuUamienufounaziail (Thermo Chemical conversion process) whagiladuay
wnlnsfuuudrinuIuiaenia (Partial oxidation) igauvfiuszunas 800-1000 oei
waded (4] Gernnudeusziasuilomasdiialififuniadomnds u3e Syncas 499y
Usznauluseuda arveunauenles (CO), lalasiau (Hy) waz fwu (CHy) whaiildann
nszvuMsuiadiiaduannsnilulfluguuuureandemdaiiondandsnuniomllduan
Fowmadusuuvududely e1fidu iwwniessuidun1uaisly (ntemal combustion
engine) wlwslumsialoth Boiler) nanlotnludu Turbine tierannszualnilndudu
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Biomass

char recovery unit [l "

R U=

jllll hopper

cooling water

JUN 3.5 uanaszuunsien bnduia@miadu (Gasification Combustion System)

4. m3ldusslevdanuiiazeinds

& = a s & A a 1% o 1% aa & o
wiadiuianselusiwe sufanudalaauisairluldaulaensdlunsdnduniswilng
aMeusnuaziialuiuiinlaufaesnun Mmegrudulunsdiveuniuiienisusududiulg) u

A & oA a vyy o ' ] A e v Ao & w 1

nsdufanndnladowinisanvaiuvienanisiva vieniuaunsaldue uianladndusesi
sruuvANazenianeu wefdndiudsznouledwazloanslalasaisvounin vien
Senimns liutuenafinnisaaduniuaunsainield nandawianlagaunsatiluledi
s nlinieluisnsduesaisseudgnau uaznsoseuddwiufinglasndae egslsh
Ansdmandaufaunldiuinisseudunindnigludedinsguasas unUanandauiantalg
gaumall drulszneuveIns uavdiuszneveynipvadn vuizaudsnou

3.5 nSTUIUNTHAESTLATY
nszuaun1suiadindulfunidumaluladniswnnididowmands nanie
nsvuiunsuRadfiadudunssurunisulsan g ewdsddrndundsay wudunalidu
Audomasiannsadluldusslovd wadminnandenisunluddidoants nswalndd
anysaiazsodldUiinmenmedidesnismmqul 4.5-6.5 Alanfudnuidemddauna 1
Alan3u (Stoichiometric air fuel ratio) uagnansasigavnedildde arsuoulasenled (CO,)
Lay 11 (H,0) [4], [5], [30] LN SEveInTEUIUNTLAESTIAT UL USunme N ATiLeY
UfAenfudemdsdinanglduszum 1.4-1.8 Alansudetieimas F1ana 1 Alandual, (5]
fevumemaiainitemaniamguilunsiuiiteiniswnlndsenindendiauly
grnAfuAISUaLTsanaIna s dunannssurunsnduaatessauseulae
le8an@launseaisaninnszuiunsinlslada (Pyrolysis) lanigasueuladenles (CO,) wag
mnufeufignuanydesoanuiUfiten dsanunsaindeugdiuuunieasdiuanddlaens
e ¥4 (Radiation) wagwi1AI1138u (Convection) Insarnueudiunisazgnldld v
nszuaunsintslada sasanudoufivdeuasieasveuladenledsiudsiendndnaiain
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nslnlslagasgninlulilunmsiufasensuasfsdemaweg fuaiveudunndian
fumidndimdonnnisunlviviounindsligninlniielugsndnfusigavheainnis
wWFanasenituiadina (Produce gas) Faazusenauludneg asueuueuentys (CO
20-22%), asuaulnoanius (CO, 12-14%), fimu (CHe 1-2%), 11 (H,0) wag Tulasiau (Ny)
Snvededivhiufu(Tan auou(Char) wag Tidn(Ash) wenanduimunnudoudildainnis
wbngl (Calorific value) fAnUseanay 4.5 - 5 MJ/kg wazUszanSnmuedsyuuwfiadilendy
ogluvas 60% - 90% [4], [5] whaiilfarnnszurunisuiadiaduanunsailuldlusuiuy
voudeumanfiondmmdsnuiothlldudndemadusuuuudusdely

3.5.1 waluladuRadliadu [5]

saveunuiadiiatuiulneiluudravsuunsenlnelddnvasmsdudatures
L%@Lwéaﬁ’uﬁaﬁwﬂgjﬁ%mimmammmﬁwLLuﬂaam‘fJu 3 Usslanman ¢ Ao 1. WuU
Fluidized bed 2. WUU Entrained bed 3. kUU Fixed bed ia¥ moving bed

syuuuadTduLdasednaziinnuuanseidugueademas wasdnsiinlugiy
A9 UBNTEUU Aanandlunsnd 3.4 uay GumﬂﬁuaqsswLLﬁ”ﬁ%WLﬂ%’uﬁazﬁﬂﬂﬂssqﬂm‘iﬁi’fmu
AU TOLENYNVUIAYDITLUY ﬁ'ﬂLLamﬂugﬂﬁ 3.6

- Fluid bed -
Updraft

-
¢ Downdraft > -«
| | | | | |

10 kW 100 kW 1 MW 10 MW 100 MW 1000 MW

Entrained flow
o

UM 3.6 WuAvessvULLAaTTaduUsTiavene ) dmsunisyszgnaldanuls]

A151991 3.4 AULANANYBITEVUUAATHIATULRaESTATINTIUD T nA1UA19 Ty
STUULAATALATU[5]

o] INTp Fixed/moving bed Fluidized bed Entrained bed
FUALTOLINAS <51 mm < 6mm < 0.15 mm
nsldidomamundnnin | fdesdn A A
A5l @emasvunnalug | fun A 1aid
N7
qmmﬁﬁ”wﬁaaﬂmmwu 450 - 600°C 800 - 1,000 °C > 1, 260 °C
gaunillunmsiinuisen | 1,090 °C 800 - 1,000 °C 1,990 °C
Uszansnmw 80 % 89 % 80 %
a1l SYUUTUIALAN FZUVTUINNGN STUUTUIA LAY
Yeymwesszuu T suageluuin msmﬁlaugﬂ n1sanguuyl

ASUBY fineg
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3.5.1.1 nuAadiaduuuungdaladiun (Fluidized bed Gasifier)

nswlnsiuvusgdladiun (Fluidized - bed combustion) Weinasasgaualug
YRuzABEFagIINA1UAININTS18) MBusIniIveseINIATigINELNaINTeLEN
veawalagneliinnisinanuuiutiungluuauazagnindregrwihisfueyninves
ondehlinmawnlviduluegsiiuszansnm uenanidawundsintidiadoudisng
arufoutislunisdiomanudounnalignasioluseumadamadldogviaiios

Biomass

AP

Product
Gas

sUl 3.7 mswnlnsiuuumigdladiun (Fluidized - bed combustion) [28]

3.5.1.2 wnuhadiadusuunuauase (Suspension Gasifier)

s lngiuuwuIuaes (Suspension combustion) Wuniswnlniiwmanzaniv
L%@LW@GLLGUQIJu(puLvenzed solid fue)ImaaumﬂL%Lwawummamummmw
Q¥(primary air) Aoufiag ggndownaeanilngd n1swnlniiag sinTuIaY aummsuamaq
wyluasyeglunszudaInia LmawmmimmimugﬂLmlwmwaqimummmm

nii(secondary air)

Secundary = —{ % °, © _.

air

Fuel-»

+

\
Asgh

B OOODO0D 00

Bogaoainnnc'noa"oouo
) 4 & aa
. . coumoo
LN
primary air %gle%:%%s
)
o

_ ~* Flue gas

gﬂﬁ 3.8 N3k lnsdiluulYIuaeY (Suspension combustion) [28]
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3.5.1.3 wuhadfaduwuuy Fixed/moving - bed

Tuszuuufadfiaduuuy Fluidized bed uag Entrained bed wldfhjisem
LmLsuaLwaﬂLmangﬂim Al fixed bed n3alUY movmg bed L‘U@Lwa\‘ifﬂ”ﬂﬂﬂi”ﬂ’e}\‘]
Lioeng LLﬂ'NMiE]I‘ML‘UE]LWﬁQJJﬂ’]ﬂMﬁL‘U’lﬂm‘dgﬂiML@QU’NﬂNLW]LLﬂﬂ‘UWLﬂ"UNLL‘UUu‘\] gn
3und1 moving bed nsziaimasinsviiusadluBosqauusdiuddefvonnuiad
wiulunduilfoannsoatsssuuiifloundnuagsialdgenn Jadudfonunsvans w
\esanniiteddalunismuaudwujizeuaznisans lounruieudsinlifedanails
mnfafnsaflunduiliannsamuaudadiuvesineuazgunginiglunnldfanmsouaem
uiadluoasuuu fixed bed oanleidu 3 wuu fie

1. NaningIuawuuaInaluadu(Updraft gasifier)

JU7 3.6 wanunmdniedunawuuenaliadu wndautavidediduwuuiengn
Ingtuananvz ulaumnlng(Combustion zone) lou3andu (Reduction zone) taulnlsla
e (Pyrolysis zone) Uag LU uuna(Drying zone) Waknawzgniaulingaiuuuvaunuas
a1nAvzgnUouidmeniuasvesni n1svinuvesssuuiindiuniuulvaluindnniside
Sunszuunsileinn1silusinuaisusiaae Combustion zone AANSIUAIINTOU
gnudrgauuudaduleu Reduction zone 91ntudINIANsORAATOUIZIAGRUNE
Pyrolysis zone W@ Drying zone %qaguié”lqumaqmmmé’lé’u W1YHA updraft gasifier &
Y aga vo & a aa & Ve S Y o aa a o & & aqy
TofnfAeausaldiuideindilidimnuduglan 40-50% wanfiveldenrendninauiante
ApudeanUsniesannuialainfounniuusiaaday Pyrolysis zone wagntnsiuniseenty
P & A \Y) i = ° Yo = s A s a
MmEnIIzazdunila updraft gasifier litninziazdnluldiunsessus wiogunsaliings
nszialiliosnnuiantatudusunamisiudiuiunn uamsdedivuigdiunsussuuii
whglulvauioulaonss 1wy nseuwisdndueinie wisnsluldiundeleun

—_ Product
[ Gas

Oxidizing [—
Gas

Ul 3.9 wrdamedaauuuemelvaduUpdraft asifier) [33]
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2. ImNanAgYINlauuUaINdlraas (Downdraft gasifier

U7 3.10 wanamwaniedanauuuonalvaas wndnuariiadinisitounarld
MuaeTiegaunInateaiiasninUiuuuianin fusdldiuiauazenidoninuia
Fomadldlnaiudunswnnfuagidnduisegiudaioufadomasitarsszmesie
wu mslvaniou 2 sullanssumeazgrunluvinluRaiinanlddulnannasssmeIanne
uimshluldfuiedessudduauaelu uduesindfidodefegungiiadovouiadiliaz
AoutnsgeUszanm 700 - 800 ssrniwaldua [5) Fanasimsihluldiuieseseudduaunely
Pludesangumgiinfaasnowiluldnu

T 3 idatio . - et
Air ' a8 1“ Air
Réduction Zona

———> Product
Gas

" Ash Pit

g‘uﬁ 3.10 WuAnfgdiuIaluueINIAliaas (Downdraft gasifier) [33]

3. WNAnRIwYNaLUUBINALRaAINU1e (Crossdraft gasifier)

U7 3.1 uanaranfnednauuuendlvaniuing wwAnuAasindvaziiie
yamslvavesermasianiuiaunures enmzgnieudluuuiiainiuiuauny
o wazdesasinadunsenlniuagdolugeiudsndudei 2 fuasfududngnadeety
nuuwruey nendnfuufaildoonuiuliguinidleouiunsinlvaas (Downdraft
casifier) Fonveunuuuineansoranuialdisininmainonidlnatu (Updraft gasifier)
way o nAluaas (Downdraft gasifier)

Drying Zone

=

Air —F [ Product
- Gas

+ Reduction Zone

Pyrolysis Zong..

Ash Pt~

5UN 3.11 wwdniediuianuueinielaniuydng (Cross draft gasifier) [33]
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o LLUU@;ﬂWﬁIMa wuuenmdlra | wuuenalwaniu
U a V1N

mm%u (%wet basis) 60 max 25 max 10 - 20
& (%dry basis) 25 max 6 max 0.5-1.0
Ash melting temperature(°C) | >100 >1250 -
YUINFINE (Mmm) 5-100 20 - 100 5-20
n15UsEYNAlgaIL (MW) 2-30 1-2 -
aaunnil Procedure gas (°C) 200 - 400 700 - 800 1250
Usinashsiuiu (¢/Nm?) 30 - 150 0.015 - 3.0 0.01 - 0.1
AIANSoUYBAA (MJ)/ Nm?) | 5 -6 4.5 - 5.0 4.0-4.5
Usgansnmuiasou (%) 90 - 95 85 - 90 75 - 90
Turn-down ratio 5-10 4-4 2-3

3.6 Uﬁﬁ%&l’waﬂﬂiwquﬂ'ﬁuﬁa%ﬂLﬂ‘f!"u (Gasification process zone) [30]
nalnnasiinnszuaunisnisaanudeunieluwminfadiaduiinaiuisonds
nszuauniseaniy 4 Fumeuldun nsyuaunisoUwLsis (Drying) nsguaun1sbnlslada
(Pyrolysis) n5zuun15tW 1Ll (Oxidation or Combustion) LAYNIZUINNITIANTY
(Reduction Zone) Asuanslu 3.12

/" 1.0RYING

e driving off wacer with heat

-
(2. PYROLYSIS

l\ heating without air to make charcoal

HO |
VAPOR l

COMBU!
& adding ai to burn
/" 5.REDUCTION
\_ converting charcoal to fL le gas
PRODUCER GAS

H, and CO
T

5UN 3.12 nsyvaumsinauiadiadul31]

BIOMASS

DRY BIOMASS

100-150°C |
_.,,/

200-500°C

HOT REACTIVE
CHARCOAL

650-900°C

J

CHAR-ASH

small pieces of
_ ash-rich charcoal
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3.6.1 N3EUAUNTTBULAIDrying)

