% o g o w
msﬁnmauﬁnuzm'stm'lwmjm'aaqﬂquﬁtlszqnal-anuwal.ﬂ'maaﬁ%uw
HENUNEIUNBUNITINT L

PERFORMANCE ASSESSMENT ON POROUS MEDIA ADOPTED FOR LPG
PARTIALLY - PREMIXED BURNER

AsaiRy angmuna
PONEPEN LAPHIRATTANAKUL

nenfinusiidusnmilasnisinsemmanganByaisnsaumansnuitain
@3 1AMINSINAREINA
AL IINTIUAGRT
santumalulaiwssveunaninIRnmmIIaNARGLly
W.A.2560
KMITL-2017-EN-D-053-011



f1INNAFUANAN NIZINWAAIAIANTIT

nsAnwanssauznsludivesiaguiunussynaldiuiamiweaninuy
wWeuursEunauniswn gl

PERFORMANCE ASSESSMENT ON POROUS MEDIA ADOPTED FOR LPG
PARTIALLY - PREMIXED BURNER

BB

asaliigy afsauna

PONEPEN LAPHIRATTANAKUL

YTT148699 {00763,
i T NG i AR <
A A h ......................

Yusfeuill Y

IngrfinudtiudiunivomisinemamingasUsgyiisnssumansau Tudn
av13vdfanssuiaiadna
AMEIAINTINAGAAT
ao1iumAlulagnszanunadIALmMIIsaIANTEus
W.A.2560

KMITL-2017-EN-D-053-011



PERFORMANCE ASSESSMENT ON POROUS MEDIA ADOPTED FOR LPG
PARTIALLY - PREMIXED BURNER

PONEPEN LAPHIRATTANAKUL

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
DOCTOR OF ENGINEERING IN MECHANICAL ENGINEERING
FACULTY OF ENGINEERING
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2017

KMITL-2017-EN-D-053-011



COPYRIGHT 2017

FACULTY OF ENGINEERING

KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



AMZIAINTTUANERNS
anntuwmalulagnszaauindndinummsaianszls
' Tususesineinus

teineniinug  nsfinwianssousniswilvdvesiagmauiiussendldiuiisnueand
WUURALUNE IR bl

Thesis Title Performance Assessment on-Porous Media Adopted for LPG
Partially - Premixed Burner

undnwn wWaMnsaliy adsmunga

e GIRER R 55610251

USeueyn AFINTTUAARTA W Unuds]

#1073 AmnsTuASaINa

91913EUT W Inedwus 6.A7.903305 | ATEEY

NUBLAYINYITNUS KMITL-2017-EN-D-053-011
AMZNTTUNISFRUNEITNUS aeiindle

A.9A3.4139 insla

AT.UTTA gungia ﬁ'/ ﬁ/

ST WP WSYLA s S e |

HALAT. RN Wusyluatisy ; ' : w&m .

FALATANTIAT BRI -7\/—

Fu/ wow U Ty Fudunsal 27 nuaius we 2560 1aan 10.00-12.00 4.
doufidey W 9115 A BU 5 visausvau 3

AMLIAINTTUAEAT SUTDILAD

(599AEM519158 A9, ANEU U1EF)

AMUR AMLIAINTIUANERS

Full 27 nuAIWus w.A. 2560




Wadameniinus nsfnwanssaugnM s ndvesiagniuiissenaldiuiam

LEANILUUNANUEIUNDUNSHEN LA

HnAne uaMnsalig affnuga
FiaUszAn 55610251

Uy AINTIUAEN AU Unudin
#1130 JrnTsaLATeINa

WAL 2560

219138NUT e Inendnus 983 917305 19uEy

o 1
UnAnge

Ingnilnusatuilliinauenistszendldivaiaiaaniusiuduiiwawuuiinisnauun
Asunisinlnddwmsvldlunszuauniseuirsniind aneldauufgiuindagnyuazanlinis
nszaneaufeulufesmrlniiduluetainanengldguiuunisaemainusounuuunsed
2 W ' & 1 A o P = °
Wundn mnaaesgnudseanilu 2 @ lain nrsmaassnelaleulendiniswiisnieinia
agdaszhazanelaReulaninisavaneiniruaranmendaulunswnlag n1sveaasdiu
wsnyiunman wnIsldauaswesiilasaimaudugniilenilasdnidowmdad vie
Waufaun T ludseiandondaluaidad 2555 [1] ednwinismieatienniduag
@hgsnmuasailvl Wisuieusswinghmasuluukasnmniagwiu sudsdnueuiioy
WaTagnsuiljusisuaganuvuiitutesituanssiuind g d1un1sneaasdiuiaed
Y ¢ = = ool o v v = = v = Ly
TnnuszasAiialIeuieuguvginnssanemlue s lnivazUTuusaivluiglodes vesh
WALLUULAETIHIANTY SIuieAnBninaveslaTeatne ArmuuILuuges i anwu

il Tanniundnsiduauya 0.7 Laydnsnadnndndiuadyaunnsiaiu

Mnmsnaaesdwfindnudt lunsdfivumn faangunsanssuendufiannzai sl
agafliadiesnw dunanudnsndruanyaluvienauiiining 4.1 wazguvnlivesdiunauiinng
N1 200°C tewe udpeslsAmalassairanisvnedemanisivavesTagwsuiliinisimient
omAftesniiuLuy Tnemsufudeulassaiadusunsaazgnsanashidmadans
wilshemaegnaiidoddy uwindunuiriagnsunsinssuenianeimifiluiitngiuvan
WA osnndimsdnemarudeulugdunauldd lusngiinuuududorimesTaawsy



danadagunslulegsdiaiasnin Inedasnisivanilvuialnglduatiosninni s g

1

119N lasanndudsyansaianisauvaadadlniaen

Mnasveaesduiiaesud M fagniunseinseuendulvinisnszanefmvesgungiily
vessindfadnaneniiidiuluulagnsInszuenianzg Tudsliviinanisusuteusnles
wazeanlysvasiulniiaudinid 25 ppm WeRiarsandagniufidaunuiwiugesineiaiy

]
o ]

wuin Tagwgunilanunuiududesitglvgungiifngledafiduniiieg vesrauntlndge

2
u o

niTagnyuiifinnamuiniutesinei iesanduussaniiiansdunaglenialunisgaide
AnudousanINTaqwLAiissnnty denndastuuinuaiveuneuenlsiiguareenledues
lulnsiuiishninsdiianmauriarumuuiugesiee TuvnsiidendouiisuTagnsuiivhan
SIC uag ALO; wuinTaswyu SiC Wigamgiluosmlnifidosnit ALO; o nduUsyansns
thau¥eunasiasidiigs ilimnufeuiiinannismalmignuuisusglusaawsuunnt
fignanimesngiuusnianniu dmUinamivouseuenludiiaaenadastunisiinuiasiy
wziuarlulnsiausenludfigaiesannuinumnuseugslutaanu WeRosuiinaeine
Mdlunisinlngd wuinnsidewigumpiadusiosslniiadulnaain umundudediu
Usnaenmiaiiaanndvinarasnisw uenandmuinnafudvnavesmansniivluae
dmaliusumnivsususnlamifintu dulilasausonldifudunuiueime



Thesis Performance Assessment on Porous Media Adopted for

LPG Partially - Premixed Burner

Student Ms. Ponepen Laphirattanakul

Student ID. 55610251

Degree Doctor of Engineering

Program Mechanical Engineering

Year 2017

Thesis Advisor Assoc.Prof.Dr.Jarruwat Charoensuk
ABSTRACT

The modification of premixed gas burner using in ceramics baking process with
porous inert media was presented in this work. It was expected that the highly radiative
mode of porous media could promote uniformed distribution of temperature in the
furnace. The experimental condition was separated into 2 main parts, under naturally
entrained and forced combustion air. The first part was conducted regarding the condition
on baking process to investigate effect of porous media on air entrainment and flame
stability by considering visual flame propagation and gas temperature in mixing tube. The
modified nozzle [1] was also adopted to improve amount of air entrainment. The free
flame from premixed burner was used as a base case to compare against the flame from
porous burner. The test was also considered effect of geometry and pore density of
porous media. And the second part, the investigation of temperature distribution in
furnace and emission was conducted comparing between free flame and porous flame
modes. While the effect of difference of geometry, pore density, material types of porous
media at @ = 0.7 and effect of equivalence ratio at the same firing rate were studied, as

well.

The result from the first part showed that combustion stability on bulked porous
media was found when premixed equivalence ratio was lower than 4.1 and temperature

of premixed gas zone was greater than 200°C. Amount of air entrainment of bulked

1l



cylindrical porous burner was lower than in free flame burner because of flow blockage
of structure, while amount of air was not significantly changed by using hollowed cylinder
media. The hollowed cylinder, however, yielded stable flame throughout the operation
range as the flame was maintained in a porous matrix which acted as a flame holder at
high firing rate. By considering effect of pore density, the larger pore size could promote

flame stability on porous media as having a lower radiative extinction coefficient.

The second part result suggested the more uniformed temperature distribution in
furnace, together with low emission was found in bulked media comparing to the free
flame and hollowed media. The higher value of pore density porous burner provided
higher level of flue gas temperature in the furnace than observing in lower pore density.
It was due to having great value of radiative extinction and volumetric convective heat
transfer coefficient when a media had a small pore. The large amount of heat loss from
porous matrix with high pore density led to increasing of CO and decreasing of NO,. When
considered the combustion on SiC and Al,Os porous burners, the lower level of
temperature in flue gas was given in case SiC. It was because the high value of conductivity
and emissivity promoted heat recirculation inside porous matrix, thus decreasing of heat
loss from porous domain. The high value CO was found in case of SiC corresponded to
observation of quenching zone, while an effective heat recirculation promaoted high level
of NO,. On variation of air-fuel ratio, the zone of high temperature eradient was found
further from burner exit port with increasing of convection. By concerning emission, CO
was increased when the convective mode was too high, while NO, was increased with air

ratio.
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ndvasnuidulul 2554 sadlaadal 2555 [1], [7), [8], [9] Inenilan1veea1udTenainfanis
YSuusehanremaaieliaunsamdsnioniadiunnidaindusenisuiulaseadng
2 & a g va v oo & " P o P

veenvauinifoindslilinianduzdisuniu @annular jet) Narunsauiudauuuin
neanamddnduiusivaugausialswasuiivesdamiinaasvusiuivusinigly
Wi nan1segeunulTnaa N ad Iunniiuiudunnmasnaunsuiul i 25% lae
A:u' gf‘ = nnl’ o L7 I dl :{' o/ d' 1 = oW =)
nsNTuYesUSuao N AliaenfrasfusULUVTsInidsuwas dainanliluaided
2559 [2] InenlddnuisnadnuaizassdiinidSeuiisunsdinieeniddafidnuasdugy
NNAULATWUNIUAITTRANBISHAAIEAIV B9l MaLTIA1uIee (Computational Fluid
dynamics, CFD) wudidianiiinarnmidnguiewauiinaiuaiunsalunisinunluwusiy via

Wiandidnnnisaydaratiauasunsndigvionaulafay PrefiniiuviiveswIniidudadty
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9NAdINa bR ANSWTgINaYaLNNTY WeRe TaaNssaus s stwulidad il

S e

wafesn Aty dunrinaalnitdnuasdududin wansdsnswlvdfiasysel s
Muviafifgamgigigafeuinegluvinutiniunidesainaiuniialvanfiun i
dintu Taereuntidvhdateuuugslvdnuasuanfionassfuainuinventaen &
wansluguil 2.1 eghslsAnmanmsenivsyssimduiuuisidnsauznasalviiuuan
IWdase vilinanszanssoumniluiesuiluiifniuodishiaiiaue Tnsuiaiinism
IndiSslsiAuanigunagBganiiuinsug vasvosintivil wazAesq anawasses /D uang
faguit 2.1 winhlWlgdvdumeuwsiindazvinliAnuadln dufande Sasiuazifnay
Geomeld uonanidsdmalimstemaudouduinasaiiatuedliivsyansam

nnMsAnunuddsdeundmuiinudnuazmsianlnivesiimiussynaldiuTanwgud
anuuanssanm s niiuuaMdasy esielassadveifaududeudsmalifie
wauAnnisunandauaznszatentslulnsefagngu dslunsdiinsmnludifintuagasd
wafesnn WarlwimuaazAntunisludesinuestannsulasumaainallivgasen
senunuuen Wellnnwiiuiuilymiruiahlugmsiauisesenuosinerdnusaliu
i lvflavudgiuirnisiumaluladfagnuuvszgndldasinlitamduazerniaii
UfRsmduanesunninelutednsvesiannsuasfnduiedeuusnnsouy TAANTUY
Feazvaglinsnszaedivesgungiluiiessnlnifine srsaiiaue nawlndiduusl

auysaidu aansiiadiuazilailignarudigudndanluwivosmstiluldeu venaind
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JUT 2.1 manssngirgamiinnusgaumgeemiesurininsdiidaneunisuiul ey
VhiauSulsauen masiiay3e 0.57 uaz 0.65 N/mm figasinisivanaaiia 3.5
L/min [1]

IETATEETIIIIIITII I IS BT TT S P TD

Conducion =
Convesion " Canvection
Fuell Al 40 Combustion
Midure Qﬁ 1 Gases
; Flamne

JUT 2.2 lapzunsuudnanisuyudsuausouniglutanwsu (6]

UsingmisalinlnlinieluiaawiugnifenazeduisedsaziBonlay Wood way Harris
(2008) [6] uay Mujeebu wazany3de (2009) [3] Fenanimswilninielutesinawesian
wyudsznaufunisnszarefivesinefeudiogniawidinenglassaisaniuasdioiy
UssinSamlumsdrawanuieuszninivioutarlassaiiwewds vilulinnsuyuilau
aufeuihlugnisnszaemiuiousswainauslufagmsuinnisinludagsdiadosnim
wardsdamalidnsiniainaisusznauaiiveuna uanlasuazeanlanveslulnsiauanasdn

A8 Imalﬂammimt,ammimEjmmm%'ammmﬁqgﬂﬁ 2.2 Wlaianiswnbvgl ausauann



fradoussgnanaminguisfagwulnanisw antussgnasialifmuinuneunismlngd
sunistheufeuiiiisnanafilassaietagmsu Wunsgudunanlitgumgigeiuniey
Anlw uenaniianuieusnfeieudamsadomgdunantoinauazerniainun s
Sedlddnsne
mstharwdousnlfiftesudiunauifomauaroniadeudguinmlndidamaly
gamgiitldannswilniganigumgiiuaideuudniinulumsslwiuuadlndassude
nanalaindunisiieneunal (enthalpy) "71'Lﬁﬂ"ﬁuluﬁ’liNamﬁmﬁdﬁﬂquﬁéaﬂiﬁdﬁu 13en
Us'mgmiﬂiﬁﬁ%auma%amﬁu (excess enthalpy) [3], [4] lonsenemannufouduly
ognsiluszanian doudenaliimnuiiuailuiidngetu a9nauideves Trimis was
Wawrzinek (2003) [5] wuindngeadnvarluuuariiungia 10-30 wh vilvideadiuaags
vasdunaniuannsdidarlndass 25 m/s iiiedestuvsangnisalivaalidoundu
(Flashback) frewmitanwsuismmneautiunieniuduuudiunauuns (ean combustion)

uaniniilunatsq s dededimsnaniaasmnan (Péclet number) [3], [d], [5] 34
Huilsdduresmnuduarliariiug (S,) Wuigudnassznsus (4,) wazauauli
#naq vesfeieu udivsuenieeusiiafissnmussmsenludaansu Tngdmiunisin
Indiuuudausauuninisasiidnnnnia 65 fseaziBeavesnsinsnadosnimesianngu
gnnanlilutade 3.4 nuunliumsiiawamlndounduldievesiaamiudainandnadiu
HldAnmaiiansintagwiuiifidrnumsu (porosity, 2 ) innseiy 2 Aiunnsdeuiu Tag
Fuiivznsdrunauidomanaraniaelianitmmmumeumduiussuaunnianiugus
ni1 65 vibiwalriunltienfgaainfagwsuuazlosiumlwdoundu luvusiiviinm
fAfosmsliAnnsunindasliYannsuiiiaaunsugaduiudtuaunnanidaniu 65
Hastunsvanaes femeiisiilvmserlulifaiuluusnumelesitesTagmyueths

o - ' o e - A o o
maammmaxmmwuﬂwawamwmmqunﬂum’nu‘iaumﬂﬂﬁmﬂm [10], [11]

of the combustion zone dispersion and convection

T I I T T heat transport in axial direction
by radiation, conduction,

. " 9,

heat extractton from the combustion

zone by radiation and conduction of

the matrix and by convective heat

transfer and dispersion

combustion zone

00 e
Do %0 % %% % 6% %% %%

large pores . ignition temperature

(Region C); Pe > 65 ZX _ R
—— ™ ' T T T T T T T T T T\\‘“*» preheating zone

{Region A); Pe < 65
fresh gas mixture

JUT 2.3 pszviunisaawanuieulasmsnyiatesamluiiwndanwsuwuy 2 9 [5]
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9 o] q

neldnisthtannsuniUssendld furamsinddmivinedwusatuil dadula
Miadamsunlnifisiatosnin aamgifeleidefiguaznszaearudouluroanlilés
TuraziefudesnisuSunasafivarnnswalwiisn 9nnsAnenudteiniuanuii
amﬁausLwdﬂﬁgﬂmuquimmiﬂﬁLma's‘ﬁha‘] fausruuandrslusueiin Tassadhs vie
wiwidndhudomduazermeillunswnlvg falseasdonselui

2.1 vdwannvlagasniuvinaawsu

yilomasTagmyuiiutladoniiidsmadenndnuvazninmlng TUAYBITAANTUYNUUA
panilu 2 Ussianudn sunse19daves Pickenacker Wavamzdde (1999) [12] launusuan
wfinduazyssianlavs Tnenandrfaansuivianlanslimnzausonisirunldau
dlesnnvugamgiildiiissuszanal 1400°C wassliasuanuantinismnudourasiannyu
Ussiansindliuanadiannsnd 2.1 Gsagwuin SIC Aeudndinuiaiidnasuliiinnismn
Inifiif sonpdesiuITauas Loukou wageniyide (2012) [13] FuUFsuifioufiusewinetand
vhanevgliuwasdaneuniiluduaswuiddneuslunliligunsmnlniifiadosnm
nfendnesgiinn egelsAnunisasunaues Pickenacker [12] indrinTaniivianlanglyl
wngausisnuiunsiaing danudaudiiunuideves Yu wazsamgdde (2013) [14] fu
Gao wazAng (2014) [15] AlFvaasauiaviiiouTanwsudssinnaasalsd (cordierite) (41
Nnanussmieiing) fuasuszneuiilensidudaussay (metal fiber) wagWUINTannguy
filanziludindsznovannsoafradssnmmaanludldfninesfind saufald
UseanSnmmnsmnfeuiigandi udeghslsimuiasmsuiviharntavs s NO, TuuTnaged
120 ppm ﬁé’mwéauam&a 0.95

oglsfin anmsAnsaAde e iTalfdenuieudioutagnuivhanes
findlunismaasvaussaugsindmiunuifed ldud exaiiun (ALO,) wazddnauailud
(5i0) TnefawsiFaniivhanganeumsludazaansafanssviuniseandnduldauannsd
(2.1) %qﬁﬂﬁﬁmm‘m‘iaumauﬁai’amﬁmL?Jumi‘uau:uauaﬂimﬁLLazmﬁmmag"LuﬁwlaLﬁﬂ

SiC(s)+02 (g)— SiO(g)+CO(g) (2.1)

LAINN15ANYIIUTTEVeY Mach etal [16] inadsudaanguiivinainaisusznauddnay
meldnszuruniswnluiiduszeziatsaiiloswiu 100 92109 WuIsRsInIsanasuelia

Tanwguiiadusnun neldgamginismilval 1000-1200 °C uagfindnsnisayaaleuia
Winsnndudiogaumaiinialudiier 1400-1560 °C Fanmsnadauluaiddeitium aumgl
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vasillefagnyuanaiiingedegtuienany uidlefiarsanlusuanuduyusessaziainisld

) =

U MulpuaniAnidremanufeuniauii Faneumiluadudutaniieugnuiun

q

Anwndelusunsenlniauiedagiu

A1919% 2.1 TeyanneauseundAgyues ALO;s SIC uag Zr0, [12]

Uayan1enuiou LRE Al,Os SiC ZrO,
ANuFaugEn §e 1900 1600 1800
Fuuszandnisveradanis P

o 10°1/K 8 4-5 10-13
AUlsaU (o )

AINNSUNAUSAUNA 20°C (A) W/m-K 20-30 80-150 2.5
AINNSUNAUSaUR 1000°C
W/m-K 5-6 20-50 2-4
(1)
AALYANNTOU J/gK 0.9-1 0.7-0.8 0.5-0.6
gaungiinenisvengfinils
[5) K 100 230 230
e (R =429
o
ANPINSDURBNTS VLA NS ,
. N 10°> W/m 3 23 1
MY (R'=R-1)
FuUseans A suaSedsani
- 0.28 0.9 0.31
2000K

2.2 vswannlassadnedanniuy

mewmalulagmstugulutagduinlvilasaiviaawsulinaensgraainraiy deu
mMvhauiwanasiueenty Inelassaielanniulsaanesindfansadamilaieuas
= o o 2/ 1 =3 e = Vel a e = =
foudwdssgndldlaundssinnidianasuaslinsiadieliy dslafivarsauidednwids

=

wwissnmnsniviuaraussousiuIsufisutuszuinlasaiisuuudieg §i Gao uas
anuzddy (2014) [17) RnrsanavssousmisienindivesTaanguiilassarawuula dinnay
wazSais wuigumslénuvestanngunuulnuiivinirsiigaidesainiidinunguuin
figaluussaiagnsuiilineaoy (£ =80%) swisiilassadedudoudioduaiulfians
semamieustieiiuszavinm luvagiuuuuseisisddunmsinusauiian venainily
nsUssgnalifanmaulugunisniniuuvdunaumuiiiendnfielalasiauiiinisine
andnavadlassaiisianniudagiunissnviadssnimiasnisimaludiiguiu 1ag Loukou

LarAuyIde (2012) [13] nAnwidIsuiiisuTannguiuanslugui 2.4 uaswuinirfaawgu
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A o — 2 o A v 1 = = o
UsetanTwuivinain Sisic Tagrunisvirauindnendnde ALO, JUIUMIN Tudeduualiy
Windntesnianaae

n.) 9.)

'
)

AansuNlTluauIdeues Loukou wagaaly

a o

g‘d'ﬁl 2.4 798 n.) SiSIC foam 2.) AlOs rings

q q

uanInlassaislnuwazdianaudadinistugy
M INaNA1sRUDan lUNluAI LYWl Yeua

[13]

s

q

IAANTUL

o
a

Jugduuusingg Bohlildaussouy

s

AVBUAST LANIAIAITWNA 2.2

A15197 2.2 fMedalasadiaangunnulunuidesi

R
U

IrssasneTanngu

ANSANEN

Avdic, Adzic lLag

Cammic

Uszgnaldfiuimnuing 8 kw v

on C a | W a8
Durst (2010) 18] taupy! INBGAUT NUTITURNTEIUNT3
ions A and a0 ol ™ &% EY) a e '
& At it wIsann e tunaz lauafiurinin
Wisguiuimmiwuulandasy
s Ly

Kornllow,
Shakarlynts La ¥
Goey (2012) [19]

Interwoven fiber

Uszgnaldifuiminndmiuuia
wiaslud ddaudsznaunaniu
axgiiun wulliniswnlndegnad
wwhosnmneliteuluaufou
4-32 kW gauungivnda 22-740°C
gmsndruanya 0.28-0.95 lawll
guungiiilatuainguwuin 1425-
1800 °C wasl NO, #1nin
40ppm
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A15719% 2.2 ednalassaiiTaanguimulunuidesne (o)

il lassasdannyy 3N

Hoetger Was fnandansuarsiuauazinuidn

FIG.2

39. /m [ 5 ¢ L7 eu' b2
Thiele : Muuu Yszgndtuiisniieli
(US2006/003519 Auseu lneg3delideyadn
0 A1) [20] Tassasrenanandalyanalunig

NARAINIlASIESIRUUTHY DAY
Fanudonsidsunlatgungll
21U ALUNSUNINNINBNAIEY

Woven fabric shape

4

=

annyuiinvinnisdnedan | dundszendldiuimiun S8

9 L] q

a sala w1 v W
jurdalwivasnfiiduiau | (radiant burner) lnglasaas1adan

ugnasszaulumTauae?] Ju | NJUAINEAITILAANITNTELTIVY

[

Tong, Sathe Lay
Peck (United
State patent

o)

2B =

=

4.977,111) [21] wnfugtidlulassaindmivld | Sfuasiinnsgaduainuiou v

o

AU TAUSEANT MWK N S IF ALY

2.3 BNBWAIMNAIANUNUILUNYDITNUAZAIAIUNTY

dmdutanwsuitdnuusdunuuTnu@adonldouidonazussgndfuagisunsvans
a1usagnikunlalag A1ANUNUILUNYBIIN (pore density) dgrumeduLBIUDIan
WIUADAINYT 1 il futhelu ppi (pore per inch) PnmMsAnwmUIIaintunasal
ATUUILL LB I dHasaAUiuURNATEY (pressure drop) TENINYNUILALTU108NUBY
mslua nelassadraivuniuauasludfisrmudumunisivatiues wasarusuanadey

a a a Y e & A A o
7\]3?_N:J%EJ\'WJLLU'JIUMLWMNWﬂmuL@J@LWﬁJﬂ?WHLT}TaQ ﬂ'ﬁlﬂa [22]

nmsEneeuIdadunamalugl wudimeanmuiwiugorihadumsifie s
avswasen1swvdluasaudiadesnmusalaslwluiimniagwiy Tnenan1s91aean19mn
Tnsfuvunilsiianns (10 model) vosiwiimulutanngu v8e Akbari uas Riahi (2010) [23]
wamsliidlaiuenumuuiutesin demalifumsesvadlviiuu ldeudin
drunaureunslwdiuiniy desainnrsiremarudounu unmsignifutumuaiiu
Fudouvetlaseasne ualidwasdnifeddydegamgivesansuaniugiuinumiseanias
wiu Jsteazuiinandaudaiunanisnaassiidgisanuluniidores Zheng uazanizive
[24] Tngwuindarlnintsudnszanelutagwiuldfidoiuanumuiuiudesine iein
Anduls¥AngaIAn13iU (extinction coefficient) iunnTusmumsifinduiuvestonisiva
sorugniniliin fudstussitunnatesiidnas Wumslinssoweuisuwuunsm
Adunaloudnlunsiemeauiouainfedeuligueudandszansamas darudeuly
gudunaudsunsunlniluliinades Weseufeudulna gndtegluteddnsweTag

samgiluTanuuiadaas aenndesiunaninageuiaqniueie SIC Wiguigusznina
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=

AU UTeIIANsIUY8Y Gao wazAng (2014) [15] finudrTagwyuiidaAiaany
wuuutesings dwalifinsdemanuieussvinfedoututagwguanas uenani
meldgunsaineseuiieafufivinerinusatuiftnisfinudvswaves Ay
Yo9IedenmanvunIIH bulilgugiy Laphirattanakul wavamzide (2015) [25] 16
Anwnadesnwnisienniuagnsiningamaiiluvenauieudnguinanisenlng wuirTag
wyufiliAmumuututesisnhansasweiesnwaswnlvillfeg meluTagwuls
Tugwiinhanirfandifldinnumnuiutesinegs sufeunsolinnufeunduludidunay

nounswnludlafnin

ummnﬁﬁwmquu (porosity) Sadudniladenisiidwmasnoaumnianiiuduniu
guinansUszning JeAranunguilifuninifoinvansaudeiunn fagnulundues
Uszdvsnmmeanuieuilriogussuin 90% Ine Muthukumar waz Shyamkumnar (2013)
[26] agslsfimmmiriimestlllfuusiumudaumuiutesiuusedidla udazannse
nsuAlrhunsnssinliunsvesterhafisufuUiinas e Tanuansdsauntsa 2.1

5=5‘3""—x100% (2.1)

tot

2.4 INswarnUsuruainanldlunisualng

uananAMaNTAMeiulasiadvestanngussinaalufitednadiunds Foulunns
MnuvesiuAdmanatafissnmuasn s niFagmauruiu annisaneauidenuin
Sammuunziugunsminfituudaunemu Tnsaunsoiumamvesdunaligany
warnly Tuvaziifrsannsasnwiatsnmmsienindilded lifianisvanassvosuan
Tru3ensiniu esninnisludaanguiinisarsmanuouassiiussAns amviliigiu
Wanlninegaulutannsuldd nanfeviwdhiduiiameguivmlldd aummdnusens
wilsitinisodrnluaflidondnudrumsmniniuvudiunaumun desaniawagwsud
wnlinAnasludounduliie esnnswnnilufaguywilieududarlngei
innnirfinuluanlwdase

PNNTETIRINEITeNg T iduneaussaugnsmlndiagmgu lagRansanamns

gampiininfuuinaniniseninl Weliudsudnsdenadeidamdaunsaasulans

9 U

A13199 2.3 Wefiasanuwiliulnesinvasgamgiiluianmiuvesusazanisenuitdonndos
furguupiiluiasnuuinaninuiiseranauiloiiudadiuornialunisw vl uenand

MN91UII8YBY Zheng LazAme [24] AU Wang wazamuy [27) TMnadanmraasiuInnsiiiy
U 1:?{) 1

YSuemmiliaavgiivinaninisguemigu lnslimenaindiunauiiiidadou

3
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o1mAunaznlwldnniniidadiuerniadien Svswaluudvesnsiiemanudouuuunis
w3sgauazianmuioulugdrunanuinasiums wisgwlsinuduiidunailunis
naaewoite Winsivunlidunaugnieudigimniinnumiuviig fu 0.3 m/s) §
yangfedvinavesniswiying fulunndeulanismeass Sntsiideulvdiunauunedeisns
mswnlndiisnidiusandouledu msfigumpivewangedsiaziannguiainns
fewArmsuLuUnISITNIn Ty

i aw vee o ! d @ =
TuvaieNanuideves Alattab uazane [28] Idanwisumiweasdailviliousuideu
gnnduauya wulgruumlnduegludumisimaiiofiudnsdiuauya doandosiu
AnudaUaluasiaumnianfiiiugetiy

[
o

Pnmsdrnakazdsrnanuidenedestuiagniuinanaludresiuty §ideawnsoagy
anvaeNmnzausanIsldulafwsni 2.4

lusAtuilldfnwaussoumswnlnivosimnfanngusedoiniueaiisitinse
eunswluy Hildmangunndannauideiifnwiundedu lngessdufiansminig
nszatemvesgungiiveniileuinadaaniu uariagnsusyldgnveviudeauiuiuaiy
Jounnussiumugaiisannisgadaniudeuguinaseus Tanngu ewindesnasli
mnufeuitinannawilniAanistiemauieuldfynfismdasiinaniseiemana
fouuvuwiedifundn adhalsinwlumsitasisina §idelfidenlowanisnaassly
Ineniwusaduiiveideiug Ansdnvanssourniselineforsanmelu el iud:
delifiunwssaamatiamsulndiyled

FHeulvnsvaassgnutseanidu 2 daundn ldun mavaresiifinsmienhenmesg
Saszuaznisnaastiimuguermalumswninl Ingnanaaosdaiingds Tavidunield
Foulomsvhauweshursuwuy Fslivdnnismisnionmadauivimndndemas ua
FunmAruunnsatssangsalam ez naenaigaudoni Wisuiiisuszning
Wunduuuusagieniivszndldfuiagmay dauntsusaedudiuiiaesdingUssasdiie
Wiguisugamgil srufisdSunamaivluieleds aeldnisauquuiuimeiniduay
ANMLIAGENYDINTENIN WaNIINMTUTBUIEUTERI A UL UURa I Tan g
wi Tuawddedeiins@nudvwavesamanumunuuduaungy junssianwiu viatag

WU TIURIBVENAIINSMIEIUAILADNAY
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Bakry (2006) [29]

(074> ®>0.55)

