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ABSTRACT

The impinging flame jet is the method for a heating surface with high heat
transfer rate and can increase the temperature on the surface rapidly. In general, the
impinging flame was mainly used for the flame jet from the pipe nozzle or orifice nozzle
which the impinging flame provides a high heat transfer rate only the jet impingement
area. This results in non-uniform heat distribution on the surface. In this research, the
flame structure and heat transfer characteristics of swirling flame jet had been studied,
which the swirling flame jet can improve the uniform heat distribution and can enhance
heat transfer rate on the surface.

In the experiment, the nozzle with a cylindrical chamber of 20 mm in diameter
was applied for swirl flow generation. The chamber was connected with double inlets
tangentially. The inlet has a square cross-section with D=5 mm in height. The inlets
were injected with a mixture of LPG and air into the chamber for generating swirling
flame jet. In this study, the experimental parameters consisted of equivalence ratio
between LPG and air at (|)=O.8, 1.0, and 1.2 with Reynolds number Re=2,000, 4,000, and
6,000. The effect of chamber height for swirling flame structure was studied at H=2.2D,
3.4D, 4.6D, 5.8D and 7.0D.

The structure of swirling free flame jet was studied by the digital camera while
the heat distribution in swirling flame jet using Schlieren imaging technique. In addition,
the flame temperature distribution in the swirling flame structure was measured using
a thermocouple type-B. For the heat transfer on the surface with swirl impinging flame
jet, the nozzle to the impingement plate distance was studied at L=4D, 6D, 8D, and
10D.The measurement can be divided into two parts; Including the overall average heat
transfer measurement and local heat transfer measurement using the heat flux sensor,

it can be known heating performance from the swirling flame. Also, the heat transfer
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enhancement on the surface using swirling flame jet were compared with the flame jet
from a pipe nozzle at a Reynolds number Re=2,000.

In the result, the swirling flame structure can be divided into three zones,
including the neck zone near the chamber exit, the reaction zone, and the post-
combustion flame zone. The flame structure for all zones changed with the increase
of Reynolds number and the increase of equivalence ratio affected to the color in the
flame and the flame length. The height of the swirl chamber at H=2.2D, 3.4D, 4.6D,
5.8D, and 7.0D affected to the swirling flame structure. The flame spreading was
changed and divided into two flames which the swirl angle of the flame to the jet axial
was varied at swirl angle 24.5°, 18.5°, 15.5°, 13.5°, and 10.5°, respectively. Also, when
Increasing the height of the swirl chamber, the swirling velocity becomes and increasing
the jet spreading rate near the chamber exit. The flame was mixed and entrained with
the ambient air. It was found that the case of chamber height at H=4.6D provided the
heat distribution. This corresponded to the swirling flame structure recorded by the
digital camera and agreed with the results of flame temperature measurement.

When the swirling flame impinges on the surface, the flame covered broadly
on the impingement surface and resulted in uniform heat transfer on the surface. The
case of chamber height H=4.6D at impingement distance L=4D provided the highest
average heat transfer on the surface. It was found that the equivalence ratio at ¢=1.2
provided the highest heat transfer for all the cases and heating performance was
increased up to 67%. This is due to the air entrainment providing the complete
combustion near the impingement surface.

In this study, the heat transfer for swirling impinging jet and impinging jet from
pipe nozzle was also compared. It was found that for the case of impingement distance
less than L=6D, the swirling flame jet provided higher heat transfer rate than the
impinging jet from pipe nozzle for average heat transfer and local heat flux at center
of the nozzle. However, when increasing the impingement distance larger than L=6D,
due to the flame structure from pipe nozzle, the heat transfer give highest heat transfer
rate at the center point of impingement which makes the heat transfer is lower than
swirling impinging flame jet about 30% for all equivalence ratio and for the case of

impingement distance larger than L=8D. Since the flame structure of swirling impinging
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jet spread broadly and impinged on the surface with a large flame covering the area.
The average heat transfer for swirling impinging jet was higher than the case of the

flame jet from pipe nozzle about 40% for all equivalence ratios and impingement

distances.
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C.H, +(a+%j(02 +3.773N, ) > aCo, +%Hzo +3.773[a+%jN2 (2.1)