Hunsguaumsiis mamﬂmuaam’mmmam&memauimwammmaﬂumq
100-150 aFnigaidoa S9nutuasanasdnuszann 5% 1nATuTAN kagAnATuTes
Funafianldmsisanudumni 30% dWemnuiadesvesszuuuiadiiedu [30]

3.6.2 nszurun1stnlslada (Pyrolysis)

Lﬂuﬂszmumsﬁm@ﬂ'%sJﬂsw*mmm%fauﬁus?nmaiuamuzﬁlﬁﬁé”;ﬁmﬁﬁ%mﬁa

[

fidhgnsedesann Iﬂ&JLUumﬂ%mﬁmaumammu‘dsumm 280-500 aepLwaLgud tng

nAnSeifiAntuteanszuIunsiazseneulufie wia veanadlugluuuresis way
YOI (Chan)[30]

3.6.3 N3zUUNTMILUL (Oxidation or Combustion)

nsgUauNsIAaURRTe M sslnivieUizenoondindu iledemanufeulug
nszuaumsdumelumuiadilindu Famaviedumiveuiiinainnszuiulnlsladagnin
ndfiAnfufanueulaoanlen(Co,) waranufeu Tnsanufeunnnszuiunstazaiew
TAfunsguIuMSTAIndu nszuiunsinlslada wagnseuiun1sauwie

3.6.4 N3EUIMTIANTY (Reduction Zone)

Junszurunsinufasenieliliuiadamaamenluldeu fauszneulume g
Uszneulumeiwansueuueusnleduarlelasiau nszuaunsiufansveulasenled (CO,)
waz lodiiAnainnszuunineingd Inadngnszuiunisidnduujaseriiintuly
nsrviunstiduufasenddsunianisueulaoenled (CO,) Alwariudiuiiisous
URselAnduufanisuounouenled(Co) MufAserd 1 duieninufAzen Boudouard
Faduufisenganimmuieu(Endothermic) mndeanisiiuuImaasusutousnled(CO)
annsavildlaenisifinletddluiiufasenfuaisvendausendiuiasen Water gas
reaction FaduuAsegaanudeulnsgumgifivuizanlunafinUjiseyszuiu 800
peAlaansufnsen 2 luvasdfisen 3 %Lﬁmsﬁuﬁqmmﬁﬂszmm 500-600 99"
wandua UiAseivinlidunauneslalasauluniandnsusiiintudemalirndsnuaiy
Sourpaufagetuuidmmnlatunniuly lothagriugasentu ufamivausouenlu(Co)
Anduafueulnoenled (CO,) uazlelasiau(t,) n3oienUfseniin water gas shift
reaction #3UATE 4 URATEIWater gas shift reaction azdanalviaAuTouveLfafld
anas Usinaveslalnsiauazgegaiigumgiivenssuiunsisnduuszanal 700 ssriwaidoa
wazifleguugigeluiiosquiuiuveslalasiausranas urdTuinuuIMves
A$UuDUDNLEA(CO) avgatu UFATeT 5 10uUjATen Methanation LAnainnsdl
lelnsiausaudfuarsuounaziinifunfaiinu(CH,) U7 3.13 uanimsiinufAserves
nsrUIUMTIANGL

1. C+ COy — 2CO - 164.9 MJ/kg mole
2. C+H,0 — CO + H, - 122.6 MJ/kg mole
3. C+ 2H,O — CO2 + 2H, — 90.2 MJ/kg mole
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4. CO + HyO —> CO; + Hy + 42 MJ/kg mole
5. C+2H, — CHq + 75 MJ/kg mole

OUTPUT
RED HOT CHARCOAL CARBON MONOXIDE +
(Carbon) HYDROGEN

- A

e —

CO and Hn

- @ @

2C0
+ @ -~@ o
H,0 C co H,

5UM 3.13 uanansiinunisenvesnssuiunsiandy [31]

3.7 faviujiseufadniadiu [5]

FvinU fATeuAadiiiadude arsudnivinujasenduaisvenlusveudauas
lelasarsuauluanalnglilandnsdasiduingluanaian wufwaisuouneusnled fng
finu wagfmlalasaudusulafwhufazemdnlunssuiunmsuiadinduliun

1. fwesndiay

2. 91mA

3. loth

4. wanaun

faiifneeentiaudusvhufitedteulfunianlaeredlugnssuiuniswnlag
Taeldusuoinia len wieldfweendiausgiaiien lnsArauieuvesiadomas
HupseiilFannnssuiumaniadindudursivegfurianasUsmnamesiwh U fisedld
Tnoialaezunsuvasanivey lelasiau woazesndauiifimaUdsusunusiinveadomas
wazfhUiRSedsgUT 3.14
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Gaseous: Combustion
fuel 1 products

C

H hydrogen S steam O oxygen
P slow pyrolysis F fast pyrolysis

JUN 3.14 laszunsuvesansueu lalasiauazeangaulunssuiunisuiadiinduls]

1ngU7 3.14 lunsaliildfweandaudusvhufizefirmenisifiaujiserasld
nasoandudldeondululSinutesldnansusiduiersuouneusnlesuadily
sandoululsuiauinazldndnsudiduiisaisveulasenlediefinisldusunfie
sondlauiudndiufiiingay (Stoichiometric) NSEUIUNNTILLEOUIINATTUILAITLAETH

a Y (3

wiuluidunszuaunisieniuduasaandunalaaviluiwlods (Flue gas) ununaviduiie
& a o ¢ i [ v o Ay vg o v A a
WanAsdunsien (Fuel gas) wisgdlsinuineladelandsaunsawnlniliiloangaumgl
a9 Nelidlodeulunieyuy 899anTUNINUY NEnduaN Ladulsenauredlalasiaulzanas
dunAndug TNdINUTENRUYDIANTUBUALIINENTY laun Ava1susuNauenlyd wavfine

Ansuaulneanlyn

M19197 3.6 AAuSouasigHEnSMn UGS 1w Rk [5]

yiasvUNATEN AIALTOU (MJ/Nm?)
ulet 4- 7
Tovh 10 -18
Wanawun 12 - 28
fNgoanTLIU 5-12

dldloundudninufisefianisvesufisenaslunisyuveslalasiaudsazle
HAnSuandidiulsenoureslalasiaudanisuauazyinluiidnsidiu H/C ratio gadau
wanaunagldlunstiningauiiazihudinssurunsuiadiiadutuiiesdusgnounieaili
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Futeunazidusunselasdrumnnudazgnihanldlunsidnvefivvdovessumy 1iesen
wanasansnvhgamailigada 5,000 ssrmwadea annsavilildeendureansfiviug
filiaanesigumgiinuandooniduoznenvessigudafuinssiulvsiidufoadnsosi
Aannsawlvsildlagaranudeuvesinandndusinldannslisviu At udasings
AN5197 3.6

3.8 wqw{’jmim'ﬂwﬁ (Combustion theory) [2], [25]

15w lugl (Combustion) nuneds UAAsenadifiAnt ueg19imi$s Tnoidsy
wasluiusspiidundsuanuiouguaziiniswdsad widmnufisenduluegadan
aziinisliaudeusenuniisadntos Ujiserdenaziduniseendnduiuidomauds
Howduvan videieaimAwuia dueondladiudemastanannfesentiau uslunisufos
srenalianunsaldoondianuiansidwiuiasetuidomads iesndendiauusandaiu
Tyl luses HURnswindumanzaauns nsldeendiauuianilunsiujasendu
Fomda usidlosanlueiniafiesduss noundnie sendiau 21% lulasiau 79% (ne
U3ans) dwaliivanligumgiiailwueansunindianas ilesandeddmnuieudiunia
yllulasaudouia

nswlndidunszuiunsfiinishufatevesuseuiadomdsiuoine fay
nsgvunsnlniBdiueg funmautRvesdomas (sUS19 ALY ANTY USia
AsuauAti d1sseme) Uinaveadenas Usuimeinie Aldluniswnlvg uazdeule
Fn97asdaiIndountuen (ATt gamgd)

3.8.1 Ujiseaiivasnisimlugd

aun1si 3.11 Wuaunisniswavdi@onds@wianauysal dufinn arsueu
lelasiou eondiau lulasiau wariuedu vinufaseduennialudadquiigndes Tl
msuaulagenlys U1 uazdalesineanlen nglifiegvdumdentiae enululnsiaudsly
o aaa [ (3 a a 1 @) 4 4 .
iU AsenlagduesAusenavduy Sunindunisiilndanysal (Complete combustion)
FeUsuaemanseinsldiiuieandladisesuuismesanisiundiveindaununned
a | N T ¢ : . . . 2 Ly = ° P
wseoMAdILAuTuAUE (Stoichiometric combustion %138 Zero excess air) Fa9gyilvila
gaungivasnsindiuagndanuauseueeninganga

)
CaHg0a8s+| 5 =5+ (0, +3.76N, ) >
(3.11)
X 2.5 4
X1C02+7H20+X5S02+ 3.76 xlj—?-i-xs +? N2

faugnldsanduesenmesodomdsitesniteinamaguifaeslildan
arudouishninfiensagld widhnnliusinuemadeusinandemdsnnnimmguiiaed
naviliiAnn1sgapdeniufeusenlufunismludéng Snsdmuinmeiniarodomas
Mg ud] (Stoichiometric air fuel ratio) a@unsavlaanaunis 3.12
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m . MW ..
(AP )sore =, | =70 o (312
fuel

Juel ) goic

s (A/F)stoic Mvia3etiuRpesinUSinaaNTunuAuiemdanig Jeiauusnazidu
AaUuendinIsHaNiusEnI1eeINIAT U BINEMU U1 n3ened NA odnsiduanya
(Equivalent ratio) Fsanunsanmilaainaunis 3.13

(A/F)stoic _ (F/A) (3.13)

(A/F) (F/A)stoic

fr8nsrdruanya o > 1 azfuninwilviuuudiunauidomamun (Fuel rich
mixture) 9199viWUSIaoonBlsifis mesen s v lRARn s Inliasy ald
Uhinavesansususouenled(Co) iatu uididusasdiuanya o < 1 Wunsunluduuy
drunaLT oAU (Fuel lean mixture) daunisialugiuuudiunaunef (Stoichiometry
mixture) nsdruanga o = 1 fnrsunlusidusuudunauned Vsinaeimadlinig
nouijAeiUefiwudoinianed (Percent Stoichiometric air) eflaruduiusiusnsdu
auyaasavnlaaInauns 3.14

00%

% stoichometric air = (3.14)

Tunaufoaudanisfiazslvioontnulusinmadiduianiou fizendudomadls
stmeAudadudsiiansarildenn Taeamensmnnlidomduds n1sfiftoendian
vdlidudatuidemdsiagilinaenlndliaysaliiouia arsueuueusnled(co)
3i(Soot) wagatu(Smoke) ililalldTuanufousdraviiiinasasfudeiusdasniunm
nswnlndiliunaeinadiuiuussasliinauiulUauinismanuseusanluanseuy
FsUmnamadiuiuainsamlsanaunis 3.15

1-@)

% excess air =

x100% (3.15)

]
= 1

3.8.2 Uadendenananisinlvdiagneliuseansnin

I U

e ninangauazinuaiiviiosiian ARenswnlndiintusgsauysal Fauiu
YadeiidAeymeniu 4 Uszns A

1. USunauenn1aineL e s oSt bsldiamasuS e n A3 89 ns1d@Iue1NIAme
& a . . PN | v a | P PN Y o aaa Y]
LWWNEY (Air-Fuel Ratio) Mivunzay azdililinaniausgranaiiiesiiasiiindjaseniu

AISUBULAYTIATIANTa Il AL INGS

1%
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2. Mty (Turbulence) waso1ne wazuiamnlnsl amnudutuezdieliiin
nsagnindntenauiuegisiissenine niafidslndifuidomas dluniseanuuy
TSz avEnIngs axdedlimuddydutladeilvinn dmsunaaindidomauds
Tngvhlunddnsniainujizemnlng %%uaq'ﬁué’mwmmwa’sﬂaaaaﬂ%wu (O2) 310
mmmmlﬁﬁlﬂgjﬁwmL%@LW%&LL%& et Asertusigansueud fvoadonds Tag
pondlaudosunsinuduiiduronfanning Ssdiaumun (6) videfiFonidureuumasuia
A lndl

3. 1181 (Time) lun1sinndinandudnesdusyneunilefid iy frszeznani
dowdseglumunduauly fgiliidomdannladldvun dadudeldnmamindiduly
pgailUszavsnin Sududeshmsesnuuumiwliidemdsoglummnunitianiideddly
malndidomas nenaanduiimussuamenivifidenndeafudnsninuliid
AOIN1T

4. gunil (Temperature) W05 ndlaungiavdwmanadnsvesufiseunlng
feanifsuilogamgfinawnludigiusazazsyhlildnatlunsulndiduas sunveasidn
aslsl winsldgnmgingaduluAeainliiagiliviwdaun @lnajazysedgnula)
naenaulassadrsveanunlndidonold wlnifysdvhedsnuliuasiifiszuussune
anuFeuiintamastgumgiinielumnlsiiu 1200 °C
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YAgUnIIN1TMAABILALITNITNARDS

Tuuniaziunisnannfgagunsainisneaesazisnisnaaeivesnindnfiig
duaseiwuulvatu nseuiuisnislumsmAInNEANAIAIINNITNARDY LAYNITZUIUNIT
lumsliasieideyaiilaainnisnaaes

4.1 gunsaln1maaag

a o 4 'S g
4.1.1 wnaniadaaszinuulradu (fixed-bed updraft gasification)