338
Foruss §1UNTNAADY gaunqdl Waiy

gaumgifagluuinaifinsimnlugd Lailafinw
anaseuNIRNEAd LN Ul

Zheng wazAnEIdy (2010) [24] 0.125<®<03 qmwgﬁﬁﬂLmﬁaﬁﬁmsq’uvﬁlmw%q
nduTuualdudntuauni s
dagduene
gamniifiralufagusuanasniunis | CO WnTumunisifudndiueinia

1354, 1.8 iindndananne (#n31 30 ppm)

NO, anadmunIsIiudnaIueIn A
(AN 20 ppm)

Keramiotis Wwazaaly (2012) [30]

1254, <1.6
(0.83>®20.63)

gaumngilivluiagniuanainiunis

as

LR IUBINA

CO anasmunfindndiuennie
(#1197 80 ppm)

NO, anasm1unIsiinyesdndau
and (Wndn 27 ppm)

Wang wagay (2014) [27]

025<9<04

gamgifgludannuiananasmniu

ATLNHARTIUDINA LLG]QM‘I/‘IQﬁ

]
=

R E R P DIV RR AT
wua s NTununsiindadlu
DINA

lyila@nwn
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FOEUA

HIUNISNAEDU

- Nl

Hany

Xu wazAds (2011) [31]

0.39<d<0.62

a v W vl o
aﬂ.ﬂfiﬂiJ‘UENNU\jWB\‘]lN'ﬂaWﬁJ‘WiUﬂ?']N

1 u

JoundannuanaailaLiudnd
DN

CO fiAngefisnsndruanyas
Lﬁaamnmiq@.ﬁamm%au uazl
Agaisnsduanyagailesen
mnulsifiatiosnweealanlv
NO, Hrnanasmunisiiudndau
BN

Keramotis wagandy (2015) [32]

1.1<2,<1.8
(0.9=®d >0.56)

gauniifiglutagniuanaamiunis

s

WLdaAILDINA

CO fifmgandndiuenAgeanuiaz

Fen
NO, HA1anaInINNISINNEREIY
21N

gaumnnimaluiagnuananiunis

ot

9
WiLFREIUINF

CO anaanuNITudAd 4D INA
(#1n31 25ppm)

Al-attab wagany (2015) [28] 0.33<P<0.71 A .
NO, {A1N1 NUNLAALDRIIEIY
IR
4 ¥ = ¢ 5
qmwgﬁmﬂui’a@wquumLﬁ:ugj;wu wmmmmumu@uanmﬂwmwLua
Loukou wagauy (2012) [13] 19<d<29 d v % o o e
Luaami’umuaugalfmlﬂa 1 LANORTIAIUEND

Fesenunty

IECRRIEM BLBUY

tlBLeLBUY

?-L[,’:
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715197 2.4 asUriinTanniunazgrunsidanunmunyay

wsilwesifiansan AiiATian Snwaiisuiing
Uszianian SIiC Metal fiber uag | Tvigungigs fiarununiu uaz
Cordierite annssnuwatiasnnlan
ATAUNUIMUUYEIN | 10-20 ppi g1uLEig TN NN
AR LN 90% Uszansnmniannuiougslunei
safiumn
lA59a319 Tnly gruatiosnInnina 7
ORGPV Taguiuatusaly | gamgiigaazgunisvinauning
n1sen tndadaed
vafesninlugnu

gmsidauduya
AN Fadeud
HERER

1.9<d <29 [13]
Juiisguiisianen
0.125<®<0.3
[24]




3.1 AYBNAS

MNMITIUTNUNELazasRnUiINgITasiuMeTaINgs [33-35] nuinfinudiewnds
wandbglulszmelng laun AresssuvifnaziaUinidsual uananndfneidoindeds
aAunsandnlaan anudiu 1 Aesssuviduastlndsudnie

3.1.1 FUAUaIN YDA

o

(2 d’i’ = A o el = Vs o = ldv
iuvamdidAguastodldiumnnludequuiiaeg

& a

Frwsssurd Ussnauludielalnsansvensineie Tnefidmudundn fwdedu
padUsznevdulies Feiasssumdtiingnnuuinaiiunsumiewdnitusasgndadie
mnusiugeaglitu aunsahulilaonsdauasvdaiduaunssisasussnaulalnsaivou
Franting ﬂmavﬂummmm%mﬁﬁ%wnﬁ”ﬁasm%ﬁLLﬁam'mﬁ’uq&ﬁqlﬂmmiaLﬁa'L‘ffam

metlasiagunyas (Liquefied petroleum gas, LPG) fiduusenaunania s Tns-
wiusazrdimu lnendnainfessrugalulssening uasssnmauaafliainnisndu
dhdfuvlulsendudiu Wy wefidu Insiidunazdafay Jdudu msvudsioteaiavilalag
nsussldianglianudunazieaidaznanetdule nieldniuiuussenielng

WAL R3ANY (Producer gas) Ussnaumamisuausauanlas lalasiau lulnsiaulay
913811N89 55% wazatsveulaoanlad FalwsAwasfiiaiaslaainnisdeseiniavia
Uinsenfuiemdudsludiinaitiseninainimeed] (Substoichiometric gas) HuUTUTDS
Vo9 tuiiu fin ldvTavesvfantwiununs sialilidiarudounliosniiiglulasiau
Yuegunn asfuiineenisivaiauseugeiunesldivesndinululsunadeaniiaimg

= a (] o £ “oas Ao o | [
nouunuainalunisnds wazdiansaiilUldnulaiuiivsearahlunendoufils

3.1.2 auaudRvesinvweaiy
3.1.2.1 auaudiviaed

AnandRntwaivesigioafivuisausudiiglala staunsidiulsznauveg
ansuauluseau C3 war C4 gelussuvillalasasuauazaruisawdsvanusiduvasvails

neldnuduiliganmin feamnliund lelasasueunguiiussneudie
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Twsinu Propane C,H,
Twsiau Propylene CH;
Uy Butane C,Hy,
Ta9idu Butylene C,H,

wazarsusgnaunlaildlalasaifususiueginuandes Wesainaunainuaieves
drulsznauilviiinisaansguresieuweaidnld dudemddiidowan Budeyalunis
sanuuussuuliignieuazUaandy

agslsfimiy C3 uay C4 iunngegludnmauvesieusaiiersutsesnifuasangy

AoWINBuA (Saturated) wagliidum (Unsaturated) Favisananguilsinsiiunssdnvasnisdu

@ as

Gl']ﬂ‘l.J’tJENF’]’l%UE]UE}SﬂaiJ
nau Saturated hydrocarbon leiun Propane, N-Butane, iso-Butylene
mjf:u Unsaturated hydrocarbon l¢in Propylene, N-Butylene, iso-Butylene

3.1.2.2 pausudAn1ngnn

7 '
= s o

A o = = A - o
LNBWQWimWIUﬁﬂWUS‘UaQLVIa'@ LUBITINLDANA umgmmaﬂm’mm ﬂ@IWTLWU -42 °C
& =

o <4

westfadun -0.5 °C leledanu -11.72 °C Asuusaivduasiiyaieauazdaauzsufied

ANUAuUITEINAuEsLFRgndaniuANAuatn1eluds Arrusuvin i dureunanfe
ATLAUYDILBAN LD

A17197 3.1 anaudfvesueaiian usveunas [35]

TS yastatiny Toladunu
hwiinluana 44,079 58.124 58.124
SECLENGNGY
\waLed 1 -42.045 -0.50 -11.72
UITINA)
UNNIINGM (93e0
— 96.67 152.03 134.99
\aLed) '

WieRsanluanugig Yrmsanivg Aranduadldasiivasdrunauivoineiios
Frafgingalvuazgnlndla sgonmarauegluSuainemuizyisnisgnlndazuanse
DuiegagvessSasiesieninia AanududugeasvesnsanlwdiSeniiAwauuy dwu

NIAUANSENIT ANYaUEae waatIvanlunauszuIslnswuiudnny Inelnsinudenanis
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antuil 9.5 - 2.4% laeU3unslueimauazduvudvanisanlugd 8.4 - 1.8% lneuiuns
lngyndukauunviateeniiazlinalu

3.1.3 gaumaiiveansynanli

\laree) Wuguugiilvitudewmduiasgamaliamilang wiazlifivsznieglnvie
anugvesnsdali Wendshavaniudiemusssuvd gamglaganiianisgnlniaiy

sysuvdilienitganglinisynfinln veslwsinude 460 - 580°C vasdunufe 410 - 550
e]
C

3.1.4 gauuiveaailu

]
= 1

gamgiiveaumlnilaanmsmiluivesfigpewiuifigainwuldiiniswastazaiy

U

#i1a9 eildu mdnude neundes sxgiliflonuazuiy [usu lnalnsmufigamgiiadlwly
21n7A 1930 °C uag U 1900 °C

3.1.5 ansdIulSunsUeRaInenId

Medumaliieegluaniugiig Usuinsasilisuwladluagrannlaalngny 1 mie
Usuwmsiilonaneduieudiazdiusuiasidu 2 wiaes 155 °C drudanuy 1 ndisdsuins
Wanaelufiewalasivsuinsdy 233 wuien 155 °C

3.1.6 A1PNSOUTBINITIN bS]

AAINUTDUYBINS LI vIfeDaUS U uANNS e Ul iR NN ITEAle AN LeaNT 1
wagmin vise 1 viheuiinag unihmswalbidiianudusaseumgiung (25 °C)

A15199 3.2 ANANNSEUTBINSN I ANULLeaRT [35]

fianumgdl 25 °C T wasTlaluny lolgduny

High Heating Value

Alawnags / Alandu 11943 11742 11714
Uiy / Youn 21497 21135 21085
Alaumaes / auums 23700 30600 30500
Uy / aum 2663 3438 3427
Low Heating Value

Alaunaed / Alany 10989 10837 10810
Uy / Joun 19789 19506 19458
AlauAags / au.iums 22250 29400 29458
U9y / au. e 2500 3304 3281
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3.1.7 Usunasenmantglunisenlug

feeenBudufefinauegluenma 21% lasusunsuezilutaduddgyiitievihli
Wansen vl setiuusunaeimeandewdnluluissmnluivzdosdivsununuiusu Tunsaii
o PP v ¢ o 2 & P I3 o
Maweafidunlndedwauysainmuafaznarailufgariusulasenled nisdsuudas
anunsaleuduaunisnaailsail

Twsiwu C,H, +50, —3CO, + 4H,0 B

Uunu C,H,, +6.50, = 4CO, +5H,0 (3.2)

faammsiand Uinaesndiaudidndusenawlviosrsanysaifeniu 5 wihlneusies
Tunsalvedlnsiny wazidu 6.5 wihlaeUsuns lunsaivesdnmu ewinusunueendiauly
o1mAsziuina 21% Tagusuams astuluntswiliinsuedisauysal 1 m® avdedd
81mA 26 m° daudamy 1 m® 9edadidonnia 31 m? Fuiudiafninussuiisusuthiy
LWWUTULAT weafIfpInseImAuINNILaniay

3.1.8 & ndu aAnudufiviazmsazane

s a &£ Ida A w U aw Y oa = v oa o a [ o
woaiduTgvsazliild ndu AvluuiuninaaioanalsUsEnauniindumiualusme
Wl lUSidlaiinn19577u a1suszneuiildadivazlu wesualmu (Mercaptan) Aauoadl
a @ 2] a1 a = e o 1 1 L3 o Y oa e € 2
Auiwnlbiifsudlunsaiiamsdunwegrdhiauysalssiiviinfeasusuneusnledld
Wy [esannueadliliansiuiuuss wu Tetra ethylene Feazfiaglutniuuuduazdu
maloduveuoaiivazaadiafisuunsuinivenhiuuudy

£

wananiiiousafiddafinaan Tiduivhasanamuioinumwinindussve Jsaunse

A o a

viligunsaleneg Miunngnessnndidonnauidls wu Jzinu wiela fieq dedy

gunsalfitanldiudinussyiesssuyvifnsldianaunladvinunainenssssusifigu 19
dunziudu
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3.2 nsilugl (Combustion)

nesAnmaumswalug [33], [34], [36] mawnlniduufasereendiadud
qmwgﬁqﬁsijL%amﬁw?aaﬁﬁ'mm'ﬁaLmlﬂﬁﬁ'uaan%wulﬁashqsmL%’; Feasitannsa
wilnilaludemasde auey (© lalasiou (H) waziuzdu (S) wisenaussnawindle
Sndnvagnieindudeafertusainiaadl (Chemical kinetic) Faiedostunnuuay
nalnvesfAzermuniivesansvugisarefluduasiminfousuiinisiudsuguaas
WAIUTERI WA UNILATILaEnasIuANLSausd1esIns 1 Tneluniswilndasiinig
Uanddeswdaueaninvieifonit nsrurunisaeaudou (Exothermic process) fiaiu
LﬁamimﬂwﬁﬁwLﬁulﬂaeiquial,ﬁaaazLﬁmﬂﬁﬂaﬂﬂdaﬂwé’wwaaﬂu'ﬂ,ugﬂLLUUmm%'auLLas
wesaireiues lnsmswalvsasdetunieldannedeulofivun vau 1éud snandiuna

sevidemaaiueendlawes gamgld avwau \Judu

Waaldl (flame) Fafudrudrdguasntsietlug fAoudianuig MAauiisenaiinns
ABAIN3aU (Exothermic chemical reaction) aa 953052 Tnanisienndaunsaliilaalu
Idaosuuude Wadlwwuuseauiuinneu (Premixed flame) waziUadlwiuuuns (Diffusion
flame) Fslurideiivgvenaniiniiswdarliwuunaniuadey wiasuuveras uungasls
Wuralwideegfuil (Stationary flame) wagiailwgnatafeudl (Propagating flame)
wastlarlvsesianruiianiswangd (Burning velocity) @1atluai1uisani s ngdiuuy
$7ULS U (Laminar burning velocity) n3aa21an3anaswalusiuuuiiuvau (Turbulent
burning velocity) Feuffonismiludifatuludnsusmdedduegiu fuiifdudaves
Waiwds wayammgl Wy

3.2.1 anastlawnsvasnaswilsl (Combustion Stoichiometry)

amaamamm%rﬁumiﬁﬂmmﬂ%mmaan%lmﬂeja%ﬁwaﬁiumwmlwﬂa&haaugﬁﬂi
Faudinaeendlawesiianianesilewssiumneiinswaluituidunaueinese
Fomdsuuuu (Lean mixture) lumanguiy Wodusunasendlaweitosnitanssilow-
e ddrunanenAre el EUUHU (Rich mixture) MImAMLFURUSLUUARDE-

Flowmsilalaemsdauaunisenlve wu dwsuidewadalasasvouauisannlasad

C.H,+a(0,+3.76N,) — xCO, +(y/2)H,0+3.76N, (3.3)

a=x+y/4
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Fnduveslinaeendiauluemaduindeufiarsanliemaildlunmswiluiifueinie
wissznaulusne sendau 21% lneusunes waghilasiau 79% lneUsuins dudelueina
1 lua Usznauludmeluanasendiau 1 Tua uarTuanalulnsiau 3.76 Tua Ssmsmdnsdau
o eralamasiinmunguivienuanssTlemniannsanildan

| m,, 476 MW,
stoi -
M o 1 MW el

stoi

(4/F)

(3.4)

T oo a o | o &
wennUgdiuSuauning 1 TaIdu el
- ansndauanya (Equivalent ratio, @) iWluviuiafivenlinstuitdrunaussning
aAkaz@andseginslnadnAmgudmitla wildan

S AIF),  (FiA)

() " (Fja), >

satudMTUaNaLREY @ > 1, drunanuis O <1 wazdrunausvanoslawns © =1

- Wesfudeneananged] (Percent theoretical air) AsUSinaivanliniuinySuu
ameEnlgaidluntsieninddaduiiesdusvssudunaeinianumneg el

100%

] (3 = = s i =
E‘L]a‘il,‘ﬁu{?l@’lﬂﬂﬂLMBLWUUﬂUﬂ’WIN“ﬂQ‘E}Q =

¢ & & ' a ] a N 2 A e
- WsEUADINAEIULNY (Percent excess air) ﬂa‘d‘immwuaﬂlwmw’nuﬂimmmm?1
! a o ¢ d a aaa Y
mumuﬂLﬁJaiLszjusﬁmaﬂmmﬂmmﬁmdwqwgwumL:mﬂ"u 100

£ @ I3 ] a 1_(1)
Wasiguaain1AgIuLnY =( y )XIOO% (3.7)
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3.2.2 Usdeiadanananisian bl

3.2.2.1 Usinuomaiifisswasdonswnlug (Sufficient air to combustion) Tu
nswnlndfidemddianysaisndudesidndiuresenniavieandiauiliitosmesontsi
UiRseunluilasuSunaeneaiitosiigiiaunsaviliAansunlvsiauysaifeniiuiinm
o1mEangel] SeenunsoAnaldaniaderinun

3.2.2.2 szaghallunawilug (Burning time, resident time) tiasannlunisvin
aaa o & w ) o o ° Y aaa 2/ ¢ =
Uintendntudesendenanienavililaujiseniswnlnlifauysel Fminssesiaily
a1 ndliifganeszdmalilsz@nsamnisididamdsiuazduindunisiuiies
LWaLnAINIeY
3.2.23 9ungivueIn15ki vl (Combustion Temperature) 1uinsiuiufdn

aan =

mianndigainddunidumsifafitenaiidemnuivesnsialfisetussiuediu

saunivemmainufiseriududidaie neningamaiinisunndifirgeniuiivenis
wlnsifagdaiuin

3.2.2.4 At ausgmnsnseningd (Turbulent) iasnlunswivsidudy
m'iﬁ’mﬁﬁ%ﬂwau%aLwﬁthazaaﬂ%LﬂuluaﬂﬂWﬂ Fmnsgmivmawivdfiannududau
Lﬁﬂ%u%ﬁﬂﬁt.ﬁﬂﬂﬁﬂqnmé”:ﬁuasmﬁ‘mL%@LW%QLLaxaan%ﬁ]u willenaiioondiauazidn
v iiseniudeimasuasinnssnindiiauysaiiinniy

3.2.3 Wanlvkaunsulwuuaiiuig (Laminar premixed flame)

o ]

nanfwsngnsalinsininidendiwnelssamgiiguesdunaussnitntiomas

al g @ A o A = Yo X & oo ] '

wazeendlawasiuauaudullafeaiunewsziinswilniiiinvu Fuioninvarlvnaunou
wuuanfivrsanusawuiuldinlyaniatdiadn wudanudiu gunsallinuiounas
Agligayuey (Buncen burner) Wadlwiwvdanauiuuneutuseeniduasiiuuie wuy
8giufl (Stationary flame) uazuwuuanuiadaud (Propagating flame) Yuadiuisdeou
drunaningusnanuaili Fanmsadiesesingfinssuvedlarlnliananusive suarlv

= ¢ . = A I a s 2 1 o &
WUUa1dung (Laminar flame speed, S, ) FafidviniussausznaunnusivesdIunaniing
anfukunUadln (flame front) au duniddle uassdalnezunsulugud 3.1 laewinimes

ffleudAgannlumsesnuuvgunsainswnludiends wannsaunis

S, =v,sina (3.8)
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P p < ) - o o .
Wa v, AeAuiinisivavesdiunan way @ Aeyussmasantndadlvsiuly (inner

flame cone) §198sfiutiAn1anisiva anauntsvilismsuiiausngnisaldrdgeesdadlv
o ' v oA ' =t a0 5
Aauuunanneulalusgned Fwdseenidu 3 nadiaad

1%
s

3231 nsdiwanlWauaa dsiu |S;| = v, sina|uaziifisniensaindunuian

e Q’:’ o 1o d 2 l’.’l v L2 1
W Asdumsilidarlwveeauuazaugasdfuiildduses)umudanisivavesdiunay
udldviruAauieslanvesd unEL e

3.2.3.2 asdaallvaruiedouiidinidiunas wsizauialunisinaves

drunauaniuly dnifnlunstiviausutiowmds lag |S;|>|v, sina| Usngmsaiiizunin

wWanlWdaundu

3.2.3.3 asdiUarlwanumdeuiiidiviansnin fudl Wesainaanudlunisiva
vaseduraunnIImLTIalNa iU wie |S |< |y, sina| Tneguarlnazandaesy

= s =] 2/ = (di’zi 1
INUINUUINNIALNILENUDY L'ﬁf"Jﬂ'lJ'i'lﬂi]ﬂ'ﬁmuljﬂﬂ'ﬂLUﬁ"JIWﬁ@ﬂaE}B LA EUINVUTINVBN
@ ] = b J = a 3 o U o € 1 s Ag
ﬂ'ﬂllL‘i'Jﬂ'lUNﬁiJiJﬂ'iMWﬂﬂ']’]ﬂ'NiJL‘S'JLUﬁ’)lWﬁ’WﬂJuTﬁiJ'lﬂ‘] ﬁ]B"W'fL‘ViLﬂﬂUi?ﬂQﬂ?iﬂJLUﬁﬂU‘Uﬂ

Outer cone (diffusion)

Inner cone (premixed)

-

Inner flame cone

F
P
N

Air—>» )} O { <—Air

& Firel

JUT 3.1 lassafumsifssyuauiasanudidailwuuuanfiunsdsdiaiiuesiuseneulu

a @ a ]
NARIRNVDIAMULIIAIUNAN [34]

= & = B = : a v e =
seiipsyuruludnnsnaaemillseiusisdadlnraunsuuuvaniuniladuegnd
wanadagui 3.1 nefindewmdsiignleudmegiuazmilonieniadiuiinis (Primary

air entrainment) lagsaurinlunauiuluve Jeaziiadularlwnaunsuluidosdu 910y
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dunauniiemdmasvdesgzwniviiolasunngludnuurlauduiiaes eusuiieu

1 1Y) 1 = = 2/ s P 1 Y] a =
Fpan1adnoniadIunvilsagladnvazvesladrlniivanarsdusanluitosarndunis
USULBg UAIUNELSEV AT DINAILAZDINF

3.2.4 iafgsnanl (Flame stability)

fsddyiimsvanidsdunisesnuuuiuaniig Aesngnisalivadlndeunduuas
Waalwnanase (ift off) Wadlideundu Aeunngmisaifualnaululuvenasinglisy
FalsifiesadreuimgutusdaduamauenissaiadeanannsensUiinases
fngedredundumnidanisgaialiedesinsufiunimusaudes lusninaligases
Aousingmsalilindesitsseninguresmlnuazve usluvasieafufdadansmls
o Fuduaummuesnisunindliauysalidlefananivagennndesserinadmliiuriouas
lmadalilen aremaanuiaulalia

wﬁﬂﬂﬂﬁmaaﬁaaaaﬂiﬂﬂgmszﬁﬁﬁ%agjnuﬁug’mmasm'mﬁaLﬂaﬂmwumﬁmﬂmwias
ns el mﬂgﬂﬁ 3.2 wansdalusindlnmastosdailudaundy Tnasnnsnifatusewitanisms
w‘%awqﬂﬂ“ﬁﬁam%mwaa milvianuswesailiiinnnindnsimslvavewandnalmlad
TWanuludedumannniflassu siumisiivasdineteslaun sfnvendomas Snsrdiu
auya nsINTstnakavdnsuEInIENNIBITINT 1wy

nanlaiusngmsalivalivgaassiuiiusgivdnvazusalarlviazdnsinsiva
a @ a A oa o o = o o o s
UInavauresiien Aadlaiasanliailwiiaiosamivauvasiiuinonsinisivasn
gruveUmlnazaginduien uilaiudnsinisiva asdunanudguvedauallud
=] a 1 as = &1 [ P
naaNaazsusenvisanurenunngmsaliinuaalivgease dadndugui 3.3
[ ) o Voo W =owd A e P
wazduiindnsnsivaluseeezliianisey Fududwmlbisenisiiinty
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Ui 3.2 Wslwdmnmnimaminnallndaundu (34]

Flame
front Ounter
! mantle
7
/
/
Bumed gas I,
/
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/
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/
P 4
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¥ E = Diffusing
37 - secondary
air
vl Ur
3
Z
.
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Gas velocity 4

U 3.3 Wilndanudwasindailianass [34]
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140 ~
120~ Lifting flame zone
% 100 =
- i Flashback
§ zone
= 80 - —
G -~ % %
3 5 // Possible design area
% s Stable flame zone
g 60 - i
‘E’ 2 r/ ! 1 Usual
g i ! Usualdesignarea j— maximum
o 40P ] input rate
I e
- | SN P
20—
- / Yellow tip zone
o N ] ; ] . 1 . ] | j

0 10 20 30 40 50
Gas input rate (MBtu/hr per square inch of port arca)

JUN 3.4 grumsldsnuassiai [34]

2
@ e ot

fumsinwiatiosamariv Aemsinwgamgilunnuailwlifisgaieliing
wrlvdiAnduldisind wasiintsniemudouludingiige msshviguuaiiviasestasla
asovililaensainsnasmudsua ey (Heat recirculating combustion) dsfidenis
weneuindsmaeusnmsealminduiinduamlilituiinumaniiae Ssnsvssend
Tinsmudsuanufeulunsilndlasyialy (Conventional combustion) T4mguin
9INANGAIERT (Aerodynamics stabilized) Tunsad1enisiuaiuumyuau (Recirculation)

Heat recirculating combustion

{ Heat to be
Heat of i recycled
combustion, Heat recirculatiox
!
Combustion without
heat recirculation

Temperature

Preheating

JUR 3.5 Wisuieugamgiinisunivdvesssuuifiuasldinismyuiieuninueu (35]
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nsadransinawuunyulu (Recirculation) viléinansds wu n1sléingidnarninisiva
(Bluff body) w3e ldnsluanuumyuau (Swirl or Jet-induce recirculation flow) #auands
JUT 3.6 uaggun 3.7

UG 8l saegUav

5U# 3.6 mavhiwaslwliiafiosme 5 inguaeiu [35]

Reeirculation
zone

= Swirling air
or fuel-air
mixture

S E :
x
@‘,

JUN 3.7 mahwanlwlviiafesmeiBldnsivanuunyuau (34)

3.25 gamgiailvuaifsuudin (Adiabatic flame temperature)

gaungiumliuaifieuudn Ae gumgigavinendsinlefiinujisediomanuieu

3 U E

waztihgaugamaninigliannzanuduasivazlifinisgaydoaudeuainszuu Tngain

dgmnanda Wediunaudeamdazeiniagn uiinieldaniziinivue aeunali



31

2/ =

a0z UAU (AT 298K AR1UAY 1 USTEINTA) U89a15A99UlZIAIAUAILaUNIal

3 Y
o ed v

a a = a 4 @ = =
Yaudnfnian1zgavine @uugiialliuainewudn NAaudu 1 usseinia) Weulu

o/ & o

ANUELNUTAIT

B e (T;’P)ZHprad (Tadsp) (3.9n)
visluguseviheiia

hreac (T:"P) = hprod (T;d:P) (3-9UU)

We 7 Ao guuvfilTuduvesanIngiu Sawidu 298K wiae K
P fB - AuRuR 1 UTIINIA Wie atm
T, s ouvglwanlWusifowudn nihe K

9 u

lnganuduiusveauaivuamsuudnuasiounalluddisermemuouuansisgui 3.8

0K )
o

JU# 3.8 navanuduiusvesgumpiiumlviaidauuiinneliantzainudunsi [34)
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1 < ° - = = a o & v
agalannu lunmsdunaniemaamgliualwuaifenuiin suludesnsiuszianvsamn
asAlsznavlundndue Fslumnudusdussnoumenainuaiesinin (species) Aatiunis
o e g = 1
ARl uNgINITUTEIIuATIg

3.3 waiwannslngd

3.3.1 aanlgnvaslulasiau (NO)

vala

Tunszuaunisenludlaealufidesnisingladaniondn Ausiannsiwn i
gomgiigeluviunamn Wweihluldusslovilunsuaniudsuamiuounieasanulii
gUnsaidu ?huwauL%aLwﬁaLLazmmﬂﬂﬁﬂixﬂmmmﬂﬁmﬂﬁﬁ%m (resident time)
mmsaw%’wseidma’LﬁLﬁﬂﬂisﬁm%mwmam’m%'auﬁqa wragalsfimudsiiinmuuuas laifts
Uszasrpansiineanlesaadlulasiau Tne NO, awsaifintuldanmansilads ulseenld
1 3 Ussianwan LAuA Thermal NOy , Prompt NO, wae Fuel NO, Tngdnuaisuazusiinu
n134iin NO, Uselaneneg Wansdsgui 3.9 [36-38)

I N, in air I“*"'{ Combustion gas }**’I Thermal NO, (high temperature) |
<
\\\
‘\\‘\
’\\,‘\
‘\\
Flame front ‘I Fuel NO,
]
.
\‘\
\‘\\ Prompt NO (low temperature)
| NO

JUM 3.9 nszurun1aifin NO, Usswamesingg

33.1.1 Ussnnusd NO,

3.3.1.1.1 Thermal NO,

a =

Wiennnszurunseendindusedluanalulpsiauiiegluaimeauinaundsdiinafiiog
lodsitianmaiigeiousd 1100 °C 4ulU Tnonszurumsdnanasistmanzaneldiouly
gamgliieledauasszosnanluvioanmifivenzan §1 3 UjATendeniivilfiAn Thermal
NO, Lo
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N,+O0— NO+N (3.10n)
N+0, - NO+0 (3.10%)
N+OH - NO+H (3.10m)

Taosks 3 UATenduUfAsemuufunduls iFondn Zeldovich mechanism msuAlunaln
n15ifin Thermal NO, Tuifasdu annsnyldlasuiulssfoanlwiilfiaruenananile
Fawanszeziaatlunismninl udedslsAinuazdmalindnssilildgumninuiifenis
wazazAnuafiwlszanasusuneuenlednuu uananiaingudl 3.10 Swandlisiuin
nstnlnsilagsialy Thermal NO, fuwnTdunistAngsfiviunaeiniadiuiulszaa 5-8
wWasidud

2400 2800 3200 % r 10 20
Flame temperature, F Excess O7, %

gﬂ‘fr’i 3.10 wualuun1sAn Thermal NOy [36)

3.3.1.1.2 Prompt NOy

Annnidemdsiiianisaanafuludiumde (residual) wu C, CH wag CH, v
UiRsedulianalulnstavluema sfniulussesusnuaamsninsivielutasilgamad
falaigs nelwitAnansusznaululasiau Wy NH (Nitrogen monohydride), HCN (Hydrogen
cyanide) liudu Fuduasusznaviindomdaujidaneenindu waznarailu NO, dold
Tnofsuuuumaiauiazenduddl

C.H, +0, + N, = NO,NO,,CO, + H,0 (3.11)
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3.3.1.1.3 Fuel NO,

NO, Useinnilifaduanizasunlwinlddewmdmilulasaudussduszneu Tuvmen

a a o v O e | a
NO, doswilausniinnniulasiauiieglueina sy NO, UssianiiFsunuldifiaiaelunsien
Ivili@awndaing uiasilusafwitinainniswnlniidamwdudnasingu d8nwugnis

o
<

WaUfASeAs9) eail

RN+0O, - NO,NO,,CO, + H,0 (B812)

L

P a & a 1 = = a @ 4 a
Lia Rx ABDLUDLNAY aEI’N"LiﬂGI’uJ Noy Uszianu AWUSAITLAA 2 aNWUY ABLAAAIN

Uiseneenginduvesarsszivelulnsiau (Volatile nitrogen species) Uazlinannn1siwn
lulasauitegluns (Chan) lagnszuiunisidia Fuel NOx 111 2 Shwasitansias U 3.1

reducing
- volatile N N,
Oxidizing
Fuel N Fuel NO,
Oxidizin
char N N,
reducing

sUN 3.11 nsgudunsiin Fuel NO,

NATFUIUNTLARA NOK Ysebaneingg ﬁﬂﬁmwdﬂﬂalﬂm'ﬁl,ﬁmaﬁﬂisﬂauﬁﬁuaq’ﬁ"u
wareq Jade endredraty uenameamgiiuazUSinaeimiadiuAuluzui 3.10 udl vie
voudamdsiiuaduiu Insanzdamasianlioaziiusuia NO, Aoudnsgs Lleawnan
saumgifgleideiildannsunlniifidngs dunsguainiatounisnlndideaildens

nsiin NO, iugeduuiulaedlvgidu Thermal NO,
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4 Stoichiometric
combustion
Diffusion
z Premix flame
£ -
&
Z
£
"
2
Flammability
Hmit
= P
Fuel rich ' * Fuel lean

enmbuastion
Steichiometry

gombustion

JUT 3.12 n1sifia NO, Ndnsndiuemiaseliomassingg seninadaaliiluunauunounasy
wanlWuuuuws [36]

% Js W00 | 1D Woo
m m i L = 5
2500 i
1650 -
000 i
% ok 2;‘;,
3000 T - it
= =F e 4
RO AL = i e
H e P CURE U S SA— o
£ b, o .

