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Abstract

This research was separated in two parts, the firstly, study the phenomenon
of air staged porous media burner for LPG as fuel and the secondly, study the
combustion performance of a waste vegetable oil burner (WVOB) which steam
assisted atomization. Both LPG air staged burner and WVOB applied a porous media
to support the combustion of burner as flame stabilizer, turbulent mixing and flame
holder.

The firstly, study the phenomenon of air staged porous media burner. A
porous combustor burning partially premixed LPG with staged air is investigated prior
to be used as a prime heat source in a hydrogen production unit of Solid Oxide Fuel
Cell System. It has 325 mm in height with 100 mm of inside diameter. The small
amount of air is mixed with liquid petroleum gas at the bottom of the combustor
and the rest is staged at 0 and 100 mm next to the distributor plate. Thermal
throughput is kept at 3 kW with the excess air ranging from 110% to 180%.
Temperature distributions are investigated for three values of porosity and linked
with Peclet number, convection and turbulent mixing of hot product and unburned
reactant. Experimental data suggested that it is reasonable to use Peclet number
calculated using the flame speed of propane to determine the combustion stability.
Low and well distributed temperature profile is achieved. The apparatus meets the
design criteria with staged air but caution must be made to avoid over-staging. An
important operation criterion is found in the mixture preheating zone; the
temperature level within the distance of 100 mm. from the distributor plate must be
higher than 800 °c for a sufficient level temperature throughout the burner domain.

From the result of the phenomena within a LPG porous burner, it can be
concluded that porous media can help to support the combustion as flame holder,
flame stabilizer, well temperature distribution and slowly responded to change in
thermal load. Therefore, it is suitable to apply the porous media to burn the waste

vegetable oil



Another burner of this research is a newly designed cooking stove using
Wasted Vegetable Oil (WVO) as fuel. Porous media, containing 2 cm diameter of
spherical ceramic balls, was used as a flame stabilizer. Steam was successfully
applied in a burner at this scale to atomize WVO droplet and entrain air into the
combustion zone as well as to reduce soot and CO emission. DIN EN 203-1 testing
standard was adopted and the experiment was conducted at various firing rate with
the water flow rate at 0.16, 0.20 and 0.22 kg/min. Temperature, emissions, visible
flame length, thermal efficiency as well as combustion efficiency were evaluated.
Under the current WVOB design, it was suitable to operate the burner at the range of
nominal firing rate between 325-548 KW/m” with water flow rate of 0.16 ke/min, at
burner height to diameter ratio of 0.75, giving CO and NO, emissions up to 171 and
40 ppm, respectively (at 6% O,). Thermal efficiency was at around 28% where the
combustion efficiency was approximately at 99.5%. Moreover, at the high of range of
nominal firing rate, increasing in water to fuel ratio leads to decrease obviously in
combustion efficiency. The performance of WVO burner could be improved further if
increasing the H/D ratio to 1.5, yielding thermal efficiency up to 42 %.

Keyword: Air staged LPG porous media burner, Staged combustion, Waste vegetable
oil burner, Porous media
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Feffuaesguuuy Ao s anwsuuuuiiseniatufisaingle stage) uaziuuingaInie
manedu(multi-stage) Fsarnmsduaimuinanrilnivuuseormatuieiyliannse
uAuUTINuA TS auRnTussEfueNgse e daaliiAndegauaniouani
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WUUSIUEEU (laminar flame speed) Seioindumsimumeluladiwadifomamemuies
Tnglidosfiomeeed lidneawlunisudsiumesiuasgiadumnty Snisdaduns
annsgadeunsitunsidmduaindsUsemesnae
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pwnsendenudssionisneliAnlseuziald esanludduielduddiiinduunldend
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nsthidfuiwatunuussu A slemidundinuumunisingululéuilag Tae
ansnsaindufielfudnduluvinihiululefealddmsuiedesudmaatunszuiunismg
il fiFend1 niudioames3iliadu (Trans-esterification) lnmaAsusaneseduas sy
amufoudiendndueasosiifinnauiilndifssfuihduiion Savuiunfdfufisliug,
U3uns 10 Amsanunsanamindululefisaldifies 0.9 Ans 3] Snuumemilsdonisiniiy
Aelduanmdandsnuauseulasnss nawnunislidinvraulunisusenevemis lag
ponuuUlazai aenildihiuiddudududemas sumdufidlfuddldimadanis
aaazestsiumenisldletniukiuiadaussdiugs Tevhasdmiareeniduiialdudn
wioufumanienhemaildlumsmilndifetouddnn Snislothdaidutaeiiay
azornrdnluvnsfiesdusznevlslanaululunavesiiandluudsesneuvesasuonly
Tuanavendewnds luufAzendi3undn Water Gas Shift Reaction dadaeussimiiymives
nafnarufiieannselndiideldudiads Tufunedanisiwalud sauwndls
UsvendldTannuintaeasisadosnmlunsenivihiufliuds wesdudaelunisia
AnvsgiuiUailul (Flame holden) uagldnusouiiintunelutagnsuasislod o
eduenAteludmiiaest TigUszasdiftefnunassnuemawnlvsivasiamluud
Useansamidsausou Ussaniamnisiialng eaumgiinisunlndnisluiagwiu way
wafiuiiAnt neusuidsuniszanuieusefuiivindave e samsdeuiiildas
lothuardhdauenugierduiugudnarsesiam Ssmaniridlusuianaiusaiioziin
Funinduiisiignadduunilulfnuiofinussleniuazdiannsatasandalidiglunis
Usenovemnslasnmmilsdasuas Ssanusntisnaunudowdsidnisldtuegluthiuay
onfimsthluldummsnsunaudemaduewasl@ane

1.2 AnuyaangLazinguszasa
Inquszasdvadingrinusuinduassdau fe Fuwnaansuiinuuiyssneenimiy
fudmsuidomdweafiduag it fagusuilldfufivliudndudemas Taeflsasiden
Sastoluid
1.2.1 Fguszasdludue s fagniuiuuutsisenmaduiudmiuitemas
woaNa
o AnwidvinavesUiinaenE@AuLazAPINTUYRsTaaNTLTIdINA
poausIaUENIT et lukiUsEaEA NSl N1snsEane
qmmﬁmmmmqaLLaw%mmmaﬁwﬁLﬁw‘z’gfu Ingdiaszvnaluddiives
aututuluudves nswaufuuuuutay (Turbulent mixing) Ay
suusavesanuiutau (turbulent intensity) YWIAANNEIIVDIANY
Judau  (urbulent length scale) Aradavadliwuuduloy
(turbulent flame speed) way AnuSwUallvwuusIUEeU (laminar

flame speed)



1.2.2 Snguszasdludrmesiunn fagnguiliisufivlfudndudomas
o vonuuukazai L Taanguilihiuirl g dudemas
o Fnwidvidnavesmszanuiousofiuiinihiauesiim sasnisdeuth
fldasralotuassnmduanugsteiduiuguinansvesiamniidana
poaussaurnITiNludveeinntundlsednsainigeainuiou
Useangamnisining gaumginisinndaneludannsy wasuaiivil
vty
1.3 FUNAFIUVDINITANE
1. nswrlndiifinisdeenianuututinazdielinsnszaisgumadlumidenny
avanouazAntuluuTndinismny
2. nsudssnagvioasnlul ihazvigleamaiigealueasluiiseduanas

Y Y 9
a

danaly Melulpsiaudenleidseivanas udonviinadeussansnmaasnisng bugd

3. dunantesteiasTu N e Indludesissevinadntan edlujdususly
Bandoutuidatan tegiliussansnmasmlvsiasogluseiuna

4. msdlotdnguinaiiianiseniv ieeddugaslumaanmainies Ui Co
At nmswlndiadld

1.4 ‘Ua‘uL°llm%aamu%ﬁ’ﬂud%u%aaﬁ"al,m"i'aqwimwuLL‘lJ'\‘ﬁhEJa'lmmeu%gu
fusudamdeas
1.4.1 Sszvinaludadifvesanudutuiiduwusiunansvagouseialll
1. M3NTEAgRUImMusEIUANEa A KIS TagnTy
2. nsUanguaiy
3. Usgdvisnannisuunlusl
1.4.2 Anwransznuludedt 1.4.1 Hewdsuwlamsifinaidedoluil
1. 91nFEIULAY (9%Excess air)
2. wwavesianauaumsy smdansalilllaanaisnnumgy
1.4.3 YaULUAYBINITNAADY
1. lfineafitn (Alumina Ceramic) wu1n 0.5-2 cm ulanasiesmnumngy
2. 19 LpG Hudewnds fuluansuszneudifidadau Propane : Butane iy
40:60 19uilAIANTOULAZANRUILUWLVNAY 45.8 MI/kg Lag 2.001 kg/m3
AUARU
3. wdumSeuiivausonasliae 3 kw
4. YSinaemaduiinisiiaiaedivingu 4 Lmin
5. dnduenAdUsunsvetemAdIuiaLs e sruaTAYINGY 0, 0.3,
0.5, 0.7 wag 0.96
6. Usunuenisd@uAulAiaAY 110, 150 way 180%



1.4.4 msviTidulgmagnedng
1. 1 Thermal conductivity 4ag Specific heat ¥8¢ LPG l¥anaaaudfvoaln
iU
2. ¢ Flame speed w84 LPG Tdanantfveslnsmuiieuluwuuung
3. TunsmAuseansnmniswnlng Winelalasansueuiildanniswaludidu
LPG (C3Hg+C4H1p)
4. Fapasrenunguladvihgiseluniswalngd
5. MSSEeRN UL TanasNANUNURRINT BN ULUY random
1.5 vautwnvasuidsludruvesiasn Taanguiildiduieldugadudomas
1.5.1 enunanmasausasialuil
1. gaumaiiniswnininelulagniu
2. mMsUaveuaiy
3. Usg@vsnmnisialugl
a. dnwazesdmlnildannnsianlng
1.5.2 Anwmanseauluded 1.5.1 iflawfsuuvasmsfinesdedaluil
1. ansgenufeuseiuiivdngauesiumn
2. Sasnslouthitldasrslodh
3. 99TIEIUANINAWRLEUNTLANINA VDI IH
1.5.3 Y9ULYAVBINITNARADS
1. Mdinegiitn (Alumina Ceramic) 2 cm Wudanasiapanunwgu
2. lhdufinldudniudemnas Tnaflannnudounazanunuiitiumiaiu 36.5
MJ/kg wag 2.00 kg/m3 AUaI6U
. mszanuSousoiiuiinthiavesiumtoglugiu 325-1,475 kw/m’

3

4. gnsnsteudnnldaiislounyindu 0.16 0.20 way 0.22 kg/min
5. damdiuanugmaduruANgnae s egluYe 0.75-1.5
6.

N33 89N UYRITARATIIANUNTUTRINTEFINULUY random

1.6 Uszlevrifinnainazldsu

1. WaLINT NS Ue gL ULTE

2. nudsginssumsenindvesanlvifagnuiiinissisoniaduiy
Tneld LPG 1 uidoumas

3. iufuuuuressenivifannauiifimseenmdutuiieluussendldidy
wiamdnulifussuuvosvaditemasioly

4. andrlddnelunisusenovemslasnmemilsdeuarSianansatienaunuidonas
fsisldfueglutiogiu
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2.1 Ysgdamsiannalnniswnludinngludagwiu

Tusdmnalnnisienlvsimelufanmsu Juisinfuunuuusnisuszgndldaudsly
Apeiin1snandaunndn dniderateyUssina @lugussing USA Lwesiiu 8anqu Sale
ward) Tevinsnuineluladd Tnenenenmesuisfeiugrumeslulaunfindvosnisian
Indmelufagnsunagimumsauaumswn vsifiAatunmelutagmsu widuduniseind
azannsauilafis Usngmsaiineg esanivareadefiisades wugamaineluian
U ndsnuiiannsondsldaniisassafeifnsuannagsing udy dafuuunl
vean1sAnwrnaan1sndniglutagnyulugiswsndeadululugeawuimig fie
nsAnuuiuazUsinesvesnsnivimelutagniu dniteeunsniidnundansin sl
LLUU‘ﬁua%mﬂququu (Surface combustion) ,Sir Humphry Davy, N century [4],
wuinmswlndllalansnsaiaduldneluio eseanaslmdusaas (Local cooling of
flame) wazuandliiiiuiufaansawlnilsigamadeningaaaluusdlsifadl Fadn
nstleuszeziuadliau (Quenching distance) way nasnlusinuulaifituaaln (Flameless
combustion) siewtud) 1858 F.C Krause ¥n1suseawgimawiaiuulng [5] wnludinnelu
fnanswsiiauazleniaueiun Senainauiuaziinudnemzeamsutas nsmlvsiay
ArtuiiuTiuiuiivesagwsukasdamnununIugs 10 Tul 1890 William Welch (6] 14
ahwiunufadeneluussgmelavzuazusswmsinnamiiadunisnsesuasriliuiausans
nauyARa L nafinauninliife superheating  veiufa U 1898 William  Philips
Thompson (7] lsUseivginivasusaasss lnsdiunilveunivssgseannsusie
asbestos WudnmmassasaLiueoulsuy diafesnwlunisinlviiig

U 1904 Charles E.Lucke [8] Uszgnaldiannulnanduiagniu Ineneieium
FeulviviliAnadesnwlunisenlndveuia fonsilianuweswesnanssniig
pIMALAEaIARNNNIBnTINIuNTe Ul nswnndesifntunseanefogasns
uazthimadadunldfumndemawralasangemanisuiilflugramngs (9] desn
Tu¥ 1910 Rudolf Schnabel [10] WansiuIanwasluioneluussyiagnunilndves
navfuszwihse Az demnds wuihnswnivannsadatulinelurie Tanmau a1ndud
1912 W. A. Bone wagamug [11, 12, 13] UsziwslaezisuiivinannTanwguvinanmululy
Tumsliaudou Inemstouvemansswieinmawaziteaddusiulaozmsy mawlg
Antuegnediafiosnmusinniduuuresuniulaes sy uazUszgndnnudouiilalunis
asalernelumsioloth (Multi-tubular boiler) nswaLnszUUAMSUNT Ve TRs
Heuwfialag Frank Creelman U 1914 [14] a1sssuunistesdulailvdounazivailnn
AU Menrann1sAIvaNANSweaesanliunnInisunsvesUadllazausadeadu
Warlwdeundu Tuvnzfiannsoananuiwesvesmauitotostunisiinfuuaglfinng
yeduvANMSYes Frank Aunswilwiidamdanainigluiumagwsulae C E Lucke T



1915 [15, 16] nuinawlvsiaunsodnsuldnielutagugu siliAamadalnalunismn
IndiFomdafauandomaanameluianmsy

nsuszgnAldann Tannsuriatagmulil Ianufeulunisasslothuemiteloth
sundniiieiduduidddiunnisdamddiunniosdusazsosudlag Joseph W. Hays
1937 [17, 18] wmﬁLﬁaLﬁ@mif\maﬂiv\lmawmmaumiLmiﬁﬁﬁmsﬁuu%nmﬁuﬂammmm%m
uiadouiifignmgiiguuazifinnisdiomaruioustsfiadosnmgretindnlotildesn
asiiawe Tyl 1963 Gordon R. Smith [19] a¥1svisonuugninegiuildlunisiwilng
wialodedildannisdusvaaaiesus (After burner) wudnisiwlndufalodeifnty
oghailiadosn vinmvesmswluiiietuiiingnun nialdfinaasutanyhgninléun
Fanounslud wosladlouazmnilad nuniswilndifetutudeatuogin dewqlud
1984 R. Echigo [20] WaruTisnsuazgunsaldmiumsmniviidemasianeluional
Yagwyu lnganunsnanu3una Thermal NO, CO uag UHC fudnduainnisiuindild
esangampiniswilnsiiansyarsfesahiauedinalisyansamnnswlngiia
a9y

U 1991 V. S. Babkin wasans [21] Anwildndveanisunsvesanuiidailvniely
Faomgu g inrnudauasilves Mefimu-oimauazfelusinu-01na nelutagmyud
¥ iliannsaesuigdnngmssiuaniwdumeluianmsu Jadusudsddnlunisien
anuatesvesrusaladtmiilugniswiluliognsfivafiesnm auvilvlddaudsdrfey Ao
Peclet number #ilHlunisiansannistieaiumisinilarlviffounduresnsimalusinngly
Yanwgu Tuleaiull Chaffin 221 (1991) IdvinsAnwiu3ana NO, Mfindulagldinian
I fasmsuuuuaosiu Inglfiesfadutanngu Sdunisveasadesmildvhnistevema
sswiademasiumeludnsidiunannuumnutludunsn (1 stage) agyin1sineve ey
wuuunslutuges (2™ stage) 1A821AN1TNAADINUIT USuad NO, AAnTuiUS NN
nswivsagldinunludiSammuuuuinien Adoulsdnsduauyaifisatu feomginng
neasssouzaldinnsnlud Tnevihnsdievesmamuuuisluduusn (17 stage) uazvinnis
FevemanLUUnUTluduEeg (2™ stage) - Favnn1svnaesnuIUSuIa NO, AAnTuil
USnadesniniawindlas e unalnifannsuuvuduiier Adeulednsdiuanya
Wiy andulud 1992 Martinuagane [23] Anwisnsmuuuiiseniseninditemas
Agmeluuaun wuianansamuauuTnmemseniniietauafiviiiAatudy NO,,
UHC uwag CO lagmuauaumiiniuiduni1an1sinavesvasnauaudsnelulkauauay
Usuidsusammslvavesialimnsaufiomuauiafiosnweesnswn s Tulideaiui
Ronald D.B wazae (1992) [24] lavinn1sfnwnaussausvaun bl agniusuuneay
Aeufifinsevemanszwihsematuidemdaduiu Tgldvhnsdnuianan v fannsu
LUU 2 $u Fedaumauuuuvun (Uum 0, Ussanm 60-75%) azgninefiuinmiiinnismn
Ingddyuusn (First combustion zone) wagdIuNaNKUUUI (USHae O, Useunay 100-125%)
wgnaneiuiiAansilnidauans (Second combustion zone) §991nnsAnw NI
mif\haawmmﬂu%’ummmmuqummﬁqaqwﬁLﬁmsﬁuléf danalignsInsiia Thermal
NO, HUsunuanas wonanidiessuieuUSinm NO, FARTUsTI AN TS AU



wnslvsiuuuiialu (Conventional combustor) wuinanwtlvduwuuianunsaany3una
NO, asléiszanns 50-80%  Tuvaugdl Ronald D. uazamy (1992) [25] levinnnsdnwn
anssauzveun vl Tannuiiinisievemanszwihsenmatuidemdaduiu Tnelunis
yanedldvhmsusuBsusnmanauyaveomaniitoudipm nsluduiivissdud
aos yudslsvhnsTeufisuaussousveamisndumanlniiaguuiinsdtsve ey
F1uifien (single stage) Fsarnmisnanomuinisivinielunialndfagnguiiinigane
vowaududu fgamglnsuludiofs Usina NO wasU3un CO Mfntutiosndinisiu
Indelununlniiagwsuiifinisiisvemanduior Tasdeulafinfanfonsdidouves
nasuuvUlutuivdas douvesnauuuunuluduiiaes Sausunm NO Sawiuindu 10
vppm Wosngamgiinldanmsunlusidadiiniiguvgfiideliia Thermal NO, dau
Ui CO iintudiadosnulianusonsaatald

(Y]

wanInNuITeMmAsInUNTndnglumir lnd aansuninisangvenay

'
a a

seninormatazdomdadududsfindnuuds Sildinsifeissunswnlndnely
wnlndiagwsuiifinisdieeniamdudu Mark J uazane (1992) 126] Fslévihnisng
ngfnssumsnivsveun i lviiagnauiidnsdeemaduduiagldvinsiadagunsal
uandsunnufeulnglitnifusesinalineluaunin Taslunsmeaedldfess s
Dudemadunisilng uagldvhnisdenvomansenhaiomasiueniaivinudy
vl Tudasidrunauwed (Stoichiometric ratio) 5131 0.5-1.0 $991AN15MAADS
wuhgaumpdmliildanmsnlniiidviingauvnlifineliiia Thermal NO, LilBa91n
Iogadendanuannnisinlugiuszana 10-30% lufvveslnagamagiailnasglugunsal
wanasuaudou sansdnsInsiia Prompt NO,  adlfanawnsizaisuszneu
lelnsmsuauludiowdegnunludfurusnatenmlmiidmin Seiliiuinuteaulv
drufidosdusunas unburned  hydrocarbon lufnairaluddiinarnsie swwalugddiunsnd
VS vnlsrusnaeanndidmiiassiisnsinisiis Prompt NO, MuUswasiisn e
wnisiliuzn NO, Tiinduanmsa il neluarn i faansunuuaostuila
Useanas 10 vppm uaﬂmm‘iﬁﬂm@mauﬁaﬁﬁﬂﬁﬁmm NO, fiAnarnnrsmnlndidasife
Yannguitognglumsnlnifdmsehlniensauuuduthuaelumulnditoiog
woauwlndludrunsnuavdiuiiaes Seilfiianisnamduilowroniy (Homogenous
mixing) sEMinadeimdsiueina dwmalfiienswilvdidudodortu vlndunisan
gaungfinaulndigegaiiiniy

Ul 1995 M. J. Khinkis [27] Anwinszulrunianlndivossianiiufuuuen
anaudou lasudsiuresunagmsuuasihiedouaniddsunnudouvssyliniely wa
nsfnwinuinAnnsienlvsiegneguisaagdnnisuaniuasuainuiougs 1in Thermal
NOy waz Prompt NOy luudunasdisn Tudhieatu Goel and Ellzey (1995) [28] lénw
U3un NO waw CO Adntulunslagliinuanivsifannsuuuuasstu lnevinnisusuiasy
é’mi'1?huamﬂamawaamamﬁdw‘lu%uﬁﬁﬁq 5¥%i19 0.67 — 0.94 uazUfuLlasusnsndiu
auyavesaNanfiselutuiians seming 093 - 1.1 fedndusnadruauyasiu (overall
equivalent ratio) aglutas 0.77-1.02 lnsannmsmaasswunsUuLlasusaduauya



vosesnaufieludufiaosdmasieusinn CO uar NO ity Fsdvhmsingvestaunuy
wislutuitaes Ysuas CO ﬁLﬁmﬁuﬁﬁhasﬂmﬁ'N 10-75 ppm Tuvazfiilovinissnevenas
wuuvUsina CO daiudulngifies 9000 ppm d@auusunas NO ﬁLﬁmﬁuwudﬂﬁmagj
Tut29 16-28 ppm LﬁmmﬂqmmﬁLUaUIWﬁLﬁmﬁuﬁﬁwUsSMﬂm 1800 K Fsvilwonsinisiia
Thermal NO

1wl 1996 Durst wagame [29] UseAugrinnTaansuiiannsaviauldegaatesd
gamglivuaziivafiviuazUsaanmsdoundureaailn Tneusuidasugiunisiney
yoeriaan snifvunaanamguifistumufianisnisiravesvesnadsualian Critical
Peclet LUAsuLUasmuAianIsnsiva woAnssunisinavesivadutaawsuaziinaany
tunludnsiigs vildsnsnsilnifiemnnnda 50 wihwesnslvaunafilaififanngu wa
flFAeuszavsnmnsunlndifisdu gumglinawinduasaafiviae dduidlddosns
szuunaafu wenanigiliiinisinwnisiseudisungiinssunsuivdseninam i
IndfYanwguiuimualandiialy Gemuiniswladarglusmlnd fagnsuaziiatuld
soiile Peclet-number fanunnndi 65 uazlumsinlusifimsssuwianelumianlvgian
WU Sms1dnIMAdIALAMI T aNAITTADYTE NI 1.1-1.8 UBNANTEINYTINITLA
Indidgmunindiannyu danaliauiduduvesnisiuibnddaias (High combustion
intensity) wazuafiwminnanailuiialy deun Pickenacker. O wazAmz (2000) [30] Levi
nseenuuUTETTagNuiiinsT s N e TedeimA s ovemausE e At UTaLNAY
dutudieltdmsundedwiewmmilu Tnevinisd funBouuiinandenamieanialy
wAavia :nnsAn U Msanadutusinlsunn NO, anad 30% Snvadanuiinsaneg
vowmauszrhademasfuonimiuiy azdwalvianunsoninidesgamgfigeaniiiatuls
Jwibldiinaadsnedogunsalnar §edanalnonsinisiin Thermal NO, anasdnaae
i Tul 2004 Jia F. Liu and Wen H. Hsieh. [31] l#innsfinunanssaugvesiamntan
wyuild LPG (udoimas TneUsuiAsuddnnduanyauasyiinissuiindinisnszaies
VDIQUNNI LarUSnaielodeiiAntuainswtlns (NO, tag CO) F5a1nnsnAaesnyUin
nswnlvsiAntuedraiatiosmelfdoulunsimtlnduutiuiung feddnsdauauyadis
ndranUn@iall uananifenuiinisenlndivesiurt Tanngunansliifiuiea
dnwnizlanizie gumnfiiuadlien (Low flame temperature) %29n15inlnsiining
(Extended reaction zone) uagsafiusi1 (Low emission)

msfnwnmswrlwiidemduianielufaanunn fuisatuimuiioanuafiv an
WIATBITIK Az iNE NS uYestaEn TngluT 2014 Hongmin Wane wazmmig [32]
lanaaaun1sgaRnLazAun1sinauve s TagnusuuNanoun s ndlddmsuim
Indifnefionu tneldeafinawin 10mm waz 4.3 mm Wulanngu Anwdvsnavesdnindiu
Auyauaz AT TANNTUTAINARD AT AULLILN UYDIF NN IINHANITNAABINUT
Msindnsnistloueinia ?iawaiﬁamwﬂﬁluu%wma’ummmmvL?gmwﬁa (Preheating
zone) umamaumammﬂumnmmmﬂﬂgmmua #§9UT1I0 (Reaction and  post-
reaction zone) HfAfisTy LiesanuaresnisInAuieu uenaniideldTagwsuauia
10mm denalvigangilurguresnanuazndausanfnufnisniswlndda i uu
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gaumaiilutisunIendenanas sioulud 2015 JF. Pan uazauy [33] Ussanaldianniu
aeluinuadn (Micro-burner) Lileu§uussusganawvesianildfussuu Micro
thermophoto voltaic (TPV) Anwiadnsnavesdnsduauyasenilalasiauiveandiau
glavaadagmgu Amanungy ANuEwesveray tnaldnismuwinssleuiBidsndamans
Mawan1sAmuamuindenldiaamiuvie Sic fanumunzasilunisiwnlud iesain
Uszansnmmsunlusiildanimndmgailedouiuiagnsueiindu sedeulsivanzas
flo dnduanyasznintlalasiauiueandauwiniu 0.5 ANUEIVBIVBINANWNAY 6 m/s
uazAAINFUTsTARNIuYTY 0.5 Bnitsludlifesiu Bemardo uazAn (2015) [34]
Anvdvinavessrduauyaveontemaueniiituennmafidsasowadosamlunisulu
wazUseAnSnmiaennnuseuvesiurn Jagnudmsunsusenevemslugaamnssu lngly
dinegiiunduianniu annanisfnwnuiimnausawivildedediadesnnlugu
nawlniluuudnmaiuniazdiundumeilaghifianmsdoundurenuaili Ui CO
Ay 25  ppm AFnunrmfousdentfnve iRy 156 kw/m” lnguiunm
CO vefidnfindudlotuvesFinuaufeusontidrmosiumiiags

IngagulaI9nRuradagwIL As ’Ja@‘wgumumumﬂwLﬂmmm{juﬂuuéaasﬂu
tovinnsywirnTanmu slssasmsnaniuszniematuidewdatululdied ndts
vl Wushazauaudoutaelv ﬂ’J’]iJ’ﬁE]U‘VILﬂWUu?\HﬂUQﬂ’iEJ’]ﬂ’l'iLN’]iﬁﬁl@Jﬁx‘]Lﬂuhﬂu
vaitaeteunudeunduindsdiunaudomaazomedislimrivlundeaung fu fd
Yagwsuiludusznevluaevdewiainiiiy agiaelunsanadunmsinlnilingy
Palvinsnludauysalinddu

2.2 wadansunlusidamaaman
Fuduvesmswnlndidemdiretodewhlidemasnaandilunsageauile
uituiaduiatuenme Sndavitliinarenissemenanaduloneunisnlug Tnefiuuuni
vanmaielunisadislevazosuazyinsemeomanan dnanstatudugusdslunns
AonisuriusiuiidnuseiugaussivsTulag Leif B, Soren B [35] Ingfnsenguiinduiiioan
aumilinneutoudvnin faelfainsaadislosaressniuldietunasindsausindon
ANUOALNANTWIALAN ﬁamazﬂﬂaaﬂ%wza%’wLLiW’hunm‘LﬁQﬂuaaﬂmiaaﬁiwﬁﬂﬁudau
Joudtadavililaifinistiedisiu whileussdumesthiannniussiuresaUisgnuoans
anen fwﬁmzgﬂﬂaut%’ngﬁﬁma%fwasaaqﬁqﬁuﬂm%ﬁéﬁmLmi‘wﬁmuﬁﬁé’umiaamwuﬁw
Premuaukssulunstouthiudigiiald Snguuuunilslunisairslesazonsiifulag
p1fbusaviBaviigud Jan S [36] Tnglddeadrsazonsiifunsainseyiyy 7-9 s
WWINY YWIREuEUANENa1e 30 mm RoLdfunanfidussuemesieausITeu
Uszuad 2500 S8URDUII ﬁnﬁugﬂﬁﬂam%’ﬂ5angﬂm%qaaﬂ1mt,m%’ﬂﬁé’ﬂwmzﬁlﬂu
LLﬂuWéuﬁﬂﬁumm ALt UTidLanateg e o masnuuasal aunsyilinszanesn
sonluazossaudeadngeamnlngd drvonnmaildluniswrlvsildweaudusuigdmunig
WAneINTA ﬂaummﬂLeé’ffmauﬁuazaaaﬁwﬁuﬂwﬁwq’ﬁmLmimmué’ﬂwmmﬂu%wam
wadagnanidaerlilifedgmnisgasuinesasuiiifivhin Fuilfanunsndeu
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ihifuldogssianos Bnvadsanmnsawnivsiihiulfanuaneviahtuenmsndaidude us
nsgiudaidendnfofedlindnulunsaisaressthiusasmstouniareudiags
wadiansaiosaresnindulagliidauuulunurenvaiusafugeUssangiu
Tay Joseph H [37] &nwawvesazesstniuiuoumeazifonruadnnszarsfiuiuoon
witeuazoasntiunud wadatiatunsuiuusssdnsammsmniviivazauanungn
Tumsviise femsmuauUiinaeneduduideuliunimn Snvisldiuaievesiidn
wuuturuvedralssRuasiainiuidaluuuleenJUnTInTIedaUats wWuruaugna
fiuane 24.8 mm Amseansaeviag 60 ssmAuLLILAULATgILAzIRaeAduTa AT BaLy
Fuq puenugeniinnsaefagiunee arnwamvaseunuituandaiinsnanainie
dnAuldann 218% wide 7% v TSI CO, WiiuT LN 4% WU 14% Auddy T
ynefenaifisturessyavsnmnisening wanafsnmmlmidauysaiinnio
wadansldmnuseuneluressnlnitaslumssameihilinareduases ity
Uszivslag EP Michael R wazatuy [38] asfasaesinszmevuiadnldnieluioanlng
thifugnileudngesrhssimedaeiia daldnvas fuidoutuassdu Fuludurosdne

(%
Y 1 [

151U drutuvesdutesadieviivinniduauiuiuenusauaniean g weduldls

1
o

o¥

=

Y v W

Wungdnuluasiuwivesmsusu Fsazvhliidagasiule IneRasuuengauesiiie

1 < ¥ =

U
WYNUABLEUMEBINIANADALIAT BNIREWNITAT vz niumEn sNLNIUR TR
G

¥
o w 1

sisuasgnautiieananuviadeudewdigida Ussiustulagldsunisatuayuain
drtinsunesyuatiuayun1sidet w.a 2548 Charoensuk ) wagamg[39] 1duiwffinns
nanfuszhadamdatuemeanaumilvdivilildnswlndfauysat ifutiiadu
nur wasdinadiuvaresuiiiuaaliduuuileiuiuilunsuenddsuanuseuseuing
ihifuluaaviesuadlviliisufiessse dulotiuldfturilildn1smilnidia uiqn
Fosvasunniurauie 1) WeldnuludnsseziAnnisventettuiliiamildannse
yhawld Aeannisivesieduiiuldsuanuouetiasuusy tiiuliansaseuiea
Souponanuavialaiiu 2nawrlnfiintuegaifaiiosnm Waniswludifudaeg anu
famzmisdamesletifuiliseides sl uvesmswlnsioglugaauay 3) ianisgadui
sy iesanihiulifuanufeuainmsguluyimasnnilfiinnsdesvesasy
i lUaasugiiage

uenniwadiadindrauds niseenuuvliiaannsomlndlfodisauysaids
ansavhlalaeUssyndldmatindagnsuandiglunisduasunismiivgd Inedins@nwinis
wirlvdhidufnngluwke SannguioanUSmamaiwgu NO, CO wagluhiintuainnis
sl Kaplan et al. [40] Inendenlifannsuriadanounsludfignniiaselnunuey
darfiueuudanssvesTagnyu naaoudenisusudsusunsvesiadademas a
fuvisiio 1) WadaRaefiuiiniunisvasTagwgu (Upstream region) dsualiiidawndsgn
guinnsssmeuaznaututuonaduegisfitounisnlng 2) fhdefedsiiusinsesse
spyeiumiied 1 fuuweTannsu dsaliiAnnisguuazszmensuniamiinilusniig
uay 3) ﬁaamam&y’qﬁu‘émeLmﬁfﬁ@mu danaliszeriianlunsssnulagnauiuseninge
nauazieindsdeunsuwlndiifliifiome dwaliilazeesdoindaundouas innismn sl
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wuuiarlilung (Diffusion flame) annrantsnadeuiia3suiisuiunauioulonuin
Fuvvii 1 mﬁLNwi‘mﬁlﬁms?Tuasmamyjm%mﬁmwdauamﬂawhﬁ’u 0.57-0.67 §UsNU
uaﬂwmﬂmimlwﬁﬁaaﬁqm d1uUsund CO uag NO agluyia 3-7 ppm uag 15 - 20
ppm mué’wé‘fwﬁmmg’m 0, wifu 3% 8nite Takami et al. [41] Wamnntswnlngd
ihifufanielufunnfagngureaina1uideues Tseng and Howell [42]Taglsildvwdn
Homddunsadsazesadomnas uildndnnsvemirduinasuusiuiagnsu eulush
fapivmannsavhaulsegiisamauanyawiniu 0.1 feshsdmnsigigawintu 5.8
e‘z'fqEJ’mmizmm%fawiaﬁuﬁmﬁﬁmmﬁaLmasﬂuﬁdfm 670-3880 KW/m’
mu%’smaﬁmmﬁl,miwﬁﬁ?aL‘wéqmm@hamﬂﬁﬂﬁfamwwﬁmﬁﬂwﬁwLwﬂﬁﬂ

Qe

MQQW’JEJﬂﬁiwf\]’]imqﬂalﬂﬂ’ﬁi”WiEJﬂ’]EJIU‘WJLN’]’Ja@Wiu Jugjal hazAMY [43] Iﬂﬁﬂ?i@@(ﬂ\‘i
180 ‘W5‘14‘1/1‘U5L’3mmu%’lﬁﬂ@uwﬁmﬂﬁﬂﬂqﬂuqﬂL‘U'L!WJ‘VI'ﬁ“’LWFJLGUEJL'Wﬁ\‘iLLﬁ”G]ﬂGNLLN\TJﬁ(ﬂWﬁUVI

e

a

UmmﬂawmwammLmlwumwmmmiummalaLasmmLmi‘viﬁlmm ANY191ENAVDS
Wé’qmuﬁﬂaﬂﬁﬁaLmuazﬁmwdauamﬂaﬁ@imasiaamiauzﬂm,miwﬁ INHANTNAFDY
wunnsussenaldiaamgulunisenlug fdudreusuusanisnauduseniteeinie/leves
Woiwawazsnsinisvsideiwadlidty 91ndu Jugjai and Pongsai [44] l@Anwnuiisnfisly

MATpNAdeAULazIREARILNITEAEI “Liquid fuelfired porous combustors” (LFFPC).

ludruresdnsUnsnlsegnaldmataiaguiltluniswilndivendavad aunse

agulananisns

M13797 2.1 wansdvidnsiussenaltinatiadaguildlunsenivdigemadinad

Patent No. | %odwUsedug | Jannldviniannsu n1sUsENAL TannIu
EP 1167880 A1 | Combustion | Ceramic Toindunainmalnddvsuianlng
[45] in-a porous membrane Wolndafing TnguszasAiiiosnyd

wall furnace

gaunginiglueurilvgd anmnuiou
aydonglusieamnlg 3nviadains
Jauornianiuunsdanngy 97819
AMLIe90 N ARAe dawaliiiiiy
ShsnsnaNsEIte AR Uil
SS9t vl lndiintuldegna
auysal

EP 0187508 B1 | High Al,O5 Ceramic Ti¥aguyuvimthiduiundmiuien
[46] temperature | plate of 25-500 | IwdiFeindsinassumd Tneannyud
surface um pore size dwtelioamaiilumsenindinszane
combustion fhetheaianenaontam Snaeuld
burner Auegluyiniie danumuniugs nu

%9 Thermal shock 19f FUAUIZLANIS
ilUldlugnamnssy
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US 8413445 B2
[47]

Method and
system for

porous flame

High porosity
honey comb with

Thermal barrier

Uszgnaldiagnyulunisidu flame
stabilizer  Tun1siwludidoing
lalasiauuag syngas lneldenldian

holder for coating WIURUUTAIANUNTUES D9 Tdugael
hydrogen and nswlniiAsduetaaieos nsizves
syngas NaNsEHIIINAR U aINE T Tna sy
combustion fandanuiiuiinty dawaraeleiu
Warlwisdeunduiirgnielusieain
219 e lelasiauuas syngas
Tglunsindfinnusadasligs
UszUI 6-7 LNV 953 IR
US 4784599 A | Liquid fuel Distributed UszandldTannuiuulniuesiduiam
[48] combustion | uniformly WianJunisdaeiindadiunisunsed
with porous - | aluminum ANSDUINNITLINLINL 89NAINEIAY
fiber burner | powder yenua ik Tnesdoindninsfufinnes

grvihsgmenelueissiszivenougn
doudrgin dawenniaililunisian
IndlaggndumeuialeidyTounaud
WAL TUAY DB UTDLNAS HeaNiuigvies
WA RLRINa19U danalrusednsain
Gumﬁamﬁmgqsﬁuuazﬂamﬂa'@suaﬁw
fas

US 5147201A
[49]

Ultra-low
pollutant
emissions
radiant gas
burner with
stabilized
porous-phase

combustion

Refractory particle

Uszgndliianmyuitoaraiadesniwly
mawrlndildedaing Tnsfndounadn
Faangu Beamiudunsansienaede
Uane §97190¢UnLHUNTE18810A/
Fowda nawlviifAatunielutag
Wueg1eili@iesnIn @a1unsnAIuAY
gaungivesnisubng dawaliusunu
NO, flfnen SMIINSAUN TS TOINAY
dAunnnii 6:1

US 5141432 A
(50]

Apparatus and
method for
combustion

within porous

Zirconia, Glass
bead, Ceramics
wire, Ceramic

honey comb

Tinadaniswlndidomasialuum
fagnyuuvuidudy ifioaiuaunis
Waudaseinisialugd vinlvaiunse
AIVANENIINITNBLA NO, LABKUIIDY
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matrix

element

wludeaniJuaesdiu Heoausniunlug
ATUNALDINALAZLT OLNE ILU UM
Tuwasiievuulnddudiasddlunis
Lmiﬁﬂmmml,azﬁwﬁmlmﬁhjauysaﬁ
gaumiivesnisiuiivduszunn 1000-
1800K

US 5476375 A
(51]

Staged
combustion in
a porous-
matrix surface

combustor to

2 cm of ceramics

Sphere

Uszgnaldiagnyulunisdwasunise
ndf Tennnlnderniauazidoinas
wuuRaunaun s mdnngluunedag
wynnuuiwemadudu Snitadainnasg
fasaiafesnaniudsuanufounisly

promote vipan lvsiitedaomunugumalinisian
ultra-low NO, Tugl SdrugrelidSuia NO, Hanan
emissions REAN

EP 0401172 B1 | A heating Silicon carbide UszanaldTagnuinfunisludiues

(52]

mantle with a
porous

radiation wall

pOorous ceramic

e ndfidnwazdunsinszuen Jag
wyudldndiglunisaunanuiaunuy
wHSIEANTo UL IHaNTEN N
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2700 F
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\aviide WIRWIUTS WHeSNE UssgynaldTanniuyislunisunssdniny
1001000873(n3 | @NSTOULES $ou lneRnsaTannsuiinieanteduia
undndaums | viafifinnsgu lowde 1ilolasunufoudiunialy
Yeyay) 21NAlAENIS whaleideSoulmdundsulunisunsd
[54] wiSsdAuTou Arwdou uonaniiseifndeTanmyud

NNTAANTY psamaihomaduivilaiiogueinie

AauN1SWI LY Usedndainigeniig
%@uﬁié’mﬂmmmﬂwﬁﬁ@hqqﬂ’jﬂﬁmm
LLUULW@?%MU%MW 4-12% laafn
Wudnsin1susendandsauseu

12-30%

De

mAtedntumswlwidamdananneluiumnfaamn fuil flndidsstuaided
Funsfnumswrlviidomasmanssriaiiufuasinduiio (55, 56 meluiamnvan
nyuLUULNUT MY sTmeLar N il domasoenaindu Tnafesoaniuusiuanl
vinwhssvedemadisamgiaufismaudliiolitianisnafuonvtimendamas Su
duausliiiansgafilussuugidendenas iesiaendnnsesnuuuvesiaaiiangg
Joudomdavaninguinarhssmeiuuliduazess ltAansteimesasuminly
szuu HoradumeamaiiilsidesionAfednunezdlunmaunnidhdufivneluiieagwu
11NN

uonmiunuideiliuszandlindnmadaty indaslumstoudomaadngoas
Tngldlethitadrsanemudoulunswlnd wukuhdawumdndilsiousadeuiinaves
ey ﬁamaiﬁﬁfflﬁmﬁmmmmméfuﬂuﬂaaazaaqLLazgﬂﬁwwwLﬁé'hfgjﬁaumlwﬁ Snvatilu
anmrlensaztheyeaazeaiislusnefiesdusznaulalasadlulunave niasdily
udsezneuvasaivoululiianaveatoinds luufAsenfiFonda Water Gas Shift Reaction
Foezdreussmdamuesnisiaasuashady Fadlevhnnsdusumddediiote st
UsELnALazsauszing wuin ﬁ%w%ﬁmﬁﬁmﬁamiaﬁﬂLeﬁ'@ﬁaumlwﬁ 1my Robert D. Reed
wazane [57] IinsUsuussssuuresia@omdsie Iaunsownlwidomaavauas
Feaundsiademmviaiertu Sddudnmailidomaunaninnisuandaudunes
avepsogaanysaitoutewdngitaunn Tnsmstanufeunnled luuandsumiudouri
sty demaliihtuunndaduneaituwunagn (oil Droplet) weusulothnanaifuves
wew feuiiassurudeunnunainauseurunata duazeswenausyninslotuarle
ﬁ"j’]ﬁuadwamyiaﬁ Tnenan1snaaesnuiassaadudsuiladdunisiausenineiumn
L%@Lwaasuaqmmt,l,azL%JaLwﬁqﬁ”wié’asmﬁt,l,azLﬁmﬂ’mmimﬁﬁauyiai Snts Robert D. Reed
wazaa (58] Tevinsadhefinn Womdunalaglfinaiadnletnnususirudesaua
n iieausanilenh onadeudigviesuingd LLGiﬂizﬁ?UH’liﬂauL%@LW%QLSEJJ’]QiﬁEN
wilndiginadoshnstouinuiidn ieadwesazessingu wileufuiunideindaman
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M nglunisnaasslarinnisusulasudndiulaeuiniunseninausunaletinuusuu
WoLnaa Fawan1svaaeenudn nsdalediingseuvdanaliuTuna NO, MifaTuduTunu
ana197n 200 ppm nanetdu 50 ppm

[

2.3 d5UUeY

Adeililunsussgndldiannsunteduaiuniswiluinmeluiimnaswuy
dmsuidomdsansinde W Taanuuuuidsinsoniadutudmiudemaaeafiaily
dmduduundmdsuanuieulunsduaseilslanaulussuugadidonas uagnis

Uszgnalidenvestagmyulunisiminidundafavesgiuidadln lunisesnuuu i

a

ﬁLﬂEl'J‘UENﬂU\ﬂ‘U’J'i]EJu

Wglualduasgmatiaiagniu 1nNnsfnynddeiineemuinansaasulacnad

2.3.1 Wawiaguguuuunisisonadutudmiuidoindaueaiia

nnMsEnwenAdeiifetemui i et fanwsuandsegnald
tu mawnlndasistusaatosneldifoulumamlviuuuiunng ferdnsduauya
fidninfuundialy Sadssanuitnisiunlndiasiinfagnsunanslifiuig o
ANYULLANIZAD qmwQﬁLUa’ﬂWﬁ? (Low flame temperature) ¥34n151meTing1s
(Extended reaction zone) kazuafiui (Low emission) uand1niienvinnisinlud Ineld
Wl Samsuiiinsevemansewivonefudemdanduduniouvudtserneady
Huudn svamnzamuaugamniigeaniintuld daaliisnsnisian Thermal NO, fU3uw
anas easiiusunn NO, asldusEana 50-80% LilowseuiteuySann NOXﬁLﬁﬂﬁuﬁULmLm
ndfuuuitagly (Conventional combustor) Feimadandufininesuids Ao n1sfnw
anssouranuiouvesmndiuuyTagusuiifinnstwermeaduiu Tnsaedanismlndid
finnsdrsenimwuuduinsgdaelinnsnssansgungilumdanuasiianowssiniuly
vinndinfanndusazgamgligsasluiesnlndissduanasdmalviuas Aelulnsiauden
lagilseiuanas SaikumulidndefadunnuiniTaanguuunaieduiuegng
WWsnane LwiﬁgaﬁazLﬁulé”jwmu‘iﬁﬂa'auimyjﬂa'nﬁqLawwmamaamiﬂ%'uLﬂﬁaué’m'}d’m
anyaluuiazduiiinarouafin (CO uas NOY Las ammﬁmamﬁlﬁwﬁu tnglailand i
anssausluddy Lﬁzjumiﬂivmsmmaaammwmmumaiummmim Fadasiliia Lﬂumw
muaﬂmmnmmmmiLm"lmwmmsuu sudlsgdnsamnisuninduasysuin GHy 7
Aintu Seaussnuzdinaridusuiisuiufosdinm

fau Sagusrasdvesanideluiadetferhnisinunginssunanlndivesfine
LPG AAndunelusnindiuuutaanuiifinggisoinamdudu Wunussansnmnsian
Tl (n) mamvmaammﬁLLaviJ%mmuaﬂwﬁLﬁW?Tu (CO CyHy waz NOY Iaglavinnis
1J'i°uuJaaummmama@aiwmmwm USunaenmadiuiulasdnamiaaUsunnsvesenie
duftausooinianivun daduedusenaluddives arudutauluudves Turbulent
mixing, Turbulent intensity, Turbulent length scale, Turbulent flame speed &g

Laminar flame speed
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2.3.2 vusnthiufidldudwhemaiaaamu