Bed height indicator

Flue gas exit

50 mm

B4

VA AL | AT VAL S LA SIS S A L

T6

500 mm AN

TS

T4

Air temperature and
humidity indicators

Data Logger

AU

Computer

r
VAL | | C AN | AP LSS ﬁ

UM 4.1 uanesngazdenveyngunininisnnassvedmnaninsduneiiuuenialady

Tun1seenuuukaras 1WA YELATIZREMSUASIS OUNS 0 RAAINTIUIWIALEN
asfvunaiilivganndniieninuazaindenisldnulaeil nuinandsfedaased
YUIRGIUA 3 - 5 dald], [5] ilternnuazaandonisldiuuasnisiadeutiie JUR 4.1 uang
eanduarenngUniainsaamounkanfeduangiuuuanalnaiy wgnaiey
Mnwdniundusiuguinarsnigly 90 fadiuns uazaugisun 500 Saduns Fudns
YoMz TURBINTZIBINIA (Air manifold) ANgs 100 Hadwns laefinzunsediniu
N383189N1A (grate) 119BYAUVUTENININDINTEANLDINATUALAALATLNTINTEINY
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91MAvINaLALaa TeilsnsEaneeInAvue 4 fadluasiazyimiisnegsde ey
Bfnnasgriesnsrarorniadauandluzuil 4.2 wnfinsfuauau(Ceramic fiver) maaaiLa
graaiiotlesfunisgyideninufon enmzgnitsandiuasvenn wesluduida
Type-K axgninsenaeauuaununiiieTansnszargvesgumgisanielusn Tagasduiing
ammuma Data logger Yogokawa MW-100 ‘Uu‘mﬂmvm“] 1 3u19 A1AIURANAIAVD
Data logger AU + 0.01% ’Lummmmmmmawuwm (Bed height) wagszyznin (Bed
movement) 2zl Bed height indicator ﬁmgﬂmﬂmaqmuuumaum TunisAnwinisidule
gaaduseqiiintunsluniuiianusifudesfonfiudusisiiofiazanunsalinsei
UsngmsnisegidatulddaiudsddnshnaagsmmuuunuiiofadUszg dlad
(Innovative side door) Lﬁaﬁm%ua%uﬁm6‘]1‘71'Lﬁwﬁuéﬁwmmawiz@ﬁmmmmmqmm
AU 400 Tadiuns uazning 40 fadumsdauanslugui 4.2

Bed height indicator

3|
=1

Innovative
side door

400 mm

R w
S &
ST SATS
E Huly -5
E E B

Thermocouple type K
o
=
B
=1

Updraft air

gﬂﬁ 4.2 LLﬂﬂ\ﬁWEJa‘“LE]Bﬂsﬂaﬂ%ﬂaﬂﬂimﬂ"ﬁ%ﬂaa\?‘daﬂL(m&la(ﬂﬂ’l‘UE"NLﬂi"l“’ﬁLL‘UUE]"lﬂ’]ﬂ‘lﬁa‘Uu



4.1.2 gunsaidngaInIe
Jugunsaliildinvanannistuan vieisendned1ain yaduau dunuliluddly
Y3 8 unsiitensdneaulsegesaiiiadliiudemnusiu

JUN 4.3 yaduaudnwenia

4.1.3 YauanInagamniuazynInaumad
Jugunsaliildinmsnszaedmegumglinighunivasivinims nglunisveaes

Y
a

Fonld wesluduila Type K Fsanansanugamgiaan 1350 ssrnwaifes uaz Data
logger Yogokawa MW-100 A1 suAawain 0.01%

— g‘w f
= "_’ —_-:..' sy :"-. -
R W, 5
S S oL iy 5
v e
Data logger Yogokawa MW-100 wiasluAula Type K

a

JUN 4.4 yninuazuananagungil

U

39
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4.1.4 WRNITULIAD
Jugunsainldlunisfunansieunlamesgaumaiiluusasdiiidenisiy
FENINNTINITNAEDT

JUT 4.5 wiRMIunauunanamega v la

4.1.5 \p3aedainiin
Jugunsalnldimhwinvesdemdsildlunismaaesianeusasnainisnaes

5UN 4.6 pndaimin

4.1.6 1MTINTAIINTINERINA
Jugunsaliildlunsindnsnislvavesernaniangliunszuuim

=
(" E .11?::*-.:&

=

|

=20
=

UM 4.7 11953080 51n15Inavesenie
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4.1.7 ianulu
\Sundneg1amiledn Gas Torch Butane Burner Wugunsaifildlunisyawmnluanie
B,

3‘1]17; 4.8 viulw (Gas Torch Butane Burner)

4.1.8 Wowasildnnass

\Wewawnau(rice husk) mmm%awaqﬁat,wﬁaLmaus‘uguagjﬁ’uLmdqﬁmmaumau
tfu dofvasunavfeuTinuasssmeguihlinislunisgafalilfifuedied Sarudusiude
Foutuldamasdinasy Teiduveunavieiuinaiidn (13-23%) [30], [32] ﬁqaﬂdnﬁa
Feufudomasy uasusnaniunauddianumunuiusidngae

JUN 4.9 Wwamadmldlunisnaaes

i a ¢ & a
MN15191 4.1 LLE{GNNami’JLﬂi’]8MLLUUU’§31J’I€ULL63LLEJﬂ’5’]GrUENL“UE] LWﬁQ[ZS]

Ultimate analysis (%, as received) Proximate analysis (%, as received)
C 38.00 Fixed carbon 20.10

H 4.55 Volatile matter 55.60

O 32.40 Ash content 14.00

N 0.69 Calorific value (MJ/kg)  14.98

S 0.06 Moisture(%) 10.30
Empirical formula CH1.4300.63N0.006
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4.2 JUABUNITNARDS

4.2.1 Fnmesasvaanrdaiedanszsiuuuidamaduatiu

Bunisneaeinisussemaunaudasiingn 200 ndu aduimadnfng
Fuaszinuvomdluatuiiaugevesiuiun (Bed height) winfu 400 fadumnaslnedneds
MNAZUNTITBINEIILEN (grate) 9ntuviinssseImAamudoulumsnaass LazaLAT
U3a ignite port FeagiuasveInzunIuTeinAsiae Butane burner lnpdunngumgd
wesTuduidladausn (T1) fawiiu 100 ssnwadeaszyiinisven Butane bumer uazsh
nstufindrnismuideulamneaes Weadadumvaseshmsdeguifvssasdoanes
AN 19duBLE(Ash width) Aruniisdudiu (Char width) Aanunnadu biomass seee
npmeatowds waruhminveadomdfinieannimaans

4.2.2 Revlvnmaassveamndnineduansiiuudemaslvay

Geulvorneildlunisneass lunsnasesazususnsinislvasnnas (Air flow rate)
WU 5, 7.5, 10 wag 15 anssauil Feanunsomandusasionnaseiudl (Air Mass Flux)
Fa919197 4.2 Tunszuaunisneaeiilednvinisiauinaganunivwedeulfizen s
aasnilolmIRnfeilewaIuroInAs i geg1eeLiosmuiieulvrainisnaass
FregauunITnnaefisnsinisinasinia 60 ke/m?h nafldlunisnaaesie 5 wdl i1 60
Wil namdewlonisueassasu 5 mﬁa“ﬁwmsmmhammﬁLLa“ﬁﬂmﬂ*’ﬂﬁammﬁmﬂu
LUmaﬂawumammwaa(ﬂi”mm 30 m‘m) mﬂuummsmasﬂmmma LEJEJWUEN AU
m’m%umm A3 AaIniety biomass syaummaamamm wazdaimiinges
Fomdsivaeanmsnnass Weasaaunsveaswesieuluian 5 unit Aegyiinisvaaes
Tudeulunan 10 Wil nsussyidewadmidnasy uasvhnsmaaeamieunsdinat 5 uni
nﬂﬂszmsﬁwasimfiﬂwﬂsu 60 U %ﬁL'E‘auiéuslumsmaaameﬁ’ﬂugﬂﬁ 4.10 - 4.13

1umif\i’mmmﬁﬁm%’unﬂLﬁiaulmﬂﬁswmaaqﬁ?u%ﬁ@Lﬁumif\iwmmﬂmﬁuﬁwﬁﬁ@
(air mass flux) Bsanansamunaldainaunisi 4.1 Tneadasinsingeiniese fudinidsn
yasusazensnsluavesemaiiidaansunisnsd 4.2 (MsuwnnIaruIn n)

(4.1)

) k air mass flow rate
Air mass ﬂux( g J:

mzh cross section area

a [y & A DY . Ao 1
A3 4.2 uanesnsinisinaseiuivtidnaair mass flux) 19m31n1straveseInARIee

Air flow rate (lit/min) Air mass flux (kg/m?-h)
5 60
7.5 90
10 120
15 180




Case 1

Air mass flux
60 kg/m’-h

~ | Start test | |

Temperature distribution
Zone layer height

- |Mass loss

Bed movement

5UN 4.10 uansdeulunmeaesidnsinisivasinia 60 kg/m’h

2%



Case 2

Air mass flux
90 kg/m*-h

JUT 4.11 uanseulunismeassiiensinisivaeinia 90 kg/mh

Temperature distribution
Zone layer height

Mass loss

Bed movement

1%



Case 3

Air mass flux
120 kg/m*-h

Case 4

Air mass flux
180 kg/m*-h

[Start test || Run3 |15 min

Temperature distribution
Zone layer height

Mass loss

Bed movement

[ Run4_ |20 min
QAND B

i 102 M

Temperature distribution
Zone layer height

[ Run2 HOmin 77

— Start test |-

= Ruh3 | I15 min

Mass loss
Bed movement

sUN 4.13 uansoulunimeaesnisnsinsiuasinie 180 kg/m?h

)%
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4.3 MsAATEvdeya

4.3.1 ATEUIUNTSLUNTAATIZIING

nszvaumsmAanuRanaradudsddlunsnaassdduinerinugilunis
neaeduldfinshendusuusmedoniaioulunismaass nssurunislunisre
(repeatability) Huagldrvasgaungianuisuarwasnshe Fusdendgungiveunes
Tuduidias T1 8 Ta wvhmaieudisunaresnisind aunafiviinisdenmesluduida
193 T1 3 T4 midrsmoaesluduidadmenunlsunureutugailadisudu T6 fa
T9 AsvUIUMThTIansiegUTl 4.14

450 450
4004 Q 400 4
- 350 1 q — 350 1
= 300 o = 300
g 1 8
& \ g
o 250 Q S 250
s g
S 200 9 200
[ o
E E
5 150 ER S 1501
. I
100 4 B 100 4
--.\\
50 Ozl 50
0 r r r r T T =0t 0 — r T T T T — T
20 40 60 80 100 120 140 160 180 200 220 20 40 60 80 100 120 140 160 180 200
Temperature(°C) Temperature(°C)
450 450
400 o 400
\ —— Case 3
- 350 0 350
E E
= 300 =} E 20
] \ £
] \ jif
:: 250 r\ o 250
i \
200 200 4
4 &\ 2
- -
5 180 £ 1504
£ i
100 T 1004
50 1 2 =y 50
-__i-_‘—"‘“ﬁ——_
0 T r T T T T =0 0
20 40 60 80 00 120 140 180 180 200 20 220
Temperature(°C) Temperature(°C)

5UN 4.14 uananisvignlunsaldnsinsiuaeinia 60 kg/m?h A3a 5 w1l

msmandasmsuenededeuseiiatunielum fmuas x, = 0 Aogadieds
Yo9nzknIi(grate), A1 X, ﬁaisﬁasmﬂmzLmiwuﬁw‘f’]Lmﬁq%l,é"]gqqml,awhLmu'msm'a
sENIat UL B FUTUE1U(Ash and char interface layer), A1 X5 ADTLHEAINALLATIVUD
Fumisdudumnfasaauazsumissessesenitetusmansfutu Biomass (Biomass and
char interface layer), Xs FDszBzaNAzLATUTSUMIsTY biomass 24aR, Xs D AL
muuuamawawuwm Immusmsmamaqwmwm (bed movement) s uvn1ie91984
MnnasnesliaimAsduuuganeudIduNTInaesTsdiAuyiny 400 fadums uaz Ar @
fldandumis X ldumis X 1aq dauandusud 6.15



a7

Iumi‘iLﬁm3ﬁmamsmaawﬂsﬁ%’agamaqmiﬁwuwaﬂsﬁumaﬂﬁLﬁmﬂﬁumﬂuLm
I Auniedudidn(ash width) avuniredudau (Char width) avuni1adu biomass
(Biomass width) sv8gnInuesitomdaBed movement) Snansgadesnaioimasiweight
Loss)Ima%’agamdwﬁjwl,ﬁ'a‘imswﬁiwﬁ’uswdwmiﬁwuwaﬂwﬁmﬂﬁLﬁmﬁuﬁUﬂni
ﬂszm&Jéﬁ’waaqmmﬁﬁﬁmﬁumﬂmm

Bed movement

Biomass zone Xs
Char and Biomass
7 | X; ~ interface layer

Ash and Char

Char zone ? | interface layer

aw\qunfmnwn

v

Y ¥ X,=0(Grate)
5UN 4.15 uanalgusegmelumugiten
1. MIVYILFVOITUTAT (Ash growth) anunsarulIadlanNgunIsn 4.2

X, =X
AShy, g = lAt : (4.2)

2. MINARIURITUEIU(Char shrinkage) @saAulanLELNTN 4.3

Char S B (4.3)

shrinkage A ¢

3. AIRARIVBITU biomass (Biomass shrinkage) @1u1saA1uulanuaunIsyn 4.4

. Xy —X
Blomassshrinkage = 3At : (44)

4. 33UENIAVDINBAUYBINGS (Bed movement) ansnsadwinilaniuaun1si 4.5

X —X
Bed movement = SAt 4 (4.5)
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5. en5INTUSLnATBLNAY(Weight loss) anansaauiulanIuannisi 4.6 [34]

Initial mass of biomass — Initial mass of biomass

Weight loss = x100% (4.6)

Initial mass of biomass

6. FANARALATBUNINTIFIU (Standard error) TUNIMANUARIALATBUNINTIY VDS
nmneaadlainisimavesgumgingluminaiiiegunin sy lngmaainintou
NI @asaiuInlanuaunIsn 4.7 [35]

SK x = (4.7)
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NANTSNARDILAZIITUNANITNIAAD

TuAngdnusuniinats N1SAASIEANANITNAADIVBIAINARAwAIATIZIRUU LA

[ '
= N

YullnyinsUusudnsnsinavesenanduasenisdulnveslaua1sgnieluen nsnszane
fvasgamgiandunslinsginaveunmdninsduasgiuuulnaduderiinisuiunieu
dnsnshnavessniadiinadenisimuivedlauiniatunielunwazludiugaineszdu