85 & 67 of 08 2 1@ 13 13 14 15 B EpOGS 00 300 0 00 3600 00
Fquivalenue ratio Laas temperature £F}

5UM 3.13 iliageindndwaronisiin NO [36]

3.3.1.2 wallanisan NO,

MsANEIUITenuIvalulagnisan NO, agaliefiunaleds waaiu1sn

U

gondu 3 nquwandsll
3.3.1.2.1 mstrdanesuniswilug (Pre-treatment)
&) (7] = 2/ s e g}' Y
Junslestunmsnalnniaia NO, fensuiuuysnuauifveanssomu

1) Fuel Switching 1lun1silaswdendsiiniadtaziivualiunisiia NO. g3 1

& a2 = v A _T T
Wolndawde tneagunnldidoaiaduau
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2.) Additives nisUsulldsulassaiiamaniivaadawmassowivsaandlawed 1oy
asiunenludedrluuenmaiildlumsenlvdidiean NO,

3.) Fuel Treatment tHunisufulassadrswaadoindsimuizaudaniswiluliasy
drgaanalnniaiiia NO, 1wu msiluianaveslulasiausenain@emdnautiluid
AsTUIUNISN bl aﬂﬂaliﬁmﬂuﬁﬁﬁﬁﬁiﬂ%’ahaﬁau%’wga

4.) Oxidizer Switching mswaeuseandlaweinvihlifiuuiliunisfa NO, geeen
Wwunsldeandiauunueinialunisinlvsl

3.3.1.2.2 MsUSUWasuanwuenssuIun1TnIsRA Ll (Combustion

modification)

Wunisteetunisiiia NO, menisusulasunszurunsi b deieneiunansds us

D

A a v a = [Ty a8 - adda
ﬁ‘tﬂ‘L!EJE.IﬂUVlEjﬂi‘LJﬂ’lﬂalmﬁ’l‘lm'ﬁuﬂaﬂ”lﬂ’tj WILKUaN ¥R 1158 Low NO, Burner IﬂEJ’JﬁViUEIﬂJ

as

|

i)
=l

1.) Air Preheat Reduction eamaiignguneuidanseuaunisniswibndidndusanig
naliiliin Thermal NO, flaguil 3.12 fslfunisangamgiivesermefigngunsunisiilusioy
Yredmarnlitin NO, Uagad wineialsnauuszansninnismaluiinazanasing

2) Low Excess Air myaaUsuiaemaidingnszuiumsinindiiadunisannisne
\fin NO, Luriu wamsdsgun 3.10 wesnnilluanalulasiauidauaiveniadignszuiunis
winlviidagas vihilviluianaveslhulasinuuazesn@anauiseriuiuldluusuaiiaug fse

wazfaaugiige venandnsifiamasdivemiesslnifiiusntatenilsivihliernadg
nszuaunsAAulUg Uiy mmﬁ‘ff’i%”aL"z’hgimxmmmﬁmﬁmLﬁmawdamﬂﬁgﬁﬂ NO, Tu
Unaugald Sawin1sanusuaaiainmadiuivazdwansioniswalng i lidunanszning
\Wamdwazenimdnlnddaunauneiiuiniu siagnslsinunsuitlymieisdidveuan
nsldnudunu Tnewnaausuiueimadiuivauiunefaiavinliussansawnsienlugl
wasuarenliinuaivelnsuluw wu aduauuetenled Fawenanazdudunsie

wan S lVigedeomadegraasslovidneae

3) mswnivduuududu LﬂumﬁLLﬂedwma&L%@Lwﬁdﬁaaaﬂsﬁlﬂma%aamﬂudam
dieanmuguusdlunsinlul snfegnatu duniasadamdsgnindlsuusnvesios
wlvsiwFeuivenaluuiinaiimansaniuyTinademastmaaildlunswlug vild
vinasananinisslwivuudomdens gungiitchigasiiens andudemasiiviens
grandioasnindflulauiiaes (waganu) fufuonafivdennisunlndiuialsuwsnas
Wi fAtemetudemddulenduanianswlnidnad Sennswrlnduuududuin

ns lvduuuideindadudu (Staged Fuel Combustion) Tuvagfinisinlusiuuueinie
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\Judu (Staged Air Combustion) munefsnsutsernanieseandladesniudiug wny
Fawdasefinadnedu sefunsunlusilulauusnezsiAnguuuuidomdammn Tunswl
wuuBudull faesvinlgamafigeananas uiUinmaudouiiuiosnanialidinadien
wWindin msinludiuszaniisddinliussans amnieanuieuanas usnduannisiin
Thermal NO, @@

Alr preheat temperatuzes {103
0 0 200 300 400 500 SO0 TOO 800 OO 1000
m. 1 EI 1 L 1 1 1 1 1 1 1 9m
8000 |- H, z’f 2003
— CHy ; w
7o00 1| T Cably »:,,f F000
- ' i”ﬂ{;’
-4 L o £
£ w -
o 5000 8 feeel SODE
& e L ! g
A et W o 4008
s v
af ,;«*“’M
pr |
3000 3008
e ;
2000 e : f 2000
k] 300 400 60D BOOC 1000 1200 KOG 1600 1800 2000
Air preheat temperstore 7F)

UM 3.14 gumgilennianldlunisilndiidwadensifia NO, [36]

Secondary {/ \\ High air-to-fuel
combustion Y ratio in primary

\}: p | combustion zone
Secondary } 3

=7

NN

4 Combustion
air

e

e Secondary fuel
connection

Primary fuel
connection

U 3.15 fagnarnuuwn g omaadudu [36]



wanaInAsEnbriwuuaIsutuazdmaliin NO, TuuTuiwu
Jarruwat [37] ladAnwnaswenludiuuueannimduaidutuvasanailug

Primuty hir + Fuel

JUN 3.16 mawlnduuuanmatudy [37]

o
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Anwaa Tt 2554 C.
YDLNAIVUIA 3 kW

lngUssenaldianwusiuais wuiimwlminla fagnauliviuna NO, iasnin iasin

dnwauznisivavesiieusiugesiaguiulidneasdumestaeud gaduuiiunuiou

niwisunaziiuennmmieiouludlauiilnarenlu viTliusuaiia jizeoging

sanlunniunazilgnmaifialedaanad

100

NO, concentration at 6% O, (ppm)

30

JUM 3.17 U3unau NO, fiiindulumiendidiudunuud aamiuwas lid Tagusu [37]

90 1

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

80 4

70

R S S

U] 0.5 0.96
LAMDA

Primary air + Fuel

4) msnyuisuinglelds (Gas Recirculation) WunisifiglaBafiinainnisiun

Ifmunudhguinaninujisen weteananuguustdunseninl vildaeifigaumgiia



39

finsanArgumgiias dsualidnginisiin Thermal NO, anaq Lsangaumaiivesindleide
fiidmnidnumainufaten dsieledeithumuuuamsadsnanmssnlyinigly
indhemsuiudnuazmsivanely vienyuiumnainnsysegndldgunsaldudld Bondn
n1svyuiisuingniely (ntemal Gas Recirculation) wagn13uyuiigufingainnieuan
(External Gas Recirculation) augnsiu

To Atmosphere

Recirculated
Combustion Products

A

D Fan

f. .

sUT 3.18 mavuaufingladieiuy n.) External wae 4.) internal [36)

5) msaasgladl (Water Steam Injection) nsangangiivesailifngnisdaleul
W lunay Teeastanunsaas NO, Wasgaundanitu Insnindiusunaleduinluazdinass
Asuelngd

6.) N3 (Reburning) dnuuzmaAiAUsELANTazAa AU IMIILU U BLNES
a1dutu lnginsialamdsnaamgisniivaily Whdusnannauditonieangungd
wazaEHa landns NS NO,

2.3.1.2.3 nsthdaundenisnbug (Post-treatment)

Wun1sut NO, sananfnaladeilaainniswalvel wedendeulduveanidu 2 55

1) Selective Catalytic Reduction (SCR) - 1uwnaiianisan NO, lufwlaidalnanis

'
[ =

Wwanlanile (NH;) fianveguusinsaufisen (catalytic bed) Auiifinglaidedadrvzng 14
wviUAseniu NO wag NO, Neglufingledaludisgumgiiiimunzay 200-400 °C T4

u

(7] i

UAsensanaalaun

6NO+4NH, +0, — 5N, +6H,0 (3.13)
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2NO, +4NH, +20, — 3N, + 6H,0 (3.14)

n15an NO, 8935 SCR gnaduAuliegluyae 80-90% Feladednadeaussouzves
waluladilliun gaumgll dnsrdruvetenlufleduindaliiu 1 ieaslgniuaiuiiie

o

= = d‘ = ot A 1 al 1 aaa J 9 ar o =2
anUinawenluilennniuly dsaunsi (3.14) uagdrudusesufisendlddnluguiaia

=

' o o PepE o a4 @ | =
sglsimudgmnifamuuivesanaluladdfedgymisesanudunnasen asiniinig
9deenisiva vinlvdadddndsnulunisyiianuuindu

© Copyright Johnson Matthey Pl 2007

gﬂﬁ 3.19 wAila Selective Catalytic Reduction

2) Selective Non-catalytic Reduction (SNCR) - iJuwnaiianisan NO, indnaiuds
SCR lduasluilsvFegisoidwitujizeniu NO, lnsysiaindaudsfiisen Tutieamgdl
900-1000°C FeujAzedenaralaun

2NO+4NH, +20, — 3N, +6H,0 (3.15)

4ANH, +50, — 4NO +6H,0 (3.16)

Faadadiifunuindt SCR iosnnldidudeufite femadsshiadedawouluield
L'ﬁwﬁwﬂfjﬁ"ﬁmﬁ’uﬁﬁsﬁlalﬁmmﬁ’u wigunsnanU3ana NO, asldifies 30-70% wiriu vinls
Uagdugaannssusneg Benld SCR uinnin 1ilesaindeanisan NO, sanainszuuliun
g
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Flue gas

High temperature

flue gas containing

NOx from another
process

Eﬂﬁ 3.20 waila Selective non-Catalytic Reduction [36]

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
NH4/NO, molar ratio 0.4-1.0 0.8-25
NH; slip (ppm} <5 5-20
Capital cost High Low
Operating cost Moderate Moderate

Uil 3.21 ans1aSeuliiouds SCR wag SNCR [38]

3.3.2 i (Soot)

Wi [34] Wuusaiivsuenfenisudasuaiwainnisunlud SniedsdeliAanis
audonrwdoudnme dsmsiAnmirdavsannsennifiisannninl§izeneeis
5031 wsymavesanfusliiannsadsulundedusiliiomn luigaiioouniaiibu
asaznaneifudd Fond1 lhudeatutuies diduusdsinfaunaiidomamun
voamlwdaduuinifigungiigs Tnseglutas 1300 - 1600 K wagillonianadaanniy
ynlndidowmdslelasafveunelditeulvdumaumun wenaniluguil 322 uansis
Usmaunsiinmuastsieniisnisiafivssusiniisudumsnszasgumnives vaalin
wwasalivsnaienefidudn nuhveuwnransiinuliuauniveunvetgumg)iuans
fensinauinadidamimuiassmudninienisiesivenudneestu il
grunnilanas

Tumswnlngl niudasinisvalawmdsazyinliUarlwdouinsnadulasazdunaiu

\Dudduviedindasdmenilar Jufinannswnindiveseynipditiues fdunsszyaiu
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= = ' = a s av o v A ' ¥ o w
gmuazdveniarlvisaunsadenislinuaiiveuiiligniulviviewdiliguiu
wanandlunisesnuuuilkiIAITHanagsd1un1svinauivinliiindar lWeendivdeg
(Yellow tip zone) WiasanluuSnaiiannsafiadlé

2000
- — 107
1500 = -1 1078
S T
E T
£ =
2 - -5’ £
g 2
2 10004 1]
- ]0‘3
© Scattered hight
500 @ Temperature
e e N l UL g Xh i W [ fn for—jrnt; ]0-9
Bumer lip
=10 =3 0 5 10

Radial position (mm)

JUT 3.22 mInszaaanagiinuuusiaiiuazniadnuudsiiinaneynepvesssianim
InuuulnIvaseiawdn [34]

3.4 nswnludiTanniu

mnnsAnwauidedeundmuiinaluladfaansuifumaluladildiuauaula
thindszgnaldlunuiumasnindodiiunsats suddnsnunuesdanuiiiienaun
B3duethasiailes [5-6], [12], [16) lumanguiifiuiinsuiuingamgfiarlvuaiiowuin
vosmauniviinauiuinneuwuuarfiung (laminar premixed flame) gnilonalmfugamniii
Ifainnisaufeuiinisesnu TuraziAaujiseniswludiielviassuiannddoy
anmnanodundndudt sumpiifananiedatusgiumaiudeu (heating value) vipiou
yalveamsnadutardnndutemiuazoiniavindy fafumnarsdadudini
AszuIunsulwianinsady leumatifinanmisuandsurufounnuindumes il
msi¥euuiuresansisass fazanunsovhldgamgifldanmswlmifinanneldidouls

wuulelewudniagenitgamgiiarluuedsnunuuuundle namsidunisiteeu
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matnnwdadusiunldlunsguaiunausianu Sandnounialdiuiu (Excess enthalpy)
= e dyl 4 & = = @ ~
wagiTonnmisinndfuvuidnnmsinlvnduuvglilesueifsuu@n (Super-adiabatic
combustion) Lilasngamaiiiuailvusifewuiinuazanuidadlwiiiuiu §33udaAdon
wazdimsanuiuldatsdunislimnuiouldun maliansldTaangu TneTitagdsnainvi
wihiludinardunsuaniuasumudeusaz duisusadiiamswnll

nsuyuilguauTeunsluvesiagnuinluriunisaiewaiudousns 3 JUuuy
oA N15UIAILSaU NMTIIAILSaULaEMSUH AR LS o Aanandlugun 3.23 uay 3.24
TranszuIunsiunIswaniUasumnusausinarisuann mm%’aumﬂﬁwlaLﬁﬂﬁﬁammﬁ@a

q U
L 3

aggnanemuuumluddlasiaiieianngy uaziuiiutagniuludusnaniiasddiuienis
hanudeu Mntulaseivsudeswi¥dnmmdouluddiunauniuluiian daufiunan

: 2y s & ¥ 1 oa oy v & & v < =
axgnauliifigaumgiigeiuneulvaitnguinaninisenivl ilduanvaldarudaadlvd

AganIinululallwwuunaniuuinoy

exhaust gas

I T I I I T T [ 1 I Theat fransport in axiat direction
heat transport for stabilization by radiation, conduction,
@

of the combustion zone dispersion and convection

heat extraction from the combustion
zone by radiation and conduction of
the matrix and by convective heat

transfer and dispersion combustion zone

large pores d . ———ighition temperature
{Region C); Pe » 65 o . 23 e
(Region A)-Po < 65 Ml 251755 3]

fresh gas mixture

preheating zone

3UT 3.23 nszuviumsuaniudeuanuioulunaenlndiaawyu (5]

B AP A A A A -7 P AP R0 M P LA AN A A AT A A AP

<+ Conduction —————y
- .
A
Convection Convection
Fual/ Air Combustion
. - A\n‘\ e
Mixture ) Gases
. o Flame
Convection
| Tubewan :

T TG AN AT TG LT

JUN 3.24 laozunsuvioviuauiuedishisuansnisuaniudsumuiouluiagmsu (6]
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Enthalpy
A
T - N Y 4 5
ok i iy s e st s s \ - — A W e ok . W S '
1 a, ‘ .
B - . e X Cla
S S S— . y;.d : o il
L ] = M ... >
(a) Conventional system Heat recirculatin i
{Without heat recincalation) {bgmnb.mm sysl.cmg Fhan ditection

JUN 3.25 loezunsueumatasasiuouiisuseninssuuiitdfinismudsumiuiounasi
= = £
UNIUYUIBUAIIUGaUY [16]

nguR 3.25 Wieslimsaieimanuieunaimandusludasasaulunsanldimtag
wyu aziivavhliAneumaldniiudulussuuiindnluidwdu e 0, femruiau

nirewnkdadusilugarsisiunsnsnistoundinu (0,) all vilvuiuaausoui

mn

annsndlUlele (Q)) Wniuainlunsaiiimnlimnudauruumly anlaezunsudang

aunsathuRaludnsnisyUssudandsulsssannisa (3.17)

Qpre _ nrh,l - ii71:’:,1

Energy saving =
Qa o Qpre U{fz,2

(3.17)

e 7, uag 7,, AeUTsANEamlsauTeuvesssuuldinisvyuisuaiuiounasil

nMsngudguanuiau aua1iu nUseansamlunisguaiunaunounisnwiing ez
dsnasioguuilgegn (peak temperature) Alavinnisi lndlifidindunasndiu
snsduauyaLEnsduNanLUUUN Twrnsinnuudarlniiugduduiy dwandugy

v o

#1 3.26n.) uay 3.269.) muddu uenandnisunludedrueafosnmaielutagwsudavili

3

S o

nstewmanueuiluluegrafivssdniamdreinlinisnseaedivesguugineudig

YU

agaue dwaliinusunn CO wag NO, Tugusin
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0.91 §113U voNaENTENI1N CHy/2nA
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- dnTmaedandsuauiougs Wesnnanuamnsalunisiiuauiauves
fanansdaanguy
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- uinresiTaawguidnndiaimaiiluuszuna 10 wih Wisuiesuiiauig
AipANUTaURYINY
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e 1w
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D 4 & FREE FLAME
Z 5
prd 2>
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o
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ADIASATIC FLAME TEMBERATURE 4 Fht E
{FREE FLAME} | 1 APPROXBAATE LEAN LT E
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=

JU%1 3.26 n.) gamgligsanatnninnivg uay 2.) mnsveadml WewSsuiiey

9 U U q

sevindaslwanniannuuazadlndase (6]

dlefarsantaosnmmsunludidmiuTagnsu wuhiwginssuiideudrauanseainingly
msenlnduuudase dddumamenmilenalaednuasveadarlniils (submerged flame)
wieunsne (propagation) agaeludan aunsaeduieldmenmnirinufouduivsis
UsznaufemsthadeuissluuumstarnsuiSsdvesiduilduveuduazfadou
sinsanemanuseusnnswiludiuiiguazwgfinssunisnszangdrvesing lag
ANNEITUSA19Y uansegluguvaaauinnian AUANN15T (3.18)
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Pe = SLdmep

(3.18)
A

g S, Aeenubweadaild (m/s)
d AawduruAudnassz@nsna (Effective diameter), (m)
C, fAamaNuIANUTauTIRIzvasiwlawds (Ki/ke K)

o AaAtAUMUILUUYesingleide (kg/m?)

© b2 (23

A AadudsransSnisihanuiauvasniglawdy (W/m K)

= aw P 1l wa Y o & v
F991n91u3dgnuniiaingnagn 65 lagminguandinisnienimuasiagwiuvildias
wnianiintdesnitAinganenan sy iiualianueengiuuuvesianwuuazeiai

aulunian (Blow off) Fawiiiweinluuuiuildsuieidwanennuasuwlasaunnay
= g @ §

Auaunsh (3.18) laudiduniugudnanausedning lnonisuiudeudinanasduius
lngassiuAAamgy

mnnadnvaznsenlniluiagmuiindnundesdu smlvinswinTag fsndnagdesgnlfi
agmeliannizanndunsanuiounagmaniisulse lidosudnisianieudianae
ussEIMIABIIL widiiasdinanmuniutegamgiiguarnisuldsunlaesgumgiietis
Fuwdu TneSaanuiitouldilulsunfanmudsenniasiing defvesiagussnmianiing
fomsnuseangll nanAemsvudansdsunlamsauseu Bnvaiisnisihaudeu
ge FoilhAnnisnszaeiesgumgliadnaes lilifinusnuiou (hot spot) witeidsfad
anudnvjush laglesidiaidenldfuianusuiuiman Inielassairafuansiogui
3.27 lnedefvesiannsuusmaniine

- Tassafwvesgwpulunuuda fie vedlvaanunsabiasild danufuggdeies
i nvesinauiituingn Aunaanudes

- fanImsangmANusougs i liinaunaniseu o

- it awnsedsshuarmueuFudsumszaminishodldegieng

g

anwyuriiagsniinvlingnge) [12]
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Aluminium oxide (Al;03) nuAsgUuMHiigaUssua 1900°C ddruUsenauves SO, @4

a & w a a ) 19 ' a v a oA
Ussanau 20-40% dnvisduusz@vimsveneimianuiounasainisihanuiouaiofiigs
ylinisnusanisildsunlameanusoudsudnesi

aps . - ' = ! =
Silicon carbide (SiC) nuasgungugilszaial 1600°C n1svunon1silagullamimIy
L o ! s A ar a a at 2/ 1 o L ] 1 t':
FaUAUI NI LD INAuUTEAVENMTIEBAINIALTBULA AN TTIATNSBWRAIA6Y

Zirconium oxide (ZrO2) nunagam)iigelssunn 2300°C dulsednsnisvengdnisniu

'
= o

FougauazAmnihauieuadadAe ildnimusenisuasuulamismiuieunoudig
f1 UaYNNINTENLFIVRI NN

A599 2.1 Teyananuiaufla1fyued ALOs SIC was Zr0, [12]

L1 &

YOUANIIATITOY YU AlLO; SiC Zr0,
Aufougaan 63 1900 1600 1800
FuUszaninasveradania ()

” 107°1/K 8 4-5 10-13
ANusau (a)

Ansianudeuil 20°C (1) W/m-K 20-30 80-150 2-5
ATNSUIANNSDUN 1000°C
W/m-K 5-6 20-50 2-4
(A)
AIANNYANILTOU J/gK 0.9-1 0.7-0.8 0.5-0.6
gauvniidenisvetanInis
(%) K 100 230 230
yue (R =2—£)
[#4
ATAINNIAUADNITUSIBAANT 7
o 10° W/m 3 23 1
N (R =R-1)
FuuseandnisunYedsaud
- 0.28 0.9 0.31
2000K
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3.5 N19A18WIA1N3DU

] ]
@ o

fenanluiite 3.4 audnvusiduresnisiniiagnyufelinsanemaiuiounil
Usgansammdredaasuliiinnisinludiinduedefiiadosaim Insninfiansanienis
wanidsuauseuiu ganwazdaudilalunalavesnisatamanuiounsraysyuunaszdas

= =

naienuduiusvesnsaemanuiounuuiug dmsuluidedosRasaningned

o e |

d1Aryq) vesmsmewauieukasnsldauiugiu [39-40]
nalnuesnisiemanusauiisgaeiu 3 wuu fe

- AsaewAnNseulagnstvisenistiniaiuseu (Conduction)

- mMsaemanNsaulnen1swanienIsniaNiau (Convection)

- mMIaemALIeulagMITUNSIEVI BN TWRSIE@A NS AU (Radiation)
3.5.1 Maagwmanuieulagn1sudl (Conduction heat transfer)

nsaewmauieulpanisdmienisihanuseutlunssemauieuiiesiSiiean
daduluingmdudinaniivias Welanuaaduvesgamafiisduluingfoutusnsinis

o
s o

i % o 8§ w & "o &= &, | W dT I 1Y)
drewmusaulaenaindsld ¢ Jududnuweilesludnduiv ¥ Fadumrmnuanadu

= A
& A A

vasgaumpiiguiuinui 4 imnufeulvariou (FUT 3.280) dwnas@euwduaunisudiayld

2

sUaunadu

q, =< A‘l-ﬂ (3.19)
dx
e g, = Sesnssemarafoulaemaimienisdianudeu
A - fuiieradoulnariy
T = guundl
x = sseEnNIaAAeuTivesrIINSey

dmiuonTImsanewaNuTaultsiiuasliuediuAin1siiAuTeu (Thermal conductivity)
k Faduanaudfnefidndvesinansiinnudeundoudinm azdusasinisthanudeudel

ALy

4, =—kdx— (3.20)
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aunns (3.20) Bide3nd1 ngniniiaudeusessides (Fourer’s law of conduction)
insesneauiagnesiurnvesaumatunaliounanngieiiaeweaneslulauniing 34
fuualihanuieuasdedluannyeiifigumaialusgedtoumnion udidesainanuans
Fuvesgamgiiflegluzy 3.28v dufindomneiduau viidesangunniazandeniile
szugmaiuiniy fefumindesnislisnmnsdemenuieudisnduuindelualuly

a o & kY o a < 2/ [
NANNATUVINURIVLFDY LﬂiJLﬂiENWSJ']EJaU‘L'WI'Nﬂ MUUNVDIEUNIT (3.20)

Famnmasanuiau 7
et e
&
+T. T
i
i
!
i 5%
e 4 X e
{a)
fl. U.

5UN 3.28 (n) uansinsesmnevadd dT/de dmsunisiianusou (1) wansfirmiansiva

Y89AU58U [40]

3.5.1.1 msuhausaulunidasiu (Plane wall)

D

Ty

WhEheiagui 3.29 iesaniivaesigamgiinuansnsiuasiuddaudoulnaainiaig

NsaMsiewmaNUTeunlvadunis T ulisfiadiguvaliniwasiivuiasinaue

il
aaunigeludaraiigamaiien

9
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5UN 3.29 uansmsihanuseururiiisuiidinisihanuiou k Asf [40]

21MINAINITUIAMUSOU K UBINieliAmsnLad Waunual kdasldluaunis (3.20)
waduinse aldsnsinisiauseuu

g =2 (nen)=2(5-7) (321
(A L
de ¢ = dwmanudouiilviadiuns, W
k = AMsAmINSoUNRIN, W/ m-K
4 = fuflvesdiiisaanniuiianiensivavesenutey, m>
A = AMUNLIVOIHLS, m
T, = gumgiimenuined x=0, K
T, = guugiiviwuaniix=L, K

= =i

) & o o ° o 1 a | ' Al
Togludnunnididimsthanudeu  liaei uiszudsalunuanmglivasivaronsdli

= LT 1 ° o A [ & o & s a o
ﬁ?ll'l'iﬂﬂﬁ&imiﬂ,ﬂ’ﬂ AINITUIANUTOU & UMQWLUUﬁﬁﬂ“ﬁuLﬁumﬂﬂUE]ﬂJﬁﬂﬂJUULBQ

U
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k=k,(1+ AT) (3.22)
di 1 o L7 =il =
We  k = amabhanuseuiigumgil T laq

ky = Amsthanudeuvesgumgiinensdads

B = AIASNIINNTTNAADY

T = gunndlag
1 U

dwmsunsaldananillounua k =k, (1+ BT) dasluaunis (3.20) udrduiinsnazldonsing

aawanuiowdy
T %[(fl —T2)+—§(’I}2 -7} )} (3.23)
3o g, = k’}JA (IL=T) (3.24)
e &, = - Amshanufouads T’; 2

3.5.1.2 msuiedtufeuluniesumsesdoudunuvaynsy (Plane walls in

series)

avnausaulnan kNS edausurataTulasnisin WU WUI98991AS

U1uFauLad N3ATIERNEINUMIaIemAINToUIZEINTU TunsdiNan1izmneg A

W
o o 9/

v liuUsdununawdtu searuiounivaduniumayduasivuiniiving fu
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Cians W 8 W k.
ffk-«-—-- e qf‘
T
ri - Thwhivgmvnd
AT B ] e e &
]
1 2 3 4

L LT
%%

Ty Ry 73 Ry Ty Re 1,

(&), (&), (&),

3.30 msiANUdauLuudfneInivanl Uttty wasmsSsuieuiu

31]17'1'
1995 [40]

£

Anuantuvesgamgillundsudazduiiauendnsdu lunsdiidnsannuseuileiu

KA TULDIIUN 3.30 xdlanduy

o -(2) @S a-n-(B) @ny || e

e 7, uag T, @enainaunis (3.25) warNeglasnsinisanamanuiou

g (h=7:) (3.26)
o (L/ka) + (L) kA) + (L]KA),

dvsulunsaindaseadaududa n Tu wazuiaztudLda UALNUTILAT 9R5IN1SaEWAIY

=) e

Sounlvan uniad 1w n Fufazdiandu
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q, = (T; _]:'4-1) - ,-=Z; _Tn+1) (3.27)
(L/kA)i (L/kA)
i=1
fo T = gungiivesiandsduusn

~
[

gaunfivesiaNiidui n
3.5.2 mMsangwmanUsaulaen1swIAINsou (Convection heat transfer)

ievedlvaduifafuinvesingiiflgaumpiunndrstuasiinsuaniudsundanuanuiou
sewhevedluaduing nszuiunswanidsunnufauiiGenit mademanudoulasnism
WIBNITNIA LT ﬂixmumiw'1mm%’auﬁ’méﬂﬁﬂuﬂizﬂgmizﬁﬁugm usinalnuaanis
rewmauSautududousnn aunsndng fieurseldlumsimuasndasnismanudou
Pndudes vesszuy Fadudiuddyuesruuiilinuieunastiossuisanudou s
demanudaulasnsnndentsnaudeuintieandiy 2 Snvarie nsmeudaunuy

dasy (Free convection) kagn1snIAINsauwUUTIAY (Force convection)

wseiitlvesinainnisiadoylmasenisnianudeousuudassiuiinanai
unnsinvesgamginelufouradlvaiidonnainnisivesimadutaruivesingfigumad
unnensfuauynlfAnMsasefty fegiewadnismauZounuudaseilduinisaiem
anudaussniimt s endiethuiinetuluiuilifauie nramanuounitglunidurhi
flunainldiaudeu wianisdrowmanudeuninvesdiuamindeuiilduiannnisefing
Tugsiilaifaue

A1SNIAIINIDULLULIA ULl s nateuanuTeru e lwalpdauiiniy

'
a o =

quw%auﬂ'jm%mﬁuﬂfiw {D991NNN5 AT INITNIAIILS DULUUTIAUALTTATINITNA
mm%@u‘ﬁgm’jw weiliagdluniswaanusauwuuufnig aefidaunsd 1S unIsnsInig
winuieuneglusures ngnisdusiivesdiaf (Newton’s law of cooling) Feilsuuuy

aunistdu

9. =hA(T,-T,,) (3.28)

duUszdnsn1swiAl1usaulade (Average convective heat transfer

Z
©
-~
I

coefficient) filIdudasENIveswaduinguiavimanisdininnisw

AMusaU (Unit thermal convective conductive), W/ m*-K

¥ '
] @ @ W

A = funiivesingidudatuvaslue, m’
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7, = gamglvesining, K
T,, = guvpilveweilvadaseiiegsesnluainiy, K

A1 A, dmildvislaeiFinseiuaziineass mieves & Tuszuuedleduiduindde

ATINURATHODIALARTU

U7 331 WuguveswiuingSouignyhbibuaduemafignUedulilvarwluuuusiu
nn uenandfuanddiiiunsdsuudawasmnuiuazvesnnmngidnde gaiurdanes
PUINARAIET u(y) szantlesaduiimneiludrdiivesaiuingfenanssnureauseain

U =

anudsamuiiilaannnauvilavesvetivauasiesnvedlvatuiiegfniuia ngiull

v oA =1

aaninduaud dulumsdomanuisudeniamsiiuniseviniafngfuiveslvatud

4

agsaudunsarawanudoulnsnisiiusineses1amgiulife

=g sk~ (=h [T AT); (3.29)
A f ay . ( f )
maaflua
Yijuid -
4 uly) N : %
9

Tj Loy Ty

JUN 3.31 madsuwlasanuiiuargungliviowiuingiauves

ASWIAINSaULUUTAFU [40]