Feuansiagnsdnlagluavesansyiuiseuazarsilaainnismlug dsiugns
viedmulsznevvendeundsanunsaloulsilu CH, Tnedl y = b/a dwsumswnlnganusal

NOAILWANIFIANNTTN (2.2)

CH, + (1+ %j(o2 +3.773N,) - CO, + % H,0 + 3.773£1+ %) N, (2.2)

AINAUINTA (2.1) waz (2.2) A1UTONBNIINITIRALTINIATENINDINALAY

WoEIIvgufAnadlanannisi (2.3)

b
n) (a+4)(32+3.773(28.16))
m ) a(12.011)+b(1.008)
34.56(4+Y)

=Y (2.3)
12.011+1.008y

N3 bulianskanus (Fuel-lean combustion) enaninniwdlayinu]izen
o & a % . . = a A ::1'
FUL DAY wazn s lutlansuauun (Fuel-rich combustion) agdinandiauluiineswenag
sandlaandslalasasvauldiduasusulasanloduazinladud tioeindiulseznau
299a15N AN NS IS AN S NAN U LA AN SHANM UL LANANNTY LaLORSIAIUTBLNG S/
INNANDA azﬁ‘ﬁuagﬁudauﬂizﬂawau%aL‘wﬁq AINUTILNI TN UAFINUTENDUVDIANSHEL

158071 “EnTNdIuaNYR”

2.2.3 anTdIUdNYE

gnsduauyaduviinalinienieuldlunsmlng Sadudusuvenlimsui

¥ 1%
= a o

AUNANTEMINUTDINEINUBNT LAasNADalYa3e Lipaannnsknluuiiatuassiulngdiu
Tngflalldulumudnsdiusswinenianaomdwmmeed] asuuiinisiewdnsau

auya Jadinsivuediulsenevvesansnanluguresdndiuves “gnsidiudainie



91MATlEA5e” s « Shndrudeudsdeeinianeoniangud” Feuansluaunisi (2.4)
anTdIUANYaaNNTINTULA 3 N3l Ao
(1) @uNanuy (Fuel-lean mixture)
Hudunaussrnademaarennedifadosndt 1 AedlWedsiiooniedl
oMmAAunIAmeR Fsenaszyduiesazveteiniaiiu detnadu Sevas 25 vesenALAu
nsuaufgiionniadu 1.25 wiweseinAned
(2) @unaunef (Stoichiometric mixture)
Hudunaussrnademduarerniaiiasiniu 1 naneiidomamend
zgneendlndlagesngiauluainielavun
(3) dunauvun (Fuel-rich mixture)
Judiunausewinademauazoinaiiaiuinndt 1 Siemaanniuly

y3ailoanduteuiuluiazeantladoindslaaunue

mf
¢ =<l (2.9)
mf
& /stoich
Tned
¢ B ONTIAIUNANANYA

9 DN NEIUNANTLININNUIALYDLNA-DDNTLIUN LY

o))

[mf ]
ma actual

mf A v | ! & a a aa v ¢
— 3] aﬁﬁﬂﬁﬁuwﬁuigﬂﬁqﬂlnaL?JEJLW@\‘]—EJEJﬂ"’ZIL“\]UVI'W\WIQHQVILNWI‘VTNE“!@J‘U\JiﬂJ
stoich

a

2.3 ANUAIWLUUNANNDULASUUURENNENET
Tnsunddnadliwuurssugnidlunssuiunislianudow insgaiunsalsns,

nstemANTeuguardedensihuUseyndld lnednadlnnsvuanansawuslaidu 2

Ussun A uuuiinsuaudeussviademduazeandiauluonia waskuuinmsuaiu

AYNAITERINUTDLNAILALDDNTLIU
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2.3.1 nadlnuuunauniou
nszvrumaEnlnifAnnmssaussriadamasiiduiatueendiaulueina
Aouagiimagasudn dmuinssuaunawilviidlidnnshalunssuengurenaioseus
uialedu Tnowlefinmsynszadedadunsenlmilutziessdailiasnnudulunsyuen