Y8 NAa IANNITVLF AL VARIVDITUNIU

5.1 WINANRIwaMATIZRRUU AT
5.1.1 HAYBIDATINNSGIWAVDIDINIAN 60 kg/m>hr

340
320 4
300 +
280 -
260 -
240 -
220
200 + R
180 -
160 - =
140
120 - N
100 77
80 - 0
60 - 7 77 7
40
20 A
0 f | T %I | f | T

5 min 10 min 15 min 20 min 30 min 40 min 50 min 60 min

Zone Width(mm)

JUN 5.1 uanansiiulavedauiinaieieuednsinaeinia 60 of kg/m>hr



5 min

400

350

300

[yv]
w
o

Distance the grate(mm)
[\
Q
o

kLT
T

iﬂﬁ 5

u

2 LAPINISWAILNYBILEUIaIMN9 9 Ue98R I Iaa1ne 60 ke/m>h

150
100
50
0 - e L |
Biomass(mm) 271
Char{mm) 75 a5
Ash(mm) 0 0
Bed movement({mm) 5 44 45 58 82 110 130 165

09
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Biomass :
500 li\r—;
—0O— 5min :
450 - —4&— 10min '
—1— 15min | 7]
—{— 20min T9 |
400 ~ —C— 25min * |
—7— 30min !
— . T8
E 150 - . —t=— 35min o |
= —8— 40min |
= —@&— 45min T7 |
- 300 - —%— 50min .
=3 —@— 55min 6 I_
@ —&— 60min |
250 - o |
]
= I
8 1 |
0 i -
P 200 ¥ o’ |
£ T4 I
= 150 - . I
T3 ;
100 - s . |
T2 |
50 - 5 o |
T !
0 T T T T 9 L - Grate
50 100 150 200 250 300 357
Temperature(OC) _
Air |

JUN 5.3 UanIN13NI¥UMIVRQUUNINIEIRI vedn I lae1ne 60 ke/m*hr

U7l 5.1 wandliiuie msBsundasvesuinadui dulidwesduiomad
nawey nuiiisnsmslvasinia 60 kg/m>hr 1ian 5 wiiulundseinnsyuiunisyein
EORGE Wudﬂ%udwuﬁﬂaﬂmgqﬂizuwm 75 Taduns kagnuddnsnisaaidenialweight
loss) voutfainAsdivTunniigsiuandiduluguil 513 uisdinuniafndidluraed uans
Tiduinswnviasssmvennidomaduanusufaneludesiavesdudomad S
fuogdulsngmsaindniiintuluged

nssziprasarsiindldanidomaudwasn s lndarssemedudy
UsngmanifiAntumudiu ludnvaeifiestudmdsnuanuiou Tnsfinamlndans
sugUanUdosndanuarudounnuinadiudgaiviinisgeindemas arusoutignia
wfiensmslvanemlugtudomdeiogintusuuy dlmAemsanudesasssmed
wrlvsfldifuty anssemefifindufansownndlvianudeuiiinniy dnngnisaitasie
nsautugdiinuuagiennga mianuveamaindasssveaniniuaunssisasondla
LszfaimiﬂLmaaﬂmﬁ]uiummuaﬂ‘uﬂmﬁ]wm FeifudaAndudiudueremaialudag
n&anInn1sgaRnideinds uenantudsdunmfiuntutiinuunesninainvessunsuia
(Fuel gas exit) Uinmduvuraualussainani iludolsdasdmusznavvomufailits
UsgneulumelotUimnasnnuazanslalasaduouniin dslotuazanslelasensusundnil
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wnduiiduoyniavesmavaiin(aerosol particle) M3enims ifleufadouildiush
AFRUNYHUTTIINA

Tughanan 5 8 15 wiindminedindomnas nuhdasnssemevesansnindls
(pyrolysis) Ingsauanas edunaldanszezdudomaiiinnsananiisndniosdionsn
Uszanad 6.10 Hadiunssaunii 1u%mzﬁqquﬁu’%LammzLmiqé’fqmLﬁuﬁuadwqaaLﬁaaﬁﬁmsw
18.46 aarwaToaiewi fauansluguil 5.1 wanslidiuiinsenlndduuinunsings
Julsngnisaindniifetulugaed Snsinsaydeinadomadasnuanaminaana
usnegraiiuldtadauanddunsnd 16 adestunanisideues [37] Lagnan1siATIZRNN5IAT
Infidomnadsdauraiieaisingle particle) [36] ‘1'7iLLam’LﬁLﬁuﬁaé’mﬂmsqagLﬁamaﬁuaa%u
FoudsfianasuszanuamuiidenismnlwiGudsuamnmamnvdasszivean
Howdaddluunsunlndion Sammadulnvestuinu uazufinuafunnveszunsufa
fldruuuronanasngienal 5 uiiinsnegiadiulddn gumgiivinusessossuninedy
ﬁWULLaS%UL%J@LwadiuﬁiﬂLﬁaﬁﬂj’a@jﬁﬂiSM’lm 100 fis 150 eerwaAldoa Fadugumgii
ansaiansamwesn s ivdasssmenndemadluiistiudelulimnidaiseandla
\wesiniaeey muuiummmummmﬂsmgmmi mamimlmﬁlmmaammmmmm
segseszvinduduazrdudemasnnaiufoufidiemdumn uazianisnisimlviidou
U3unzunsslunaiieniu

n¥srnnaily 20 wivingaiaidomds suhSuindudidntundensings

Hounaq Fauanslugui 5.1 aamﬁmﬁ’umamaaﬁﬁqmmﬁﬁnmmLLﬂN%@LW%Q (T1) B
anasis wanslusuil 5.2 Wesnnieoundsusnaidnlndaunuauazdunaiudig
Fa39a1 20 fs 30 nindsngaRaideimds Wud%ﬁmﬂ’]im@\’wm%umuﬁmamﬂgﬂﬁ 5.1
way JU 5.2 avadosandiuuinunzunsadomaanlndaunsaudnaeduiii

USuauu1nnInIasunyadannid amadnatsua 1 unus s 8fa s NIt ua Uiy

2
a v

fjj a (% | = b, -dy a 1 t:’ljd 2 | o)
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1. ASANUIUNIAIDASINTG IMAaTBIINARBNUNVTINAA (Air mass flux)
F9E19NITANUIUMIAIDNTING LAVDIDINFRDNUNITNARA (Air mass flux) 19751
9MIINTTNAVIBINIA 5 ARTHOUIT ANDATINTITIAARDNUNNUNFAAILINAINEUNIS

Air mass ﬂux( kg Jz air mass flow rate

m’h ) cross section area

@ = 88.9 mm

EEX

Air mass flux

'
[y

Agnsnsluaresenawiaiy 5 anssoutnandusnsinisivadaunalawinfy

. . 3
. 51.1t><1m1n>< lm- ><1.253kg)(360020'37k_g
min 60 sec 1000 lit m hr

1%
¥

NUNVLIRAMUYININU 88.9 Hadunsninnu 0.044 LumS

Area =mr’ =3.14x0.044* = 0.0060 m*
FHINUANTASINS Mo NUNNTNFARLVINAU

Air mass flux= 0.37 =60 ke

0.0060  mch




76

A9 N 1 WAAYAIDRNIINISLAAVDIDINARDNUNULNAR

Air flow rate (lit/min) Air mass flux (kg/m?>-h)
5 60
7.5 90
10 120
15 180

2. MIAUIUNIGATNILATIvEIYBLWAS(Empirical formula)[27]
Tunn3m Empirical formula(CH,O,N,) Teidaimasanansanildnnaunisy 1-4

c :%CXMWC (1)
5 %C x MW,

B2L 20 8 2)
Y %Cx MW,

2 %0 x MW, (3)
Y %C x MW,

%N xMW,
* T %Cx MW, @

Tnefien MW, =12, MW, =16, MW, =1, MW, =14

2.1 \WaWaINaY
MnNeIAUsENaUMNLAlvouTanawnaulun1919% 3.8 Carbon = 38 %, Hydrogen

= 4.55 %, Oxygen = 32.40 %, Nitrogen = 0.69 % Lmuﬂ'ﬂuammiﬁ 1-4

C=1
- 4.55%x12 a3
’ 38x1
o - 3240x12 o o
7 38x16
_ 0.69x12 _0.006

° 38x14
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WSIzaviu Empirical formula lWeiwasunauae CH, 4300 6No 006

3. n1sArwamUTansanaanldlunisia lnduuuauysal (Air-Fuel ratio)
VBUYDING[2,27]

3.1 Mmsmuwadininsenianldlunisenivdivuauysalidam@snay
9N2IAUTLNBUVBWTBLNAILNAUTUAIS197 3.8

C= 38% H = 455% O = 32.40% S = 0.06%

vUSinaeenaiau (O) mnufAsemsluidiugiu [4/ F], ladesioluil

1. ensveuwnlvilogrsauysailafianisveulaaanlys

C i 0, -> goy +  393,520(kJ/kmol)
12kg 32kg 44kg
lkg 2.67kg 3.76kg

dlo C=0.38 ke
Astuenanausasly O, =2.76x0.38 =1.015 kg-O, / kg-fuel

2. nswnlndiegnsauysaivedlalasiaula

2H, + o, - 2H,0 +  241,820(kJ/kmol)
4kg 32kg 36kg
lkg 8kg Okg

dlo H =0.0455 ke

% 5 dg" a 4 v k 'O
Aatuenaunausesly O, =8x0.0455=0.364 S8
kg-fuel

3. mswnlvglegsauysalvesiuedulaingiue iy

S + 0, - SO, +  336,000(kJ/kmol)
lkg 32kg 64kg
lkg lkg 2kg
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dlo S =0.0006 kg

kg-O,
kg-fuel

Fudomawnaudodd 0, =1x0.0006 =0.0006
Fufuusinaeendiau (0) Mdlunsunlndunay 1 kg ogauysal fo
1.015+ 0.364 + 0.0006 = 1.38 kg-O, / kg-fuel

i a 1 v k 'O
\esanunauileandiauagud 0324 2
kg-fuel
AItUUSHNURNTLAUNIUATIFBINTAINNDIAFALTIUASI NG 1 kg @B

1.38-0.324 =1.056 kg0,
kg-fuel

9IAUTENOUDINAWN : Li9OINA 1 kg-dry 9zUsznaumeeandau0.23 kg - O, (e

YIRUN)

105 _, o5 keO,

ftuUsinaenafideddlunisenlvsivnau [4/F]. @e =4,
[ ]”’ 0.23 kg-fuel

4. NMIAUIUIATIFIUTININBWATUBINTA (air fuel ratio) NnRauluns

NAABDI

A79819N1SANUIUDASIAIUSEIINBTBINA SN UBINA(air fuel ratio) Tunstlngnsinng
luaniAsoNUNMTNAALIAU 60 kg/m?h NIAINITNARDY 5 UT LUBINAILNAUSATIEIY
9INANNBARD (A/Fstoic = 4.55 kg

wadomadildlunisnaass 200 ndu seuldsnsinisldidomaasindu
5.88x10kg/sec

Snnsliaveseinia 5 ansdounfidaiuldsniinislraveseinaminiy
1.04x10kg/sec

4
o e MW 104X10% o ke,
MW, 2.0x10 K
oo M _ 455 .
AF 0.52

actual
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d' U 1 ! &J a U d‘ U ! &J d‘ L4 U
A15199 A 1 8RTEINTEIATBINAIIUBIN1ATIER NS IaTRIeIN1ARENUTINLAA 60

ke/m*h
Time(min) 5 10 15 20 30 40 50 60
Air fuel ratio

052 | 091 | 123 | 148 | 1.76 | 208 | 2.14 | 2.31
actual(A/F)
Percentage of

11.44 | 20.20 | 27.11 | 32.70 | 38.87 | 45.78 | 47.02 | 50.87
stoichiometric(%)
Equivalence ratio(®) | 8.73 | 495 | 368 | 3.05 | 257 | 218 | 2.12 | 1.96

a o ' ! & a o gy D A A v oo
MA119N N 2 E]Gli’]ﬁ’AUizﬂ’JNLGUEJmeﬂ‘UE]’]ﬂWﬂ‘wamﬂmﬂwa%aﬂmmﬁmawu‘wwuww 90

ke/m?*h
Time(min) 5 10 15 20 30 40
Air fuel ratio actual(A/F) ST [ A3 1.46 1.73 1.80 | 2.01
Percentage of stoichiometric(%) | 15.60 | 29.43 | 32.19 | 38.15 | 39.62 | 44.31
Equivalence ratio(®d) 8.73 | 495 368 | 3.05 | 257 | 218

al 1 U 1 U ‘&J a U d‘ s 1 4’/ ndl L4 U
M99 N 3 ?‘]W@@i?ﬁﬂﬂiﬁﬁ'ﬂﬁL“UEJLWﬁQﬂ‘UE}’Tﬂ’]ﬂ‘V]EJG]i’]ﬂ’131‘1/1@‘0@@@’1?1'1?1@@%]%‘1/]%1!’]@@ 120

ke/m?h
Time(min) 5 10 15 20 25
Air fuel ratio actual(A/F) 0.95 1.16 1.54 1.69 1.80
Percentage of stoichiometric (%) | 20.81 2544 | 3378 | 37.13 | 39.47
Equivalence ratio(®d) 8.74 4.95 3.69 3.06 2.57

dl ! L ! ! ng a U dl L ! d‘l dl L4 U
A157197 N 4 ABATIEIUTEWINATBLNAINUDINIATIENINNT INavBeINARBNUNNLRA 180

ke/m?h

Time(min) 5 10 15
Air fuel ratio actual(A/F) 0.52 0.91 1.23
Percentage of stoichiometric (%) 11.44 20.20 27.11
Equivalence ratio(®) 8.73 4.95 3.68
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5. N15ANUIUUILNUNARBNITVLIYAILASUANIVDIVUAIU

ndildnanlluund 5 fetladeiifinadenisvensuasnasavestusuded 3 Jade
FdwaliAnnsveneinasnasdslufegansunazendiegsdiaan 15 wd 1u 20
wift fisasnisivaennie 60 kg/m?-h

5.1 N59818f89 char 1iesan biomass Waswy char Jadeiazdmaloiu

char Vg1

X, =259 mm
X, =257 mm

[ Interface

iomass to char

. At = t,-t; 7 VT 3
§me P P aog t, =15 min t,= 20 min

INAUNTT

9 Bx 2578y
interfacebiomass—char A ¢ 20 12! 1 5 )

FatUANLSIVY interface a1 15 w1# W 20 Uiwee biomass WasuLdy char flen

WINAU 0.4 mm/min

5.2 NSUARYEY char L0991 YUY char particle lanastadefiagdinaloidu
char uas@alun1sAaislaaiusadnvuinaes char particle laasunInvuIa char
particle AzdwnalviszoenindIveanatiosnds (bed movement) anasnlgntulung

AT NBITEHENIAMIVBINBATBINEGS (bed movement) 1AL
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Abstract

In this paper, experimental study on transient temperature distribution, assessment of reaction and
reduction zone and carbon residue in ash at different equivalence ratio of a stratified downdraft gasifier
using rice husk as raw material are investigated. Besides,the equilibrium modeling was employed to predict
reaction zone temperature and reaction zone gas composition. Equivalence ratio was varied from 3.90 to
4.50. Our study found that, temperature of combustion and reduction zones were generally higher at a
higher air input rate coupled with a faster temperature propagation rate towards upstream of the reactor.
Reaction zone temperature prediction using equilibrium model was in good agreement with the experimental

result. Maximum cold gas efficiency was obtained at the equivalence ratio 3.90. For all case, considerable

carbon residual was indicated by clearly black color in ash.