' 2
=la s 111 L%

nnUssuiandnilleduinliaunsamen (d7/dy)|  filvesingld visiiilasnis
.vz

[
VY]

ignsnaihmudeussviniingiuturedwaiiniziinediuinvesingliawindusng

9

@

mswiauieunnfeuvadnaiiinfinegiviivesingludieunaslwandniiagiisennly
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b = 1

yaslvafifinnniigeaeinavilimaruainduresaamgiindringiirguasilddnsnig

9 U
< 1 = et =

vianuFeulamgemiulume mnsianuieuvesfeuveslvanduiioniuasinansenuse
gnImsigmanuseusag 1y Anisiiauiou & veahazfidunnndian k, ved

91n1A dauduussdvanismanuiou A, veshiasliAgenin &, vese1ne

JUN 3.32 miswRsuwlasanuiiuazenmgiveweslvavuiduingBusiourasnism
AnuTauLUUBaTE [40)

NINIANSaULUUBEsE AT AN MLTULR I UM TNIANLFBULUUTIAU MULANFIS
fiddrysgminemsnaufeunuutidu fuuuBaseitenuiveweslvavasnismay
founvulsfuiuinnnusinieuen dumnudivesedvarasniswmnudeuluudassiy
°luﬁu'wLLin%Lﬁuﬁumms::a::ﬁwﬁi’mﬂﬂﬁ'&’m@ﬁmqﬁgﬁmiwNaniwumﬂmmwﬁmﬁamﬁ’ma
stsnaih lusnsiAgafuanuuendasesmumuiufBiantosas agslsinulaeund
wiussassfazantiosasluvnefinuuiwiuvesedivadesq Lﬁm%'ﬂgjmmmmﬁmm
voslvafiegseuq iiuwalivadnaiaimsguaanazanasauiugud ilavihsoeanluainiai
Soutiu dmfuaumeuugivesnsnmnideusulifuwevioudassduasiiylinedonis
ﬁ'ul,l,axﬁgq@:m'wﬁﬁﬂalmmmiﬁhEJmmm%faw‘/’iﬁaé’uﬁmwiwuaﬂwaﬁui’mquﬁumidwm

AUSBULABNITIA

ﬁmiwazL?J’EJﬂﬁmum‘ifuLLamﬁwﬁmi:zﬁwémiwwmm%'au%ﬁ?}(u@sujﬁ'umﬁwmLLLiu
Auvitianazausvesvesiva iam%aﬁuagjﬁuqmamﬁﬁm&ﬁmmm%’auﬁ’m5] WU AINTT
tharudeu k uazanufeudune ¢, lunsmenufounuutsdutunnimasaslna
luszuutiuasgnimuasetiunieinay uddmiuauidwewaslmaildmaudouiuy
Saﬁxﬁu%ﬁuagﬁummumﬂ@iwﬁxwﬁwqmw‘}ﬁmadﬁﬁmqﬁ’waﬂwa fuusgAvsnmsvensi

vaevaslvanasaINTaILTY 1y wisigaredlandlessuuiluaguuiiulan Wudu

n1saNmANIaulaen s aunsathunlSeufisudunisivasesnszualndialéa

WULREIAY LAYAIANAUNIUAINYSaUYaInITanemANSaulasn TwIaEi AL
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1
° hd

auiumuanuieuiiadudadaunsadlusudduarnuduniuaiduiieglussuuld

o o

lagdie 1wy msdrewmanuieuainussenianglundeiifigangl 7 duntesnluss

8
=

o = s - = = s 1 2/ I
ussnmaneueniiligaumail 7, fsguil 3.33 ddlunsdiiziidnsnisanemanuiewdi

=T T =T
qr=1:_::3 . — (3.31)
ZR bl - R,

i=l

de R = (/7 4)
(L/k4)

(V/#.,4)

Il

R

RO

T S
q
R A a5
% le,i e e
g SR S
4 T
D-———W,;———«....._W\' w o
R; E pprem— Ra= _._I:__, - i
bid U kA PR

5U# 3.33 wanneasauToudmiunisaawmanussuundailofinaesiuiinsanem

AMUSEULAENITW [40]

3.5.3 MsanewAaNIoulnenNIswESIdEA1uSau (Radiation heat transfer)

ANsauINMTiwarn smasiadauiiiuldianizlunsdniifaguuiusainans

=

(Medium) Wity @ msuAusauaInnIswessdvuazatusandouiaulalaglasidudead

'
=

mnanaay Wy luuinaiduaganimduiu wdeumiuieuannsuidediuazindeou
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1 o

llugdvasmduudwdnlnihfidanuiaiiduannuiivesuas Javifu 3x10%m /s

o =

waswiefouiiluluglvesundindn i duiivarsvliaciu 55818nd Saddunsuse us

ArSuluntagRa s iBandauAuSa U IN SRS SE VT

Imnunasuiidesnaniingluguisdauiou (Radiant heat) Tuduagfivgamgil
duysnluavdnuazvesiy Jagiiaunsaudiadlaggansefisonit g (Black body) tiu

= o 7 =4
FUDNTINITUNTIEAMUTUT U

g, =cAT* (3.32)

ding, = onvmamdsunnisudsed, Wart
ds’ dlﬁ v lar o 173 2

A = funihvewhunidnuiou, m

I = guvgivesiwiTidnnuieu, K

o = fArpendiniu - luandiiu (Stefan - Boltzmann constant) &A1

WinAu 5.67x10° W /[ m?-K*

1 ¥ b

= 2/ tesr = Y] o & o
aiiuldnaunts (3.32) 91 dnmuieuninmsuissdvacingiiiulslnensetu
iasivesgampilduyTniuaziay Ndnsnsunssdanuioubiuedivanweasduindond

NAUUIINGI18ATINI3018WMAINToUENSYRIMTLHTET Y uAIULANs 19Tl

=

TEMIdng 2 FuvIennnit 2 Tu indwwanildeumnuieudiulasiu dringausded

]

=3

auseuludeinghiegseu (Enclosure) uazingiiagseur Alduiagd @wisagady

1as

wasuINNITWHTSENIannTenulinun) FBuEEnsINsasnATLEsuAVSIINATTUN

o a o =is = @ e/ o < ] = a [ -
Sefvovingannlgaumnil 7, ludsingaiegseus Baavglidu T Asvilanu

q U

gr=0AdT=T; ) (3.33)
e T, = gunginiwesingi, K
T, = aungiiifaingiiegseu (Jutngeeiae), K

Tgassagliannsounfedrusouldunnviduduididludusuinisieni Yage

wiazunlatiaandt uifigaumgfiving duidu wintagaseamnsouddidaudeuludasdiui
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AsfildudeiuTngmlaynauenduLdl Tngasetuazgnisendt g Jasukidanny
Souludna

q, =oeAT* (3.34)

. = 1

1 s il o =i ar o = o/ ] A !
duonsmsagmanuieuaniannmsusiedvesingmingamall T, ludainganfiegsou

9 U

wazilgamaiiilu 7, azdianiu

U

4, =0e/A (T - T;') (3.35)

=

o 7, = AmsunSed (Emittance) 2e3ingimdanviinudnsidiuvesniiuiou

@ o

MnnswisidvesTnguniuingauiledioamgiiving fiu

q

dwiunsdlndngraesanlilyingianunsoun ssdnauiouldgeaansiiiitadnTnge
<l

wazfingaaad A aNETuENIeINUTNEAuLas ULl dnsnisaiawmaiuieu

gvdnnsuEfsdsewIeingivanazinny

9, =cAS (T -T;') (3.36)

e 3, = lugdaildiauuasaunismsiussdanuiouvesingaiveldm ns

a -

NIANANUITBUTENINNINITINARAINITHHS IF Az AUFUAUS AU
sUsradnluse

Jymilusumeiuimnssuduswusnnfiinsaramanuieulasnisudiad indu

W399 AUNITAENAINTOULUUEN NskATgmainanazausayinladned udniian

le) =

ANFIUMIUAIINTOUBBINSUHTIE R uld Arflonuvesanudiuniuausauainniu

2
as Sd v s

F9EUAPAEAUANUAIUNIUINNNITUILAL AT SlTFERTINITONBNAIINSBURINNTITULHS IR

1

figuinee u
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(330

Wataunis (3.35) dundseuiisuiuaunis (3.36) wal3glanianudiuniualusauin

1w o 2
NSNS Y

R =

s

L-T,
T43,, (I;4 - Tz4)

wazansalymdenuvesan nsdnannLNsIdmINIeu 4 91

) 1 _ﬁl-z(ﬂ4ﬂﬂ4)
R4, -1,

Wa 7 = auviiifildonmuaunisunInIsnALTeu

(3.38)

(3.39)
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umn 4

NUHNITATUILASNITATUIN

lushifeiithiausnnuinismun suduannmsdamslditoulsifsdestuns
naaesionun Tnsgnuiseaniiunisduandmiunimaassniswnlnd Ainswieai
o edaszuazmsAudmiuMaasInslusiimuauend uenaniduansnis
Funumsinesiidhdaeineg dmiumaidenliYandniae

4.1 NSATUINEIMNSUNITNAaRINISHT LN Tmdgad1anfageddse

NaunN1sNAaadlllIazd 1 nsuiite 4.1 wis 4.2 mL‘Llummmwwauamamuuav
ﬂmawmLnsrmUmemamaamﬁﬂumswmﬁauLﬂuaummmn Iﬂalumiwﬂaaum 2 du v
Il domnBaneais Aildiunandulnsiny (C,H,) udndau 70% lagU3uins uazdmu

(C,H,,) ludndau 30% TaetSunns Weuluaunsmaaiivesnswn vlifiansslowninld

at

il
dwiulwany 0.7C,H; + 4, (0, +3.76N,) — x,CO, + y,H,0 +3.76a,N, (4.1)

dwivdunu  0.3CH,+a,(0, +3.76N,) > x,CO, + yH,0+3.76a,N, (4.2)

= = = o & 4 =
We  x,,x Ao luawas CO, Tuarsnaniusiannmsiwt mdvesnsiwunasdnu
= -y U L3 ¥ =
Vo, ¥, A8 luavas H,0 Tuasedndasianniswilvdvednsmwulaz Samu

ay,a, 79 lwavesonadmsuldlunsunlnddmsuteulvanssdlownsnves  n

TWULAZ TN

Weunaunis (4.1) way (4.2) sdsusiuiuazlsaunisumnluiansstawasnd miuneans
AIFUNTN (4.3)

0.7C,Hy +0.3C,H,, +a(0, +3.76N, ) — xCO, + yH,0+a3.76aN, (4.3)
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Wenaaunsaglian x=33 y=43uazaunsodmna a=>545lnsueaiiviiuialuana
Wiy 48.2 ¢/mol uazemailanaluanawiriu 28.85 g/mol feluannsafuasnsIdy
gInsaamadlanuaunIsN (4.4)

CAED,, = My =4.76><5.45m0128.85g

My 1 48.2g

stoi

=15.528 (4.4)

lunisnaassdiniuievlanisnaaesniswlndidnisivieadienniadase
Uszneumequnsaluansdissuil 5.1 (:1asiBengUnsainafisluund 5 Jeuluwazaunsel
Asnaae’) Fadeulunisveaeulsmnualiiinisteudemdsisnsinislua 0.5-5 L/min
Hulsmfiwes warliimsmilenionmadauivilanluyusuventena i aaruand
fimsusuusinusdnsasmswienionnie vielinansmaaasgnuanseglusiasgiuifieatu
HauARURUIENALazswidefiiieades s’ﬁa:ﬂaﬁsﬁ’w‘fjﬂun'ml,ammamsmaaaﬁw%’u
Fadeildun shsnislualBanavesdomas snsnawnviei ui Wesifudenenay
nou é’mﬁahuamgaﬁaumsmﬂwﬁﬁaamﬂé’aqﬁ'UL‘LJa%L%uGEmﬂ'mmauﬂ'au Tnesieaziduanis
munauansluidodeusralui

"~ ennadiuitaas
_

6%@

JUT 5.1 laezunsunansypnisveassnalateuluiimsmieniieniredsdasy

1. FAAYBINES 5. 9nTainguuadl
2. viowa 6. s Taeidisendiauluaimadiuiinis
3. 9B 7. wesludAuUauazgunsalgua

4. USLIMAIUUUTIBINALANN LWD 8. LASaaianig
WasuluTanusu
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= =i

4.1.1 dns1nsvaldeuiadiniunisnaassisinismieninennireg1dase

= o o & v w oy 1= = o o

Wasnfigueaidiluvadluadadila anunuiwiudadnswdsuilainunuiun
WaduluvisdiaUsudasinislvalowmduds anmsauudlifitgueaddusengidamiloudneg
gANARIYAIINTaMIATLIWIULAG T

P
Prrg =— (4.5)
LPG RT
AIMERIINIT AT IaTaLeaNT
rh'fuel =V, p6 X Prrc (4.6)

4.1.2 ansinswnlugisaniainewun

FasmswilnlineviiomhefiuiivioUsiiumsdeuiivhenamsandald 16aess
mzuRafuuYemsInIzuenwi it ilswneeudulvallvassnandrufinuudie
dnswavasnsnanndundniasiiolfdenndosiuteam 1e9nr0 W IEULUY @13150
AwandldmueEnsi (4.7)

e KUHY
g= mffT @7)

Tnefuiiniseendusniiduiugudnaty 52 faduns uazdrraiuious (Low Heating
Value, LHV) 993uaanadinn 46.7 Mi/ke m'i'laaq‘d@iaul‘umiﬂauL%mmﬁaﬁuﬁua‘ﬁ'ué’mmns
wnlnfidembefiuiidmiunisnaasumeldan e Anmanienionimed1adass Landds
miwﬁ 4.1

A15199 4.1 Waulaewmdsdmsunmsnedauniglfanineiinswitleitienniaes19dase

Snsmsinaldend 2 % o gnsInTIsvaleung | dnsinsenluiise
. AusulgeIn (Bar) L g
(L/min) (x107°kg/s) NN (kW/m?)
0.5 0.1 Lid5% 285.349
1 0.1 3.506 570.798
1.5 0.2 5437 933.870
2 0.2 7.650 1245.160
2.5 0.3 10.359 1686.154
o 0.4 13.387 2179.030
35 0.6 17.849 2905.373
4 0.7 21.674 3528.953
4.5 1.1 30.120 4902.817
5 13 36.654 5966.391
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4.1.3 wWasidudonianaunsu g

dnsunmsveadeudslimsiudindreendiauluvenaudsiwmisiiuandlugud 5.1 {33
Amualiinsuasdoyaduesidudernanauneumnindifieliinedensiinseina Tne
AsanUsunaueniAfeaunsaa Ul

0.7C,H, +0.3C,H,, +a(0, +3.76N,) — Mixture (4.8)

lngnistuiinuassndiaunetuailsainasesinmelowds azanuisasuadsnaneanule
o ¢ o a s @ w0 a o @ o a a
Wulesigudlaelsuing Faldudadrudendududndiulnelua 91naun1si (4.8) @uisana
dndulasdlulua (Mole fraction) vesandiaulufinwnanlmdy

a
s, (4.9)
2 0.7+0.3+a+3.76a
devhundagulvsagld
on
a=——>_t—
1— X, 476
dloven a Wunuluaunisi (3.4) aglgsnsauennirsedamasnounisialg
(A/F)premi.md 7 a4 76 % o= = 4.76)(—0”. (410)

LPG

= X
1 MW, 1-X,4.76

o a ]

U1nIdlueInAnaldamasnaun s vsunauandulesidusennianounisei b La

W =

FAaduNIsy (4.11)

(4/F)

V2T Dpremieed 100 (4.11)

Y% Premixed =
(4/F),,

YNAIBELTU DTUANDONTLIUINATVIAA I LALYINAY 18.4% Fzausor uIalasidus
annrenaunsnlvladu 27.196%
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4.1.4 gasrdauyanaunsenlul

TunisnegsunieldaniizffiniswmiaiiieniAeg19dase gnTduauyanduiusiv

2

Weaulvlunswnludagldifisedoyasinialuvenaslunissiuiavintiu tlesendSuia

U
a

amadunaeslidmanioufitoiniswnludlunsdifumnfagngu Wesnlassadfivang
nslvaviliemadiuiiaesdigaimdaesianniuldenn dwnfideassuiuaound)
laga1naunsn (3.5) wuisesdinauyadauwlsnndudusasidiueinianaunaun g

LAAIAIEUNTST (4.12)

@Z% (4.12)

( A/ F ) premixed

gNAIBE19LTY MAUasEudanniAraunauiia 27.196% awmmﬁwmmé’mwﬁauam&alﬁ
W 3.677

4.2 nsAUINEImMTUNIIVIAaasialuataInalunTr g

lunsveassitrauauernelunisilmividuiiiswisuievanssouynswn lndi
Reulunsunlmiifendu Faussouidanfionsanléid Snvasamln nsnssaogumgi
Tukeamlvinas Usinamaisluieleds Inousudsusniniswilusiuandeiy 3 61
agldsanauauya 0.7 sauddimsfinenaussaugnelinsuSuasusnsdiuanya 3
¥un 0.6 0.7 war 08 Feometauadldlunisinlniaggnileulfuaufuidomadeuds
Ul (100% premixed) lnazunsuyanaasiuansiasuil 5.2 (G1oazidsagunsal
nanfdluuni 5 eulvtazaunsainmsvinaes)

Jgazldynn1sAIAE VT URsUlINSYIRaRalifame LUl

4.2.1 dasnsivalaradmiunmmeassiimauauannialuniswnlvgl

o
@

Fafinanluudn lunsneasslsmmunlidnisududeusasmsunlviimun 3 6
lnafidedondnsinswnlusifiaonadestudnsinisivawoaddinlsmiines Idun 1 1.5
way 2 L/min fianuduldan 0.5 vid melddeulunmsdoudemassendn feunsvaass
FivelaTasannisinadanaiueiowdiofasnsnisivaunalasnss vnduiwidun
demdnsmsurludildmaaunisd (@.13)

Q:mﬁref XLHV (413)
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wonani aniemmsfunluide 4.1.1 s msuidannsivadunadomdanise
Aunalldnaunisi (4.5) uae (4.6) lnonadnsinisivadsuladildainnsianazainnis
funaaeandostudeulunsdoultemdaanadmed 4.2 inmanunainaieuiiuan
Tumsesduiivguininananueaiaedsuvedlsandwesildlunismaass dufuluns
naanwzlidoyaninnistasnsinisivadanalasnsaiothudamdudnsniswlng

LAASIUAIS9N 4.2 wiuiu

ﬂ‘. L = /s L
f1319 4.2 ammm'ﬂwa LF9UIaLaTERIINTTHA LA

F— M ca Minea™ | ATMABIALAGOY 0 (kW)
(L/min) (x10°kg/s) (x10ke/s) (%)
1 4.781 4.093 16.809 1911
1.5 A 5733 25.092 2.677
2 9.562 7.691 24.327 5,592
vanews Afignimnlilunisvaaes

1

>

i

(/D=0 /D=2.78
@ BIDL 748 S O JTi2
2o-%ep) | Gae 1AalF11 J VO
10 cm
2(D+385)_,Ta . $T10 -
VD192 _oT3 o 19
2/D=096 3 14 T21 20 |78 . o
2D=0__,T1 477 5cm
() ’
&) i
u @
>/
G
= ol S
A\
\\-/

JU# 5.2 laezunsunansyanisnaaesdmiunismaassiinauanenmalumsi b

1, VAU awmas

5. asvinialoduasiasasining
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2. viewey 6. wasluAuUauaraunsnlg e
3. W

a 1 L7 o = [ LY
4. USHIAUEIUULTRIIENT iWalUasudulanniu

4.2.2 YinaemAwazemadiuiiundenndesiudnsdiuauya

niinadrediu lunismaassldimunlddnadiuauyasionun 3 A1 liud 0.6 0.7
uaz 0.8 Tnsemmimuagnilounfeutuidamasdeunswlng Usinaeiniafiduiudiu
Snsdruanyamelinisusudsusamnsivadends annsafmalfananuduiuglu
aunsil (3.5) Tgvhandnguinadldfaannsi (4.19)

WY .
ma = (/—(D)“"—‘Xf?"if (414)

uenantusinaeniadiuiunadesrdssiulioulunvaasvanuisasualaniuaun1s
(3.7) lnwdasimsiuaidaulavesainiAuasuSuiaeiniadiuiufiaenaasstuioulenis
NPADLARIFINITIN 4.3

4.2.3 Vanueendiavluilodenaenatesivdnsidiuauya

upNAINNITUaLYSU e IN ALY LN lutittulsafimesudl 1318 u150n519dauy
Usurueimaiiunisiaesidudeandauluiglodslauiy TnaSuannainuduwus
dmsutauluamswnlysivuuug deaunisi (4.15)

0.7C,Hy +0.3C,Hy  +a (0, +3.76N,) = xCO, + yH,0+ 20, +3.76aN,  (4.15)

Tunsdinmsvaassiezlifisnsant3una O way NO, luauns Wesndidtiosunn (Hindn
30 ppm) 3NAUNITAINITOAUINLG x=3.3 Uay y =43 Laza1usamIuln z LlAsn
AnsduiusluaunisdadiulaeUsuinsueseandiaulufialeldauuuusa (dry basis) f
aunsii (4.16)

z
0,

= (4a.16)
* 33+4+z+3.76a
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1agau1509mAT ¢ leRsaunIs

a=x+§+z (4.17)

LAANNITUN z WaE g 91NENNITT (4.16) wag (4.17) sndegrudy SauSutuesndiauly
fwladsle 6% (Aadu X,, =0.06) @awnsad A z uag o laiifu 1.998 uas

7.448 auanau wazdlath ¢ Wunuluaunisd (3.4) azldensdivenniesadondsiildass
wihiu 21.212 Faduiusiugndruanya 0.732

= & a ] v o = 2
Reuludeawmdaazernafideunisldteulunisnaassiimuaueinielunsmalug
WARIAIANT SN 4.3

a15197 4.3 Reuludemdmazananlddmiunimaasiiarvguennialunismn vl

My ", 0, ,.(%)
e @ (x107°ke/s) | (x10°kg/s) EAR el
1.911 0.6 4.093 1.059 64.25 8.7
2.677 0.6 5.733 1.480 64.25 8.7
3.592 0.6 7.691 1.990 64.25 8.7
1.911 0.7 4.093 0.908 36.62
2.677 0.7 5.733 72 36.62 6
3,592 0.7 7.691 1.706 36.62 6
1.911 0.8 4.093 0.794 24.105 4.5
2,677 0.8 5.733 1.113 24.105 4.5
3,592 0.8 7.691 1.493 24.105 4.5

4.2.4 YSinudaieiinnsgiuuTuaenieminnu

lumsuanwwadmiuieulun1svsudsusandanya S1dudedinsiseuiiay
USunauaiiwlaun CO wag NO, fiumsgruledifussandiaumiiu InglusAdediden
WiguimeunyTinueendinulufiwleds 6% awsadnnaldmuaunisi (4.18)

(0.21-0.06)
(0.21-X,,,..)

[0 = x[CO] (4.18)

mea

4.3 mi’?ﬂﬁ'}mwwgu
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dewnmmumyudumsiivesiidmadeiafiosnmnsunludvesTaansuediann
Fefutounsmaaesisldfinsthfaamsuumeaungudenisiesnandiluunud
dovinmaluiag uarduufaunsd (4.19) Tasnuirmanunguvesagusiazain uiay
aamuiiunEngu danumsulndidesiuussann 0.9 Fagniigatainauideiis
suEimaumuAngn Jagnsuaransodnwiadesamnislvdiles

Vﬂfd (4. 19)

JUM 4.1 N1IvAaeImIAIANNNgY



UNi 5

Waulvuazaunsalnisnaaag

TuuniindniieneaziBuanimvaass nsuvsduiidetoulanisnaass Fainadune
awsmvesdauly winiwesuazlaezunsuganaass (Fade 5.1) uavsreaziduaiudiu
gunsalsingg Aldlutiade 5.1 (e 5.2)

5.1 waulun1snaasy

wielvilsnantsvnassiidenadasfuingussasduazanusimualumiidod Seldus
nsvaapseandy 2 drumdn WWun nnavisassiidnswientheimeets8aszuaznimaans
*?imuqmmmﬂlunmmlmﬁ Fansneaesdiuivilwe s udded vnuitefAnugunisia
Inslagnafiiafissnwanelditovlumswmionieiniaet19dase dadudaulaiilddviu
WAL S8 NE mmﬁmad’m%gﬂmauﬁ’uL%aLwaqﬁaumﬂmlmﬁmm‘[umué’mau%m
Fands Tnelunisvmaestafinislénanidoms e solud 2555 [1] feiulaseaded
yenshvavesiannyuidnarenisiuilonidnanuasdmansenulusiaioinmnisian
Twil venanlunsnrassaviinisilSeuWisuiaiasninniswa s sninamIRuLUULaZ T
wrTannusds SsdimswisuiievssrireTanmsuaiilasadiaunnsieiu loin Janngugy
nsnsTUenfuaygunsinssuanianss tneduduguinsaniasaiuiivnsmslnaresfine
wai avvilanauanasalunisiviiearenmeifinsnndunasenlvdiidegsiiadosnn
‘nuﬁﬂﬁﬂmﬂ‘%auLﬁamsm’]ﬁaﬂwquﬁ'ﬁmmwmeL‘Limfad'mﬁ'LmﬂﬁiNﬁu Tunsimsigu
wadesninnnsinlugd fnstufinuadnvasnisnlygl gamgivihunsunisiiludite
axvioufinuantRnsussdvesiagnsud iomanudeuluddiunandeuntsninl was
Wesidudanirdufindafilaannsmiienia

drumaveaaesludiufiaesesivendnusatul Jutufnwinalnnisdiamaiiuiou
waznsnsznemgaumalivesingledeantagwugneluioanilmlivazU3unamaiiy usly
aunsaianisinawanuieuneluiaaniulaiiiesainlasiasisiagniuineudiadnyinlid
dadrialunisniiaia Fainseredmnisnsgnreigungiluiaanguainauidvlusin 9n
nsAnwnuidedeundamuiinis@nwinisnssaediguuni nmelufagnwiuvesuived
o o = = dl I:‘i! ! j = e g_‘f a o
anlds1eds Insmaassiidoulveiniadedondwuuuis (@ =0.6) fdulumuive
dmiuinginusaduifvindudesdinsfnyinteuladinaradudientu iedeulasdoys

91NAITNAABILATIINNANITIVBVRINURTIABUVT lnsainiasvuagnaunauiu
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[
=) a

Wawdsludadaufitmuaneunswniviuasmsunlvsifnduluieanviidgnauauile
Tuiinnani1snszarefigumgiivarusunaivleds FeusnanazilSouiiiousewinetamn
funvuuagtisnTagwuuds SulinmsiSeuidisvanssausmsiwlsdsenineagnyu 7
Tasaafraunneineiu (nsanszuenduuasnsinsyuenianzg) fdanumuindutesiiunnsiig
i ﬁﬁﬂmﬂi’a@mwﬁmﬁu SudFnwBvEnavesUsuue MAd U AUTLANAN U8

lnoeulafiaenndeiuingUszasdinisvaasiuanifainisnei 5.1 wagsigaziden

Feulvnsnaasmasnivesamuausieg gnnanluiids 5.1.1 uag 5.1.2

A1319% 5.1 Reulunsveaesiaennsesivingussasdinisneass

a
taulanisynaaas

AsNAaRINAnIsWIienuianragNeddsy

n1InaaesiinduAsEINIAluN TR g

WiguneualIuauasatuniseunitanin
DN IAFIUNVTIVBIFANIVDI IR ULUY
WAz MEANTY (uinguizasade 1.2.1)

Wisulgvanssausn1 s lndvaanaLmn
windnewdiuljuasndeuiul iy
Taqmgunieldnismuaudndiudomauas
2IMAAE I (MuingUssasrda 1.2.3)

Wisuifleuaruanuasalunasimiiada
oI AdIUTvTsre s B AR WL
AlaTedadelazAIAIURUILUUFB T4
wAneneiy (A dnguszasade 1.2.2)

Wisuiiguaussausmswilvdvasiuwn iae
wyuiilaseafiauaz AL LTI
uansineiu TauieTanwguiiviunaintagedng
yiinfu nmeldnsmunudndudomaag
8IneAfgiu (Mudnguszasdde 1.2.4)

WU UBNENAUD9ID 1IN IAd UL A UMD
aussauzn s lniveaiamndagnu (i
TrgUssadnve 1.2.5)

5.1.1 msveasaniniswmdentiainirediadass

5.1.1.1 yeagunsainsneaaesninisvieidiainiredidass

sUN 5.1 wanalaozunsuranaassdinsunisnaassninisiniediienniAegiddsy

U 9

lngomediuivilagnineninniuidaldudigrienausodngomas Turusiivsnai
finsienlugl mneas 4) gnasiuidelasdudeniu waslionmadiunasadnaumenis
wws (diffusion) sneagidenvesauniniangg gnizyluite 5.2
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5.1.1.2 @aulvnsnaasinsaliiniswilartiienniasg19dase

msneaesfiiiniamieniedndaseiingusrasdiitednuuTanismienieins
r.ahﬂﬁuawmﬁ"gﬁmL%@Lwﬁq’luﬂia‘iﬁﬁﬂﬁaLmﬂsss;nm"'l,%'i'quﬁui’a@wqu gaumgivesfnunayi
gnauneudgunaiinswilnitasiadosamnisielng TneeefinisfnuiuIouiiio
FEUINTBR UL UULas IR Tan s Iﬂﬁﬁi’aawwgﬂLL‘U'\iaaﬂLﬂuﬁﬂwmsgﬂmaﬂiw@ﬂﬁu
uaEnNIINSEUBMITY] TuBeTagnuitfidmnumunuiutesinusnsnaty Tunisvnaesiingg
VSuasudnsinisivaidenaslugu 0.5 - 5 L/min iuduaisay 0.5 L/min 4ilnns
wilgnhernaduiinilsiefdadomisiignuiuuddiianuamnsalunsniei
omeldrugusasnisivadomdsh dwsunanmeasddfimstuiindnuamarlng
anusausaiiulddmenivan gangiivinaviesan warUSunueendiou lnesivaziden

d; a 1 = = 2/ 5 <
NE)‘UI"Uﬂ’]iV]ﬂaENLLaSF}'JLLUiﬁ]'N"] VENBIVBIIEYPIATT1IN 5%

r

ARV
= —6 T1

oE)
—A e D AN
I] INAFIUVIAUL
4

=

weana

G
\

®)

N

o

JUR 5.1 Tngsunsuuansynnisnnassnngliteulefifinismiisniheonredidass

1. Wanowmas 5. 99959 Tn0mal
2. vioway 6. InTIviaeiidisandiaulusnadiufinis
3. e 7. wesluduauazaunsalduen

4. USLIUATUUUIBIVILNT LD 8. 1Asasinfie
wWasuduTagmyu
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A1519% 5.2 Raulvnisveaskaznsdineinie vesmmeassniiniswientiededase

2

STINEEENCUTEORERT Ussnmiaen Fouludoinds Revlveme nmstufinug
AnwlIeuliiey
WewFeuidouien | 1. Wiy Loaid wilonhenedn | 1. dnwgadly
NoULALNAINTT 2. WUHIEANTUNTINTBUBNAY gmsanasiva 0.5-5 L/min fdiusiudns | 2 aaumailluvionay
Ussgnalddagniu | - Tanulinezgiiul (Wasias 0.5 L/min) milvalamas | 3. weddudeandiouluvionay
- AANUVUILLLYBIIN 15ppi
dWiefnwdvisnaves | 1. W Tagwsumsinszuandy LA wilgnhdedn | 1. Snwugiadlyl
Yaqwsuitilaseadi | - Yanviaozaiiu 9m3an73la 0.5-5 L/min fduRusTUSnT | 2. anmgdlusiesa
UANANSY - ANAMUUUILUULDIIN 15ppi (Whuftae 0.5 L/min) mslvadowds | 3. Wesiduseendiavluviensn
2. WIHTEANTUNSINSYUBNINES
- Janylinayaiiin
- AIAURUIMLUYD9T19 15ppi
diefnwdvEnares | 1. W Taansunsinssuendy woahd wilsnhdnodn | 1. Sl
Saquyuiiienay | - Yanuinozgin gnsinsiva 0.5-5 L/min Auiusiusam | 2. gungiluviena
WUIUUYD I - AIAIURUILUUTDNIN 15ppi (Furfiag 0.5 L/min) nslvaomds | 3. Wesdudeendiuluvionay
upngnany 2. N TR WTUNTINSEURNAY