guiuguneiuiy Wesinnsseilavasdadlniifisduainuiingnseiliniuies

2.3.2 Anadliuuunaun1enas
nszvaunIsndMiAat i o oindsi danusiduniia (Fuel Gas) wns
gandiauieluuiseniswnlnl lneigeindwazeandiauegauazsiuveaadlu
L999INANUBANFANVBIAUTUTUYDIA V@619 deanalitinnisanamdauiatu
o ' & a ada & & a Y 24 O v Ao
dnuaizn1TNIveRBdndanusiduniawazeandiauingiatl Saiallazdesdidndiuy
MINaNkaUSINUNGUNTEAUUAAS oM Adluguil 2.4 uansdnvagveadailnille

wiaUsznviUanvanungRnssunisnanveutelnds Laziioandle

=

FUEL ———»

[t
FUEL
[t

YYw

—
(n) naluuunaunou @) @narlwiuunaunienda
(Premixed flame jet) (Diffusion flame jet)

Ui 2.4 Wvialyl (n) wounaNtion (¥) LuuURANA1EVAT [5)

PatdlarUSauiisuladlnwuunannaukazlad bkuubns wad suadlnwuuwns b
ausannuANIsITwestaeg1aeny 1wy Aslunswnlridudu Fawansliiiuoeig
Faauinis Amuansdwesnialaidud drdgyigadmsunisfnurdnvauzidadl
yanndlad lwuuwns lianudd gsuegnIwazdanaliiauaiwy1nnIlal bk uunay
neu Fududnuileladenidedlvglafendnenvailnanuuzuuuins

dusunislavsglevdiamuarliuuunannau (Premixed Flame Jet) dnnslalu
1) v I3 o v v = 4 | =
o lndAfivuadn aunsainanvssyndldlunssuiunmslianusou dalunilaznania

Tuan1sn vl nsHaNldandawdantusiaandlaiiaNazvinlminniswilnlag195imsa

WALMNUTEANSANIUNISIAAINUS U DNNIAANANET LANNNTHN bS]
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2.4 ¥iipvaaualn
nsdnvdavesdadiiazulmuiinisveinisnanssninadomauarfeandle
e [6] Tnevhluanunsawlseanladu 3 Ussuanldun
2.4.1 Warlwiilinauania
Wanlwiilalwane1nie (Non-aerated Flames) iuarlwiiiinarnnisiwalngdlng
lasvarniaannussennidlagsouvetualll 1aenssulunIsUNSNTULAS LN NTENYVD
prnednlUTuaslv
2.4.2 WadlWfinauainiausdau
Warlnfiflerniauisau (Partially Aerated Flames) & uidadlnfiinainnisiwn
st TnemunUsunaesenneUssanaeimiwesuSunaeniafisilulunsunlug Wl
mmﬁﬂ‘%mmﬂ?wﬁa%gﬂmauﬁuL%@Lwﬁdﬁaumié’umﬂ (L%‘Elﬂa'm’]ﬁsqﬂ‘lﬁj’i’] Primary Air)
Wanlndnwaedasilassadadu 2 4u fo si'?ugﬂﬂﬁmma‘lu (Inner cone) uazt uuan
(Outer cone) Tut14 Preheat @unanvowiawazaInIAazg i lndlaasdia 700 K s
1,000 K 44 Primary udiuvesufisemaniivesdiunay Wiauazeinia) dsgamaios
galafiandn 2,000 K
2.4.3 WadlWfinausiniawad
Warlniinauonianed (Fully Aerated Flames) dnwazvasdarlnaiiadazlaidl
d1u94 Outer Mantle voatUaaln Secondary Combustion Zone lesnusuaeiniad
Sududaddlunamnlng fmualdpnuaudriuidemdsdeudunuuda uwaglddndudes

odganFlaesaulallu

2.5 WarlvwuusruSeusazwuudulou

WarlWuszianane snadunaunanisnsnaundewmndwazans oondla wasl
wunaudouasnsaiatuldnuiademasasenefinauiunou (Premixed Flame) 7
g NIRANT 097199LAANITHANNG191N0DNANAANINVIILTENTNUAIW LU UNAY
Mends (Diffusion Flame) @98ns1nslnavesudasiadeudrei lunsainslnavesuia
seminademdwazoniadunuusudey Wwieadude wWadlwildasduarlwuuy
5738 (Laminar Flame) Lﬁlal,%yaLwéaﬁmwm%aquﬁw{’mﬁa fivaneiuadlilaziinnis
Jutuiy 99 Transition point fL3uAANsTuYw (LLamé’amé’uUiﬂugUﬁ 2.5) 9ADY)

doumasdmguvealali audemadsdanusteglugieduliu davadlwifeuid
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(%
[