Keywords:Thermodynamics Equilibrium Model,Stratified Downdraft Gasifier,Rice Husk Fuel.

1. Introduction

Gasification is the thermo-chemical conversion
of a solid or liquid feedstock into a valuable and
convenient gaseous fuel or chemical product which
can be further utilized in various form of thermal
energy application. There are many types of
conventional gasification reactor available [1]. The
main engineering task is to find the method or
mathematical model to predict and bare all physics
of gasification process. The model will allow
engineers to analyze the insight process quality
which will enable a more refined idea to further
increase gasification efficiency [2]. This paper
focuses only on stratified downdraft using rice
husks as raw material.

Gasification modeling is divided into two main

categories which are 1.) Zero dimension modeling
and 2.) CFD modeling. Zero dimension modeling
is employed the well-stir reactor concept, with this
assumption, the use of simple chemical model to
predict species of composition is enabled.CFD
modeling accounting on both transport phenomena
and fluid dynamics into the model. Therefore, CFD
allows more physical insight compare to Zero
dimension modeling. More physical parameters are
involved in the analysis on the effect of reactor
performance and operations. For example,
combustion propagation speed, combustion zone
thickness, reduction zone thickness etc. CFD
modeling can be further divided into 1D modeling
and Multi-dimension modeling. In 1D-modeling,

fluid dynamic coupling algorithm can be ignored.
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The other, the complex physical sub-
model,(pyrolysis,combustion,heat conduction) can
be integrated into the code without fluid dynamics
complication.Therefore, the sensitivity of each sub-
model is enabled to point-out.Moreover,lt is
reasonable to assume 1-D flow in stratified
downdraft gasifier since the flow was almost in
axial direction along the reactor length. Due to the
simplicity but powerful of equilibrium
modeling,there are plenty of published papers
employed this method to predict fuel type, moisture
sensitivity and various operation parameters on
gas composition[3][4][5].Some researchers
employed CFD model to obtain more physical
insight on gasification process [6].In this paper,only

equilibrium model is present.

2. Modeling and experimental setup
2.1Gasification Model
The stoichiometric chemical reaction of dry air

gasification can be written asEgs.1.

CH O,N_+m(0,+3.76N,)—> x,H,
+x,CO+x,CO, +x,H,0+x,CH, (1)
+x,C+(z/2+3.76m)N,

The equivalence ratio from  various
experimental cases can be converted to obtain m
value in equilibrium model. Three equations can be
derived by the conservation of elemental mass

present in the reactants and products.

Carbon balance

X, +x,+x,+x,—1=0 )

TSME-ICoME

ASEAN AND BEYOND
Hydrogen balance
2x, +2x,+4x,—x=0 (3)
Oxygen balance
X, +2x,+x,—y—2m=0 (4)

Three major reaction which are boudauard
reaction, CO shift reaction and methanation are
considered to reach chemical equilibrium in
combustion zone. Therefore, additional three

equilibrium equations are considered.
Boudouard reaction

BB — (5)

CO shift reaction

CO+H,0——>CO,+H, (6)

Methanation reaction

C+2H,——CH, (7)

The equilibrium constant written in equation (5)
(6) and (7) will enable completion of all six
equations and to calculate the equilibrium

composition of product syn-gas from reaction zone.
Equilibrium constant for boudouard reaction

2
)

K - ®)

'x3 'xto tal
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Equilibrium constant for CO shift reaction

K — xS'xtotal (9)
3
x;

Equilibrium constant for methanation reaction

_ NN

K, (10)

X, X,
Where x,,, is the total number of moles of
gas phase species in the product of Eqs.2 While
X, represent the un-burn solid carbon. Therefore

exclude from equation (11)

xt()tal

=X, + X, + X, + X, +X; +(§+3.76mj (11)
The value of equilibrium constant is figured out
at constant temperature and pressure using the
standard state Gibbs function of change. While
AG;) at particular temperature of each reaction can

calculate follow [1]

_AGY

K, =e % ,i=12,3 (12)

2.2 Energy equation
In order to calculate temperature of reaction
zone the energy balance between reactant and

product is used

Z xih/(‘]‘,i =

i=reactants

> xj(h?’j+AhT) (13)

Jj=products

where X, is the number of moles of reactants,
h_/?’l. is the enthalpy of formation of reactants ' X
is the number of moles of product species, h?/ is
the enthalpy of formation of product species and

AhT is the sensible enthalpy of product. The

above equation can be expressed in the following
expanded form when applied corresponding to
Egs.1.

ARG eeasiock + mhm2 +3.76mh; N,

= x, (hj,Hz + CP,HZAT) +, () co + Cp coAT )

h;,COZ + CP,COZAT)

0
+x4 (hf,HzO(vapor) + CP,Hzo(vapor)AT)

(h;,Nz + CP’NZAT)

where C, is the specific heat at a constant
pressure and AT is the changes in temperature
with respect to reference temperature (T1 =298K )
The enthalpy of formation for O, and N, are zero
at the reference state therefore the last two terms
on left hand side of Equation (14) are eliminated.
The enthalpy of formation of feedstock is
calculated using the method defined by Syed et al.
[1]. In the calculation the presence of nitrogen in
the feedstock is neglected as its contribution is

small.

2.3 The calculation procedure

Figure.1 the calculation procedure starts by
initial guess on the value of Temperature. Then the
composition at equilibrium can be calculated by
solving the non-linear system of equations by
various numerical techniques. After that, obtained
compositions are substituted in energy equation to
calculate value of gasification temperature.
Then, The calculation is repeated until temperature
difference between composition calculation and

temperature from energy equation are satisfied.

TSME-ICoME
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Overall experimental rig set up refer to fig.2
Main reactor made by stainless pipe without fuel
feeding and ash remove system.7 thermo couples
was install along axial direction of the reactor to
trace on temperature propagation and zone
distinction. After fuel was fully feed in the reactor
and the Air flow rate was set. Flame could be

ignited at the ignition port then the temperature

intervaluntil the temperature propagation reached
to the top portion of the reactor. Equivalence ratio
can be calculated by known amount of fuel in the
reactor and total air input of each experimental
case. This calculated equivalence ratio then will be
the model input in accordance with the
experimental case. Also temperature propagation

speed running to the top portion of the reactor can

TSME-ICoME
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distribution was recorded for every 1 minute be calculated.

CALCULATE

INPUT
START y » The equilibrium K; K, and K; by
Initial temperature T A
using Egs.(8),(9), and (10)

Solving
X; by using Egs.(2),(3),(4).(8).(9)
and (10)

T=Tnew

Result Temperture CALCULATE

(Tnew) The temperature by using Eqs.(14)

Fig. 1 The calculation procedure.
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Fig. 2 Overall schematic of experiment apparatus and instrument setup.
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3. Result and Discussion

Reaction zone temperature were in good
agreement for all cases between experimental and
equilibrium model Fig.3 It was shown that as the
equivalence ratio increased the reaction zone
temperature was decreased. Because less air
input allowed less combustion to occur. And
resulted in less fuel volatilization due to limited heat
release. Note that the reaction zone temperature
of experimental cases was indicated by the
maximum

temperature reading of all

thermocouples.

1500

Figure.4 Gas composition prediction from
equilibrium model reflected that carbon residual
was decreased while CO, and CO was increased
as the equivalence ratio decreased. The
increment of CO, and CO were the consequence
from more carbon combustion. More air input
allowed more heterogeneous of
carboncombustion.The H,O and CH, are nearly
constant among various equivalence ratio and both
of themplayed less important impact on syn-gas
composition efficiency.Since they were less

amount than CO,,CO.

1400 +
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T
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§ 1100 +
[}
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£1000 1
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2
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T T T

4.2 44 46
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Fig.3 Comparison of the equilibrium analysis and experimental test on temperature.
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Fig.4 Equilibrium analysis on productgas composition
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Regarding to the equilibrium result,CO, and
CO composition were playing the most important
role in syn-gas efficiency.Fig.5 Theywere violently
altered with different equivalence ratio. CO, and

CO were both increased with increased air input.

17-19™ December2014,The Empress, Chiang Mai

ASEAN AND BEYOND
CO which considerable released heat during
combustion.Increasing in CO species was the main
reason for higher CGE value as the input air was

increased. CGE value can calculate by egs.(15)

CO, was considered as combustion load because CGE = HHY e gases 15)
it was unable to release heat during the HHYV . istock
combustion,and unable to consume heat energy
via sensible enthalpy heat load, which caused the
deterioration in syn-gas heating value. In contrast,
35
301
254
;\?
o 20
(O]
o
15+
104
5
O T T T =t T
0.18 0.19 0.20 0.21
Air input(kmole)
4.53 4729 408 3.90
Equivalence ratio
Fig.5 Equilibrium analysis on product CGE.
—4— Time =6 min
W —o— Time = 12min 70
—+— Time = 18min €
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@
Ts - 50 g’
g
T, - 408
§
s L30E
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g
T2 203
o
T 10

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Temperature(K)

Fig.6 Experimental temperature profiles inside the gasifier(® =4.10)
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Figure.7 the temperature profile indicated two
distinct zones which were 1.) reaction zone where
the combustion was taking place 2.) reduction
zone was the point where the temperature started
to drop, indicated the reduction kinetic which was
the process to convert heat into chemical energy.
Main processes were various shift reaction, which
produced more combustible species and consume
combustion load species. CGE of syn-gas was
improved in this reduction kinetic.The temperature

drop measured at 10 cm after combustion zone is

|
Biomass 1

Air inlet Air inlet

1030 K at equivalence ratio 3.90, 1016 K at
equivalence ratio 4.10, 976 K at equivalence ratio
430 and 728 K at equivalence ratio 4.50.The
temperature drop indicated that there were not
considerably different amount of reduction kinetics
for all of the equivalence ratio range. Residual from
experimental test showed that there were
considerable un-burn carbon for all equivalence

ratio see fig.8

79955

Grate

5
S

]

&

&
8

) IS
Distance from b?:ttom grate(cm)
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R e R T N ey~
100 200 300 400 500 600_700 800 900 1000 1100 1200 1300 1400 1500
F——=®Syngas
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Fig.7 Experimental temperature profiles along axial axis of the gasifier (at time = 15 minute)

[

(a) Equivalence ratio 3.90 (b)Equivalence ratio 4.10 (c)Equivalence ratio 4.30 (d)Equivalence ratio 4.50

Fig.8 un-burn carbon for all equivalence ratio.

4. Conclusion
Equilibrium modeling was employed to predict

reaction zone temperature and reaction zone gas

composition . Equivalence ratio was varied from
3.90 to 4.50. It i was shown that for all of the cases

reaction zone and reduction zone were in the order
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of 10 cm. Maximum temperatures at combustion
zone was 1343 K at equivalence ratio 3.90, 1206
K at equivalence ratio 4.10, 1014 K at equivalence
ratio 4.30 and 793 K at equivalence ratio 4.50.
The temperature drop measured at 10 cm after
combustion zone was 1030 K at equivalence ratio
3.90, 1016 K at equivalence ratio 4.10, 976 K at
equivalence ratio 4.30 and 728 K at equivalence
ratio 4.50.Temperature of combustion and
reduction zones were generally higher at higher air
input with faster propagation rate towards
upstream of the reactor. Because of lower air input
could produce less heat in combustion zone which
some of them were expensed in fuel volatilization.
Reaction zone temperature prediction from
equilibrium model was in good agreement with
experimental result. Maximum cold gas efficiency
was obtained at the equivalence ratio 3.90.

Since the equilibrium model was address on
combustion process, therefore, in this paper, the
prediction of temperature, CGE efficiency, gas
composition was focused particularly on
combustion zone. The following reduction zone
which various shift reaction occur will be the future

work. Also developing 1D CFD modeling is the

main task of ongoing work.
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Abstract

The paper analyses the results of experiments on the stratified downdraft configuration in a gasification reactor.
The experimental study using wood pallet as fuel. Air flow rate was varied from 40 lit/min to 90 lit/min. The
influence of air flow rate on 1.) Layer height separation 2.) Flame smoldering propagation 3.) Fuel residual carbon
composition 4.) Fuel consumption 5.) Equivalence ratio. The result shows that flame smoldering propagation is in
counter direction of the supply air for all cases. The propagation speed is increased with the increasing air flow rate
supplied from 40 lit/min to 60 lit/min. The peak propagation speed observed at 60 lit/min of supply air. The layer
separation is divided into two distinct zone which comprised of 1.) Combustion zone and 2.) Reduction zone.
Combustion zone is determine as heat release region. It is dominate by oxidation reaction. While reduction zone is
depicted by reduction endothermic mechanism. It is revealed from the thermocouple that there is heat generation
zone that cause temperature raise up along reactor. Heat and pyrolysis combustible gas was transport in counter
direction to the supply air flow rate which was dominate by diffusion regime at the range of air supply of 40 lit/min
to 60 lit/min. This resulting in more speed in counter direction of smoldering propagation in this range of air supply.
While increasing air supply rate above 60 lit/min, the convection heat transport has become more effective. Heat and
mass is transport in co-direction with supplied air in convection transport mode, which resulting in less diffusion
transport in counter direction of supply air. This phenomena confirm by propagation speed is lower in the range of
air supply from 60 to 90 lit/min. High carbon residual composition was observed for all range of the air flow rate.