- Yanvilnzgiu
- ATAUMUILUNYDIN 20ppi
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5.1.2 minaaesiinruaneInalun1swlugl

mguszasdlummeassiinmuauainalunisinlul emuaudiuaeinidlung
wnlviuagiiassivsunafinesineg lueglufalodondsnswnlngd

5.1.2.1 gamsveassnauauainelunisw vl

JUT 5.2 uandlassunsugavaassdmiunisvaassinauaneinialuniseilug ng

onadildlunisieninsiasgnaluaulaenisdeudugunsalindnsnislwadrgndacussy
Waadewnds vilieniaianuaiiteussgniniientndgvionan

lunstiuiinuaiividludiunisnssnemeamgiuszUiinafaleds Tnsnsnsyane
gaumpfigniufindiianun 2 wnu Ifudmsnszarwaamginuseiumugs (0<z/D<7.69)
ITUTUAUNDINVBINILNI(/D=0) T1UIU 6 9A UaEN1TNTZILQUNYTAINTTAUAIINGS
(0<2/D<7.69) iszugiranuuannunatsmuuniaiveaiaw (/D=2.78) 8ns1uau 6 9m
IﬂamﬁﬂqmwgﬁﬁnmLLm%'ﬁﬁﬁ'ﬁ'uﬁaﬁqLﬂmﬂmé’ﬂwmzmimiﬂizmaqmmqﬁmmmﬁﬁﬁ
vowhunlunstiineg Fsdullvgwinmuanifvesiun il anwguuassun Tannguas i
AudnyENINsEBaaMpEuAnatueaniy

sl 1

5.1.2.2" Reulvmsvaessdmiunsaindnisauauernialunisml

foulvnimaaasiimuaueinialunisailndivazvnslineiinadeansinnsed
5.3 Tnswieainguszasdnisanyisenidu 5 9o s Wumsnyiieafudneaemenienin
YesTanmIULaRIIALUUTSNsaLANA Y TaudsdinisSeufiovaussausnisanlng
wazmsnsyaBgaMadiimauouing uasdiAnuieiudeulunisldaunelddndu
8N1A99 AiAnAuauientusnee
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swazBunmacaan dmsunienwian iy dwiuaeanliuuudase
Nikon Medel D3100

Exposure time 1/10s 1/10s

Resolution 4608-3072 Wniea 4608x3072 Wnkwa
F number 4.5 4.5

ISO 800 800

Olympus PEN E-PL7

Exposure time 17100 s 1s

Resolution 4608x3456 WnLa 4608x3456 NN
F number 4.5 22

ISO 800 1000
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aaengu ilesnatsluienddnvasiueinisivadiuavasmuiianianisiva (taper) ¥
Wdunaniimnuirgaiutiostuivmingoundu Wedumausesninduiaiudundeu
usssnaufinduudnaniusmiveuresinntastunaiaalinnanase e
fnsandveaadly wudnwusmawnlnidia wWadlwdudd ludassasinislve 1-2 Lmin
(1.6-3.8 kW) uaztadlndimdosdidnuvanduii winkled flame) #8nsinasiua 2.5 L/min
@.7 kw) Wusuly Sadudnwarnsinlndaeuvail (soot combustion) denndaaiy
Wesidudomaneunisuiluiiiasasiodnsnisinademaniuiu luasilgamgilure
weLfiugetuniussnisuslandounas usdsnsiidrningamaiifiAaaniawn fagwudi
§nsnsiua 0.5-4 L/min (1.6-10 kw) ghufisnsinisinadewnds 0.5 L/min (0.8 kW) usfay
aunsawdyaheimanounswn it 3% whilssnnanuieademaiasunni
TnqniadniulimiAsdudnuazadlvuuuuns 3nviadailmuasviwuliudoundudily
luvionay dunningugiluvierasfiginiifisnsinisiva 1 uaz 1.5 Umin

Flefnsanuuiliiwenveiidudomansunsalndaumsiusnnmslvadomnas
lugut 6.3 wuiwhdndamasiualdunsimienioinefidesas iiflendesinves
venauffidusiugudnaniuay wadviylaunirduiisnnnslmadondsgg Sohlhin
Ugnefuniimionazgadofuiilunisuaniueuluausuiuainie Humgleniadauiinis
gwdlenifesanioiivdninisinaidomas
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Firing rate (kW)
08 16 26 38 47 6.1 82 10 132 168

40 1 1 1 1 1 1 1
—&— (Conventional burner
O Bulked porous burner
35 1
=
o
&
=
@ 30 T
S
2
25 4
20 T T T T T T T T T T

0.0 0.5 1.0 foek 20 25 3.0 B 4.0 a5 50 55
Fuel flow rate (L/min)

U7 6.3 wWedldudemanauneuieuiiisusswineiasusuuLasin Taamgu

Turauzirniaawauliandnungnisenindiundsesnty Filufli Juuvesni
fiafivsnmussuamlnluiien fagnsufiansanaindiudsifinsw vl ndnidemniuan
IiAndunislutannyu (submerged flame) vinldaninmsseulasaziianganindunis
wnlndedafiiafiosain wiviawadldiianisqnainesnuamuuenagwuskazen vy
uns (diffusively burn) Tagldanmnsadunadiuiaqwiuiianissounnsaziarsanindums
wilmfendiifiafiosam TnewdeSoutiteuiatvsninnnindsswisidunuunes
W Tagnunuiriaen faguaulfdunsinludad sdfiadesamlugudnsnisienlndii
weundn idesneudunnasouiigsiwinlinsmilinie nmadesasuazabiinuiuan
asouigeiudaiudannsivadunan Funanndedifudennanaunoufifidniim
wdukuumasagunisnaasuas i liuanauilatfiudnsmsiva weRasangamgiilu
vienaunugumgiluvenaugsninsdiimidunuuiiosindvinaniniuarns uifidves
Faguiu Tngianzidnsinislva 0.5-4 L/min (0.8-10 kW) Fadudrunisiklndoseil
AR

WeRasunsnsmsuananuiouvesiintiagnuiiauiudimisuuuy aswuinh
W4 2 ddesinisndaanudaudendienu (kw/m?) flaivinfiu (port loading) Taansdivn

N TARWIUILHARANSeuAemeulnteendt Wesnlassasefivnsdomenisivans

'
o

Wadanuduanaseuuazazdsiafisiumniiudnsnisivadiomds duluiagnsusunse
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ﬁﬁmﬁﬁﬂuﬁwmﬁwuﬁaﬁuﬁﬁqé’qlﬁquwzauﬁianWﬂqma’mﬂﬁu msiniausesen lng
Tun1sesnuuuiiielivm Tanwguannsaliidsnsadaanufouldivifuiamdusuy
fidoausuurhmsfiuuimstesTaansuiiolfliuiidednsaving fufutemiseantes
WduLUY uandiednsfesuil 6.4 Tng 4, 4, 4, Fefiufidremanuieu (m?) & Aedn
AungU waz O Aewdsnuilavndd (w) Tnsdesmssnarsinfiedsduliinnsunsniaves

Wanlwegludannsu

A

AN
g/

v

LRI W Td NI

s T

sU% 6.4 drednmsseniuuiisniagnIuielvignsnisudnanuiaurmiumensuLuy

LﬁaﬁﬁmmmﬁaimwmiLm‘LuﬁLawwﬁ'ngi’a@w?u anunsanusanasnwdallnle
= ' = =i - o el o )
WU 4 279 WLU'ﬁEJULVIEJUl@ﬁHﬂﬂﬂ@SLLﬂ‘illLLﬁﬂx‘iUi%Lﬂ‘lﬂLaﬂﬂ’iﬂ’lWﬂ’]’iLN’llﬂﬂu‘Ua&’)E’W]Wju
NIINTEUNAULUAIS19A 6.1 LA

- msuenindfogediadesnmuszmnn A- Turasdnsinislva 0.5-2 L/min (0.8-3.8 kW) 1an
IdunidaAnduegnislutagmsu lurusiisndrudmsnludotdrsauysalfverniedud
apsaguinuivuresiagniu Sednvuznismnlniiwuiiinanniswalnddeves
asusznoulelnsasusuiidainufizeliauysal (intermediate species) Safntuszwing
msunlusinneludan Weasusznaudindnindeuiuiaansuuandnaufuernirdaud
a01 SniliAnnswnlviiBnate gumgifidums T2 fidrgs aglutas 200-250 °C iAnan
MsusiedeudouanTagnulugdunaudamduaroinie

- mawnludedefiadesamissan B - 1dnsnisiva 2.5 L/min (4.7 kW) wuidadla
viaiuaineglutanniu lnellgamaiifidumis T2 Uszana 220 °C
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- msw e viliadesnmissan C - lugndasinsiva 3-6 L/min (6.1-10 kW) wulad
Indundlaunseglutanmyu luvneidndruiinvarnswilvsiuuunsieruuinuseuy
Tan uansdeUSinaeniaitliiemeliAansludiniglutan WewdsivdeSadmaudu
omadiuiiasstasilndiiouinunesuen Tnsludidnsinsivaidunaudonauay
oAdinsiignmgigendt 200 °C MnAuauiANsuasn1swiSdvasTanwiy

- masnlvifeddlifiafiosnn - dunandowmdauazernmagnunlmiogunaiuuenyes
Tagwuianuadauiniinisiva 4.5 U/min (13.2 kw) WWudiuly geandesiugumgiluve

o 2
fal & =

wanfisasnitsedu 200°C Tasusngmsaiiiadunisld 2 Jads Iiundadunamdomas
wazeMAinuny Lemindsduidemaseomaiinieninfivinntuiliiunlt
nsunlnsiLuuunsuas vswanaiawvilidunaugn Ausenanuinadagnusangddiu
uanladng

—8— Bulked Porous burner

300 O Hollowed porous burner

250 1
200 A

150 A

100 A

Temperature T2, (°C)

A0\

0 T T T T T T T T T T
08 16 26, G\Y Bggmetl”7 6.1 8.2 10 132 168
Firing rate (kW)

300

250 A
200 A
150 ~

@]
100 A M

50 A

Temperature T1, (°C)
0

00 05 10 15 20 25 30 35 40 45 50 55

Fuel flow rate (L/min)

UM 6.5 gungiidiunauidamiuarainaluvierausauiisuseninaienduwuuiazi

L TEANTU
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0.5 L/min
0.8 kw

1 L/min

1.6 kW

M ludegrailadesnwlszian A

1.5 L/min

2.6 kW

2.5 L/min
4.7 kw

AL ngiaeng
dadesnn
Uszlan B

3 L/m‘in
6.1 kW

Aslrdiagrafliadasnin

3.5 L/min
8.2 kW

4 L/min
10 kW

Useian C

4.5 L/min 5 L/min
13.2 kW 16.8 kW

s lvdiegelifiafasnin

3T 6.6 dnwasiumliillousuldsudasnsivaiemamaus 0.5-5 L/min WiuigusEnIem AL UULAE TN Tag W
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UL MLERETA NN TLN - A
. A B E Litliafgsnaw

Tyasl

a5 gl (kW) 0.8-3.8 4.7 6.1-10 132148
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VRS s uL g

AuUENTANHIY

95



96

fnquimsunlusiyasmyuiignnanliluumnountiid duadesnmmawnlviilutag
wuABNTAT Inden A ManaaLENnTs 3.15 Tuunil 3 Tneneldieulunisin
Infedailiafiosnmlfgniredalnevasq namudduiesildunnnit 65 Faduingn us
dwmfuidemsunlviinigliannsussoniail omeflddmiunmssininnelufaamiy
Annnmsmieniwsaindemdaivediaien Sahlaideulunmsuiviisuudiune
M7 F991nsAnYIHaUITeves Trimis uag Wawrzinek [5] wuinAdngadmiudeuls
AUNALLUUTNTIFINSINY (CaHs) (Arunauwdnluweaiia) Lﬂuv‘?’j’mwaaﬁﬁhagj’tuﬁw 20-30
wanadsgUi 6.7

100
CHy/air C3Hy/alr,
90 fuel lean
80 =]
70 - Peyy=65 + 30 firLe =1 ] |
¥
60 '
S 50 .
y | Hylair. : Hyair
) fuel lean . CyHgfair, fuel rich |
30 fuel lean
Hy/Cly/HCI* !
20 NS A
CiHy/air,
@ t3] fuel rich
c E] - L] T T T T T T T

0 02 04 06 08 1 T2z 140NTDe 18 (@2) J22
* experiment in steady operation (e

@/ or & as

gﬂi‘/’i 6.7 WunLavAnga(critical Péclet number) AdustusiuIauaIY (Lewis number) [5]

PNNMTANIUNAUNNEANIUI EDg N mnsetuituediu 2 Jadendnauaunisi
3.1 laud ausuvaalwandunsuasiduduaudnasuszdndua lnoidurugudnans
Uszdnsnatlinnuduiuslagnsaduaiauruiuiugesing Jediamindu 15 ppi dwsunis
naasdluiitad 9nn1sfnwuidedeunasluuny 2 wudtAraunuILtutesdned
A o VY a =l £ = =Y I3 -7 =l i 1
wangaufvihliAaatssnmveudarliaieldanuiudailiandundivindu feregludas
Lo = = W 1w = o v v Ha 1 1 ] =
10-20 ppi @etunisduduintagwsuiignihaunldluideddAranumuindutesined
wingausan1swn ltagniadosaw wilusidseildaunsaduaaunnaniuiueu
° Py v v A i v = = &
dwiudeulvnumanlildld Wesnnliwudeyarusivarlnaniiuisvadusmuniy
Heulvdnsdanyaniniegszning 3.6-4.2 Tfaldainnimeass wanantdawuiinisimn

Inflegnafiiafiosnmussiannguintuiioaamgisuis T2 luvenauilAmnnndt 200 °C
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Firing rate (kW)
08 1.6 26 38 a7 6.1 8.2 10 132 1638

1 1 1 1 1 1 1 1 1 1

44 A wilwslegndlaifiadesnin

4.2 A

36 A

Equivalence ratio

wlutladhaiiafesnw

2.0 T T T T T T T T T T
004405 =10 NS5 REBEN ZH5A\IGA 4P ~LH 45 N\ 55

Fuel flow rate (L/min)

U 6.8 onznuduyamInlnanvienay lunisveassiumiagniuvisinszuandu

pd19lsAny L‘f'iawmé’mwdauauuﬂadawﬂﬂﬂmqﬁ'wmmaammL%Mﬂmimﬁﬁm%
Fidesliheuedunsiaeiosndiduius fudnaduaugauassasanissnlugd fagui
6.8 ilonaanafuL TagnunIInTruanfuiimaumaLutesing 15 ppi 99013
#sansiiuetesnmdailwdunanuinniswaludegwiadospnanalgdeulvdiunay
NN é’miﬁﬁquamya%ﬁﬁwagﬂuﬂuﬁﬁm’h 4.1 lnevndnsid@inananiaiuinnii 4.1 2y

s lusilufiiafesaw

6.1.2 MaUTeuieuAnwmimndagniuifigusiansineiu

aq

dieRasandaymiiifiaangunsevesiagniuiviliiinauduanaseuge dawali

= ° ) = R VY] = o | [y ] o Vel =1 '
willgathemediuinildlitos Jnilugnisusulgesussvestagnyuliiidnwuziludes
nsluansinansvemsinssuen dingussasdiiioananudunnAseuuastiusnsinig
wilgnhema lngdudvgruiminauisawmdeadrenelauiniu grunisienlngdaidl

iwlysn wresiEnjunsinssueniangsiasivianien i Tagwgunsinssuansiu

lushdeihiausnisfnviuieuifivuaudnvazniswiludvesimn Tagusu
N3INTEUBNAU (Bulked porous burner) LRENTINTEUBNLILFATINAN (Hollowed porous

burner) Tagfanwyunis 2 fanumvuiuduaungy 15 ppi kaasiiegnaiannusigui 6.8
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3UN 6.9 n) M Taansunsnszuendy v.) WILHIEANTUUNIINTZ DN

Firing rate (kw)
08 16 26— 38 4.7 §.1- 4782 10 132 1638

40 I l il I 1 1 1 1 1 1
: : —®— Bulked porous burner
+O+ - Hollowed porous burner
4 d : —¥— Conventional Burner

Percent premixed (%)
W
(o]

2547

20 ; . . . :

0.0 05 1.0 ) 2.0 i 30 &5 4.0 4.5 50 55
Fuel flow rate (L/min)

3UT 6.10 WaesdusemmrasfauTsuisusewinsin Yangunssnszuenduuay
NIINTPUBNAEY
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300
250
200
150

100

Temperature T2, (°C)

50

300
250
200
150

100

Temperature T1, (°C)

50

6.11 gamplidundudemdsaremaluvonauUisuiiesussniraiinianmsy

08 16 26 38 47 6.1 8.2 10 132 168
Firing rate (kW)
) —®— Bulked Porous burner
o Hollowed porous burner
i —¥— Conventional burner
M\O\Q
h v v v v v v Vv a2 . 4
0.0 /2 @52 01001 \U5 ¥ 200205 \ B0 /3802741 ™ \es ™ 0"500 | 5.5

Fuel flow rate (L/min)
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JuM 6.12 dnvuzialildeuunfeusnsnisinaldemdsius 0.5-5 L/min Wisuigusswihwhundasnunsansyuensuuazvsinsyusnianzg
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NamsmaaaLU‘%'EJULﬁa‘uﬂmé’ﬂwmvmﬂmlwﬁszwdwﬁqLmﬁaﬂw-sumaﬂsvuaﬂﬁuuaw
%‘i\‘lﬂi“‘U’aﬂLﬁ]’iw‘iLLﬂﬂ\‘iﬂdiﬂw 6.10 D4 6.12 ﬁnﬂm'ﬁﬂ‘suLUaauﬁﬂmwanamwmwmﬂﬂﬂ
aqwa’(;vrmmminJaauu;ﬂaqmamimummmmﬁmuwuaamauuamﬂm Wesidusdiunay
o lniidsmairnagludg 20-30% wummnunmwwﬂumLm’;a@wqumuﬂisuaﬂmu
windudwalfiuisnudsuwlaseaussousnswlugogadagy

Li‘iaé’qmmé’nwmmaqLﬂaalmﬂuﬂifﬁﬁ’qLmi’ﬂmmwwﬂiwamﬁ]’wﬂuﬁmqﬁmwm'ﬁlwa
0.5-3.5 L/min (0.8-8.2 kw) wuinailngnuisesniu 2 diu Iﬂaaawummaﬂwﬁawaﬂ
wyu vhlideSaqiAnduuinaading iuﬁummaﬂa’;umaﬂwmvmﬂwﬂmmuaumaﬂwaaﬁv
mmﬂ‘ﬁmmaﬂmwama@ dauitdnsinslvadaud 4 L/min (10 kw) 1Tudiuld dunmlainy
USuE9vesTanwyy LLG]'Lﬁaﬁﬁ]’limﬂqmﬁgﬁﬂaﬁL%@Lwax‘]LLﬂ%Eﬂﬂ']FIIUVI'E]NﬁﬂJﬂﬁUWU’J"]
drunaudinsigumngiiganin 160°C uagfidgendnsafmuluaansdu vildause
é’uﬁwgwuiﬁdﬁé’amﬁLﬂmlwmwﬁqLﬁmasﬂuﬂéa&'ﬁ?ﬁaQW'@uma’ammmaqﬁwmmdﬂmﬁu
uanadulnezunsudaguin 6.13 viliAnn s ERTweuluddiunaureunsunlug

v
N a

lunsdimsunlusivastagniunsenssuonianesiisnvasfiunsuaureuse i

v

LA ULUUA Tan WUMIssY lnemstnlvsiguifagnauimihiduisianizgudalu
(flame holden Lilviliansvanase SnvisdsasinwiaiesnmansinduasurSadan toud

\Wunnuanifviuvesfaqnuiarlinae Wi TagWIUNIINTE a1y siasgminausluud
aussaugm s inlisielUluside 6.2.2
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ATSHANIVBY
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6.1.3 maBsuiiisufinwiimn Saansuiimmamuiiiugesinaunnesiy

vnsAnnAT kU A AU uide e utedeidmaraudiesam
Mt TanwguLuiy ﬁ’a%’m’ﬁaﬂwLauamiﬁﬂmm%auLﬁauqmé’ﬂwﬁuzmﬁlmlwﬁmmﬁa
Lwﬁa@wqumaﬂsguaﬂﬁuﬁﬁﬂmﬂ’faa%ﬁmﬁmﬁ'u-gﬂmuﬁmﬁ‘u WATAMUMLMULY BTN
15 wag 20 ppi LLamﬁ’aasmi’a@w;uﬁ’agﬂﬁ 6.14

' v oW o o & ~ | .
aenalsAnu wmagwIuvhnsegouilsliianuvkduresinsse1na 15 ppi
nl v 1 = at Q d:l 24 o W yd
(MunszyInguIe) lWuheIfudunsdinldnaaauluide 6.1.1 wagnaassnislddauly
FNTINIS TR AU WANSUNUIWANTITNARDINAIULANATS AU IULINISIAT 871
81nA gungiluvionas %qﬁﬁ%’aﬁuﬁwm'jﬁLﬁmmﬂmwmmﬂsha‘uaqé’ﬂwmvﬁ'hwaﬁ
ﬂa1ﬂLﬂaaultﬂ,uLuﬂavsauﬂ13wam%auﬁmwswaamamamimamm’lmau Luaqmmﬂmam
wauwumiammmmmnu LLmvmmﬂw‘maﬁmﬂmﬂuﬂmm YonaNil nsvadeuTisnaaa
numfamﬂ%amamuammmﬂaawmmmmmaﬂmaﬂwmxm‘smummmmﬁwnm

ﬂ:‘ 2 o
LNEIVBIRE

n.) . v.)

6.14 JaanuitilFAumuiugesing n.) 15 ppi wag 2.) 20 ppi

=D.

U

meldnmnasailevfulasusamnsivadomdsdud 18 5 Lmin wuieania
ldugasindinasednsinanilenhoiniadiudivis TnewrFannsuid Aauvunuy
fatine 15 ppi wuwefidusnaunouginiianiifidiaumnutiugasing 20 ppi Inga1nns
i’m‘ummLaﬁa=uaoﬁﬁmfiwi’ﬂqw?‘uwuiﬁhqw?u 15 ppi waz 20 ppi Tvunaduiuguinats
5.02 uag 3.29 aduns Auaay %a‘umwLﬁumu@uéﬂmwmﬂaaﬁlw@n'jﬂﬁﬂﬁﬁuu'ﬂﬁu
WamuduanAseutfosndt denndasiunanisnaasilusuidoves Boomsma way
Poulikakos (2002) [22] ﬁwuiﬁ’arﬁgwgummwwmLtﬁusﬁ'mdqusﬁmwﬁumnﬂéauqq
wuiu lnefivenanrimuiavesdesnisivaiianasasyilfauumunisivadiuentu
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fesnndunisfiuiuisumzeeiletan Snisituithasluiannsufidivunndudayili
duUsedvdstinnsduiiiageauudneig [15], [24]

definnsandnvasiailwwuiduiiinswnlndegsfiadosnwlunsdlfimsnan
VUL LTe4919 15 ppi dd1uniieniansd 20 ppi Ssarunsadunaiiunnuuaniiaaes
Fnuazarlldfisnsnisiva 3 L/min (6.1 kw) unsdl 15 ppi dunanuadliifialuian
wyu wiinsdl 20 ppi ndUNUIduRATaIWRsazaMARAN iU ufuenesTag
wyu Ingnadnvaziarlvfindnilanusenadesiugamgiluvenauiidums T2 &
9aMNHYBINIKT 15 ppi A189n11 20 ppi yananddamuinadssaimdarluniiaang
aoandostugumgiiluionandiviviuniiagniuludeulunismeassi Tnsflauugd
drunangendn 200°C sgnumsilusiathativsnin luvnsiidegumniivindt 200°C a2
FunauiuadlwarueanusuuenTannsu ImaqmwgﬁﬁaﬂdﬂammaﬂmmL‘?’;ﬁ%um'a”mn
n19lua 3.5 L/min (8.2 kW) dmsufidamiiunuiiiugeding 15 ppikag 3 L/min (6.1 kW)
dmuiiAAUILLILYTRIN 20 ppi

Firing rate (kW)

1.6 mo— RGTEN i 6.1 8.2 10 13.2. 168
50 ir_ 1 1 1 1 I

Equivalence ratio

20 T T T T T T T T T
05 10 1.5 20 2.5 30 3.5 4.0 4.5 50 55

Fuel flow rate (L/min)

e '

JUN 6.15 WaiudanmanaunawSeuifisusswinsiumnSagmwsuniiAinuvuiny

%8997 15 waz 20 ppi
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350
300 A
250 A
200 A
150 A
100 A

Temperature T2, (°C)

O T T T T T T | T T
16 26 38 47 61 82 10 132 168
Firing rate (kW)

300
250 A
200 +
150 A
100 A

Tem perature TIKOC)

0 T T T T T T T T T

0.5 1.0 1.5 2.0 25 3.0 85 4.0 4.5 5.0 55

Fuel flow rate (L/min)

Uil 6.16 aamglidrunaiamdsiayomdluvisraueuiisuszwin i Saamyuid
ANAIIUNLIMUULBIIN 15 Uaz 20 ppi



1 L/min

1.6 kw

1.5 L/min
26 W

2 L/min
3.8 kW

2.5 L/min
4.7 kw

3 L/min
6.1 kW

3.5 L/min
8.2 kw

4 L/min
10 kW

4.5 L/min
13.2 kW

5 L/min
16.8 kw

£

U 6.17 SnvarmwadlwiileUiudsudnmmislvadomdmau 1-5 L/min Wisuifeusswinahsn fagwsy

I
a0

MHAIAIUNUILULLTD9979 15 ppi kae 20 ppi
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Firing rate (kW)

1.6 26 38 47 6.1 8.2 10 132 1638
5.0 L 1 1 1 1 1

wnlulagelafiadesnan

45 4 . o

4.0 A

35 1 o}

Equivalence ratio

W ludiadaiiatesnin

25 1

2.0 T T T 1 T I T T T
05 1.0 15 2.0 &0 3.0 35 4.0 4.5 50 55

Fuel flow rate (L/min)

"
el 1

U7 6.18 sasnduduyaiinlaninvienau Tunisvaas i Taanguitaiammmiu
494374 15 ppi 1ag 20 ppi
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LiuLRYIAY ImaLﬁaé’mweﬁwamga‘tuﬁawauﬁﬁhq:mdfl 4.1 agvialmaanisiua vl
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6.2 n1vnaasiinuAaInIAlunIska g

=f 1 ﬂlﬁ‘ = yd lal o 1
wanINNIIAnwE s ndiflaiie sawnneldideulun1smilsrieniregng

&
=
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Conventional Burner Porous Burner
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Bulked porous burner Hollowed porous burner
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This paper presents findings on combustion stability of a self-entrained, rich-premixed LPG porous bur-
ner. Alumina (Al;0s) porous foams, with 15 ppi carved into bulked and hollowed cylindrical shapes were
placed at a convertible burner tip, while the conventional porous-free burner was used as a base case for
comparison. Visual flame propagation, temperature and the percentage of oxygen in a premixed zone

were monitored at different firing rates. Initially, the tests were carried out based on basic geometry of
g?r’c‘;‘;‘;r‘lis&rner bulky porous cylindrical foam under a free flame mode. At this part, the limitation of burner operation
LPG was realized in term of premixed equivalence ratio which was a result from self-entrainment, Later, an
Combustion improvement was made on porous geometry and its effect on burner performance was considered with
Stability the previous version. It was found that propagation of flame within a porous matrix had significant con-
tribution to temperature of the premixed zone as a result of radiation. Discussion was made relating to
two competing factors controlling flame propagation within the porous burner i.e.; local flame speed and
local convective effect. Combustion stability was found with domination of flame speed over convection
when @ <4.1 in the premixed zone corresponding to illumination of the porous medium with the tem-
perature of premixed zone being greater than 200 °C. Beyond 980 kW/m? (equivalent to 4 L/min of LPG)
where convection effect dominated, heat recirculation within porous domain was broken down resulting
in formation of soot burning outside porous medium corresponding to considerably drop of temperature.
At this range, such short characteristic resident time, lower than 2 s, was observed with &> 4.1 in pre-
mixed zone. The hollowed cylinder, however, yielded stable flame throughout the operation range at
the central port while propagation was maintained in a porous matrix which acted as a flame holder even
at high firing rate. The temperature of premixed zone was also observed higher compared with bulked
porous burner while the central port could eliminate flow blockage which otherwise gave significant
adverse effect on primary air entrainment.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction self-aspirating method with simple rounded shape exit injector.

When applied with arch-type of furnace, it is not only long and

In ceramics industry, baking is the most energy intensive wrinkled flame is observed for entire operation range due to lack-

activity. Under certain circumstance, the premixed burner used
in baking process could obtain the primary air for combustion by

* Corresponding author. Tel.: +66 2 3298350-1; fax: +66 3298352,
E-mail address: kcjarruw@kmitl.ac.th (]. Charoensuk).

http:{/dx.doi.org/10.1016/j.applthermaleng.2016.03.079
13589-4311/© 2016 Elsevier Ltd. All rights reserved.

ing of primary air entrainment, but also flame lifting tendency. In
2012 [1], the nozzle adopted with this type of burner was success-
fully developed, resulting in higher air entrainment. It could
achieve more stable premixed flame at low firing rate due to
proper mixing of air-fuel ratio. However, unstable, wrinkled and
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Nomenclature
a mole of air in mixing tube, mol A thermal conductivity coefficient of gas mixture, W/m K
AF air/fuel ratio p density of gas mixture, kg/m?
G specific heat capacity of gas mixture, ]/kg K g porosity
dm effective diameter, m A differentiation
Le Lewis number % percentage
Mw molecular weight, g
Pe Péclet Number Subscripts
pp1 pore density, pores per inch 1and 2 thermocouple position
t time, s ac actual condition
T temperature, °C LPG liquefied petroleum gas
S laminar flame speed, m/_S flow mixtures flow, reactants flow
1% volume of porous domain, m? 0, oxygen molecule
X mole fraction stai Stoichiometric condition
Greeks
P equivalence ratio

yellow flame, non-uniform temperature distribution and high pol-
lutant emission remained, especially at high operating condition.

By concerning the aforementioned problems, it indicates that
flame stability has been one of an important performance aspect
being assessed on self-aspirating burner for ceramic baking pro-
cess, especially for safety reason. Stable flame is defined as attach-
ment between flame and rim of burner tip which is strongly
associated with the dynamic balance of jet velocity and flame
speed. However, this satisfying condition of flame is restricted by
two boundary stages, namely, flashback and lift-off described as
a lower and upper limits of operation range. Flashback is defined
when flame speed excesses a jet velocity leading to propagation
of flame to incoming mixtures. In contrary, on lift-off stage, flame
is pushed from a burner rim to downstream due to excessive speed
of flow mixtures. Lift-off is also a result of flame quenching.

To achieve flame stability, many researchers have put an inter-
est on burner improvement. Among these interests, an implemen-
tation of inert porous medium on burner application has been one
of popular technique. Porous media enables the dispersion of com-
bustible mixture within the medium due to its tortuous structure.
This endorses increasing of flame speed, consequently, flame is
anchored within porous domain. The phenomena on porous com-
bustion was reviewed by Wood and Harris [2] and Mujeebu et al.
[3]. They remarked that the combustion within cavities of porous
medium accompanying with flow dispersion resulted in effective
heat transport between hot gas and solid surface. This led to effec-
tive recuperation of heat, thus creating self-consolidating stabiliza-
tion. Moreover, the burning rate was increased because of
preheated gas mixtures resulted from heat radiation of medium
backward to upstream. It could be explained as an excess enthalpy
combustion. This self-preheated mechanism represented the addi-
tionally strong point of porous combustion as comparing with a
conventional burner. Furthermore, unburned mixture was also
eliminated by recirculating competence of heat within the
medium.