Mnuitefiunfifsdestunsnndifemdanamuii dvaremedaluns
adsdosaroaswaTowdunandu n1slivdnussfugeienisuiuudsudnuardiin ms
Tuswismigudnasuaznismuioufelode uiluwiiufieldudadldsegndld
Yanngwihmihilumsdouarudoundugaroandaimdunar vilmdunisdfiuauans
Tunsssmedonas Tasfaangugnindeneluiesnnvninaumuimiiivaduedowsh
szmpuazfufidainizialyl (Flame holder) swnirdufialdudailldiumaianisasis
avepsthudensldlotwuuidaussiugs lothasihmiazeenindufivldudmiauty
nsmileniornmaildlunswlndifedeuwdigion Snslothdsdidmgieraruazenn
shislurnziiosdusenevlslanaululunaveshasidiluug sesmenvasnuoululaiana
voutownds luufAseiliundt Water Gas Shift Reaction Sstapussimiiiymvesnisiin
psuihiiinanninsningdihiuieliudaadd Tusumatiamaunll wnidlduszgndld
Yagwsuinteadiaaiosamlunswnivithiuivldud wasldanudeuiiiiatunsluta
wyuasslodlfurion

o ¥
v A

Aaly AnquszasAvanvesiile uideilae N1SANYIANTTOULUBIAUUDITIN

a

ihifuiinlfudademadatagmau TaevhnsUsudey mszanudouseiuinindavesin
L7 é’mwdauﬂ%mmﬁwﬂaw\'aﬂ%mmlf??aLwﬁnLLazé’mwdaummmmqmaLé’umu@uéﬂaw
vova (H/D) avssousdasiulssifivangamginissnimimelutannsu Ussandam
Fepnudeu Snwnrvesdatlwfiinainnismalng fredildainnisiwalug (0, CO uay
NOy) uazdszansnmnisialusl TngussavsnimidsuseutasUssansnmmsunlug &
watildimarinvilvianinsnaanslfinufansiilunisisznouems Wunisandununisly
Fomaseaia Snsannsiihsuiitldidnduamens stetsuvE eldundnduan
Usznevemseriinudesdenisneliifnlsaus Sl
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Aad A v
‘VIQU{]VILﬂEJ'J?JEN

3.1.M8NA5YBEANTY

MNATeANuImUinisszendldaangulunsuaunisinlug aunsovae
duasunsunlnslunivesiusnsnisnanseninsansnaduiuuialodedou droduitde
WnzvesgIuUaill (Flame holder) wazdisdauniuseudounduainuiniauaienieg
Uinniumevesin dwaliiAnnisduasiasunounismll viliAansmlnsods
auysal Sellnmiimesddunasilumsfiansannismiviifidedungluwms fansu
WiwmesRInaae sy Peclet critical (Pe, ) 817 Pe Tuidoulansnaaeuvosiam
N8N IR Pegica (Pe < Peqe) 3ghitinmiswnindnanslutasinavesdagniu tianis
suvastadln lunisaseiuday daan Pe  ludeulvnisnagouvesiauidaiunnningd
Peiical (Pe > Peqe) 38siaNTIsmdogsiiadsnmneluyesinesiagmiu lngainnis
NAaRIVad Babkin wavmue (18] A1 Pe il ﬁLﬂuLﬂmsﬁﬂmimmiLmlwﬁmaiml,m%faﬂwgu
FAnunnImMIawingu 65 A1 Pe @ansamilaanaunisi 1

N2 S,d,e.p

3.1
Py (3.1)

Fathuinen pe<es agliiAnnismiludnielugesitseesannsu Aanisduvesdadly
desniinmsheleummidouannsirninimnufeugiagwsulusmsigannininsudn
ANUTBU

nszurumamvsiAatulunslussfannguasiiad o fidos mmiuaind
UhasessevesiagniuaenadasiunsilasuLlas Pe meluvioanlnsiauanslusud 3.1
ngUuIna C Wuudwsivosieiaansuiivuslvg femeludansenlndneludesing
Turnzdiviion A Wuuuaiiiansguanssasureunswlnd nalafiAntunelutagmsu
Usenousenssuiuwanddsunnuieussninanan Sustiou asdiiunaziinats fagngu
MENalnNIgl NINIUAENITHRTIAAIINTOU
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Heat transport for stabilization Exhaust gases

of the reaction zone™._
| [ ] | | | | | | |Heattransporﬂnaxiaj
direction by radiation,

: conduction, dispersion,
Heat removal out of the reaction zone |§ and convection
by radiation and conduction of the

solid body as well as by convective

heat transfer and dispersion Region C —_

_ : | Combustion region
Porous medium wit
large pore size Igniti
: _ lgnition
(Region C) temperature

Porous medium with///fl l 1 T l l T l ] T . ~ Preheating region
Sn};ﬁggﬁ ;I]ZE Fresh gas mixture

JUN 3.1 uandleezunsuuaninalnnisiiaufisenneluiimniannsu

Soissuiisuanssougmsin sy ninaian fannguiumasnuuuiUadassily
mmmaqﬂéﬁﬁf

o mswlviivesitinYannuistuag1ediafiosnim ludsdnsndiuanya 0.53-0.91
113U VBINAUTEWIN CH /oA

o unfaawsuidnsinisuanUiinm CO way NO, ¢

o Samnsnammdssunmiouas iosnnauauslunsiivanieuvesiinans
AN

o yuavesiEnTagmIudnnwhEwhllUszIa 10 Wi Wisuifeufivuiaiida
ANUTULAEIM

¥ & o B
A T A
AN

~ b resction z0ne by L A
€ the reaction zone by
O convection, radlfm:lop, Fﬂ'ﬁ
" and co ucdfn L Oy
3 - L =

t;. .'Q-
sfgel/air

UM 3.2 wanamsinlvdiindunielunaedagnsy

N3UN 3.2 wansnnnisinindegraaissninaigluwneianniuiagn1snszang
gamaiinnglutanngu anguasiiuldinisaremauiouiiindutierilinisnsy e
vosgaunaliAsutalanedwnaliaunaligsanilavinnisiindiAldasunnin vilv
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U3 CO wag NOy SU3uaush Bnitailenudoudiumilsdounduguinasiunisuosiam
dwmalidunmsguansisiuuasinmannndiauysaienediadosnm
nsuamdanuanuouielflussuuvesgnavingsu dawlnafeulivunviam
nBasy ndsnueudeuildlilumsuandsuamufeutuiilendnihdounielothaelumgn
wanasuanudou daunUseanidinsandase NO, ﬁu‘%nmﬁuﬂaﬂﬂ’luﬂ%mmﬁqa
Snvsgumgdnsunindiigeilfgunniufaledeiilvasonanyauandsuniudou
fensfioamgiigeed Wunisagydernuseuluiunisufalede vinlilinswamniamndum
wriasmgu Iaetininemansvndade fiarunumaimesalddunasilunisfiansan
nswivsiiAndunelusnsannsu Tnefimsindesfammsuduandlusuil 3.3

T exhaust gases

Region C
combustion

~Jriame stabiiisation
- . /

P AA L L L. SLY mi ignition

Region A v
no flame propagation  §&
all POTOUS size, .—; G5

PATATEATEATAT AN

JUN 3.3 wanalpezunsuvanisdnsesdaamuaigluiim fannsu [59]

IN3UT 3.3 V30 A UsTyeTannuitiidusugudnansayaue e s Tamm gy
fosnidurugusnanamsitndu (Quenching diameter) wosdoulunsmaaou Feduazl
Aamswlndineluuiiond lusaeduing C visadetaguauiididuiugudnansauya
Y99Y8IINTANTULINNTNEURIUARENA19N15LUIFU (Quenching diameter) ¥lN15INN
InfiAntuegnefiafiosnmneluuinnd fensudsuniasnszvesnauindiaylidssase
Uinmnswn gl Taedevesnsunludneluiunn Yagnguanunsoagulssd

o Yapwyuirliufiuaniddsuanudeunisluiniu fudunisfiudnsinig
waniasuaudeussrinufaledeseuiutanmyu

o nguandAnisatsmanniouda vinliiAnnisnszaefvesgungiiadiane
gamgiigeaeuasnsieningdlsigsunniinyilsiuiana NOy fiuTanash

o Fannguannsadniivanuieuldd vnldnisimnlniiintuedieiiadosnmlyl
Wasuwasmuasznswnunnin
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U3unau CO wag NOk Mialeannnisgdmeiaundannguseuiisuiuussin
FUUALEAGIFU 3.4 IagnudUTinaLaieilinaTuilA1fINnsgIueIn

Emissions (in mg/kWh)

Gevrman Porous Forous Forous
Morm DI | Swiss Mo, | SBlus Anged” | burner -, Bomer fair- | bumar fair

4702 rathey = {23} ' o= 18 | ratlo=1.4)
WwOx | 200 80 &0 axoy |\ 548 ap4
meo | oo L 2 22 s | s

JUN 3.4 uaman1sideuisudTuiasuna CO uaz NOy Mlaainnisiulndivuinsgu

UG
nsdszgndldiarndagnsuivszuuiiauseuluasuseu Mvwiedidaninusou 3

99
£ 1

wag 5 kW wudwialeideniinTuilgumginn Jsdaaliuiunn NOx Nifindulirtasuans
AagUN 3.5

NOX [mg/kWh)]
i 1

kW SkW

H SiC B AIRO3Zr02

3UN 3.5 uanauTunauNOy Mindunvuefidnanuseudiud wWisuiguiuiaansuauay
Uszian
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c) d)
JUN 3.6 wansnsenindnneluiarndagnsuiinainlanssussianiu (a) C/SiC structure;

(b) Al203 fibre structure; (c) zirconium foam static mixer; (d) Fe-Cr-Al alloy wire mesh

MnimAdeiiunldiinmsfnnmastlmimeluanngu lngnisufudeuiaves
Yanngu dauandugy 3.6 99030 3.6a Wunswtlndifunmsenlnddatuneglutanmsu
gilalny vnefidnanuseu 20 kW dednsidiueinimvindy 1.3 U 3.6b iunisiwlngd
Dunswnnififedumelutagnueiaddlownds wuiaiifaanudou 15 kv #e
Snsrdueniayniy 13 3U 3.6c ilumawaluiiiunsenindfiiatunelutaamsuriag
fpauandAnisthanufous msiwamiougs uazsui 3.6 d Wunswalniidunisin s
fiantumelutasmsusinanlansauafitanuiou 10 kW fedasidimoiniamidy 1.3
utaamsuriaidamandinisihanufoulaznisuiauiaudn udaianumuvesian
WIUAIAG

2

3.2. NsengmANNTauiaduneludaawyy [60]

Yannguduaniifnuiiinfeuinnsgs nugumgildguasiunumiiddnlumsm
IndiderdudviliAnnsvyudsundasu (Energy Recirculation) Tuszuulaeanmyuaziin
wihfigaduieunalunsdiuvesufiaseu (Hot Product) Liudusissdrudoundumndasiu
yaveainn uaziilesnintagwsuiituilunsduiaturesinageudedsnsdiuiuiive
U3m3g4 (Surface Area to Volume Ratio) g4 futiuntsdnewmarmsoudediuseansamgs
fetlagiutannsuldgnuantuuilusuuuusingg fu idesnanddaulauldifiudssansam
vosrusdudiuamnn Snvedsiunliuiivhian lUdfugUnsainusoududuiaiossud

Anufou gunsalndnnszualiilagldnnuunnsvesnmall gunsaluanildsuainusou
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Ags wanmdnmsThatasmsu Ifeiife Weufateuannismnlvsivanwuiasmsu Yag
wyuazsimihiigadu  teumaldumisnnuiaioutonliuazuissdanudeudnilnglluds
Yannguuiiam Upstream faduflooniawasidomndeiidgamgfislvaiiufazldsuany
Souiifannyugadulivilvioinauas foindsdanounialgeluesunnianmdsns
aananwibiszuun s brdnglinisunsedanusouvesiagniuiusednsnainlunisen
Insfasuazusendnidomdsitdeuliiuszuumamnlud

nalnnstewmenufeuiiintumeluuns faawsuusznoudae n1sih manuagas
widsdmnudeu Jadunalniiduiimusanssausnisilngd msnszanefvosgumgiinas
nsUasUdesuafiwvosiaumn Tnsmsthanudeudunalnfiiaturiuesnouuasluianares
Yanuazvodlua Mugnsnanngues)iSes faunis 2

o 0T
L S (3.2)
ﬂainn13‘w'1mm%fautﬁms’?gjjuiuﬂizmumiwmﬂﬁﬁuagﬁuammmﬂ‘wa AuLgUNAL
ANNAIUTOULAZLUN AU VD IVRINEY tnefianunnguesiiifusianduaunis 3
1= %r(re—ny) (3.3)
oy a, AoduUsEAVEMTdWINALEIY FLINEINAT IS UYe YRR LE0U & waz

ANNISUNAMUSAUVRIYRe A dUNIST 4

af—

%
g

(3.4)

AuUslsmiseildlunismdudssansnisniauseugnesuienigmnenves Auaviaga
(Nu) @eanunsamulsdlaannaunsandunusved Reynold number (Re) Prandtl number
(Pr) uazAMANYAEYRITUNTI FIAUNTTN 5 Uz 6

L
Nu = }LL
1 (3.5)
Ni = f(lie,I'r, geametry) (3.6)

nalnnsukssdnLseugnasuelagngues Stefan-Boltzmann Planck Wa Kirchhoff &4
dMusAuANEIAGUAIENNTST 7

[aad [aad

[ 1 [ 2mey 73, ar,
QBH = I’b W = - ] ~ — —1

| 1 lexplec,/A,T)—1] ¥

0 0 pieffw (3.7)
Iny Stefan-boltzmann constant (8 ) = 5.67 ><1O’8 W/mZK4

Planck radiation constant (c;) = 5.95 x10" " Wm” ,c2=1.43 x10” m/K
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3.3 TEAWIUBLALYIIEA

fofivestaguszsianwsiinfonsnusonnmgll nunefsnsvusonsudsuulamis
aufou Snitsdidnnsinanufeugs JuhliAnianszaedvesgamgiliiauiinudou
(hot spot) usteideAesinrudanyui lnewiaiidenlfilutagmududman Inuvie
Tasaadna [61] auansdsgudi 3.7 Tnedefvostannuussamiao

o lnssadvesgniulunuule fe veslnaanunsalnaruld fanuduagydedosyi
Tvunavesinaudvunan Aundanuiley
® JnsNsAEWANNTEUE TliAnauganiseuTou

® Nl aunsadinuAuSauYsUlUAsUNSEANUNIsYINUlR 93RS

JUT 3.7 wansTannguadagsaviamieg

Aluminium oxide (ALO,) MusBaMUYigIUsERIN 1900°C HdwUsznauves SO, &3
Uswanal 20-40% SnviedulsrAvBnsvenefmeamdoulasdimsthamsouadedaigs
vl smusensasuLUamnannueure vt

Silicium carbide (SIC) nusiegamaigeUszann 1600°C MsnusonsiUdouLyamian
Sourpuinsga e nduysyavsmsveneimisnsdounasanishau e uladesinm
Zirconium oxide (Zr0,) nuspgamaliasyszunn 2300°C dulszdnsnmsvenadimisniny
Sougauazmnisthanuieuadediae vil¥nsmusensudsunamiannusoudeudng
#1 warn1INTEANERIYeIgANN TN

M5197 3.1 uansmsiliouiisunaantRvesssdaurarUssiaviitesnld duTagmyu

Parameter Dimensions | Al;Osz | SiC Zr0,
Maximum allowable temperature in air C 1900 | 1600 1800
Thermal expansion coefficient o (20-1000°C) 10° 1/K 8 4-5 10-13
Thermal conductivity 1 at 20°C W/mK 20-30 | 80-150 | 2-5
Thermal conductivity 4 at 1000°C W/mK 56 | 20-50 | 2-4
Specific thermal capacity JigK 0.9-1 | 0.7-0.8 | 0.5-0.6

Thermal stress resistance parameter, hard
shock, R (o/Ec)

Thermal stress resistance parameter, mild
thermal shock, R"(R-A)

Total emissivity at 2000 K - 0.28 0.9 0.31

K 100 230 230

10° Wim 3 23 1
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3.4 msLwﬁlwﬁﬁﬁquuﬁaumwgau (Heat Recirculating Combustion)

ixuumil,mlﬁﬁﬁﬁmwguL%um'ﬁau (Heat Recirculating Combustion) WJu
sruumsEnlniffiuszansaimgs Ussndandaa Yanudes CO i vilsitaqtuiinig
thluldfuegraunsnaneslulssnugamnssy Wesanszuufanariflethludszgndlday
uiiusglovderannmszanusadiinsydvsamnswn vl Wumsdunswilng uas
Usendandselfesnediussansam delusmidonszuamniswlndidemdavailngvan
wyuuuvaduiimmansindegnadudaneldendovdnnsmilwsifisinsmyudouaudou
faagldnadely

3.4.1 'vié'nmsv‘hmumil,mlwil’ﬁﬁquuﬁguﬂmu%au

Heat recirenlating combustion

4,

Heat of ,‘/'::'}

combusnoni

Temperature

= Combustion without
heat recirculation
il

X

JUN 3.8 uanaUSeuisugamginisinivdviianiuazluinisvyuieuaiuseu

U 3.8 Wisuifleundnnisiuseninsszvuiiiua ifnsvyudeuaiuieu
vuzfdildfiniszarudeudmnieates Welivsimudamaaviiunuiszuudilddnng
myudsunnudou deledlnaimeudiedouwnzinamnlviidntu gumainiswalgd
wgeoglusziunis  ufaledeiAntuluszuufasinaseanisiiuen  Tasenufeuain
whalowdelailagniniAulildusslewd wazdlothuihnsseudiouiuiduy daang
spuuiiimangudeurudounnuialeidenvhnsguled vilgamglnianlndgedu
wigamniigavheiinisoondinainfumiloutunsdiliinsvyuisuanufoumsizdes
mudguaufeunseiemyuisuaufouainuialeds  uwihnisgulefedieseiilos
Fewmilszuuiifinemyudsunudouarligumpimaninduasdnsnismlndidgan
szuvilifinsuyuisuanuieudlovinsivisuiiisulunsdeumaiigegavosnisiun g
whity wuhTiudemasdsddlussuuiidnamuideunndouastosniiszuudildiinng
myudsunudouisssmdandnulding venaint seuumawnlwiifinsnuiouai
Foudoinlilaamnusaluniswlvgd Buming  Velocity) wagarudnlunisinivgdgs
(High Combustion Intensity) [14)¥l#anunsasenuuulinnnilndiifiawindnnsinga
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Widsasveneveuanswnlug (Flammability Limits) Wn3etumsnsudnisiiluwn g
Fomdidmnudoutos 4 Aldannsavimsunlwsilussuuunild
3.4.2 mavguiisuaudeulnenisiudsuguanudoussnitensnianaiounas
wHFedAuFauludaangu
ia@wquﬂu%ﬂ@;ﬁﬁﬁuﬁmaﬂ%mmqq FuuszAnsnisdiemaiuieugs
Ausravsnisgandussdanuiougs wasnusoanneiifgumniiaen 16 auautRfid e
Sagmgu fio annsaflaziUAsundanundulunduinseninaeumatve sufanasnsus §o
arufould \osnTasmsudidamduiuiiindeusinagenn (Surface Area to Volume
Ratio) sstilunisdhemenufeuaduluenedivssavanm FeieldinTagwsmdugunsal
uaniUAsuau¥ou (Hecat Exchanger) fifiussAvsammgs Insfivdnnsvhaudsiie e
uRadoulnaruiagwsusurndauandusuii. Jangussnanisimihidusganauen
matvesufadouolidumiududodoundsnudiignndumdluunisuidsdan
$ou BaFondnuuzauidndusunsed Emitter) wissFaumstunmslnavosuiasousnds
Yanngudnduniedahminfiduiiusd (Absorber) feduanasouiilnariuunyidos
fgamgiianas wizidlediennidulnaniugisuideimmduiiganiuieuiignaanaul ivi
Temadisioumatiuazgmungiiaciiu Mnudnnsfnandthfunsduasiiusidey
Infu udilededsdigaumaigeiiinnisunlusilvasinuiagmyusiimhidusinussdud
omeduildlunslvsiinaiiutaansuiviani Adusasussd SadenalmAnnisuiiy
Geuanufounnladeungomewnlniiliognsfivssdngan Tneerdedaaniududanans
(a3Uil 3.8 Usznev) meiissuusnannagiiszavsnmlunisenindifugstu (faswnan
NATDINT BUDIMA (Preheat) TiliUs¥aNEAmM dwalinaalvsifimmanysaidedu fail
goillarianusilunisialungd (Burning Velocity) wazlinnudunisialngdgs (High
Combustion Intensity) vhleenuuulfimunlnsfivuansinds wenanntgdrevens

vaulumnsbla (Flammability  Limits) n719Uu

Porous

leS S

medium ~

i

UM 3.9 uanmdnnisvinenuesiagnguy
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3.4.3 gunsiidlun1sArunamnan Preheat Air Temperature (T,g)
deTagmyugniliferulaslsuanusouainufaou MAnannswilngd e
aduiiananisivavetonie Jaansuazaiginanuiougeiniaviliaamgiifanniuanas
paren aunAliRsanTansuduieu (Lump) svanunsamaamgiifionasosanmyudl

nnquiselui
aun13 Ausenu(g) ndagnuirewmliiueinielagn1sniauseau
Q=m(T; -T,)
(3.8)
AnuFeuitfaguyulaiuainenia efia1swndu one dimensional, unsteady heat
transfer
—qdt = mc ,dT, (3.9)
INAUNS 3.26 Uay 3.27 AToufiemaliiuTannguviniuauseud anngulasu agld
<N\ 77 (3.10)

I.-To mc,

Integrate @un1s 3.28 azla

(T, ~T.)~In(T, -T, ) == ¢ (3.11)

mcp

MNEUNT 3.29 amsammarmdeuteTaany, T, ¢ Ssemsumiudsdug filfuans
Frsdwanluamenian a wazidievd T, wnuaduaunis 3.27 Aazlddrnuieu,q 1¥an
wyuldsuiuiy mnduiaansamapuous e Sannaul A5 ulaen 15, .o, 90
lowdsSoulussesiaaluusiagyas Half Period, ty, lA9nauns

1=ty

O = | qdt (3.12)

t=0

ANUTBUINTAANTY (Quony) a"suwfiq%qtgﬁ&lﬂﬁ’umaﬁﬂﬁl,%aLwﬁqmeizmaﬂmaLﬁuia
oehaawysail 250 °C lasarmfoudmidaninty

Quvap = 11C, AT+ LHV (3.13)
Feduazmdonufeuiitannyuldguannia iy

Q = Qeonv = Qevap (3.14)
amufeunnnauns 3.32 asiluguliennafeutu dafuavanunsafuin Preheated Air

Temperature laanaunng

r =T +L (3.15)
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3.5 N5t ludl (Combustion)

miLmwiﬁﬁtff]uﬂgjﬁ%maan%m%uﬁqmmﬁqasquqL%@Lwﬁw%miﬁmmmm
Inifldfuoondiauedunaiuazazameninufousenunsenitanisiiiten lngaisi
annsomlndildludomdsio arfueu (O lelasiau (H) wazdmgdu () nswwalngd
amnsalUseendu 3 wuu Ao

1. mswlvdidemada (Solid fuel combustion)

2. nswilndidemdanan (Liquid fuel combustion)

3. mﬂm%ﬁ%@mﬁuﬁﬁ (Gaseous fuel combustion)
nsenwieluaedaviiulumamsmnindidemawdadundniuiud wediausianiznis
wilviidemdudarindy  Haivdnnsvesnmahufisemisenindiieturessae qlu
nswnluditeanauulduansnaiy

3.5.1 Ufsen1swlugd (Combustion reaction)

UfAze M s lniifuufazeteondindu(Oxidation) sewinseddusznaumig 4
Twdewwds (CHN O S) fussndiaulusnidldnandn (product) nmsbngdlusures
el wagAUSaUODNLIAILARASUALNT

WaWas +  o1mA — NANAR  +  ANUSDU
Reactant - Product + Heat

3.5.2 Uadvildanasion sl

3.5.2.1 USinmennefiifisanasionisisnlvisl (Sufficient air to combustion)
Tunaunndidomadiauysaisndufedidnduosninaviooondiauiiisamedenis
UfAso msnlng TneusunuoniaidesfigaiiasnsavibiiAanswalvifauy saiay
FeniUinaemavnang el (Theoretical air) SsamnsamainasnIsnsiufizennisin
Iysfiauysaimaguiives miveu lelnsiau uazimzdu dhasu

3.5.2.2 szewnalunziwlugl (Burning Time) 1losannlunisifizen
Fudusosorfonaiionsvililaufaseansinlvifauysal lnsianize1sdansinnlng
Homdenglumninidudndusedfidomasgniiniluszesnarfiuiudo ool
swilndldludomdsileniadazgnin iz wrludaumunnelue Gannszesing
Tumsulndlsifiemensdwmalissansnmnsldidemasiuazduindunisiuies
Fouwdse

3.5.2.3 gaunilveaniswivgl (Combustion Temperature) \Dufinsudiin
ﬂ’]it,miﬁﬁt,%at,wéaﬁ'uﬂuﬂﬁLﬁmﬂﬁﬁ%mmﬁ%q ﬂ’J’mL%’J“UENﬂﬂiLﬁﬂUﬁﬁ%ﬂﬂﬁUﬂ%%uaE‘jﬁU
gamaiiveanisiaufiseduddyie lnemnaamginiswnlndiiaigannusiveanismw
Insffaedianann wivsilumaw i fiRduswdufonhnmsmuaugumailviogneld
vouLunitian fineadranielusfanunsonuls Faflduseanas 1000 °C
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3.5.2.1 anuuthuserinsnsianing (Turbulence) ilosanlunisinnlgd
fudunsiuifseventemiuazeandiaunieainia Semnsewitniswlngidaniu
JuthudnduazdilfiAanisngnindifuedsiventewmasuazeandiau vililenad
aaﬂe‘fmu%L%’wiﬂﬁwﬂgjﬁ%mﬁ’uLﬁ??aLwaqLLazLﬁmmil,mluﬁﬁamyﬁaiﬁmm%u

3.5.3 USHN0U@INANING ] SamdiuemardetiamAanazanmadauiu
nniladeiidmatemamnlndidemnddndunuinddfafiesaoldinnsm
Insifauysalldfusuiunande Usinaemaiifisme uasidadoddsnaliniamlnddiu
Fasundu 5] 11094y 3T (Time Temperature wag Turbulence) Foulunswnniidemnas
#s 9 SududemsuUiinanmaiifismesonismnnifauysainiamgud] (Theoretical
ain) SudoindusazuinagldusinuemanouTuailowas (Air to Fuel Ratio; A/Plunis
wilvdmimnuduensaiy wenantiuuuenadignldlunisinlmidomanienaden
1INNIUTUIUINAN N B s lun U fURnngeUsuuenmyindung uinuing
Tonatiesunieandiauasidviufatefuidomasidosisanysaivioatadoddszes
naunn Mtuiwadudeainnstisemaluusinaiinnnimeuideseniiua
PINAdIULAY (Excess air)  dmMSURANTENUUIUTUIUBINANTEENI1EIUBINAMAE
Fondsididenisulndiiged
3.5.3.1 g1UsueInIAeenI UTIIMeINIAN NG B] N3 A/F Uoy
N1 AF mMangud]  mswenindazldauysalldanuieutes wazneliifinuaiie (3 CO
Andw)
3.5.3.2 glvivSuiaeIn1auInnUsuIueINIANIINguvize  A/F
wnnd AR mangud asililonafissinnisslndiessauysaiienudululduniy
faimnyinssnediinaenmnniullazdddianufeudaumdsitldannsenlwsizyde
vl O, wag N, Audornmswindfigamofiasiu

3.5.4 nMsMUTUIUDINAFIULAY (Determination of excess air)

FmumsmUSinaeniadauRutuanansasile 2 Sasetuie

- mﬁmﬂ%mmmmﬂﬁLﬁé'fﬂﬂﬁmﬁﬁ%mmiLmi‘mﬁﬁﬂ (A/F.0)

~ my¥aUsinaeenduuiimasarnnisinlvsifinisesnve wanuabng udsn
funafeunduluifulsunaemefimdsannnisiunlvsidsasfiansunitenmediuii iy
a1n1efisedlUiRuanudesnis Taesnisuendiuiaeinadiwiudeuvenidu
Woasiudluaesdnwarie WosiuRainiadiuiiu (% Excess air)  waviasidudvasainie
g (% Theoretical air) Gaanunsnmanlail

A -AF,
%EA = ac h 15 100% (3.16)
Ay

3.6 walan s lugiuuuilutuneu (Staged-combustion technique)
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wadanseiivusadudureudumaiansmninidauaunsfnuade oy
nsmusunsRautusEradamauaroondiauludnuasideatulaliAnnismlwily
anmzaneedlown’ manavenadululudnvaziivinliAanswnnsiluieamlvsinnelden
danduauyaiunnssiunarsmanlefundlumlefmumienduiudlifedalmannisien
Iysfannzanesdlowss egnadnuia ieldulumuinguszasdsiongn Safeauteniniae
onfunanedutedosmsviliidemainoinie) LLé’aﬂauLﬁi’hgiLmLmimﬁLﬁaLmlwﬁﬁ*u
\Foudsiisumssinegfu Fadamsmrlnduvuuiaduaretunenivlure s indiuaziiie
AUALNTTAR thermal NOy WulUagaiiszavsnmaadstu enafinisisanufousonain
uiafouiiinanninsnindlususeuusugf (Primary combustion) ioangumniaseui
wivslutunouniend (Secondary combustion) n1silvsiuuuassduiiagdel it
wvenUadln(Flame zone) gnuengesnly uazangaumaniigean (peak temperature) ¥4
alns vilranU3una NO, 1e uenandnisunlvhdutuneumnienisunlviilusto s
Innfegidnhlinmsenindfinmuanysainntudesainlufeanininfonideunde
wiavdosyniafidasnlndlsivualuiosniludfuun

3.7 nslnauwuututou
3.7.1 anututufestls

Tudusuisngandnumnug sesmsinanuuiiutou ansdluadinuesuosnis
e fuidin FeUdtesnsdiureusauies @duiusiunisnivevesina) do uss
dlosananunie Tunisveaessazduneliiniidnsdluadainiim g wilsiiFeninduan
AN Recy HunslnanedignuauiSou Susaztuvesesinassdanudusadeu fadu
nslranuuaniiung

frnsluadcuuasiiu Recrit%Lﬁ@ﬂmngmiﬁﬁﬁ%’u%’auﬁwmsadﬂqs‘ﬁaﬁﬂﬁluﬁqm
uduAnnsUAuuUasnud gz uesnisiualuegianin aavihenisivafiduwuuls
suifouuazgunds naiedeuiivesvedlvaunuulinsfnasaan fusesdideulvvouiun
fAnadifin ﬁhLLazﬁﬂmwmmmL%aiamﬁg@@mauﬁ’aﬁuﬂ ysmsivafiagildsunlasogiag
wiatuRety Fadunsirauuuiutauiues egislsffninissinisinaivesanmsad
Wwilaganilnaontisafienummeannls myssnnaiafazfumugiuuulugy 7 3.10
$raanail

k]

u'(1)

MI\VMM A’MM‘N\M AN\W\MA.AMA U
S AS B I VA

t

JUN 3.10 Arpnasafigantiag Tuauunsivauuutulu
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pugamdsnenaniiunalins ldaunsadiuinm nieasuienisiadouiiveiaynInves
Inald wimnisfiasana1vesanuimeiuanslugui 3.10 Avzdunaiuladnanusa

Usznousme AANULSIRAsTAI Ao U hay Aesnnusituwlsvusaunieluun u'@)

Fowriuiueg AiuAeladn ut) = U+ u'() wazlaenaluisnagyinisiinnsandnwaenisivg
wuutulau lnegannesAusenevvesrnuiwazguantfiade U, v, W, P idudu uay @

I3 wva o A a X ! [ ! ! [ k¢
ﬂ')qllLi?LLﬁ%QmﬂNUWWULLUiV]LﬂﬂGUUSLULLG]a%LLﬂu u,v,w,p W URAU

fauddndgyminislnavisuuaiunsaangunisiansanduwuuidadu 136 3o
spu1u2 37 wilsingnisainnudutiutuae LUuLLuumﬂmuIszmJ 3 fifaue wenani
evhmsdannonlagldimadamaiu Flow visualization azwuinagiinnsvsuIuyes
nszuanislua MSsnimsmyuududou (Tubulent eddies) defivuinsnagiu 5u 3.1
wansasinravesiuvedinafiiaruiiutauty luuSnuiitefmdsiidureuanonis
va vwevesnsvsuauivuelndlfgsiurunvesuaulunnisiva Saiinsmuiudiivung
sosaNLArNIIUILEN TlegindqfuuAndude

oumavedinafiegiiulusssenisiuoagnwianlilnddatuldinsiznimmsuau
vosnuduuil ﬁqﬁ?u@mamﬁmm%awmmawaalviaﬁ%Lﬁmmiwammuﬁ’ua&mamﬂ
nsvyuuil mnisaeshdd i luaummsladiiieudultiu lesfunisnssanevesd
othasns nanausuesRtmnedinslnafinanasdadulssansnisunsvesua Tu
WUy uazndInuiigeules

3UN 3.11 amdiuldsnenfieldinatia flow visualization van1slnanusIastuTARNI

ANIET O uazuuIn L YeInvywIuIwIalng sveglugudeaiuanusiaie U
Y8INTIARATIUIA L 9039015 batadenind1su astua1sdluaniiiuasuean1sryuiu

wnalvg) (=9 V) axfiegunnlunisivasuutulau (nssiflesaindr UL/V agdiAnas
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L) éﬁ’ﬁ?umimgmmmmimyjﬁwasgmaiéf@wﬁwammLLiQLﬁaaLﬂuwﬁﬂ Favilvidnswa
vosussduownanamiaiinatosunn
wddldnsmyuurnelngiievandunisivanuulianunin alusudy
\Baufifevazasiiszninimsaaesvesmanyuiu ilkenuiweanisyuiuanaile
Safivosnsmyudisdu nszuumsiazaiininedoufivesnsenanyuauiifvuadng
Lﬁmag’%’wﬂimmmmumé’ﬂﬁjﬂ@aﬁmmL%’JLLUiBTuwmﬂ’jWLLazmuwmé?uﬂ'jw sty
nnslvandnaztouliiunssuamuuiuvuelng@ayyilianuduludmssanimegle
nsAanefaveanIsvyuaTIAAnasiAatulaemewlumusiilugnszwansuiud
énnin mmmmﬂimgmmmuu WHUIAIQNAHILINNTY LLammumeman
NITUANIWILTANNIMAZIENAToYY mamiamw Furpsseiundsau (Energy cascade)
AnuantATFuuslunsnewuututiuty Jadfondsenmatfiuleg wisuaadidegly

AnufuLUsTnaud (=2f/U Tl f Aeanuivesnisdu) arveandsaunaon
awnmdumnuiuandliifiulugy 3.12

nMsindouiifunusvesvesivalussiuiidniiaalunisivauuiulo agldsudvina
vowssduiosinamminvesvetvatudundn Anssluadiuussvesnismyuiueuin
dnfianduimuanliannmiusa U wsnsvsuuTuiuIwATaINIS VLN 1] (Re = LTY/
V) Ssagiviniu 1 fiseduil (egsevde 0.1 - 001 efluns uarANEog3119 10 AlaiBsnd
Tumslmamaimnssaiald) anuviinaeiivinagsdstinudfey Faunndraiunismyuiy
fisvaulng woranineutudiolfiomuamimin fufundsnuuleglunsvauauaggn
anvieu uavdsulhidundanumuseufiegmeluvesiva \JunaliiAansgadendany
sarflunslvauuuiiududuies

dofinnsunlassadrnvesnismyuiuvuinlngissznuintuilassaiieuuy
Anisotropic AaTRBtdun suwuuldhiuluusasiienuazlnssadwasnsvyuiudl
A AuivauiunIslvasgiann . uagnsdsiumdsnulugnismyuiurunnidnes
uandsiuluusasfienig mnuafinsnguIuYLIAlENNE s Uz gNanNe UNNAAN1SY
desninanumie dedufinislvalusefunisuyuusnadnduasiinisundnszaneves
ﬂmamﬁammmﬂwamu Isotropic (non-directional)
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1074 [~ —

107% = -

1076 [~ -

Special energy (m>/s?)

107 = —

1078 1= -

| | | |
10 100 1000 10000

‘Wavenumber (per m)

JUN 3.12 AweanasiunaenaiUnasivespnuivesrnududuiiinainnisivadiunia

3.7.2 mswaswiuannsivatuuutsugnisivalvumasyiaui

u
1oLt

Mswasusuenmslnatuuaiiung WenislnauuududauazFuduainansid
A2zT8INNIIUNIUNAsalEn 9Ty suiesnainauliaiesvenisive wieSendn
Hydrodynamic instability aaslsiadestifnldannislnaifieududeu Edmudseunn
woaslunisienudrlasingnisalil Snquinilaiiindie Linear hydrodynamic
instability Saneneuinzmdeuladivialdnnssumudnafiintuii gne1eidANT UL
mm%yuiumﬁmmimLiwﬁmzau%@mﬂﬁauﬁﬁﬂﬁmﬂ A Rey i =Uxeri/ V) FaAnn1y
ﬁqnéwa%uuaz%m;wﬁq A9 Re,y(=Uxy/V) Fadunnefinisluawasuainnislnawuuly
\@fiusdenan vi3el3endy Transition flow Tugnslyauuuiiutuegisanysal

anulidngsvasnsinanuual saung

fnalnfineliAnmnuliiafosvesnsivasy 2 wuy nalnidoulesfudnuazns
nszwaIEifiugiu 2 ¥ln edrsusndeonisnszatsanuiiiludnuasdiingadeulds
vouduluslndnisive Seuandvidivlugy 3.13a Inefigadenannasifinarailidiadestu e
Aveustluadiiiuesiagsdsamils Snvaznisnszareanuaiildainnsuiaunisves
mMaianssununszuanisie melfauyistuinisinaduuuylienumia anduiai
nsusulgsaunsTaglanansenurasarumiadiluifiemdmeudnadmils uaznuiilus
Tdnslwasinsiasuwdasiesuin aandiunveanisnidaeuveslusindnisinadand
arulshadosfiviiliisngymddsuldsmedusindnsivaifadondt anuldiafosuuuld
Uil 913 inviscid instability §nwaizd sznuwiuldlunisinavesdvesiua (et flow)
nsnavfuveswediua nsinnau nsiieturedladafanids Suilesnananudugiy
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(OP/Ox > 0) Wudu nsiianissuniunisivauil anundaaziunumlunisvuos
nszvIunIMsinanuwnIsinmianisiunys Jadugasuvesmuldadesiunisinae fe
oluantuluasane

y y

} }

= ¥

Point of /
inflexion <

—> Velocity — Velocity

(a) (b)
g‘lJ‘ﬁ 3.13 WWslwavesaausa a) Inviscid instability b) Viscous instability

nslyauuuansthirslunuuilifigaunduresaaldwaadulusindnisiva wuils
wandlugy 3.13b sz udnuasiseubmsenaiinmulsieiesluuuiass Aouuunfiay
wilan3efisenda viscous instabitity Tuslignistmauuuimmsildnguivanisivanuuls
aumiln daiilsiansliluneuduniansan fagwuihlifdeuluiiliifeanuliadesias
dosnldfianuniilupansilds wiogaasuldmedlusindnasing dlilddeiiintuaily
nslwasvniiAntulurie visnisinarkumsuuiusrnnsfisuesauduiisnunis

nta (OP/Ox < 0) oelsfifimslvauuuiimnaniaiidninadideudrsdudondaiadosnm
vaansina nampeturzdmalusmiainnglfiadesnmeeanisinadisdluadiiuueseng
uazgeq windudsnalidusamiliinanulsiaiesve smsinaiisdluadiuuesfdaet
FENINAIPINA1IVIAU

nswasurlgamdulau

wiinnuliafesveansivatusined m Usnafunszuanisiva feusumiisosyn
flasfinnnizresnaudsuriulugenuiiuau ssessinasenigeiaesasiuegiusgdy
ANUTULITIvRIRU DS ﬁﬁ;mﬁLﬁﬂmmhiLaﬁaiﬁuﬁhmﬁuaéﬁuLU@%%M’]ﬁU Reycrit
LLazﬁqﬂﬁGuﬁmiLﬂﬁsumwﬁmﬁuaﬁﬁmLuai‘%mqﬁ’u Re.r IARINAENTOvIUEle
Tneldnguiidaduresnnuliiiaiosvesnisimauvuarsiidilldnanilumdenoud
oedlsfnufdilifinguifiawysaifiazedueusngiinandisiuld Asdlazeiuisdeluias
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Frvetsdludiuuesiunniidu nszviunswdsuriuluganututunansiinulinagy
3.14

Vortex  Vortex
roll-up  pairing

Fully
turbulent
flow

JUN 3.14 nszuunsdguuvesanisiva

mﬂgﬂLﬁ'aﬁﬁmﬂwavﬁqaaﬂmm/iaﬁu%a%ﬁmqLLmumimmwﬁmaue]é’ﬁmil‘via
mniufasfengnsainisvessuanvsuu Tnedaswnudugegiatulasiani
R Lﬁaé’qmmiaiﬂ%wudwLﬁmmiL?m'gﬂsuamaLLmuéﬁﬂaimLazé’ﬂwmmmwLLwauﬁu
wdunariuldoniu nanndenisinaiuaszuanoonuazifiansuauaudn v nunedals
Wannmaduanuiulanluias nswauiuveanszuanislva 2 nszua viensiAnnduves
nszuanslneiiiuingdruudusioglusnel

nslnanuusuSey (Boundary layer on a flat plate) iushegnsvaanisivadildl
udsuldsreslusindnannia fnslnaitutiasduinumieunuiaBoutimieiidu
Ushadiinnssumunislvatasiinisuengfavesnssuniuiu (Asdluadtiues, Res =
1,000) U3tauniiounuiae utasinaniosuanumuiaiavesnisiva (O =Boundary
layer thickness)

ﬁﬁu%umaumaqmiLﬁmmmiaﬁﬁm6*] agilaugoulmnindeanaiiweinseuanis
Inanoulaziingusuiev egslsfinuiinisinainiinaunuegsmsiazaiunsaueaiiy
WannmsnnediEuiiamsliaiosivgnaianssununisinadaieeduiitiaiuveams
dunfeqlfegnadaan amswessngnsaifananaansouandidiulalusud 3.15

MnnsnaassnuImAnsinaiidnguaiuEsuiduiuuaniiiing avwliadosey
Lﬁ@%igﬁﬁ;@ﬁﬁﬁi%iéhﬁéﬁyLU@% Rey it UT21184 91000 ﬂguﬂﬁiUﬂﬁ‘LlﬂizLLﬁﬂ’]ﬂ‘WﬁﬁQﬂ
a¥duiliFeni adu Tollmein-Schliching (T-5) #swuinvesaduiazgnuenslnaiuly
firnsveanisiva

Usingmsaldusudaluanmainedusngt az%{uagﬁ’mmmam?{ﬂuﬂmLLim‘j
desnntasiifinisvensinvesnduiliiszesdrinluguvesanssluadiuvesuiaviady
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=

satiudedinnuduldlanadusinanazaaneslundunuseslatsnienisiua satunislya
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Fafimsanimidunisluanuuaisiung wrd1vuIAveIAaUSUNIULUL ANLINWE AELANNIS
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Tollmein-Schliching 9gnanetunismyuauiFondn haipin A-vortices Fai3earfuuin
Wiy

mmmmuamimmuum mmmmaumamﬂ farieanfiazfinnusuusenniy
nsBneenuasdinstiuia Induuinuiiiandeugefitzuineenanfudumiedosy
waganiegess) Wumheidng mmmﬂmmamﬁmLma'ﬁnLﬂu@mammawmimmu
wudnAnaunasuvesnNiinavesamUAsuLasnuandR fidigdnuasdliuiuey
uazazifnuinaidnifinnsasuuasesnuauifvedlrasnaogesniwar Juus N
Fafntuegnelisuuuy Uinadnqinszasegialulndqfuiudey fesifingauesnise
shvesmudutuiuluguuuauimisuinuinamai uuaiindoulundousunisiva
wazanuiuiuazansn hduiuinsfuuinunsimediduuuasiidlianiosasay
vl uiign

mawdswiulugamduuesiuisfuiudouiuagUssneuluienisiingai
afannutuliudingn mﬂfuﬂawmﬂuﬂauazgﬂﬁmwﬂﬂmmmzLLamivaasummaﬂ”iw?Tu
wnszimaumiunsruareseaiiuthuiiieangedug Safndu o fumisdien 156
Tuaditfuues Rey, = 10° 5U# 3.16 Wuguiidhsainduvuvesmsinasinuusiuiniey 3
LAAINTEUINITAATNG7

Re = Re,;; Re =Re,,

Flow
—
' !
't
3D distortion In-phase arrays Turbulent ~ Merging of Fully turbulent flow
of T— S waves of hairpin spot turbulent spots
vortices (K-type)  formation
T - S waves

3UN 3.15 mweuuukanenseuiunsisuiuludanududuvesnsivaniuy
LRUAIBU

nslvasiiuvie (Pipe flow) iudneeamilwesnisivanuuilifigaudsuldsves
Tuslwgnisiua uilumsufoRdunszuiunsdsuiuazifetuiisdluadiuues Tutas
2,000 - 100,000 Tumsvaituiinguivesaulsiadesindnlitedudsldannsadunld
o5uneld awmesenudumailunslivquiinsiunesuemsinalunsdituiornduly
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Isogsunndt e namsidssUvesaunsivadimiativesyio uaznasinnnssuNIY
nslwadimadh Tumsnasssnisivaluienuigedidedidaeuiuthuiududuiviio
Tndivedunileutunsaivesusiuiey anudhuthutenenidusuiunidnrodadu
nszuanmdutudutagg luvedlivhllusugnavnssuazwunslvanuuiuliuady
asnsivasvusudeulutiassluadduuessng 2000 eanssluadtuuesuinnid
2300 authuithuesdeudstunudunudududuioe

JUN 3.16 wansmnangvasmsiinnisiiewinuluganududuvenisivaruusuiE ey

3.7.3 LENGTH SCALES IN TURBULENT FLOWS [62]
andnuaznsinawuuiuiuanansnesurenginssuléseiives auramme
auilutau (Turbulent length scale) Fsazaevilsidladasingnasainuiuduiiin
Fuiumsunvduuunaineunsanlud Tnsanusautwuineagnanaiuduldesnidy
duuu Useneusie Macroscale (L), Integral scale (/,), Taylor microscale (7,) uwag
Kolmogorov microscale (1, ) Insusazaunaiisaesuagliiil
a) Macroscale (L) iumnamiugnenuiiutuifivmnalugian wunslvaluvie
L agnunetavnaduriugudnasvesvie wsedndunisiansannisinavesdn
A L asmnefsaunsvesdudafisumdsmnuuuiunuiiug fsueanuen
arudutuilifududsildlunism suausdluaduesnisivaiiaenndasiy
anunadsvesnisivauslianusoldlunismarduaisdluadvesan
Juthau (Turbulent Reynold number)
b) Integral scale (7,) ifurunmnugnanuduliufiunuruiaveanisvyguiy
yualng (Large eddy) Tunslawuuiiutauiifvuiadnnit Macroscale (L)
\unsvyuuifeuisuazaimeiniugs lae 1 (Juszeginaszninga
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aoagaluauiunisiva Mduanduiusivauliaduanevasninusa g
a3 laINaung

l, = ij(r)dr (3.17)
0

g R.(r)=— v (O, (1) (3.18)

'

Vx,rms (O)Vx,rms (r)
c) Taylor microscale (7, ) {urwnanuenanududuniunnegsewin

YY)

wazl, waduuilidilndiAesiune 7, Fadufulsifianuduiusiudns
ANLASEALRAY (Mean rate of strain) f9aN13

V' rms
e m— (3.19)