The calculated equivalence ratio was varied from 0.42 to 0.90.
Keywords: Flame front, Propagation rate, Biomass gasification

1. Introduction

Direct combustion and gasification are two
methods to extract heat energy from biomass or solid
fuels. Heat energy may use directly via heat exchanger
in heating application or taken in heat add process in
power generation application. Heat added process are
either internal or external combustion regime. Direct
combustion of biomass is unable to employ in internal
combustion engine. It has to be combusted externally
and transport heat to working fluid, usually the steam.
In contrast to gasification, which gaseous fuel from
reactor is generally route to heat engine and internally
combusted for power generate. Gasification integrate
with heat engine claimed to achieve more thermal
efficiency comparing to direct combustion. Due to
thermodynamics advantage of working fluid of air
superior to bottom steam cycle.

Direct combustion method has less ability to
control shift reaction [1,2]. Heat release is straight
forward from two time phase comprised of 1.)
Combustion of pyrolysis gas and 2.) Char reacting
with oxygen. In Direct combustion, heat is generally
transport to point of wuse via heat exchanger.
Gasification is an overall sub-stoichiometric process,
converts solid fuel to gaseous fuel. During this process,
the fuel undergoes series of thermochemical processes

of 1.) Pyrolysis combustion 2.) Devolatilization 3.)
Hetorogeneous char combustion 4.) Char reduction 5.)
Drying [3].

2. Stratified downdraft gasifier

The process consists of 1.) Drying 2.) Pyrolysis
combustion 3.) Reduction. During flaming, volatiles
are released and react with the air flowing through the
pore space of the stacked bed of biomass. The reaction
is executed as auto-ignition in the pore space where
the air and volatile mixture ratio and temperature is
within flammable limit. Drying zone is on the top
above pyrolysis combustion layer where heat is
transport from pyrolysis combustion layer in
conduction and radiation mode. Flaming pyrolysis
layer height is limited by available oxygen in supply
air stream. The movement of whole flaming pyrolysis
layer is move toward the flame front in counter
direction of the supply air [3].The speed of the layer
propagation is depends on the transport phenomena
where heat, pyrolysis gas and oxygen are in flammable
constituent. Biomass is transformed to black-char in
next layer after releasing all volatiles from pyrolysis
combustion zone. The black-char layer has reduction
kinetic which the endothermic reaction taking place.
Endothermic reaction layer was initiate with the
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incoming of rich steam and carbon dioxide
(combustion product) while no oxygen present (no
oxidation), and available char and adequate
temperature for reduction kinetic to occur. Reduction
kinetic is transform thermal energy of non-combustible
gas into chemical energy of combustible gas which is
mainly CO and Ha.

Gasification has more ability to manipulate on
shift reaction before execute gas combustion.
Therefore, gasification has generally higher thermal
efficiency in heating application [4]. Moreover,
gasification is considered to be cleaner and higher
flame temperature comparing to direct combustion.

Air and Biomass

13-16 December 2016

The higher flame temperature is considered as
advantage when integration with heat exchanger in
heating application. In contrast to direct combustion,
where heat release is directly from pyrolysis gas and
char combustion without any shift reaction involved.
Gasification still has weak point especially in
large scale application. For example, it has more
sensitivity to environment condition. It was consider
lower reliability in large scale compare to direct
combustion [5]. Another gasification issue is heavy
hydrocarbon tars that is condensed on cool surface
area generate blocking issue in gas transport system.

Air and Biomass

RN

Fuel fresh

Flame front

Char and Ash

Fig. 1 Propagation transport in stratified downdraft gasifier

In this paper, study on temperature propagation of
a stratified downdraft gasification has been conducted.
The air supply was vary in the range of 40 lit/min to 90
lit/min. The thermocouple was installed along axial
direction of the reactor. The temperature was recorded
every 10 seconds for all thermocouple during
gasification process. The smoldering propagation,
layer height separation and transport phenomena
analysis was performed in accordance to the
temperature data. Qualitative justification on carbon
residual base on visual analysis has been made.

3. Materials and method

The experiments are conducted in a packed bed
gasifier as shown in Fig. 2a. The reactor is made up of

steel and has 76 mm inner diameter and 500 mm
height. This reactor is insulated with a ceramic fiber
blanket throughout its length to reduce the heat losses
from it. An air inlet as shown in Fig.2a.The
thermocouple arrangement along the reactor length is
also shown in Fig. 2b. The measured parameters
during the experiments are biomass consumption rate
and bed temperature at different locations along the
length of the reactor. Nine of K type thermocouples
are used to measure bed temperatures at various
locations of the reactor.
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Fig. 2 (a) Air inlet and thermocouple arrangement in the reactor. (b) Thermocouple arrangement in the reactor.

The flame propagation rate is calculated by
knowing the distance between two consecutive
thermocouples and the time required to reach a
particular temperature between those thermocouples.
The distance between two consecutive thermocouples
is 5 cm. The time required to
reach the reference temperature between two
consecutive thermocouples is calculated by using the
temperature profile. The flame propagation rate is

Propagation rate(cm/min) =

calculated by using the following relation Eq.(1) [5]
and the equivalence ratio ( @ ) for each run is
calculated by Eq. (2) [5]

Biomass (Wood pallet) was used as fuel in all
experiments. The results of ultimate and proximate
analysis are listed in Table.2. It is shown that wood has
a high volatile content while low fixed carbon content
and heating value.

Distance between thermocouples(cm)

(1

Time required to reach the reference temperature(min)

(Flow rate of air/Rate of biomass consumption)

b (Flow rate of air/Rate of biomass consumption)

Table. 1 Showed all equivalence ratio at air flow rate

@)

Stoichiomeic

Air flow rate(lit/min)

Equivalence ratio

40
50
60
70
80
90

0.45
0.75
0.90
0.58
0.42
0.43

TSME
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Table. 2 Fuel properties.

13-16 December 2016

Sample Moisture(%)

Wood pellet 5.81

Ultimate analysis Proximate analysis

Parameter (% d.b.) Parameter (% d.b.)
C 45.42 Fixed carbon 16.16
H 6.31 Volatile matter 81.41
(0] 45.54 Ash content 2.43

N 0.54 Calorific value (MJ/kg) 17.50

3. Result and discussion

Propagation rate was calculated by equation
(1) .The propagation rate is slowest at air flow rate of
40 Lit/min. The propagation speed is increasing with
increased supply air flow rate in the range of air supply
40 lit/min to 60 lit/min. The increasing air flow rate in
this range resulting in higher kinetic rate at the
combustion zone corresponding to the higher
maximum temperature. There are two mode of heat
and pyrolysis gas transport which are 1.) Diffusion
mode in the counter direction with the supply air 2.)
Convection mode in the co-direction with the supply
air. Both heat and mass transfer mode is increasing
with the increasing supply air of the range 40 lit/min to
60 lit/min. The diffusion mode is increase because of
the higher gradient of temperature and pyrolysis gas
species which resulting from higher kinetic rate at
combustion zone. While the convection of heat and

pyrolysis gas in downward direction is also increasing
because of the increasing air flow rate. The increasing
in diffusion transport mode promote the propagation
speed of the smoldering in counter direction of the
incoming air supply in this range of supply air.

The convection transport is becoming dominate in
the range of air supply of 60 lit/min to 90 lit/min. The
increasing in convection is resulting in lower peak
temperature because of the convection heat loss. The
kinetic rate is slower with the lower temperature. The
property gradient is lower in this range of air supply.
The decreasing in diffusion transport mode attenuate
the propagation speed of the smoldering in counter
direction of the incoming air supply in this range of
supply air. The increasing in air flow rate in the range
of 60 lit/min to 90 lit/min is resulting in slower speed
of smoldering propagation.
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Fig. 3 Smoldering propagation speed with different air flow rate
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Fig.6 Un-burn carbon for all air flow rate.

The temperature distribution along axial direction of the reactor is raise steeply at the combustion zone.
as shows in figure 4 and 5 in the reactor demonstrate Strong diffusion transport of heat in counter direction
heat release zone due to combustion. The temperature of the air supply is indicated by sharp temperature

of fresh in coming air that supply from the top portion gradient in this zone. The temperature is gradually
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reduce after combustion zone due to reduction kinetic
which endothermic reaction is taking place in this
region. After reduction zone the temperature is
continue slightly reduce from heat loss of the hot gas
to the fuel residual and the rector wall heat loss. The
reduction kinetic is terminate due to cold quenching in
this region as shows in figure 5. There was evident of
unburned carbon residual for all cases. The
propagation front is traveling with speed that were not
allowing enough time for char to completely burn out
as shows in figure 6.
6. Conclusion

The experimental result shows that the flame
propagation in a stratified downdraft gasifier has two
distinct characteristic which are 1.) Diffusion dominate
range 2.) Convection dominate range. The diffusion
transport resulting in faster speed of the flame
propagation in the counter direction of the supply air
in the range of 40 lit/min to 60 lit/min. While the
convection heat loss in downstream direction of the
supply air was dominated in the range of 60 lit/min to
90 lit/min. Convection heat loss in downstream
direction 1is resulting in lower temperature in
combustion zone. The property gradient is lower in
this range of air supply. The decreasing in diffusion
transport mode attenuate the propagation speed of the
smoldering in counter direction of the incoming air
supply in this range of supply air. Visual investigate on
the fuel residual demonstrate considerable un-burn
carbon for all of the cases.
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Abstract

This paper introduces the one-dimensional CFD model for downdraft gasification by making use of
temperature profile from the experiment. Thermal equilibrium between solid fuel and gas stream is
assumed. The pyrolysis gas generation, char generation, homogeneous reaction rate and char
heterogeneous combustion rate can be calculated following Arrhenius law and regarded as the source
terms to transport equations of 8 gaseous species. Air flow rate was kept constant at 90 L/min. From the
measured temperature profile, the reactor is divided into two distinctive zones which are 1.) Combustion
zone and 2.) Reduction zone. Combustion zone is determined as heat release region as dominated by
oxidation of the raw material, while reduction zone is depicted by endothermic mechanism. For
simplicity, the process is assumed as one dimensional. With this alternative CFD procedure, non-linear
coupling process from energy equation is ignored. Therefore the computational effort is greatly reduced.
Moreover, computational quality is improved with reduced residual as compared to conventional CFD
procedure.

Keywords: CFD, downdraft gasification, modeling.

1. Introduction

Thailand is an agricultural producer. There are a lot of distributed biomass available in wide
agricultural area. Biomass has the capability to perform thermal process for producing gaseous fuel.
However, careful economical consideration should be thoroughly studied for each project. [1] had studied
on thermal performance and economical point of the operation of Biomass fueled power generation and
cogeneration project in USA. He concluded that the system thermal performance and local fuel
management are the key factor for successful operation of the process.

Gasification is a complicate process. It involved a lot of detailed reaction mechanisms which are
interact to each other. The process is strongly coupled and not easy to conduct modeling. Model
developer need to deal with strongly non-linear term especially from energy equation which massive
energy release during the combustion process. CFD modeling serve as an engineering tool to help
engineer driving the improvement of the project. CFD modeling has an ability to predict the detailed
process to help them understanding and pointing out performance improvement opportunity. CFD also
working as a tool for project feasibility study to estimate the price to earnings ratio of the project. Since
the system performance is the key for business success of the running project.

There are many engineering applications classified into continuum porous media category. For
example, catalytic converter, submerged flame combustion in an inert porous media. The continuum
porous media modeling had been employed for modeling of the fixed bed gasification [2]. The idea of
continuum porous media modeling considers the occupied control volume consisting of solid and fluid
pores region, as shown figure 1.



TSME-SYCoME
The 8" TSME International Conference on Mechanical Engineering
12-15 December 2017

Bangkok, Thailand

- -

A-A;solid

AsPore filled
with stagnant fluid

Figure 1. Continuum porous media concept.

Transport equation of the porous media could be written in the same form as the conventional form
except that it has a porosity, a constant, being multiplied into each term. Transport of gaseous species
through the finite control volume occurs only in the fluid space. The porosity reflects that the finite area
and volume has the occupying solid constituent. Therefore, the convection, diffusion transport and source
term is fractioned by porosity constant.

Transport equation for continuum porous media could be re-written as the equation below.

div(puap)v = div(regrad@) + S¢ (1)

In terms of modeling, fixed bed gasification process modeling is resemble to the combustion in an
inert porous media except that the solid matrix in fixed bed gasification is not inert. On the contrary, it has
pyrolysis kinetic taking place in the solid volume matrix. Moreover, it has heterogeneous char
combustion at the surface of the solid matrix. Pyrolysis is the biomass thermal decomposition process, in
which the rate is defined by Arrhenius form. It generates several gas, solid char and tar vapor. The
pyrolysis equation can be written below.

Biomass — aChar +bTar + cGas (2)

In CFD modeling, the gas composition is directly prescribed into the model as the mass percentage of
the total gas generated from pyrolysis process. Pyrolysis gas composition can be obtained from either the
experimental pyrolysis test rig [3] or available data from other reference works.

Several homogeneous combustion kinetic are taking place in fluid pores space in parallel with the
combustible gas generation from pyrolysis. Tar cracking kinetic also occur in homogeneous form with
water gas shift and CO combustion. Tar and steam condensation can be added into the model by
estimating the saturation temperature of tar vapor and heat transfer rate between hot gas and cold solid
porous fuel matrix.