Although porous media apparently gives an advantage on com-
bustion in aspect of stabilization improvement, the limitations
where reaction zone sustained in porous domain need to be real-
ized. Trimis and Wawrzinek [4] revealed that the stabilization of
porous combustion was depended on solid structure and its prop-
erties together with ignitable gas as well. And these terms were all
represented in form of Péclet Number (Pe). The critical Pe value
(Pe) identifying the flame propagation within porous domain, thus
combustion stability, was approximately 65 at lean condition of
combustible gas. Beyond 65, hot gas was allowed to combust

within cavity due to appropriate transport of heat by all three
modes of heat transfer. The medium could accommodate the flame
and also prevent blow out. On contrary, beneath 65, the medium
cannot maintain stable combustion therein, thus quenching occurs
due to strong domination of convective mode. According to this
critical feature, there has been researchers making practical use
on porous burner as expressed in publications. Porous domain on
burner was separated into two layers with different porosity. The
dense pores medium relating with Pe < Pe. was placed facing the
incoming mixture, in order to enforce the flame root locating at
the porous surface and prevent flashback. Whereas, the adjacent
layer was the medium which corresponded to Pe > Pe. providing
stable combustion within the cavities.

By concentrating on stable combustion of porous burner, the
variation of many essential factors influencing the reaction perfor-
mance and also emission was continuously revealed. The combus-
tion wave propagating within different pore densities of SiC foam
was discussed by Zheng et al. [5]. Flame was lifted with increasing
in pore density. The 30 ppi, densest one, was found providing the
highest temperature in porous matrix, while the propagation was
good at 20 ppi because of appropriate heat transport. Meanwhile,
the material of porous media also gave significant capacity on emis-
sion characteristics as exhibited by Yu et al. [6]. Al-Hamamre et al.
[7] investigated the effect of syngas combustion on static mixture
structure of Al30, and foamed structure of SiC. The higher flux of
heat transfer, simultaneously with lower emission were detected
on SiC case due to greater coupling of all heat transfer modes com-
paring with Al,0s. Different geometries of Al,O5; material were
demonstrated with methane by Gao et al. [8]. By comparing
between foam, balls and honeycomb structures, the former per-
formed widest range of flammability limits caused by the most
complicated network of porous matrix.

Moreover, there have been intensive works demonstrating
usability of porous burner for accessing the effective combustion
performance of low calorific fuels. Almost of previous works were
proved having many advantages, especially on sustaining of flame
stability. Apart from above mentioned, Al-Hamamre et al. [7] also
demonstrated porous combustion on landfilled and pyrolysis gases
mixed with methane. Although the adiabatic flame temperature
and flame speed were reduced from low heating value gas, the
stable combustion was still achieved. And they also found that
SiC porous foam burner had potentiality on wider operational range
than those of Al,O5 burner. Dai and Lin [9] utilized low concentra-
tion coal mine methane wasted from coal mining process as fuel,
They showed the burner with porous media could compromise an
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effect from scale variation when focusing on performance and
emission. While the success on applying porous medium on blend-
ing fuel between kerosene and vegetable cooking oil, as meant of
heating value variation, was presented by Mustafa et al. [10].

By applications, there have been considerable fabrications on
burner with porous medium approaching to variant household
and industrial features. Keramiotis et al. [11] studied on radiant
porous burper aiming to reduce emission. Djordjevic et al. [12]
and Ellzey and Mathis's [13] presented gas turbine application by
adopting porous media to achieve flame stability and low emis-
sions. The development of LPG cooking burner with porosity varia-
tion was interested by Muthukumar and Shyamkumar [14].
Barcellos et al. [15] did an experiment on ultra-low-emission steam
boiler by applying porous in heat generating process. Additionally,
the porous burner inventions were claimed by many researchers,
for instant, Low NO burner of Charles et al. [16], specific configura-
tion of porous media of both Hoetger et al. [17] and Trimis et al. [18]
and also the high efficiency of self-aspirating burner of Jugjai [19].
Above applications on porous media were revealed with the same
conclusion that porous burner was able to improve flame stability,
operation range, combustion efficiency, as well as pollutant when
operated within their performance limits.

In addition to above findings, our preliminary investigation sug-
gested that porous structure also provided effective radiation at full
propagation mode and came with uniform temperature distribu-
tion. Detailed investigation as presented in this paper had addressed
this finding. From previous literatures, porous burners were
arranged by enforcing proper ratio of fuel and oxidizer into the reac-
tion zone. They had usually been carried out at stoichiometric or lean
conditions. The combustors had been in various exit geometries,
wrapped by insulators, thus the mixture was forced solely in axial
direction and the flame was compelled to propagate within inert
medium. Such arrangement could not be adopted for applications
in ceramic baking process without major retrofitting of the furnace.
It was necessary to develop the burner from the existing one by plac-
ing the porous structure at a suitable location so that its advantage
could be realized on top of the conventional one.

This work aims to improve the performance of conventional
self-aspirating burner, i.e. minimizing yellow tip flame and main-
taining stability by porous foam. Test trials were performed under
ambient condition without confinement with firing rate variation.
The equivalence ratio in a mixing chamber was monitored as a
result of fuel jet momentum. Unlike other previous works on por-
ous combustion, our experiment was focused on mixing tube
where rich premixed LPG-air condition was taken place, Mean-
while, supplementary air was introduced later as a secondary
entrainment at combustion zone. The burner with such air flow
arrangement was designed for particular type of ceramic baking
furnace. With this arrangement, the mixture could also diffuse
radially in stagnant air. In this paper, the discussion is divided into
two parts. The first part, flame stability was analyzed by coupling
results of temperature in a premixed zone and corresponding
visual flame propagation. In the second part, the development on
geometrical modification of porous matrix were carried out to
overcome restriction encountered in bulked porous burner. The
performance assessment on combustion stability of LPG porous
burner with different porous geometries is another essential con-
tribution of this paper.

2. Experimental set up

The sectional view showing the burner structure is given in
Fig. 1. There were three main components namely; nozzle, mixing
tube and burner. LPG, containing of 70% propane and 30% butane,
was injected within the range of 0.5-5.0 L/min which was related

Porous Media
(Combustion zone )
Secondary air entrainment

— A :
e tural draft i
Burner —~f » (nawral draft) /O =
—— T2 - ‘:
> === Thermocouple Type K
with data logger
Mixing tube |:>

. A an_ary air
Injector entrainment lue gas
(natural draft) Analyzer

LPG

Fig. 1. Combustion experimental unit,

Table 1
Experiment description.

Description
Burner type
Burner tip configuration

Premixed burner
Conventional

Bulked porous

Hollowed porous

Porous medium Al;03, 15 ppi, 0.9 porosity
Fuel LPG

Primary air Natural draft

Secondary air Natural draft

Camera setting details

Exposure time 1/10's

Resolution 4608 x 3072 pixels
F number 4.5
ISO speed 800

Controlled parameter

Firing rate, kW/m? 280-5930

Monitored parameter

Temperature detected location T1 and T2 (in mixing tube)

Equivalence ration and percent Calculate by using O, in mixing
premixed tube

to 280-5930 kW/m? of heat capacity. Primary air was premixed
with LPG by natural induction correlated with fuel jet momentum
before entering to mixing tube. In the other words, the ratios of
air-fuel mixtures was a result of fuel flow rate. This mixture was
at rich condition when it was ignited inside the porous foam and
later diffusively mixed and continued to burn with secondary air.
The experiment details are shown in Table 1,

A conventional LPG injector had failed to provide sufficient air
entrainment in the mixing chamber especially at low firing rate.
Our previous attempt was proved to be successful by modifying
the fuel nozzle [1, 20-22] which was adopted in this study.

To investigate the benefit of porous flame holder specifically on
ignition zone, a burner tip was modified such that it was replace-
able with a cylinder foam medium. A porous foam made of alumina
(Al;03) with 15 ppi of pore density, correlated with porosity of 0.9,
was employed. It had 56 mm in height and 52 mm in diameter. Ini-
tially bulk porous medium was used and experimental trials were
performed at fuel flow rate given above.

Further development was carried out to improve the restriction
encountered by bulked cylinder. An hollowed cylinder was made
by piercing the center of bulk porous foam with 15 mm inside
diameter. Then, aspects of combustion performance from burners
with two different structures were assessed referring to that of
conventional one, as displayed in Figs. 2 and 3. To achieve this
comparison study, a ring-shape ceramics fiber was inserted under
the porous section to prevent leakage of premixed gas during
operation,
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Fig. 3. Porous structure; bulked cylinder (left) and hollowed cylinder (right).

In the discussion part, visual flame propagation and tempera-
ture and percent O, in mixing zone were compared. NIKON model
D3100 with camera setting details shown in Table 1 was employed
for flame visualization. Concerning experimental results, tempera-
ture on premixed zone was monitored at two positions with
K-type thermocouples connected with YOKOGAWA XL100 data
logger (accuracy including thermocouple is +1°C). The devices
were located 40 mm below the burner base and were spaced at
40 mm from each other. Percentage by volume of oxygen was
sensed by Testo 350XL flue gas analyzer (accuracy by mole fraction
of £0.08) taken from the mixing tube. This raw data was then con-
verted into a percentage of primary air entrainment and also
equivalence ratio of premixed zone. The relationship is as follows:

0.7C3Hg + 0.3C4H+p + a(0, + 3.76N;) — Mixtures (1)‘
where

Koy

= 1-476%,,

Percent premixed and equivalence ratio in mixing zone can be
calculated as follow

MW
. 4760 gl
% premixed = —— x 100 2
o (2)
b= Yspremixed

Moreover, the characteristic resident time of incoming mixture
in the porous domain was also defined and would be used as an
indication in association with visualized porous flame stability
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3. Result and discussion
3.1. Flame stability

Following previous literature [2,8,14], flame stability was
defined as propagation of flame within porous domain. Such crite-
ria had been adopted in this investigation. In this section, bulked
cylindrical geometry is presented. Combustion in porous media
took place under rich premixed condition. Two indicators were
monitored; (1) the propagation of flame in porous domain sug-
gested by an illumination of solid matrix, and (2) the temperature
in a premixed zone locating upstream of the porous domain. It is
important to be noted at this point that the temperature reading
from thermocouple at this location was a result of combined effect
between convection from gas flow and back radiation from hot
solid downstream. Since the incoming gas initially entered to the
port at ambient condition for all cases, it could be postulated that
relative high temperature observed in premixed zone, when stabil-
ity was achieved, were solely from radiation effect.

Figs. 4 and 5 show, respectively, the visual flame propagation
and temperature from a bulked cylinder porous burner. The results
revealed significant relationship between the temperature in pre-
mixed zone at T2 and the degree of illumination of porous media.
The luminous medium was found simultaneously with high tem-
perature of premixed gas, measured beyond 200 °C, especially
within operation range of 280-3500kW/m?. Moreover, the
detailed investigation on this operation range revealed that stable
flame could be further classified into three sub-categories as sug-
gested in Fig. 4 with additional diagram in Table 2. The first one,
A type of flame covering from 280-1330 kW/m?, defined as partial
propagation with small portion of left-over species burning slowly
on top of the porous domain as secondary flame. At this operation
range, reactants were decomposed into H, and CO inside porous
matrix, where the combustion took place at rich condition. These
species were continuously burned with supplementary air produc-
ing blue flame on porous surface. The second one, B type shown at
capacity of 1670 kW/m?, defined as full propagating flame with
small amount of soot combustion outside the porous domain. It
could provide an effective radiation mode due to heating up of
entire solid matrix. The last one, C type covering from 2160-
3500 kW/m?, defined as partial propagation of flame inside the
porous domain while significant amount of left-over fuel burning
diffusively outside. However, combustion in diffusion mode with
significant amount of soot burning outside indicated thirst of oxy-
gen and was deemed undesirable since it was susceptible to high
CO emission and unstable flame. The diagram regarding to flame
stability of porous combustion given in Table 2 suggested the
degree of radiated heat in form of arrows magnitude. Our observa-
tion revealed that desirable mode of operation for bulk porous
combustion could not be justified solely by combustion stability
in the porous domain. Flame propagation and diffusion outside
porous domain due to left-over fuel was also an important feature
of burner performance as it could affect heat radiation pattern that
was an important controlling factor in ceramic baking process.

Meanwhile, combustion instability, defined as the lack of flame
propagation within the porous matrix, was found when operation
was set beyond the above mentioned range. This could be observed
as flame appeared swamping outside the porous showing the com-
bustion of left-over fuel in diffusion mode, corresponding to con-
siderably drop of the temperature.

To analyze the propagation of flame, Péclet Number was proved
to be an important indicator for predicting the location in porous
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Stable flame type A

Desirable flame

Stable flame

type B

“

Stable flame type C

Undesirable flame

Unstable flame
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Fig. 4. Visible flame of Bulked porous burner.
300 - . B ] domain where flame root was attached [4]. It was represented by
the relationship between porous and reactants properties as
556 ] . . 3 denoted in Eq. (4)
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E I8, \ From the result published in the same literature, the critical Pe
5 150~ \ limiting reaction zone anchoring in porous domain was 65. The
5 Iy flame usually lifted and detached above the medium when Pe
& . was less than this specific value. However, 65 of Pe was claimed
i for lean condition of hydrocarbon-air and also rich hydrogen-air
mixture, according to the correlation of critical Pe over Lewis-
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from any existing literatures. Nevertheless, the concept was
brought into consideration to provide better understanding on
flame stability.

One is perceived from Eq. (4) that; (i) the flame speed and (ii)
pore size, represented as effective diameter of pore, play significant
roles on flame propagation. As far as pore size was concerned, it
has an effect on flame entrapment since it could promote heat
recirculation from hot product to incoming reactant by enhancing
local mixing taking place within the cavity of the media [23].
Moreover the heat generated from exothermic reaction was not
freely and directly released to the environment. This pore charac-
teristic could be represented in term of pore density that has a unit
of “pore per inch” (ppi). Related finding was presented in previous
work [8] where the alumina foam having the range of 10-20 ppi
achieved combustion stability with wide operation range, Our
finding, although operated at much higher equivalence ratio, could
achieve flame stability on a 15 ppi alumina foam.

Although, Pe could not be found directly in this work due to lack
of information on the laminar flame speed at specified rich
premixed condition, it can be confirmed that the equivalence ratio
is a well-known factor influencing laminar flame speed. Fig. 6
demonstrates the value of ¢ in the premixing zone for bulked por-
ous burner which was generally greater than 3. For firing rate
below 965 kW/m?, the entrainment was improved when increas-
ing fuel flow rate resulting in reduction of equivalence ratio. Up
to this condition the back pressure effect was not significant. How-
ever, reverse trend was observed at the firing rate greater than
965 kW/m? as the equivalence ratio increased with increasing fuel
flow rate. This was so because the entrainment rate had increased
but not as much as increment rate of fuel flow. Significant pressure
drop took place at this high flow rate thus preventing sufficient
entrainment for desirable combustion.

By considering flame propagation in the bulked perous burner
operating at various thermal throughput, it depended on two
important factors; the flame speed and convection effect. At the
operation range correlating @ < 4.1, the flame speed was dominant
over the convection. This could bring about the propagation and
entrapment of flame within the porous matrix. Meanwhile, it
began to lift-off at & =4.1 corresponding to the firing rate of
4650 kw/m?. This was due to the combined effect of greater con-
vection resulting in shorter resident time and a decrease in flame
speed due to richer fuel air mixture. In other words, such specific
operating condition was determined as domination of convection
over the flame speed. It was found that the characteristic resident
time at which the internal heat recirculation was broken down was
at 2 s as shown in Fig. 7.
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Fig. 6. Equivalence ratio in the premixed zone of bulked porous burner.
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Fig. 8, Comparison of reactant temperature profile (a) T2 and (b) T1.

The flame propagation depended on two important factors
mentioned earlier. When the flame speed was sufficiently high,
propagation within the medium occurred thus strong radiation
was dominant. The temperature read out from thermocouple at
premixed zone was so much sensitive by these competing factors,
as observed in Fig. 5. Once the flame front was pushed away from
the lower boundary of the porous domain, temperature in the pre-
mixed zone had significantly dropped.
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3.2. Geometry effect

Figs. 8-10, concern with the comparison among three types of
burner geometries. Premixed zone temperature, visible flame
propagation and percentage of air in the premixed mixture are pre-
sented, respectively.

The temperature given in Fig. 8(a) and (b) was taken from T2
and T1 positions, respectively. There was different degree of influ-
ence from radiation at these two monitoring points according to
the distance from porous domain. The competition between con-
vection and radiation effects at T2 was more intense than at T1,
especially when focused on the result of bulked porous burner.

Considering the conventional burner, strong premixed flame
was achieved at the firing rate of 565-965 kW/m?. Yellow and
wrinkled flame tip was however observed when heat capacity
was increased at a rate greater than 1330 kW/m? indicating the
combustion of soot. By considering at T2, temperature of premixed
gas generally raised with fuel consumption, but still relatively
lower than that obtained from the other two burners.

At the rate within 280-3500 kW/m? the temperature at T2 was
seen as higher than the conventional one when the burner tip was
replaced with bulked porous matrix. This high temperature corre-
sponded with flame propagation coinciding with illumination of the
matrix. It was however considerably dropped when flow rate was
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increased beyond 3500 kW/m?2 At4650-5930 kW/m?, the instability
was consequently observed as mentioned in Section 3.1. Meanwhile,
the percentage of air induction into premixed chamber appeared
lower than the conventional one which was caused by flow blockage.

The combustion characteristics of the conventional and bulked
porous burner had inherited to the hollowed cylinder one. The hol-
lowed medium did not only provide the strong flame shape, but
also strong illumination at flame root within porous matrix at
the range of 280-2890 kW/m? The speed of gas was sufficiently
low within porous domain around the central jet, allowing flame
propagation even at high firing rate. The rest of unburnt mixture
continued to burn diffusively with stagnant air, while incoming
fuel-rich gas mixture was preheated by radiation from the porous
matrix. Within the range of 3500-5930 kW/m?, the flame propaga-
tion was no longer observed within the porous domain and soot
combustion mode became dominant. Temperature of the premixed
zone gradually decreased with increasing firing rate but still higher
than the bulked burner and marginally lower than the conven-
tional one. This indicated that there was an effect of radiation from
unobservable propagation as shown in Fig. 11. The heat flux from
radiation was sufficient to maintain the flame root within the por-
ous domain due to low speed of gas therein. While the majority of
premixed gas passed through the central port without any block-
age. This hollow porous matrix acted as a flame holder that could
prevent lift-off at rich condition by slowing down part of the
incoming mixture and trapping the flame to propagate within it.
The flame structure could be considered as free flame with flame
root anchored within the porous flame holder, unlike its counter-
part from bulked porous burner. In addition, the hollow port did
not give significant adverse effect on primary air entrainment as
compared with bulked geometry, see Fig. 10.

In sum, the hollowed porous burner combined the benefit from
wide operation range of conventional burner with the advantage of
porous inert medium that act as a flame holder. The flame from
this burner appeared to be less oscillated within aforementioned
operation range.

4. Conclusion

The two interrelated experimental trials on premixed LPG bur-
ner modified with 15 ppi Al,05 foam for ceramics industry were
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carried out under free flame mode. Burners were conducted at
specific firing rates where the mixture in premixed zone was at
rich condition corresponding to self-aspirating characteristic.
Firstly, test trials were carried out by focusing on flame stability
of the burner when replaced with bulked cylinder porous media.
Values of equivalence ratio considered as a result of self-
entrainment were performed to define limitation of flame stability.
Secondly, the effect of using different porous geometry, bulked and
hollowed cylinder, was investigated. To reduce flow blockage cre-
ated by volumetric expansion of flue gas in porous burner, modifi-
cation was made to overcome this encountered restriction. A
conventional burner was considered as a base case. Essential
aspects of burner performance such as: visual flame propagation
in porous domain, temperature and percentage of air induction
in premixed zone, were monitored. The main conclusions are as
follows:

~ The flame stability of bulked porous burner is achieved up to
the value of @ being at 4.1 where characteristic resident time
is at 2 s. When gas mixture velocity is sufficiently high, flame
begins to lift-off and burns diffusively outside porous matrix.
It is due to the combined effect between the reduction of flame
speed as a result of low entrainment at premixed stage and
increment of convection effect. At low firing rate where suffi-
cient ratio of air is enhanced, the high flame speed causes the
propagation inside porous matrix, thus remarkably high tem-
perature in premixed zone by strong radiation mode.

~ The stability of bulked porous burner can be separated into
three types regarding to the propagating and burning character-
istic. An effective radiation is served when combustion is car-
ried out with propagating flame as evidenced from high
temperature of premixed zone. However, combustion with
left-over fuel burning diffusively outside porous domain not
only affect heat radiation pattern that is an important control-
ling factor in ceramic baking process, but also soot formation.

— The burning characteristics of conventional and bulked porous
burners is inherited within the hollowed cylindrical one. It pro-
vides a long and sharp flame while maintaining illumination
within the porous domain for this specific operation range.
The gas mixture from central port is burned diffusively in stag-
nant air, while part of the mixture enters the porous matrix
around the center and is slowed down thus allowing flame
propagation therein. The medium can also act as a flame holder
that traps part of incoming mixture to burn within the porous
matrix ensuring a stable flame root even at high flow rate.

- The hollowed cylindrical geometry is able to overcome the
restriction encountered in bulked porous burner where the con-
vective effect is dominant. The temperature in premixed zone is
higher than that in bulked media and this is so even at high
operation range up to 5930 kW/m? (correlate with 5 L/min of
fuel flow rate). This is an evident of unobservable flame
entrapped within the hollowed porous medium.

- The percentage of air induction for porous burners is observed
being lower than the conventional one due to the blockage of
porous structure, While the hollowed port do not give signifi-
cant adverse effect on primary air entrainment as compared
with bulked geometry.

Acknowledgements

The authors are grateful to the financial support from Thailand
Research Fund under a Royal Golden Jubilee Ph.D. Scholarship,
jointly funded by King Mongkut's Institute of Technology
Ladkrabang.



152

P. Laphirattanakul et al./Applied Thermal Engineering 103 (2016) 583-591 591

References

[1] A. Laphirattnakaul, P. Laphirattanakul, W. Pairoj, ]. Charoensuk, Comparison of
conventional and the developed LPG burner operating: fuel jet shape and
burner performance, in: The 26th Conference of Mechanical Enginering
Network of Thailand, 2012.

[2] S. Wood, AT. Harris, Porous burners for lean-burn applications, Prog. Energy
Combust. Sci. 34 (2008) 667-684.

[3] M.A. Mujeebu, M.Z. Abdullah, M.Z. Abu Bakar, A.A. Mohamad, M.K. Abdullah,
Applications of porous media combustion technology - a review, Appl. Energy
86 (2009) 1365-1375.

[4] D. Trimis, Wawrzinek, Flame stabilization of highly diffusive gas mixtures in
porous inert media, J. Comput. Appl. Mech. 5 (2) (2004) 367-381.

[5] CH.  Zheng, LM. Cheng, T. Li, ZY. Luo, KF. Cen, Filtration
combustion characteristics of low calorific gas in SiC foams, Fuel 89 (2010)
2331-2337.

[6] B. Yu, S.M. Kum, CE. Lee, S. Lee, Combustion characteristics and thermal
efficiency for premixed porous media types of burners, Energy 53 (2013) 343-
350.

[7] Al-Hamamre, S. Diesinger, P. Talukdar, Von Issendorff, D. Trimis, Combustion
of low calorific gases from landfills and waste pirolysis using porous medium
burner technology, Process Saf. Environ. Prot. 84 (B4) (2006) 297-308.

[8] H. Gao, Z. Qu, X. Feng, W. Tao, Combustion of methane/air mixtures in a two-
layer porous burner: a comparison of alumina foams, beads and honeycombs,
Exp. Therm. Fluid Sci. 52 (2014) 215-220,

[9] H. Dai, B. Lin, Scale effect of ceramic foam burner on the combustion
characteristic of low concentration coal mine methane, Energy Fuel 28 (10)
(2014) 6644-6654.

[10] K.F. Mustafa, S. Abdullah, M.Z. Abdullah, K. Sopian, AK. Ismail, Experimental
investigation of the performance of a liguid fuel-fired porous burner operating
on kerosene-vegetable cooking oil (VCO) blends for micro-cogeneration of
thermoelectric power, Renewable Energy 74 (2015) 505-516.

[11] C. Keramiotis, B. Stelzner, D. Trimis, M. Founti, Porous burners for low emission
combustion: an experimental investigation, Energy 45 (2012) 213-219.

[12] N. Djordjevic, Habisreuther, N. Zarzalis, Porous burner for application in
stationary gas turbines: an experimental investigation of the flame stability,
emission and temperature boundary condition, Flow Turbulence Combust 89
(2012) 261-274.

[13] E. Janet, M. William Jr., Porous Burner for Gas Turbine Applications, U.S. Patent
WO 2004013538 A2, February 12, 2004,

[14] P. Muthukumar, P.l. Shyamkumar, Development of novel porous radiant
burners for LPG cooking applications, Fuel 112 (2013) 562-566.

[15] W.M. Barcellos, L.C.E.O. Souza, A.V. Saveliev, LA. Kennedy, Ultra-low-emission
steam boiler constituted of reciprocal flow porous burner, Exp. Therm. Fluid
Sci. 35 (2011) 570-580.

[16] J.G. Charles Sr., B.P. Dimarco, D.C. Jones, Low NOx Burner, U.S. Patent 5 624
252, April 29, 1997.

[17] M. Hoetger, W. Thiele, Pore-type Burner with Silicon-carbide Porous Body, U.S.
Patent 2006/0035190 A1, February 16, 2006.

[18] D. Trimis, S. Diezonger, Porous Burner Having a Flame Barrier, US. Patent
2006/0286498 A1, December 21, 2006.

[19] S. Jugjai, Cooking Stove with High Efficiency, TH Patent 8948, June 2, 1999.

[20] P. Laphirattanakul, Mixing and Combustion Improvement by Modified Nozzle
on a Premixed LPG Burner, Faculty of Engineering, King Mongkut's Institute of
Technelogy Ladkrabang, Thailand, 2012.

[21] P. Laphirattanakul, J. Charoensuk, The development of LPG burner in ceramics
industry: part 1, in: The 25th Conference of Mechanical Engineering Network
of Thailand, 2011,

[22] A.Laphirattanakul, ). Charoensuk, The study of capable in LPG turn up/down of
semi-automatic LPG burner in ceramics industry: part 2, in: The 25th
Conference of Mechanical Engineering Network of Thailand, 2011.

[23] J. Charoensukl, A. Laphirattanakul, On flame stability distribution and burnout
of air-staged porous media combustor firing LPG with different porosity and
excess air, Appl. Therm. Eng. 31 (2011) 3125-3141.



APPLIED
THERMAL
ENGINEERING

BT ST W TS

vocunve Bdwory, eicep Faoea! ditvacd, Savumsass Mipaay, Widkse s Wa

DESIGN . PROCESS) S « EQUIPMENT . EconoMmics
INCLUDES THE BRI OW SPECIAL SEUCTION!
ool sl Seslmashe Laergy | arhesegn-

lawst Fdiba  “odls RifTsi

il mntes . Dhenssaicctrae (o0 Vermsl Esergs | servsmian
Foapt Raste Hewiog Hwane

Somoial watabn Partsk Aot o [horwsl Scems and g T iag
i dmse 2 8000 emebary Yeon e | adw |

wprial woties TETWIT-ANTTY diewt aned Yises Tl { snforemy M01%

lamnt § 4w > Pamnasa Yigrth M Praback Visha S Seal hettsr and B Caogilaath Wani

soencelDwect




Applied Thermal Engineering 114 (2017) 98-109 154

Contents lists available at ScienceDirect

THERMAL
ENGINEERING

Applied Thermal Engineering

journal homepage: www.elsevier.com/locate/apthermeng

Research Paper

Effect of central cone-shaped bluff body on performance of premixed
LPG burner

Ponepen Laphirattanakul, Jarruwat Charoensuk *

Department of Mechanical Engineering, Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520, Thailand

@ CrossMark

HIGHLIGHTS

« Performance of premixed burner especially at low firing rate is improved.
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Improvement of air entrainment rate for liquefied petroleum gas (LPG) premixed burner was achieved by
placing a needle rod inside a circular fuel jet nozzle. To investigate the effect of needle rod on flow
entrainment, selection of experimental results together with investigation on jet characteristics using
CFD are presented. The predictive quality was achieved after performing grid refinement and validation
of turbulent model against existing experimental results. Two modified standard k — ¢ turbulent models
were employed for prediction of the jets. The results indicated that the annular port created narrower jet

E;Jém{z;:ﬁur pattern with higher degree of penetration. The momentum decay rate was significantly lower with an
Premixed average of 48% at z/D = 30, for instance, corresponding to lower Reynolds shearing stress associated with
Entrainment jet shape upstream. This corresponded to the vorticity magnitude of the inner core that caused transport
Annular jet of jet momentum into the central region of the jet near the exit plane. In contrast, the circular one per-

Computational Fluid Dynamics formed more expanded pattern together with faster decay rate. This expanded jet created limitation of air
entrainment when issuing into a confined duct, while deeper penetration of the annular jet created
greater entrainment. An averaged improvement of air entrainment was found at 25% for the range of fir-
ing rate between 1.8 and 4.4 kW,

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction placed on the shear layer located within the local maximum turbu-

lent intensity occurring in corresponding to the local maximum

Turbulent jet has been widely adopted in many applications mean velocity gradient. This location is considered as the half

involving fluid flows including combustion process. The desirable
mixing between fuel and air can bring about complete combustion.
Therefore, a jet is usually applied due to the advantage of their
entrainment behavior. In premixed combustion, by increasing pre-
mixed air for about 10% of the stoichiometric air requirement
would reduce soot formation by 75%, as reported by Haroun and
Yassar [1].

The entrainment of secondary fluid by free jet is a natural
behavior as the jet engulfs the surrounding fluid to conserve
momentum of the system. The greatest momentum exchange is

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

http://dx.doi,org/10.1016/j.applthermaleng.2016.11.157
1359-4311/© 2016 Elsevier Ltd. All rights reserved.

velocity width [2]. The transport of mass and momentum occurs
when vortex pairs are formed in reverse direction to each other
on jet layers. From all motions, the total mass on each expanding
jet cross section along the axial distance is gradually increased.
Recently, a number of researchers have put an interest on noz-
zle structure. They believed that the distinction of nozzle shapes
directly affected to entrainment behavior. Mean velocity and tur-
bulent statistics of square jet nozzle had been studied on different
jet's Reynold number, Re, by Ghasemi et al. [3]. They found that
there was a significant effect of jet's Re on near-field jet profile.
Rahman et al. [4], investigated the entrainment between a conver-
gence and a straight-hole nozzles and found that a straight-hole
nozzle with smaller discharge coefficient could produce higher
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Nomenclature

a mole of air

AF air-fuel ratio

Cies Caey Cyy Oy, 0, model constants

D exit diameter of the jet nozzle, m
Dy, exit diameter of the burner, m

e solution difference

k turbulent kinetic energy

m mass flow rate, kg/s

MW molecular weight, kg/mole

P time-averaged pressure, Pa

r radial distance from centerline, m
R grid refinement ratio

S

M momentum source term
rate of deformation

t time, s
u,w local velocities respect to r,z coordinates, m(s
u' fluctuating velocity, m/s
u mean velocity, m/s
U density-weighted averaged velocity, m*/s-kg
w' shear Reynolds stress, m?/s?
X volume fraction
z axial distance along jet centerline, m
Zp axial distance along centerline from the burner rim, m

Greek

p fluid density, kg/m*

p time-averaged fluid density, kg/m3-s
u dynamic viscosity, kg/s-m
e eddy viscosity, m?/s

& Kroneker delta

g dissipation rate, m?/s?

w vorticity, 57!