—2 1/2
(6\/)(]
ox

d) Kolmogorov microscale ([, hduvunprwsnanudutmiduuindniign

9

=

WNUNISNYUIUTLANTIEA (smallest eddy) luaurumslnawuudutiu @
donAnedfiun1sagaaIsvesnd s uaatiuutuYIl (Dissipation of turbulent
kinetic energy) tAndundssumeluluauiunisiva tne [ 1 Julifanifianis

wWaguudadluszauluana Saanuduiusivonsnisgyanioniaunis

I~ (/e )" (3.20)

2

5(keturb) - 3v;fms /2

, (3.21)
St 1,1V,

€o

3.7.4 Turbulence Reynold numbers

Fuavissluasvosamuiulau (Turbulent Reynold number) @wasavnaldann
gu1nAeTIALtuYIL aufuUsAe Integral scale (7)), Taylor microscale (7,) uax
Kolmogorov microscale (1, ) Bsfinnuduiusiuanadssnfiaesvesnnaliaiiaueves

AL SMseNULTasAudul (7)) ddunis

Re, =v,, [, /v (3.22)

L, /v (3.23)
I, /v (3.24)

Re, =v
A

rms

Re, =v
k

rms
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Tnefienuves [, TduRUsHU g, Fausawonlesnnuduiusssning L uas [, 1o

AIAUNT

j—oz Re}* low Re, =v,,/, /v (3.25)

rms” o
k

uonaNtuaINIalomANduSTE g [, Uag Re, Aeaunns
[

—2 =Re]’ (3.26)
I, ’

Mnaunsuandliliiugii Re, veansivaifiuanniuazdanalvivuinninugnives

anuludsunaidniigaiuiinaniiugy @anuaziBenuiniu) wud Re, =1000 azvirli
l 1Y ¥ o ¥ l
l—“ =178:1 Wit Re, =10,000 9g3i1lsA -2 =1,000:1
k k

3.7.5 Three Flame Regimes

Tnanalundanginssunisaaududiuvendarliwuunannaunisiuilugd
(Turbulent premixed flames) FupgiuauIULIvaIANTuYIU (Turbulence intensity,
V! ) wazauinadenvesaiutudiu (turbulent length scale, () lngAd1ugumssved

rms

autulnfisnndnsidiwesradssiniidesvesanuldadianeuesninuds (Root
mean square of the velocity fluctuations) fiunistualuvie (Bulk flow) Tuvaizfiawin
AnugveIn U AL UL I T UL IN T A 91AndnnsTinaalilu
S.R. Turns (2000) [5] au1sasnsiuunvuinanuevesauuliusendudussavay
N15ANAIVDIVUIAVDINITNYUIU AB Macroscale (L), Intregal scale (I)), Taylor

microscale (/,) and Kolmogorov microscale (7, ) 8naiiiafia15a1auduiusvesvun

AMNYIVRIANLTUUIUNUANUUIanUa uuTulau (Turbulent flame thickness,

§,) awnsadnduunlatfuaiuwuude wrinkled laminar flames, 8, </,, Flamelets in
eddies, [, >, >/, uay distributed reactions,s, </, . ?jﬂqmﬁ’laLLﬁawqaﬂﬁmmimm
Juthuvestaluuunaunsunsurlndannsaesuslulfvessuls|iuisfesnsidiu
GuaqmmwLmﬁumﬂ’nmﬁuﬂaummmL%’JL‘Ua’ﬂWLLUUiWUﬁaU (V! /S, uagdnInadiuyed

rms

anusalaalnuuuiutseanusuvailvwuusuiseu (S, /S,)
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ffcm)

JUN 3.17 wandvinavesswinauenvesanudutiudennudivadlvuuutulon
dmiuanusuLssvesnududuainieg

9N3UT 3.17 wanedvisnavosvuinruEvesnu il | deananiuvadlu
wuuiundmiuaruguissesanutulauaisiieg uanaliiuindasdiuvesninuia
WarlrwuututhusomausauatliuuunuSey (S, 18;) firnanadlevunANen v
anuutiufiumnty lusaedinsfiudnsdvemnuguissveseuiiiiutause
anusadaliiuusuGeu (77 /S,) dwalidnsdiresrnudivadliuuuutiuse

A uUmlluusuReu (S, /S,) faufindu Uonaninuindovnnnue1989au

Jutaudidanniu dasidiuanusudalndingn duwilduduegivdnsidiuvesniny
suwssvasanuludiennnuindailwuuusudeu (7, /1S,) desad uagiilavuinainy

rms

gvasnudululietesas w3elnd 0 cm anugukswaIauslulIuazdinadanis
wWasuwlaswasanunvaliiuutdudusnniu Fafleamnusavarlnwuuiudiudawn
yzamalionsinsiinufnienelinavustesinswnnnuluse



41

3.8 n1sUaauuane (Emission)

3.8.1 daiwvaIASUBUNaUDN lYA

wafiwan CO ansruun s ndilunisagideuszansamidennuiouvesssuy
winnsndreudadigamgiias e1aviili CO, innisuenaatenduudu CO 14 wiely
yauziRgfumndemadisdanlusiinadesiululuro sl lifnawnnefiazyh
IUARSB Ao adiud agvilildannsaBeuandu Co, IHauiu fauns

CO+10, - Co,

éfmfuLﬁaiﬁﬂWiLmiwﬁl,ﬂulﬂléfaéﬂqauyjmé’aamﬁaﬂﬁ]%’aﬁﬁﬂﬁm 3 Uszn1s A

1. narlumswrlvdiFesunudiome ielmTomaamlviiossauysaiaunun

2. gauvpinswnlnifesgafiomegilmAsnsinlniewdeidos

3. m'imamwmuiwdwL?gaLwaaﬁ'ummﬁﬁ]gé}’aaasﬂué’ﬂwmzmﬂwamauLLUU{juﬂau
(turbulence)

3.8.2 nsnaiatulasiaulasanleduaznisaivau

lulnsiaudeluianaguasansfiflegluonmnnis 78% lagu3uans druasusznou
Tulasiaueanled(NOMduasuseneusemineymalulasiauazeandaueivegluguvesiu
asnoanlas (NO) lulnsiaulaeanlas (NOJIneNO, Huasiiv Aelimnnsunsesedaiizan
\uansiiliiAsensszmeidosensussiiuiayssuumadumels uazaisaneliin
AalelouuuniaiuAuanuiise:

NO+ HC + O, + sunlight — NO, + O,

FelasUnd Telwuazeguuduvsseniavesian fvihiitaeasiioussdainaisanfindlallsing
indslansniiuly eehdlsinaleloufifumsfisunsosouyedivuiu mndudavioganu
wifnoInsszaienies uenanddudumnsdeliAndunsndndeles] sudulutiagtunis
Anansusenevlulnsiaueenlediodudamdiduiinsidsunisudlolugisudug 2o
aegamnssufiin s lsidunszuiuntmdn 9nmsUsznarnsvanUdessaivain
#1399 09 M. Placet[64] Wi 1999 Ssldmszmindenisnatidnuafivudazednfidusanig
reliAnfeloloududusunsioneuywd nuinlud 1995 dszmaanigeiuinniinig
UanUaeos NO@esuvasiiiafildinisindousefs 11.2 audu uwiassudaadoud 10.6
GRIviY
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1975 Total: 11.36 million short tons
032

1995 Total: 11.18 million short tons
0.32

O  Fuel Combustion - Eleciric Utilities
O Fuel Combustion - Industrial

Nitrogen Oxide Emissions O Fuel Combustion - Other

Mote: Minor emissions from Solvent & Storage/Transport = Tndustria.[ Processes ;
included in Waste [HsposalMiscellaneous B Waste Disposal & Miscellaneous

5UN 3.18 uaninsuandaesansiulasiausenlydvesuszsmaansgeusnilul 1975 uay

1995 [64]

{

NO + O, —=NO,

t 4 Y

HNO,, HNO,

U 3.19 Fndnsnnsifinnunse [63)
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SUN

NOx + O, + Reactive HCs

'

Smog

Ul 3.20 msiinnuenati [63]

n1snatin NO,

v

Tunsguruniswnludlaealuineanisiielatdensonandunainnisiui g il
gaumgiadlulsmannniedalyldusylevilunisuaniasuanuseurseasisnuliiu

Y

a

gUnsnfdu wanAurdldnmswilwiiiuasiimemuisuneluieaslndiaan(resident
time) Lﬂuszazwmmu%n%ﬁama‘[ﬁlﬁmﬂsz?m%mwmqmm%auﬁqn uiotglsinuddiiin
munwarlificUsyasdfinen1siaNo Ing NO, ?mmmﬁ@%ulﬁmﬂwmaﬂﬁﬁ%m 413198
wusoenladu 3 Usstnvudn lauA Thermal , Prompt wag Fuel NOInadnwaguagusian

AISLAANO,UTZLANHIN LLaméﬁgﬂﬁ 3.20 [62]

N,in air |=———3| Combustion gas |=————» Thermal NO,

\ (high temperature)

N,inFuel | ——| Flame Front |=—3  FuelNO,

\ Prompt NO (Low temp)

N, + C;H —» HCN+N

v

NO

3UM 3.21 nsguiumsiin NOUszAmNeneY
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- Thermal NO,

\Winannnszuunseandinturedianalulasiauitegluoniauiiuuasiiilafiivle

a A

WHenlgaumgligensusd 1100°C Yuly Tnanszuaunisdananasiintuaniznigliteuly
gaunglineledauazszsznaluisanlndimunzay & 3 UfAsengesnviliin Thermal

q U

NO, atA

N,+0 — NO+N (3.27)
N+0O,—> NO+0O (3.28)
N+OH — NO+H (3.29)

Taerts 3 UASenTuUfisewuuiunduls Sundt Zeldovich mechanism faduluiile
n19iAn NOUssLaviltuegifugamglinassvoznavesnansusiluvoaslud fedunisudle
AnsAeLAn Thermal NOluidesduiadunsviiesmlnsdldfiausntosaiiotisan
szoziaatunsinlud udegralsAmundndasidldarnnsmnlndifaglilfoumgiaud
ﬁaqmiLLaz%Lﬁ@L%aLwaqﬁmlwﬁmﬁaé’ﬂé’wuaﬂmﬂﬁmﬂgﬂﬁ 5 FauangiLiudnnIsin
ndflagvialuThermal NO, Sunltiumsifingefiusanaennirduiulsyanas-8 iesidud

e N0y, formation rote ———=

2400 2800 3200 0 10 20
Flame temperature, F Excess O2, %

;J‘Uﬁ 3.22 wuIltunisiAa Thermal NO, (www.alentecinc.com)

- PromptNO,

[

Wnanigerndsiiiinnisaanefandu residual WU C, CH uaz CHd9URATE1AY

luanatulasiaulueinia dnifeduluszezusnvaanisinlndvielurieiioungiidaligs
nelmAna1susznoululnsiau 1wy NH (Nitrogen monohydride), HCN (Hydrogen cyanide)
@ v o= A v a aaa & & i oo
Jusu deduansusenevinieuinufiseneendintu wagnateidu NOselulnelidnyue
UfAsedusiadl
C.H,+0,+N, - NO,NO,,CO, + H,0 (3.30)
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- Fuel NO,

NOUsenviliidusinnanidemadiitlulnsuduesdusenou Tuvaeil NO,@ossin
wsniinanlulpsiauiegluennia fafuNo,UssiniunuliAnmelutomasing utandy
maﬁwﬁLﬁ@mnmiLmlmﬁ’l,%aLwﬁqLL%QLLazﬁﬁﬁuﬁé’ﬂwmzmiLﬁmﬂﬁﬁ‘%mﬂinq il

RxN +0, — NO,NO,,CO, + H,0 (3.31)

ogslsfinu Nodsuamiliidnuaznisifn 2 Snwas ﬁaLﬁmnﬂﬂﬁﬁ%maaﬂ%t,m%’uman

arsszivelulasiau (Volatile nitrogen species) uag \Annmswnlulasiaudieglus(Chan)
Tnenszuaun1aifn Fuel NO 2 dnuasuanafagud 3.22

, reducin
—= yvolatile N —gl- No

'\.
axidising

fuel N— \ J; fuel NO

oxidising
b3
—» char N %—"r fong N2

g'ﬂﬁ 3.23 n5eUUNSHAN Fuel NO, (www.eu-project.de)

] e pox '

| £ Prompt Hox |
b P —

L ja0rc 4000 1800°C T e
WIF MSF BT WU I

3UM 3.24 n15ifin NO,Uselnneinee) igugaumil (www.alentecinc.com)
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NNTZUUNITAN NOUITZLANHNGE ﬁ’]‘lﬁmmdmaiﬂmiLﬁ@miﬂizﬂauﬁsﬁuagﬁu
vaneq Jady ondegnatu uenangamgiinarUiinaeiniadiuivlugud 3.21 ud wila
yoadomasiinauiu Insawedomadina ey ivsuna NO,ABUY197 \iesunann
gamglialedefildannswlnifiangs dumssuenmanounsilnifdssarilfeng

N13LAA NOXLﬁuqﬁumﬁ'uﬁ'ﬂ@adauimgt,ﬂu Thermal NO,[65]

Gas Tarmparature | °C)
000 1200 400 V600 1000 2000 a0

Equivalence Ratio

F ¥ 2 1 14 18
05 08 07 Q8 08 10 1 12 13 2800 . 2300
o Fual Ladn .i.__H..F.m Aich ;"
2400 0
4000 4 - AT /
SO00 b 2000
= 3 G,
E 3000 b 3000 2 E s CH, 1600
g g 8 4 1208
g, . - 0 1300 ¥ .
g 2000 o000 Z /;
B00 .y RO
1080 +ooh, d
| 400 4 / 400
0 1 ‘ . 1] 2 d———'—"ﬁj/ _J. o
)8 DA 07 oEM08 10 1) 12 13 4N TS EOG 2000 2400 2800 aEnd 3000 AQ00
Equivalence FAatio Cias ‘I'amp@ratu'e {"F)

JUN 3.25 ¥ilaaindeiidmaneanisiin NO, [65]

3.8.3 wmadAnN1an NO,

Tutlaqiiu geamnisuvinlunatsy Ussmamdsveeduniy vildiAnuafiv
PLLRENNNA fetfunirgaaminTsukarnATiuaEUssnaRsRuauar IdAuA Y
funisanuaiiuniee AN T TnsanzegedeliauddyfunisuanUaes NO,AIN
nsfnwnuidenuiwelulanisan NO, fegfeiunae s uramnsauusesnidu 3 nqu
wdneisil [65]

1. msthdanaunswlugl (Pre- treatment)
2. msUsuasudnuaiznszuunsaswalug (Combustion modification)

3. msUnUanaansnlng

TneusasiaiiswaziBondmelud
3.8.3.1 nmsttansunisinbud Wunisdestunisnalnnisifin NOensUsulen
audAvesansHaduven s lugl

1.1 Fuel Switching- Lfun1sidsudamasiinndiazduuiltuniaia NOGs 19y
Fowmdwds Tnowasuunldidomauiadudu

1.2 Additives —msUSuasulasiadrmaniiveaiomamiousiuieanslawed wums
dunenludlodnlUluonnaildlunswilnsdifioan NO,

1.3 Fuel Treatment —1Junsusulassadavesdomastinzauseniswnlusias e
annalnnIsiia NOLYY miﬁﬂluLaqamaqiuimwuaaﬂmm%aLwﬁmauﬁﬂﬂLﬁé’h
nszvunnang egslsfinaiBadeliioreutegs

MNO (Domewd
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1.4 Oxidizer Switching -n31asuieendlawesiitliiuuiliunisiia NO, gioen
wun1sleondauwnueinalun1sH g
3.8.3.2 n1sUSuiUasudneaenszuaun s s b
Hunstestunisiin NO@ensUSuaBunsEUIun sl Feileneiumane
3 witsnfeutuiigelunngramnssuAenisld sumuafiuimieLow NO,
Burnermeisideniisad
- Air Preheat Reduction -8 niafignauneuiinszuiunsmswlugidnidusanig
AoliAn Thermal NO, fagudi 3.26 é’qﬁ'?um5amQmmﬁ%qmmﬁﬁgﬂqmaumi
wnlnslazivdanasinliin NOdewas wiogalsAnuuseansnainnismnluidfag
anasnIY
- Low Excess Air — miamﬂ%mmmmﬂﬁLﬁé’hgjﬂizmumiLmlwﬁaalﬂumiammida
AR NO, Wwuiu wanafaguil 3.22 1iesandlaanalulnsauidaunfiveiniedng
nsvuauMs ndidegavinbilitanaveslulasiiuiazeanduaiunsasiuiulealy
UinnilinUfiseuasigamgiiqs uenainiimaianisdavesionnnlwiifidudn
Hadenileiivilviornimdngnszurunsnnifuluwuiueniaisatgnszuaunns
igedlaiiedonsdwalmiin NOJuuTuaaslatawdmsanysuimeniediuiuag
denansensunlng vlfdunanssuhademamayemiadhlnddunaumediunn
Fu uioghslsimunsuidymaeisirdveuansidnuduiu Inewnanusuna
pINAdIULAUIULALNE RO WY U sZANS NN s bntlutiaswazoavi i Aauaiy
yipButuuny 1y arsueuneuanled Ssuanainaxdusunmeuda Suiliaade
Fowdethavasslenisndae
- Staged 1 funnsudsdiuventeindmiseandlagesesndudaus tieann
sunsslumawnlndondegnady daunilwendonagniadlsuusnvesionsn
IndindoufvomaluviinafiminzauiulSinandomasiamaiidlunismlindii
Tu3nadindninsuinfiuuudemanns samndidiguviifians a1y
L%aLwaqﬁmﬁawgﬂamﬁﬂﬁmLmiwﬂuiezjuﬁam (wazann) sedueniaivaesin
nsunlndiushaleuusnisdwiuiisesetudemadulauiuaznionisunlundan
afs Fonmswlvduuududuilin Staged Fuel Combustion luvaiit Staged Air
Combustion munefsn1suternianieseendladesniludiug unudemadly
Fumeuiiugs seunswivdluleuusnasfetuuuidemamuilunsmrindivuy
Futuil Gausheshligumgfigeananas uivnueudoufiuisanaindaludng
frvindn mswnlndiussinnisslivilissansammeanulouanasusnduan
A5LAA Thermal NO,L@#



ML} (pprmrvw)
ERNNER

Air Preheat Temp. (°C)
g 100 200 300 400 500 800 TOO AOG 804 4000

- B(Hi
e HL -} BO00.
CH,
— — GH, - 1000
o "'m
- B
L 4000
~ i —E— - 2000
' TR s NN

JI" i) e T i i"‘ -y . K ‘m

@ /200 400/ BOE | 860 1000 1200 1400 1600 1600 2000

Alr Prehagt Tamp, L)
U 3.26 gamgiioniaidlunisnlviifidsasoninia NO, [65)

N (pprmvw)

hir

JUN 3.27 M lnduuuieindsaisuiu [63]

48



agvieanilaniimiardgauiiingleiduana

NO, concentration at 6% O, (ppm)

Secondary i

amr

Primary air + Fuel

U 3.28 Mswnbysiuuueiniadwiuty [66]
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usnanMsluiiuuddutuazdanaliiie NO JuuSinafiauwg Tud2011
Lapirattanakun, A [66] l@Ansniswilusuuvonmadudduiuveannwilndidomas
yun 3 kW Ineuszgnald Saamsusueg wuinauntlvsildiagmsuiiuiunu NO,ftes
i iflesanndnuaznisivavesinefeunutesiagwsuidnvadumestuaud diwannis
UdosSsdnndemas wifushsnsfedeuluglvuiilnaeenty vliusnnianuifse

100

—8— EA 110%, Air-staged porous Media combustor
—4&— EA 110%, Conventional staged air combustor

Primary air + Fuel

0.5
LAMDA

0.96

3UN 3.29 USunas NO, Mifinduluisnsnadutuiuud fannsuuasldii Tanngu [66]
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o v

- Gas Recirculation —Lﬂuﬂwiﬁwﬁ”wiaL%SﬁLﬁﬂmﬂmsLmlwwmmungﬂeﬁuﬁ

q
a IS

WnUAsen wetisanauguwsslunisinlug vilvigeaniigaumgligadinisanen

vy
S A

gaunilad danalyignsn1siia Thermal NOanAS \esandaugtelodedinnein
nsnlvsigiiguvniigs Afsdmmniuinansfiel jisodsielodefiiumu
Juanansadinanns bdngluensienisusudnyaenisivanielu visenyuiu
u’lf-\]’mﬂ’ﬁﬂizEgﬂﬁﬂ%qﬂﬂiaﬁum@f 158n71 Internal Gas Recirculation Wag External

Gas Recirculation f1ua19u

To Atmosphere

f";"”)’ﬁz'fv(:cm.
2 Recirculated :
—  Combustion Products @ <: @
D Fan l ] == By § ;
o Buner [— S
5 l <l £ o — b
=9 -
Y . @ T k
4 HC =@ N
Burner b y
Combustor ,'M\ ﬁ"
= T

3'1]17; 3.30 mimgmuﬁwial,ﬁmmu External tee Internal [63]
- Water Steam Injection - Msangamnivssadlidenisdalevindilunay oedls
fana Bianunsaan NO,Idsysuniavigy
~ Reburing - Snvawadalssaniezadefumsuiluiiuudemadidudu Tne
finsdndemdsiionmaisnindeli diguinnifieu§isenfioangumnd uas
danalianansinisiin NO,

3.8.3.3 n15UnUAnaINIs ngI[67] 1Wunisi NO,eanandalawdanlaainnisualusl
watleideulduuseanidu 2 FFhe
- Selective Catalytic Reduction (SCR) = Wumnadlanisan NOJufwlowdelnenisin
wauluiily (NHs) iaueguuiisauizen (catalytic bed)iuninaleideiadeny
Wnwiudizendu NO wag NO Meglufinwletdeluyisomumgiinvungas 200-400
O = aaa [ | v |
C Faufisendanandlaun

4NO+4NH,+0, - 4N, +6H,0 (3.32)
6NO, +8NH, — TN, +12H,0 (3.33)
n1san NO,wes5 SCR gnaruAslvoglutng 80-90% Tsiladefldmasioaussauzues
weluladiléun gamnd Snsrd NH, /NO, Faiindianlaiiu 1 Weantlamuadiy

mAnanUunamenluidenuiniiuluataunis (33) wasdrudissujasenlalin
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[ [ ‘g 1 @ d' a d‘gd d' 93
Jugusels egalstianudgyminiinauuiveanalulagdfeYgyniseraudunn
AT Lp991niNN5v9Teen1sina inlvaaalanasaulunisvinaiuuny

2NH, +20, — N,0+3H,0 (3.34)

© Copyright Johnson Matthey Plc 2007

g‘lJ‘ﬁ 3.31 wAla Selective Catalytic Reduction (Johnson Matthey Plc 2007)

- Selective Non-catalytic Reduction (SNCR) — umafinnisan NOAnaneiuis
SCR Tdueuluifleniaegiedvinuinsennu NO ngusiaandseuasen Tugas
gl 900-1000°CHeUATewINaLAA

2NO+4NH, +20, - 3N, + 6H,0 (3.35)

CO(NH,), + 2NO +1/20, — 3N, +6H,0 (3.36)

Funadaifdunuiinit SR (Hesnnldiiiaidsl §35e1 dosnnafissiideiiodn

wosluileliidrviuiaseduielodevindu udanunsaanusua NOadléifies 30-

70% ity vhlsiagtugaamnssudieg @enld SCR annni iilsanndesnisan NO,
ponanszuulsnniian

Fhoe G

High Tenperature

Flu Gas comtaining

N from another
process

gﬂﬁ 3.32 wAila Selective Catalytic Reduction [63]
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Comparison of SCR and SNCR (adapted from Radojevic, 1998)

SCR SNCR
NO, removal efficiency (%) 70-90 30-80
Operating temperature (°C) 200-500 800-1100
NHy/NO, molar ratio 0.4-1.0 0.8-25
NHj slip (ppm) <5 5-20
Capital cost High Low
Operating cost Moderate Moderate

5U# 3.33 m5190UT8UMEUTE SCR uag SNCR [67]
3.9. M3angnAINZau [68,69]
dlogeaeagaiiaamalinuandiiuiazdindsnuaemnaingaidaamgliadludge

3
(%

Aflgunaiin wdanuhduedouisedsnavesgumpifuansesfuilizondn anufeu
faunivmeslulawdaden duinadnwifsrtunsaemvemdsiny uifidy
mmﬂmLawnwslummmwwmwmauuuaaiuamavwamaLmenuumuuﬂgmmsmmqs]
T mesluleufiedddldldifouaviueswaundsuildlunsasuulasaniugaes
szuuadeuftodluanmrauga  9nantugnisludsSnaniuegniluinty Tiannsafiay
venlinsuhnsideuudasiuietuldsindaieds  mansaninmsiemenudeut
wdwreAungied 2 veaneflulaundrdiensiinseiansnsnthuildmannsiew
ANuToule
seanidonfiavinnlflunsiessimanesiulauniaduaznisaemanuSeu

fuinsanlfanuiandnfimasdenfeutudomhldudisliluhseu anngueaneslulaun
find azshlianunsevigamgiivesuviimdnuassosihdoulfilleuiandnuazirdoualy
anmeaunaud? winkiausavenbivsuiensnsmemenuseutasoamgilugiia
fitouslidusas ldennsavenlinsuinesdoddiannusitlsuviamdnuazindeud eyl
aungiioudasns dumaleszinstismanafoutuarangnyednmnisdem
anufeuainihfeuluSauvamanld venandfiaunsadiuviguvgivesurianin uas
vanhfouluilsiduresailaandae

mMwssinstemanuseuliidusssemsuinalnvesnisdnemaan
FOULUUFN 9| %qﬁaeﬂjﬁasﬁ’u 3 LUUAD

® nsnewANToUlauNITUN “IoN131IAINTeU (conduction)

®  N3INEWAMNTOULABNITN UTDNITNIAIUFOU (convection)

®  NSONUWANNTOULANISUNSIE NIBN1SUNSIEANUSU (radiation)
TunseenuuusTUUAMISaULaE MRS IEENsuanUasunLSou Tuay e
Lsi’ﬁlunaiﬂmaqmimammm%famwia YUUU LAYABINSIUTNANMUEUNUSY8INITEN8MAIY
iauu:uuuu 9 mmuiuwmvwmimmﬂgmm%mm 9 Guamﬁmammwmauua ¥
Ui 9 @IUTIHATIDYATDINITANLLNANNSDULSAY wuutiuaznanddumends
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3.9.1 nMsenemauToulaenisin (Conduction Heat Transfer)
nstemanuseulnenisimsensihenudeu WWunisaemanudouie s
Weniietuluingidusmnaniivuaadiefinnuainduvesgamgiinatuluingiouu §ms
1 1 o = v [ [y [ =1 < [y ] [y = 1
nsaewmaUseulaenshdelyd g, Wudydnuaiinsdudediniu dT/dx daduriainy
anduvesgamnl guiuiiuil A Nanufeulvariu (UN 3.34a) dvinazdeuduannis
wanaglaguauniadu

dT

g o« A (3.37)
dx
e g, = on3IMITIIEmANUTaUlAULY ©TNI5UNANTOU
A = wundanuseulvaniu
T = guugdl

= SYLNNNNSLAROUTIVEIAINUSIU

X

dmiudnsnisanemauieuaTaulzluegiuAINsiANTauU (thermal conductivity) k

Fulunuantinsiidndvesinaisinnudourdouiitinu azuudasinsihanusaud e
[

tu

=- kAXd—T (3.38)

dx

aun15(37) didei3en ngn1sALTaUTaIes (Fourier's law of conduction )
\nSesvngauogmsuriiovesaunusaiidesnainngdofiaesveameslilauning
armualiin anufeuay é}’aﬂ‘wamﬂf\mﬁﬁammﬁaﬂﬂé’wmﬁﬁammﬁﬁn willosanany
amﬁauﬁuaaammwaﬂuiﬂw 3.30b uiledosmneiduay Falmsggaumaiazaniiosas
stz x duanniu fedfanodst s Wk P sdameadeudan uanidslna

T lumafiemafiiduuinuds  favdesiuadesigay Besdurvesaunis (37)
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= - -
hﬂ‘!ﬂﬂfﬂ#ﬂﬂﬂ;ﬂ‘i TEMITEE A TNIEY

_ lvhagaoaund

a d7
m\uawwuum\mu lj
i 4

(a) © (b

3UN 3.34 (a) LanuATaungvedan dT/dx dmsunisihanuieu
(b) wansfirman1slnavesauioy

3.9.1.1 N15uIANSauluNIesIU (Plane wall)
‘memimmimammmsaumlmamummimmamuammmmﬁ

wardivunmashiaueivieiafaguil 3.35 iesaniinfaesgangifiuansiisiugeiuded
mwmauimamﬂm‘vmqmmuqﬂﬂmmmqmmum

nTT LR
k

v=( x=L

3UN 3.35 uansnisinanuieurunissundanisianusou k A

A1INAINISEIANNS DU k veanaliaImeina) tlownuan k dasluluaunisuwan
Sudnsy Aazldsnsinistenudeudu

6 =TT =24 T, 1) (539
e g, = Shmanufouiilviasinuails, Watt
k= AN15HANToUTRINTY, W/m.K
A = uivemdiiidsannfuiiananisivevesmudeu, m’
L = AURUIVDINT, m
T, = gaumpimadude 7l (x=0), K

— ¥
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T, = gauuinanudng 7ikx=0),K

[ [ o Aa o I 1 a 1 1 a =
Toguludwuunnidenisianuiou k liasi uiazudsalunugam

Diuaziivaensii
anunsaUsediuladn Arnisihanuiou k dudsandudunsaivaamall dufe
k =k,(1+ BT) (3.40)
e k = edmshanuiouiigamgil Tla 9
ko = ANTEHIANUTOUYDIQUNINONNBIN
B = AIAININNTNAAEY
T

= gaumnila 9

dwsunsdisnanidiownuaidlounua k = k, (1+ B T) dasluaunis (39) uaadudingm nay
laonsinmsanemanusemdy

_ kA B\ 2D
753 ox I |:( i 2)+3(T1 'T2 )} (3.41)
739 q, = k’"LA (&) (3.42)

< : o v o d AW N
Wi k, = fnsiianuseufigampiiiagy 1o e

3.9.1.2 msthanufeuluntesuiiFesdoutuuuuaynsy (Plane walls in
series)
fmnanudeulvaruniiiisosdouiunarsdulagn1s Wy nifiwese1ns
Srudouudimamsiiieaiunseemanudeufiozenddu Tunsdiianiizee 9 Al
weliunlsnunauwdniu saseadeufilvariuniusastiasiivuami q fu



UM 3.36 uansnsinanudeuluuiimginlvaduntivaiety wagnisiSeuieuiu
2995l

AU Turesgauailuntlsuiastulliduand iy Tunsalildnsanuseunlva
AUNTIwAaztUreITUT 3.36 avdiAnly

@ =["LA]A(T] —T2)=(’f]3(z—z)=(%jc(n—m (343)

e T, wag T; 99naInawns (42) warnazlaensinisanemainusou

q, = (i-12) (3.44)
© (L1kA) , +(L1kA), +(L1kA),

dusulunsalindusosdoududs n Ju wasusastududaiuf

[ '
] I

NUNLAT DATINITANELN
AU unlanuNTagIuIL N Fudziiady

(T.—T. ) (T—T )
UG = (ZL/klA+)l.1 _izln(L/kA). (3.45)
— 1

;= DUNHYDII RN TN
T, = 9uudilEIvestuil n

56



57

3.9.2 mssgwmanuiaulaen1sninuiau(Convection heat transer)
deveslvadudadiuivesingiiflgumnduandety favilmsuaniudsundsay
anufeusswhsesiviaiutag nszuaumsuanidsunnufeutiioni nsdewmenudou
Tauniswmseniswiaudou nszuaumsmeudeusinaniliiuusngnisaliug winaln
gean1saemanudeutududousnn aunisudnafiannsoldlunsmuamsnsnimn
audeunIndiugesquetsyuu dadudwddyessruuilianudeusazldszuieniny
ou mstewmanudeulnenisnniemsmeanudouiinvseentdilu 2 fnvasio n1sm
ANUTIULUUDATE (free convection) waznN1sWIANUToULUUTIAY (force convection)
wseitilvrednainnisindsulmaesnismanudeuwuudass i tinanaay
wanssvosgunaineludeuvesiva Milesnainnisfiveslvadudatuivesingiil
gaungiiuansnsfuauilviAnussasssatu fegsvasnismiaiufeunuudassildudns
shewmmnufousswiwtwsend it uiiatuluiuitldfiania nrswianudeunslun
g ifnaanlfanudeu wiemsdiamanudeusininvesdaiuaudeuiildunainmia
anfinglureiilifiauia
AmAdeuRUL TRy Asdntudieliussnisusnudeiuliveslvaindoui
ruiingfiseunimiedunin iesenmslvaresnsmnanieulvudsfuiaziisninis
mamdeuiigeniy udlidazdunsmnnafeunuulmin smeffaunnsdnsumsng
nsmenuseutieglusUues ngnsiduiiesiiadu (Newton’s law of cooling) @siigunuy
aunsiu

q.=hA(T-T,,) (3.46)

e A\ = Fuuszansnismaudoutads (average convective heat transfer
coefficient) Amduassminvetinaiuing vie nilimuignisihain
A1SNIANSBU (unit thermal convective conductance), W/mZ.K
A4 = Wuiiwedingiidutasuvedva, m’
T, = aungllvesiining, K

T,,. = oungilvewedtlnadasyiieginesnluannis, K

f ke dvldslngiTinsesinaslneTvnaes miseves 4. Tussuulealetiy
Juind sie ans1auns se saraaIy
5U 3.37 JugUveausiuingFeudignviliifuadluonafigndadullvarwluuuusiuing
uennifuandiifunsiudsuuamosnnuiuasresgamgiisngs gafiidunmga
wsnAreAmda uly) azantiesadlufinmeiadngiavesusuingionanssnuvesussan
arudanu Mdonnnmumiavesesivaussiosrnvesivatuileginfuiaagtud
arufadugud funsdomarudouseviioniefufissnininingfuiivesnady &
wdeadumsmemanuioulasnisth udfissegafien dufife :
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(3.47)

bl ‘M\]M a

Miluid

E 3
S =R Jf ] =3 17_ =

JUN 3.37 uansnsidsuwlasanuiuazaamaiiudewdiuingSeuvesnisnianuseuiuy
IRy

mnussfuiindniledwiliamsomer (dT/dy)|,., Tivesingld visiilag

ISP

nsgasnsihanudeusenitamdyingnutuveslvaminizfnegAuiaing dauviiudng

q
v A

msmeufeuanieuveslvaditnizdnediuiiaing ludafouvailnavdnilegnsesnly
voslvaditinnuigeasiinarilimaruainfuresoamginiaingilegauagsinlygnsinig
Wpnuseulirganulusme Anisuianuseuresiaureslraiguiieiuaziinansenuse
onTINNTANEIMANTBUAIY LU ATthANNTeY &, ypathagdianannine k, w93

9 e AeduduUszansnisninnuseu ke veuhiazdniginil . vos91ne

JUN3.38 uannisivdsuwlasnudinaraamaiivedvedinauuuwiuingdesiouvaanism
ANUTRULUURATY

A1TNIANNSDULUUDATLATAN ML TULALIAUNITWIAMNS DULUVTIFU AL
wANANSAdATYsERIINITIIANLSoULUUTIAU Auluudaseinenusweswesinaresnis
WA SDULUUTIFUTUANAINLIINIEUDN d1UANULS98998411aT89n 1SN D ULUY

a

daseiiu ludiusnasiindunussegrinenInannidivesingiatdinsnansenuanaunils

D

FanasetaTag luvaziioniuauuana1swesrunuILUuR gsantosas ogrlsiniu
TnsunAudussassfazantosadluvasiamnuvuuiuvesvesnaney o Wudigans
ymnwuvesasinaiiogsou  unalivedlvadinnuniiggauay amamumumuamamq
sonluniideutiu dmsuawugamgiivesnismanuFeunuudiiuuay wuudassiuasdl
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sUTAdeadsiuuas Megaeniinalnvesnisanemanudeuniaduiassninwwedvaiuing
WunisaemanusaulagniIsn

N TazL YA U TULAAIINFUUTEANTNIINIAINT O FvTuagiuAIy

77

NULUY ANUnile warASIvesvesiva 'i’)llﬁ\‘i%uaEJﬂ‘UﬂiLlﬁll‘UGWlNfﬂ?ﬂﬂ'ﬂui@um’]\ﬁ ‘)

Y

WU AINITUIAILSOU K LazAMNTDUT NN ¢, Tuﬂ'1swwmwmamwummuummm

mamaaimaiuiuwum mmm@ms{]msawmau memum’mLiamaqmaﬂmm%mm’m
Youuuudaseiiu 9z suuaaﬂummu,mmﬁ gnivgaumglivesiningiuvedlva, duuse s
ﬂ’l'i“UEJ’]EJG]’J‘UEN‘UENIMﬁLLazﬂU’m‘UENLLN R LLiqmg\mmaﬂaﬂLuaizwuuaguuwﬂamﬂumu
Asanemanudeulaenisnni Aawnsasunussuiisuiunislinaes
nseualiildiguiiontu 99naunis2. 100y MmnudunuANLSeuvesnsENEIMAINY
Soulpunismiazdandy :
1

R = (3.48)
h.A

ANUMUNIUANNTBURRIEURET ansalusandiiuaudunIudy 9 Nedlussuula
lned1e 1wy A1sa1eausewanusseniangluniandigamall T suntdsesnluds
UssEIMANguenfigamall T, dguil 3.6 Fdunsdliasfidnsnsaremanuiowiy

19%)) QBT

S 2= 2 3.49
g gR'_&+&+& (3.49)
i=1 l
dle R =(1/n4A)
R, =(L/kA)
R,=(1/h.,4)
q
p—— | —>
T; ki - T
T T
—MN———— ANN————AAA—O
R e

3UN 3.39 uansiasanuseudniunisanemanuseuiuniuiletviaaasnuinisaiem
ANUTBULABNTITI
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3.9.3. nMsangmANaulaen1suesIdAuiou (Radiation heat transer)

AnwFounnsiarnsw aziadeudiiiuldanzlunsalidiaguudy
fanane) medium) Wity dmsuanudeuannisud S tuazansanasuiniuldlngls
Tuduspsiidnataay 1w ‘luu%wmﬁﬂuqzyzyﬂmﬁﬂuﬁu WHIIUAIIUTOUIINAT LHFIE
furziadeuiilulusUvesnduudivdninihiidanusuiduanusmesuas fedianumds
Wity 3 x 10" °em/s ndsnuiindeuilulusureseduwimnlihduiioguinuevaesia
Wy SiE8nd Saddunsan widmduluiitsfansanuiiiemdsnuanfouannsun$ed
ity

v v
v =®

o [ A a o v a }% . (Y
mmuwawmwmaaﬂmﬂmmqiugﬂiqammaau (radiant heat) WuYUOYNU

[y o

a o N A o av v & aa v
EJEL!‘VImJ NUimLLa”aﬂwm”m@QNQ ’JmﬂwmuﬁiaLLmﬁdﬁlﬂq&s"jﬂ 13599158031 190A1 (black

q
(%
oY

body) Wuardsnsinsunsadanusou u

g =cAT* (3.50)
We g, = PRTINUIDUINNITHNIIE, Watt
A = HuiRwesdueSidnnudey, m
T = 9uuliEveIfukIEnuTeY, K
o = masaaniy — luandsiuil (Stefan-Boltzmann constant) &ie

Wiy 5.67 x 10° W/ m°K’

wilfaInasnig (a9¥i SameuseunnnsudfsinesinsniugsTasnsetu
fddvosgumaiduysal uash 1 fsnsinisussemmdoulitvogifuanmuosdauandou
NFUUTINGINBATINITANNAIIUTOUANTUBINTITHHTIE ?Tuasjﬁ’umml,mﬂshwaaqmmﬁ
sewhetng 2 3w iewnndt 2 Ju Addsuanudsuamudeudstuuas fu d1ingeud e
anufouludeingilagsou 4 (Enclosure) wazimgitegseu 9 Ailuings (@unsngad
nENUNMIUNS TR ATENUlFNN) MeudadasnsdemauseugnsainnIsun
Sidvesingiiflgamngl T, Wikingiiegsou q Fegamglilu T, Aesdandu:

g, =04 (1} -1,}) (3.51)
e T, = qmmﬁﬂwaﬁmqm K
T, = eumpiivesingiogseus (Huingsse)

v

’mmﬁwuiumamaLLmqamwmauimmwrmumumqa Tuduaunsiizendn
Sngeusazudlationnin widmniigamnlivin 4 ﬁ’uﬁ?ui’mqﬁl%ammsaLLN%’aﬁmm%fauiu
Snsdwdiasiifuingiildvnanueneduid SgasaiufasideSont g Seagused
Aufouludng :

q, =ceAT" (3.52)
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drdnsnsaiemanusougvsainnisunsidvesingunnaamgidu T, Wdingeniied
50U 9 wazdlonmidu T, sxdiandu:

q, =oe, AT =T, (3.53)

e €= ANSUNISIA (remittance) Voeingn AAvinAudnsidiuvesniy Sou
PNNSWHSIEve LI TngALilaligaumiivin 9 M

dnsulunsainingisaessineflileingnanunsowdsedanuiouldgeandanive
i wazdningisdesdnnfianuduiiusuiadiiugusadatusasiuuds Snsinisaiew
ANINFBUAVBIINNIWHSEsEn I Tgivaesiaziandu

q, =043, (T]4 7, Tz4) (3.54)

e I, = lugdailddaudasaunisunisdanuiouvesingaiiiolinidns  n1s

1—-2

a a

818LANNTBUIENININGITINANAINITUNS SIFRATANFUTUTN AU
sUTTIalUe

Y lusumenudmnssudusiauann ffinsasmanusoulaenisuased
WAATUNTDL § AUAITEINAMUTDULULDY 9 NskAtymisinaasainisavialadnedunn
AIAMUATUNIUANLIOUTDNNITUNTIE R 171 AITeIuU99AINAUNIUAINSDUAN

ATWHSIALAARHTUAMUAIUNIUIINAITUILAZNITNT D1TATRTINISAIBLNAIUSOUINNNT
unSeddsUe 9 1 0u

Y

L-T,
R

”

(3.55)

q, =

Wethaunis (53) dudseuiieuiuaunis (54) wdanazlaarmuduniuaIuseauaInnis
weiSaddu
T, -T,

O-A]S]—Z (T14 _T24) 1329

q, =

uazanusalmdeueernilin1sinannsuNssdausou h, 1

h o= 1 _ﬁ]—Z(T;A‘_T;) (3.57)
: RA] Tl_Tz '
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We: T, = guuplifiifennuaunisyeenisniauieu

3.9.4. msihanudauluniansnas
dwsunisiianuseuluiidansainay r ¢ 0) 21n3UN 3.40 NArsanUUYIUINg
AIUANYUIA drr sin@), rd O aglaaunisiiauiounall

sU# 3.40 uansmisihanuieusinansinansnay (r,e,0)

1 O3 et WY, B Oty Y- 3 a—T<358>
r* or or r’sin®@ 0¢ 0O¢  r’sinf 00 o0

mstanuseulunnansinavduuadunsdigoesanaluil

QQQJ

nselldunisiianuSeuly 1 48 fAda rwiniu T = T(r,t)

1/~O oT oT
— P e £ IS af7d (3.59)
¥ or v = TRV ot

AsuANsauly 188 Ane r Tuaniienssn wasiunaInannadanu

1 d(ksz

)+ =0 (3.60)
r2 dr dt do=

Tunsal k Wuaipe azla

Li( 24Ty 4 _ (3.61)
r dr dr k
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3.10 wRadawnas [70]

wiadeundmdnie whasssuminay wialladounar uenanildeiiuia
Foumdsannsaranldann dwiu 1 uwiasssund uay Tadeudnie

3.10.1 viavosuAaTamas

uiadoinasiidndyuas douldiunnluiagtuiised

wigsssuvRINgANUURYY Tuu%mﬂﬂé’w%aL‘wﬁaLmémfwﬁuiuu%nmﬁquu
wazgndamenUiuaeglafu wiasssumAnediunauvesansusenaulalasasuauiin
A9 1 Ju S sy Sanu wagimunu 1Wudu Tngazdivmudunanlelasaisuou
dwfiwdeiiduduies Iuﬁ’ﬁm%ﬁﬁLLﬁ”amﬁ‘U@uimaﬂiszjéLLazLLﬁ”aIuImiLﬁ]uUua@jﬁw n13
Sufasssuniulduslenimlalnenmssauasndadusunseiiaissznoulelasasuoy
faniing naneifureuvaraniufuenufasssurduisaiadugeddlumuveiolda
sely TuunaunasuAassauidazgayinliduiigumgi -164 °C sunaneiduveunan(
liquefied natural gas, L.N.G ) udvudiasniaiiesioly

whaUladsuimai(liquefied petroleum gas, L.P.G) #ana1nUWAASITUBALULT
wenuiadiaudsyneundniio Suu Insim wasdainu uenantu LP.G Sunidauiamai
IFanmsnawiupululssnduinhe wu wofidu Tnsiau way Dofau Wy mswudauiia
L.P.G vildlpgnisussgladanmelaanuduuasLP.G sznateilulemeldusseiniauns

Tnsmaasuiial producer ) Aowfafindnlaeyassonialuusuiaditosninan
yanguii(aubstoichiometric gas) KutuSaunes dhufiu fin 1 viovesmdemsiununs
drulsznaundwadlnsiugesiiade asusuususnles lalasiau lulnsiau@inis 55 %)
wazauaulaeenludluuiinanies mahlUldemoni Uit lsvuiiiadals suzdsfoust
wiethlunenliavenilemdniifuivuasiviosnidedeu egndlsipulnsmwesuiaian
anufeuinifissaindufalulasionuuoguindsduddiosnisliaiauiouget usosldufa
pandlaululiunatsuninAmMmImguunueInIAlunITNGs

3.10.2 AauaNURvaufia  LPG
AauURnIuAll
AuanTAnaadivomia LPG vinoausmiauAalalasiauifidiulszneves
asuaulusedu €3 uar C4 dsluszuuillalnsmsusuazannsndsuanusdureavadld
meldanuduitligennin feamaiundlelasaivounguiiusznaudae

Ty Propane CLyHq
Insiau Propylene CiHg
Uunu Butane C,Hy,

Uanau Butylene C,H,
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wazilansusznouiildly iaimméuauﬁfmasgjﬁwLﬁﬂﬁaat,ﬁaamﬂmwwafmwmaﬁuaq
dutsgneudtililinsdanessiurenda LPG Alddudomadiuidauasdudoyalunis
sonuuuszuUlignAeazUTense

amﬂiﬂm’m C3 uay C4 mﬂimgaﬂumumamamna LPG prauuseanduaes
ngufewIn Saturated Wag Unsaturated #9919d0anguii1aiunssdnuuen1sdudives
AISUDUDTADY

ﬂfju Saturated hydrocarbon  lauA Propane, N-Butane , iso-Butylene
ﬂfju Unsaturated hydrocarbon laln Propylene , N-Butylene,iso-Butylene