In this paper, alternative CFD procedure of down draft gasification process is proposed. The
measurement of temperature profile from Kasemsil O. et.al. [3] was adopted. Various homogeneous and
heterogeneous kinetics are calculated based on pervailing temperature profile. Transport equations of 8
gas species together with biomass and char transport were solved by TDMA algorithm. Iteration coupling
between kinetic rate, source term and transport equation were performed until convergence was achieved.

2. Exerimental setup
The experimental set up case is refer to Kasemsil O.and team [3]. The air input rate was 90
litre/minute.
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Figure 2. (a) Air inlet and thermocouple arrangement in the reactor. (b) Thermocouple arrangement in the
reactor.

Temperature profile for mathematical modelling was simplified from the measured profile. The first
temperature rising rate, slopel, is obtained by identifying the distance between the location of maximum
temperature and the location at the interface of preheat zone and the reaction zone. Slope 2 indicates the
recession rate due to endothermic reaction. This second slope is obtained from linear approximation of
temperature profile from the location of maximum measured temperature and the location at the interface
of reduction and extinction zones, as seen in figure 4.
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Figure 3. Temperature distribution in the reactor.
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Figure 4. Temperature distribution in the reactor a) Experimental data b) Simplified temperature
profile for mathematical modelling

Kasemsil O. et.al. [3], has perform experimental study of stratified downdraft process of biomass. He
concluded that the process consisted of 2 distinct thickness in the reactor comprised of 1.) Combustion
zone and 2.) Reduction zone as shown in figure 3. All zones propagated in counter direction with supply
air flux. The propagation speed depended on gas mixture and thermal energy transport within the reactor.
There have been many research into the propagation front in a packed bed. [4-8] has studied on the
thermal propagation speed in downdraft gasification configuration with different supply air mass flux. He
found that the propagation speed was dominated by convection and radiation heat transfer at the
combustion front layer.

The flame propagation rate is calculated by knowing the distance between two consecutive
thermocouples and the time required to reach a particular temperature between those thermocouples. The
distance between two consecutive thermocouples is 5 cm. The time required to
reach the reference temperature between two consecutive thermocouples is calculated by using the
temperature profiles between two consecutive time steps. The flame propagation rate is calculated by
using the following relation Eq.(1) [5]

Distance between thermocouples(cm)

Propagation rate(cm/min) =

3)

Time required to reach the particular temperature(min)

3. Numerical modeling

Estimated temperature profile and propagation speed is prescribed for CFD modeling. The problem is
assumed to be quasi-steady. Instead of treating flame propagation moving, all reaction zones are kept
stationery with an influx of biomass into the calculation domain with the velocity equal to the flame
speed.

Transport equation of 8 gas species are treated as continuum porous media with predefined porosity.

div(puap)v = div(tegradg) + Se “4)

Solid biomass and solid char transport equations are written in the same form as gas transport equation
except that it has no mass diffusion transport term. It can be written as below.

div(puap)v =S¢ (5)

While molecular weight of mixture can be calculated as.
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1 (6)
"X Yi/ MWi

Various reaction rates are calculated by Arrhenius form with the input of defined temperature field.
Each reaction rate will then link to particular mass generation and finally total mass generation of spcific
species will transfer to source term of the transport eqution during coupling process. Conversion between
concentration rate to mass rate can be written as below.

PMW . @/ RU(T)(MW¢) (7

Gas phase combustion kinetic employed in the modeling are as follow

(tar)CH, 5,0, 025+ 0.860, —24—5CO +0.76 H,0 ®)
CH, +1.50,—%2>CO+2H,0 )
2CH + 0, —%£>2C0, (10)
H,—*252H.0 (11
Ej 0.5 . . (12)
R =d exp| = — - [[.C Coy.j = clic2,i=T,CH,
4
Egy | b s (1)
Rey=Acexp| ——= Cc0C02 CH20

RT,

Eey (14
Rey = Acqexp| — RT, Cy,Co,
Gas-phase water gas shift.
K (15)
CO+H,0<CO,+H,
C., C (16)
ng = 8kwg(CCOCH20 _MJ
KE
E E (17)
K, =4, exp|——%| K,=4,¢ -
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wg

RT

4

(18)
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Heterogeneous char surface combustion is calculated by one film model [9]. The thermal equilibrium
between solid fuel matrix and fluid is assumed. Char surface temperature was assumed equal to measured
gas temperature. There was a research on computational work proving that the temperature inequilibrium
occurred around the combustion zone for combustion within inert porous media [10] which drive
additional heat recirculation to the flame zone. However, if solid fuel particle is very small this
assumption would be acceptable.

3.1 Mesh generation

Mesh generation is in one dimensional for 90 centimeters long. The domain was divided into 100,000
equally control volumes, as shown in Figure 5. The code was tested by employing the material property
and boundary condition as shown in Table 1.

| | o INphi®
oo e e e e e

Figure 5. Mesh generation in calculation domain
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Table 1. Boundary condition

Boundary condition

Mixture inlet velocity 0.30 m/s
Mixture Inlet temperature 310K
Oxygen mass fraction 0.40
Nitrogen mass fraction 0.60
Biomass relative velocity 0.001 m/s

Table 2. Material property

Material property

Porous void fraction 0.5
Mixture binary diffusivity 0.0008 m2/s
Pressure 101325N/m2
Biomass density 100 kg/m2

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 equations are
written in system of algebraic equations. The volume at boundary was treated separately according to
assigned boundary condition. All of the system of algebraic equations were solved by TDMA algorithm.
The equation of state is calculated based on previous round of solved property field. All of the system of
algebraic equation is then updated. The process is repeated until the convergence is achieved.

4. Result and Discussion

The custom made CFD code for biomass gasification is during the development stage. Code structure
is divided into various subroutines. Every subroutine is tested individually whether they are capable to
perform the desired task. Then the subroutine will be integrated into the programing loop in coupling
procedure. The coupling test started from few variables until all variables are coupled and under
controlled.

The solid biomass transport and decomposition testing result is demonstrated in this paper. This is the
test of coupling between biomass transport subroutine and pyrolysis subroutine. These two subroutines
need to be coupled in order to correctly define biomass density distribution along the reactor.



Figure 6 shows solid biomass density distribution along the reactor after the convergence of two
subroutines coupling is achieved. This shows that major biomass decomposition process occur at the
reactor length of 0.5 to 0.7 meter, because the temperature in this region is high. The decomposition rate
is determined by Arrhenius rate, with the parameter for biomass decomposition from [2]. The biomass
decomposition only 30% from the initial value which is considerable smaller than the experimental result
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from the author’s test rig [3].

Figure 7 shows the rate of biomass decomposition versus temperature while the biomass density is
kept constant at 100 kg/m>. It was demonstrated that the kinetics start around 800 Kelvin. It exponentially
increases with the increasing temperature. This Arrhenius rate parameter is likely to be slower than the
experimental result. Rice husk start to emit smoke or undergoing pyrolysis process at temperature much
lower than 800K. The Arrhenius parameter will need to be revised whether it is suitable to describe rice

husk decomposition rate.
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Figure 6. Solid biomass density distribution along the reactor
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Figure 7. The rate of biomass decomposition versus temperature
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5. Conclusion

The CFD code development is demonstrated in this paper. Since the biomass gasification is very
complex process. All individual physics need to be modelled and programmed in separate subroutine and
finally coupled until convergence was achieved. The couple between multi-physics is started from few
variable then tested and calibrate with the experimental test whether it can properly describe the real
process. Moreover, coupled stability also monitor at this stage. The couple between pyrolysis and solid
biomass transport equation was demonstrated in this paper. It shows that coupling process is stable and
reach convergence. However, the result of biomass decomposition is much slower than the experimental
case. The Arrhenius rate parameter shows that the pyrolysis start at 800K which is considerable higher
ignition temperature than in the experimental result. The parameter need to be revised whether it is
appropriate description for rice husk decomposition rate.
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A New Method for Zone Development Observation for
Updraft Rice Husk Gasification
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Experiments were carried out with a new method for assessing an
updraft gasification reactor. An attached side door enabled the
investigation of zone development by stopping air supply at specific
times, when the thickness of biomass, char, and ash layers were
measured. Development in zone thicknesses of biomass, char, and ash
with time associated with temperature distribution provided information
about the speed of flame propagation inside the reactor. Initially,
pyrolysis and volatile combustion occurred, as evidenced by the high
mass loss rate and high growth rate of the char layer. Shrinkage in the
char layer took place later, and this phenomenon was governed by char
glowing, which was relatively slow in mass loss rate. Finally, the fully
developed char layer was obtained. The results from four different air
mass fluxes under updraft configuration were presented, showing the
differences in layer development. Temperature profiles at each time step
revealed that the location of peak temperature coincided with the location
of ash-char interface for every air mass flux. This effect was due to the
high energy release during the oxidation of fixed carbon.

Keywords: Biomass, Gasification,; Updraft; New method; Pyrolysis; Volatile combustion
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INTRODUCTION

Liquid petroleum gas (LPG) consumption in Thailand is divided into four sectors,
which are household, transportation, industrial, and petrochemical. The household sector
accounted for 33% of total LPG consumption and was the largest in 2018 (EPPO 2018).
Almost all of the household consumption is related to cooking with a burner. Burners are
small, having a typical output within the range of 2 to 3 kW. It is important to reduce fuel
consumption as it helps to reduce cost of living, which 1s considered one of the four basic
human needs.

Biomass is a low cost energy resource in Thailand. It has an average cost of 5.66
x 107 baht/joule, while LPG costs approximately 5.11 x 10" baht/joule. Despite its low
cost, biomass combustion is more complex than combustion of gaseous fuel. It is difficult
to operate and not practical for cooking applications because of poor responses and low
precision in tuning to meet specific thermal demands. These problems inhibit the use of
biomass cooking stove among unskilled users.

There have been several developments and innovations in burners for household
cooking using biomass as fuel. Most research focuses on different conditions in the
operation of a conventional top-lift updraft (TLUD) design, with a major parameter of
thermal efficiency (Ballard-Tremeet and Jawurel 1996; Reed and Larson 1996;
Bhattacharya ef al. 2002; Belonio ef al. 2011; Belonio and Castillo 2012; Tryner et al.

Onthong & Charoensuk (2019). “Updraft rice husk gasification,” BioResources 14(3), 5080-5096. 1
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2014; Shuanghui et al. 2015; Suresh et al. 2016; Sutar et al. 2017; Rasoulkhani et al.
2018; Dinesha et al. 2019; Jain and Sheth 2019). The reported thermal efficiency is in the
range of 22% to 37%. More detailed investigation has been proposed with a combined
gasification and syngas burner system. Various parameters that affect the operating
conditions, including thermal efficiency, temperature distribution in the reactor, syngas
temperature and composition, calculated cold gas efficiency (CGE), and the fuel size and
type should be studied. The reported CGE ranges from 31% to 80%.

Biomass gasification studies are crucial pre-requisites for cooking burner
development. There have been several attempts to maximize the efficiency of the
complex indirect gasification process, but simple configurations, for example, updraft or
downdraft types, are appropriate for small heating applications (Reed and Das 1988;
Sheth and Babu 2009; Gai and Dong 2012; Teixeira et al. 2012).

Recent research has examined gasification of biomass under updraft and
downdraft conditions, with a focus on the burning rate or smoldering propagation speed
with different airflow supply and syngas composition (Reed and Das 1988; Horttanainen
et al. 2002; Ryu et al. 2005; Ryu et al. 2007; Sheth and Babu 2009; Madhiyanon et al.
2011; Gai and Dong 2012; Teixeira et al. 2012; Dion et al. 2013; Chao et al. 2014;
Mahapatra and Dasappa 2014; James et al. 2015; Ma et al. 2015; Kim et al. 2016;
Rasoulkhani et al. 2018; Xuan-Huynh et al. 2018; Susastriawan and Saptoadi Purnomo
2019). A similar problem exists in solid fuel combustion over a traveling grate, which is
widely adopted for industrial boilers, where the burning rate is related to the fuel
thickness layer over the grate. Various physico-chemical processes interact with each
other during the operation, and the system is dealing with uncertainty, e.g., abrupt
changes in thermal demand. Understanding combustion under updraft conditions will
enable engineers to optimize the process for specific plant operations.

In various studies on gasification stoves and combined gasification and syngas
burner systems, there has been little research on the transient response of the system. This
characteristic is very important in the operation and reliability of the system. As
automation equipment becomes affordable at the domestic level, there will be more
economic feasibility for various applications. Automation could alleviate the operation
difficulties of gasification stoves and make them more practical for non-technical
operators. To successfully control the reactor, it is necessary to understand the
smoldering characteristics of packed bed fuel during gasification, e.g., flame propagation
during start up or operation under load variation, efc. Eventually, the operation algorithm
could be transferred to a logical statement in an automation system.

In this paper, experiments were conducted with a new assessment method that
allows the investigator to observe zone development inside the reactor. This was
achieved by stopping air supply at a specific period of time. The information of zone
development and temperature distribution evolution will provide insight to smoldering
propagation phenomena under updraft configuration.

EXPERIMENTAL

Materials

Rice husk was used as fuel in this work. Its properties and heating values are
shown in Table 1 (Madhiyanon ef al. 2011).

Onthong & Charoensuk (2019). “Updraft rice husk gasification,” BioResources 14(3), 5080-5096. 2
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Table 1. Proximate and Ultimate Analyses of Rice Husk

Ultimate Analysis Proximate Analysis
(%, as received) (%, as received
C H ©) N S Volatile | Fixed carbon | Moisture | Ash | HHV (MJ/kg)
38.0 | 455 | 324 | 0.69 | 0.60 55.6 20.1 10.3 14.0 15.0
Methods

Fixed bed reactor

All experiments were conducted using an updraft fixed-bed gasification facility,
as illustrated in Fig. la. The reactor had a 90-mm internal diameter and total height of
500 mm. The upper end of the reactor was fitted with a 100-mm free board chamber, and
the lower end had a 100-mm air manifold. The fuel grate is designed for supplying
uniform updraft air flow through the packed fuel bed. The air hole distribution of the
grate was verified that it was small enough to prevent the fuel particle or the ash to fall
down through the grate. This reactor was equipped with a unique side door with high
temperature gasket allowing visual inspection of the evolution from biomass to char and
ash at the specific time elapsed after the ignition process, as shown in Fig. 1b. The reactor
was well insulated with ceramic fiber to prevent major heat loss. Fuel was fed into the top
of the reactor through the container. Air mass flux was supplied from the bottom by air
compressor pump. The internal reactor temperature was measured by nine K-type
thermocouples integrated with a Yogokawa MW-100 temperature recording system
(Yokogawa Electric Corporation, Tokyo, Japan) along the vertical axis of the reactor.
The height of the packed bed was measured by a metering rod, which could be inserted
from the top of the reactor during gasification.