Wanlwazdsuduadlwuuuiutau (Turbulent Flame) muumnmmﬂ?{augﬂmaqmm

Tluvusussudualndudiudamaniannnisiinanuisivesvedlua (Flow Velocity)

Laminar+~47 Turbulent e
™ Flames Flames

Height ——»

Fiow Velocity ————

1Y

JUN 2.5 dnwagnisivaveadaliiuusussusasiuutudu [7]

2.6 anmaiivasuadlu

gaunniivealadlnaziiArgiusos sevninenswnlvdiuaziladluiiiindu (8] Lile
= a a & a a o @ a & a o
feganigaumniveudomduinnisseinenassiudnueendlalgesoumngiuseunn 500°C
aduasduAgUnNsEndng 600°C fa 1,000°C vliiAaadlndunsadng gaumgisening
1,000 °C 84 1,200°C wWardlnaswduddu gaumgiisendng 1,200 °C §i3 1,400°C wWaal

Waswludmies uariawigamall 1,400°C Wadlhuaswludieudisuansdagui 2.6

Pale blue-violet outer flame

(oxidizing flame, temperature about
1550°C)

Hottest part of flame
(temperature about 1560°C

Bright biue inner cone

(reducing flame ranging from about
300°C near bottom to 500°C near top of
cone)

Ul 2.6 gaumafadlwildandiadla (8]
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2.7 Tassa¥wvaainiuadlnvasusnzuruneyy

Hemson [9] léna121 vazianlwugnzuriun vy wWadlvazinnisuuten
oonidu 4 Teu munuaniuazdnuuzveatallisuil 2.7 feeluil wWadlnieglnddn
v199en (Retention Flames) 1uadlifidnuasifudailiidng seuida Wednuwivar
Iwnsanandlvinsidednansenudiosmnuusiarliusvzusiunsvy ununanavoaUaaly
(Approach Flow) @saugniluleutiazudstunuanufwenisunviifiinnnnisma
serhademduarernia TeuufAseenisunlvl (Combustion Zone) Wuleuitdousey
nslvanufAsemaadifiindui sudasdrunanvoniomdrosendldieesluiiy
wandasiannsenlnl uagleuusnivanisiuilvgl (Post-combustion zone) Luiaaluii

Anduludruillunsivawuuanysal (Fully develop)

: Boendary Layer
Stagnation point
A )' ¥ 2 \(

Impéngement region
Wall Jet P

Post Combustion Zooe

[~ Rctention Flames

UM 2.7 TassadsveadniadrlvagUsnzuniumavy (9]

2.8 Mssemauiouvasdiniadlu

nsnsruvendnUalwlafinsfineegiiniiewns wszdianudidyegiannly
mathanUszendldlugaivnssy Awandlugun 2.8 dunmsrsuresinidadlilugaiiuig
WeruBnund et uikaniUdguanuseuariinisidirlunisseuieanuiaun1umnas
funanUad iy nswsrwresdnalWluduiuaniuasunnuiou danalnanis

a Y A a & PV v . aaa %
wanidguanuiouiliinu lawn n1swiauieu (Convection) UfAsenisaeainuseu
v oA

N191A3 (Thermo-chemical heat release) N15Wwe S48 (Radiation) WAENISAIULUU

(Condensation)
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o

DURNER

FLAME JET

- HOT S108

TARGET
......... — COLD SION
« (u)(ALI oOuT

TCHR

JUT 2.8 nsnsswrenivadlWludsiuianewy [10]