3.10.2.1 AMENTUANINIEAN

dofsarluaniussan lesan LPG  dufiqaudansiann Aelwsinu 42 aaem
wandea uesfadmu 0.5 ssmiwaidea lolemu 11,72 esmieaidea fedu LPG vz
ionuaziianuzduufafiussomiaiudegndameamuiusgneluds i
T duveamafomuiuges LPG 1o
M1319 3.2 ANANUAYDY LPG d01U2U09Ma

sl wosdadamu | lelgdanu
hwieinlaana 44.079 58.124 58.124
0Lhen (BIMLTaTed 1 42.045- 0.50- 11.72-
UTIUINA)
gunniinge(esriwaitea) 96.67 152.03 134.99

deansanluaniugfie 9anisanluyl ufafiduandldasiidisdunauiueinie
Wisstaafenigeliudagnlugfls insizeinanaveglutunainewsztaenisgniniiay
wanaAnusegasvesuiung uiadoeinid AimuugsanvenisantmlisenitAveuuy
dumadusizendn Aweudnt LPG veaanserinlnsinutudu Tnslnainy f92snns
antudl 9.5-2.4% lueinAuwaslunu d¥ensaning 8.4-1.8% luainisdidiunauun
vi3etiosniniaglalfnll
3.10.2.3 aaumaivasn1syafalv
Hledes ivgamgilitudemdmuasgamniemis wduiarlifiussmell

Y
a

yieanvmuasnisiali \Wowdsaranivdiesusssumfgungiishaniiianisantnda
sssntRiSenigamgiinisgaial veslnsinufie 580-4600srneaLiua vasdunude
50-54083A YAl T
3.10.2.4 gaumgiivasuadlu
gumpiveaualndildainnisnlnsvesufansduiigunnnuivasuazais
lavgsineqlaidu ndnude vewndios svaliflon uasuindudiu laglnsimuioamgl

Warlwlueinia 1930 ssrmwal@vad Ganu  19008sAwalded
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3.10.2.5 9ns1daudsuInsvaanalInouis
wAansduivaniloegluaniuzuia Usuinsaziasuudasluogrannlag
s 1 wiheUsesidienataduniaudiasivsunesdu 2 wiefl 15.5 ssrusadua
dwdunu 1uheUsues Wenaoduniaudivsiivsuesidu  233uiaefi 15 509
LaLgud
3.10.2.6 ArAuSauvasnsinlng
ArauSeuresnsulninneds Usunaenudeuiiinainnisiieda LPG
silhetvin wie 1miieuines sinswlndfieruduiasgangiund (2509
LaLged)
a519dl 3.3 Aranudeuvasnisinluduia LPG

flgaumnd 25 °C | Ingiwu wesiatwmy | lelatunu
Gross :

Alaunae’ /Alansu | 11943 11742 11714
Ulg/Jeud 21497 21135 21085
Alaunaed/au.1uing 23700 30600 30500
Uiy/auie 2663 3438 3427
Net :

Alaurass /Alansu 10989 10837 10810
U/ Joun 19780 19506 19458
Alaunasd/au.1ums 22250 29400 29200
Ue/au.mn 2500 3304 3281

3.10.2.7 Uanasonmaiiialuniswnlug (Air Requirement)

uRaoendlouduufafiinauegluoma  21%  lagUiunsuazidulads
iy fiteliannswivl feiudimaomeditewdrlvlutennnlng axdosiivsunad
wdueu lunsaifiuia LPG Lmiwﬁasmauyiaiﬁgmm Aagnangilundansveulaoanlan
mswasuulasanunsidouduaunisiedlased
Twsiny C,H, + 50, — 3CO, +4H, 0
Tunu C,H,,+ 650, N 4co, +5H,0
Faduaunsvant Uhinueendiauiisidusoniswnindedsanysaasdu 5 lu
nsdlvadlnsinuanidu 6 5winlunsdlvesdaunu WesanUsumesndiaulusiniaez
USuew 21 %aaﬁ?uslumiLmimﬁwsmuasmauysai 1au.iuns 3gsadldonnid  24au.iuns
dwdunu 1 aviuns asdedddennia 3laviuns setudlefiniswIeuiouiudisiu
WUBuLa? LPG feenisennidunnninéntioy
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3.10.2.8 & nau aruidufivuaznsazane

LPG U3avdarlaifid lifindu seluuisvinanisonvansusznauiifindundy
asludeiielvflésideiinnsdufadu arsusenoviildaslasiiu Luoduatiny
(Mercaptanufia LPG 1uuAailiififiwudlunsdiinnsduadegislsiauysalaziinufa
msuauNaueenledldiguiy 1ieann LPG Lifansfivieuss (Mercaptan)
U Tetraethy Lead dsazflogluinsuuudu asthufadsves LPG Teavernideifioy
fumswnivsvesiifuuudy

uenantuuia LPG fanaudidvharasuisdumnihifussmeieannse
slgunsaiineqihunainessaumidanansilisu - Jsifu udo Sade faedy
gunsalfiunlifudsiussquiasssund eslivanduiluviiunaine1ssssuud gy ens
dunszdudu



uni 4
n1sussiiuaufougydenuaanuaznisitvuaeuly
n1sagaUm M i Tag WL

lunsneaevanssauzvasmundiagnuluanuidell lavinisussdiuanuion

godeiintuuinadonanenindTaamngu esniludiuddglunisfadaniuning

>

TagnsudlUlussuureseadiweinds lnelisvazidundssialull

4.1 Msmuasneuszilivanuiougydenaananwnnddaanguy
MINTANENANUTD LAY TUVDIRA

r, =0.0508m .
T

i
|
r, =0.0762m ‘
i
i

r, =0.0782m |
i
|

r, =0.1282m

A

- L]

= AT

i 3 T1 Tf
R 0 R (NI dauantag Ui
. In(r,,)  In(3x0.02541/2%0.02541)
w 2rLk, 27x300x107 x0.3
= 0.717£
w
In(ry,,)  In(0.0782/3x0.2541)
R uanuaa = = 3
2rLk, 27 x(300x10°)%x16.3
_ g43x10+ K
w
. _In(r,r,)  In(0.1282/0.07821)
A 2rwLk 2x77x300x107° x0.08
= 0.98£
w
1 1

T AT 20
) xmD,L
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= 0.207£

w

Ry = Ro * Rauau + Ruamuea + Ryu

0.207 +0.98 +8.43x107* +0.717

= 0.9086
0- AT T,-T,, _ (1100+273)-(30+273)
R, R 1.9086
0= 560.62
T, = seninayuivaiauas
Qi
RI
m =717 =T,-(560x0.217)
= 698C
m I, = T, =1,-0R,
= 697.5°C
nm L= =T, =T,- Ok,
= ¥ .Ye

4.2 msnmuaRaulun1nagaum i nddagwu
INNISANNEIUNINUTT USanaemiadiuAuiwsnzaunanisbngdnnelu
W sannsuilaneglugag

1.1 < Excess-Air Ratio <1.8

- AF  —AF., .
%30 1.1< [Fae = 4/F o <1.8
A/F

stoi

BNIIAIUTENINDINARDLBLNES Air-Fuel ratio

Ma

INGHT AlF,, =—
ny
N1SMIUSUIDINIANIINE B VeI LPG
LPG § Iwsiwy C,H, = 40% laeU3uin
LPG § Gunu C,H,, = 60% o3
Aung 1 6.4C,H, +20, —1.2C0O, +1.6H,0
AuNIT 2 0.6C,H,, +3.90, — 2.4C0O, +3H,0

YIFUANT 142
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C, H,,+5.90, —>3.6CO, + 4.6 H,0
C, H,, +5.90, +22.18N, — 3.6CO, + 4.6H,0 +22.18N,

o a L ! U lk
CyeHo, F1uu 1 T axfiUSunauyindu 1 mole x 52.4 —< &

X = 0.052 ke
mole  1000g

(5.9%32)+(22.18x 28)
1000

- 9111AIUIU 1 Tua AgdivSunauindu = 0.810 kg

Wlunulugns Air-Fuel ration

ne 81 ke
A, <o s 6 B
=\ e,
‘-\]’mﬁﬂmmﬂuqm Excess air
1 Excess-Air Ratio = 1.1

A/F, -1)

EA%:( x100

stoi

A/F, 2 (1.1+1)x15.6

S AJF, >3276

M. >32.76%m ;% p
32.76x2.5x2
601000

ma > 2.7%107 ke/s
17i Excess-Air Ratio = 1.8
(41F,-1)

EA% =—"—2-x100
(4/F, 1)
AlF,;
A/F, <(1.8+1)x15.6
<43.68

x100 <180

M <43.68%m ;% p
43.68x2.5x2
60x1000

ma <3.64x107 kg/s



Usuaenieilglunisnnasy
27107 <m, <3.64x107° kg /s
Usunaumnusauiaenlugdaunsandnts (kw)

QZVLPGXLHVXPLPG

= L £x45.8x103x2
60x1000 YV 2

S 0=3kw
4.3 Msmuamagamnlieziasuudn (Adiabatic Flame Temperature)

NIADINANIME YY)
ndndiulaeluaves LPG 1Weuduaunisauganisiaiilane

C. H,, +5.90,+22.18N, = 3.6CO, + 4.6 H,0 + 22.18N,

Qlld aaa dd‘d 2 dd‘ gj ¥ LR 4 yd‘ 0
NARNTTEUUNIU AT wednnnsivarsilunsaiiansasiudveanivgie 25 C

Hprod = Hyeact

D Np(h7+h—h)p= D Nr(hj+h-h°)r

A1571991 1 LARIABUTIATYBS NN NBIINTTIULATN 298 K

70

d19 ]’l? (KJ/kmol) hzgg[{
C 0 0
Hy 0 8,468
o 0 8,682
N, 0 8,669
©, 393,520 9,364
H:Otgas) 241,820 9,904
H,O(tiquid) -285,830 9,904

LYUAT

Ncoz(ﬁ; +}7_}7298k)COZ+NH20(}_l; +}_l_}7298k)H20+NN2(}_l; +}_l_}_1298k)N2

= NLPG(}_I; +}_l_}7298k)LPG
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3.6kmol,, (~393,520 + h, —9364) +4.6kmol,; ;(—241,820 + hy; o —9,904)
+22.18kmol  (h,, —8669) = 0.4(~103,900) + 0.6(~126,200)
3.6hcp, +4.6hy o +22.18h, = 2,683,310 kJ/kg

auyfgamniiveauiainiu 2000 K
3.6(100,804)cp, +4.6(82,593) o +22.18(64,810) = 2,180,308 kJ/kg

auyfgaumniiveauiainiu 3000 K
3.6(162,226) o, +4.6(136,264) ; , +22.18(101,407) , =3,460,035 kl/kg;

nsUszanamnglud (interpolation) iAngaumgiiufialawiniu
T = 2,393K
- 2,120 °C

nsalaINAdIUAY 110%
ndndiulaeluaves LPG 1suiduaunisaunanisaiilanad

CyoHon +(2.1x5.9)0, +(2.1x59x3.76)N, -5 3.6C0O, +4.6H,0+ 6.490, +46.58N,

W

N, (}7; +}_l_]/_l298k)C02 +NH20(}_1_; +h _}7298k)H20 + Ny, (}_l,? +h= }_1298k)zv2 +

N, (}7; +h - E298k)02 = N ypG (7‘; +h~ EZ98k)LPG

3.6kmol,,, (393,520 + heo, —9364) +4.6kmol; ,(=241,820+ hy; ; —9.904)
+46.58kmol,y (hy ~8,669)+6.49kmol,, (h, —8,682) = 0.4(~103,900) + 0.6(—126,200)
3.6hco, +4.6hy o +46.58hy +6.49h, = 2,951,236 ki/kgs

auyfgamniiveudaviniu 1000 K

3.6(42,769) o, +4.6(35,882) .0 +22.18(30,129), =1,854,147 kJ/ke
auyFgamniiveauiaviniu 3000 K

3.6(162,226) . +4.6(136,264) ; 5 +22.18(101,407) = 3,460,035 k/ke
nsuszanamnegludis (nterpolation) miAgaumgiiufialainiu

T =1484K =1211 C

lwihusdAgrtuausad1uIumgumgiiesfguIAnnsdloINIAd IULAWMNAY
%4 | U O O o U
150% Waz 180 % lvindu 1,046 C waz 952 C auaInu

4.4 MIMUIUNAINUNTUVDITEWTU (Porosity)

[

TUNSAWINANUNTUVRITAANTUIITAL IR
nadidinezgiivnvualng 2 ¢ m
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1. dndeergluildatlunasuimaasuar TuiinUsuasdinezaiiuluvasnui
2. ldnasndnegayladu uddeyladuaslunasauiounsziaiunuvesyla
wihuisinerai TufinUSinesyladuildlumasauin
wdnTumdndutesinee, )N

(W)

£o =[(USumsyladuinldnay/ YSunmasiuyladu]

U%mmmla%uﬁ%’wau - 224 cm’
U%mmﬁ'ﬁmmué’amﬂLaumﬂaﬁu = 500 cm’

ety

dnanuterinunsiuniauna (g, ) = %x 100 = 44.9%

Twhuesfeafuanusormwaenunguwedinezaiinvuwianaituazanaanis
WU 27% Uag 9% ANUAIRUY

4.5 23AU5LNBUNLANVBINAUUNAN

dudsgnouressinenegludaimdndudsiimsnauitofias 1§ eiuag il
Wilausngnisainnnsnageuléitsiu ludemassiismesdusenausiieg 1y asuen
pondiau lulnsiau wazdug 39 arnnisdefogetinuunduldiiasiziannnsy
Inerenansuinislasesalsvnovrssthduliduuansdionsndt 3.3
msefl 2 uansesdUsTneuTessuUdy

ihsfuungy galaidaunstaenn | saun1sldaiundn g
Sulphur 0.01 0.01 %(mass)
Carbon 76.4 75.6 %(mass)

Hydrogen 11.4 3 %(mass)
Nitrogen 0.19 0.19 %(mass)
Oxygen 12.0 12.9 %(mass)

Ash 0.006 0.005 %(mass)
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4.5.1 gumsni1ssnbusivastnsiuUrdungelaisiunislgdeu
91N 04AUTENAUNIUAT VDI UUNRLA T LN 1UNST TN U LARIRIN1S197 3.3 la
7
C=764%,H =11.4%,0=12%,N =0.19%,S5 =0.01%
o v dglj a d‘ Y 4 4! = 6 [~
dunsudamdsitdiduansusenaulalasansuaudalinsuoutazlalasiaudu

aﬁﬂizﬂawé’ﬂimmiLmlmﬁﬁamysai [15]a1u5awanslase
C,H,0,N,S, + a(0, +3.76N,) — ACO, + BH,0+ DSO, + EN,

= 2 . A Y s v
e u,v,w,x,y AB atomic number(n)summiﬂizﬂawagiuumumawmimmﬂ

o, = [nass of compound in palm oil( g ]

i Mw, g/ mole

Tnedi Molecular Weight[15]
MW, =12.011 kg / kmol

MW, =1.0079 kg / kmol
MW, =15.994 kg / kmol
MW, =14.006 kg / kmol

MW, =32.06 kg / kmol

d! o a dgj a Y o I3 1 U dgl
FWnsAnAINTELNGS 1 kg 9z laTuiuluavesesnusznounsaz@asal

76.4% i
x1000
[ 100% (2)

u: He= = = 63.608 mole
12.011(g / mole)

11.4% ]
%1000
_[100% ()

Vi n, = = =113.102 mole
1.00794(g / mole)

[ 12%

x1000

_[100% }(g)
15.994(g / mole)

[0.19%

xlOOO}(g)
0,
X: nN:—IOOA) =0.136 mole

14.0067(g / mole)

[O'OI%XIOOO}(g)

0,
Ve ng = 00% =0.0031 mole
32.06(g / mole)

Aatiuagleaunisnisn v sdndulnduuIas Ao

=7.502 mole
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C63.608H]]3.]0207.502N0.136S0.0031 + a(OZ + 376N2) - ACOZ + BHZO + DSOZ + ENZ
AUAAANNTHAL

C: 63.608 = 4

H: 113.102 = 2B

O: 7.502+2a=2A+2B+2D

N: 0.136+(3.76-2-a ):2E

S: 0.0031=D
s zaziy

A=63.608,B=56.510,D=0.0031,a =88.116,E =331.386
Feuaglfauntsnssgifiay save sl danians 1 kg Ao
C 608811310207 500N 0136500031 + 88:116(0, +3.76 N, ) — 63.608CO, + 56.510H,0
+0.0031S0, +331.386 N,

4.5.2 gumswenlusivasisiunduiiniunisidaunda
MnesUsTneueive s duTun s uiLanssms e 3,292
[oeR!
C=75.6%,H=11.3%,0=12.9%,N =0.19%,S5 =0.01%
Fohmsananidemnas 1 ke srldsruiuluavesesrussneuusasiasil
75.6%
k, [ 100%
12.011(g / mole)

. =
ELS’(;’ x1000 |(g)

Vi = 2 =——=112.110 mole
1.00794(g / mole)

[12.9%

x1000
| 100% }(g )
15.994(g / mole)

0'19%x1000}(g)

0
X: nN:—IOOA) =0.136 mole

14.0067(g / mole)

[O'OI%XIOOO}(g)

0,
Ve ng = 100% =0.0031 mole

32.06(g / mole)

AU A ENNITAITEIVDIUNTUU IR UNHIUNS TN ULED D
C62.942H] 12.1 1008.066N0.]36S0.0031 + a(OZ + 376N2) = ACOZ + BHZO + DSOZ + ENZ

T
%1000

g)

L
—~

=62.942 mole

u: ne=

~—~

=8.066 mole

w: n, =

AUAAANNTHA
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C: 62.942 = 4
H: 112.110 = 2B
0: 8.066+2a=24+2B+2D
N: 0.136+(3.76-2-a )= 2E
S: 0.0031=D
gaziy

A=62942,B=56.055,D =0.0031,a =86.940, F =326.96

ﬁqﬁ?u%iéfamﬂ'ﬁﬂ'ﬁLmwimﬁﬁamyiaimamfwﬁumémﬁmuﬂ'rﬂsﬁqmLLé”;ﬁ 1 kg fe
Cor00H115 11005066 Vo.13650 0031 T 86.96(0, +3.76N,) — 63.60CO, +56.055H,0

+0.003150, +326.96 N,

4.6 nMsmunTuIueINAgnuigdtdiear g

NEUN5THATVDIUTUUR LA UNT VI UL L UIITDTN 3.6.2 ALLA

Cor00H115 11005066 NV0.13650 0031 + 86.96(0, +3.76N,) = 63.60CO, +56.055H,0

+0.0031S0, +326.96N,
USSR ELS TN LTI AU (4/ F)m 70
(A1F) = MW,, 4.76a
stoic MVVJ;ML,[ 1

(A/F) { 86.96x28.85%x4.76

stoic (12 62.94) + (112.110) + (16x8.066) + (14x 0.136) + (32x 0.003 1)
(A/F) ' :11941

soie. 99835

(4/F) _=11.96 do 1 Alansuveadeings

sto

musInueINMAgnmte e ndlagauyRinvemann ndiauysaluay

L‘%jlmWiLNWiﬁﬁLLUUUN?ﬂﬂ’ﬁNﬂ’ﬁ

mole

(Aentrain T Astoic) o Aexit

Tun1sneaesyinUsunn 4, Mwdeainniswitudlunismaassyiniu 14 %

$1171 Mole Product yivuawiniu (nsaiantnsiufiamisunisldmuud)
63.60+56.51+0.0031+326.96 =451 % mole 7 998.35 NtANSUVDAIDLNEAS

Y] 3 o d‘ =4 v 1 Y 14
AU IUIULIADINANMADINNANT IAILYINAY 451 x m =63.14mole

WasuluaduiTansy 28.85x63.14 = 1818kg sl 998.35 AlanSuvediteinas

RO

4, —11941=1818
A, =1818+11941

entrain



A

entrain
SeduinAndiuinaudemas 1 Alanfuazldornaildlunisning
13759

“ren - 998.35

4.7 manueavievesyavnssmethvasianuiivlduga

97N

—~13759kg #io 998.35 AlanSuvedoinds

=13.76kg sio 1 AlanSuvLvaINas

Q=UAT, -T,)
Q=mC,AT

e

QO A INIINITANANTOU

m A9 9RIINIT AL

C, Ao AANgANToU

AT Ao NaA95ENIngmall
Tnei

= 1ity, JCpAT +1in,, h,, + 1ity (CPAT
H,0 H,0" 75 H,0

O = ity ,Cp(200~100) + ity o, + rity, o Cp(100—30)

PIADRNTINTLAALTINA

- L

Wio Q=02-"—=
min

L min_ m’ 1000kg
X X X
min  60s 1000L  m’
m=0.033 ke/s

211 (PK.INAG )
T =(200+100)/2=150°C
=423K
kJ kJ

€, =4.31 150, = 21135
P kg-K /8 kg

T'=(100+30)/2=65°C
=338K
kJ

C =4.187T——
b kg-K

0 =(0.033x4.311x100) +(0.033x 2113) + (0.033x 4.187 x 70)

=93KW

MANFUUTEANTNITAGNAINUSTDUTININN
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U=
7+7
ho h
LfIIEJ
hi:Nud(ﬁj
D

'
a

7 7=30°C 1§ 1=0.000696 Ns/m2,k = 0.6172 W/m-K, Pr = 5.452

WIALSALUARULLUBAN

-~ id

A

7 0.033%0.005 e
40.000696%0.000019

mAtalrantaues 910 ( PKINAG)

Nu, = 0.638 R0 pr?»»

Nu, =0.638(12477)°4(5.452)% =753

Re,

477

flatiu
h =75.3x 0677 _ 9395 W /m?-K
0.005
Taloe
h, = Nu, (ij
D
d AT
Tnwi Tz(Tambwnsz’ 2) 2G0H300_550c - 438K
Q.31
oL (0,002
P73

fi 7=438K1¢ Pr=0.868,k=36.46x10" W/m-K,v =30.83x10° m/s’

gBOD®  (9.81x0.002x 200 0.005°)
T (30.83x10°°)
an3N15 e luriawI U INIANTDURUUSTTUYR
Nu, =0.53(Gr, Pr)’*
Nu, =0.53(589.10% 0.686)"* = 2.37

Gr, =589.1

kg
| 2.37x36.46x10°
? 0.005

=10.28 W/m* -K

77



U=

1 1
(orstaras)
17.28 9295
U=1724W/m*K
_ 0
UrnD(T,-T,)

93

L g
(17.24%3.14%0.005x 473)

L=0.72m
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unil 5
W TagnguLuunlisnganadutud miuama s

MNMSANEALASIITETIR LU AR I LU Us e AT ULAE (Single-
stage combustor) SulsianusamuauUiInuAESeuTAstusmsEuALgDNalE
dwmalidvhnsiasenuanivdsuanudeuliniglueinilng wdeliifinnnudemesio
punsnifiaamsagnelunnuludly Funndrenrnnuanlndiidnisdrsoinianaisdy
(Multi-stage combustor) flaunsmuauUiinmeinaideudin s nluwsas sy
augevasulngdld Vilfannsamuauuiiaan1sulgl (Combustion zone) fAniu
mmzﬁ’ummqwmLmLLasz@mqmmﬁqqqmﬁLﬁmﬁuiﬁ

mu%%’sﬁlﬂumﬁmeﬁwqwﬁ@qﬁa%a anuiudnilulives nswanfuLuy
Jutu (Turbulent mixing) mmiumwmmm{juﬂ?u (turbulent intensity) AUIRAN
gvesnuiiulau turbulent length scale) s availwuwuudulau (turbulent flame
speed) uay ALUMINLUUTIUSEY (laminar flame speed) FsduiusiuUsingnisal
senfiintumeluin fannsusuuissieonmadududernisusuasu wuaves
Fanadunnmsu UiinueimadufusazdadinidsUiinasveseinadauianisesinia
v

5.1. Fauniaansunuuntsdisamadutudmiufamauia

MnNATeTH NI Tagngua TG sumuouldgausitvune
nevinsa lag Trimis et al [1] lganuuuimnaswuunnniinauiow 10 wag 20 kW 13
wsansldTagnsudanausuadnussliidumisiuaadedosiunadlngoundy
(Flash back) wagl¥iannsuidananvunalngfiflenanumugeimiiduiounnlnd na
nsnaaeuitldmuininmawnlndiostsauysal fafiwin dafuiadudimesniseonuuumgs
s agnuuuuusseemadududmiudemdnia Tneussqduleamuaadidenmm
wyuties iiunuiudneumadmesmemanssniatamastuoinea shwihiidestu
nsiisarlnléioundu uazussqiinegiumssnanvuin 20 mm Afidiannumgugs 139
vinadaanduloanuaa il Surennlny FadanuwguveaunsTagnyu 1Hu
Snsrduserindiiastesrihueuns faansuseuTinasvasiiednines lnefefeuraud
fanils dunaenaunisi 1

. _ VCavity
Porosity = ——x100 (1

total

a

Veaty W87 USHasdesinsvesunsiagnsu ldnnnsinannusumnsvesingduiidn
U TURSEANTY d3U Vg MunefisUSunnsvesenedninasawin 500 cm’

iﬂaazL%amﬁaﬁuaaﬂummLLaw‘hmemﬁmmﬁumi’aqwu;mwuLujqfdwmﬂmﬂu%y’u
ﬁ’m%’uL%@LWE&LLﬁ”aLLamé’quﬁ 5.1 uay 5.2 Wamnihainamuiaauiseanlugesdiude 1)
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dusuansesionalniifdnuundunsansenae meluvssyddlsamuea dawivii
wihfidusnszneresaLastanfussrivenafudonds funauinmadivemss
nsEnneinsinrehisvewaussriemakandemasiinanndesuay Fdaduun
Wusugudnatsuen 1 cm ga 2 cm 33nvesnaniivunn 0.8 mm uansiaguTl 5.3 2) dau
Auvuiidnuszidunsainsuonvuimduniugudnans 300 mm angluussgegiuidanay
yunm 20 mm vt fidureanln AafuuenvesmssnszusngniuiediLauILIn 23

mm

G

Tertiary air

Ignition system

~Secondary air

Il

Porous Media
FZCement insulating
B Stainless steel wool

T Temperature measuring Mixing
G Gas measuring box TCnmpressed
©1]®
LPG Primary air
Check valve Flow meter

JUT 5.1 uaneszuuveaiant ianngusuusiistse madududmiuidemauia
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150
100
mm
|
Z |
é i IDDInm
ZBR t
? 1 Iﬂﬂinm
7
1 2 Iﬂﬂrnm
| //' l
. 251Tm
] 1y

JUN 5.2 uanadlfivesuinavesiim MuniiwayanyiznsdtgenAduide Layay

3"5

m ..' ‘,.‘A 5 g
@ Alasrs - f\ (2 \-\Q
JUN 5.3 Lanai@nvenadlsenineeInIaLazidoLnas

mmuuaﬂsuaqmLmanmm’;aamuﬂummsau (Ceramic fiber) tiiodasiunis
gydendnusou mmmsfmmmmamumwnmJ 325 mm Tagemaiideurdiginm
Fomuauaduand dufivilgninedngriosmamioutuidemas Ao
\Juedhsdneutloutdrgiinn e1nmainediudasinisina 4 lite/min Fagnirvuadie
fodrfnvosmusuiuianeads luvuzionaduiiassuazaugnieutngreanlvsily
wn@uaRiumis 0 mm wag 100 mm NUKHLNTZIBVDNANALARTY
AuantRvoIniIsanglaumuouve sk Tagnuiliauduiusiulassasiauas

AudnvarenuSeuvesTanidenlfiluiagniu nildunudnvasidAgfemanungu
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yosumaTanmgu Ssiasmsuiiiianamsugs anuannsalumsmnanuseussiiatosuas
Optical thickness azilAsnn dsnalianuaimisalunisusssdgs (Trimis et al [1] wadild
Aofinsunsnszaneveseufeuludnigedounduluguinmsiuniavesiaun (upstream)
vosnanTznIneINFLazaindsiigndoudaluiandsldsunisguiounisialng
paonan Tun1snaasvinisidenegiundanauvuin 20mm 10mm wag 5mm Juian
a¥aemguianandugud 5.4 Anwidvinavesoniadiniuiiaonadesiunmidudy
¥99AuduYIu (turbulent  intensity)  AidswanogudnwuzyeUadlyl (Flame
characteristic) Gaunumyssnnudiiuvesnnututuvesnsinlnidmadelasaiiaves
wWarlnl(Howell et. al[2]) usnaniigslévhnisfinudvsnavesnisudssreuuneinie
duiiaeauazduiiauseuiinaeinieimun (1) fidwadenginssunisulud lneideuly
nsvAdpUTLALARIRIN19197 5.1

U 5.4 wanudinegliumsinavauawiadildlunismadeu (e cm)
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A15197 5.1 uansleulunisvegeu

Size of Primary air Secondary air Tertiary air
Energy | Excess
] ceramic | Lamda | Flow Flow Flow
Input Aijr i Fraction Fraction Fraction
sphere (AE rate rate rate
(bow) (%) (=) (=) (=)
(cm) (Lim) (Lim) (L/m)
Effect of ceramic size
05 H 4 363 106 85.34 0 0
(zmall} 0.96 4 363 H 0 106 95.34
1.0 H 4 363 106 95.34 H H
) (medium) 0.98 4 363 1] 1] 106 06.34
20 0 4 63 106 85.34 0 0
(Big 0.56 £ 363 0 0 106 95.34
Effect of Excess air and Effect of staged air{.1)
3 a 4 383 106 95.34 c H
03 < 363 71 §6.34 H 30
110 0.5 4 363 49 45 22 h3 RO
210 ) < 363 X 2632 75 70
(Big] 096 4 363 o O 106 8524
0 £ 3.0 126 o602 0 0
150
006 4 3.08 a a 126 DaL02
H 4 A 55 142 9725 o 0
180
0.9 < 275 o o 142 o7&y

2the ratio of the tertiary to the secondarv air flow rate

52 NTIANANITNAHRY
TunmageuvinisTansnszanesuesgamadnisuuannlagldine sludwdasin
K awnduriugudnais 2 mm ilueugeswazldounsaifuiinua (Data logger) AIY
gneima + 1 °C ﬁnLLwﬂqﬁﬁfmqmwQﬁﬁﬁmm 10 funuanuseauaNgs 050 80 100 130
160 190 200 250 waz 300 mm NUALNTTIOIMAKAIFIFUR 5.1 Tnehluudgangd
fguanld IinanNavesaLnanIIIBmANFeusT s TagWTUNSInay uialoidauay
e ingamgdl (Thermo couple) fidumisnsiadn Tnoaeluunsiagwgy ofiansan
ymduiuguiteseugeiinguvnl (2mm) wuihiiuiiiafowadndeieuiteut
YUIALHUNILANINA1YDITAANTUNTINAY (20mm) Walgwgesingamaliinuaiusaly
mMaihadeudnidesananamias vilidnswaveansifis/angumgll dnaliies
\EntlousionsingamglivessuwesiflewIsuiisuiurunnuesagnyu tngliddaiamanes
AuLAneITsAALTRNTUNSAAuSeu Memniieilieuwses ingamgidarlsie
mM3nseingampinisasuulaseuialodemnniunsfagnsunansdagy 5.5
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S = Solid sphere; size is 20 mm
i T = Thermocouple; size is 2 mm
| dcond = Heat conductivity
| gConv = Heat convection

| qRad = Heat radiation

Flow of Flue gas/Oxy mixture

UM 5.5 uansnalnnisshemanuieuniinfuseninuialeids wnalanniuuazimos
lueiUaingaumgd

Fomswnlushangannzasi (Wsganal 3 $alumdsangasias) Sasihmsiiv
tuiinuialedenldannsnlvivng 1 uiiduszesinan 30 il Adumdmisesnvesia
W1 eLp3esiasziesdUseneunialawde (TESTO 350XL) Usuia CO, O,, CxHy, NO LAz
NO, iduiinlg nsr1ainsomasinnssnelunies daunia CO, AuamaNuia O,
a5793018 AIUWNLEIEIURIN15ATIITR O, Uszaas +0.3% luvmsdiuia CO waz NO, &
ANHLLUEVDIUDIN1TATIVTAUT LU £5% Use@nSA1nn1sin LAt i ali1AIuINaIN
USunaw CO wag CHy tnannsuialugd

D Sh

53 Mshanzesdusznoudamas

freueadis (LPG) gnldiiudemdsdmiuiimagnuuuuntsirsemadudy Tasd
2IAUTENOUTBILAARARININNTINT 5.2 9InA1519WUT LPG TAranudousivindu 45.8
MJ/ke Aumvunuiiy 2.011 ke/m’ tioufaUsznaude Tnsimuwindu 40% wasdamuiiiu
60% lneU3unns (nmstlasdeuuisussmalneg) dsdunsnaassaunusnsinisinaves
Foumdsenduduuar nsasnsinaelsnines
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M13197 5.2 uansnuautRvesuiia LPG (Commercial Butane)

Properties of Quantity Unit
Chemical formula (Propane : Butane) C3Hg:CaH1g -
Proportional of gas mixture
Propane : Butane 1060 % by volume
Low Heating Value 45.8 MJ/kg
Density of gas 2.011 kg/m3
Volume of 1 kg Gas (at 1 bar) at 0°C 508 liter
Wobbe index 20.79 kwh
Flame temperature 1,925 °c
lgnition temperature with air 510 °c
Air fuel ratio (stoichiometry) 15.6 kgai/kgs

5.4 NANTINAABAZIATAINANITNAGDY

szuuanaliveadamdsniglufumniansassuielfassnaln Ao 1) Busunisyn
Anlrlazvhnsdeudunaussnitenmatuidemanuuuns lutnaunsdaninnsnde
Iflughunsiunlnsivondonds iegamniniswlnd fiugadu asvinliunsYannsud
paungii st furesnungiiivewaussninseniauagidamasanunsognaalle
109 (fagaziaaszana 10 wif vianiduandali) anmiuyegainliasgnoensen dau
nalnil 2) Weszuuithganinzasin miqﬂamimawma'aumauizmwmmmﬁ’uL%@Lwﬁq%
Antumelfdumamuunun Insaudeusnnismlviiaggnileunduanuinuyais
WIEBUNSUNNEIUT AUV IILHIAIENA INN1TAIEWANTBURUUNITRAE N TUN SIS
Armousuuisagwsu Fenalnmdntiagrilvaanedennisluimnfionmglatude
anmefivaueau 0, luanmeilethinmsuniniazsvhuinseriulelasasueunaredy
Tnsasueuluionaudn (Hydrocarbon radical) FenufAseniianssuiunisunndanisanny
30U (Thermal cracking process) Lﬁﬂ%uﬂ?&léfqm%gﬁ%%ﬁﬁl@Lﬁa%auﬂizmm 700-1000
°C (R. Nabavi. et. al (2007)[3)) Usingnisaiiifunszuaunisgaaniufou (Endothermic
process) danalgamnivoauialeidefiainasiiuinueiugs 0-100 mm 91nuKLNTEAY
VDINEY

msteuomadiuiassililumswlviuvaduasensdie 1) Wouiunueine
dnau 96% Gumiﬁmmmﬂmﬁ'ﬁmmmgﬂﬂauéﬁamﬁisé’ummg;m 25 mm NUHUNTEIY
vomay ( A = 0) M139aRnlwaziindusauiszduaugeifeni s v vdunans
waziAnnsinlndieiosausenainiien dwnsdil 2) ileyiunaeiniadlvggnieud
FaunfiseduaLgs 100mm InuuNsEIBveINEL ( A = 0.96) n1syaRslnlaziinty
FausszAuaTNgs 25mm TnukuNTzBeImaNd BN T UduRALIL LA AR
il uduENUNIRUMT1891NANISEAUAINNES 100mm 91NUKLNTEANVBINEN
waziinnsinluieliosausenainiien uanafaguil 5.6
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Lean 107 Lean 100
mixture mm mixture mm
E% - %

Lean 1 Lean 1
mixture 100 lmm mixture 100 lmm

T Lean V. 1 Secondary air Rich 1
mixture 100 mm i 100 mm

+ mixture . l
Secondary air 25 mm | \ / 25 %m

T T

Primary air and Fuel Primary air and Fuel

Lamda =0

Lamda = 0.96

5UT 5.6 uansguuuuresnsHaunusenie At udeamanievinisuiuilaeu A

54.1 DNSWAVDIDINAFIUNY
54.1.1 NSNTEAYAIVBIQUNNTAULUINY

Junnsauiudinnalanisdauasnisuisedanuieunialuuredagnsudunalnnis

v A

dremanueunddgyiiatulunisinnduoaiw Jagngy walusuidelasyinnag

o

a v

2AUT18NALULITB BV NAVBINITNIANUSDULALNITHAANA 19 TUAINUTOUAILAITNANLUU
utiau (Turbulent mising) Insu3nafisigungigenelufunnfniudednsinisuilon
LaEnsINIsUanUdosnELYe B INAIINA NSNS INS A UNE LU S UAENTIN
nalnudnidswadanisnsefesgamainmeluiaing fuansusud 5.7 fwansnis
nsxeivesgamgiiiloysuasulinaeiniadiuAudy 110% 150% way 180% lny
WanunsaluSuSTdme N e ILAEeaUSIN Ao MATILAWINAU O waE 0.96 neldusa
Sagmyuitussyeineraiitivunn 20 mm
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Secomlary air Tertiary air

—

1000 T
E 800 -
&
g a0n -
=4
z
Bo400 {oie 1 —&— FEA 110%, Lamla=10
—a— EA150%, Lamda=10
: . —w— FA150%, Lamedla=0
w0 i, —— EA 110%, Lanoda = 0.9%|.
—a— FA 150%, Lanla=0.9%
5 5 —a— EA 180%, Lamda=0.%
I] I 1 1 I 1 1 1 1 T 1

] S0 80 100 130 160 190 200 250 300
Longitadmal Distance From the Distributor {voam)

Ul 5.7 uansdvsnarese AL ALTIdsHaReN 1IN T IEMYEIgUMAT AAILLILN LB
WA

n3dl A=00 \leifinuiinuermadauiu ilrusunsmlnsizgideulums
Uiaareiuw esindvdnavesnisnfiuiy dannannsudusveu il
aaungiigeaavasuazennmadauiu Sniamuindooiniadafuviiy 110 % shsnisiin
Ufnsenintutioaiiiawssuiiousunsdivmnaenirdnuiugug wivsaveniswilud
nf1anivsinuermaduAunsddu dddumamquimariniiagoniadiuiules o
dwmalilenmaifnnisguidsnnuiouanniamivwifntuldtenas drdugamgiiveuiale
deiilsanmsunlsdassiuunldunnduiuuTnaenadaiiu uwinisngnisaiiiie
Fusunisenlndnelutagnsueemiuanaieddaudsfundnnissmnariluuiaiouls Us
PFudsdninavestiatedudunisvinamiennudnnisiina1iun freduselugenth
fnly

nsflnlndidnenisfiuysunmeiniadauiu 910 110% 1Hu 150% Hu nsuauiy
stuhadewmas e1me uasuidloidoseudinsifintusdeiitesvddyiosneiinzienvuy
NTNavaIINIAFIUNY qmmﬁmaiuifﬁqmuﬁqLﬁﬁgjjmﬁ'aLﬁmﬂ%mmmﬂméamﬁu
vnud TuagfidloriuyinuenedauAuseluifu 180% Usinueniadiunddvina
wilednsnisnay ShliAnandias ﬂ%mmmmﬁﬁmnLﬁuv‘fﬂﬁ’lﬁmﬂ'riqigl,ﬁam'm%aumﬂ
mMswlusflfuuiinaenafiAuned gumgiigegaueanisienlysifiny wirdu 1100 °C,
1250 °C wag 1180 °C ooy 110%, 150% uag 180% mud sy danals
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o
[

IIANE

1 6

MRURNTNLF1INNITA INEIsEINNSATAI1INN1 800 °C FatduLnud]

9 Y

YUIENIg

=

wilfiduiusiunisuanUaesuafiviaagldnanlumdesenly

Usingnsaifiiatumeluien faamuuuuudsiiseoniadutud fanunaulad
agiansaladuiuslufifvesanuiivesnsvguiudng (Eddy velocity) Beduusiiu
auFvesvesnan lasannsoeiuislumenvesmansvesnnuiiudau Tngluudrdns
ﬂ?ig@ﬁﬁ?ﬂ%@ﬂﬁ??ﬂﬂﬂﬂﬁm (Turbulent dissipation) ED) é’mwmiamaﬁwaamsmu’m (Eddy
break-up rate) @0AARBINUIAIINITANUGNTBINTE I MTUNIT LU URANNBY (pre-
mixed combustion) Inefin1sgafialiiinduainnisdeiuanufeuresufaloidssouan
miLmiwﬁﬁu%nmﬂmEJﬁaLmé’auﬂﬁumémmmamwdwmmmazL%aLwéaﬁU%nméfww
vostuandenalanistemanfounuuihuazuissdaufeudiuunstagngu danalnd
Anduanenudutugesnelutesitinisluunsagns nedeiiueudouainudale
\FeSouguasnandslifnuinSemiunsnudng vildiAnnsmaniuee1sd Judnnns
dnlAndudutginsedwanysal fusleifindinaoinaduniu nalnnsaaniadn
szrdlodedounngromanssvingematuTamany sukssntununsianlutesms
Inafidiuunniu slssasnaiaufniernaznisvaaUdesndeufinannty msesns
nswaufusEsINALasS oA LAnTu T uoehad

frimantinifenanevituesuneinausinisivawvudulaunisluiasnguluifves
Fauseluan uansienTed 5.3 inasin1sdnsauunnginssunisivauuu dudaudenuan
Faussluadszfueynia (Particle Reynold number (Re,.. )) Ineiilefuauisdluad
aun1AliAImINAd 300 weRnssunisinavasvasluaruunsdagniuaziiunisivauuy
Hutau (D. Seguin.et. al (1998) [4)). Fsfuavisdluadszivoynia AMunaINENNTT 2
Al

¥ p beed dpart
U
108 doar ADVUIALEUETUAUSNAUDITARANTY

Re

Unes PEAIML5IOS904 IMaT Ak Uk Tagnsunse ausinielutoding
(Pore velocity) AN SnT1ELVDIAULTWINTNFAYEIHIRADANAIILNTY
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A13°99 5.3 UARINATDINITIRTILUNNGANTINNIS awuuTudiuauimausdluanszau

auMA NiagnIuIuIncIe 4]

References Porous media Measurements

Remarks about the observation

Criterion for flow regime

location of the turbulent regime characterization
Mickley et al. Spheres Internal Turbulent regime for Velocity fluctuation
(1963) iy =381 cm Re,, = 4000 and 7000 spectra shape
Jolls et al. Spheres Internal Turbulent regime for Visualization of turbulent
(1966) 254 cm Repyy = 300 streamlines
Van der Spheres Internal Turbulent regime for Re,, = Velocity fluctuation spectra
Merwe et al. doyn = Teom 2500, 5000, 10,000 and 27,000 shape. Velocity turbulent
(1971) intensity
Dylbibs et al. Cylinders Internal Beginning of turbulent regime: Visvalization of turbulent
(1984) arrangement Regunfe = 300 streamlines
Latifi e al. Spheres Wall column Turbulent regime above Fluctuating current spectra
(1959) 0.5¢cm Rep,, = 400 shape. Friction factor evolution
Rode er al. Spheres Wall colvmn for Reg,q 2 300 WVelocity gradient spectra shape
(1994) 0.5em Manifestation of turbulence but F-R; evolution

no fully turbulent regime Liquid aggregate sizes

Hall and Hiartt
(1996)

Ceramic foams Internal Beginning of turbulent regime:

Rey* = 150

Evolution of the velocity
turbulent intensity

R}, based on the physical diameter of the pores and on the superficial velocity.

HONANTUIRSNLNAUNNITTATIUNNEANTIUNITIAanulenuves daavisgluan
FEAUBUNIATEILH TAANIULUUT I8 N AT ULl ivwaduniugudnaiwesianniu

a

02gTUMIINANIVIAY 20 mm AATENTUIRY 5% Tngd1uIaaInaNns 2 uanads
M5197 5.4 o lunndeulvvesuiimoindnAuainsadiualddfiauisdluad
aun1AfiAININNg1 300 wansliiuingAnssunisinavesvesvar uwnsiaangudunis
nauvuiuthu

M13797 5.4 uansadauisdluadoumeiaUsuilasulsunaeinieduiu

Excess Air (%) Particle Reynold number

110 553
150 655
180 731

Tognaluudangfinssunisarnududiuvesvarliuvunaunounisiulug
(Turbulent premixed flames) FuagiuanuguLsvaInuulu (Turbulence intensity,
v ) wazvwiandenvesnnudulu (turbulent length scale, ) TngANTULITIVES

rms

anududnfiuandnsdimvesiiaissniaesvesauliainavevesninuis (Root
mean square of the velocity fluctuations) Aunislualuvie (Bulk flow) Tuvauzivunn
anugveIn U udiu iU sn sILYeanisina nndnnisiinanlily
S.R. Turns (2000) [5] anansadnsuunvunauevesauiutusenifudussinnany
N1T8AAIVDIVUINYDINITNYUIU A9 Macroscale (L), Intregal scale (), Taylor

o '
I (Y A

microscale (/,) and Kolmogorov microscale (/,) 8n#aillofia15041A 10U UEUDIUUA
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ANugveeANudulIuAuANnEIvesUabkuutuliu (Turbulent flame thickness,
5,) amnsadaiwunlatduaiuiuude wrinkled laminar flames, §, <I,, Flamelets in

eddies, I, >, >1, uag distributed reactions,5, </, . TIgANIGLAINGANTTUAITAY

Julurasuanhuunaunauniswnbsiaunsaasuigludfvesimwusisvulefednsidiu
Yp9Augussvesruiuliuseausaaliuuusut ey (V) /S, ) wasdnsiaiuned

anusavaalnuvuiutseanusuvailvwuusuiseu (S, /S,)

14

12 —

‘l“ —

S8, g L

ffem)

U 5.8 uanedrdnaveswinanuenivasmutudiuseanuiuailisuuiulud s
ATuLTIvasaNdud AR [20]

mﬂgﬂﬁ 5.8 WANSBYIENAYBIUUINAIENVB AN LTI  AernuiFuarliluuy
Huthudwiuamuguussvesemaiiulausinge wandidiuisnsdmeseuiudadlyl
wuuuthudennuduvadliuuusuiseu CSyS,) fifnanauiievuinanuevesay
duthufiuanndy Turugfinsfiudandiuvesanusunsivesaiiiiutudeninuis

wWanlvwuususeu (V) /) dsalidasdmresnnuiudatinwvuduludeanus
wWallihuususeu (S, /S,) fefiutu venanimuiidevueeuenvesaudutiug
ATy Sadruansadadlifand ﬁLLuaIﬁuﬁTTuagjﬁ’ué’mwa’aummmmgmwwm
audutiuseanuduumlvuuunuiieu (V! .18, deeas LaziiloruInALENIY
anuiutaudiddesas v3elnd 0 cm anusuLTsvesmutiuazdenadents
Wasuuasvesausadaliuuuduunntu Saflernududalnuuududaudawin

yradsmalionsinsiinufnienelinatustesinswnnnuluse
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Mnfinasnfmguiifsrtuanuduiussering muguissvesenuiiuliu wuia
mnugvesmmduliutazanuiidarliuuuiutiu fanuaulefiagiiunesuie
wqaﬂiiumiLmimﬁﬁLﬁmsﬁuma‘luﬁmmﬁ/ﬂiz:?mmaauﬁﬂ‘%mmmmﬂmmﬁuqﬂS] lagnudn
derfinUiinauemadnifudmalidiausdluadoyniaiidunnnit 300 uansimgingsy
nslyasinuussTagnyudumsinawuuiuusessduanuguussesanutunduuinm
1N agusnunmelugeainesrsiagnu uanngidnsinisnauduseninawialede
Souduromaniignioudwinmndanfisnnntu sunsiefnisfiuiuresdnadiuanms
Warlw uenninuideesdluadfifissndumunisfiuUiinaeiniadiuiu dwaly
dunsanuuavasnisvuauwdng (SR, Tums (2000) [5]) Fenmsvsuuauianiiaad
Kolmogorov scale (L) eaenpdostiunnfisduresarusuarlruuuiiuuguiendy
FefuanunsoasUidiidedivuiumennadauiu dwaligamadveudalodeifiumntuly
vansdl lesanniivenuguusslunsnaniuuuduiou dwalidnsinnsuasidosndaany
diugetutuies

fadlannsndusufisnisesuienginssunssnludidatunigluiumnianaans
NAADIv8Y Takatsu and Masuoka (2002) [6] Sa@nwudamaassnginssunislvauuy
tutumelurerinwsaunsiaansuileusuiasuddiansdluad anuanisaasanuin
wangunsiiangAnssumM sty iuhuiduiusiunsdeleulusmiunasndsay
yosueslnan 1uuNITaanguLd o USuLUAouRLanLsS1UAs (Gobal  Reynolds  numbers
(Re = £Und,

i
Lﬁuié’%’mLﬁaﬁuamisﬁuaﬁﬁugﬁu é’qLﬂ@Lﬁumsﬁmﬁmmmmﬂwaé’mﬁaammmmﬁa@
wquﬁmwmﬂﬁaLLaxmiﬁmmé’wm%usuauLsumt,uuﬁuﬂau (turbulent boundary layers)
auRaveuradaanguin lunsuywaman iibiAansanduluegrsduagiinnisun
nszaeiduuinanheesmampaunnadn gileriiusiausdluan

) waIRaguil 5.9 Baezmulsdmginssunisryuusuuduliuintue g

(@) Re=5x10

200 mm
(¢
(
[
(
[

(b) Re = 5 x 10?