Subscripts

c coarse mesh

f fine mesh

i,j,k component i,j. k of a vector
LPG liquefied petroleum gas

m medium mesh

mix mixture of fuel and air

0 location at jet exit

stoi stoichiometric ratio

The molecular formular
CsHg propane

C4Hyo  butane
Nj nitrogen molecule
0, oxygen molecule

vacuum leading to higher entrainment rate. Moon et al. [5] studied
on air entrainment comparing between group-hole and a single
hole diesel nozzles. They indicated that group-hole nozzle had
made an expanded jet causing an increase in the momentum
exchange rate. Later, Yang et al. [6] compared the entrainment
due to difference in nozzle exit geometries and found that the
cross-shaped nozzle could create the highest rate of entrainment.
They suggested that the more complicated peripheral of exit area
it was, the more advanced amount of secondary fluid it got. From
all represented works, most researchers realized that the amount
of entrained mass was strongly depended on jet characteristics.
The nozzle exit structure has an ability to create the distinction
of jet shape and also its characteristics. Apart from the circular exit
area of nozzle producing the round free jet, the annular one of the
nozzle with bluff-body is one of injector largely adopted by burner
developers in energy and other related industries. An annular jet in
general, or usually called bluff-body jet, has been an interesting jet
structure as it can produce more intensive turbulent flow structure
than a simple jet. The flow field characteristics had been analyzed
by Danlos et al. [7]. Many experimental techniques, e.g. Particle
Image Velocimetry (P.LV.), Laser Doppler Anemometer (LD.A.),
hot wire anemometer and time-resolved tomography, were used
to investigate flow details of annular jet with very large diameter
ratio, especially the velocity fluctuation. From their work, there
were two mixing layers located near the exit region, namely, exter-
nal and internal ones, as indicated from fluctuation of the velocity
profile. These led to jet interface and velocity disturbance thus pro-
moting great mixing between jet and stagnant fluids. Such advan-
tage was then applied with the jet diffusion flame on Kim and
Pitsch’s work [8]. They found that the recirculation zone of bluff-
body jet produced high dissipation layers in the mixing region.
Meanwhile, Kumar and Mishra [9] investigated experimentally
the effect of bluff-body thickness on diffusion flame. It was indi-
cated that decreasing in thickness of bluff body, as related with
increasing in the diameter ratio, would bring about larger internal
recirculation zone. This better mixing led to shorter flame length

and also soot reduction. Magnotti and Barlow [10] studied on vari-
ation of jet velocity passed through a bluff body burner, while
Sreedhara and Huh [11] simulated NO, formation on methane
and di-methyl-ether (DME) bluff-body flame. It was because the
bluff-body that had an ability to produce flue gas recirculation
and consequently caused NO, reduction.

Computational Fluid Dynamics (CFD) has been adopted success-
fully for assessment of jet structure for many years. There are some
literatures regarding the investigation on annular jet flow field
characteristics  using both simulation and experimental
approaches. Taglia et al. [12], in 2004, showed the flow feature
on annular jet with large blockage under different Reynolds stress
models validated with their experiment. The velocity fluctuation
results from both SSG Reynolds stress model and “no-model”, rep-
resented by Large Eddy Simulation technique, gave a good predic-
tion, while Standard k — ¢ model was inappropriate. Dallty et al.
[13] observed both reacting and non-reacting flow with bluff-
body jet. Their results were also agreed to Taglia’s work. Wang
et al. [14] studied on buoyant jet in ventilation system. The diam-
eter ratio and exit velocity were adjusted to observe jet profile
including entrainment rate,

In our current work, the nozzle with cone-shaped bluff-body
was constructed by placing a needle rod inside an injector. The
structure was apparently different from nozzle with flat-headed
bluff-body. The operating condition of the burner for ceramic bak-
ing process was selected such that the combustion performances
between the purposed nozzle and typical one under the same oper-
ating rate of LPG could be compared.

Typically, circular nozzle is usually applied to create turbulent
round jet for premixed combustion. At low firing rate, amount of
air entrained from round jet was insufficient resulting in high
emission. The improvement of primary air entrainment had been
carried out by replacing the conventional circular nozzle with
cone-shaped bluff body, unlike those appeared in aforementioned
literatures where the circular nozzle was modified with flat-head
bluff body.



100 P. Laphirattanakul, J. Charoensuk/Applied Thermal Engineering 114 (2017) 98-109

This paper covers two interrelated parts. Firstly, the experimen-
tal results on combustion performance. In this part, the results
with cone-shaped bluff-body nozzle will be discussed against
those from a circular one, in order to compare the effects of such
modification on entrainment and combustion performance. With
specially designed mechanism, the jet exit area was adjusted by
self-balancing between spring force and the force created by pres-
sure of incoming LPG.

Secondly, the investigation on detailed flow characteristics
associated with the modified injector will be discussed. This could
be achieved by using CFD and Schlieren’s image. Three interrelated
cases, consisting of two different circular exit ports and an annular
one, were simulated. With this, the effect of difference in jet exit
structure on flow aerodynamic would be evaluated.

Although the experimental results provided useful information
on combustion performance and emission, it was still unclear what
was the in-depth mechanism associated with the modified injector
leading to improved entrainment. Apparently, the investigation
using CFD and Schlieren’s image has not been done so far in exist-
ing literatures on annular jet equipped with needle rod. In authors’
opinion, the investigation of jet emerging from nozzle with this
type of obstacle with these techniques will provide better under-
standing on an underlying cause for such difference. The compar-
ison was then made with the simulated result from circular
nozzle. To achieve the predictive quality of the result, centerline
and radial velocity distributions were investigated at different grid
size to obtain sufficient degree of grid independence, as deter-
mined by Grid Convergence Index (GCI). The sensitivity of the
results with turbulent models was also assessed. Validation of
the turbulent model was also carried out which will also be
discussed.

2. Research methodology
2.1. Experimental set-up

In order to improve the combustion performance at low firing
rate, the primary air entrainment rate must be improved at this
condition. The nozzle with cone-shaped bluff body was con-
structed by placing a needle rod inside a circular nozzle with
1.4 mm of exit diameter. Practically, as shown in Fig. 1, the fuel
Jjetexit area could be adjusted as a result of self-balancing between
the force of fuel pressure acting on flat area and the spring force.
The experiment was re-performed referring to [15-18] to compare

1.4mm

i

/AN

Fuel

——lmT

Fig. 1. Cone-shaped Bluff-Body nozzle.
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the combustion performance between the purposed and conven-
tional nozzle having 0.8 mm of diameter.

In Fig. 2, the simplified condition of baking process in ceramics
industry was provided. LPG was fed to a nozzle to investigate the
performance regarding to entrainment throughout the range 1.5-
3.5 L{min, corresponding to 1.8-4.4 kW thermal throughput. The
primary air for combustion was allowed to induce naturally by fuel
jet momentum, while the secondary air was controlled at 50 SCFH
(standard cubic feet per hour) for entire operation. The percentage
of air premixed could be obtained by measuring the percentage of
oxygen collected by Testo 350XL flue gas analyzer (accuracy +0.8%
by volume). The relationship is as follow

0.7C3Hg + 0.3C4Hyg + a(0; + 3.76N,) — Mixture (1)
where

a ——
1-4.76X,,

Percent air premixed in mixing tube could be obtained as follow

4.76a x MWar

— % % 100 2
AFstoi ( )
Flue gas temperature distribution along combustion chamber at

4.4 kW was also detected at 0 < z/D < 14 from exit port by K-type

thermocouple connected with YOKOGAWA XL100 data logger

(the accuracy including thermocouple is +1 °C).

Yepremixed =

2.2. Simulation set-up

2.2.1. Domains and conditions

In the first step of the simulation procedure indicating in Fig. 3,
geometry of nozzles and their characteristics are described as fol-
lows. The flow field from a cone-shaped bluff-body nozzle was
demonstrated by simulation of LPG as a working fluid. The jet
was issuing into stagnant air in order to demonstrate entrainment
mechanism. Its exit area was modified by placing a needle rod
inside a circular nozzle with 1.4 mm diameter as shown in Fig. 4.
Practically, the rod could be adjusted vertically subjecting to size

T

z

Ly

JL@
@@
® ©

Fig. 2. Experimental set-up. 1. LPG; 2. Regulator; 3. Ball valve; 4. Flow meter: 5.
Pressure gauge; 6. Nozzle; 7. Mixing tube; 8. Burner; 9. Secondary air inlet port; 10.
Thermocouple type K; 11. Combustion chamber; 12. Oxygen sensor; 13. Air pump.
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Construction of geometry and grid
convergence by GCI method
(section 2.2.1)

Circular nozzle Annular nozzle

Validation with previous
literature on circular jet
(section 2.2 3.1 and 3.2.1)

Sensitivity test to select
turbulent model
(section 2.2.3.2 and 3.2.2)

‘éelect turbulent

model (section
3:2)

Set boundary
conditions

]

Obtain the solution
by using ANSYS
CFX 14.0

End

Fig. 3. Simulation procedure diagram.
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valve
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Fig. 4. Annular nozzle structure for simulation.

of exit area. The two circular nozzles with 0.8 and 1.4 mm in diam-
eter were selected as conventional injectors. For interrelated com-
parison, the position of needle rod was adjusted so that this
1.4 mm annular jet provided an exit area being equal to the area
of 0.8 mm circular jet. The three cross sectional views of jet exit
areas are presented in Fig. 5.

All flow domains were reproduced from the nozzle imple-
mented in our previous experiment. By using ANSYS CFX14.0 soft-
ware package, the half of flow domain was separated into two
parts according to working fluids. As shown in Fig. 6, LPG was sup-
plied into the inlet at the bottom of the domain at 872 Pa. Air was

then naturally entrained through the upper part of another inlet of
the flow domain. The inflow buffer domain had been added accord-
ing to suggestion from previous work in order to eliminate other
undesirable influences in the near-field zone [19,20]. The effect
of inlet turbulence intensity has been carried out. It was found that
the numerical result was not sensitive with the inlet turbulence
intensity. This was because the boundary where inlet turbulence
intensity was prescribed was far from the nozzle exit. Therefore,
generation of turbulence in the nozzle channel was far-outweigh
the inlet turbulence. Regarding the important role of the numerical
scheme on accuracy, the advection scheme was set to be high res-
olution which was of high-order interpolation. The details of
domain and boundary condition are illustrated in Table 1.

As far as grid independence was concerned, Grid Convergence
Index scheme was performed on the results of centerline and radial
velocity distributions, referring Ali et al. [21]. The meshes for annu-
lar flow calculation were refined, especially at the tip of obstacle,
with grid refinement ratio (R) equaled to 10. Consequently, there
were three mesh qualities i.e.; coarse, medium and fine. From
Table 2, the subscripts ¢, m and f refer to coarse, medium and fine
meshes, respectively. These meshes were constructed using ICEM
CFD®© 14.0. The best calculated GClI in case of centerline and radial
velocity were found to be 0.07% and 2 x 10~%%, respectively. There-
fore, the medium mesh quality, 4,645,316 tetrahedral elements,
was chosen in order to save the calculation resource. Simultane-
ously, 2,992,000 and 2,812,665 tetrahedral elements were applied
for calculation domain of circular nozzles with diameter 0.8 and
1.4 mm, respectively.

2.2.2. Numerical formulations

The essential governing equations were continuity and momen-
tum equations. They were considered under 3-dimensional
domain and incompressible form, while the indicative parameters
were obtained from the 3-D Reynolds-Averaged Navier-Stoke
(RANS) as expressed in Eq. (3).

APBAd 1., e g 0P -
B div(pUU) = < + div(pgradU;)

) S G T B )
OX; ax; Xy

+ SMx,—

(3)

The terms of pu?, puju; and puu; are the Reynolds stress tensor

in fluid. The normal (12) and shear Reynolds stresses (ug, wgy)
can be obtained by dividing with 7. These terms are formed by

Boussinesq assumption showing as follow:
—— (ol AU\ 2
=Pile= (8_)9 £ B_X,) 3Pk (4)

where &; equaled to 0 and 1 as i»j and i = j, respectively. It is
important to note here that mixing characteristics of the jet will
be assessed by turbulent shearing stress. This parameter can be cal-
culated from Eq. (4) once the turbulent kinetic energy and its dissi-
pation rate are obtained together with the eddy viscosity. The
distribution of Reynold shearing stress and its association with jet
mixing characteristics will be discussed in Section 3.2.2.

2.2.3. Sensitivity test of the results versus turbulent model selection
It is necessary to verify that the conclusion drawn from our
study is invariance with the turbulent model being used. Therefore,
the investigation was performed with two parallel tasks. Firstly,
validation test of the model against circular jet experiment and
previous investigator, as discussed in Section 3.2.1. Secondly, sen-
sitivity test of the result over different turbulent models on annular
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Fig. 5. Exit cross section areas of each model for numerical simulation (a) circular_0.8 mm, (b) circular_1.4 mm and (c) annular.
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Table 1
Dimensions and boundary conditions of the flow domain.

region

A

Fig. 6. Simulation domain.

Domain

Nozzle segment
Gas inlet diameter (r-direction), m
Height (z-direction), m

Needle valve diameter (r-direction), m

Needle valve angle, degree

Needle valve height (z-direction), m
Nozzle exit diameter (r-direction), m

Jet segment
Domain diameter (r-direction), m
Domain height (z-direction), m

Inflow buffer height (z-direction), m

Grid

Element structure
Circular nozzle_0.8 mm
Circular nozzle_1.4 mm
Annular nozzle

Boundary condition
LPG pressure inlet, Pa
Air pressure inlet, Pa

Gas composition
LPG, % by mol
Air, ¥ by mass

0.0069

0.095

0.005

34

0.0952

0.0008, 0.0014

0.03
0.05
0.01

Tetrahedral
2,992,000
2,812,665
4,645,316

872
0 (opening)

0.7C3Hg and 0.3C4H1q
0.2320, and 0.768N;

as discussed in Section 3.2.2, Table 3 briefly summarizes the condi-
tions used in this study. Please refer to these literatures for further
details.

2.2.3.1. Turbulent model for circular jet structure. Regarding turbu-
lent model selection of circular jet, it has been well-established
that C,, for compressible fluid could not represent accurately the
Jjet decay rate, There are numbers of literatures suggesting different
empirical expression of C,, for instance, as a function of the gradi-
ent Mach number [28]. Other researchers also recommended the
value being a function of total temperature gradient and turbulent
Mach number [29-31]. In 2011, Lebon et al. [22] conducted numer-
ical investigation on compressible jet entering into hot environ-
ment. They introduced C, as an exponential function of jet and
ambient enthalpy ratio together with two empirical constants that
best fit the jet decay rate within the temperature range of 285-
1002 K. They further stated that without effect of temperature dif-
ference between the jet and surrounding fluids, the value of
C, = 0.09, which is a default one, was still not match well with
experimental result due to compressibility effect. The variation of
C,, could directly make an interrelation on the eddy viscosity, f,,
appearing in k and & transport equations. The transport of k, ¢
and the definition of y, are expressed in Eqgs. (5)-(7), respectively.

Ba_f)tk+ div(pkU) = di v[%—grad(k)} + 20,555 — pé (5)
k
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Table 2
Information for Grid Convergence Index (GCI) [21].
Velocity Solution difference ey, Solution difference ey Convergence ratio Extrapolation order GClem (%) GCly (%)
Centerline —768.06 -16,684 0.05 1.34 1.49 0,07
Radial 2.19 426.82 0.01 2.29 0.04 2x107*
Table 3
Validation work of turbulent model and sensitivity test of the results.
Publication Method Type of fluid Jet exit diameter Inlet condition
Turbulent model for circular jet structure (validation)
Balabel, 2010 [25] Simulation Air 26.4 mm W, =51 m/s
Field, 1967 [23] Equation Air 1.4 mm Re = 10,000
Fellouah, 2009 [24] Experiment Air 82.5cm Re = 10,000
This work Simulation (STD k — &) Air 1.4 mm Re = 10,000
This work Simulation (Modified STD k — &) [22] Air 1.4 mm Re = 10,000
Turbulent model for annular jet structure (sensitivity test)
This work Simulation (STD k — & with C, = 0.06) [22] LPG Annular nozzle (1.4 mm of D) Total pressure 872 Pa
This work Simulation (STD k — & with Cy = 1.6) [13] LPG Annular nozzle (1.4 mm of D) Total pressure 872 Pa
ope . . . £ _&
5P+ div(pev) = div K grad(e) | + Cro 220,558, — Caple (6)
ot o k k
kz
He = pCuy . (7)

Referring to Labon’s conclusion, the reduction of this parameter
could come up with increasing jet decay rate which is more suit-
able to the compressible fluid (0, jet in that case). Therefore, in this
work, the standard k—& with modification of C, =0.06 was
adopted for simulation of the round free jet created from 1.4 mm
circular nozzle comparing against the standard one and previous
literatures on circular jet following Table 3. The inlet condition
was obtained regarding to the validated condition with
Re =10,000 which was calculated following Eq. (8) with air as a
working fluid.

Re = 339 8)

2.2.3.2. Turbulent model for annular jet structure. Considering annu-
lar jet configuration, it was found on our previous experimental
result, as shown in Fig. 7 [15], that there was a furrow of jet profile
at the early stage of jet center serving as a region of low fuel den-
sity around upstream. This characteristic is similar to earlier inves-
tigation on annular buoyant and bluff-body jets as mentioned in
Section 1. Among investigation works on numerical simulation,
the modification of C;; constant of standard k — & was suggested
as an accurate turbulent model as it could optimize the generation
or destruction of dissipation term. The model had been demon-
strated by [32,33], giving agreeable result compared with round
jet as well as bluff-body experimental flow when was modified
to 1.6 (1.44 for default value). In addition, the non-reacting flow
simulation for bluff-body was conducted by the standard k — &
with modification of C,; against standard k — &, Reynolds stress
model and it's modified one [13]. The result suggested that both
modified models and Reynolds stress model provided better pre-
diction on the decay rate than the standard k — &.

In this work, the sensitivity test was conducted over two mod-
ified turbulent models with our cone-shaped bluff-body nozzle;
the standard k — & with modification of C;;, and standard k — & with
modification of Cj,.

Fig. 7. The annular jet flow pattern from Schliren technique [15].

3. Result and discussion
3.1. Experimental result

In this section, the performance of two different jet structures, a
conventional round jet and a proposed cone-shaped annular jet are
presented. The percentage of premixed air, corresponding to force
balance system, in Fig. 8 reveals that the modified nozzle was able
to provide approximately 25% higher primary air entrainment than
a conventional one for entire operation range. Unexpected increase
in entrainment rate may be observed in particular at 3.4 kW for
annular nozzle. This is due to the fact that the exit area of the
annular nozzle was controlled by force balance between the spring
and LPG supply pressure. Additionally, internal resistance between
sliding component and the nozzle housing could play the impor-
tant role on the movement of needle valve. Further improvement
is planned to eliminate this effect. For instance, Fig. 9 illustrates
the visible flame at 3.5 L/min of LPG corresponding to 4.2 kW
and 4.4 kW of the annular and conventional jet nozzle respectively.
Although the firing rates are a little different due to compressibility
effect of LPG, it was evident that higher entrainment of premixed
air led to more intense combustion indicated as shorten flame
length and reduction of yellow flame tip from soot combustion.
The comparison suggested different in axial temperature profile
as higher temperature at the first monitoring location of z/Dy, = 0
was evident for annular jet flame, while lower temperatures were
observed from the second monitoring locations onward, see
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Fig. 8. Percent premixed from previous finding [15].

Fig. 10. A delay in peak temperature was observed at z,/Dy, = 2.0 for
the flame of conventional jet due to the intense burning zone was
located above burner rim with diffused secondary air.

From earlier discussion, an achievement were made in term of
combustion performance. Work was carried out further to investi-
gate the in-depth mechanism associated with the modified injector
that led to high entrainment. To authors’ knowledge, the investiga-
tion of jet emerging from annular nozzle with cone-shaped obsta-
cle by CFD has not been reported so far. In the next section, the
flow field of the annular jet creating from cone-shaped bluff body
will be presented. The comparison will be made with the simulated
result from circular nozzles. The sensitivity of the results with tur-
bulent models will also be assessed.

3.2. Sensitivity and turbulent model selection

3.2.1. Validation of circular jet

Given in Section 2.2.3.1, both modified and standard k — & mod-
els were validated against previous literatures on circular jet with-
out effect of density difference, see Fig. 11. Although, the modified
k — & turbulent model with C,=0.09 gave best fit on decay rate
result, it did not account for the effect of density difference. More-
over, the result on Reynolds shearing stress had been over esti-
mated at twice the magnitude of the experimental one while the
value for C,,=0.06 was more reasonable, as suggested in Fig. 11
(b). Referring to the knowledge gained from previous literatures
and validation work, decision was made on C,.=0.06 for LPG jet
to compensate the effect due to difference in density of the jet
and surrounding fluid.

900

—e— Circular nozzle
800 2., % ©-- Annular nozzle
700 A

[=a)
=
(=]

Temperature (°C)
g

100 : T T T T T .
0 2 4 6 8 10 12 14 16

z,/D, from bumner rim

Fig. 10. Flue gas temperature distribution at 3.5 L/min (4.4 and 4.2 kW for circular

and annular nozzle respectively) corresponding to the percentage of air premixed in
Fig. 8 [15].

3.2.2. Annular jet: Sensibility of predicted result with different
turbulent models

The simulation on annular jet was performed using two modified
standard k — & turbulent models, as introduced in Section 2.2.3.2.
From the decay rate shown in Fig. 12, Result suggested that modifi-
cation of C;; on standard k — & model performed similar result on
the decay rate compared to its counterpart. It was found that the
predicted result of annular jet had sufficient reliability over varia-
tion of these two turbulent models.

For further investigation on the effect of exit geometry on jet
decay rate, it is necessary to perform on most accepted turbulent
model for each type of jet. Therefore, the modification of C,; was
selected as a turbulent model for jet with bluff body while the
modified k — & with C,, = 0.06 was selected for prediction of circular
jet.

3.2.3. Annular and circular jets comparison

In Fig. 13, decay rate comparison between annular and circular
Jets is illustrated. The annular jet potential core was longest among
others, resulting in slowest decay of axial velocity along the center-
line. It was apparently seen that the annular jet had the highest
axial velocity and slowly decay along z/D. At axial distance
z|D = 30, the annular jet decay rate was decreased for 48% averaged
as comparing with 0.8 and 1.4 mm of nozzle models. This could
reaffirm that annular shape exit geometry had greater ability to

maintain the jet momentum, especially in the region of 1<z/
D<10. .

Circular nozzle

Annular nozzle

Fig. 9. Visible flame comparison at 3.5 L/min (4.4 and 4.2 kW for circular and annular nozzle respectively) corresponding to the percentage of air premixed in Fig. 8 [15].



P. Laphirattanakul, J. Charoensuk/Applied Thermal Engineering 114 (2017) 98-109 161 105

(a) 64— STDk-¢[Balabel, 2010][25] —* ki & 6
wGw Equation [Field, 1967][23] v"Y:"'
——-¥-—= Exp [Fellouah, 2009][24] ¥
51—e— STDke "’, g 3
—=0-—-  Modificd STD k-¢ o &
4 S 5
z
;b 31 F3
2 1 Decay rate cquation [23] 1 | 2
W, _ z+0.6D
» : I‘“'m[—a ] L1
o
X o
0% . . - T T 0
0 5 10 15 20 25 30
z/D
(b) 0.03 0.03
—-¥— Exp [Fellouah, 2009][24]
—&— STDk-e
0.02 1. o Modified STD k-t - 0.02
r 0.01
- 0.00
F-0.01
--0.02
-0.03 . : : T -0.03
-4 -2 0 2 4
t/D

Fig. 11. (a) Rate of decay and (b) Reynolds shear stress at (z/D = 10) validation on
circular nozzle with 1.4 mm diameter.

35

annular with STD k-¢ Cu=0'06
annular with STD k-e C,=1.6

30d e

0.5 T T r

0 5 10 15 20 25 30
z/D

Fig. 12. Decay rates simulation on annular jet on different turbulent models.

The radial distribution at early stage, z/D = 0.43, of all three jets
are provided in Fig. 14. At this location the velocity profiles of an
annular jet, on both axial and radial directions, were quite different
from circular jets due to shape of an obstacle. The development
from furrow profile of axial velocity to a relatively more
parabolic-like shape indicated that fluid was induced into the axis
of symmetry, creating a relatively more observable radial velocity
magnitude of opposite direction about the axis of symmetry (at
—0.5 <r/D <0.5). Consequently, there were two shear layers; (i)
the inner layer which was surrounded by the jet ring and (ii) the
outer layer of higher velocity gradient. This inner layer created
an internal entrainment which induced a relatively low pressure

5
Annular with STD k-¢ C_=1.6
- circular_0.8 with STD k-& C,=0.06 =T
E -~
41 ——— circular_1.4 with STD k-¢ C,=0.06| T

0 T T T
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Fig. 13. Decay rate comparing for each structure.
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Fig. 14. Radial distributions at z/D = 0.43, (a) radial velocity and (b) axial velocity.

region at the jet axis, seen in Fig. 15. According to this observation,
an annular jet was drawn into the jet axis thus the normalized
axial velocity profile was narrower and intensified as compared
to the circular ones. However, this abrupt change in velocity profile
around the centerline of the annular jet was less severe when com-
paring with a jet from nozzle with flat-headed bluff-body, see [14].

Fig. 16 reveals the axial velocity pattern on each z/D. In princi-
ple, the degree of axial velocity dissipation indicates the severity of
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axial momentum exchange to other directions by turbulence. From
the results, the momentum of annular jet was better maintained
corresponding to the narrower jet induced by the furrow found
on velocity profiles at upstream as a result of the obstruction of
needle valve. This more concentrated jet momentum could better
endure with severe momentum transport between the jet and sur-
rounding fluid. Therefore, the degree of penetration of the annular
jet was relatively higher than the conventional ones even for the
Jjet with the same exit diameter. By investigating the circular jets,
even if the centerline velocities were low, their pedestals were
wider than an annular jet at every z/D. In the other words, the cir-
cular jets were able to better dissipate radially an axial momentum
than the annular jet. This widespread pattern dictated the contact
area between jet and surrounding fluid resulting in some distinc-
tion on mixing mechanism.

The Reynolds shear stress is one of the parameters expressing
the mixing characteristic of a jet, see Fig. 17. A shear layer of high-
est mixing rate can be identified by local maximum of Reynolds
shear stress. In wider jet pattern, the local maxima of turbulent
shearing stress is budged further from centerline than the nar-
rower one. The jet contact area is usually expressed in cone shape
where the jet begins to exchange the momentum with surrounding
fluid. Therefore, the further local maximum Reynolds shear stress
shifts away from centerline axis, the greater jet cone angle can
be observed. Additionally, the magnitude of Reynolds shear stress
can reflect the turbulent intensity located on the shear layer. This
intensity can specify the initial layer instabilities which break
down into vortical structures [20]. High value of turbulent inten-
sity ensures that the turbulent production being proportional to
fluid deformation rate is also high.

Fig. 18 reveals the normalized Reynolds shear stress of jet with
three different exit structures. Its local maximum shifted away
from centerline as z/D increased. On this position, the local time-
averaged maximum velocity gradient was also found. Moreover,
it was clearly seen that the local peak values for circular jets
located further from the jet's centerline as compared with those
of annular jet. This was so for every z/D locations. For circular
jet, their magnitudes were lower from z/D = 15 and further down-
stream, indicating less severe in dissipation rate. At z/D = 30 shear
stress for annular jet could still be observed while these values
were almost flatten out for circular ones. In contrary, less intense
in normalized Reynolds shear stress up to z/D = 10 was observed
for annular jet indicating less attenuation of jet momentum by tur-
bulence. The remaining momentum to annular jet was therefore
high as evidence and already been discussed earlier for Fig. 16.
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Fig. 15. Total pressure on radial distributions at z/D = 0.43.
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Fig. 17. Local maximum Reynolds shear stress.
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Fig. 18. Reynolds shear stress on each z/D plane.

The configuration of exit port of the jet associated with cone-
shaped value would play an important role on this difference.

Since the annular jet provided less mixing at the upstream loca-
tion than the others, this brought about higher value of jet momen-
tum remaining at downstream. Its axial velocity was also still high
resulting in deeper jet penetration. By the delay in momentum
transport, a jet created by an annular exit structure was expected
to have a more severity in momentum exchange at downstream
as compared with the jet from circular exit structure.

Vorticity is one of jet characteristics expressing the degree of
mixing which directly related to the turbulent intensity. In
Fig. 19, the vorticity vector field was simplified in term of its mag-
nitude where each component of vorticity is shown as follows:

ow  dv ou  ow

. =W _ov _dv ou
Yoy az

Y =% T wz—a—a—y 9)

There were two peaks of vorticity magnitude at upstream as a
result of the annular jet, namely, inner and outer layer. The local
maximum magnitude of inner vortex for the annular jet was
located at the furrow of velocity profile up to z/D=1 and disap-
peared afterwards. This was seen together with local pressure drop
upstream, see Fig. 15. A much dominant magnitude of vorticity
was seen at the outer layer starting from the first monitoring loca-
tion, z/D = 0. Although the vorticity of fluid element in the outer
layer of annular jet was more intense, it took place with narrower
region corresponding with the narrower velocity profile as com-

4e+4

Fig. 19. Vorticity magnitude.

pared with those of circular jets. The magnitude of vorticity of
annular jet was still observable at z/D = 20 whereas those of circu-
lar jets had disappeared. In general, an observation on distribution
of vorticity was closely interrelated with velocity distribution, as
defined by Eq. (9). However, the magnitude of normalized Rey-
nolds shearing stress, by dimensional analysis, reflects the dissi-
pated energy by turbulence to the exit jet energy. Therefore,
shearing stress of annular jet had caused less energy diffusion than
that of circular ones. It was clear from Figs. 16 and 18 that the Rey-
nolds shearing stress was one of the indicative parameters deter-
mining jet characteristics.

Fig. 20 indicates the entrainment rate comparison between the

jets of three exit- geometries. It was obtained from the ratio % on

each z/D plane where i1y, is the mass flow rate of mixture, con-
sisting of LPG and air at that location, and ;¢ is the mass flow rate
of injected LPG at 872 Pa supplied pressure. It was evidently seen
that the entrainment rate on circular jets were larger than annular
one along the jet domain. As expressed from the positions of local
maximum Reynolds shear stress discussed earlier in Fig. 18, the
circular jets possess wider cone structure than the annular one. It
is also found in Fig. 20 that the cone-shaped bluff-body nozzle
geometry gives disadvantage on entrainment at early stage of
mixing.

In summary, the highest speed of jet issuing from an annular
port as comparing with conventional nozzle structure of equal
exit area or with the same nozzle diameter was caused by the
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8 To study in-depth mechanism regarding primary air entrain-
¢ Anmular ment, the flow fields of the circular and annular jets were investi-
71 3 Z:zs:z:—?i v gated. It was found that the annular jet exhibited narrower cone
o T pattern with higher degree of penetration. Up to the value of
o z/D = 30 the average of difference decay rate was reduced for 48%
2 5 comparing with those of the conventional jet. The maximum Rey-
‘E . nolds shearing stress at upstream was significantly lower. Deeper
g 41 penetration of the jet led to improvement of air entrainment in a
g o 4 confined duct.
£ 3
m o ™
i v Acknowledgement
Y oo ®
14 ice The authors are grateful to the financial support from Thailand
Research Fund under a Royal Golden Jubilee Ph.D. Scholarship,
b ' . . : : - . 2 :
. I z ]/5D = 2 S ‘}_Zlg;ljllﬂ-ib afﬁg.ded by King Mongkut's Institute of Technology
Z

Fig. 20. Entrainment rate.

development mechanism of flow pattern at center of the jet at the
early stage of entrainment where normalized Reynolds Shear
stress was relatively lower. The jet momentum was better pre-
served in this concentrated velocity profile resulting in deeper pen-
etration downstream. This ability to conserve the momentum
along its centerline caused the delayed dissipation of energy
towards radial direction. This was the reason that annular jet has
been characterized as narrower pattern than its counterpart. As
evidence from existing literature that the contact area between
the jet boundary and the secondary fluid plays an important role
on entrainment rate [27]. Because of deep penetration, the annular
jet could achieve greater entrainment especially when placed in a
long tube where its width is narrow than jet boundary. As a matter
of fact that mixing of fuel and air would stop once the jet reach the
wall. Under such particular condition the annular jet would allow
deeper distance of entrainment. Regarding to our experimental
data as described in Section 3.1 where annular jet was applied in
a confined mixing tube, the cone-shaped bluff-body nozzle could
provide higher primary air entrainment than a conventional one,
This agrees with the previous finding by Hill [26] who proved that
the entrainment rate could be improved by increasing the distance
prior to the point where the flow was fully developed. Theoreti-
cally, the fully developed zone is the region that the axial velocity
have not change along the axil direction 2 = 0. When the axial
velocity is created with greater concentrated profile, it definitely
takes a longer distance to reach an equilibrium state, As for the
annular jet, the high axial velocity brings about increasing in dis-
tance of entrainment until reaching fully developed regime. It is
also interesting to note here that this was a distinctive finding
regarding the degree of penetration on this type of nozzle. In exist-
ing literatures on nozzles with flat-headed bluff body, however, a
strong entrainment rate was found at upstream region due to high
turbulent intensity. A statement can be made here that the shape
of bluff-body has a strong influence on jet pattern and definitely
on entrainment behavior.