2.8.1 N15EMEMANUSDURUUNIAINNS DU
A1sNIANNSaUAINNTaLUIRN AU 3 USEAn AB NISHIAMUSDULUUTIFU
(Forced convection) ANSNIAINSBULUUDETY (Free convection) kagnISWIAINUSaUBUY
nas (Mixed convection) @eniswianuseunuutsduidunismanuseundrrymenism
AMNSoULUNURD Tun1sAnen sanemausouanarlninuunlianuaulanisanemn
¥ I3 [~ 1 Y] ¥ v o ) ¥
AuseuvsdnUadliluegreunn nsgluuuduuazinaluangaududuiigs il
| % P \ o & a o & A ay v
nsanemANuTauLUUNTHIANLSousEninaad lludsuiAnsulumatanlviaay
Saulmog195ints SnviedanunsalisnsinisanemausounsIaI Lazfni AN Tasund
mizhammm%@m’mLﬁmmmlﬂ/\lw'wuﬁuﬁaﬂdﬂ 80% Ldun1smANSouuuTIRU LAy
aa Ql' o = (v 1 v o [y I3 I a
FBnsndrdylunsfinwdnsinisanewmanuseudmsuidnidaiiviney Insundaluluunves
nsanaweusewdunismeuieuainidnidadluslugeiiutanwesy daduidndaila
1 ‘:’1’ a = I3 A A vo a I~ 1 Yo 1 =
Wapunuidalumalianlasuanuteudusgrunnuarlasumivanlasgaunnluniséine
AN UDNTINITANAUSBULAENITNIAINS U Ll oA usaulranlen1sunTugud
Anusvevetinawitiugud sxanunsananlidndunisaiemaiudousionism laen
nas1avesa g itutuiazduiuanuiiveseddua 8eanuiivesvedduaiiniuin e
NaFIRIRUNNTINN NaaINNITIINIIRTiatsanlagldngnsiuiivesindu (Newton’s

law of cooling) Tuaunsii (2.5)
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ASAUIUNINTANELNANNSDUMBNITNILAAINENNS
Q=AhAT (2.5)

Ao FUUTTANTNITNIAMUSOUUUNUR (KW/mZ°C)

h
=~ Y o A A v 2
A A9 NUNKUIRANLANLUAEUAINUTOU (M?)

A ! a [ a N & a o
AT fo nasinsvesgaumgivesdniailil - gaumgiiedeuuiuiy (°0)

2.8.2 Ufisen1sanenuiauniaad
<) A ! [ 1% v a sav v
Junalniidnisvdesndsulagnisatgainuseusenaindleendlawesilan
DA a a % A A o v A
nswingd WegamgiivesuaililAias navesrgauTouanasiAdigaiiunumad Ay
Angnannssuiiiuszninerneukareyyanateuladeniandmaliiinnisaewaiy
Jou

a

Tngvasiigamgiivesumlniidngedu mawlndvontailifanisnszatsaiu
SoulumudureuianludausnuiuifiBundt Ssnssuiunmsnsanuieumaniiinazys
venfenaln 2 UsstnnilasiAnduldun annraugamanil uaranmzmaiaiisemand
feanmeiiAntuagluduroumdnuatlineru wasmuendmnaaiivesdeuiiasinase
mafingunfivenvalnlaenss egrdlsinulunsinnismeanudeuainujisomanil
mnarfululdenmnaz alaense
2.8.3 NIWHTA

nswisednuFeuandviUanlasnsautaliidu 3 Ussian fe n1sunssduuy
laiiToauas (Non-Luminous) N15HHSIALUULT0uaa (Luminous) wagn1sUanldosndasnu
9Infiufia (Emission) Kagudl 2.9 Fendndnsifldanninmnindufademds Iud uia
advoulnoeniad uarled Fadunmsuiddlunsdilifnsemamontaili dmsuns
wfsannaifesuamentmimiAntudonsnindiuiioynaveaus Fansuissdaay
Loulunsdifviienuddyetanndmsunswlwiididemawnaiwasfemawds usoy
Liwulunswlvdidomduia wu ufadunu ufalnsm wazufasssued Wudu Tu
nsfnwinmssemanuieunnindar st uiinisufsdanufeudnatosuinly

TAUANTITANEMAINNS UL BN UAUNITNIAIUS DU
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Non-luminous Flame