(c) Re =5 x 10°

dy = 22 mm

5 = 40 mm

. 0=052

3UN 5.9 uananginssuniamywiniuuduliuvesnisaruuwne Taansunduausdluane
$I19°)
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U 5.10 wanspudnuvazvesvInmtenvesnuiulm (L,) faeandesty
ANILTIVOINITUYUIY (Vi) ﬁﬁawam’aé’mwmsmammsﬂmiamwwaaLLm"‘;’a@wgumaﬂau
Taednsdszndng Intregal scale (1) Aunisyuwiuauiadn (Kolmogorov scale, /)
donpdostuiifvesiaustluaninnuduiusuuulidudady (nonlinear) Jadavisd
Tuasfimuduiuiusiuaedssniideswesnnliaiiauerewmudazauinaue 1

maqmmﬁuﬂaummmmi 3 (Takatsu. Y. et. al. (2002) [7] and Tenneks. H. (1998) [8])

5—0:Refo/4 lng Re, =v,,/, /v (3)

rms” o
k

e esaudiiuswaun st s lalddesnsuan Rt uldae
nsifiumuEesnisiva Gedsmalvinisuyuaudn (7,) Sunanas (aedenuiniu) il
Snsnswanfisnntuseaaguussresaiiuugs haniswlvsiogasinigs dwads
aruansalumsUanUaosndsnuiiiingedu uilumsmssiudnansvsuurnalugjdeg
WinuwInYenenisivia

L., = Turbulence length scale
Vix = Eddy velocity

Fuel gas and air Mixture

U 5.10 uanspruAnuaIrTRsIUIRANNEIvBIA MUY (L,) Tidenndesiununiives
MINYUIU (Vi)

densdifinnsan A = 0.0 MUSunuenAdmAY 110% gamglivesnisinlnii
Uinniuvagningamnliisefuanugedl 3 (80 mm A nuHuNIEANBYRINAY) TAT6
Usganas 1000 ec WeaiFsuniisuiufusumisdu medindunsznswlniilifiefosnm
Yosufanan wagndsanduisgaingamninsefuaugad 5 (130 mm NURLATEI
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voway) gamninismlniifianasdosaufnseniam wisdoumninaonaaugs
YOIRILHEAEANLINNT 800 °C

Tnalundanansenuresnisniianinangasunsadouduinmadumnsgnia
gaumAfiszAUANge 10 mm nuRUNTzIBveINaL) uilunsdlveserniadluAy
110% $asnsuaniaznsUanuaeendsnuiidvinamnnniiniem iesnuimmsdumig
vowufafintumunisiiuvesgamgl SevilfnisnssanesvesgunndadndiAsiunasn
AUFIVDIN IR %J“ﬂﬁnguzhqmmﬁmsmﬂwﬁﬁﬁL’Jm@?qLwiﬁi’%mliqami'mqmmﬁﬁwﬁu
ANUgaTl 3 (80 mm MNURLNTLIBVBINAL) NTEDINAAILAY 150% waz 180% difn
wnnigamainsdlenniadiuiu 110 % uenanililoidsuifievgunginsdennia
ALy 150% way 180% nugmififiuvts 2 uay 3 veensdlenniadiuliu 180% 3
AN IveINIiiaNFAdILNY 150% dwmiunsiiennimdiuiy 150% aumngiadsn
ogiiumiisil 190 mm flAwiiu 1220 °C uagdishumsuinamsoongumglinsieningd
A1 900 °C lusaurinsdomadauiu 180% gamnigsanegiidaunisi 130 mm &
ANy 1200 °C uazgamgiifienanasauiisnsoonvesialndaszana 875°C gy
uinsginsdioniadiuAu 180% Sdnsniunlndiadlusesumiugeisduueaiam
wilesanUimnamnmnnifuididunsymsanuieuresmsmnlusiE s ldeamniinng
wlvsiFsanasauoenainiunn Wefiansannsdl A= 0.96 SaUTuimeinia 96% ves
Uhinmeomaismuagndeufidunis 100mm 21nusunszateveskan druoiniadauiivis
30 4% voeUiaeiniaianuagn Jounsousuidemdsilivomanssniadomauas
o ufinileiidudiumauuuum vomaniiazgnausasnauagnied fuauldsuUiina
9INBN 96 % TosUTIIMDINERIATISEAUANGY 100Mm 9INLHUNTE BV IHE

NNANITNARBINUTIANWULNITNTEINEABIUNYANIE A= 0.96 dIAIy
uAnFN9Innsdl A = 0.0 Tnawilefiarsannsdiennisdiuiiu 110% slgamaiigsaaindu 980
°C intuiiusnmlatsresiinuazgamgiianatnda 900 °C ilesanainiamiiesain
nsgayidonmdeu lnomsuaniuveauiannlusilivunduUinaeinia 96 % vesuiuna
mmﬁwmmwﬂmﬂmﬂgmammmlvm dmalfonmpivsnaiuasuSufunisesiamm
fAgaTu devwninsthdlaunriifoudeundudenalanisiussmsiisidaudeu Tne
mmqﬂmmﬂqmmmmwﬂmumqwumLmemum’mqw 80mm MNUKUNTEINYVBINEAY

Fanavesguniiilataudatuiunsdl A= 0.0 ANansenuveIn1smIB7ENaDE 193U IR I
USUA TR sEAUANEN 1 (0 mm MNUHUNTEINLVBINAL) UATLAANIS
HALLAENITUAAUE 08 NANUOE NTURTINABAAIILAIVBIN K

WIaNAN5N9INIFEILLAY 110% NSl A= 0.96 Wugamgin1skn lndifiA1unnda
) 5 I a o A = [~ ) 1 1 a o Y a [ [~

800 “C AauAUSIAILMUT 4 Fadudiiuunustauainiddiuiass vilimnaniseauiudu
DHNNATEMINVBINANWALLAA bDLESSDUNUSINT BNVIBNTNAVDINISNIEINALBENINNTE
g1medivEs waznalnnisgadaliiinduedeaiiiaue vinlvigamainiswnluiiiiags
AILAUITLIUALAUIT 4 FUDIUSIUNIIDDNVBIN L L BLUS B ULNBUAUBIN A IULAUN T
au9 UaNIINLUNUINUTIUNEENNTHDINAAIUAY 110% gumnddAianadileainnis
wlndndaldanysal szeziatunmsindidliiieme funalaanusuauialeden
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Aetuanmswnlndilazefiuseluiadedly duenimdiuiu 1509% way 180% ndl A=
0.96 wmwammumiLmlummmeumwmmammummmm 1-3 uawilFngegnlutae 600-
650°C Fustinsiumisd 4 uasiidanasiosaunidladssanuniaun eswndvinaves
MsmAnudeunUSnaenafiiviinasnnuazganginisunindilgdliiiienisge
Al uenanidmuiinsdorniadauAu 180% gumginiswilndiidwinirgumaives
nsdlonAdaAY 150% sz idvswavesnsgaidsanudeulufuaeiniafiuniiu
warkarnsnuialoideseulguarennseenvasiamn

U7 5.11 uanagamgilel@suuy super-adiabatic Fsis1uarnnisiuTeuiiioy
seniegaumaiileideazifgnudin Femmmanieunaliinnsgiuvesasnduiuingen
meldmnusuasiiianmzanasgiuduiusivenmaiigagad inlsannnswilug annwans
Aunmuigampfiganveanistuiluilunsdionniadimaulindu 150% uaz 180% Lile

A= 00 fidunnniguugiledeeseuuiniiannsamsgiu owinAansguatssi
Aeunswlnlienalnnmmyuisuanuiouainnisuikarnsuasdauiouainuiian
Uaegiaundeunduindiuinadunavesian  dsaansodudunaleainamuidsves
Tekeno.T et. al. (1981) [9] Iﬂ&JL‘%‘EJﬂUi’Iﬂgmiiﬁﬁi’l excess enthalpies #3® super
adiabatic temperature d@iunsfloInNeEdIUAY 110% WuIndoumngiasgavenisilug
tlounigumgliuminlesidenudnfosnndsasnimanndszefusegluidedaly

e
1,400 e 4 -
4 G
1,200 -
- L 4
3 1,000
g 800 > A
<
S
S 600 & | @“
: A%},
= 400+ | l: n
200
0,
110 150 180
Excess Air (%)
O Peak flame temperature (C) @ Adiabatic flame temperature (C)

3U# 5.11 wansnsilSeuiieveamaiigeganlaainnisunindiveamaiileiduesiie
WURNTIUINIDINIAEIULAUAIAI



5.4.1.2 Usunauladaninainniswenlug

, (ppm)

NO, concentration at 6% O

100 3500
00 | | —*— LAMDA=0
| —e— LAMDA=0.96 -+ 3000
T 801
=2
g 79 1 -+ 2500
ON
d -
s 60 ~} 2000
E 50 -
s -+ 1500
E 40
£
=
304 -+ 1000
S 40 -
S F 500
10 -
0 T T T T 0
100 120 140 160 180 200
EXCESS AIR (%)
5UM 5.12 uanidvsnavesemeduiuiidwanayiinm CO
100
o0 || =& LAMDA=0 |
—e— LAMDA =0.96
80 -

20

10

100

120

3UN 5.13 uanadvisnavesemiediuiuiidwanay3anm NOx

140 160
EXCESS AIR (%)

180

200

95

CO concentration at 6% O, (ppm)
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14000
—A— LAMDA=0
o) 12000 | —&— LAMDA = 0.96
[=]
&
s 10000 -
X
&
= 8000 1
=
2
S 6000 -
=
3
S 4000 -
=
© 2000
0 T T T “ 1
100 120 140 160 180 200

EXCESS AIR (%)

5UT 5.14 uanidnsnavasanAduiundwEasiouIinm CHy

SUN 5.12 5.13 Lag 5.14 LanIandnavaseInIAgIunuidwanaUsuin CO NO,

Y

waz C,H, muaiu 9nnan1sveaesmuInUsuna CO nsdl A=0.0 fAwlumtig 10-30 ppm

APT3IU O, AU 6 % daunsdl A=0.96 U3uas CO n3difiAlumag 500-3000 ppm 7
1A351U O, WU 6 % uansiiuindiszoznalunisunivdlifisswefiagyilihiAinn1siun
ndfauysal asnndssffugamgfinamilnilunsdiifidas Snanudruinn O uas
C,H, dngslunsalienvsidenmaduniumng iesaanansznuveanisgapdonnuiou
mnmumlwﬁlﬂﬁ’ummmﬁmnLﬁuLLamé’qu 5.12 way 5.14 n5dl A=0.0 nstiinUSuna
omAduAY damaliUsunm CO Sanfintu ssfuldinniswasunlasenniadiuiiudna
EntossaUsunm CO Afnty wansirssaznatlunisianuaswnnififiomedounialods
98NN dunsaiiUSun CO tnTuidntosnsdenniAaiuiiy 150% uaz 180%
dlosnidszeznalumsnaunasinvsidosnitnsdietniadiuiu 1109% viliszezinanly
AN bugl CO Lﬁaﬁmg‘jﬁ%mﬁmuﬂmmﬂu CO, Jlsiaane

Ui CH, fildanmsuninduandiidiuisiinalalasafueuilidunlniiionn
NNIDDNVBIHIH gz‘}qLﬁ@ﬁ?gjjumﬂﬂ’mlméffmfmL%@LwﬁaLﬂuiaimmi‘uauiuLaqalﬁmzij
Ufn3ennisaaned (Pyrolysis) fsuandlugy 5.14 91nguaziiuldindefionsanit A=0.0
UsunadlalnsansueuiilumnlnsifiuSinaanamiunisiinenniadiuiy waasiiduininns
wrlngilalasansuausgnsdaaumunisiinerniadiuiu Tnsemsnsdlonnirduiuiiy
180% aamﬂé’mﬁ’uqmmﬁﬁﬁuﬁﬁuuamﬁagﬂﬁ 5.7 Gegaumniiingauazanasdniosilouia
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loldgepnaniinn d@unsaioniadluiuwinngu 150% wuinusunadalasaisuauiian
Wnnnsdnnsisee ARy 180% Lilsa1ndnsimsnautosnIms 1A ve4
wauslauaz dnnavesnismanudeuvinligungigianvesnisiaindiuiulufignin
gaumaidunsfisefuaNgs 190mm nuHunszaeveswas TuruzfienniadiuAy
Wity 110% TuUsinallelnsasueugefiaailosangumgiigegaueanisienlvsifidisnia

nsdlsu Wefiarsavsunalslnsasueunsdl A=0.96 fAagu 5.14 anguiiulaiusum
iaimmifuamﬁuqﬁumumﬁLﬁuﬁmmﬁmmmmﬁdawﬁu donpaesiusuim CO Aagy
7 5.12 LLﬁﬂﬂﬁLﬁﬁqmmmlwﬁﬁhiauyﬁai Fasderfiuusunaeinediuiiuniswlngdas
Lﬁﬂ%{uLLUUﬁ’JuNﬁMUNg\TLLﬁigﬁUQQWQJ%Q 100mm NNLHUNTLANYUVDINEL s?faL{‘Jummsﬂﬁ
AansifiuduvesuSunas CO Tummzﬁmﬁmiwﬁﬁnm&”’qLwi'izé’ummqaéuwi 0-100 mm
aLumsnlvsiiuud e fewninsenindilalasafuewinjnienaredu co
Aetutndesaingamglininumnludanstii vildszesinarlunismvddldfiome &
WiguLlAg991n s AuAILgaue IRk nyd nsdl A=0.96 Jsreziaailunisiuilng
lalasasusunatedu CO Uszana 2/3 dauneerugeiaum, Faflszozialiiifivane

iﬂﬁ 5.13 uansdndnavesUSumeniadiuiuiidsnanausaia NOy mﬂimﬁa

wmiﬁmmm A=0.0 USanas NOy Trregluming 43-65 ppm wmmmu 0, WU 6 % uag
meummmaL‘wuﬂimmmmﬂmumu AIRINUSUM NOy mﬂmuwu%um Thermal NOy
and Prompts NOy (laiil Fuel NO dosannludemaslifeadusynouaes N) lnggamaiinig
wlvsifiialatinnunnitgamginiideiinufnieives Thermal NOy luaizdl Prompts
NOy Lﬁmmﬂmiﬁwﬂgjn%mizmwlaimmi‘uauiuLaqaLﬁﬂﬁuiuimsLﬂuﬁU%Laminé’ﬂqulw
(Flame front) Wenainawuiinsdienniaadiuviniu 180% Usinal NOy ﬁmqqﬁq@ \ilosan
\dudeulviislgamgiinisienivsigauazuina N, Tuorialusunamn efiansannsd
A=0.96 wuUunas NOy fifngsgavindu 38 ppm AmTEIU O, U 6 % Ainsdiane
druifu 110% wasdivhinmaeasmumsdiuturosTnaeiniadauivauiiuiinusiian
Wity 32 ppm MM1AsEIU O; WA 6 % Nnsdleniaauliu 180% Lilaaa1ngamniile
mﬂmiLmniwﬁﬁmﬁwLLazﬂ%mmiaimmifuauﬁiﬂLmi‘wﬁﬁﬁhqq edswalaruSunn NOy dAn
i wameeagy 5.7 5.13 uag 5.14 (Fenimore. C. P (1992) [10])
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5.4.1.3 Uszansntwnaswenlugl

120
100 _.. .................................. . ......................
S ° u |
z | ‘ »
.§ 80 [ . ............................................. . AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA .......................
S : :
b
-5
- | | |
E 60 _ ................................... .......................
= : :
=
£
= 5 :
Q : ]
40 _. .................................................................................. .......................
B LAMDA=0 '
® LAMDA=0.96 : .
20 |i T T T | T T T T

100 110 120 130 140 150 160 170 180 190 200

EXCESS AIR (%)

JUN 5.15 anSnavesUTinaeniediundmadeUsyansannisinalngd

UszanSnwanswnlvsl (B) muwialldannaunisi 4

108 E; munodendseuiiteuliunmamn (kW)
Eco ‘mnsﬁqwé’qmuﬁamLﬁﬂiﬂﬁumimﬂwﬂ CO (kw)
Ecuy ‘mﬂsm‘waqmu‘mamLasﬂ;ﬂﬂumil,miwﬁlaimmwauwimLmi‘mm (kW)
Luaqmﬂmmsuwamamﬂﬂivﬂawaqiaimmwauiw,l,ﬂa"l,aLaﬂ Fadunsend
wszyAnauatvesnsnainveslelnsaiverlunialeds (WifsmAsefedosidn
o9t suluanddeilgmenusransamniswilug Tnonsldaoumatvesnisnein
999 LPG wnunsldaoumalvesmsnaiavedlslnsaivou dadunisuszunaen
Uszansammslnsesimniinuumeny woianunsaldluguuililuvesUseangainnismn
Indfiileusulssanssauzvesviaien
ﬂizaw%mwmiLmiuﬁl,ﬂuﬁmﬁﬁﬁﬁ?ﬁammﬂmwé’wuﬁasjlm%mﬁuﬂuwé’mu
anudeu IngndanidomaaianisinlusasUanuassndsnuosninaunanaduuialewde
Fandanuarunizgadsluiunswlniiliauysal lusuuureseumativesnisnelin
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CO uay CH, 3n3UT 5.15 wansuszansnmmsunlusifiuuneiniadinifuingg whild
n3dl 4 - o UseBvEnmnnnndfengegaunnnit 99 % wasdianfindumunmaifinyiunm
omadauAn luvaziingd 4 - 096 wudlsyansnmnisiwilndianasaunisifistues
UhinuoniaduiuiesanidoulaiiUium co uar lelasasveudilimlndiiviinmgs
Taguszansnmmsunlusifiengsaainiu 91% fenmediu 110% wagilrmigawintu
25% flenAduLiu 180%

definsanaussaugildannismnludingdl 4 = 0.0 flernaduiiu 110% wui
9o iifliAgauInndn 1000 °C &guwiqm%f@qmmﬁﬁﬁummﬁ 2 AUNINIIDDN VI
(enciuidumimseaniifinansenuresvesdumindeuiiuinnisesniaim) fuafiudi lag
yumessineraiimssnauiidenlddvung 20 mm Fuinvessinezgiiumsanauainin
dsnareausInuEsii FaasvinseAueluidednly

5.4.2 BNBNAVBIAIAUNTUVDIIEANTY
5.4.2.1 NMINTEIYAIVBIQUNAAUUUILNUYDINLAN

Tagundudinsanvunnvesiaansy agvibivunndesisseninedanmauiivunnidnas s
deranangAnssuniswnludaeluenedaguiu lneaiuisoesuislaluifiuas Peclet
number (Pe) FarnAdefiduaninnsfnwenuduiuguss Pe fu \Weiwdsangquiln
(Trimis. DA1996){11]) 913U 5.16 uansdninavasmnsmsusesiannsuiiduafonts
nsrefvesgamgiinuiLILy TummeaeuviinIsAsvINaeINIAdILALLA 110% 7
A=007U 1=096 uarUiuiasusimunguvesTagniudu 9% 27% wag 45% Liley
lofusunvasiannsu 5mm 10mm wag 20mm AuaIny uaﬂmﬂﬁgﬂﬁ 5.17 uanIan YL
vodailwiifinduannsieludideusudsudn Peclet number FsandndnAiaungy
yosTagnyuilanan avdsalvigamglinsnlnifidvinasamingeeniin desainazlsl
Aanswrlndnelugesinwesfannsu fadnsszgndnisldvuvesfanmsurumaidn
wangdwiulitosnsfoundusesdailiidigrotidomammzidaiinsaln 3
annsovhldlnelatagnsuiidanunudiesilalivinashnssrademdsoudgnumm
Ingd
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Secondary Air Tertiary Air

Temperature * ¢

0 50 8 100 130 160 19 200 250 300
Longitudinal distance from the distributor (mm)

—8— EA 110% Lamda = 0, Porosity = 45%, Diameter = 2.0 cm
—#— EA 110% Lamda = 0, Porosity = 27%, Diameter = 1.0 cm
—3p— EA 110% Lamda = 0, Porosity =9 %, Diameter = 0.5 cm
—0— EA 110% Lamda = 0.96, Porosity = 45%, Diameter = 2.0 cm
—{3— EA 110% Lamda = 0.96, Porosity = 27%, Diameter = 1.0 cm
—p— EA 110% Lamda = 0.96, Porosity = 9%, Diameter = 0.5 cm

UM 5.16 uansdvisnaveImAunguved JannuidNasnon13nsEaNef v g mniiny
WAL

UM 5.17 uansdnvagvesdailiiiinfuainnmswnlndideusuideu Peclet number

IS 1

313U 5.16 nunanunguvesasnsuiinasen1sisuwlatoumginiusEauadm

q

gaognaiiulatn Inenswinileeldiaangundanungu 45 % Miansddadiueniedui
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ausieeINEianua (A ) Wiy 0 Uag 0.96 IA1MUNNABUTINAININGDAAIINEIVDIALH

a

ns! Inediagnmgiigeiignagludas 700 - 1,150 °C uazuinamesnalndiiaaadinia
ettt luwnefimawnnilagldanmsuiifinnungu 27 % wuigumginswil
Buidndannizasiaiausszduanugs 100 mm Taonsdl 4 wihitu 0 fegumgiasndinsd
A Wity 0.96 agraiulédn Fafidmnnniuszanas 300 °C daudlovhmamnlnilaglitan
wuifiaramsu 9 % nudiensd A i 0 uag 0.96 mawrludilianmsodeduldniely
W lvsiusmsn siAntufivinasenseenvenninlvel Ssaenndestunisnnans
fdunaiulalnidnvas dudindesgninfegiiuinamoneen duandusuil 5.17 Tae
gaumgliiunamenisoonimuszaa 50-130 °C dugaumndmelumimnnsifiaszuna
2830 °C
wgiinsaimsunlusifetagwsuiidanungu 5 % fAnsiUdsuudasgamgiiuas

UnawasmsunlvsigeiigasloSeuiisuiumsinindlagldiaamauitianungu dosnin
wszindennunsuvesiannguildluniswnlnsifvuaidnas asilviusunsdosing
ssynsTanaisaunuiieglumimlniiviinnsanas Seilssnsanisagnindn (Mixing
rate) sewivoInTetuidemdsdiranas WuawmbiAnnswlndilteuysal hlvigunad
nswnlndidAnanasmugiu uenaniusinastesieiiflvuinlngdiidandielunstain
vosgnmliiintu Ssdedudutertnuss manisiifdaudilunasdaasunisiwa il
Auy sty

MNNUATETHTIN (Trimis. . (1996) [12]) wudinawnlusimeluiaguyuanunsn
Anduldegeiliafosnnfinnsanlfanndiudsliving pectet number S9anansasuInildan
aunsi 5
v $.d,C,p
SNy

Pe

e S, Aeanuiiaudarliiuusuissureddoinas (cm/s)
C, AofANToUTNWIZYBIYDINEY (K)/kgK)

I ! 49{1 a 3
£ ADAUNUILUUYDIYDIWEAY (ke/m)
A ABAIN1TUIANTOUTDATBLNES (W/mK)

0 A oa v
d, =5 b 8 ADUUINVDIIAANTU (M)

011 Pe fA1TaEN11ANINGR (Pe < Pegiie) NItndasliannsaiindulaniely
WHETARNTY Usidn Pe HAu1nndnA1Ings (Pe > Pegie) NMSlndiazanunsatindulaogis
fatesnnnelunssanmednsnisanglouanusousiuag optical thickness difnge
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A15199 5.5 L@narn Peclet numbers filnuiailaanndaulanisnaaauiiovinnisusuasu
VUAYDITAANTU

Size of porous media, & (mm) Equivalent diameter, d,, (mm) Peclet No.
5 1.78 27.4
10 3.60 55.0
20 7.20 109.0

A151997 5.5 kaned Pe Ainnwindlaanndaulunisnaaauiioyinnisususlasuuung
vavianniu lnglimananifvednsim (S, = 26.09 fonsrdwauyagiui, C,= 1.2

kl/keK, A= 0.041 x 10°w/mK and p = 2.01 ke/m’)

5.4.2.2 Yszansarwmsinbudinasdsunanidladenlaarnnisenlng

5000

—A— EA 110%, Lamda =0
—— ° =

) 4000 oW el NGRS EA 110 A)’ Lamda 0'96

£

=

&

a 3000 R T W e e s o et A R N R £ & t e £ HIOE

2000 -

1000 -

CO concentration at 6% O

9 27 45
POROSITY (%)

5UT 5.18 uansdviznavesnnunsuvesiagmyuiidmaseusiim CO
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50
—&— EA 110%, Lamda =0
_ —o— EA 110%, Lamda =0.96
i 40 T Y
&
ON
X
e B A AR
=
=
S
=
b 20 a4
=
S
=
=]
Qbé
o 10 e TN AT .. I I NI I TR NI
Z
0 T T T
9 27 45
POROSITY (%)

5UT 5.19 uanIBnNEnavedAiInNnuresiagnIuidmaseUIutas NOy

30000

—4a— EA 110%, Lamda =0
—o— EA 110%, Lamda =0.96

25000 N AR LI TEE R s oo

20000 i PP T T S~ S IOt gt e -7 RN UTPUSRIR L 0 Dut- ootaeuey I3 T 1 R T A SONRURRIE { e

15000 -

10000

CXHy concentration at 6% O, (ppm)
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(=]
!

0 T T T
9 27 45

POROSITY (%)

3UN 5.20 uansdvsnavesmauniuvesiannuidmasioUsuia CH,
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100 :
B LAMDA=0 : ‘
® LAMDA=0.96 i ®
90 4 R UL
> e e s
=2 ‘
g"z’ 70 .
S " | |
= ‘ ﬁ :
'E 60 _ ............................. LGP B LR R R PP TP
=) o
U N
50 _ ............................. ............................. ..............................
‘ o
40 T I T
9 27 45
POROSITY (%)

JUN 5.21 UansdnEnavamAUNIUTD AN UdNAdeUTEANSA NS Ll

| o/

nswlndinelufanmsuiid annumsutisfaeludoulunmmaaouve s
wuIUTIn CO wag GH, USinngeasandosiudsgavsamnisiilusififdandasds
wandlugy 5.17 5.20 wae 5.21 lasAnszdvBnmnsmlusiduiaainnan e masui
ﬂauiﬁﬁaLmﬁuwé’amuﬁqmﬁsiﬂﬁ’ummmiwﬂlﬁaugaaﬁ (CO waz CH,) LaNANLNU
dnsumawnvdighetasmuiiieneumgution nsdeenamdutuazdmalignmglinns
wnlndanaiuanslugy 5.16 wae 5.17c wazawmaliussaninmnisiwaviianasegraiule
T fauandlusy 5.21 ilofiansanusann NOy AAstunuiuwaltuasuudasluiinng
pssfudmiumsAsuasgumgll Tasnwuin NOK fUunaanasmunIsanANNTLYI8q
fanngu araininuiinidloiinisanaumiuvesiaguu danalmannisiun gl
auysal dildnsnlndififetudunneindifigamgfiadluidid (ow flame
temperature) viMlslon1aLin Thermal NOy (Zeldovich mechanism) fitipeas ieaan
NO UszinniltAntuilguvniigs (> 1300 °0)  wagdowmndl LPG (Huideindeiilaid
sadUsynovvesiulnsiaudeinly Liflontatin fuel NOy Wity datuUsina NO, 7
AnTuainmsn s aiuSinaen daUsina NOy ﬁLﬁ@%ﬁ%ﬂﬁiﬁﬂmdnﬁq%Lﬁm%ummﬂ
prompt NOx  &aifu NOy 171'Lﬁ@ﬁ?jyummﬂms‘v‘hﬂﬁﬂ%awﬁ’u‘[,usw'jwlaimﬂﬁuauﬁu
lulssauluresaussvihadomastueinia Imaﬂgjﬁ%m%ﬁm%uﬁqmmﬁﬁq JIRTEHGEY
NOy fsinaigatuiiovhmawnludilagldSanmsuiifinnungu 45 % lunsd A whiu 0 uas
0.96 AUNALNIAY 43 Lay 38 ppm Imaﬁmﬁmmgm 0, 6% MUAINU karUSu1ed NOy &
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Uiinaiesianidlevinmaunluifiagliaawsuidannungu 27 % lunsdl 4 wiriu 0.96 Tng
USUuYINAU 8 ppm ﬁmmgm 0, 6% LLamﬁagﬂﬁ 5.19

duUSuna CXHyﬁﬁfﬂiﬁmﬂmiLmiﬁﬂuamé’q;mﬁ 5.20 WUNSEH A VAU 0.96
wuIUTNIU CHy ﬁmgqﬁqmﬂszmm 8000 ppm I@aﬁmﬁmmgm 0, 6% iesanidu
nsdififiengaumndildarnnsiwlnifiiaUszana 600 - 700 °C Tuvaiiunlvslagliian
wguﬁﬁmquu 9% nsdl A wihiu 0 wuuSunad CuHy danamaadu 5000 ppm Insdn
fanmsgiu 0, 6% \efinsandsznouamududures CO figatustrannlunsdiisedue
16 ¢, H, Wi gAzesioly 1fu O TuuSmaiinnninsdvesnislitanmiuifinanungu
27 % oehslsfin Aiinldfinnuniunisgssuduanmgunananaliaiosvesnisiwnlng
Tudeulumanasoud madudune emnuaaliiiuuay nsgaRnlniliaiiae F9o1a
Fuwarzd 1) anuiimevemaisdumumaiiugamad 2) anuliaiiauelunisuan
fusgrisansaeiugamgiiifuntalodedou uidinszdunauBeundaesuiina GH,

[y

aguaﬂmua%uwmaqwm%ﬁ

100.5

100.0 4 . ............................................. . ................................. . ......................
g 095 .ooon . ............................................. ‘ ................................. .......................
2 ? ! f
g ? % |
§ 99,0 oo Bty T EIEESE D AREERD. 1.7 A Ly R |
£ : ‘
oy » ‘ »
E 98.5 _ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA .......................
) : : 1
§ 98.0 _ ................................... .......................
© :

975 _ B LAMDA=0 SRR S o % - . ......................

: ® LAMDA =0.96 :
97.0 .¢ : : : ; : : ; .

100 110 120 130 140 150 160 170 180 190 200

EXCESS AIR (%)

JUN 5.22 uansdvinavesoniadiuiuidwadoUssansnmni s v s uinengunis
vl
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100.5
100.0 e AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA . AAAAAAAAAAAAAAAAAAAAAAAAAAAA
~ | a ‘
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=y | \ }
; Q0 () oo IR o AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
=~
£ ;
> 8.5 oo PP NP
= :
g 98.0 _ .........................................................................................
g ;
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O 97,5 v e INONANN P AL A e TGN
- : -
Q7.0 ot g S B [ 3LAMDA=0
| , ® LAMDA=0.96
96.5 i i :
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POROSITY (%)

U 5.23 Lansdvisnavesmanunguvesianniundrasioussansamnisin iy
IINEUN1TNILY

SUT 5.22 Wag 5.23 ULaRBnEnaTe INIAdIuANLAZAIANUNTUYD TN TUTdINAsD
UszanSannianng dsluniuszandaimnsmaluniruimaindewialusuansluaunis
# 6 lngldiasamduigydsldiunsunlndlalasasueu

E, =[(E, — Eqy) ! E;]x100% (6)

I1NNANIINARDINUIIUTEANTAINNITRILHAININNTY 97.5% Ananigalnaifes
100 % 1A A = 0.0 FudlawSeuiiaumUse@ansnInnssNI s aInNyie@esaunis (@unis 4
WaE 6) UsLANSNWLT9AUS Uk UnUULAEIN Y FIN9E09aUNTALTIOURINITLNN LALIT bl

L4
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5.4.3 3N3NAVBINTITINWDINATIUIY

Secondary Air Tertiary Air
700

400 1. 4. . ‘h +—FEA 110%Lamda =0

—»—EA 110%Lamda = 0.3
:mu _ A FA 110%Lamda = 0.5/
. || A" SRR Lefl <y el B R - -R Y —+—EA 110%Lamda = 0.7
: ; —a-EA 110%Lamda = 0.96

Temperature ’ C

100 T S i
0 S50 8 100 Be 160 190 20 20 300

Longitudinal distance from the distributor (mm)
JUN 5.24 uanadyinareenIshusdsanalutundmanonisnsyatefvesgamgiiang
WWIUNUYDITLRN

8000
.{ —#—NOx Concentration, EA 110%

—4— CO Concentration, EA 110%
—»CxHy Concentration, EA 110%)} T000

F

CO and NOx Concentration at 6 % O, (ppm)

¢ 8 ¢

o0 .1 2 3 4 S5 5 T B2 9 L0 L1
Lamda

[ .

v
a =

U 5.25 uanadvdnavesnisuusieenialutuidmadoUsusuialodeniiniu
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omanuUssedududunsulsdndiunisineseninseniadiufiaesuazenie
drudianuannySunaenia 96% maqﬂ%mmmmﬁﬁg@mmﬁﬂam%’nﬁﬁaLm (@ndauenie 4
% Lﬂua'1mﬂehuﬁmﬁaﬁgﬂﬂauﬁwauﬁ’uL%@LwﬁqLsﬁngﬂdamam) Iﬂammﬁﬁy’qaaaémﬁgﬂ
f\hm’hﬁﬂiaaﬂauﬁizﬁummqq Omm Wag 100mm INUHUNSEANELTaINEIRNATU Tu
ANYULI18INIA I ULUIFUR AN UL IV IRIK mﬂgﬂﬁ 5.24 LAAIBNTNAVDINITUUIINY
mmﬂLi‘]us??uﬁdqwam’amimzmsﬁwaqqmmﬁmmLLmLmummﬁaLm Tasuuasulsunn
omAduTiauseUSinmenaommadu (L) 0, 0.3, 0.5, 0.7 and 0.96 MUy Feaz
danalidnsiniswanintudnas uazaaiusuImeInAd L ALYIAY 110% 91AWan1s
naaeunuin gamgiilldannsinndiinigs eglugas 900 -1150 °C (Florthganizass)
uenninui nudndevhnaidin 4 azdwaliaungdfldannswindfiuunltianas
audsu Aedesnannisidin 2 SadunisiinUSutmeiniddiudiany wazanusuw
omAduiiaes azvildnsilnsiAntudaswaildss ez nanadslunisinlutnnely
e nfantosas Snamanianisiiy 4 Feniniinusinaeinimduduaiun i
5eAUALEY 100mM TNUHUATHLATINSE MNBDINALGzdaINES FeilnarilsiAnnisgnde
audeuindnlaliiuernabundadimunlusl Tnsgamadinsiwlniislerindanzasi
fleUszanns 1150 °Cuae 900 °C 7 A wiadu 0 uay 0.96 AuAsU Bnvianisifiy A 910
0 fiv 0.7 dwaligamafiniswalviilugsiuvesianidmanacuaziinisanaseg 9 iuladn
e = 0.96 mﬂﬂmimﬂ‘%mmuﬁ”aiaLﬁaﬁﬁﬂﬁué’mamﬂugﬂ 5.25 WunusuIa CH, A1
amamﬁam A ﬂﬂ%uI@EJLQW’l”ﬁzﬂLLG]' 0.3-0.5 amaqaémﬁulé’%’mm 7500 ppm @8 3200
ppm ‘wmmmu 0, Wiy 6% Luaqmnumimvmammﬁmmmaamm’mawaqmwmnn
Fu FeaonndeafuUIuI CO mumaamam A m‘uu sz lelasmrsuauinuinsendu
sondtaulusnnidaunatedu Co @ulsuna NO, nudmsusasu A liresdnane
USuau NOy Wiiafiansanmnuduiusszninesuna NOy fuusunn CH, nmglavannaln
maniivesnisaats NOy sulilesnainansyiujisstueygadaszveslalasasivou nu
auduiusiatuayuvguil Tnsawizludouluntsnaaouiinuoyyadassves
lalnsansuaugs Feaznunisuantans NO, i 1urudsiusfinndusefunaonysiifne
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5.4.4 MswSauiiisudiuna NOy snineial dagnuuuwissnganaduduiuia

V & O O
LU UL USR8 N AU U2 b

Tertiary

AR ARRN
AN IR N NN

Secondary

NN

NN N

Primary air + Fuel

Conventional staged air burner

A X IO/
yoceseiZ IR
aoRect]
Tertiary 7;'........ 1‘
Secondary ’f'.... .'..‘7
aie ’......’ 100 mm
= = !r.?.?.. .?.?.‘,‘—
2;§:n

Primary air + Fuel

Air staged porous burner

v
v
Y

TUAUINILUULUII188 1 NE D uTu

JUN 5.26 uanansiUSeuiiuanwaEUaIiILTE MR TN LIUULUST 8o N AL T U

q

100 |
—8— EA 110%, Air-staged porous Media combustoJ

1Y 1 —4A— EA 110%, Conventional staged air combustor
80 SN AT e Y e L L RS L
70 A, A SO SR N AR F A ey T N A O Ry R o . i S

NO, concentration at 6% O, (ppm)

30 T

LAMDA

2

LYY 1

1 [ S o
AuFILUULUIIgo AU Y

0.96

JUN 5.27 wanansiUSeuiiisud3una NO, senineia Jaanguluuwusaneeinaduluy
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SNYULUDITUNITENINIUAITFANTULUUBUIA8DIN AT WTUA UL U U LU

q 9
I

fd']ammmﬁu%’juﬁﬂmLamﬁagﬂ 5.26 1R8I0 UUTTRTDIUUIALAT AILRUINITTIY
anedientu Innstisenmelusuadudaiuiam Fwsuuiludnisyhauediefuien
LUUTLUA (Swirl-induced burner) uinafunsaiidumisuesnssrgeniavesiaavialy
ﬁjﬁmmnﬁ%mmdwL%aL‘wﬁaLLaz'gﬂmwmﬁaLmiﬂﬂié'ﬂwmzmqmw Jeilvinsuan i
sewivomatuidemdaiatuldlifuaglifnsmyudsuiglodensluiunniou
MANNTVBI LU LMIUAN LielUFeulfisuyTana NOy unasgiu O, Wiy 6 % wang
gy 5.27 TnguSuiUasu A wihiu 0.0 0.5 uaz 0.96 AITIUSINANB N AARLLAWYINAY 110%
INNANTNARDINUI IR TaanIUTUTUI NOy ag/lutae 37-45 ppm Uagtiaendniam,
wluogradiuladn arnindu NOy UTeLa prompt NOx LWiwqmmﬁﬂmmMﬁﬁmdﬂ 1300
‘c waglidflesduszneu N Tudends SnfunsTasnguilfiAanisnszarsanuiountis
ashiaenmoniaisalilifnusuilgungiigs (hot spot) wageingiiwamnialuly
Afedlifinsmuisunialedumieuiummyunsill Suili No, MiRaTuiusum
a9

5.5 agUnan1ineasy

miReildunsinvaussousnsunlndlunduseavsnimnisulvgl nsnszanes
GumqmmﬁLLazU‘%mmLLﬁ”aiaLﬁ&)ﬁﬁ@%ﬁﬂﬂmimﬂiwﬁmmﬁamﬁaﬂwgmwuLLU@ﬁhammm
Jutudmiudends LPG auaiidaniuiouvesiunnianviafu 3 kW Tngvinsdne
SvSnavesUSIaeNIAd ALY 110% 150% uag 180% Menisusuilasumain
NJUVBITAANTUYAY Smm 10mm kag 20mm AUaIeY

FoisTinmeniadiuiu Sedaemluudnzriliidunisgadsanudeuainms
wilvd usgnmpimawalvdiesiuninduiigatu wreiennututhudenismguoy
donq meluterhsesiagngu vlAansuaudufuedisfissnnamsisunazuialods
Younaziinnisyednluvesveswauminaueilosnnnalnnstiousuiouresuialodetou
Jounusnalaedounaudduniuasiunmenalanisiiuaznsunsadanuseu diwa
TsUSanas CH, Senanas Tuvaiedl USuaas NOy Sandiudu mumsifiuanausveswosiva
SnviaBvswavesn e vHlUI AU NSNS syl guTinmuanesiuen usifs
nsvihunsiinSnaemediuiuniuly (@niedauiu 180%) avdanalinnudouain
m'imwlmﬁq@LﬁﬂiﬂﬁUU%mmaWﬂmﬁLﬁuwaa FafldvdnauinnitnisuanUaoend sy
\lean1ndnsmsnaniigeuaznisyadnlniasiase Ui CO wuhilenfintuidesan
sragatuN s ndilddiesels Co vnuansenanewdu Co,

@mé’ﬂwmzﬁﬂﬁ’maqﬁaLmﬁﬁaqmmﬁmiLmluﬁmmzﬁmﬁ@hmm’jw 800 °C
melugas 100mm nuRunszaeveman wWeiunstuduitnswilngdasinuedis
wfe NN IULHI TN TURABAAINLEIYBITINT uaﬂmmfwudwmmmwqu%ﬁa@muﬁma
sotafusnnns ldngluimianniu lngn1sanasvesuinianniuinlivesinaes
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Taansuanas dwalioaumgiinazUssdnsamniswnlndaniiasaenndeiun1sanadves
USuna GH, wag CO muanu
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Uni 6
PANIUINUNYTTLA

(Waste vegetable oil burner, WVOB)

a o

mAfeivnsfnuanssouzvesianhduivldudy HngUsvasdudnifieannisldin
uianasilunisusznevenmns Wunmsanfununisliidendueadia nvsannisihiifufieldudy
ndusmaet HeithiufindelimninduinusznevenmsedenudssdenisnelmAnlseuzige
¥ osnluthiufielfudaiinnduarlésndiarsfivionsiSe (Carcinogen) a9 2 ndu fio ayyadase
(free radicals) uaglneondu

susnthiufidlduddlsihmedansasazessinfusensldlothnuiuidauswiugs

Y
&

lothasimazesshifufifliudmieusunmmvienhomeildluniswlvifedeudigin Snvis
loth&sfdutevhanuazenidsluneiiesduszneuldlasaululunavesiandiluudsesnen
mamﬁuau‘luimLaqamau%améq TuuiAzenTliBondn Water Gas Shift Reaction Fetgussiniioym
vosninasuinaifinainnisirlndisuildudtacld ludumaianismnlud wndld
UspndliTagnsunteasaadosamwlunsiindituieliud sazldanusouiiintuniely
Faquwuasralothliuien

6.1 89AUsTNBUY LN UNY T HRA LAz AN NAaBY

6.1.1 29AUTZNAUVDINTUNYTY LA

(n) (V)

1

U 6.1 nsfuiialund (VO) (n) wagisiufialduds (Wvo) (v)

o A
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A15199 6.1 waRIRIAUTENBUVRINTUNY It waz N TuNYldwan

Properties | Vegetable oil (VO) WVO Unit
LHV 37.0 36.0 MJ/kg
Viscosity 0.0489 0.0543 Ns/m’
Sulphur 0.08 0.01 %(mass)
Carbon 76.92 76.35 %(mass)
Hydrogen 12.64 12.42 %(mass)
Nitrogen 0.55 0.51 %(mass)
Oxygen 12.0 11.68 %(mass)
Ash 0.006 0.005 %(mass)

v
o w A

dnwagnINMeNMmLazesRUsenevvasiduiivndduidunvlduaiuansiaguuarasned

6 !