Experimental procedure

Initially, 200 g of rice husk was placed in the reactor, allowing it to be randomly
packed with a 400-mm height above the fuel grate. The ignition process was performed
by introducing the air mass flux, in corresponding to each experimental case, to the air
manifold port underneath the reactor. The propane torch was inserted at the ignition port
just above the fuel grate. The torch then fired into the fuel bed. The grate temperature
(T1) was monitored until it reached 100 °C, which allowed the pyrolysis flame to
propagate upward from the fuel grate. At this point, the temperature recording system
was activated.

Onthong & Charoensuk (2019). “Updraft rice husk gasification,” BioResources 14(3), 5080-5096. 3
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Fig. 1. (a) Schematic diagram for updraft gasification; (b) configuration of the packed bed reactor used for updraft gasification
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Calculation
Bed movement and the layer shrinkage and expansion were calculated as follows,

X =X

ASh g intage = v (1)
Chai;hn.nkage = % (2)
Biomass .,z = x3A—tx4 3)
Bed movement =54 “4)

where x; = 0 is the reference grate location, x» is the distance between grate and ash and
char interface layer, x3 is the distance between grate and char and biomass interface layer,
x4 is the distance between grate and top of the biomass level, x5 is the open top of the
reactor, and At is the differential interval time period. Zone definitions are illustrated in
Fig. 2.

Biomass zone Xs

_ Char and Biomass
X interface layer

Ash and Char

Char zone [ | interface layer

Ash zone

X,=0({Grate)

Fig. 2. Different zones in the reactor

The repeatability of this experiment was calculated as follows, (Kyu-Lee et al.
2015),

g =3P (5)

I

where SE is the standard error, SD is the standard deviation, » is the number of samples.

The equivalent ratio (ER) was calculated using equation 6 (Basu 2010):

Actual ai
R= cluaz air , ER < 1 (gasification) (6)
Stoichiometric air

Stoichiometric air was calculated in correspondence with the mass of rice husk
loaded in the reactor (200g).

Onthong & Charoensuk (2019). “Updraft rice husk gasification,” BioResources 14(3), 5080-5096. 5
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Fig. 3. Details of test trials
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RESULTS AND DISCUSSION

Zone Development

Zone development and bed movement were observed by stopping air supply at
specific periods of time. By doing so, the reaction was halted due to lack of oxidizer. The
inlet air pipe and flue gas exit port were plugged to prevent any diffusion of air into the
reactor. The reactor was allowed to cool to room temperature and opened for
investigation. Thickness layers of biomass, char, and ash were measured for a specific
time step. To obtain the development of these layers with time, the reactor was emptied
and refilled with fresh fuel, and the entire operation procedure was repeated from the
beginning and halted for the result of each time step. It was found that the maximum
temperature was increased with the increasing equivalent ratio. This was in good
agreement with other updraft gasification configuration (Rowland 2010; Manek et al.
2019). Visual observation was used to detect the ash, char, and biomass zones that
developed in the reactor. Figure 3 shows details of test trials.

Air Mass Flux of 60 kg/m?- h (ER = 0.50)

Figure 4 shows the zone development when applying the air mass flux at 60
kg/m?h. The char zone was developed from the grate up to 75 mm in the first 5 min. The
mass loss was also high (Fig. 16), while ash was not present. This result implied that
homogeneous combustion of pyrolysis gas in pore cavities of the fuel bed was dominant
in this period.

330 -

= 7z Char
300+ o Biomass
2701 | | Ash

E240 { |
Eon -}
5 . f
g1eo |
21504 |
21204
=] I i\
N 901 | [
60 | 7 |
301N -\

Y A ____rﬁ; 1
- ‘ B ;
5min 10 mn 15min 20 min 30 min 40

din 50 min 60 min

Fig. 4. Zone width at air mass flux 60 of kg/m?hr

Pyrolysis and volatile combustion were coupled by thermal energy because
combustion released heat from the bottom layer where fuel was ignited. Pyrolysis
occurred nearby at layer above the ignition zone by absorbing the heat via convection and
radiation. Finally, the combustion process was spread from the bottom layer until it
reached the distance that the oxygen was depleted. This phenomenon was supported by
the abrupt char growth layer of 75 mm within the initial period of 5 min. Massive
evolution of smoke was observed at this period, which indicated condensation of steam
and heavy hydrocarbon produced by pyrolysis into fine droplets on the top of the reactor
when the gas was quenched to the atmospheric condition (Tar).

In the period between the time steps of the 5™ and the 15" min from time of
ignition, in accordance to Fig. 4, the pyrolysis rate was decreased, as observed by small

Onthong & Charoensuk (2019). “Updraft rice husk gasification,” BioResources 14(3), 5080-5096. 7
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changes in thickness of biomass layers that occurred between these two time steps, with
the average rate around 4.06 mm/min. However, the bed temperature increased almost
constantly at the rate between 18.46 °C/min. As suggested in Fig. 6, it could be
postulated that char combustion was a dominant process during this second period. The
mass loss rate was decreased, while the pyrolysis and homogeneous combustion mode
switched to the char glowing mode. This observation coincided with a previous study
(Ryu et al. 2007) and a single particle analysis of wood combustion (Mahapatra and
Dasappa 2014). Moreover, it was inferred that within the first 5 min from ignition, the
pyrolysis zone grew more abruptly than the glowing rate of char combustion that
occurred between the 5™ and the 15" min from the initial state.

The temperature at the interphase between char and biomass layers at this period
was 100 °C to 150 °C. This condition would have enabled the pyrolysis flaming to
propagate if there had been residual oxygen in this region. Therefore, slow pyrolysis
without combustion occurred at the char-biomass interphase together with char
combustion layer at the grate that was related to a slow mass loss rate. Char glowing has
a significantly lower burning rate than pyrolysis flaming (Ryu et al. 2007). Notably, there
was very little smoke emitted from the top of the reactor, confirming that char glowing
was a dominant process.

At the 20" min, the ash layer started to form at the fuel grate. The temperature of
the grate (71) started to drop, and the combustible fuel at the grate started to burn out. The
char layer shrank during the 20" to the 30™ min because the bottom char layer had turned
into ash, which is depicted in Figs. 4 and 5. Moreover, the weight loss rate of 10% (Fig.
16) was higher than the weight loss within the period of the 5" to the 15" min. As the
char layer at the grate had burnt out leaving the incombustible ash behind, the
combustion zone then shifted toward the upper location. The shrinkage in char layer led
to an increase in heat transfer to the char-biomass interface, resulting in a higher rate of
pyrolysis. Figure 4 shows an increase in biomass zone shrinkage from approximately
6.83 mm/min to 12.85 mm/min from the 20™ min onward.

From the 20™ to the 60" min, the zone development layers moved upward at an
almost constant rate, indicating the pyrolysis and char burning rates were constant. Figure
4 indicates a decrease in biomass thickness layer at 4.92 mm/min. The char thickness
layer was constant with the width around 65 to 75 mm, while the ash zone was growing
at the rate of 2 mm/min. These changes made the rate of bed movement at 2.7 mm/min.
Weight loss rate was measured at 1.95 g/min.

5 min 10 min 15 min 20 min 30 min 40 min 50 min 60 min

Height above grate(mm)
N
o
o

Gra iR embm E _ Srat : a
Biomass(mm) 320 130 60
Char(mm) 75 85 100 65 63 65 65 75
Ash(mm) 0 0 0 20 50 65 75 100
Bed movement(mm) 5 44 46 58 82 110 130 165

Fig. 5. Zone development at air mass flux of 60 kg/m2h
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Air Mass Flux of 90 kg/m?h (ER = 0.89)

During the first 5 min, the char growth rate was considerably less than the case
with air mass flux of 60 kg/m*h (Fig. 7), as it developed within 50 mm from the grate.
The temperature above the grate was higher than in the earlier case (Figs. 8 and 9). Thus,
the volatile combustion took place at a more intense rate than in the case of 60 kg/m?h.
Oxygen was consumed and depleted within less distance, resulting in a smaller heat-
affected zone above the grate. A higher mass loss rate was observed (Fig. 16) during this
period because of the dominant volatile combustion (Ryu et al. 2006). In contrast to the
case of 60 kg/m*h, a char layer shrinkage period was not observed for 90 kg/m?h.

The ash layer started to form at the 15" min, as shown in Fig. 7, which was faster
than the case of 60 kg/m*h. The maximum grate temperature (maximum 77) was 331 °C
at the 20" min. The peak temperature was 433 °C (Fig. 8). This result coincided with the
interface of the char and ash layer. In addition, it was evidence that the maximum grate
temperature (7}) at the 5™ min was lower than the peak temperature, which occurred at
the ash and char interface (above Ti) at the 10® min. This was due to higher energy
release rate of char oxidation at the ash-char interface compared with the reaction of raw
biomass at the grate of the reactor.
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Fig. 7. Zone width at air mass flux of 90 kg/m2h
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Air Mass Flux of 120 kg/m?h (ER = 0.37)

The observed behavior was similar to the case with 90 kg/m?hr air mass flux. Ash
began to form during the first 5 min. The char growth rate was marginally higher than in
the case with 90 kg/m?h air mass flux. The char layer reached full development at the 10™
min with the layer height of 100 mm. This was very similar to the result with 90 kg/m?h.
The char layer location had moved upward at the speed of 20 mm/min after the full
development was reached. The maximum grate temperature (maximum 771) was 437 °C,
which was the same as the case with 90 kg/m?h air mass flux, but occurred at the 10™

min. The peak temperature was marginally higher than the case with 90 kg/m*h air mass
flux, which was 470 °C.

Onthong & Charoensuk (2019). “Updraft rice husk gasification,” BioResources 14(3), 5080-5096. 10
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Fig. 12. Temperature distribution at different time in the reactor at air mass flux of 120 kg/m2h
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Air Mass Flux of 180 kg/m?h (ER = 0.36)

More ash and char was formed during the first 5 min from ignition. Ash was
formed with an average rate of 8 mm/min, which was considerably higher than the case
of 120 kg/m*h because of the average higher burning rate (Figs. 13 and 14). The
maximum grate temperature (maximum T1) was around 348 °C, which was lower than in
the case of 90 kg/m?h and 120 kg/m’h air mass flux. An increase in air supply rate
resulted in a lower grate temperature in this range. It was suspected that stronger
convection enhanced the heat loss rate from the volatile combustion zone above the grate.
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Fig. 13. Zone width at air mass flux of 180 kg/m2hr
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Fig. 14. Zone development at air mass flux of 180 kg/m2h
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Fig. 15. Temperature distribution at different time in the reactor at air mass flux of 180 kg/m2h

Temperature Profile

There are various endothermic and exothermic processes influencing the
temperature profile in the reactor. During updraft gasification, it comprises a varying
degree of drying, pyrolysis homogeneous combustion, and char glowing in the same
location. This complexity is greatly reduced in one-dimensional problem analysis with
reasonable assumptions and proper experimental setting up. In case of updraft
gasification, the major heat transfer is convection in the flow direction and the radiation
from temperature gradient along the bed.

The temperature profiles were similar for every tested case of input air mass flux.
The constant negative gradient from the grate with peak temperature at the grate was
observed. The temperature was increased with constant gradient after the ignition time.
This result indicated that the volatile combustion and char glowing at the grate was
intensified during this period. After that, an incombustible ash layer was formed at the
grate, which was made apparent by the grate temperature drop (71). The peak temperature
moved upward followed by the char and ash interface layer. The peak temperature at this
interface was usually higher than the maximum temperature at the grate (maximum 71).
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Fig. 16. Weight loss at air mass flux of 60, 90, 120, and 180 kg/m2h
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Bed Movement

There were two distinctive behaviors of bed movement, as shown in Fig. 17. First,
high bed movement was observed during the first 15 min after ignition. This result
implied pyrolysis and a volatile combustion period; the corresponding mass loss rate is
revealed in Fig. 16. Secondly, the bed velocity appeared to reach steady velocity while
the char layer was in a fully developed state.
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Fig. 17. Bed movement at air mass flux of 60, 90, 120, and 180 kg/m2h

Standard Error

Standard error of the thermocouples number 1, 2, 3, and 4 was calculated for each
specific time step and all experimental cases as shown in Fig 3. The reason for selecting
only four thermocouples above grate was due to high temperature evolution at this
region. The average standard error was not over 2.0 as can be seen in Fig. 18.
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CONCLUSIONS

1. A new method for investigating the propagation under updraft conditions was
developed using a reactor equipped with a side door, which enabled the investigator
to explore zone development by stopping the air supply at specific periods of time.
The zone development data gathered with temperature distribution evolution
permitted better insights into smoldering propagation phenomena.

2. The layer development data revealed three distinctive periods in the propagation of
rice husk fueled under updraft gasification, which were; i) pyrolysis and volatile
combustion period, ii) char layer shrinkage, and iii) the fully developed period.

3. Peak temperature coincided with the ash and char interface layer positioning for every
case of input air mass flux. Peak temperature was higher than the maximum grate
temperature (maximum 7). This was due to higher energy release rate of char
oxidation at the ash-char interface as compared with the reaction of raw biomass at
the grate of the reactor.

4. High mass loss rate was observed during pyrolysis and volatile combustion
dominated period, which was the first period after the ignition for every input air
mass flux.

5. Increasing the input air mass flux from 60 kg/m*h to 90 kg/m?h and 120 kg/m’h
resulted in overall increasing in temperature and the shrinkage of heat affected zone.
However, further increases the input air mass flux to 180 kg/m’h resulted in
decreased maximum grate temperature (maximum 71). It was suspected that stronger
convection enhanced the heat loss rate from the volatile combustion zone above the
grate.
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