Luminous Flame

SU 2.9 msusidsdveadanlyl [10]

2.8.4 A1SAULUU

1
a o v

mim'uLLu'u%LﬁmﬁuLﬁ'aqmmﬁuuﬁuﬁaﬁwndwqmmmmmmq (Dew Point) 270
naenlndufadomds dalethanmaslniufassiansndusiuazlanusos wasu
ponin datudtedastumaiinnismuntuuuiiufausuriasy mﬂﬁqmwgﬁwﬁuﬁmduﬂq
yufiinganigamgianinéns itedesiulethssimeainmanuiu
2.9 fulsddnyiitnadenstnemainudouuuiiui

fulsdfyfifnadenisdrsmainudouvui uirvesdnadlussudlaldly
msfnwty Sanduauyalremsinuaglisnmnisinavendomdensd anusnvesla
Tnlvyuaswuuraunou 33swmmhm/maaﬂsuaal,%‘wl,ﬂaﬂ%lﬁﬂﬁuﬁaﬁﬁwLUﬁﬂWﬂ/jwu Uan
yasenvesiniadlil Seiinadednumslasaiamslvavesdnarlwiinsuuuiiuin

2.9.1 anugvaaadln

dwdumswlndiiauyanimgud lulsuvesfizorvendnvadliuvunaurou
(Premixed flame jet) aziidnwazdudniiniuusnadiusenveadaily uazemdululy
wuunuazfidnvazldadimfuvinadiugenvendailil Teauenveatarlai
arwddsonisdemauioureninaliysuuuiuiilonss lunsdfisnsnislua
voudoindsnsiinuin Weaiudninislnavesennmanruemvontadliazanas uagaam
gvenUmsfindudefimafiuanuenludesnmfieonaniouslng daduis
vanldd uenndnsraunsivassiradomduazeinaiinadednunsiagauen

a9 Ua nLa) ANNENIVRINNBNTIDaNANNTDLN Ui
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¥
A a 1

2.9.2 528211991NUINNI9BNVBAANAINUR NI

3zaz‘m"mmmhﬂmqaaﬂﬁqﬁyuﬁ’sﬁLﬁmﬂmiwwwu (Nozzle-to-plate distance,
H/D) usuusiiddglunsfinunstemanudourendnadlrvseuiiui Wufuds
nénfiuandidiudsauuanisseriaindalieuiufiues indmlnbaseiouns
vy azfinaden1sdsunUasiianiansivanasfinadenisiauinisivaveadniaaly
dudeasuinlvd danysalvendnivail wanisnienmainnisnssuil ufaaginng
LﬂﬁauuﬂaaLﬁav‘hmswﬁsJuLLUaaiszzvmmﬂﬂmmqaaﬂﬁqﬁuﬂuﬁL%‘wLUa'ﬂWﬁ/jwuLLazLﬂu
G"hLLUiﬁwﬁiyﬁﬁwaImmwiaﬁmﬁLé‘mw'wu (Stagnation point) LazdRIINITANLNAIIUTOU
INNINTUTBAINAILH miLU?{auLL‘UaﬁzazﬁwqaqﬂﬂﬂﬂquaaﬂﬁaﬁuﬂaﬁL%‘wL.‘Umiv\l‘vg'a
yuinavililassafrsveauamlnagdnsnisaomanudeuudsundas Tasialuuiiamd
Svnsrulnenseazdsnsnistiemaiufouuiiuia Tnsnmeiigaquinatsiiiinysu
(Stagnation point) %ﬁé’mwmsmammm%fauqﬂﬁqm dlefleufuuinuseuy §58051n3

5

fewenufeugsanfianaudnansiivsssuariuegiu ssernnmiinmseonvesindsiuia
fiudvneru warlasaadranslvavendnnoudiagnsry Auia lunsdidmuaisgaves
Potential core Wenuiuia axlddnsnisaiemanufouiianqudnatsiiinyssugedian
idesannislvaveadnilumusunagiidnudulau (Turbulence intensity) igs usinsdl
sgpranUInvnsgenvesiviaiuinfidvrissusnntu Shsnisdemenufeuiisagudnans
fivsruazanas osnlusudiuvednissuiiuianas
2.9.3 dnsrduENYa

dnsduaNyaiinasauulitlunsifiaiiua sEAuNTUeNMIYBILAaINATTHA
Insfudndnst masnlndidemauazioondlawesiidnmmamvidlndnawnlndnig
nguife Tanvazmasnlviifauysoiinavihligamgivontadlniiangagn