4. Conclusion

An experiment on combustion performance of a premixed bur-
ner with fuel jet issuing from conventional round shape and cone-
shaped bluff-body orifices were carried out. The percentage of air
entrainment calculated from the value of oxygen concentration
was compared. It was found that the number had been improved
for 25% from the conventional nozzle, visible flame color and
length had also been significantly improved from this modification.
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Abstract

The development on premixed LPG burner for ceramics industry with porous media was
carried out. Porous media was proved having capability on flame stabilization and also emission
reduction. Alumina porous foam with 10 ppi was carved into cylinder so that it could replace a
conventional burner. Moreover, the modified gas nozzle was applied as LPG injector. It was
referenced from previous work that could produce greater entrainment than a conventional
nozzle, especially in low operating flow rate. LPG was injected within the range of 1.5-5 L/min.
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By comparing combustion performance, visual flame and temperature distribution along the
height of combustor were detected. O,, CO and NO, in flue gas at downstream were also

monitored. The stable flame of porous burner was found only within 1.5-3 L/min of operation

range as indicated from luminous porous medium. Whereas, in conventional burner, strong and

blue flame was achieved throughout the range of operation. In contrary on porous burner, it

could behave as a great flame holder. Emissions were found lower in porous burner.

Keywords: LPG Burner, Ceramics Industry, Air entrainment, Porous media, Combustion
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Effect of porous geometry on the performance of the LPG burner of ceramics industry
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Abstract

Performance assessment of premixed LPG burner applied with porous media for ceramics industry was
carried out experimentally. Alumina foam was carved into bulked and holed (hollowed) cylinder. It was so as to
study an effect of difference geometry on combustion performance, especially effect on primary air entrainment.
LPG was injected through range of 1.5-5 L/min under 20 percent of total excess air. By comparing combustion
performance, visual flame, temperature distribution along the height of combustor, 02, CO and NO, were
detected. Furthermore, percent premixed from premixed tube was also analyzed. The result showed that percent
premixed of holed cylinder porous was higher due to flow blockage reduction of central part of the medium.

Flame stability was found only within 1.5 — 3 L/min of LPG on both porous burners. Flame was lifted and
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detached from porous media when flow rate was increased. Temperature was detected higher on holed porous

burner as a result of long diffused flame. Moreover, both CO and NO, were lower than 35.

Keywords: Porous media; Porous geometry; LPG burner; Air entrainment; Combustion
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Abstract

The flame stabilization of modified premixed LPG burner for ceramics industry with different density of
porous media was investigated within operation range of 1-5 L/min. By maintaining the flame to be of cone shape
which was desirable for this particular application, ignition took place inside the porous domain and propagated
downstream. To achieve this, the porous foams, made of alumina with pore density of 15 and 20 ppi, were
constructed in cylindrical geometry and replaced for an iron cast conventional burner. With this unique design the
secondary air could be induced naturally. Flame visibility was observed in addition with the gas mixtures
temperature profile at different fuel-air mixture ratio prior to combustion. Tt was found that variation in pore density
could bring about significant change in combustion characteristic. The smaller pores created higher pressure drop
than the bigger one leading to fuel rich combustion, one of instability factor. By observing visible flame, the ceramic
foam with 20 ppi could not entrap the flame, especially at high flow rate, thus failed to preheat the up-coming fuel-
air mixture. In contrary in the case of 15 ppi, the flame was well stabilized in the media between the operating range
of 1-3 L/min, indicated by a bright illumination. Recirculation of heat by means of radiation and conduction
promoted the flame stabilization in porous media. At LPG feeding rate greater than 3 L/min, flame lift-off took

place on both burners corresponding with low temperature of unburned mixture. This indicated thatS 5, strongly

played an important role on combustion stability, while a direct effect of porous structure on flame stability was not
clearly observed within the scope of this work. The results of flame produced from propane-air mixture on both

cases of burner could not propagate within medium at low S, which correlated with @ > 4 .
Keywords: Porous Burner, Pore density, Premixed burner, Alumina foam, Flame stability

1. Introduction performance  particularly on gaseous  burner.
Comparing to those of free flame, porous burner can
produce higher burning rate, wider operation range and
can also operate with low calorific fuel. These
advantages are resulted from complicated structure of
porous promoting self-recuperation and dispersion of
heat. The heat will effectively transfer from products
to reactants through gas and solid matter via heat
conduction and radiation modes. This causes a
preheated upcoming mixtures to react more efficiency
with fuel[5],[6]. Moreover, porous burner was strongly
claimed giving an effective flame stabilization. In the
other words, it reduces the happening of flash back and
lift-off due to tortuous structure. However, there has
been some parameters that the combustion stability
was relied on.

To achieve flame stability, there is an indicator
expressing the limitation of combustion stability in
porous media, Péclet number (Pe). This indicator was
contributed from relation between gas and solid
properties following Eq.(1)

Combustion has been a main heat source for many
industrial sector, including ceramics industry. In
baking process, the high efficiency of combustion for
sufficient temperature distribution was significantly
required as well as low emission. A conventional
burner currently using in this industry is premixed
LPG burner with self-entrainment of primary air. It,
however, produces remarkably long and oscillated
diffused flame, especially at low operation range, due
to lacking of primary air induction. Meanwhile,
sufficient amount of air is found at high operation
range, when the jet is provided with high speed.

Recently, there has been an active research on
developing LPG injector concerning enhancement of
primary air entrainment. The injector was designed
operating on balancing between spring and fuel
feeding forces. An annular exit area could be
characterized following flow rate creating high speed
jet particularly at low fuel consumption. This led to
higher entrainment as comparing to a simply circular
exit area. Therefore, the combustion with stability was
occurred. However, the burner still provided non- Pe= SLdmep
uniformed temperature distribution and also high i Fi @
emission [1-4].

From literature survey, porous media has been an
interested  issue  for improving  combustion
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Where S, is laminar flame speed, d s effective

diameter of average hollow space and C P A are

specific heat capacity, density and thermal
conductivity of gas mixtures, respectively. From
previous work [7], the ecritical value of Pe for
identifying the limitation of stability of lean
hydrocarbon-air mixtures was 65. The flame usually
lifts and detaches above the medium when the range of
Pe less than this specific value.

In aspect of emission, great distribution of
temperature owing to conduction mode in porous
domain totally helps on hot spot reduction, which is
the caused of thermal NO,. The self-recuperative
mechanism also leads to elimination of carbon radical,
thus CO reduction [5-7].

According to advantages on combustion

performance of porous medium, there are many
publications concerning the application on this matter
for gas burners. Almost experimental works were,
however, operated by forcing the controlled ratio of
mixture into an insulated chamber. By considering the
characteristic of conventional ceramics burner, the
porous medium in this work was combusted naturally
within stagnant air.
The cylindrical alumina foam was adopted on LPG
burner to basically investigate an effect of pore density
on gas premixed characteristics and also flame
stability. The experiment was arranged by choosing
two value of pore density at 15 and 20 ppi, subject to
commercial availability, on the same fuel consumption
range. The discussion would be drawn on temperature
of gas mixtures and visual flame. In addition, percent
premixed for combustion was also monitored in order
to observe effect of this parameter on entrainment in a
premixing chamber. It was because the premixed
combustion obtained the primary air from natural
entrainment correlating with fuel injection rate.

2. Experiment set-up

The experiment unit in this work was separated
into three parts, shown in Fig. 1, including fuel injector,
mixing tube and burner. LPG containing of, 70% of
propane and 30% of butane, was injected through
nozzle with the consumption range of 1-5 L/min. This
caused natural entrainment of primary air to the
mixing tube. In order to gain more accumulative air in
premixed chamber, the modified nozzle was adopted
[1]. While secondary air was induced diffusively at
combustion zone,

From literature review, the foam structure of porous
medium was claimed providing widest operation range
comparing to the others (honey comb and packed bed)
[8]. Therefore, the Alumina foam (Al,03) with 15 and
20 ppi, as shown in Fig.2, were carved into cylindrical
structure having the same diameter and height with the
conventional burner. Both medium was proved having
the porosity of, approximately 0.9. They were placed
instead of a conventional burner to obtain performance
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assessment. Moreover, ceramics fiber was inserted
under porous medium to protect the splitting of flame
at the bottom.

Stagnant
air
-~
Secondary__« "
air Burner
T2
— TI _<
02 | Mixing
tube
A nw_ J
[] Primary air
T Injector
LPG _J

Fig.1 Diagram of premixed LPG burner

Fig. 2 Porous media with 15ppi (left) and 20ppi (right)

The temperature of incoming gas mixtures was
monitor by two positioning of thermocouple indicated
as T1 and T2 in Fig.1. The distance from burner port
and each other was 4 em. Thermocouple type K
connected with YOKOGAWA XL100 data logger
(accuracy including thermocouple is +1°C). The
oxygen percentage at mixing tube was measured by
testo 350XL flue gas analyzer (accuracy +0.8% by
volume). The recorded data of oxygen concentration
was then calculated into percent premixed by
following the chemical equation:

0.7C,H, +0.3C,H,y +a(0, +3.76 N, ) - Mixtures (2)

when

o Fe 3)

a=
1-4.76X,,

Therefore, percent premixed can be calculated by:

4:76ax 2 a
% premixed = = LG 100 €

stoi

Where X o, 1s fraction by volume of oxygen in mixing
tube, MW,

o And MW, are molecular weight of fuel
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and air, respectively and AF,  is stoichiometric ratio
for LPG.
3. Results and Discussion
L/min
of 1 2.5 3 5
fuel

15
ppi

20
ppi

Fig.3 Visual flame of 15 and 20 ppi porous burner

As generally known, porous media has an ability
on flame stabilization as can produce higher flame
speed than those of free flame, approximately 10
times[7]. Flame stability in porous media is defined as
the propagation of flame within the medium, hence,
illumination of solid is observable. When stabilization
is taking place, the heat from reaction zone will be
circulated therein due to contribution of two modes of
heat transfer.

Fig.3 shows visual flame produced from 15 and
20ppi porous burners with fuel variation. The four
flow rates of fuel were chosen. It could be observed
that the degree of illumination of porous medium was
increased with fuel consumption by focusing at low
operation range. Some part of flame propagated within
the medium, while another was burned diffusively
with secondary air. However, there was significant
distinction at 3 L/min of fuel. Flame still propagated
within 15ppi medium, but completely burned in
stagnant air in case of 20ppi. At the rate beyond 3
L/min, flame lift-off took place on both burners.

The premixed temperature is illustrated in Fig.4
comparing between 15 and 20 ppi of the burners. T1

AL/
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and T2 were indicated with similar trend between two
burners. While, T2 was produced higher in magnitude
than those of T1, since the thermocouple of T2 was
settled nearer to the combustion zone. Moreover, the
temperature profile of both burners could be observed
separately into two parts. Within the range of 1-2.5
L/min, it was increased with fuel consumption as the
mixtures received the heat from porous media by
radiation mode. This also correlated with the degree of
illumination. Beyond 2.5 L/min, the temperature was,
however, dropped corresponding to the flame lift-off
(or nearly lift-off) expressed in Fig.3. By considering
at T2, temperature of the low density of pore burner
was given significantly higher than the dense one at 3-
5 L/min. This revealed that even though the visual
flame exhibited lifi-off, there was radiated heat
transferring back to the thermocouple in the premixed
chamber in case of 15 ppi.

0

T2 Temperature (L)

o
Tl Temperature ( €)

50 4 T T T
1 2 3 4 5

Fuel (I/min}
Fig.4 Preheated temperature in a premixed chamber

It was evidently that the results of both flame and
temperature performed with stability only within
limited range. In the other words, the propagation of
flame was taken place within the narrow range of flow.
Therefore, as aforesaid in introduction part, the Pe
could be used as an important indicator identifying the
propagation of flame within porous medium. The
relationship in Eq.(1), expresses two main parameters
affecting on stability under the same gaseous fuel type,

namelydm and SL. By concerning structure of

porous, dm for porous foam was described as a mean

diameter of ten pores [9] which was 5 and 3.3mm for
15 and 20ppi respectively. However, these diameter
sizes were too close to take an effect on Pe variation.
Therefore, flame stability in this work would be

mainly focused on § 1 via considering through percent

premixed.

According to the difference of pore size, we
expected there was an effect on flow dynamics of
mixture and also primary air entrainment. An oxygen
concentration in mixing tube was then recorded and
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calculated to obtain the value of percent premixed. It
was seen in Fig.5 that, by equaling total volume of
voids, size of pore evidently performed an effect on
pressure drop. The large pores could enhance more
entrainment of air, while an effect of pressure drop
was evident within small pores throughout fuel range.
This coincided with Boomsma and Poulikakos’s work
[10], that with decreasing pore size of porous matrix
would come up with increasing flow resistance due to
increase on the specific area.

40

P ~—8— 15ppi
18 -0 20ppi

Percent premixed (%6)
=1
L

Fuel (L/mixn)

Fig.5 Percent premixed

To achieve correlation with flame stability, an
equivalence ratio( ) was directly calculated from
percent premixed. In this case, the secondary air was
neglected due to almost of its entrainment taking place
after the combustion in porous media. It was seen from
Fig.6 that the results of both burners were located
within the range of 2.5-4.5 which was defined as fuel
rich condition. These calculated @ related with low

S 1 Which were proven associated with Pe less than 65.

The value lower than this critical value was claimed to
come up with unstable flame. Nevertheless, the stable

flame result in this work was found at @ <4 . This
obviously indicated that the critical Pe of 65 could not
be adopted for rich LPG-air (propane-air) condition,
As shown in publication in 2004, Trimis and co-

worker indicated the critical Pe relating with Lewis-
* number (Le) for rich propane-air, approximately, at 28

[7].

30

—e— 15ppi
O 20ppi

4.0 -

(e}

Fquivalence ratio
o}

30 -

1 2 3 4 5

Fuel (L'min)
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Fig.6 Equivalence ratio

In aspect of the difference of pore density, the
15ppi porous burner promoted greater range of flame
stability than the 15ppi porous burner. This could also

relate with insufficient S, , since an effect of pressure

drop on 20ppi or small pores caused in blockage of
primary air entrainment. Therefore, in case of fuel rich
condition of propane-air combustion in porous media,

insufficient value of SL played more significant role

on flame stability as comparing with d,

m:*

4. Conclusion
The flame stabilization of modified premixed
LPG burner for ceramics industry with different pore
density ~porous media was investigated. The
experiment was conducted on fuel range of 1-5 L/min
with self-air entrainment of injector. The porous
foams, made of alumina with pore density of 15 and
20 ppi, were constructed in cylindrical geometry and
replaced for an iron cast conventional burner. Flame
visibility was observed in addition with the gas
mixtures  temperature profile at different fuel-air

mixture ratio prior to combustion.

The results of visible flame and temperature were
agreed. The larger pores size alumina, 15ppi, gave
wider range of flame stability than small pores
medium, thus great recirculating of heat. Since flame
stability was depended on sufficient fuel-air ratio, the
reduction of pressure drop effect of the big cavity led
to greater primary air entrainment.

While the flame lift-off took place on both cases of

pore density when @ >4 | since it correlated with
insufficient S ;- This indicated that S ; was strongly

played an important role on stability at fuel rich
propane-air condition. Moreover, the finding in this
work affirmed that the critical of fuel rich propane-air
was settle at Pe<65.

5. Acknowledgement
The authors are grateful to the financial support
from Thailand Research Fund under a Royal Golden
Jubilee Ph.D. Scholarship, jointly funded by King
Mongkut’s Institute of Technology Ladkrabang.

6. Reference

[1] Laphirattanakul, P. (2012), Mixing and
Combustion Improvement by Modified Nozzle on a
Premixed LPG Burner, Faculty of Engineering, King
Mongkut’s Institute of Technology Ladkrabang,
Thailand.

[2] Laphirattanakul P. and Charoensuk J. (2011), The
development of LPG burner in ceramics industry: part
1, paper presented in The 25th Conference of

Mechanical Engineering Network of Thailand, Krabi,

Thailand.



The 6 TSME International Conference on Mechanical Engineering

AECO006

[3] Laphirattanakul, A. and Charoensuk, J. (2011), The
study of capable in LPG turn up/down of semi-
automatic LPG burner in ceramics industry: part 2,
paper presented in The 25th Conference of Mechanical
Engineering Network of Thailand, Krabi, Thailand.

[4] Laphirattanakul, A., Laphirattanakul, P. and
Charoensuk, J. (2012), Comparison of conventional
and developed LPG burner operating: fuel jet shape
and burner performance, paper presented in The 26h
Conference of Mechanical Engineering Network of
Thailand, Chiangrai, Thailand.

[5] Mujeebu, M.A., Abdullah, M.Z., Abubakar, A.Z.,
Mohamad, A.A., Abdulah, M.K, (2009), Combustion
in porous media and its applications — A
comprehensive survey, Journal of Environmental
Management, March 2009, Vol. 90, pp. 2287-2312.

[6] Wood, S., Harris, A.T. (2008), Porous burners for
lean-burner applications, Progress in Energy and
Combustion Science, June 2008, Vol. 34, pp. 667-634.

[7] Trimis, D and Wawrzinek, K. (2004), Flame
stabilization of highly diffusive gas mixtures in porous
inert media, Journal of Computational and Applied
Mechanics, December 2003, Vol. 5(2), pp. 367-381

[8] Gao, H., Qu, Z., Feng, X. and Tao, W. (2014),
Combustion of methane/air mixtures in a two-layer
porous burner: A comparison of alumina foams, beads
and honeycombs, Experiment Thermal and Fluid
Science, September 2013, Vol. 52, pp. 215-220.

[9] Mach, F.R.A., Issendorff, F.V., Delgado, A. and
Ortona, A. (2008), Experimental Investigation of the
Oxidation Behavior of SISIC-Foams, Advances in
Bioceramics and  Porous Ceramics:  Ceramic
Engineering and Science Proceedings, Vol 29(7),
pp.229-311.

[10] Boomsma, K. and Poulikakos, D. (2002), The
effects of Compression and Pore size Variations on the
liquid Flow Characteristics in Metal Foams, Journal of
Fluids Engineering, March 2002, Vol.124, pp. 263-
272,

16-18 December 2015

Harmonized Engineering Technalogies



190

CONFERENCE PROCEEDING

b et <l

- e e
fa TSME Iy ‘o ¥
\) 1lEJkME '
/ 13-16 December 2016

. " Duangtawan Hotel, Chiang Mai, Thailand

Machanical Englnoarlng
Hosted bv CHULA 3INGINEERING

The 7" TSME-International Conference on Mechanical Engineering

Innovation for Green Society



Oral Presentation

13-16 December 2016

AEC0012

———
TSME
The 7" TSME International Conference on Mechanical Engineering (CﬁM

>/

Mechanical Engineering

Innavation for Green Sociely

Effect of Porous Materials on Unconfined Porous Burner
Performance

Ponepen Laphirattanakul", Jarruwat Charoensuk', Withada Jedsadaratanachai'

! Department of Mechanical Engincering, Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang,
1 Chalongkrung Rd,, Ladkrabang, Bangkok, Thailand, 10520
"Corresponding Author: jaja_kmitl45@hotmail.com, +6680-900-8880

Abstract
The performance assessment on different porous materials, SiC and Al Os, applied on unconfined LPG porous
burner was presented in this work. Unlike previous literatures, our porous domain was studied without insulated

wrapping so that the heat transfer characteristics was different, Three different heat capacities with fully premixed
were performed by maintaining at 0.7 of equivalence ratio. Axial distribution of flue gas temperature measuring was
separated into C (X/D-0) and R (X/D-2.6) axes to investigate heat transfer characteristics in combustion chamber.
Emission was also considered as combustion performance. On both materials, the axial distribution of temperature
along symmetry axis (C) was less uniform than those on surrounding axis (R). This was because of two effects of heat
transfer mode, convection and radiation, beyond the burner. AL O3 burner gave higher axial temperature of 20+ and 8
increment beyond burner axis and surrounding, respectively, than those on SiC burner. It corresponded to the greater
degree of local extinction observed in SiC matrix. The partially burnt product was then appeared in form of CO which

was relatively high in case of SiC. High level of NOy was measured.

Keywords: Porous burner, Combustion, Porous material, Gas burner

1. Introduction

Porous inert media combustion has been an
effective technology which serves flame stability, as
well as, pollutant reduction. It is due to tortuous
structure that can slow down unburnt and promote
recirculating of heat within the domain Once a
premixed fuelair is trapped within the solid cavities,
capability on three modes of heat transfer leads to
higher flame speed than those encountered in free flame
(1, (21

As the porous burner has been an available
commercially technology, there are several productive
materials were selected by regarding their combustion
characteristics and also durability life. The most
commonly based materials, for instant Al,Os, SiC and
ZrO; has been adopted for many applications. In 1999,
Pickeacker et al.[31informed that among these materials
SiC had highest performance for supporting thermal
shock due to the low thermal expansion coefficient as
seen in Tab.1. Gao et al (4] selected those three types of
ceramic to comparatively investigate the combustion
performance of two layers porous burners. Results
indicated that flame stability limitation was expanded
with increased conductivity of solid. When focused on
SiC, the hydrocarbon in combustion products was
found decreased with increasing flame speed. On
numerical study, AlHamamre and Trimis (5]
investigated the partial oxidation of methane comparing
between Al;Os fiber static mixer and SiC foam porous

»

reactor. They found that the soot formation for SiC
porous reactor was occurred at lower air ratio as
compared with Al,Os. Moreover, the investigation on
porous material was also conducted for hydrogen
production where the equivalence ratio was larger than
1.9. Results showed that, comparing with Al,Os, the
longer resident time was served in SiSiC porous domain
due to better thermal properties. And the tendency of
soot formation was lower also (6). Apart from ceramics
based porous media, metal work has been adopted as
porous burner as well. Yu et al (7] conducted the
experiment to compare the combustion characteristics
of metal fiber, ceramic and stainless steel fin. The
findings reported that metal fiber burner gave highest
thermal efficiency and NOy, while stainless steel one
performed lowest of both.

Our main scope is to improve the combustion
characteristics on the burner using for ceramics
production process where the high and uniformed
distribution of temperature in baking chamber are
importantly required. The porous inert media has been
an interested technique for this work. Due to high
thermal properties of inert media, the high and
homogenous temperature of flue gas in combustion
chamber has been expected.

On current work, a part of the improvement is
presented. The performance assessment on different
porous materials, SiC and Al,Os, applied on unconfined
LPG premixed burner was performed. Once, the porous
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domain was served without insulated wrapping or any
enforcement, unlike aforementioned literatures, the heat
from solid matrix could transfer to the surrounding
including axial and radial directions. As far as the
combustion performance was concerned, axial
temperature distribution of flue gas including along
symmetry and adjacent axes were contributed to
consider the heat transfer characteristics. CO and NO,

were also monitored as pollutant emission.

Table 1 Thermal properties of porous materials (2C)

Property Al 05 SiC Zr0;
Thermal expansion

coefficient (10 8 4.5 10-13
1K)

Maximum usage
temperature in air 1900 1600 1800
°C)
Thermal
conductivity at 5-6 20-50 24
1000 °C (Wm K,
Total emissivity at
2000K

Thermal shock
resistance, hard 100 230 230
shock (K)

0.28 09 031

2, Methodology

The experimental apparatus is consisted with 2
parts, burner and combustion chamber, as shown in
Fig.1.LPG, containing with 70% of propane and 30 of
butane, was fed through an injector corresponding to
heat capacity of 615, 923 and 1231 kWm? To
investigate the performance under premixed condition,
combustion air was fed with fuel at 0.7 of equivalence
ratio 30% of excess air).

To represent the combustion performance without
major retrofit of a conventional burner, a burner tip was
modified such that it was replaceable with the same
diameter of porous cylinder. Porous foams with 20 ppi,
as claimed by the vendor, made of alumina (Al,03) and
silicon carbide (SiC) were carved into cylinder geometry
of 52mm and 56mm in diameter and height,
respectively. Porous media are illustrated in Fig2. The
thermal properties at reaction temperature are shown in
Tablel.

Concerning experiment set up, temperature
distribution of flue gas was monitored along height of
chamber corresponding with 0 < Z/ D <11. There are
two alignments as shown in Figl with C and R
alphabets. The locations with an R alphabet are at
X/ D=2.6,located between the boundary of testing
chamber and the axis of symmetry. These sensing

positions are meant to investigate not only the
magnitude of temperature, but also the distribution

—
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along axial distance of the two distinctive radial
positions. Thermocouple type K connected with
YOKOGAWA MW100 data logger was implemented
(accuracy including thermocouple is +1°C ). Emission
in flue gas was considered as ppm of CO and NOx by
Testo 350XL flue gas analyzer ccuracy of +5ppm

and 4 ppm respectively). Percentage of oxygen was
also measured (accuracy by volume fraction of

10.1%) in order to verify the combustion air inlet

Oxygen percentage in flue gas can be converted to
amount of air following to the relationship:

0.7CH, +0.3C H,, +a(0, +3.76N,) >
X (h
(33-2)CO, +43H,0+yC0 + x0, +3.76aN,

xand y are moles of O and CO , respectively, obtaining
from flue gas analyzer. In this case, equivalence ratio of

0.7 is associated with 6% by volume of oxygen. This
value was used as a cross-reference with the reading
obtained from a rotameter.

-C- R-
X/D=0 X/D=2.6

axis axis

Flue gas
Analyzer

oo

T7-C

T6-C - — T6-R

e ] —'}— #$—F1—T5-R
10.cni

T4-C —e N5 3 T4-R

™o — 1 TR

T2-R

T2-C- L]

TI-C

Porousmedia 1
(combustion zone)

TI-R

+— Burner

Mixingtube o

L3N .
Primary air

Pressure gauge

Rotameter

Regulatdall valve

Air container

LPG

Fig 1 Experiment set-up
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a)
Fig2 Porous media a,) SiC b) Al,Os

3.Results and discussion

Fig3 shows the temperature distribution on both C
and R axes when using ALO; as a medium. Results
indicates that flue gas temperature was gained when
increasing heat capacity. It is due to relative heat loss at
high capacity is lower than at low one. When
considering axial distribution of temperature, the
distribution along the axis of symmetry (given with «C»
alphabet) was less uniform than those measured along
the locations with <R~ alphabet. This was because there
were two effects of heat transfer mode, convection and
radiation, along axial distance of “C+location beyond the
burner. While the effect of heat radiation was dominant
at T1-R. At this location relatively higher temperature
was observed. At T2-R through to T6-R however, the hot
flue gas was drifted along the axial distance of
symmetry axis and diffused into the monitoring points
along R locations.

The comparison of flue gas temperature between
AlOsand SiC was indicated in Fig 4. It was evident that
Al2O3 porous burner could provide higher temperature
magnitude than applied with SiC at the same rate of heat
capacity. Approximately, 20% and 8w increment were
observed in order for C and R axes. Considering the
material's properties in Tab.1 as SiC has higher thermal
conductivity and emissivity than those of AL,Os, it was
expected that the heat generated from the reaction site
was better transferred away by means of conduction and
radiation. This could result in greater quenching effect
and greater probability of local extinction in SiC
material. In addition, as investigation was performed
further on pore structure of the material, significant
difference was observed as seen in Fig2. Bigger pore
size was observed for SiC foam. This is expected to play
an important role on temperature distribution and
emission. The results will be discussed in the next
paragraph.

700

—8— GISkWim'_C
—0— o3 kwWim’_C
600 —¥— I31kW/n'_C
® GISKW/m_R
O 93kW/m’_R
500 4 W 1231 kWim'_R

400 -

Temperature ("C)

300-9

200 A

100J T T T T T T

ZiD
Fig.3 Flue gas temperature distribution on both C (solid
line)and R (dot line) axes with heat capacity variation
of Al,Os burner

When considering visual flame propagation in
Fig 5, intense illuminated solid matrix was observed in
case of Al,Os; burner. However, SiC exhibited less
intensity of illumination indicating greater degree of
local flame extinction at the outer region of the porous
domain. There were some locations in the matrix that
has not been heated up to the illuminating temperature
of the material itself. The partially burnt product was
then appeared in form of CO, see the comparison from
different material in Fig. 6. Nevertheless increasing heat
capacity could increase the degree of illumination of the
porous domain of both materials. Therefore, less flame
extinction was expected. The decreasing in CO with

increasing heat capacity agreed with reduction in flame
quenching area.

700

600 A

500 A

400 A

Temperature(’'C)

300

200 A

100 T T T T T

Fig4 Comparison of flue gas temperature distribution
on both C solid line) and R (dot line) axes at
1231kWm? between Al,O; and SiC
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a) b))
Fig5 visual flame propagation at 1231kW/m? of heat
capasity of a) Al,O3 and b) SiC

As far as NO emission was concerned, the burner
was operated under near stoichiometric condition with
excess air of 30w. Arguably, ones may deduce that an
increase in NO with increasing heat capacity could
relate with thermal NO. due to an increase in
temperature inside the porous domain. However, this
statement does not justify a decrease in NO, with
increasing heat capacity for the case of Al,Qs foam.

Residence time is also another important factor
affecting NOx formation especially Thermal NOx since
the characteristic time scale of Zeldovichs reaction is
relatively longer than the oxidation rate of hydrocarbon.
Increasing heat capacity would certainly affect the
residence time for NOx formation, When considering
NO emission of Al;Os shorter residence time could
result in lower NO, emission. However, this is not the
case when considering the emission of SiC.

From the above statement, it is obvious that only one
pathway of NO formation, such as thermal NOy could
not thoroughly describe its total emission. It is still
unclear what is the dominant factor leading to an
increase in NOy emission with increasing heat capacity
when firing with SiC foam.

NOx formation due to reaction of intermediate species
with oxygen known as prompt NO, is another source of
formation which is strongly related to the amount of
unburned hydrocarbon in the cavity of porous domain.
Due to limitation of measuring device, it is not
appropriate to discuss how Fenimore's mechanism play
the role in NO,, formation.
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4. Conclusion

The performance assessment on different porous
materials, SiC and Al O3, applied on unconfined LPG
premixed burner was performed. As far as the
combustion performance was concerned, axial
temperature distribution of flue gas including along
symmetry and adjacent axes were contributed to
consider the heat transfer characteristics. CO and NOy
were also monitored as pollutant emission.

Less uniformed of axial temperature distribution on
symmetry axis of combustion chamber than axis's
surrounding was observed. This was due to convective
and radiative heat transfer characteristic beyond the
burner. Comparing two materials, SiC burner performed
lower axial temperature distribution than those
measuring on Al:O; one. This lower temperature
associated with the local extinction area which was
observed greater. The partially burnt product from local
extinction area was then indicated in form of CO
emission. However, the high level of NOy emission
could not explain properly in this paper, since many
probabilities of formation path way was related.

5. Nomenclature
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C  denotes X/D-0 axis

D diameter of the burner, m

R denotes X/D-2.6 axis

X' radial distance from symmetrical axis of burner, m

Z  axial distance from burner rim, m
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