6.1 perUsEnaUve Ui ATy lndnsraTnd ngJmsaqﬁaLﬁaﬂfﬁ%%’amﬁmmiu
MAYIAINI ST aaiumaAlulagnszeUNaNIIRUNNITaIANTEUS InenTaAssiesAUsEnoy
CHNS wpatnsiufialduduaztnsuiialvs eueesn1981A 199U (Thermal Conductivity Detector, TCD)
Jugunsalnsiadn Mdszseznandnsziszana 10 wiiisesiegnauiuia 5 me d@aunsinsizi
p3AUsENaU O Yessiuiisldudnastsufivin WunFwsgsiuuunswlnfuuulnlsiada 149
ARSI 8-15 Wt Han1sAszsinUIiTuReldudn Trnnudeusuazesdusznau
YeASUBUYINAU 36 MU/kg wae 75.6% (aetimidn) anugnsy ?zfqé’qmﬁﬂ'nqqLLmﬂmqmﬂﬁﬁﬁuﬁ%
Tmhdntios fedudadunsianzaslunisynisfuieldudu i dudomadmsurinmns

6.1.2 dauuszneuvasarnsuielduga

Funifufivlfudasuneuddunss hdssndldvdnnisguinduiivldudlasldyaun
amaudou Sumnufeuiilinnnisunindufaueadia ioananuniavesidudeudeuiuiiia
usdtugs vuulesazeasihifudngioanlng feguit 6.2n Fimnguiannsowrludiituialdud
wenildegadeiies uiiidgmiintunasedne Wy nswriviiistuessldfiaios dhtufiald
wduleldumnuieussiinuiddmaliAnnisgadunieluinds grunisiauresiwiAeutng
waulawfisuiumufasfulagnsnevaussiensvisiseiities wuamsiluligmdinanie

e Jgyymnseaduveainnduneluiige vindeslesussendldlounlunisaiieles
aveaiu wazthvnageanhduingviosn vl ununisasislesazessiniuig
ANSNUKIUITAN
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o Joyvnswnindegalifiiaiosnm uilulaensuszgndldTaamsusiiadananegiiin

e 2 cm - wgslunisdsasunisialugd indhiduiiganizvesgrudal
(flame holder)

Aatiudaiaw i dduiyldualusunldnaaeulutagiuuansdegy 6.2v

Oil vaporizer
Porous media

Oil nozzle Water vaporizer

(n) (2)

[

sUN 6.2 Mrnduiigldudineunisusudse (ifiTaansw) (n) wagiamduieldudy
JudTaagniw) (V)

a9

Julag

ffvosuuauazmadansinndivesiiminiufinldudisutagiui Idszendunainiaen
ursunaraATeifsfuns mimeluianngu lnesifveswuinresnlvsineludusihugudnans
10 cm uavvuiavisu i TaanuduRuaugnang 20 cm (Porous domain) 8719841191NUUIAYB
wufaneaiidsu KB fsguil 63 drufiinnugeuna 15 cm $19893M9NIUINANLGIVDIR
aavesunsilunsguinsuiinléuda fgndeusousewailiitldarnnsinlnd Tnganunsnagui
ANHLANANYRITRYA TN IELATENTTONE NS M sE eIt ui s ulag T Tukdves
darmmanndaau wadansairsdesazens msteuomaililunisinlniuagimaianisiulvl
LARITINTII 6.2 Tuﬁumzﬁmmmaﬁaqwquﬁm%’uﬁaLm‘fwﬁuﬁ%iuﬁﬁ]ﬁ;ﬂ’u Jurineafiumsanay
yunm 2 cm Wethussluiesnlndfimanunguviniu 45% viwihiasadosamlunisinlnd
Tngdadanannasnindidewmdueaiinigluiumn fagwsuastinegilmssnavauin 2 cm 74y
nsudnfinglalasiau [1]

20 em
Copper tube (lt}—cm)|

15 em

KB5 LPG bumer

[D 1 )
| I | 1 | |

JUN 6.3 wana divuavesisndduiivldudisunuasyavaainguundiunaldieg
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A13199 6.2 LanINSIUSEUTIBU YT N IELaYaLTTOULN TN N TE NI TUA AU NN

sutlagiu
Item and researcher Pethnoi B [2] Jareansuk, N. [3] Current WVOB
Firing rate 3.5-6.3kW 2.43-8.5 kW 13-59 kW
Shearing force from steam

Type of atomization Oil nozzle pressurize Oil nozzle pressurize

nozzle injection
Feeding the combustion air Natural air entrainment Natural air entrainment Natural air entrainment
Free flame with palm oil Free flame with palm oil Ceramic ball porous
Combustion technique
preheater preheater media

swaBendiuUssnauresiamitiiufivlduds (WVOB) uarsunaniniafavosiadmingiu
fildudnarlovuansiaguit 6.4 Fundlduszgndldinufaueaia KBs viuthfigutagwsuliiou
us euEATN AuuuTesnuiawoatIindsieslndvasiamn Feawludvhanamuaad
anwaewNIIALEuHuANgnat Aeuen 20 cm dusuaugnaenigly 10 cm ds 15 cm @9
wifaveainn v mouenwafuseausfiafiedosfunsgardeanudou neluvioailnga
WIUQNUTIYIE TARNTUog i msaNauvwIn 2 cm Seeiuuuudase (A1nnunu 45%) uena il
meluiesninhaumuivsrmaintiialodvhanrenssunsnaduhugudnarsuon 5 mm
Andeiudundeaseuununanstesieniniivazgndousoufeaansunssnau WoliiAnnis
wanidsuarudeurnmsunlnituilurnaintuinled wdsledfllilunszuaunisedarades
aviiawe lothilnanldasgnddewiumandiidnuus Judadousudsgy Waatulusudedlei
shinduuengniousheiniufivliuds Teedsuivldudninndagldsundamenuiouanlomd
figumpiige Fadunsguihdufieliudnilimmsminanas foidunisisduatuandnumeosnis
asevavesshifufinlfudliiussanBamity levhasshmihidneymavesiduisldudde
usndeu indudesazeasiiiy Tmuusumedlethasfuimwresareesidufivlfuduazinieni
omaildlunisinlvgl Wadhgununansvesoatsnigd
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WVO line

'l‘ D 'T-T" —— 7 H
.m ] Water line
m‘ et #*n;«é
T peladen, |
’(' ey @l
| i

LPG supply for
start up burner

A

f
o ,’ "“'— Steam and atomized WVO
I

N 7 +— 'WvO

Steam and WVO nozzle (9)

Compressed air
Water

- supply
1) 2 bar pressure water tank 5) Porous Media
2) Water rotameter 6) Water evaporator tube
3) WVO rotameter 7) Combustion chamber
4) WVO tank 8) LPG burner (KB5)

9) Steam and WVO nozzle

JUM 6.4 uanesgazdendiuysenautewimndunyldual (WVOB) wazguuanininmn
voshamhidunyldudauazlou (4]

6.1.3 myianagamgiinazufaledeilldannnisianlng

SUTl 6.4-6.6 uanssEUUMINIAADUANTIAUEYBITAR Ul fud mAde us Ay L DIN
EN 201-3 wagsunisingamgdl Tunsmaaeuvhnsuuasudimaeadeuditeuliunmnuas
Uninahiflflunisadileth eumpfiedsfildannsunlndaiovmn 4 sumisiissduanugs 7.5
cm NLAELATA KBS nsininsmiewuwesingumaiivilamg uanwkaniggunsaldufinug (Data
logger) AINULIULT =+ 1% LLamﬁagﬂﬁ 6.5

demswnlniithganinzasi Buvinsifvtuiinudalededldainnisiwlugnng 1w
\uszogiaan 30 Wil Aduniimsesnuesiaimn felaiesilasevissddsznounialoide (TESTO
350XL) USunau CO, O,, NO wag NO, fivudinle AT indneadiRassnslunIos duuda CO,
AwIAINLAE O, Mns1aTald ANt UE1909989115752930 O, USEanl +0.3% Tuvnefiuia CO
uay NO, frusiugiveswesnmsaiauszanal 5% wansaouifisuiaiosiianziesduszney



The horizontal positions of thermocouples
(Top view of burner)

20 cm

Ie 10 cm 9|

wialaldsuwanenanisnan 6.3 laguSen Entech Associate Co., Ltd, Us¥aNSAnwn1sinlngiveaiia
IAUINRNAUSHN CO Akaannsunlng

The vertical positions of thermocouples
(Side view of burner)

A

15 cm

Dimension of porous domain |

UM 6.5 uanwhuiainsineamgiiufanlaanniswninduasifvunve e lndianniu

Water vapour tube

=

45

- Gaszf}nalyé'r co
=
[} | 0,
0 0O O] N
eI0D0D NO:
o ¢ |0 O O

.

Twatcr

R
Hood
I
Boiling vessel
WVOB =
Steam and W\'é nozzle \-""\-t/h
Rl denliate Air entramment

Natural draft air

5UM 6.6 UaneInIgIuN1INAaeU DIN EN 203-1 uazsumisinuialeidy
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A1519% 6.3 LARINANISADULTIBULATDIILASIZITRIRUSENaULAALBLEY (TESTO 350XL)

Standard Standard value Reading Error Allowed tolerance
02 2.48 % Vol. 2.52 % Vol. 0.04 % Vol. 0.21 % Vol.
Cco 308 ppm 310 ppm 2 ppm +21.0 ppm
NO 158 ppm 157 ppm -1 ppm +8.85 ppm
NO2 84.0 ppm 83.5 ppm -0.5 ppm +4.3 ppm
SO2 101 ppm 100 ppm -1 ppm +6.0 ppm

Entech Associate Co., Ltd.www.entech. co.th)

6.2 NANTISNAFDULAZIITAINANTITNAGDU

aussouzidasiuresiuniduiinlindaysedunnguglinisunlvdaslufagwgu
Uszansnmdernnudou dnvavendaalniiinonnswansl fredilaannnaswalug (O, CO way
NOy) warusednsninnistenlud lnausednsnmdennuseutazysednsanniswilninadasu
meliiAseu (Hood) masnasgtu DIN EN 201-3 fawanslusuil 6.6 Tunaiziidnvazvouuadlviiy
NavaIzTnsAaesLuUIallnBasy (Free flame) gaunisviauwestamunsiuiieldudanansly
giJLLUUGUaqmizmm%fawiaﬁuﬁwﬁﬁmmﬁaLm (Norninal thermal load (kw/m?)) iitalwanunse
thludseyndfumsvenguuinesiiiasnsnisiilndifeisnnunsand (constant velodity scaling)
Imamﬁ‘fié’mwdammmmqqﬁaLé’umu@uéﬂmwmﬁum (H/D) 157 0.75_Fslunsvaaeuladne
é‘m%waﬁmq‘ﬁé’qwam’aamiauzﬂmmiuﬁsuaﬁaLmﬁqﬁ

®  FYTNAVDINITLANUSDURBNUN VLN ARV ANN AN AR DANTTOUL NI TN IV

LT UNYIBLAY LD ANYEIUAITVINUUDIT I

BNoNaVeINSUSUUREUDR TIN5 UaUUSUNUUIADANTTOULVBIW LN LBAN®INS
anU3unauvdiiuay CO MAnTuINNITE InBueINaINNIAnUfA5e) Water

gas shift

ﬁw%wammﬁmﬂmwmmmqwiaLé’umu@uéﬂmwamﬁaLm (H/D) Ndsnase
aussaugNsigiva iUl dwal Tneusuandenisiiusseeialuni1sLkn

Il Ul eI vD I ILHN

HaUlUNSNAADUANTTOULNNT LN LIV NN TUNY L TR LARNIFINITIN 6.4




119

AN5199 6.4 LAANINAUIUNITNAADUANTTOULVBIT I UNTUN T

Nominal firing rate Water W/F H/D ratio
(KW/m?) flow rate ratio
(kg/min)
Effect of nominal firing rate and water flow rate
325 0.16 7.6
0.20 9.5
0.22 10.5
548 0.16 a4
0.20 5.6
0.22 6.1
1,065 0.16 2.3
0.20 29 §"
0.22 3.1
1,186 0.16 2]
0.20 2.6
0.22 2.8
1,475 0.16 1.6
0.20 21
0.22 2.3
Effect of H/D ratio
0.75
325 0.16 7.6 1.00
1.25
1.50
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6.2.1 aaungiln ndiiadeneludaanunazUssinsnwideannuiou

1000
950
900 -
850
OG T T T &
g 800 -
~= _
g 750
é‘ 700 -
S
650 -
600 - — Water flow rate 0.16 kg/min
—&— Water flow rate 0.20 kg/min
550 - | —&— Water flow rate 0.22 kg/min
500 T T T T T T T T T T T T T
200 300 400 500 600 700 800 900 1000110012001300140015001600
Nominal firing rate (kW/mz)
(n)
30
—O— water flow rate 0.16 kg/min
—F+— water flow rate 0.2 kg/min
25 o —4— water flow rate 0.22 kg/min
g
z
2 20 4
2
£
>
E s
2
[
10
5 T T T T T T
200 400 600 800 1000 1200 1400 1600
Nominal firing rate (kW/mz)
()

sUN 6.7 uansgamgiwlviadenigluannsu (n) wazUseEnSnndanusouveaiam (v) 1
ATZANUTDURDNUNUTAAVD AN pUSULABUSRTINTIMaUYINAY 0.16, 0.20 tag 0.22

ke/min



325 KW/m”

548 KW/m”

1,065 kW/m’

1,186 kW/m’

121

1,475 KW/m’

sUN 6.8 uansdnuazrasUaluilaannisialndnszanusouse Nunmtfnve i H1LaE AT
893111500 ULUNAY 0.16 ke/min

Temperature (°C)

820
—8— Tat 325 kW/m?

800 7 v —A— Tat 548 kW/m>
—8— Tat 1065 KW/m>

780 y g —%— Tat 1186 kW/m>
—€— Tat 1475 kW/m?

760 1

740

720

700

680 : . . .

0 2 6 10 12
W/F Ratio

(n)
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30
25
o
< “a
>
g 20 4
)
S
=
L
1 .
§ > —®— 325 kW/m?
)
= —A— 548 KW/m>
m —B— 1065 KW/m?
10 - & 2
7 —%— 1186 kW/m
,,o’ —— 1475 KW/m?
5 T T T T T T
0 2 4 6 8 10 12

W/F Ratio

(%)

sUN 6.9 uanseamaiivinindindenieluiagngu (n) wazUssEvENNTIAUTEUVDIT AN (V) 7

Y 9

ANTEANNTDUADNUNVTIFAVDIRANIATIG) IDATIAIUUTUILNADUINALTDLNGS

sundifuirldudaanunsowlndildedaraiilos veuldlugiunisganuiouds
fufivindaesiaun 325- 1,475 kKim® aussougnisiwnindlunigumgdunlwdindonieluta
nguLARIFIgUT 6.7(n) druszdvsamiBsmnFeutesiamlanifaguil 6.7 (1) fnmszarmdou
soufintdaremiim 325- 1,475 kw/m’ lnsluusazidouluusuiudeudammsivataiiu 0.16,
0.20 uaz 0.22 kg/min MnNHANINAGDUNUIRIMYIN S InlladuaneluTanmyuilanniign
whitu 810 °C finszanudouseiufinddavesiaumn 1,475 kKW/m® sasnisileuletvify 0.16
ke/min Ancdusnsduusinanihsedsuantemaniiu 1.6 dndszansamdnudeunuinda
Aigalutisgunmsvianuesiannge uananEnuInIsfingnsnslnatian 0.20 - 0.22
ke/min dwmaligamainiawlviiandandntosUszam 50 °C fimszanudousefiufivingaes
s 325 uae 1,186 kW/m” fagu 6.7(n) Lesniideulvillethanunsaasslesavessthifudild
uilfegfnagiiausuussesluausisnnnefiazmieniemedlflunsunlnivezdesazons
ihifufieldudaudngennlng vesiimuasiianinanindogagunss

HBRANTUIBNTNAVDINISUSUABUENIINSUBULIRBUS L ENSAINLTIANUS DU INNNANNT

A v X A v o ) | ° 2, a a
NAADUNUINNITEAINUSDURDNUNNTNARVDIRURTUE 1 UAN (325- 1,065 KW/m” ) BnSnavedans
YSuasulSunanindwalantisusaUseansAmidennusouaannansiuusuial CO LandnanIsLan
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nawludfegnafiniglutanmyu fuandugu 6.12(r) usdvsnavesUsutanhdinszvuegnazuuside
naifisduresUTina Co enszanufeusefiufiniiiavomiunlugiugs (nnd 1,065 kw/m’
) aenndostumsanasuestseavinmninaing wandiifudusnisufieldudadannsariiou
Rlugrunswlndiinlaiiiu 1,065 kw/m® ldwangausunismnindlugiufiganifiiiosan
szovhalunmnindiidufitlfudnelutesmnifaamsuilifismasonisiuinienves co
wnlwsireiiiesnaraidu co, Faziulgdn co fUSinauiugufignunsianlngdinan aennday
nsdanaiudadlidndeseifaniswnnsiogisguussusnviosinlys uanafaguil 6.8

mn;;ﬂﬁ 6.9 (0 waz %) LiefiansanAnuduiugsninddnsiduusuiaiireUsina
Fouwds (W/F ratio) fumszanufeudefiuiiviidnuesiumiidsmasonisnindnui gz
m'amiﬁwmmaqﬁaLm1‘17imwm’m%fawiaﬂﬁuﬁwﬁﬁmmﬁaLma&ﬁushuﬁﬁ T3y 1,065 kW/m~ waw
A1 W/F ratio denaglug1ugs ﬂmmi‘wﬁ%Lﬁm%uasjﬁqauyizﬁ U3 CO fanen uanslidiuin
ﬂ%mmfwﬁi&éﬂumiLmﬂﬁﬂﬁmqq%ﬁmuﬁhadqLa%mmiLmiwﬁmmﬁm,mdqmaiﬁtﬁmuaﬂwﬁ"q Sniadla
vilkanuanunsalunsuaniUasunnufoussnifalededeutunivusimeaouintuldesan
dwaliuszavsnmmaunlndiaigs wlussstutademssarusoudeiufivindnuesiumagly
gugannNT 1,065 kW/m’ uagel W/F ratio daneglugusta nrawlndazidntuesidliauysed
desnszeznalunsuniviiflifiosnenasysuiaideulduimsnnate dunissueanisinn
IndiAnnisgadennusouainmsianlng

nsnedoUaNssaur T syt iuseansnimBsannufeuve whndnsuiivlduaad
VAFBUAIUUIATFIY DIN EN 203- 1ImsmﬁmumJLLﬁ”aiaLﬁaﬁléfﬁmmiLwﬂuﬁé’wmmau (hood)
wanaasy 6.6 Twdnnsduindenmeldmiusuussennia (Water pool boiling method) Tneth
mwmauwimmmiLmﬂmﬁlﬂmmﬂimm 3000 g wﬂvimmaiumﬁuuumammumeumﬂ 35 °C \Ju
95 °C szmam1iammmmmmwmauaumammm (sensible heat) mﬂuuﬂaaﬂmmmammmaq
Husvavinan 5 wit Sufindmiinvestimdamsmagou sgviliaunsamuSinaniisymenanoidu
loth Tutuneutiavannsomunnsnaamndeumsavesmsnaaduletiald (atent heat) Hasiuves
Apnufounsassilduaudeuiitnlasunnuialods e luisufuaudeuiideuldiuim
szausoUsiuUsyavs B ianefeuewiantntuiitldudl wanmwaunisi 1

xW.

(Cl’,water water X AT )+ (hfg.vapour X anpor )

N =

. x 100 . (1)
m g X LHV ;0 %1

total

aunsifnsaamendinuauieuvesialodefldlunsdudiionsiussylunsus
wirduldfaandinuanudeulunisadisledrildluszuvuasluu§n3en waterss shire Tudilid
UszAnsanmdsanufeududvifivavenisuszdnsainlunisidsugundeay s?fﬁuasgﬁ'u
Awansnsalunsiasusundssaiidundanuenuieulunialodouagmsmeloundsauay
Souluufialodoguilunious

JUN 6.7 (1) UansUseaNSMMBIANUTOUTDINIHT 1A152ANUTBUABNUNNITNAAYDIRILHT
Aee WelSulldsusnsinisluatnindu 0.16, 0.20 waz 0.22 kg/min IANANITNAADINUT



124

UsrAvsmmiBannnuseuiimanasmunisifiunszasdeusofuiivtndauosimn dansifiunise
auseuseitufinthdmdunisiiunuanunsalunisvanuaesndanu lusaziioafunisniaany
YouinTuduiy Wesannluwusuresinglodefivunniy dwaldszoziatluniswaniasuniny
Sousswhwialodeseuiunvusnaaeutiesas Usunauialadudlvglvasendudeinisesn
VBIYANATDY gz’fmmaﬁqwé’amumm%umﬂmiLmiuﬁamﬁaiﬂﬁuLLﬁaiaLﬁaLLa NSUNSIEAIY
iauamu’maam (ﬂue gas and radiation loss) aamaaqmammmmﬂsmm CO fAudnwagilaaln
Afinnuernfiutununisifinniszanufouseuiniingn wuindadliiludmdowansdanny
mmuﬁumﬂimmmmwmmumﬂﬂﬁmiwwiuauyjm mgﬂ‘m 6.8 uaz 6.12 (A) Inglaniziinise
Aadeusafuivigm 1,186 kW/m’ wuiUSuna CO fiAgs uaziUailnen daalviuszansam
nsunlvsianasnuasu Wuluauaunisi 3

dlenmaouaussourvesmiuiinldudafianiozussenia (30 °C, 1 atm.) Wud
UseAvsnmdsenuSeudiiunniigauaginfiaainiu 28% wag 7% innszauieusofiudiviigs
325 uaz 1,475 kW/m’ 8nsinslnavesiniilduanletiwindu 0.16 ke/min mugdisiu uenaininig
USudsusnsinisinatiingu 0.16, 0.20, 0.22 ke/min liresdwmaneUssansamdnudou
uangnagy 6.7(1)

50 2000
45 1 - 1800
40 - - 1600
A A )
Sk - 14005
g 301 Z
s - 1200 £
<9
2 s :
o ' - 1000 2
E 20 4 ////// gl)
5 =, L | - 800 £
,,,,, - 600
10 1 & —©—- Thermal efficiency
5 - —-A— Average temperature 400
0 T T T T T T T T T 200

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
H/D ratio

H/D=0.75 HD=1.00 HD=125 HD=1.50

JUN 6.10 uanaBvinavein1sUTuUAsudnTduANUgIialduuAUINA19YRITLNIRN 0.75
1.00 1.25 uay 1.50 soaussauznIsinduasiamm
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U7 6.10 wansdviEnavesnsuuasudnnadiuanugseidusiuguinansuesiamn (H/D)
27 0.75 1.00 1.25 uae 1.50 deaussnugnaulndivesiamthifuivliuds nsususnsdiuania
aeoidurinugudnansve sl uansfamsusuasuanugseseannnifagmau Tnensnaaou
Fondeulafimszenufouseuiiniiein 325 kw/m’ Sasnislvavesthiildudaletiriniu 0.16
kg/min AnfusnsdnUsinanihreUinademdaintu 7.6 Wesandudevledilgnanisnaaey
UszAnSnmdannusoudfian arnnanaaeunuin Uszdnsamidsnnuieutazenmainaensly
Sagmyuilangsiiaaintu 429% uaz 1050 °C auandu ASnsdmmNgeodusinuguinatsveri
w1 (/D) Wity 1.5 uenainiimuiniszdvsnmdsanuieusaronmgiiadonigluiannyuiia
dududefindnamanugaioduinuguinatsuestaum insgihiisasdiunnugedeidukiy
audnanswosiuniiangs iunafiussezanisuaniusswiseiniauasdomas vilidssozian
Tumsunlndineluriessnlysifaansuuuiiome ndsnuanudeuigydslusvesnisuiiadaiy
Souanas MndusdunuEBduRILRUENa eI TiA s dsneiuiUailingneonin
wrlnimeuonsieanlvsifagnsudauandugui 6.10

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Qr adlation

Vaporization of
WVO and
burning some
WYO gas

! ]
The 1* combustion zone

Atomizing WVO
(liquid phase)

IJ

TR
@,

a I
10, Atomizing WVO, /

Th nd
Steam and Air e 2"° combustion

'
]
)
) zone
]
'
'

mixture

Mf
B ’
s‘:‘\‘ | ,'l, L 4

R ."u Atomizing WVO,

Steam and Air

mixture

' ' 1 i
WVO ! . ! !

entrainment entrainment

Steam inlet

UM 6.11 wannalnnisenlnduaznisaremanusounisluiimiduiyludy

sUTt 6.11 edusnalnnawnindimeluioasviiannsuresiunnthifufisliuda didufis
Tudgnieuruidafifidnuafunsinszuendeuiu fiduruguinarafetunansiagud 6.4
(4] waansululdlunistouleih Inglotlussuunanannisuanddsuanufeussrisufateusin
nawivsidemduendil (Fufuaslfuoaditiudemasaslunsgafnl gulifanmsudouuns)
wazthmelurnaasidaleddidadsnelutesn i fanmyu duidatuuenldlunisdeuthiiy
filduda elothusefugenuinusadily suinvedletharatusadoudnoymenosihiiudiald
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wdliudosazees Asddguasiuniuiifegungivesledrdidwhnigunainisifaiines
ihifufialduda lwliAamaheaduidamioutuiumgui lusuiuvesletias timides
aveosthiufidliuduasmvienheoniaililunismlve Bamsuauuazeqniadifusening o1
dovazeasthifufinlfuduarloth udrgiosnnindununasduluvosiam 1" combustion
zone) TpINANTEIIN NI Haaroasintufinliudrazgnszivenataifulovosihiufivldudn
niulevenisuiinlduda onauarlethazgnasinvilfiAnufisenisiwlndaegluvoaslng
iy frwiigamninlivunazgnisduliinadlugunsanngu (2" combustion zone) 1AnANITLAN
Indfognaguusauazdeiosnelurosiiswesiaguyu armdeuanmsawilnsiuisdiugnatenany
Sousthasiaiiles ndugvioarnlndiununarshenalnnsusssdmnuiou ihiidandeuneluieann
Infununanfigamgigadivme dwmalvlesazeasiuufivldudafidnulmignvhssmeuazgaialy
aemannlian SnvndsunudeuiinandhssuennatouninalugiEngs wWenalnnisuwlsl
warnsuissEnuSounnurs Taamsugieasivaiununansintuegaeiles Wnufaueaiiday
ngavha (Muszsznaiiduiaseafitlunissuaamguldsrzinauszann 5w nsasldity
feluduiiesegnafgrlunsiniunuresias aavhendnsasifiAninnswilulngluo s
Inaanguazgnintugiuuumesiamdmividlunslienufeulunsussnevemssely

6.2.2 USunauwialaldeManduainniswn wsiwazUse@ans nnnswnbug

0O, Concentration (%)

0 T T T T T T T
200 400 600 800 1000 1200 1400 1600

Nominal firing rate (kW/m’)

I Water flow rate 0.16 kg/min
3 Water flow rate 0.20 kg/min
I Water flow rate 0.22 kg/min

(n)
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NO, Concentration at 6% O, (PPM)
N

8 .
6 .
4 -
2 .
0 T T T T
200 400 600 800 1000 1200 1400 1600
Nominal firing rate (kW/mz)
N Water flow rate 0.16 kg/min
[T Water flow rate 0.20 kg/min
I Water flow rate 0.22 kg/min
(V)
4500
4000 -
= )3 T
ﬁq -
& 3500
N
al
O 3000 A
X
o
2500 A
=
2
S 2000 -
=
5 1500
g
S
o 1000 ~
&}
"1 i
0 T T T T T T T
200 400 600 800 1000 1200 1400 1600

Nominal firing rate (kW/ mz)

I Water flow rate 0.16 kg/min
[ Water flow rate 0.20 kg/min
I Water flow rate 0.22 kg/min

(m)

U 6.12(n-A) LaAIBVENAYRINTEANNTRURBNUNINTIAAYRITIKFBUSIM O, (1) NO, (¥)
wazUsunal CO (A) Welsudsusnsinisteudvnhu 0.16, 0.20 wag 0.22 kg/min.



128

97.00 T T T T T l I-ﬂ

200 400 600 800 1000 1200 1400 1600

Nominal firing rate (kW/m’)

EEE Water flow rate 0.16 kg/min
=" Water flow rate 0.20 kg/min
I Water flow rate 0.22 kg/min

JUN 6.13 wanaBnsnaveInIsEANTaudeiiuInidavewwReUsEavEA NS vl 1o
Usuiasusnsinisteutawingu 0.16, 0.20 uaz 0.22 kg/min.

SUTl 6.12(n-A) uaneBuBnavesn1syAILSausoRuTntARvoITaLLT (KW/mD) fousann
0O, , NO, uazusuias CO dleusuasudasinistdeuturingy 0.16, 0.20 wag 0.22 ke/min. Agil
danaumnugsetduihuguinanaiasalrindy 0.75 mndeyaiilofinnsanyiuia O, ndinsiNn
Ingddsgy 6.12n wud1 O, dmegluyas 12-15% fismsnisinath 0.16 ke/min LavdAnfiutulugig
15-18% Lileufindnsnisivavosindu 020 ke/min wonanidmuiuiinm O, firgiian
Useanas 21 % lndfudsuna O, luussenna fisnsansivati 0.22 kg/min A1nToyanInaInuI
aFsuSsEInemszaL S ouse Tt ERue s AuUS N 0, fifluussifufimsiansan
famalduiueuvesdeyafildnnsmaaeuiusmiiduiivléudal orefinnsanld 2 Ussiduie 1)
ssnthiufidldudsudlfommanludimemauienilassssvfivesduaudulod fadudaded
laansaeuesils 2) euliainanelunsuandusgnaiudalaideldanniswnlnlfuonadau
flapaiuinasuminaiaufdleids ddumnufusiiamnsaduamuiinaeinafigninieni
¥nesdusznovvewialedendsninanivg wiufiddedoRotuuiimuemeanieiliody
YoUIANISANY eI TS

ofis maunlndifemamaAatumeluiumn SeulunsvinuresiaundideliAnuail
gavgaeeeniUeniili andliduiwiaemaililunmsnlwihidemesonismnlnd 3
mngdsaruannsolumswienioniavesduisletvhldlid melditeulunishauresiamn
ihifuiinlfudaianansnagliumszenudeudefiuiiviindaiuniinelmaansulndifivadludu
ogaeluiunnAegunsinauindy 325 kw/m® dnsdrunnugasolduriugudnatasiaen
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wiriu 1.5 wasdudeulaninistdewinludnsnisinasiqlidwaseassuousvesmimndaandlugy
6.7-6.10

aussouznsndiesidnuilsUssduimsinnsanfensvanUdesuafiviiteulunts
r91usevesiaLan Tnsusinasadivlunuideidiinisvisuiisudsuiasgunisifenns
(Normalized dilution) ﬁmmgm 0, Alganmswaluivingu 6 % UBYANUUIATFIUYDINTY
UanUdesuaity [5,6] msimesililunisiumuiunumnsgiusananuansdaaunsi 2

[Emzsszon](,% [Emzsszon(zfi—_[oi]] @)

SUTl 6.129 uansdvBnavesnszamnudourofiufintidaesitaan (w/m’) deU3uim NO,
fanmsgu O, Wity 6% nwanisnedeunyindoiunssanuSeuseufivindnveiae dewa
T3anas NO, indudnties TneuSunm NO, fiAnvheglutag 10-40 ppm Masgiu O, Winfu 6%
dleRersananudnasnetin NO, 31NN1IUHATETUTENINE N wae O, meldnsiunlngdsialy
waamuindaulnguda NO, Maadumeluranninguivldudiurasdusiin Prompt NO, uay
91995 dnaLUDY Fuel NO, 151z dUsynouvo sl sl N Usvanas 0.519% neana usilsl
fidadauves Thermal NO, ilpsannguvniigsgavesmawinsimeluannguilelaiiugnmaiinng
fewinues Thermal NO, tneialuuda Prompt NO, \inann1siufaseiuseninlalasasueu
Tuianaidn (Hydrocarbon radical) fu N, fiudbailndiuiadlwir)

nalnnsiin Prompt NO, melufasninsfuiieldudannsassurenalnlgsed doveway
serhadomdstuenmmgndeudngreaniiviununansagiianisssimeuargaanlridauiuinney
uenvesdudn ilesannanufeusnmstleunduienalnnisunsdanuseureuns sy a1nty
uRasouiidausnlvsllsinunaazijaingeanilvifannsutaziianisiulndirongaguuss danald
nmsiuTagwsuiouuasuasiiunsslnidatuneludosinefaangu ifadeanszifionotns
suussaninsoldfudaou wansieuianmouventadli (Flame front) Faduudinaiiaa Prompt
NO,

SUTl 6.12A wansBvidnavasniszanufouseiuiintdaveaiae (KW/m) soUiina CO 4
1AS§1U O, Wiy 6% wleufuiasusnsnistoudviiiu 0.16, 0.20 wag 0.22 kg/min. Asdl
é’mwd’mmmawiaLé’whuﬂuéﬂmqﬁ’;Lmwhf“fu 0.75 AANANITNAADUNUIN UTUI0U co dAtos
mammﬂu 171 ppm finsy mwmaumawuwummammumfm 325 KW/m’ Snedanuin
Usinas CO lnuiindumumsifiunseanudousefiufivindnvesiien uandiifiuinszaznainis
wnlndaneludanilldifisaneluvifisensswing CO fu O, wrlndnanewdu CO,

L v 6 ! ¥ ! cgl’ a Y o CY 2 LY a a
ANUFLRUSIENINNTEANLSBURR IUTINTFRYD TN (KW/m) AuUseansnInnsm
Ingduanadagui 6.13 Usgansnmnisnlndiuinengnsaduenas19seninand s uiiimg
lpsuiundsnungandeluiuniswalnl CO Aendsundeuliunim daandluaunisi 3
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E, =[(E; — Eco)/ E;]x100%. (3)

9N3UT 6.13 nuszansamnsunlusfluynieulvnnsmaassiidmnnndt 99.5% finse
AuSeuRe UVt FRT LR auAg 1usauEs 1,065 kW/m’ wazUssansamniswnlugdiidianas
oenaiuladn emszanudeureiiuiinthdairniimuinninguginann aenadosfunisiiuty
vpaUSue CO ‘lushumizmm%fawiaﬁuﬁmﬁﬁmﬁaLmﬁﬂ'wqm’jw 1,065 kW/m’ Aasandlugy 6.12
A 1e9a1nTzza s ndvesvesnaunesludesinstagniuilliiiiesme Tnglunda
UszAvs s nsiasiunniluaziidainisielunudded mszdlefarsannisduna
UsgAnSamnisinlndauaunisd 3 WudwﬁumﬁﬁLa‘wwﬂ’13%mwé’wuiumﬁqzyﬁﬂiﬂiugﬂmm
W&suwesnisiasLia CO winthu ilunnsuseiiulseavanmaiswilusegnsine esaniidosin
madesiiedn wiluanuduatedesdinsfiarsanmdsuiigydelulusuremdsnueanis
nenulinvedlalasasuaumazlviime

2000

©  Nominal thermal load=319 kkw/m?
* 1 Nominal thermal load= 548 kw/m? .:S - 200
- £ Nominal thermal load= 1065 kw/m? e el

:

- 150

CO concentration at 6% O4(ppm)
IT, concentration at 6% O,(ppm)

1000 A
- 100
\ \?—ﬁ /,
0 T T T T T T T 0

16 17 18 19 20 21 22
Water flow rate (kg/min) x 102

JUN 6.14 uaninnuduiusveIUsuin CO waz H, MAnduainniswilng

@ (b) ©)

U7 6.15 uansUTunaniniintuainen ndifiieduifuavugidasinisinavesth 0.16
ke/min (a) 0.20 kg/min (b) 0.22 kg/min (c)
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gﬂﬁ 6.14 LanIANNANNUSUVDIUSUI CO hag H, FAnTuINATEla Weviansusu
Fasnisteuthuiiiu 0.16 0.20 uaw 0.22 ke/min in1szANuSouseiuiindnvesiaNIAeY
mnmamsmaauwu:ﬁmsLﬁmé’m’mﬁﬂauﬁ%%’waﬁwu danalnuSunme CO anaususuie H,
uty wansdeUSunanafivuazivianas deandsstunmuansUsunanifunivus Adiusuna
amaaaEJNLﬁuléf%’ﬂLﬁaLﬁué'mﬂmiﬂauﬁ%%’wajiwu Mitinandenadesiundnnisiin ssdUsenau
lelasiaululunavesihasidlundserneuvesniverluluanavendenas luufasendiGonin
Water Gas Shift Reaction [8] ewa"ssmiimﬁ]ﬁgmmaamiLﬁmimLsuahﬁ?iLﬁmmﬂmil,mlwﬁﬁwﬁuﬁﬂj
Tdudraalouananiagy 6.15

melideulunsiauvesiuantfufialudrguil arunsoaguldduamifufiaguid
annsavhaulaalugrunisvheuluging 325-548 kw/m’ AelimAnu3uin CO uaz NO, Wiy 171
uay 40 ppm AAANASTIN 6% O, nud1fu Usinamaiuiiftudidindnnnsgunislanddes
e wueInsuAIUANLaiy lagAmuaiUsuialsuna CO wag NO, Winiu 850 war 250 ppm Ay
UINTFIU 6% O, MUEINU TukivasUszAnsnmaanusaukazyszansnmn1swamdveaiaung
AU 28% wag 99.5% audidy aisuifsugunsinuresiunisuieldudaiuim
Fagwsuioinas LPG/NGV [9] wudriusntagniudoinds LPG/NGY fg1un19viuvesiimIegy
Turag 100-600 kw/m’ lunmzifferTouifioutsinasafuiifetussisiuamituialfudfu
Winuuadlngase (Free flame) nmegldsunsadnaidssiu nudiamuuuilaslndasediainig
UanUdes NO, wiifu 250 ppm BnvadlewUssuifisuaussausmstunndisywinsiamnnudivld
udaifuisnifuivlminuissavsamdieudouresiunnhiuivludiidoglutng 33-47 %
felndiApstuivaussoug s niidlasuamaAtevemhmminduiielfudaguinn [24] wiwamiy
fildudagunnasnludiietusgnslifiades thiuivldududolisuamusounafnsndsdmals
\Annsgasunelusidadlovhauldaudunau

6.3 MIUTLIUANUANANIUATHFAENS

5101918 LPG Tuusgwielvewindu 23 van/nn.(Uan. $100 (@nnaw) ansnserwandusinn
sowdanuldinini 5.02 x 10 vn/dlaga lusmeilsaueiduildudaegi 17 vim/nn. (W1
ndlesiden) weldlumsudniiululedua annsasmumudunadendsnulfvindy 4.72 x 10
* vin/Alaga Feufdmiduivldudannlinaununisld LG lunisuseneveims wuindnasig
yasmAwondanuldivintu 0.3 x 10” Bath/k mnfiansanidenlfismufansduvuiafidaninufou
27 kW Tnefuguiivszansnmilsauseuniiu Aadusaiiannseussudasodaluansrhanls
whity 3.0 v/, udidfunuuesnainskdadusuuresinmniiufieldudadiaiifu 5,000
U/ usimnsanlidianasn (Mass production) fuyuuess1AINISHAARULUU T
ihifuinludadaniiu 3,000 v/ ffuansofuusseznaAunulduitu 42 Su Ty
sy 6 sty
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6.4 d3UnNan1INaang

v fiddresimniuiivliudiudagiufonsldlethatslesazeesisiufiale
uduaziwmdoumieniomeadngiesnnlve lothdsdidmaislunisanusinasUsuim CO 4
Anduannswaldl Snvsdssandldtanmguantisdaasunsnlgl afraadesnmlunisianlnd
uardlounudeundudenalnnmsmemanufounuuuSdanudouludaioanlsiduly daual
meluiesnlnsifonmafias vilidunsgu seveuszqainliveskanssiveinmaiuazeasini
fildudn mawnlwsiAndududuiivosnlniduly anduudalodefdumindldnunradilmm
Indtemeluiesmlvifagnsu Ssnsunlndaznfniuegnsguussnmeludesineagngu

nsnadeutiievUs A mmdsanuioulasysAnsamnasnlvsiiiunisnuasgiu
DIN EN 203-1 TagU¥uiasunisganusouseniuiivindnvosiunlugag 345-1,475 kw/m’ ¢ae
Snsnistioudd 0.16, 0.20 and 0.22 kg/min. N IvAAEUNUIINETUWRS TARNTUTLHNTNS
ns¥efvesgmgiiog A ane Usia CO Wiy deiuniszanudoudeiuiinidnueai
11NN 1,065 kKW/m” waadiiifiudiszeaanluniswlndf@lifesmadiaimunieui
wnnhgudingm wenaninuihnsusudeusasnisteouhidmateaussougnisenlndues
WA

Faunnthsuisldudaluiudagiufidiunisieuiimanzan eglutnenissanuiouse

& A v oo Y W 2 v ) ! Y ¢ | Y]
NUNUUINAVDIWUNINIAU 325-548 kW/m ﬂ?ﬂ@miqﬁQULﬁquUﬂUSﬂaqﬂWQQUWNQQGUENW'JLN']

Winu 0.75 wazdnIan1sUoudnivanu 0.16 kg/min Usua CO uag NOy 111U 171 ag 40 ppm

a

N5 IU O, WU 6% AINEIAU YszansaIniBeanusousagUsvansamnisinnddanvindu
28% waw 99.5% mudiy vlnaldesiuimudanadunatuiagly deivnealnddsasinsli
w¥suganiiinaild wavesniafinsnadunisiledhadomnasnsduilissAnsamnisia
Indfanasodildeddyuenanidssansamdsanufeuresiimannsauiul wlifutuldds
42% Wlodnsdudurihugunanreninagauesii ity 1.5
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uni 7
AJUNANITNARDILAUBLEUBLUE

7.1 agunan1smaaasi daanIuluULUssganAlududmsuniauaai’

uATeidunsinvaussouzninanivgludssansamnsnlnd n1snszanedh

vosgamginarUinuuialodefifntuannasnindvesiunfagnsuuuuutadngeinie
Hududmduidomas LG vwefidaanufouvesiaumnianviitu 3 kw Tneshnisding
SvBnaveaUTuneInAd ALY 110% 150% Wag 180% FensUiulldguaIndny
NJUTBIIAANTUYMNAY Smm 10mm kag 20mm AUaIAY

deinusinaerniadiuiu %@Imaﬁ"ﬂﬂLLé”J%ﬁﬂﬁLi‘Juﬂwsqq;l,ﬁﬂmm%’aumﬂmi
sl usgaumgfinawlndivosiunEndufidgay mssinanututiudenismuau
donq melureriesiannyu dlfAansuantuluesnefiseniamsdsunasuialede
Younaziinnsyednluuesvewauainausiiominnalnnstiourusouveuialodefou
Jounusnalawdoundudiuniwasianmenalanisdinasnisunsidauiou dwa
TiU3uInd CH, fiAtanad Tumaieit Usuna NOy flanifiudu sunisiiinaiuiivesvedlva
SnvsavBnaTesnswam v liuTnu AU Anssmaw lsiesuluguinnlans i usids
nsziumaiinSinaemaduiunniull (eneduhu 180%) ssdwmalvinnuiouain
mswnlnsigauasluiudiimemaniuned daidnsnaninniinsvantasend ey
fosnsnsinsnauiiauagnisgafnliiiadniane Usim cO nuiddnfinduiesnn
szeziattunsensldieansly CO vinuansenanedu Co,

audnvairddyvewhikdfogamginisiwlviiaasazdosiidainnit 800 °C
aelutne 100mm nikunsEItEYasNaL WadunIsBuiuimslndiasintuodig
e sauluuks g TURaEAA LI UBIIAT BN EnUTIAIATIIuTRYTagwTuTiNG
sotafusnnns dangluimiagniu lngn1sanasvasuuinianniuinlivesinaes
Yannguanas denaligamgiuazyssansammawiludiandasaonadosiunmsfiutures
USuna GH, wag CO muanu
7.1.1 Yaisuauug

Tutdeillfvhmsasuistorauouuzidoriummnindfaamuiifnisssorniad
fuililuennafed WeluslevidmiunsiannuideiiiedunenlndTagwgudd
nstrseniadudu delulusmanuieienisindeyaiildainauideilludesonuas
ponuuUlnI Tasmsuuuudu ifaussousmeanufeudiiniuielndifesfutu Tned
swandoasolud

7.1.1.1 msfuamugevenaunugd Wuintu lasandnagyilissezinanlunism
Indfifiunntu dwaliunuvesnmaalnilidanunistuuasfeansueuseuenledi
Ysunuanas
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[% '
I v A

7.1.1.2 msutsmsseernia Inglsdinssnsennaluisamduio dudl 1 2 uas 3
fepninedsnalinianszatesvesgamgifaruaiiauedeiu

7.1.1.3 msiiiuszozvesinuuansseeinadud 2 lnntu Tngsnefissduniig
galuaa9 50-80 mm INATLLATS e‘z'fqmwmzﬁﬂﬁmiﬂizmaé{wmammﬁﬁmmaﬁﬂLama

U 9
'
a

F99U 1119991N T2 LNV LNUINITIIDINAVDILALN LT T uane el ssagrinaiull

[

Jwhleamgiinlaannmsinlvdiieanas

2

7.2 agunanisuaaasiassuiivlduga

Audnuziiddrostuanfufivliudisutagiufenisldlethasslesasess
51ﬁuﬁ%1%LLé’aLLazﬁ1W1w§ammﬁmﬁwmmm&fﬁgﬁﬁmLmi'viﬁ lothésfldgaglunisaniaai
waz3na CO MAnTunnmawalull SniiauszgndliSannaundieduaiunisening a5
desnnlunisw ez tounusounduiisnalnn1saemaausoulu Uk Iday
Souludiavonnindfuly dwalimeluonnlndifigumaias vilviduniseu seveuazqn
Anlrlvosnausywinenafuazessiitufivlduds niswalniiintududuiivounlnd
iy niunialedeidunlndlinanadluunlnddemeluronulviFasmsu Fan1s
wrlndfazfntuesnsguussaneludasinsfannyu

nsnaaeuiionIUseansnIndaudeulagsgansamniswnlugddniunisany
11A5571 DIN EN 203-1 Tasusuiasunmssmnusouseiuiivingnvesinanluds 345-
1.475 KW/m’ ghedasinisdonii 0.16, 0.20 and 0.22 kg/min. 3MnN1sNAdRUNUINN8TY
uRaTannguTENSinssE Mnemve s g sainane Y3iam CO Wiy delfiunnse
awSausefuintdinve NN 1,065 kW/m uaadlifiuinssoziaanluniswnlve
fluifleamedmiunieuiigunnitgudingns venaninudinisuuasusnsnis
Jowhlugniidnulidemadeaussauynmswilvsivosiam

susninduiislfudlusuihgulidiunsyauiivangay sgludsnszanudon
souivtdnTas ikt 325-508 Ki/m” fredhandrudurnumudnatsrioninugeves
Wiy 0.75 wazdnsinsiouiiiniu 0.16 kg/min U3u1eu CO Wag NOy WinAu 171
waz 40 ppm ﬁmnmgm 0, WIAY 6% ANEIAU UsEEnNSamdausoutazUsz@nsnin
s nsifiaindu 28% wag 99.5% mudiu GeladiAgeRuimufansfuniaduianld
Wil v lniisnsnislimdanugenitfing il navean1siiusnsdunsldletsie
Fomawzsurhliuszansamnismnindianacedeiifediy uenainiiuszansamds
aufeuesiunannsnUsuUsliAutulite 42% dedhadmduinuausnansdenin
FeUeaiuN A 1.5

7.2.1 datduBuLu
7.2.15zvudeoutdoinasmsidiiunuutoudousafuunuiinisldus udas
FeavsilFanunsodeudomasldedsasiaye
7.1.2. lumsiansnszatesvesgamgiaeluiam asiudumisgataliunndy
wiefiagldnsuisanmensuludiniglutuTasmsuldndy
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7.1.3. avswdsuiessnindununanadutanduunuiamnuaanaunsanugamgigs
wagnusiansiansau ietinergnsldanuresiun
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1. Excess air calculation
Case A=0:
Volume flow rate of primary air =4 L/min

Volume flow rate of secondary air = 106 L/min

Volume flow rate of tertiary air =0 L/min

Total air flow rate = 110 L/min = 0.001833 m’/s
Volume flow rate of LPG =2 L/m = 3.3x10” m’/s
Density of air @ 30°C =12 kg/m?5

Density of LPG @ 1bar =20 kg/m3

Air-Fuel ratio stoichoimetric of LPG = 15.6
The Excess air (EA) used in this study was defined by Eq.

EA% = A/ Fy —1{x100
A/Fstoi
Then, the excess air is

) (((0.00183><1.2)/(3.3><10"5 Xz))—ljxloo A 1o

15.6

2. Adiabatic flame temperature calculation

2.1 The stoichoimetric relation of LPG can be expressed as
For propane gas: 0.4C,H, +20, ->1.2C0O, +1.6H,0
For butane gas: 0.6C,H,+3.90, > 2.4C0O, +3H,0

Mixture composition (For LPG):

C, H,,+590,+22.18N, - 3.6CO, +4.6H,0+22.18N,
From the constant-pressure adiabatic flame temperature:

Hprod (Tadxp) = Hreact (Tinitiabp)

D Np(h¢+h-h*)p= D Nr(h7+h—h)r



Table 2.1 Enthalpy of formation

Species h ; (KJ | kmol) -
C 0 0
H, 0 8,468
O, 0 8,682
N, 0 8,669
Cco, -393,520 9,364
H,0(ga9) 241,820 9,904
H2Ouiquid -285,830 9,904

Ncoz(];; +}7_}7298k)c02+NH20(E; +I;_}7298k)H20+NN2(]/_l; +]/_l_]/_1298k)1\72

= Nypg (}_l; +7‘_}7298k)LPG

3.6kmol,,, (~393,520 + heo, —9364) + 4.6kmol,; ,(—241.820 + hy; , —9,904)

+22.18kmoly, (hy, —8669) = 0.4(~103,900) +0.6(-126,200)

3.6hco, +4.6hy o +22.18hy =2,683310 kl/kg:

Assuming the 2000 K for gas temperature then:

3.6(100,804) ¢, +4.6(82,593) o +22.18(64,810) . = 2,180,308 kJ/kgy

Assuming the 3000 K for gas temperature then:

3.6(162,226) ¢ +4.6(136,264) ;; , +22.18(101,407), = 3,460,035 kl/kg;

Interpolation and solving for T,

T = 2,393K = 2,120 °C




2.2 adiabatic flame temperature at 110% excess air

Eazs=|| Al Fu | 1|00, A 110 gy
A/F, 100

stoi
The 110 % of excess air relation of LPG can be expressed as

Cy Hyy +(2.1x5.9)0, +(2.1x5.9x3.76)N, —> 3.6CO, + 4.6H,0 +6.490, +46.58N,

Substituting numerical values, we have
N, (}7; "'}7_}72981\7)002 +NH20(}_I; +}_l_}7298k)H20+NN2(]/_l; +}_l_}_1298k)N2 +

N, (}7; +]/_l_]/_1298k)02 = Nipg (}_l; +h = hogi ) 1p6

3.6kmol,,, (393,520 +heo, =9364) +4.6kmol,; ,(=241,820 + hy; , —9.904)
+46.58kmoly (hy, —8,669) +6.49kmol,, (hy, —8,682) = 0.4(~103,900) +0.6(—126,200)
3.6hcp, +4.6hy o +46.58hy +6.49h, = 2951236 kl/k;

Assuming the 1000 K for gas temperature then:

3.6(42,769) o, +4.6(35,882) ;o +22.18(30,129)  =1,854,147 ki/ker

Assuming the 3000 K for gas temperature then:

3.6(162,226) 0, +4.6(136,264) ; o +22.18(101,407) = 3,460,035 kJ/ks

Interpolation and solving for T4
T =1484K =1211"°C

Besides calculation, we can be solved the adiabatic flame temperature for 150% and

180% excess air case, which is 1,046 °Cand 952 °C respectively



3. Combustion efficiency calculation

Assumption: The measured hydrocarbon from the flue gas is solely LPG (CsHg+CqH o).
The combustion efficiency (E.) used in this study was defined by Eq.