2.9.4 159luanuLUDS

' v
S a = 1

dnsunisunininiietuaivewssluaniuwesnladudimruadnuasnisive

gaudnatlil dsluiaduduusdrdgdmsunisatemainusoussadniarlvn sy
! ' ! v ¢ ! 14 [ a1 a X Y !

Hargrave wazAniy [11] na1adnadndnisatgimauseuvasdinailuianiuduiac
sgluadduiuesaalu lnen1sAwiamansgluadduiuesamnsanlaainaunisnuans

s Ul
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A1SANUIUANUNUILUUN AN TENINTBNAILALDINIAINNANUFUNUS LARI LUANNST (2.6)

IOm :Zyipi (26)
efl Y  fe dediuinavesarsesrusenaunilsnediuiuliasi
P, AD AMUNUILUUTDIENTDIAUTZNBUNTN (kg/m?)

ASANUI NP UNLAN AT DLNAILALDINIAINAUAUNULAAI L UANNTA (2.7)

z"‘ij\/Mj
p = eITINT 2.7)
ZXJ‘\/MJ'

e 4 fio AUntinvesansosrusEnaunile (km?/s)

X: A9 FAd1UTWIUINATDIANTDIAUTENDUNTIRDI1WIULNATIU

M. fieo uninluanavesansesdussnaunile

Tnen1srLsdluantuuasanuisamuinlaannaudunusAaLansluaun1si (2.8)

V D
Re = Pn¥n™ (2.8)
Ha
ooV Ao AMULSIRALURILAE LPG NALDINIATNLNGA (m/s)
m

D Ao WurumudnansUinmnsesnveuivailyl (m)
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2.10 mumuenansiiieates
2.10.1 Mumuenasitieadastudnialluuvunsunay

Zhang uag Bray [12] léfnungusauaslassaimendailil wagldauofiugwly
mswnlnfveadnualvivjsruld 5 uuu Fsannsafasanldannsmaassmeujiseives
L%‘%LﬂaﬂWwﬁ%uﬁuﬂ’ﬂﬁLLﬂ' Conical flame, Disc flame, Envelop flame, Ring flame tay
Cool central core flame Wouludinanduduinarogusvenvmlnuaziafosninues
Wanlllpanss

Cremers wazay [13] liinsAinwdnsnisanawainudouninniswasuaauin
WarlWuuunuSeuiiinsnauneu nuindasnisaemanuouazanasuinniioginmn
agmaamsuaq%”’u Primary cone LLazwﬁﬂﬁ%u Cool central core flame anassing

Remie wazany [14] laldlusunsudnasanianamiansaiunisiva ANSYS Tunis
$raeamslvauaznisiemeufeuuuiiui eBusufunansinmeiidsiuaeiild wut
naanTaesislikafidenndesiy ndsanniiu Remie wazaniz [15] linaaasinnisnszans
yosgamnivuwiumendiigniumiuuunauneuszuiefivunazesndiou Ingldineiain
mM3Fosannasindoumeslunmiinieanied ileBudurugniosesaunisanuduius
yowdndnismenufeuuuiuiafildannieseideiaiay

Tuttle uazaae [16] Iihn1sAnyinisnszaevesndndeufouuuiiuiiafigniin
Wanlnlauszwinsdimuiazennaissussanduiiui Tumuisedlddnvnavesdandi
auyaonds Aausdluadifuued warsvgisssarinsunmsoondnduiiuiadiSny s
wazAnunlassaiwestadlnlnedsanenw wuinildeulvszossjswuiiosnin 14 w1 ves
yuraduRugugnaUnneeniin Wadlragddnvaziaissuazilassadradaqlni

auLms uAflszazsrugendfingn sxdunaiiunsduesuamndadunaanusiassdanh
Tadlllsiiadios Wadlwifmsnsdimauyariinii 2 axilassaradualidnuuunay
fou uwiizuansdnuarlassaiamliuuuunddedshndiuauyageiity vanainiinisiia
Snsduamyaaziinavhlimlusinasiifivunfinty luwasfialliiuinasiumds
dndaszuagiunusiiinysyuiivueliasuuvas idndnsanomanuieuveauarlu
wuurANnouaIzgIndmesUa kUL esnnismennudounniuitveayadliay
TIN5