_ {(EF -Eco 'ECxHy)
o=

x100 %
EF
Er is the heat throughput of the combustor with incoming fuel, kw
Ecwy is the heat leaving the combustor with hydrocarbon emission, kw

Eco is the heat leaving the combustor with CO emission, kw

Firstly, calculate the heat throughput of the combustor with incoming fuel, which can be

expressed as,
Er = me,
er is Heating value of LPG (kJ/kg) ,which is 45.8 MJ/kg
n,is mass flow rate of LPG (kg/s) ,which is 6.45 x 10” ke/s
Er=645x10 x458x 10" =3 fw

In 110% EA and A =0 case, can be monitored the emission as,

Molecular Vol. Fraction x
Gas Fraction weight | Molecular Weight. (kg) | Mass fraction (kg/kgqs)
CO, 8 (%,v/V) 44 3.52 0.118243434
co 11.8 (ppm,v/v) 28 0.00033 1.10988x10°
GH, 5717 (ppm,v/v) 52.4 0.299571 0.010063148
O, 8.74(%) 32 2.7968 0.093949783
N, 82.6 (%) 28 23.15239 0.777732536
Total 29.76909 1

We can calculate the carbon content in dry flue gas (CO,, CO and C,H,) as follows,



kg
[ﬁ} x0.118243434 + [%} x1.10988x 10~ + 0.824427 x 0.010063148 = 0.040549 —5¢

kg
kg
Because of, the carbon content in LPG is 0.824427 kg‘ , we can calculate the ratio of dry
8r
.8244 k
flue gas per kilogram LPG, which isL = 20.3314 S
0.040549 kgf

Secondly, calculate the heat leaving the combustor with CO emission.

The ratio of CO emission in a kilogram fuel (The heating value of CO is 10,106 kJ/kg.,),

ke, . k
CO = 203314 (29 y 110988 x 10°(Kg ) /keuse) = 0.000225650 ~8co
y S
kgf kgf

Then, the heat leaving the combustor with CO emission is

k ,
kgCOxlO,106 e/ B S (5. % = 1 17 % 100N ow

Eco = 0.000225654
kgf kg co S

Thirdly, calculate the heat leaving the combustor with CO emission.

The ratio of GH, emission in a kilogram fuel (The heating value of CH, is 45.8 MJ/kg from

assumption),
ko .
CH, =203314 (%)xo.o10063148 (Kg copy /KGute) = 0.208598 kg ey, 1
g !

Then, the heat leaving the combustor with hydrocarbon emission is

AN k
Sei . 45800—_ +6.45x1075 254 L 0.604405 Juw

kg f kg CxHy S

Ecxy = 0.204598

Finally, the combustion efficiency is

—0.000147 — 0.6044
M. - 3—0.000 ; 0.604405 100 = 79.53%
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— WWCP_W@ZSC (wa -Twi ) + (h
nth LHVoil

)
. fe@latm " v x 100
ttotal m

oil

NFoulunIIAaeinNgs 30 WAz LA Al

C, yasse= 4.186kI/kg K w, = 3kg

T, =40°C T, = 95°C

B 1 = 2260 kJ/kg w, = 12kg

m,, = 0.0005 kg/s LHV = 36355 kl/kg

t =7min33s

total

LNUAT

_ 3x4.186%(95-40)+(2,260x1.2)
(7+33/60)%(0.0005)x36355

LIPS

Ny = 41.59 %
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HIGHLIGHTS

« Steam was successfully applied to promote combustion of WVO.

« A specially designed porous domain was an essential element for stable combustion of WVO.

« The performance of WVO burner was in the range of cooking stove.

« Nozzle clog up in domestic WVO burner can be avoided when replacing it with a steam-assisted nozzle.
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A newly designed cooking stove using Wasted Vegetable Oil (WVO) as fuel was introduced. Porous media,
containing 2 cm diameter of spherical ceramic balls, was used as a flame stabilizer. Steam was success-
fully applied in a burner at this scale to atomize WVO droplet and entrain air into the combustion zone as
well as to reduce soot and CO emission. DIN EN 203-1 testing standard was adopted and the experiment
was conducted at various firing rate with the water flow rate at 0.16, 0.20 and 0.22 kg/min. Temperature,
emissions, visible flame length, thermal efficiency as well as combustion efficiency were evaluated.
Under the current WVOB design, it was suitable to operate the burner at the range of nominal firing rate
between 325 and 548 kW/m? with water flow rate of 0.16 kg/min, at burner height to diameter ratio of
0.75, giving CO and NOy emissions up to 171 and 40 ppm, respectively (at 6% O,). Thermal efficiency was
at around 28% where the combustion efficiency was approximately at 99.5%. The performance of WVO
burner could be improved further if increasing the H/D ratio to 1.5, yielding thermal efficiency up to 42%.
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1. Introduction

Over the last decade, Thailand could not sufficiently produce
LPG for its glowing demand. LPG has been widely used in indus-
trial, transportation, residential and commercial sectors, etc. The
import of LPG has been increasing. In general, LPG is consumed
at about 40% of all domestic energy consumption. Facing the crisis
of imported energy, it is important to look for self-sufficiency. One
of the solutions is to find an alternative source of energy and effi-
ciently use it. It makes more sense to consider renewable, carbon
neutral fuel source derived from biomass. The used vegetable oil
(WVO) from cooking process is an interesting source of energy
because the heating value remains high at about 36 MJ/kg. In addi-
tion, Thailand has the WVO at about 74.5 million L/year, 63.4%
come from household uses. Vegetable oil and WVO can also be
safely used as fuel with typical diesel engine by transforming it
to bio-diesel. However, producing a bio-diesel from WVO need

* Corresponding author.
E-mail address: jarruwat.ch@kmitl.ac.th (J. Charoensuk).

http://dx.doi.org/10.1016/j.applthermaleng.2016.08.164
1359-4311/© 2016 Elsevier Ltd. All rights reserved.

additional heat source during the transesterification process that
has more spending cost [1].

Using WVO as a substitution to LPG in domestic cooking process
is an interesting choice. Apparently, the direct benefit is the reduc-
tion of LPG consumption. Consequently, WVO can be eliminated
after cooking, avoiding the risk of consuming toxic element from
WVO. To achieve this, a specific burner must be developed. With
this type of burner, the mixing of air and fuel must be good within
the premixed zone in order to achieve efficient combustion. The
ignition must be stable at the designated location throughout the
desired operation range. The retention time of flue gas mixture
in the combustion zone must be long enough to eliminate soot
generated at the early stage of combustion [2]. All these challenges
must be overcome even at high turn-down ratio, while the technol-
ogy must be simple to minimize the initial and operation cost.

High pressure atomization [3]| was the early technique used for
enhancing the rate of vaporization of liquid fuel with high vaporiz-
ing temperature like WVO. This was equipped with fuel preheating
unit. A special atomization gun was developed [4] so that the oil
particle was so small and highly dispersed leading to enhanced
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Nomenclature

Wywater ~ Mass of water in the container [kg]

Woyapor ~ mass of water vapor generated during test period [kg]
AT temperature difference of water [°C]

Myel mass flow rate of oil used [kg/s]

LHVywyo lower heating value of WVO [k]/kg]

hggvopour latent heat of vaporization [k]/kg]
teotal total period of time in each experiment [s]
Cp.water  Specific heat of water [k]/kg K]

[Emission]g,, emission at 6%V/V of O, in flue gas
[Emission] emission taken at the hood (%V/V, ppm)

[07] oxygen concentration(%V/V)

E¢ heat throughput of the combustor with incoming fuel
[kwW]

Eco energy leaving the combustor in the form of enthalpy of

formation of CO [kW]

combustion efficiency and increase in turn-down ratio. However,
these devices had suffered significantly from fuel impurities as it
was operated on a principle of flow passing small orifice. Alterna-
tively, a rotating cup [5] was developed for the same purpose. With
this technique the oil liquid was spread into thin film by centrifu-
gal force and spilled away from the disk in the form of small dro-
plet. This later technique however, required relatively more
sophisticate components and exhaustive mechanical energy dur-
ing operation. It had therefore been adopted in large combustion
system and not appropriate for a small device. As mentioned
earlier, oil with high viscosity could be atomized with the aid of
preheating unit. It had been adopted and developed further by
installation of the atomizer and vaporizer in the combustion
chamber [6] so that the heat from combustion shall be used for
preheating and vaporizing purpose. These ideas, together with
the nozzle-type atomizer were later adopted for the first version
of WVO burner [7] with fuel-air premixed combustion chamber.
The disadvantage, however, was found stemming from severe
operating condition of the vaporizer as the material could not
stand for high temperature within required period of operation.
Combustion stability was also hindered by the continuity of oil
injection pressure and heat transfer rate to the vaporizer unit.
Furthermore, the deposition of solid carbon generated during
thermal decomposition of WVO vapor had caused the blockage at
the nozzle hole, the mechanism can be illustrated in Fig. 1.

In the last decade, many researchers in the field of burner devel-
opment had adopted porous materials on their works due to their
remarkable advantages. These led to improvement of combustion
efficiency. The circulated heat through the porous matrix, by ther-
mal radiation and conduction schemes, yielded excess enthalpy
back to the reactant which led to super adiabatic flame. It produced
higher peak temperature than the “standard adiabatic flame”
obtained under the conventional condition [8-12]. Applications
of porous materials on liquefied fuels can be found in various ways,
such as using them as a liquid fuel atomizer to generate the liquid
fuel droplet and as a vaporizer.

Kaplan et al. [13] investigated the combustion of kerosene
inside porous medium, expecting to reduce the NO,, CO and soot
emissions. Silicon carbide (SiC) coated by carbon foam was used

Heat transfer to oil
vaporizer

Coke Nozzle il .
agglomeration [~ = —>| Combustion
clogged up atomization

& deposition

Fig. 1. Thermo/mechanical mechanism for pressure atomization of vegetable oil.

as Porous Media (PM) to enhance the high strength structure.
Three combustor operating regimes depending on an injector loca-
tion were observed. Firstly: (a) an injector was placed on far
upstream of PM, so fuel was pre-vaporized and well-premixed
with air leading to homogenous reactant mixture. Secondly, (b)
an injector was placed at intermediate region between the location
in (a) and PM causing pre-vaporization of fuel. And finally, (c) an
injector was located close to PM, thus the resident time was insuf-
ficient for evaporation and mixing prior to combustion. This had
resulted in residual fuel in droplet form and diffusion flame was
observed. Comparing between the three cases, (a) produced the
lowest emissions, while (c) was the highest. Apparently, the emis-
sions, i.e.; CO, NOy and soot, were significantly increased from (a)
to (c). Kaplan and Hall used three types of porous ceramics namely
magnesia-stabilized zirconia, silicon carbide, and yttrium-
stabilized zirconia. Heptane, as fuel, was impinged on the combus-
tion section by using the pressure atomizer. It was found that com-
plete combustion was achieved within the equivalent ratios of
0.57-0.67. CO emission was varied from 3 to 7 ppm and NOy also
was from 15 to 20 ppm based on 3% of O,.

Takami et al. [14] attempted to continue the previous work of
Tseng and Howell [15] by developing the liquefied fuel porous
ceramic burner without using a fuel atomizer. In their experiment,
droplets of Kerosene were discovered on top of the horizontal por-
ous ceramics plate. Flammable condition was found at minimum
equivalent ratio of 0.1. The maximum turn-down ratio was 5.8
with nominal firing rate of 670-3880 kW/m?.

The advancement in porous combustion was stepped further by
Jugjai et al. [ 16] by considering more details on evaporation mech-
anism inside porous burner. They focused specifically on the intro-
duction of a packed bed emitter downstream of the porous burner.
By adjusting the parameters including heat input and equivalent
ratio, the result of combustion performance had definitely con-
firmed that the mixing of fuel vapor/air was improved and the
turned-down ratio could be increased under porous media applica-
tion. It was also found that the introduction of packed bed emitter
was an efficient method for enhancing evaporation and combus-
tion in liquefied fuel without a spray atomizer. Again in 2007 Jugjai
and Pongsai [17] presented a similar type of experimental study on
the so-called “Liquid fuel-fired porous combustors” (LFFPC).

The significant problem usually found on liquid fuel operating
with insufficient air is the formation of soot. One of solutions is
to inject superheated steam into the combustion zone. The hydro-
gen components in water molecules will react with the carbon
components in fuel. It is called Water Gas Shift Reaction. There
has been a number of works studying on this effect on emission.
For instant, Robert et al. [18] designed the liquid fuel operating
burner with steam injector. The low pressure steam was injected
through a small hole in order to create inducing force that entrains
the surrounding air into the combustion chamber. They also
adjusted the weight fraction of steam and fuel. It had also been
proven that the steam injection technique was capable to decrease
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NO, formation from 200 ppm to 50 ppm. However, in order to feed
the liquid fuel to combustion chamber, the fuel injector was still
needed as well as in general application, see the diagram in Fig. 2.

Until most recently, researchers continue putting their efforts
towards assessment of porous media for various fuel and applica-
tions. Among others, Hongmin Wang et al. [19] had studied the
performance of porous media burner during start-up and shut
down period. Temperature of the premixed zone was found
decreased with increasing air flow rate while the temperature of
the reaction zone increased due to more intense mixing within
the porous matrix. The development of micro combustor from
Pan et al. in 2014 [20], porous media was adopted to maintain sta-
bility and reduce hot spot of hydrogen combustion. SiC was found
to be suitable as a porous matrix due to its highest thermal con-
ductivity and inert to thermal degradation. Bernardo et al. [21]
reported the effect of equivalent ratio on combustion stability
and thermal efficiency of porous media burner for LPG cooking in
food industry using Al,O3 particles.

In most recent literatures, combustion in porous media of liquid
fuel blend between kerosene and vegetable oil had been carried
out in a unit where the vaporizing zone and the combustion zone
were separated [21-23]. The challenge for this type of burner was
to operate the vaporizing zone at sufficiently high temperature
such that coke formation was minimized in a confined region
and did not cause drastic effect on fuel feeding system. Liquid fuel
had been introduced into the vaporizer zone without atomization.
With this concept it was most likely that coke formation would
occur in fuel feeding system. This might be the reason why the
report on combustion of pure vegetable oil in porous media had
not been found so far.

Our novel design concept introduced a combined effect of
steam blast atomizer and utilized radiation from hot porous media
to enhance vaporization rate while small droplets were suspended
in the internal chamber of the porous burner. This could overcome
coke deposition in the vaporizing zone and combustion of waste
vegetable oil could be achieved without assistant of LPG flame.
From previous literatures, several techniques were adopted to ato-
mize the liquid fuel, for examples; high pressure injection, cen-
trifugal force and flue gas recirculation. While most researchers
focused on high pressure injectors with various jet patterns, our
latest work had adopted porous media because of its advantage
in radiation mode of heat transfer which could enhance vaporiza-
tion of fuel droplet upstream. The porous media installed inside the
combustion chamber would act as the evaporator and flame holder
in one compact set. The unit was equipped with a small steam gen-
erator used for fuel atomization. The crucial part of this burner was
a low-pressure nozzle. It was specifically designed such that the
incoming low-pressure steam had passed through the port where
WVO was introduced and atomized by the shearing force of the
steam jet. Therefore, this liquid fuel combustor would not only
be operated with high performance but also easy to be mobilized.

Water 0il

feed rate injection

=1 1 1
—

transfer to
Steam |::> 0il
generator flow rate atomization

R )

Fig. 2. Thermo/mechanical mechanism for steam atomization of vegetable oil.

steam Combustion

In this paper, the utilization of waste vegetable oil as fuel for
cooking stove with porous media is proposed. The effect of fuel
feed rate on some important aspects of burner performance, i.e.;
emission, temperature; thermal and combustion efficiency will
be discussed. In addition, the performance was investigated in con-
junction with retention time of fuel air mixture in the porous
domain which are related to the thickness of porous layer. With
this, an investigation on effect of H/D was carried out.

The ultimate aim of this activity is to assess the WVO as an
attractive source of energy to be used instead of LPG for household
cooking. The investigation was carried out by allowing incoming
air to be entrained naturally into the unit, similar to those found
in domestic application. If it could be evaluated as feasible, the
advantages are not only reducing LPG consumption but also the
risk of cancer from consuming the used oil.

As steam is the key driver that atomize WVO droplet and bring
the air into the combustion chamber, steam injection rate was set
as a controlled parameter subjecting to the experimental con-
straint, i.e.; nozzle diameter, operating pressure, etc., as given form
our previous work [26]. The objective of our current work on this
new design burner was to find the operation range of the burner
at three different steam injection rates which were 0.16, 0.2 and
0.22 kg/min. At these rates WVO would be introduced at different
flow rate ranging from 0.021 to 0.097 kg/min. This corresponded to
the firing rate of 13-59 kW, respectively. The firing rate was
defined as the rate of energy release per unit time. It was deter-
mined by the product of heating value of fuel and the fuel mass
flow rate.

Additionally, the combustion retention time of WVO burner
depend on the geometry of a porous domain. The scope of this
paper also includes the investigation to the effect of H/D, defined
as the height to the diameter of the porous domain, on the com-
bustion performance.

2. Experimental set up
2.1. Detailed descriptions of the WVO burner components

In former development [24-27], the oil preheating technique
was applied to reduce the viscosity of WVO using heat source from
LPG burner. WVO, fed from pressure tank into an oil vaporizer, was
preheated and injected into the burner by high pressure nozzle. In
that version, WVO could be burnt successfully. Many problems,
however, occurred such as; unstable flame, clogged up of oil nozzle
due to coke deposition, low turn-down range with delayed
response. Attempt had been made in this version by controlling
the oil temperature using steam generated from heat released from
LPG burner. Steam was applied to entrain WVO and air to the
burner. With this technique nozzle clogged up could be avoided.
Porous media had been introduced as a flame stabilizer and fuel
evaporator due to its ability to promote higher combustion stabil-
ity and wider turn-down range. Additional parts such as the air
entrainment port and fuel feeding unit were also used. The new
version of WVO burner is shown in Fig. 3.

This new version of vegetable oil burner was developed from
the lesson learnt of our previous version, where WVO was vapor-
ized in the copper tube submerged in the WVO flame. The burner
size was determined by the flame zone of an existing LPG burner,
KB5, see Fig. 4. LPG burner located underneath the WVO burner
was used as a preheater of the unit. Detailed specification of previ-
ous version of oil burner and porous burner are given, as well as its
performance, in Table 1. Later, an investigation was carried out on
combustion of LPG in a non-premixed porous burner for hydrogen
production [12]. The result suggested that stable flame could be
achieved when the size of porous ceramic was 2 cm. The current
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Fig. 3. Waste vegetable oil burner system previous version (w/o porous media) (a) and current version (with porous media) (b).
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Fig. 4. The dimension of an early version of WVO burner with oil vapourizer unit.

Table 1
Specification and performance of previous WVO burner.
Item and Pethnoi B [24] Jareansuk, N Current WVOB
researcher [27]
Firing rate 3.5-6.3 kW 2.43-8.5 kW 13-59 kW
Type of Oil nozzle Qil nozzle Shearing force from
atomization  pressurize pressurize steam nozzle
injection
Feeding the Natural air Natural air Natural air
combustion  entrainment entrainment entrainment
air
Combustion Free flame with  Free flame with  Ceramic ball porous
technique palm oil palm oil media
preheater preheater

version WVO burner had adopted previous findings of our works.
However, to avoided coke deposition in the vaporizing tube, water
was vaporized instead of WVO and porous media containing 2 cm
ceramics sphere was adopted as a flame stabilizer.

Detailed descriptions of current waste vegetable oil burner
(WVOB) components and detailed sectional view of the nozzle
[28] are given in Fig. 5. The annular combustion chamber had
20cm 0O.D., 10 cm LD. and initially had 15 cm in height. It was
made of stainless steel and insulated with ceramic fiber on outer
surface. The annular combustion chamber contained with two
parts; (1) flame stabilizer (porous media), made of 20 mm of
ceramics sphere, when packed randomly, had the porosity ~45%
and, (2) steam generator, made of 5 mm O.D. copper tube com-
pactly installed in a spiral form within spherical porous pack
bed. KB-5 LPG burner had been adopted for preheating a flame sta-
bilizer. Air was entrained by induced draft force generated by a
nozzle through which hot steam flow. The desired WVO feed rate
was regulated by a ball valve, and then was atomized and
entrained into a combustion chamber by shearing force of the
hot steam jet. Meanwhile, WVO was also preheated with hot steam
that improved spray characteristics and atomization. Given in

Table 2 are the operating conditions performed to meet the objec-
tive of this study.

2.2. Measurement

The experimental set up and measuring locations are shown in
Figs. 5-7. Tests were carried out at different firing rate for three
distinctions of water flow rate at 0.16, 0.20 and 0.22 kg/min. Due
to inhomogeneity and random packing of porous domain, flue
gas temperature was recorded and averaged from 4 different
points at an elevation of 7.5 cm from the combustor base by using
a data logger with an accuracy of +1% connected to type-K thermo-
couples, see Fig. 6. When steady state was reached, emissions of
the burner were measured by gas analyzer (TESTO 350XL) at the
exit port. The measuring principle was based on electrochemical
cells for CO, O,, NO and NO, while CO, is derived from O, concen-
tration based on a built-in algorithm in the instrument. An accu-
racy of the sensors was as follows: +0.3% O, for an O, sensor,
and +5% of reading for NOy and CO. The flue gas analyzer has been
regularly calibrated by Entech Associate Co., Ltd, see the calibrated
result in Table 3. The emissions were continuously sampled for
30 min at 1 min interval. The CO value was used for the combus-
tion efficiency calculation. All error bars appearing in the graph
were obtained by referring the value of standard deviation of
raw data.

2.3. Fuel analysis

Waste vegetable oil (WVO) was used as fuel (Fig. 8). The compo-
sition of WVO is given in Table 4, analyzed at Center of Advanced
Instrument for Research in Engineering, Department of chemical
Engineering, Faculty of Engineering, King Mongkut’s Institute of
Technology Ladkrabang. The CHNS compositions were analyzed
by elemental analysis of the CHNS method from sample with Ther-
mal Conductivity Detector (TCD). The duration of CHNS analysis
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Fig. 5. Detailed descriptions of the WVOB and detailed sectional view of a nozzle [28].

Table 2
The operating conditions carried out in this study.
Nominal firing rate (kW/m?) Water flow rate (kg/min) H/D ratio
Effect of nominal firing rate and water flow rate
325 0.16 0.75
0.20
0.22
548 0.16
0.20
0.22
1065 0.16
0.20
0.22
1186 0.16
0.20
0.22
1475 0.16
0.20
0.22
Effect of H/D ratio
325 0.16 0.75
1.00
1.25
1.50

was approximate 10 min at 5 mg sample weight. The O composi-
tion of WVOB had been analyzed with oxygen determination
method by pyrolysis of samples with approximate 8-15 min dura-
tion. Apparently, the lower heating value (LHV) and carbon compo-
sition were 36 MJ/kg and 75.6%(by mass), respectively. These
values were slightly different from those of vegetable oil. There-
fore, it was economically viable to utilize WVO as fuel for cooking
purposes.

3. Results and discussion
3.1. The average temperature of porous domain and thermal efficiency

Combustion performances were demonstrated in terms of aver-
age combustion temperature within porous domain, visible flame
length and thermal efficiency. Temperature in the porous domain
and visible flame length were monitored under free flame mode.
It is worth noting here that an assessment on thermal efficiency
was carried out under the hood following the DIN EN 203-1 stan-
dard, see Fig. 7, while the results will be discussed in this section.
The operation range of WVOB was presented in term of nominal
firing rate (kW/m?), defined as the firing rate of fuel per unit area
of burner exit plane. This characteristic will be useful for scaling
up or down the burner size to the rated thermal power while main-
taining geometrical similarity. Moreover, the effect of water varia-
tion and fuel mass flow rate on burner performance as well as
achievement on soot reduction will be presented and discussed.

Different values of water flow rate; 0.16, 0.20 and 0.22 kg/min
were fixed while the firing rate was adjusted. The average temper-
ature in the porous domain is given in Fig. 9(a), while its corre-
sponding thermal efficiency mentioned earlier is plotted against
the nominal firing rate in Fig. 9(b). However, some operating con-
ditions that provided essential features of visible flame were
selected nominal firing rate ranging from 325 to 1475 kW/m?
and illustrated in Fig. 10. At 0.16 kg/min of water flow rate, the
maximum temperature was 810 °C as observed at nominal firing
rate of 1475 kW/m?, while thermal efficiency was found the lowest
compared with those with lower firing rate.

As far as the effect of steam injection rate was concerned,
increasing the water flow rate to 0.20 and 0.22 kg/min had caused
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Fig. 6. Flue gas temperature measuring location and dimension of porous domain.
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Fig. 7. DIN EN 203-1 testing standard and measuring point.

Table 3 enough to induce sufficient amount of air into the combustion

The calibrated result of flue gas analyzer. zone.
Standard  Standard value  Reading Error Allowed tolerance Although emission performance will be given in later section,
0, .48 vol.% 252vol%  0.04vol% 021 vol% co emission is an essential feature vyhen dlscussmg the effect.of
co 308 ppm 310ppm 2 ppm £21.0 ppm steam injection rate on thermal efficiency. From Fig. 13(c), varia-
NO 158 ppm 157ppm  —1ppm +8.85 ppm tion of steam injection rate to the combustion zone did not have
NO, 84.0 ppm 83.5ppm  —-0.5ppm  +4.3 ppm distinctive effect on CO emission at low firing rate (up to
SO, 101 ppm 100 ppm —1ppm 6.0 ppm

1065 kW/m?), indicating that porous domain was able to accom-
Entech Associate Co., Ltd. (www.entech.co.th). modate good combustion up to this operating condition. However,

increasing in water injection rate started to have negative impact

on combustion efficiency when the firing rate was greater than
slightly decrease in average temperature with the difference up to 1065 kW/m?. This indicated the operation limit of the burner.
50 °C, taking place within the nominal firing rate between 325 and Moreover, at this firing rate the porous domain could no longer
1186 kW/m?, see Fig. 9a. The result suggested that steam was suc- provide sufficient retention time for complete combustion. At this
cessfully applied to atomize WVO into fine droplets and also strong corresponding condition when operated under free flame mode,
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Fig. 8. Vegetable oil (a) and waste vegetable oil (WVO) (b).
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Table 4
The properties of vegetable oil and waste vegetable oil (WVO).
Properties Vegetable oil WVO Unit
LHV 37.0 36.0 M]/kg
Viscosity 0.0489 0.0543 Ns/m?
Sulphur 0.08 0.01 %(mass)
Carbon 76.92 76.35 %(mass)
Hydrogen 12.64 12.42 %(mass)
Nitrogen 0.55 0.51 %(mass)
Oxygen 12.0 11.68 %(mass)
Ash 0.006 0.005 %(mass)
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fuel had continued to burn extensively outside the porous matrix
as evidenced by long flame length above the burner, see Fig. 10.

As stated earlier, thermal efficiency of the burner at correspond-
ing operating condition was assessed under confined chamber. As
far as thermal efficiency is concerned, the usable thermal energy
accounts for (i) sensible heat, and (ii) heat of vaporization of water
in the container. It does not include thermal energy for production
of steam used for atomization and water-gas shift reaction. It is
worth noting here that the definition of thermal efficiency does
not account enthalpy rise of steam as useable energy, therefore
not included in the nominator of the equation.

The experiment was conducted based on the water boiling test
following DIN-EN 203-1 standard test method. The thermal effi-
ciency is defined by

(Cp,water X Wiyater x AT) + (hfg‘vapar X anpor)

- x 100.
Mgl X Lvauel X Lrotal

New = 1)

The nominator in Eq. (1) is composed of; (i) sensible heat and
(ii) latent heat of water in the container, while the denominator
is the total amount of thermal input to the burner. Thermal effi-
ciency is attributed from the efficiency of two successive thermo-
chemical and heat transfer processes, it depends on; (i) the fraction
of chemical energy converting to thermal energy and (ii) the frac-
tion of thermal energy transferring into water.

The results suggested that the thermal efficiency had decreased
with increasing nominal firing rate. As a matter of fact that thermal
efficiency is attributed to heat transfer and combustion efficiency.
At higher firing rate, greater rate of thermal energy is released
while the heat transfer from flue gas to the water container

30
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Fig. 9. Burner performance at different firing rate for three values of water flow rate 0.16, 0.20 and 0.22 kg/min, (a) temperature within porous domain and (b) thermal

efficiency.
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Fig. 10. Visible flame characteristic at 0.16 kg/min at different firing rate.
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become less effective as the contact area between hot flue gas and
the container remained unchanged. Therefore, larger fraction of
hot flue gas had escaped to the stack without making contact with
the container. In addition, CO emission was high especially at
1186 kW/m? indicating energy loss in form of chemical bonding
of CO molecule in flue gas. A decrease in combustion efficiency
and eventually to thermal efficiency were expected, see also
Fig. 13(c) on CO emission and Eq. (3).

The released thermal energy was greater than that transported
to the water and this difference increased when increasing the fir-
ing rate. Waste heat was in the form of flue gas loss and radiation
loss to surrounding. This was confirmed by the long visible flame
when conducted the test in the mode of free flame experiment,
see Fig. 10, where color of the flame exhibited greater degree of
soot combustion above the burner at higher thermal load. This ser-
ies of flame images in Fig. 10 were taken at the water flow rate of
0.16 kg/min.

The maximum and minimum thermal efficiency, when tested
under ambient condition (30 °C, 1 atm.) was about 28% and 7%,
obtained at 325 and 1475 kW/m? of nominal firing rate, respec-
tively, and at the water flow rate of 0.16 kg/min, see Fig. 9(b).
When considering the effect of water flow rate within the range
0.16, 0.20, 0.22 kg/min, it was found that the thermal efficiency
was not prominently affected, see Fig. 9(b).

The effect of porous matrix thickness was also investigated. This
essential feature of burner was presented in term of aspect ratio,
H/D, where H is the thickness and D is the outside diameter of por-
ous domain. Fig. 11 illustrates the effect of H/D ratio from 0.75,
1.00, 1.25 and 1.50, respectively, on the combustion performance.
The experiment was performed at 325 kW/m? of nominal firing
rate and at 0.16 kg/min of water flow rate. This nominal firing rate
was selected because it could achieve sufficiently high thermal
efficiency. It was observed that thermal efficiency and average
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temperature of the combustion zone had increased with increasing
ratio of H/D. Increasing the height of the porous domain would
enable longer retention time for fuel and air to mix and react.
The left-over fuel to be burned outside porous domain would
decrease when increasing the ratio of H/D. In addition, thermal
radiation from flame would be better trapped by opacity of the
ceramic ball. It can be explained in short that by increasing the
thickness of porous matrix, the retention time of reaction taking
place inside the porous domain would increase and the radiation
loss would decrease. This was confirmed by a series of flame
images at different H/D ratio in Fig. 11. The maximum thermal effi-
ciency and temperature within porous matrix were 42% and
1050 °C, respectively, and at H/D 1.5.

Fig. 12 describes the combustion mechanism in porous media
burner. The housing of a nozzle is of cylindrical shape having annu-
lar co-axial exit, see Fig. 5 [28]. The inner nozzle is supplied by
steam where the outer one was supplied by WVO. With this
arrangement high speed flow of pressurized steam would create
shearing force on the incoming WVO. This could atomize WVO lig-
uid to sufficiently fine droplets. Initially, the waste vegetable oil
was atomized by the steam generated from the heat release from
LPG combustion. The steam induced both WVO droplets and air
into the internal combustion chamber (1st combustion zone). It
is important to note here that the steam temperature was well
below the decomposition temperature of WVO, it could keep the
temperature of the nozzle low enough to prevent coke build-up
at the nozzle exit. The atomized WVO were vaporized and ignited
within cylindrical combustion chamber. Then, the reacting mixture
was forced into porous matrix and continued to burn intensively.
Part of thermal energy radiated back to the internal combustion
chamber and continuously vaporizes the incoming WVO droplets.
This mechanism led to sufficiently hot environment where a
mixture of vaporized WVO and entrained air could always be
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preheated and ignited as long as they were fed into this region.
In fact this porous matrix was hot enough to support little
discontinuity of incoming mixture. When this thermal mechanism
was established, LPG was no longer needed. The products of
WVO combustion transported to the top part of burner by
convection.

3.2. Emissions and combustion efficiency

Fig. 13(a)-(c) presents the effect of firing rate on O, CO and NOy
emissions, respectively. The experiment was performed at water
flow rate 0.16 0.20 and 0.22 kg/min, and at H/D ratio of 0.75. From
Fig. 13(a) the relationship between thermal throughput and O,
concentration was not clear, although the concentration was at
the range of 12-15% when operated with 0.16 kg/min of water flow
rate and at the range of 15-18% when increasing the amount of
water at 0.20 kg/min. Surprisingly, the peak value of O for the case
running at water flow rate of 0.22 kg/min was as high as the ambi-
ent oxygen concentration. The degree of uncertainty of this result
suggested that there were significant effects of; (i) uncontrolled
draft that naturally flow into the test unit and (ii) non-uniformity
of mixing between flue gas and secondary air by the time it
reached the monitoring location. Although, the amount air entrain-
ment into the burner could be determined from flue gas composi-
tion with certain assumptions, it was not focused as a controlled
parameter in this study.

Currently, it is desirable that fuel should be thoroughly burned
within the media. The operating condition that led to long visible
flame above the burner, indicating the need of large amount of
supplementary air in addition to that induced by the steam jet,
was regarded as undesirable. One can conclude from this point that
the operating condition for this version of WVO burner that pro-
vide shortest flame is at the firing rate of 325 kW/m? and H/D ratio
of 1.5 whereas the effect of water feed rate was not significant, see
also Figs. 9-11. Nevertheless the emission at stack at different total
excess air may be compared using normalized dilution effect. As a
consequence, emissions were normalized at equivalent value at 6%
oxygen content of flue gas (6% O,), referring to the standard refer-
ence condition, the Department of Pollution Control and as

adopted in existing literature {29,30]. The conversion factor may
be expressed as follow.

[Emission]g,, = [Emission] (%06—0 (2)
— (V2

Fig. 13(b) shows the effect of firing rate on NO, emission (based
on 6% O,). When increasing the firing rate, slightly rise in NOy
emission was observed with the emission level between 10 and
40 ppm. This was attributed to prompts NOy and fuel NOy (nitro-
gen content in fuel was 0.51% by mass and the value of peak com-
bustion temperature within porous domain did not exceed
temperature barrier for the formation of thermal NOy). Prompt
NO, formed as a product of hydrocarbon radicals and N, at proxim-
ity of the flame. Considering Prompt NOy, when fuel was intro-
duced into the central cavity and vaporized by radiation.
Substantial part of fuel in vapor phase, especially at the outer
region of the jet, got mixed with entrained air and ignited prior
to entering into the porous domain. This was evidenced by obser-
vation of flame front in the central cavity of the porous domain
together with the noise of expansion and contraction of the gas
therein. The location of flame front taking place around the fuel-
rich region [31], it is reasonable to state that Prompt NOy would
occur at the vicinity of the flame front in the central cavity of the
porous domain.

Fig. 13(c) illustrates the effect of nominal firing rate on CO emis-
sion (based on 6% 0,) conducted at water flow rate of 0.16, 0.20
and 0.22 kg/min, and at H/D ratio of 0.75. Despite the injection of
steam helps reducing CO from being detected at the hood of the
test unit, the emission clearly increased with increasing firing rate,
indicating the need for longer residence time of the mixture in the
porous matrix in order to improve the combustion efficiency. CO
was almost the final product that further reacts with O, to form
CO, after the decomposition of hydrocarbon. The minimum CO
emission was 171 ppm at 325 kW/m? of nominal firing rate.

The relationship between nominal firing rate (kW/m?) and com-
bustion efficiency is presented in Fig. 14. The combustion efficiency
was calculated from the ratio between; (1) the difference of nom-
inal firing rate and the heat leaving the burner with CO to, (2) the
thermal load itself. It is defined by
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Fig. 13. (a-c) Effect of firing rate on O, (a), NOy (b) and CO emissions (c) for three distinction of water flow rate at 0.16, 0.20 and 0.22 kg/min.

Ec = [(E — Eco)/Er] x 100%. 3)

In Fig. 14, it was found that the combustion efficiency was
high above 99.5% at low nominal firing rate up to 1065 kW/m?
and decreased drastically when increasing firing rate beyond this
value. This corresponded to rising in CO emissions, see also
Fig. 13(c), suggesting the need in longer retention time of the
mixture in the porous matrix for better combustion efficiency, if
the burner was to be operated over this limit. It is worth taking
note here that the definition of combustion efficiency being
introduced in this paper is a simplified one, since it does not take
into account the loss of thermal energy due to other unburned
hydrocarbon and soot. Ones should be reminded that the actual
combustion efficiency would be lower than the value presented
in this paper, especially for the values associated with high CO
content. In such condition, the amount of unburned species in
flue gas was expected to be high. Nevertheless, this simplified
definition is a reasonable indication for assessing the burner
performance.

Under the current WVOB design, it was suitable to operate this
WVOB in lower range of nominal firing rate between 325 and
548 kW/m?. At this operating condition, the burner emitted CO
and NOy at 171 and 40 ppm, respectively, based on 6% O,. This is
acceptable under the emission standard for CO and NOy from the
Department of Pollution Control in Thailand, where CO and NOy
emissions must not exceed 850 and 250 ppm, respectively. Ther-
mal and combustion efficiencies at this firing rate were 28% and
99.5%, respectively. The operation range of WVOB was close to
the operation range of the LPG/NGV porous burner [32] which
was reported to give maximum nominal firing rate at the range
of 100-600 kW/m?2. Meanwhile, by comparing the WVOB with
free-flame mode under similar geometry, higher value of NOy
emission was found at about 250 ppm. When comparing the per-
formance of VO burner with WVOB, it was found that the thermal
efficiency of VO burner was in the range of 33-47% [33]. This was
similar to our previous study in [24]. However, these vaporization
and atomization concepts were susceptible from coke deposition
and nozzle clogs up when operated for very long period.
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Fig. 14. Effect of firing rate on combustion efficiency for three distinction of water
flow rate at 0.16, 0.20 and 0.22 kg/min.

3.3. Economic aspect of the WVO burner

In Thailand, the cost of LPG is 23 Baht/kg (from Petroleum
Authority of Thailand (PTT)) which equals t05.02 x 10~ Baht/k]J.
If WVO is not to be used as fuel for domestic cooking, it can be sold
at 17 Baht/kg (from Bangchak Petroleum Public Company Limited)
as a feed stock for biodiesel production, which equal to
4.72 x 10~* Baht/k]. Therefore, if WVO is to be used for cooking
instead of LPG, the difference of fuel cost between LPG and WVO
is 0.3 x 10~* Baht/Kk]. Considering the Stove operating at 27 kW of
firing rate, the benefit will be at the rate of 3.0 Baht/h, assuming
that the burners are of the same thermal efficiency. The cost of
the prototype is 5000 baht/unit. When considering the unit cost
of this stove in mass production, it will be 3000 baht/unit. There-
fore the payback period will be 42 Days, if operated for 6 h per day.

4. Conclusions

Important characteristics of steam atomized WVO porous bur-
ner had been investigated. 2 mm ceramic sphere randomly packed
to become porous media was introduced for this current burner as
a flame stabilizer. Steam was applied to entrain the WVO droplet
and air to the burner. Injecting steam to combustion zone could
reduce soot formation and CO emission. Three values of steam
injection rate were studied. Testing procedure following DIN EN
203-1 standard was carried out for assessment of thermal and
combustion efficiencies at various firing rates.

Although the firing rate was varied from 345 to 1475 kW/m?,
well-distributed temperature was achieved in the porous domain.
A dominant effect of radiation from porous media to the internal
combustion zone could continuously preheat and ignited the
WVO-air mixture. The mixture continuously burned intensively
within the cavity of porous matrix. CO emission significantly
increased when the nominal firing rate was greater than
1065 kW/m?, indicating the need for longer retention time if the
burner is to be operated beyond this limit. Nevertheless, the
combustion performance was not prominently affected when
operated with the water flow rate within the range of 0.16, 0.20
and 0.22 kg/min.

This current WVOB burner was suitable to be operated within
the range of nominal firing rate at 325-548 kW/m?, with H/D ratio

of 0.75 and water flow rate at 0.16 kg/min, yielding CO and NOy
emission at 171 and 40 ppm respectively (normalized at 6% O,
content of flue gas). Thermal and combustion efficiencies were
28% and 99.5% respectively which were similar to the conventional
household burner. The performance of WVO burner could be
improved further if increasing the H/D ratio to 1.5, giving thermal
efficiency up to 42%.
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A porous combustor burning partially premixed LPG with staged air is investigated prior to be used as
a prime heat source in a hydrogen production unit of Solid Oxide Fuel Cell System. It has 325 mm in
height with 100 mm of inside diameter. The small amount of air is mixed with liquid petroleum gas at
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Thermal throughput is kept at 3 kW with the excess air ranging from 110% to 180%. Temperature
distributions are investigated for three values of porosity and linked with Peclet number, convection and
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reasonable to use Peclet number calculated using the flame speed of propane to determine the
combustion stability. Low and well-distributed temperature profile is achieved. The apparatus meets the
design criteria with staged air but caution must be made to avoid over-staging. An important operation
criterion is found in the mixture preheating zone; the temperature level within the distance of 100 mm.
from the distributor plate must be higher than 800 °c for a sufficient level temperature throughout the
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1. Introduction

Global warming has become an important issue nowadays as
the average temperature near the earth surface is increasing by an
accumulation of carbon dioxide. It has been lately confirmed that
this is due mainly to human’s activities especially in power
generation sector. It is therefore necessary to develop alternative
means of energy conversion in order to reduce the rate of carbon
dioxide emission. Fuel cell is one of the modern energy conversion
technologies being developed for the last few decades. It produces
an electrical energy by an electrochemical reaction, different in
principle as compared with the conventional one (i.e.; the heat
engine that is connected to the electrical generator). The value of
50% or above of electrical efficiency is quite common when pure
hydrogen is used as fuel [1]. This shorter route in energy conversion
enables greater possibilities in developing a system with higher
overall efficiency. However, such difference leads to a number of
emerging difficulties. Although recent attempt has been made on
material development toward lower operating temperature, Solid
Oxide fuel cell operates at high temperature of above 700 °C. It
requires the start up unit in which the gas and air are to be heated

* Corresponding author. Tel.: +662 3264197; fax: +662 3264198.
E-mail address: kcjarruw@kmitl.ac.th (J. Charoensuk).

1359-4311/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.applthermaleng.2011.04.042

up to a desired temperature prior to injecting into the cell stack. As
a result, fuel cells cannot operate alone without preconditioning of
the feeding fuel. Moreover, many researchers have recently inves-
tigated the utilization of reformed gas in the solid oxide fuel cell in
order to explore its potential as an alternative electrical generation
system for distributed electrical supply. Consequently, there are
a demand for cell-supporting utilities and energy conversion units
which inevitably consume energy. One could enhance the fuel
utilization by using the heat produced either from the cell stack or
the left-over fuel. Complication due to such requirements has
raised the development issues on systems components including
fuel reformer and air pre-heater units. In the reformer unit, it is
required that the temperature should be evenly distributed within
a specified region in order to maintain optimum condition for the
catalytic reaction, see Fig. 1.

One of interesting heating technologies suitable for above
requirements is the porous media burner as it has the ability to
absorb uncertainty of thermal loading of the raw gas. With this
technology, the combustion taking place within the cavity of the
spherical ceramic balls can be maintained stable under relatively
wider operating condition. Consequently, thermal NOy is relatively
lower compared to the conventional swirl induced burner Howell
etal. (1996) [2]. Although lower NO emission could be achieved, the
work on porous combustor with staged combustion by introducing
fuel-rich mixture at the 1st stage and fuel-lean mixture at the 2nd
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Fig. 1. Schematic diagram of SOFC System.

stage conducted by Chaffin(1991) [3] found that NOx emission was
higher than the combustion without staging. Lower NOy was found
in combustion with lean mixture at the 1st stage and rich mixture
at the 2nd stage. Such comparisons were made at the same
equivalent ratio without mentioning on the combustion efficiency.
In concurrent with the work by Ronald D. et al. (1992) [4], they had
found the optimum condition in minimizing NOx emission. The
fuel-lean mixture was introduced at the first staged zone and fuel-
rich mixture was introduced into the 2nd staged zone. In their
study the effect of staged combustion was investigated by looking
at the mean temperature, NO and CO emissions. They also com-
mented that the temperature was not high enough to form thermal
NOy and the CO emission was neglectable.

Goel and Ellzey (1995) [5] studied the NO and CO emissions in
continuation of above studies within the equivalent ratios of 0.67
up to 0.94 at the 1st stage injection and 0.93 up to 1.1 at the 2nd
stage injection. This had resulted in the overall equivalent ratios
between 0.77 up to 1.02. It was found that by keeping lean fuel/air
mixture of the 2nd stage injection, the CO emission would be as low
as 10 up to 75 ppm. In contrast, the rich mixture injection at the
same location led to CO emission as high as 9000°ppm., reflecting
an incomplete combustion. In all cases thermal NOx was found
between 16 and 28 ppm. as the temperature was approximately
1800 K. Similar work by Ronald D.B. et al. (1992) [6] had studied the
performance of premixed staged porous burner. The first combus-
tion zone was operated under fuel-rich condition (at 60—75% of O,
requirement) where the lean mixture (100—125% O, requirement)
was introduced into the second combustion zone. This staged

combustion could bring down the peak temperature thus reducing
thermal NOy by 50—80%

The later development by Pickendcker O. et al. (2000) [7] had
used a non-premixed/premixed staged porous combustor for boiler
and furnace applications. Adjustments were made in order to
investigate the effects of change in fuel and air at each stage. The
NOy reduction can be achieved up to 30% by staging the combustor
as the peak temperature could be avoided.

Apart from the above fuel/air mixture staging technology; there
had been some works where secondary air was introduced in the
secondary zone, defined as air staging. Marker J. et al. (1992) [8] had
studied the combustion behavior of the air staging porous reactor.
They installed the heat exchanger for water heater inside the
chamber and used natural gas as fuel. The mixture of fuel and air
was introduced at the bottom of the chamber with the value up to
the stoichiometric requirement (equivalent ratio between 0.5 and
1.0). Experiments suggested that the temperature in the combustion
zone was low due to 10—30% of generated heat had transferred to
the heat exchanger, thus the formation of thermal NOx was unfa-
vorable. Further suggestion was made as the unburned hydrocarbon
from the primary zone was low, leading to low rate of Prompt NOy
formation. The NOy emission was as low as 10 ppm. They were
convinced that the turbulent eddies inside the pore cavity between
the ceramic spheres could stimulate homogeneous mixing between
natural gas and air. As the combustion takes place homogeneously
the discrete peak temperature could be diminished.

The works on porous staged combustion had been done by
many researchers mainly to investigate the effects of equivalent
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ratio of fuel-air mixture at each staged location on maximum
temperature and emission such as CO and NO [9—16]. There was
also an existing air-staging technique for the application for hot
water production. This paper proposes additional discussion by
relating the effect of equivalent ratio, porous size and air-staged
ratio to three mode of heat transfer namely conduction convec-
tion and radiation and turbulent mixing within the porous cavity as
evidenced by the temperature distribution. These are crucial factors
especially when it is used as a reforming unit of the fuel cell system.
Subjecting to availability, LPG is used as a fuel. The combustion
efficiency is calculated using the amounted of unburned hydro-
carbon and CO emissions assuming they are equivalent in enthalpy
of formation. The effect of three important parameters namely: (i)
ceramic sphere size, (ii) the amount of excess air and (iii) volu-
metric ratio of tertiary air to the total air flow rate are investigated.

2. Experimental set up
2.1. A porous media burner

Previous literatures suggest that porous burner is compact and
able to achieve high power density. Trimis et al [17]. had designed
and constructed two porous combustors; one having the diameter
of 110°mm with 300 mm in height, and the relatively larger one
with diameter of 190 mm and 420 mm in height. The combustors
comprised of the first porous layer containing small size of ceramic
balls next to the inlet port to prevent flashback. The next layer with
relatively higher porosity made by relatively larger ceramic balls
was employed as a reaction zone where most of combustion took
place. Both combustors were able to generate the heat up to 10°kW
and 20°kW, respectively with low pollutant emission. Our study
has adopted his idea of flashback prevention layer by applying
stainless steel wool with low porosity at the inlet port of the
combustor. The ceramic ball of 20 mm in diameter was applied to
form an inert porous region downstream of the flashback preven-
tion zone.

The porosity is defined by Eq. (1)

Porosity = Veaiy 10 (1)
Vtotal

Veavity is @ volume of cavity of porous media pack bed. This
volume is obtained by measuring the volume of injected toluene to
porous media pack. Vita is volume of 500 cm?’ of cylindrical beaker.
Porosity (¢) is the void volume within a porous media divided by
the bulk volume of the sample. The porosity can only be a number
between zero and one and is unitless.

Detailed descriptions of the burner components and the moni-
toring locations are given in Figs. 2 and 3. The burner is made of
stainless steel with two basic components; firstly, the bottom part
having an inversed cone shape acting as a gas distributor and air-
fuel mixer, secondly the upper part having 300 mm cylindrical
combustion chamber with the refractory liner at a thickness of
23 mm. The nozzle is given in Fig. 4. It has 1 cm. in outer diameter
with the inner hole having a diameter of 0.8 mm. and 2 cm. height.
It is made of copper and installed at the bottom of the lowest
section of the burner. This section has an inverse-cone shape with
adaptors for fuel and primary air connections.

The outer surface of the burner is wrapped with the insulating
blanket. The total length including the first part is 325 mm. The
burner also has three air inlets; the 1st air pipe is connected with
the fuel pipe and mixing box. The mixing box is used in order to
ensure good fuel/air mixing before getting into the furnace. The air
flow rate of this inlet is kept constant at 4 liter/min in all test trials
due to the pressure limitation of the LPG gas supply. The 2nd and
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Fig. 2. Experimental setting up of staged porous media burner.

3rd air inlets are connected tangentially at the locations of 0 mm.
and 100 mm. from the distribution plate, respectively.

Heat transport properties of the porous domain are related to
the structural and thermal characteristics of the ceramic material
being used. One of the important characteristics is the material
porosity. At relatively higher porosity the convection rate is lower
and the optical thickness is larger (greater view factor thus greater
portion of thermal radiation), Trimis et al [17]. This has resulted in
greater thermal diffusion effect upstream of the flow. In this study
we have chosen three sizes of ceramic sphere, which are 20 mm.,
10 mm. and 5 mm. subjecting to availability of the local supplier
see Fig. 5. Tests are carried out at different values of excess air in
order to explore the effect on turbulent intensity on flame char-
acteristics. The role of turbulent intensity on combustion is well
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Fig. 3. Schematic of porous burner with secondary and tertiary air inlets.
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Fig. 5. Three sizes of ceramic sphere (in cm.).

established in conventional flame structure, Howell et al [2]. The
effect of staged air are also investigated by splitting the amount of
total air into the secondary and tertiary inlets, designated as the
ratio of the tertiary to the total air flow rate 4, as given in Table 1.

2.2. Measurement

Measurement of axial temperature distribution within the
combustion is carried out using a data logger with an accuracy of

Table 1
Operating condition.
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+1°C connected to 2 mm diameter, type-K thermocouples. The
thermocouples are positioned at 10 different locations from 0, 50,
80, 100, 130, 160, 190, 200, 250 and 300 mm. of the distribution
plate as illustrated in Fig. 2. Arguably, the temperature reading is
a resultant of the balance of heat transfer among solid spheres, flue
gas and the thermocouple probe at that specific location. In
a porous domain, the thermocouple is subject to relatively smaller
irradiative heating/cooling effect as compared with the inert
ceramic sphere since it has much smaller in surface size, regardless
of their differences in irradiative properties. The sectional surface-
to-area ratio of thermocouple is also much less than the solid
spheres (the ceramic sphere size is up to 20 mm. in diameter) with
relatively higher in thermal conductivity. One may find it is
reasonable to state that the thermocouple is rather sensitive to gas
temperature than that of surrounding ceramic spheres, see Fig. 6

When a steady state is reached (approximately 3 hour after
ignition), Gas concentrations were monitored using a multi-gas
analyzer (Testo 350XL). The measuring principle was based on
electrochemical cells for CO, Oz, NO, CxHy and NO,. CO; is derived
from O, concentration based on a built-in algorithm in the
instrument. An accuracy of the sensors is as follows: +0.3% O, for
an O, sensor, and +5% of reading for the other species. The emis-
sions are collected every single minute continuously for
30 minutes. The values are used for the combustion efficiency
calculation.

2.3. Fuel analysis

Liquefied petroleum gas (LPG) is used as fuel. The composition
of LPG is given in Table 2. It has a lower heating value of 45.8 MJ/kg,
density of 2.011 kg/m> and containing 40 mol% propane and 60
mol% butane (Petroleum Thailand Co., Ltd). The flow rate of LPG is
controlled by needle valve and measured with flow rotameter.

3. Results and discussion

Prior to discussion on the performance of the burner, it is
worthwhile to mention on ignition process. This may be discussed
in two distinct contexts; (i) during the start up period where the
mixture is lean as small amount of fuel is introduced. Under this
circumstance, ignition occurs within the flammability range. When
the porous domain is heated up to sufficient temperature level, the
fuel-air mixtures can be self-ignited (Approximately 10 min from

Energy Excess Size of Lamda (1)* Primary air Secondary air Tertiary air
input (lkw) air (%) ZSLZTelc(cm) Flow rate (L/m) Fraction (-) Flow rate (L/m) Fraction () Flow rate (L/m) Fraction ()
3 Effect of ceramic size
110 0.5 (small) 0 4 3.63 106 96.34 0 0
0.96 4 3.63 0 0 106 96.34
1.0 (medium) 0 4 3.63 106 96.34 0 0
0.96 4 3.63 0 0 106 96.34
2.0 (Big) 0 4 3.63 106 96.34 0 0
0.96 4 3.63 0 0 106 96.34
Effect of excess air and effect of staged air ().
110 2.0 (Big) 0 4 3.63 106 96.34 0 0
0.3 4 3.63 71 66.34 31 30
0.5 4 3.63 49 46.34 53 50
0.7 4 3.63 27 26.34 75 70
0.96 4 3.63 0 0 106 96.34
150 0 4 3.08 126 96.92 0 0
0.96 4 3.08 0 0 126 96.92
180 0 4 2.75 142 97.25 0 0
0.96 4 2.75 0 0 142 97.25

¢ The ratio of the tertiary to the secondary air flow rate.
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'S = Solid sphere; size is 20 mm !
'T= Thermocouple; size is 2 mm !
! qcona = Heat conductivity !
: qconv = Heat convection :
LqR,,d = Heat radiation ‘

Flow of Flue gas/Oxy mixture

Fig. 6. Heat transfer among flue gas ceramic spheres and thermocouple probe.

Table 2

Properties of LPG (Commercial Butane).
Properties of Quantity Unit
Chemical formula (Propane:Butane) C3Hg:C4Hqo —
Proportional of gas mixture Propane:Butane 40:60 % by volume
Low heating value 45.8 MJ/kg
Density of gas 2.011 kg/m>
Volume of 1 kg Gas (at 1 bar) at 0 °C 508 liter
Wobbe index 20.79 kwh
Flame temperature 1925 oC
Ignition temperature with air 510 oC
Air fuel ratio (stoichiometry) 15.6 Kgair/kgs

start up time), at this point the ignition source was removed. (ii) at
steady state condition, where ignition of mixture under rich
condition, significant amount of heat from downstream is fed back
to upstream region with conduction and radiation heat transfer

LAMDA =0
150

- - mm .

o 1000 "%

100 mm

Primary air and Fuel

mode through the porous matrix. These mechanisms lead to hot
environment with O, starvation. Under this state, steam from
combustion product react with hydrocarbon to produce hydro-
carbon radical species. It is well known as thermal cracking process
which occurs in a range of 700—1100 °C of flue gas temperature, R.
Nabavi. et al. (2007) [18]. This phenomenon is an endothermic
process that corresponds to decreasing in flue gas temperature at
the region 0—100 mm. from the distributor plate. When almost of
air is introduced to the burner corresponding to the operating
condition with Lamda, A = 0.96, the product of combustion from
upstream region will further react with the secondary air that
injected to the tertiary port. The combustion occurred continuously
until traveling out from the burner.

From above explanation, tertiary air (secondary air that is
injected into tertiary port) has an indirect effect to the ignition
process. When increasing Lamda to 0.96, almost of the air is
introduced to the burner at 100 mm. from the distributor. The
combustion began at the bottom of burner with rich mixture
condition and then the product from this region will further react
within lean mixture condition after the presence of tertiary air, see
Fig. 7.

3.1. Effect of excess air

3.1.1. Temperature distribution along the axial distance

It is well known that radiation and conduction of the solid
material are the two important modes of heat transfer in
combustion of porous burner. In this context we have focused on
effects of convection and heat generation by turbulent mixing. If
the fuel is consumed and releases energy at the greater rate than
the rate of energy transported by convection, higher temperature
can be realized. These two competing mechanisms play important
roles on the distribution of temperature. Fig. 8 shows the temper-
ature distributions at different excess air from 110%, 150%—180% for
two distinctive ratios of secondary to tertiary air, 4, at 0.0 and 0.96.
The experiment is performed on the large spherical size (2.0 cm.).
At A = 0.0 the reaction zone shifts downstream with increasing
excess air due to increasing in convection effect, see the peak of
upper temperature profile. Moreover, at 110% excess air the

LAMDA =0.96

150
— mm -
. 100

il

Primary air and Fuel

Fig. 7. Mixture condition at two values of Lamda.
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Fig. 8. Effect of excess air on temperature distribution along the axial distance.

reaction rate gets less intense than the other cases with higher
excess air values. One could imagine that less excess air would
result in less heating load, therefore higher temperature should be
expected. However, this is not the case for the combustion inside
the porous media since higher excess air is coupled with higher
mixing intensity among premixed reactant and hot product, as can
be obviously seen for the case of 150% excess air. At very high excess
air, i.e.; inside the reactor running with 180% excess air, higher
mixing intensity then become less useful as the fraction of hot
product is small. The point is reached where less portion of mixture
is ignited and heating load has taken over and played a dominant
role on thermal balance in the porous domain.

Longer reaction zone is presented with less combustion inten-
sity in the 110% case. Peak temperature of 1100°C, 1250°C and 1180
°C are observed in the reactor with 110%, 150% and 180% excess air
respectively. Of these three cases the temperature is well above 800
°C as required for this particular application.

It is interesting to note here that the above relationship can be
explained in term of eddy velocity that is associated with the bulk
velocity of the gas mixture. This has been well described in
turbulent terminology. The rate of turbulent dissipation or eddy
brake-up rate is closely associated with the reaction rate which is
also applicable for premixed combustion. Ignition of the mixed gas
needs a feed-back heat from the hot product as well as radiation
and conduction of inert spheres. Turbulence takes place in small
cavities caused by the flow passing the porous domain. While the

Table 3
Result obtained in different porous media at high Reynold number [19].

mixed reactants undergoing combustion, the hot product is fed
back by flow eddies and mixed with the un-reacted mixture, the
ignition mechanism is achieved thus completing the cycle. With
greater mixing rate as a consequence of increasing excess air,
ignition is promoted thus reaction and energy release rates
increase.

Many researchers have explained turbulent flow regimes in
porous media in term of Reynold number, see Table 3. The turbulent
regimes of almost literature are defined by using particle Reynold
number(Rep,r) which are calculated from general Reynold number

. Upead, . . .
equation (Re = W) where dpa is @ porous diameter sizes

and Upeq is a velocity of fluid flowing through the bed, defined by
the ratio of velocity at cross-section area of burner to porosity. Also
known as pore velocity. They showed that the particle Reynold
number is greater than 300 when the fluid flow develops to
turbulent regimes, D. Seguin.et al. (1998) [19].

The particle Reynold number of our research, that calculated by
similar equation from literature, based on 2 cm of spherical alumina
and 45% of porosity are given in Table 4. The value suggested in the
literature for transition to fully turbulent flow regime is 300.

Generally speaking, the behavior of turbulent premixed flames
depends on the turbulence intensity, V], and turbulent length
scale, . The turbulence intensity is defined as the ratio of root mean
square of the velocity fluctuations to the bulk flow. While the
turbulent length scale is related to the magnitude of eddies in the
flow. According to, S.R. Turns (2000) [21], it can be classified as four
length scale, when represented by decreasing order of sizes, these
scales are as follows: macroscale (L), intregal scale (l,), Taylor
microscale (l;) and Kolmogorov microscale (Ig). In addition, when
considering the relation of turbulent length scale and flame thick-
ness, 0y, the turbulent flames can be classified as wrinkled laminar
flames, 0, < I, flamelets in eddies, [, > 0;> [, and distributed
reactions, d; > li. It is convenient to discuss behavior of turbulent
premixed flames in terms of dimensionless parameters as the
turbulent intensity and laminar burning velocity, V/,s/S;, as well as
the ratio of the turbulent burning velocity to laminar burning
velocity, St/S;.

Fig. 9 illustrates the effect of the turbulent length scale on the
turbulent burning velocity for different turbulent intensity. It is
found that turbulent flame speed ratio, Sr/S;, decreases with
increasing turbulent length scale. Meanwhile, Increasing in turbu-
lent intensity, V},,s/Sr, leads to rising in turbulent flame speed ratio,
St/S1. Moreover, when the turbulent length scale approach 0.3 cm,
the flame speed ratio depends only on V}.,;/S; and does not involve
any other turbulent properties, such as length scales. In contrast, at
the length scale nearly O cm, both the turbulent eddies and
turbulence intensity dominate to turbulence flame speed. High
turbulent flame speed implied that chemical reaction rates are fast
with enhanced turbulence mixing.

References Porous media Measurements Remarks about the observation of the turbulent Criterion for flow regime
location regime characterization
Mickley et al. (1965) Spheres dpare = 3.8 1 cm Internal Turbulent regime for Rep,« = 4000 and 7000 Velocity fluctuation spectra shape
Jolls et al. (1966) Spheres 2.54 cm Internal Turbulent regime for Repare = 300 Visualization of turbulent streamlines
Van der Merwe et al. Spheres dpat = 7 cm Internal Turbulent regime for Rep,, = 2500, 5000, 10,000 Velocity fluctuation spectra shape
(1971) and 27,000 Velocity turbulent intensity
Dybbs et al. (1984) Cylinders arrangement Internal Beginning of turbulent regime: Repqr/e = 300 Visualization of turbulent streamlines

Latifi et al. (1989) Spheres 0.5 cm Wall column

Rode et al. (1994) Spheres 0.5 cm Wall column

Hall and Hiatt (1996) Ceramic foams Internal

Turbulent regime above Repar: = 400

for Repare > 300 Manifestation of turbulence but
no fully turbulent regime
Beginning of turbulent regime: Re;* = 150

Fluctuating current spectra shape.
Friction factor evolution

Velocity gradient spectra shape F—R;
evolution Liquid aggregate sizes
Evolution of the velocity turbulent
intensity
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Table 4
Shows Reynold number at various excess air of this research.

Excess Air (%) Reynold number

110 553
150 655
180 731

As mentioned above, it is reasonable to adopt the relation of
turbulence intensity, turbulent length scale and turbulent flame
speed for discussion the combustion behavior of this burner at high
excess air. When increasing in excess air, the particle Reynold
number is greater than 300, the fluid flow develops to fully
turbulent flow regimes with high degree of turbulent intensity
within the cavities of porous matrix. This leads to increasing in
mixing rate between hot product and incoming reactant, that
means increasing in the flame speed ratio. Moreover bulk flow
Reynolds number increases with increasing excess air, leading to
a decreasing in the size of smallest eddy, S.R. Turns (2000) [21],
known as Kolmogorov scale, L. This corresponds to rising in
turbulent flame speed too. These suggest that the combustion rate
is promoted by greater intense in turbulence mixing, energy release
rate increases causing higher values in flue gas temperature.

In agreement with above discussion, the effect on turbulence
within porous cavities when increasing in Reynold number can be
confirmed by experimental result of, Takatsu and Masuoka (2002)
[22]. They found the evidence of turbulent vortices related to the
momentum and energy transport in flow through porous media at

various global Reynolds numbers (Re . @), see Fig.10. The

flow through porous media becomes turbulent at high Reynolds
number. Flow distortions due to the obstructions in the solid matrix
and the turbulent boundary layers developed along the solid
surface produce additional mixing to that of the interstitial vortex.
Furthermore, the spreading phenomenon of the tracer occurs with
an increase in the Reynolds number.

Fig. 11 illustrates the role of turbulent length scale characterized
by L, and the corresponding characteristic eddy velocity, Vimix, on
gas mixing in the cavity between the porous spheres. The ratio
between the characteristic length scale and the smallest eddy,
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Fig. 9. Effect of the turbulent scale on the turbulent burning velocity for different
turbulent intensity [20].

known as Kolmogorov scale, Ly, is promotionally, though not
linearly, related to the Reynolds number characterized by the root-
mean-squared fluctuating velocity and the characteristic turbulent
length scale, Takatsu. Y. et al. (2002) [22] and Tenneks. H. (1998)
[23]. This turbulent Reynolds number is related to the bulk flow
Reynolds number via geometrical and flow characteristics. The
physical interpretation helps us to get the idea how mixing rate is
enhanced by increasing the bulk flow. The size of smallest eddy
decreases with increasing in bulk flow whereas the scale of the
largest eddy is kept at the scale of the flow passage. With this
smaller eddy size, mixing time scale is shorten thus enhance the
mixing rate. This suggests that the combustion rate is promoted by
greater intense in turbulence mixing with increasing in bulk flow of
fluid. The mechanism is related to the cavity size and the bulk of
fluid flow.

At A= 0.0, the temperature of burning mixture with 110% excess
air at the 3rd location is relatively lower compared to the neigh-
boring locations which might be due to the combustion instability
of the gas mixtures. The value is a little higher than 1000 °C and
later improved as burning proceeds. After the 5th location the
temperature slowly declined and significantly drops out as the gas
left the combustor at 300 mm.

Convection effect is generally dominant at the 1st monitoring
location. However, as the specific volume of the gas increases with
temperature the mixing effect get stronger at greater extent
compared with 110% excess air. As consequences, the temperature
levels in the combustor operating with 150% and 180% excess air are
higher at the 3rd monitoring location and onwards. Moreover, the
temperature levels of the combustor with 180% excess air is higher
than that with 150% in the zone between the 2nd and the 3rd
monitoring locations. For the excess air of 150%, the peak temper-
ature of 1220 °C takes place further downstream at 190 mm. and
the value at the exit plane is above 900 °C. With 180% excess air, the
maximum temperature of 1200 °C is observed at 130 mm. The
value of temperature has declined significantly from this location
with flue gas temperature at the exit plane dropped to 875 °C.
Generally speaking, greater mixing of the 180% excess air enhances
the percentage of burnout at the early stage of combustion zone.
However, due to greater thermal load, flue gas leaves a combustor
at lower temperature. A total burnout for 180% excess air is higher
than that for 150% excess air (see also the emission result).

At A = 0.96, majority of the air (96% of total air flow) is intro-
duced at the location of 100 mm. from the distribution plate. With
only 4% of the total amount of feeding air, the mixture ratio is richer
than the flammability limit. The rich mixture is preheated until
getting further mixed by the majority of incoming air at 100 mm.
from the distributor plate.

The temperature distribution under this condition is however,
different from the case with A = 0.0. For the case with 110% excess
air the maximum temperature of 980 °C takes place further
downstream prior to the last monitoring location. Temperature
reduces to 900 °C at the last monitoring location due to greater heat
loss. As the mixture with unburned fuel gets further mixed with the
tertiary air, temperatures at that location and the upstream loca-
tions also increase by conduction and radiation modes of heat
transfer. Moreover, the effect of mixing enhancement due to
increasing excess air is also evident as looking at the temperature
profile up to 80 mm. from the distributor plate. Having said so,
however, this is in contrast with the experimental trial with A = 0.0
at the first monitoring location (at the distributor plate) where
convection is dominant which is reasonable since the amount of
bulk flow of the mixed gas is much higher.

Despite mixing effect is dominant from the 2nd monitoring
location for A = 0.0, at A = 0.96. this effect has begun to fade out as
seen from the 3rd monitoring location. From 80 mm. onwards
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Fig. 10. Visualization of flow through a bank of tubes in a narrow gap [22].

especially at the 4th monitoring location, (100 mm. from the increase in temperature is observed. High temperature for the
distribution plate) an important observation is made here as follow. excess air of 110% between 3rd and 4th monitoring locations

For the case of 110% excess air, the temperature is above 800 °C reflects good mixing of hot product and the reactant throughout
at the 4th monitoring location. This is the location where the downstream of this location thus the ignition mechanism is rela-
tertiary air is introduced and mixed with the fuel from upstream. tively more stable than the other two cases. High temperature is
Among other cases, the one with 110% excess air has the lowest observed throughout the burner distance except the last station
convection effect. With the effect not being strong enough to cause since a large amount of heat had lost as the gas leaves the burner.
extinction, combustion is on the other hand promoted and rapid The temperature increases along the axial distance up to 250 mm.

and decreases up to 300 mm. at the exit plane. From the temper-
ature profile, fair amount of fuel is left unburned downstream. This
t is confirmed by the emission results which will be discussed later.
The other two cases in which 150% and 180% excess air is
\ / employed, the temperature is lower with the value of 600—650 °C
at the 4th monitoring location. With these latter cases, lower level
of temperature is observed downstream, especially at 190 mm.
from the distribution plate. Despite of slightly higher value of
temperature at 1st, 2nd and 3rd locations, higher convection term
(as a result of greater amount of tertiary air) affects to the local
extinction at a greater extent than that of 110% excess air. Conse-
quently, a much lower temperature value downstream (at 100 mm.
from the distributor plate) can be observed. This gas temperature
value is not high enough indicating that mixing cannot effectively
promote ignition. Moreover, higher amount of tertiary air of the
180%'’s case creates greater cooling effect than that of the 150%’s
case as evidence in lower temperature at locations downstream for
the rest of the combustor domain.

Fig. 12 gives the idea of the so-called super-adiabatic flame
temperature by the comparison between the adiabatic flame
temperature calculated from the standard state reactant’s enthalpy
undergoing constant pressure reaction (assuming the reactant
Fig. 11. Characteristic turbulent length scale, L, and the corresponding eddy enters the reactor at standard state temperature) and the
velocity, Vinix. maximum temperatures obtained from thermocouples. It is found

Flue gas/Oxy mixture
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Fig. 12. Comparison of maximum temperature and corresponding adiabatic flame
temperature at different values of excess air.

that the maximum temperatures of the cases with 150% and 180%
excess air are higher than the corresponding standard state adia-
batic flame temperature. It is so since the entering reactant is
preheated by the re-circulated heat as a result of conduction and
radiation form the downstream region. This confirms the finding of
previous worker in this field which is generally known as excess
enthalpies or super adiabatic flame temperature, Tekeno.T et al.
(1981) [24]. For 110% excess air however the maximum tempera-
ture is less than the corresponding standard adiabatic flame
temperature since mixing is low as discussed in the previous
section.

3.1.2. Combustion emissions

Figs. 13—15 illustrate the effect of excess air on combustion CO,
NOx and CyHy emissions, respectively. Generally speaking CO
emission of the burner operating at A = 0.0 is low, with the emission
level between 10 and 30 ppm. When staged combustion is per-
formed, with A = 0.96, the emission is between 500 and 3000 ppm,
indicating the need for longer furnace residence time in order to
complete the combustion. Lower temperature in staged combus-
tion can be achieved but ones would find higher CO and CiHy
emissions too. Higher amount of incomplete combustion product,
CO and CxHy have left the burner, especially with higher excess air
due to high cooling effect of the tertiary air for 1 = 0.96 as seen in
Figs. 13 and 15.
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Fig. 13. Effect of excess air on CO emission.
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Fig. 14. Effect of excess air on NO emission.

At A = 0.0, increasing excess air leads to an increase in CO
emission. The effect of excess air is however not prominent for
these cases suggesting that by introducing the air at the distributor
plate, there is enough time for mixing and fuel is almost consumed
prior to leaving the burner. Shorter residence time is expected for
excess air 150% and shortest for 180% respectively. It explains the
increase in CO emission because CO is almost the final product that
further reacts relatively slow with oxygen to form CO,. The pres-
ence of CO is prone as combustion residence time is shortened. Not
much difference, however, is observed for CO emission of 150% and
180% excess air. This is probably due to a more intense combustion
as evidence in temperature profile upstream.

CxHy emission indicates the amount of leaving unburned
hydrocarbon. It is a result of primary cracking during pyrolysis.
Fig. 15, at A = 0.0, the amount of unburned hydrocarbon decreases
with increasing excess air. This suggests that greater amount of
hydrocarbon is consumed when greater excess air is introduced
especially at 180%. This observation is congruent with a corre-
sponding temperature profile in Fig. 8, as it reaches the maximum
value within the porous burner (at 130 mm. from the distributor
plate) and declines well in advance before the last monitoring
location. The case with 150% has relatively slower mixing since
lower bulk velocity is presented. With greater domination of
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Fig. 15. Effect of excess air on Hydrocarbon emission.
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convection effect, the location of maximum temperature has shif-
ted downstream locating at 190 mm. from the distributor plate.
Higher amount of unburned hydrocarbon is therefore measured.
Same explanation can be made for the hydrocarbon emission in
which 110% excess air is employed. The value is highest with the
temperature of exhausted gas being lowest among other cases
running with A = 0.0.

CxHy emissions of the cases where A = 0.96 in Fig. 15 suggests
that greater amount of unburned hydrocarbon leaving the burner
exit plane as the excess air is increased. In Fig.13, similar relation-
ship is observed for CO emission. One might argue that local rich/
lean condition beyond flammability range would solely explain the
incompleteness of combustion. For instance, by increasing excess
air, leaner mixture is created locally in the upper part of the burner
and is a major cause of CO emissions. At this condition the lower
part is too rich for hydrocarbon to oxidize completely. However, for
a slow oxidation of CO especially in a relatively low temperature
region of the upper part of the burner, residence time would be
insufficiently long enough and causes the incompleteness of
combustion to a certain extent. At Lamda of 0.96, approximately
one third shorter in residence time is expected in the upper part
(200 mm. from the distributor) of the burner. Whereas a slower in
mixing rate is expected at the lower part (up to 100 mm. form the
distributor). The delay in mixing and shorter in residence time has
a negative impact on hydrocarbon and CO oxidation. It is useful to
emphasis here again the differences between these results and
those of the cases with A = 0.0, where there is enough time for
hydrocarbon reaction as well as high temperature level to promote
the kinetic rate. Only a relatively slower CO reaction has slightly
suffered from shorter residence time with increasing excess air.

Fig. 14 presents the effect of excess air on NO emission (based on
6% excess 03). At A = 0.0, increasing excess air leads to increasing in
NO emission, with the emission level between 43 and 65 ppm. This
is attributed to thermal NO and prompts NO (since the nitrogen
content in LPG is neglectable). Although intermittent local peak
temperature cannot be measured, the value is expected exceeding
thermal barrier at which the rate limiting reaction of thermal NO
could occurs. Prompt NO also formed as a product of the reaction of
hydrocarbon radicals and nitrogen at the vicinity of the flame. With
the highest temperature of mixture in the combustor and largest
amount of N, in the incoming air, NO emission has reached the
maximum value at excess air of 180%. At 2 = 0.96 however, NO
emission decreases with increasing excess air (Fig. 14). The
maximum NO emission is 38 ppm for 110% excess air and the
lowest is found at 32 ppm for 180% excess air. It is expected that
a relatively lower temperature and the higher amount of unburned
hydrocarbon are the major contributions to lower NO emission (see
Figs. 8, 14 and 15), Fenimore. C. P (1992) [25].

3.1.3. Combustion efficiency
The combustion efficiency (E.) used in this study is defined by

Eq. (2)

E. = [(Ef —Eco — ECXHy)/Ef] x 100% 2)

where Ef is the heat throughput of the combustor with incoming
fuel, Eco is the heat leaving the combustor with CO, and Ecxyy is the
heat leaving the combustor with hydrocarbon. It is undeniable that
the most extensive definition of combustion efficiency must takes
into account all unreleased chemical energy neglecting only those
of CO, and H,0. Due to complexity of hydrocarbon composition in
the flue gas it is difficult to obtain the enthalpy of formation, it
cannot be found in most literatures. It is, however, the challenge to
include an incompleteness of this combustion into the definition of
combustion efficiency by assuming that the enthalpy of formation

of unburned hydrocarbon is equal to the enthalpy of formation of
LPG. Although this is a crude approximation, the presence of this
term gives the idea of requirement needed of further improvement
for the reactor. The calculation of combustion efficiency is carried
out as seen in appendix A.

Combustion efficiency is defined as the percentage of convert-
ible energy from a chemical one into heat. The chemical energy
storage at standard reference condition is referred as the enthalpy
of formation of the fuel. After fuel undergoes the process of
combustion, flue gas has left the burner and contains chemical
energy with them. By neglecting the enthalpy of formation of CO,
and H,0 the enthalpy of formation of CO and CxHy is deduced from
the heating value of LPG. This is not the first article that takes into
account the heating value of the hydrocarbon emission [26]. Fig. 16
represents how much heat is released as in percentage of the total
thermal throughput at different values of excess air and A ’s. In
general, high efficiency is achieved at A = 0. With this condition the
efficiency increases with increasing excess air and reaches the
maximum value of 99% for 180% excess air. When A = 0 however,
efficiency decreases with increasing excess air due to higher
amount of unburned hydrocarbon and CO emissions. The
maximum efficiency is only 91% for 110% excess air. The lowest one
is 25% for 180% excess air.

The operation of 110% excess air with A = 0.0 is the most
desirable as far as the emissions and the temperature distribution is
concerned. The temperature level for this operation is above
1000 °C from the 2nd monitoring station right across the burner
distance except the last station where the exhausted gas leaves the
combustor. These test trials are performed with the spherical
ceramic media of 2 cm. The ceramic size also affects the burner
performance which will be discussed in the next section.

3.2. Effect of porosity

3.2.1. Temperature distribution along the axial distance

It is expected that the reduction in cavity as a result of
decreasing ceramic size affects to the combustion therein,
described in term of Peclet number. Studies were carried out by
previous workers on critical ranges of such number for various
types of fuels, Trimis. D.(1996) [27]. Fig. 17 illustrates the effect of
porosity on the combustor’s temperature distributions. We have
chosen the burner with porosity = 45% (spherical ceramic 2.0 cm)
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Fig. 16. Effect of excess air on combustion efficiency.
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Fig. 17. Effect of porosity on axial temperature distribution.

filling as a base case. Tests are carried out at 110% excess air with
two relatively smaller ceramic spheres having the porosity of 27%
and 9% (spherical ceramic 1.0 cm. and 0.5 cm.), respectively. Fig. 18
provides visualization of combustion with different size of porous
sphere. As expected, the lowest porosity results in less temperature
value throughout the burner distance. Flame does not exist within
the cavity among the smallest sphere. It is reasonable to relate wall
quenching effect to this observation as the combustor is started
from room temperature and would never get to ignition tempera-
ture. With this smallest ceramic, ones can use this material to
prevent backfire of LPG at this particular condition.

As suggested in the literatures, Trimis. D. (1996) [28], the criteria
for distinguishing the burning stability of porous combustor can be

b

Fig. 18. visualization of flame at different values of Peclet numbers (a) Pe = 109, (b)
Pe = 55 and (c) Pe = 27.4.

characterized by the Peclet number. The Peclet number (Pe) used in
this study was defined by Eq. (3)

pe = 21nCep (3)

Where S; is laminar flame speed of fuel (m/s), G, is specific heat of
mixtures (kj/kgK), p is Density of fuel (kg/m>), A is Thermal
conductivity of fuel (w/mK), d,,, = 0/2.77 that ¢ is size of porous
media (m)

If the Peclet number is less than the critical value, Pe < Pecritical,
combustion can be difficult inside the porous domain. With Peclet
number greater than the critical value, stable combustion takes
place inside porous domain with low convective transport and high
optical thickness.

Table 5 shows Peclet number of each experimental condition
with different ceramic sizes. The calculation is made using the

Table 5

Peclet numbers of each experimental condition with different ceramic sizes.
Size of porous media, 6 (mm) Equivalent diameter, d;; (mm) Peclet No.
5 1.78 274
10 3.60 55.0
20 7.20 109.0
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Fig. 19. CO emission of burner with different size of ceramic sphere.

flame speed of propane (S; = 26.09 at lowest flammable equivalent
ratio, Cp = 1.2 kj/kgK, A = 0.041 x 107 w/mK and p = 2.01 kg/m>).
Extensive study on ranges of operating Peclet numbers of various
types of fuel can be found in Trimis. D.(2003) [28].

3.2.2. Combustion emission and Combustion efficiency

Combustion within the lowest porosity for this particular study
yields relatively higher carbon monoxide and hydrocarbon sug-
gesting lower combustion efficiency, see Figs. 19 and 22. It is worth
noting here again that the combustion efficiency is calculated by
taking into account the amount of energy containing in CO and
CxHy molecules leaving the combustion chamber without further
reacting to CO, and H,0.Moreover, it can be noticed that the effect
of staged air is more dominant on combustion with smaller sphere
as it reduces the temperature level, Fig. 18c and deteriorates overall
efficiency to a greater degree, see Fig. 22. NOx emission adversely
varies with temperature level, reiterating that this form of NOy is
contributed from Thermal NOyx (Zeldovich mechanism), see Fig. 20.
With the measurement of CxHy in Fig. 21 it is expected that the local
flame extinction and re-ignition are the major causes of such
fluctuation. These two competitive processes are interactively
attributed to (i) bulk velocity that increases with increasing
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Fig. 20. NO emission of burner with different size of ceramic sphere.
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Fig. 21. CiHy emission of burner with different size of ceramic sphere.

temperature and (ii) mixing between the relatively cooler reactants
and hot product with (iii) the help of porous media as a tempera-
ture flywheel. We have observed periodic fluctuation of this value
and have investigated this particular issue separately. For the time
being, the discussion of this observation is beyond the scope of this
paper.

Figs. 23 and 24 illustrate the combustion efficiency at different
excess air and porous size using the conventional definition. This
value is similarly defined as those given in (2) but omit the chemical
energy of unburned CxHy.

VA [(Ef —Eco)/lsf] x 100% (4)

It is found that the combustion efficiency is high above 97.5
percent. The highest value is close to 100 percent for the case
operated with A = 0.0. These figures give the idea how much the
value of combustion efficiency given in earlier section is different
from the value obtained from this definition. In author’s opinion
neither of these two definitions are accurate but the former is
rather more useful as it reflects incompleteness of combustion.
However, the suggestion given from Figs. 23 and 16 is similar.
Fig. 24 shows the effect of ceramic sphere size on combustion
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Fig. 22. Effect of porosity on combustion efficiency.
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efficiency and the mechanism of this effect has already been dis-
cussed earlier. Nevertheless, one may feel more comfortable to
discuss on combustion efficiency using conventional definition and
accessing on hydrocarbon emission separately. Bearing in mind the
assumption used for calculation of combustion efficiency, either
approach should not cause any misleading.

3.3. Effect of staged air

In the staged environment substantial amount of air is deduced
from the secondary air inlet and introduced later from tertiary air
port at the location of 100 mm. from the distributor plate. Due to
lower bulk flow velocity in the early stage, slower mixing rate
prevails in this zone of the combustion chamber. Fig. 25 illustrates
the effect of staged air on the furnace temperature distribution as
a result of slow mixing rate. Tests are carried out by varying the
ratio of tertiary to the total air flow rate, 4, at 0, 0.3, 0.5, 0.7 and 0.96
respectively with fixed excess air at 110%. By increasing A from O to
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Fig. 24. Effect of porosity on combustion efficiency in conventional definition.
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0.7, the furnace temperature at the early stage of reaction decreases
gradually but falls rapidly at A = 0.96.

When the residence time is getting longer for cases with higher
A due to lower gas specific volume (lower gas temperature),
hydrocarbon emission decreases significantly as seen in Fig. 26,
between the A values of 0.3 and 0.5. It is obvious that this is not the
only factor influencing the emission of unburned hydrocarbon
since the emission at A = 0.0 is also low and is explained similarly to
influence of excess air (see earlier discussion). From the fact that
most of CO is formed from oxidizing of hydrocarbon molecules, it
can be observed that CO emission increases with value of lambda
which is concurrent to disappearance of hydrocarbon.

3.4. Comparing NOy emission with conventional staged combustor

The configuration of air-staged porous combustor and the con-
ventional air-staged combustor is given in Fig. 27. As the secondary
and tertiary air is introduced tangentially into the combustor,
the conventional air-staged combustor is operated under swirling
flow configuration. The furnace geometry is however initially
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Fig. 26. Effect of staged air on combustion emission.
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Fig. 27. The geometry of air staged porous burner and conventional staged air burner.

constructed based on the design concept of the porous media
combustor. Unlike the design concept of the swirl-induced
combustor, the location where tangential jet is introduced is far
away from the inlet port of fuel and the burner geometry is not
constructed in cone shape thus it does not promote the intense
mixing and recirculation at the combustor exit plane. The
comparison of NOy emission (based on 6% excess O;) from these
combustors is given in Fig. 28 at different ratio of tertiary to total air
flow rate, A, which are 0.0,0.5 and 0.96. The emission from staged
and un-staged porous combustor is generally lower than the
emission from the swirl combustor for this particular burner
geometry, with the emission level between 37 and 45 ppm. This is
attributed mainly to prompt NO since the furnace temperature is
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Fig. 28. Comparing NOy emission in air staged porous burner and conventional staged
air burner.

lower than 1300 °C. The swirl burner of this particular geometry
did not induce intense recirculation. NO emission is low with
slightly higher values than the porous burner as the fresh air is
introduced without thermal barrier. This observation suggests the
benefit of porous media that acts as a heat retention and mixing
buffer in the combustion process.

4. Conclusions

The combustion efficiency, temperature distribution and emis-
sions of a porous combustor burning partially premixed LPG with
staged air have been investigated. Thermal throughput of this study
is kept at 3 kW where the effects of excess air are studied ranging
from 110% to 180%. Three values of burner porosity are employed.

By increasing the excess air, although leading to increasing in
thermal loading, the increase in furnace temperature is found. This
is described as the small turbulent eddies that mix the reactant and
hot product at higher rate thus decreasing CxHy emission when
increasing the bulk gas velocity. Moreover, an increase in convec-
tion effect has moved the reaction zone downstream. On the other
hand, higher amount of excess air leads to an increase in NO
emission. As combustion proceeds along the axial distance, the
point is reached where thermal load exceeds reaction enhance-
ment as a decrease in flue gas temperature is observed with
increasing excess air at the position downstream of the combustor.
An increase in CO concentrations is found because of shorter resi-
dence time less allowing the conversion of CO to CO,. Contradic-
tory, at very high excess air, i.e.; inside the reactor running with
180% excess air, higher mixing intensity has become less useful as
the amount of hot product is less sufficient. The point is reached
where less portion of mixture is ignited and heating load has
started taken over and playing a dominant role on thermal
mechanism.

It is also important to note that the temperature of the
combustor should rise above 800 °C within 100 mm from the
distributor plate in order to ensure good combustion throughout
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the combustor. Correlating with previous literatures, the porosity
has a significant effect on combustion stability in porous media. By
reducing the cavity as a result of decreasing ceramic size,
combustor’s temperature and combustion efficiency decrease as
also indicated by CxHy and CO emission.
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Appendix A. 1 Excess air calculation

Case A =0:
Volume flow rate of primary air = 4 L/min.
Volume flow rate of secondary air = 106 L/min.
Volume flow rate of tertiary air = 0 L/min.
Total air flow rate = 110 L/min = 0.001833 m?/s.
Volume flow rate of LPG = 2 Lim = 3.3 x 10> m’/s.
Density of air @ 30 °C = 1.2 kg/m?>.
Density of LPG @ 1 bar = 2.0 kg/m>.
Air-Fuel ratio stoichoimetric of LPG = 15.6.

The Excess air (EA) used in this study was defined by Eq.

A/Fac ) )
EA% = ~1) %100
( (A/Fstoi

Then, the excess air is

(0.00183 x1.2/33 %1075 x 2)
EA% =

156 —1>><100—11OA

2. Adiabatic flame temperature calculation
2.1 The stoichoimetric relation of LPG can be expressed as
For propane gas : 0.4C3Hg + 20, —1.2C0O, + 1.6H,0

For butane gas : 0.6C4H1g + 3.90,—2.4C0O, + 3H,0

Mixture composition (For LPG):

C36Hg 2 + 5.90, + 22.18N, —3.6C0, + 4.6H,0 + 22.18N,

From the constant-pressure adiabatic flame temperature:

Hprod ) (Tada P = Hreact (Tinitiah P))

ZNp(E}) +Efﬁo>p = ZNr(E}) +Hfﬁo>r

Table 2.1

Enthalpy of formation.
Species h? kg/kmol haosK
C 0 0
H, 0 8468
0, 0 8682
N 0 8669
CO, —393,520 9364
H0(gas) —241,820 9904
HO(iquid) 285,830 9904

—0 - = 7.0 h_h
Nco, (hf +h-— h298k) co, +Ni,0 (hf +h- h298k) H20+NN2

x (E}’ +h— H298k> N, = Niec (E}) +h— H298k> LPG

3.6 kmolco, (—393,520+hco, —9364) +4.6 kmoly,o
(—241,820+hy,0—9,904) +22.18 kmoly, (hn, —8669)
=0.4(—103,900)+0.6(—126,200)3.6hco, +4.6hy,0+22.18hy,
=2,683,310k]/kgy

Assuming the 2000 K for gas temperature then:

3.6(100,804),+4.6(82,593)y,0+22.18(64,810)y,
= 2,180,308 K]/kgs
Assuming the 3000 K for gas temperature then:
3.6(162,226)¢o,+4.6(136,264),0+22.18(101,407)y,
= 3,460,035 KJ/kgy

Interpolation and solving for
Taa: Tag = 2393 K = 2120 °C.

2.2 Adiabatic flame temperature at 110% excess air

A/Fac A/Fye 110
EA%:(( )-1) x 100, = ——1+1=21
A/Fstoi A/Fyn 100

The 110% of excess air relation of LPG can be expressed as

C36Hgz + (2.1 x 5.9)05 + (2.1 x 5.9 x 3.76)N; —3.6C0,
+ 4.6H,0 + 6.490, + 46.58N,

Substituting numerical values, we have
=W e & — F -
Nco, (hf +h— h298k> C02+NH20 (hf +h— h298k) o
=0 — O 0 - -
+Nn, <hf +h— h298k)N2+NOz (hf +h— h298k)02

oY 4
= Nipg (hf + he hzgsk)LPG

3.6 kmolgo, ( — 393,520 + hco, — 9364) + 4.6 kmoly,o
x(— 241,820 + hy,o — 9,904) + 46.58 kmoly, (hy, — 8,669)
+6.49 kmolo, (ho, — 8,682) = 0.4(—103,900)
+0.6(—126,200)3.6hco, + 4.6hy,0 + 46.58hy, + 6.49h0,

= 2,951,236 KkJ/kgr

Assuming the 1000 K for gas temperature then:

3.6(42,769)¢o,+4.6(35,882)y,0+22.18(30,129)y,
= 1,854,147 KJ/kgs
Assuming the 3000 K for gas temperature then:
3.6(162,226)¢o,+4.6(136,264)y,0+22.18(101,407)y,
= 3,460,035 KJ/kgs

Interpolation and solving for
Taq: T= 1484 K = 1211 °C.

3139
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Besides calculation, we can be solved the adiabatic flame
temperature for 150% and 180% excess air cases, which are 1046 °C
and 952 °C respectively.

3. Combustion efficiency calculation
Assumption: The measured hydrocarbon from the flue gas is

solely LPG (C3Hg+C4H1g). The combustion efficiency (E.) used in
this study was defined by Eq.

(EF —Eco — EcxHy)
Nc = { E } x 100%
F

Er is the heat throughput of the combustor with incoming
fuel, kw.

Ec,n, Is the heat leaving the combustor with hydrocarbon
emission, kw.

Eco is the heat leaving the combustor with CO emission, kw.

Firstly, calculate the heat throughput of the combustor with
incoming fuel, which can be expressed as,

Er = mef

er is Heating value of LPG (k]/kg),which is 45.8 MJ/kg.

1y is mass flow rate of LPG (kg/s),which is 6.45 x 10> kgs.
Er=6.45 x 107> x 45.8 x 10° = 3 kw.

In 110% EA and 1 = 0 case, can be monitored the emission as,

Gas Fraction Molecular Vol. Fraction x Molecular Mass fraction

weight weight (kg) (kg/kgarg)
COz 8 (%V[v) 44 3.52 0.118243434
CO 11.8 (ppm,yv/v) 28 0.00033 1.10988 x 10 °
CxHy 5717 (ppm,v/v) 52.4 0.299571 0.010063148
0, 874 (%) 32 2.7968 0.093949783
N, 826 (%) 28 23.15239 0.777732536
Total 29.76909 A

We can calculate the carbon content in dry flue gas (CO,, CO and
CxHy) as follows,

E x 0.118243434 + E x 1.10988 x 107> + 0.824427
44 28
kg
x0.010063148 = 0.040549
kgdfg

Because of, the carbon content in LPG is 0.824427 kg /kgs, we
can calculate the ratio of dry flue gas per kilogram LPG, which is
0.8244/0.040549 = 20.3314 kgqfg/kgs.

Secondly, calculate the heat leaving the combustor with CO
emission.

The ratio of CO emission in a kilogram fuel (The heating value of
CO is 10,106 KJ/kgco),

Kgarg

CO = 20.3314 (
kgg

) x 1.10988 x 10~ (kgcyty/Keare

— 0.0002256548c0
kge

Then, the heat leaving the combustor with CO emission is

k
Eco— 0.000225654"?& 10,106 645« 10*5%

kgs kgco

=147 x10~* kw

Thirdly, calculate the heat leaving the combustor with CO
emission.

The ratio of CxHy emission in a kilogram fuel (The heating value
of CxHy is 45.8 M]/kg from assumption),

CxHy

kgdfg
20.3314<kgf x 0.010063148 (kgcxHy /kgdfg)

= 0.204598-kgc,u, /ker

Then, the heat leaving the combustor with hydrocarbon
emission is

k: k:
K8eHy 45800 M 645 x 10-5°Y
kgf kgCXHy S

= 0.604405 kw

Ec,n, = 0.204598

Finally, the combustion efficiency is

~3-0.000147 — 0.604405

nd & : x 100 = 79.53%
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