Tuttle wazany [17] ldvinsidsunvasidndanudeuiinauansiietuuay
memam'ﬁl,ﬂ?{sjul,l,ﬂaﬂugﬂsuaq RMS (Root mean square), PDF (Probability distribution

function) wag PSD (Power spectral density) wurnUadliuuunaunewarlinisudsunlas
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yesndndanuFauLuy RMS uazdnwazreinnuiszyaendslasiainsveanisiva uuy
myuufiinrnuseesiilufunisivauuudeusswiufiaoniasoutivonafiogsou s
Tinansetuiunsdlveadaluuuuuns

Kuntikana waz Prabhu (18] msldiinarliuvunannoulaonisfad sl dng
Snwnnidoaduifeuldlugnamnssuduegannlutiagtu ddunsmaaesidlddnw
uansznuiiAnnalFindaliuuuraunousssiyuusnsusunssy Snvislunisfing
adadlusiunsruildlunsfnunisdiemanufouaszndssmunuildluns@nwinisoiew
arwoudnine lunsinwadsdilensufenisdemanufeuninuiuiafidnuailis
vu Tnoimunanssluastuuesfildlunisfinund 400 f 1,200 isasdruauyaminiu 0.8
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sUomns Wudu annsnumuenatsnuinnsidinailinyuasilassaiaatiosndi L
auluvazldnudsiuisuisudunsalilalwiuuvieniaiuisafieiniasau s Uinnisesnu

wanlugwadllddndinsduvuie Weidisudunisldidniailvnsyunuiuasfiaand du
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Bosaruannsalunisdiemaudouuuiiuin Warlwmuaauglgngiuiainisdem
mm%’auﬁaﬁ’]LamamaaﬂﬁuﬁumuvﬁwuﬁLﬁmmﬂmimuﬁ’mmmaﬂw danalyinisaewm
aufoulpgldiindanlivyumeassuiuiafiengeniinsdldidmualiuuuviesnnds
20-80% Vet nmsasaadlivguasivarszuuuy Biendu mslduiutnaemdiluly

daieasanislualiisnismyuindaduisnsidudon wazdsenmniiluldass

2.10.5 9943199739
= v ! ! 4 14 4

nMsanwilallnlagi@aunuuvionuin wWadlwanansalvauouasldiane
s lnlsnglaensaingy willelSeuiisuiualivyuas Wadlnieenudanvue
viueenilurininwazannsalimudouldainane wananinuin Gilafinisuszandass
eansanszuannisludiadafiarunsavitlidunauilvacdanaiglunssuluwunduda
AIdsdnAnnwIAnlnenisaaviesnsivanyuaitluiide wasdndiunaudnunluiesaing
nslvanyuale wazifinnssuduwwdudaiioibiiiaailvinguais Snviaduzesndiely

nsingaazaunsailulylaass
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uni 3

YANARDILATTUADUNTIVY

Tuund 2 lanandainmsiiiunisaemanudauuuiiuriniedsnsladndasluns
< (Y = 1 1 [ 6 ¥ 1 ! LY

gudunan nnsAnwinuIndadlinswugnihuidssgndld fued1aunsvangludagdu

Y o o 1 1% & a Y < 1 [ ~ [
wanNuudnsiINsaremauTeuvuiuialagldInUad linsguiwauioully
Uszgnaldladinedulugpamvnssy dumlulunuidedfadunsiauinisiiunisaiemay
v PN P Lo 1Y Yy v - v
FouvuiuilagldaniailnmyuaisUsneiaunsu sremsasisiomyualuielivesiva
A v v [ [ a < [ a % a
Mdunneluiessuiulusududaauindudndallinyuaniawisalianuatesly
nswnndlafnindaieuiisuduiailiuuurie Fluund 3 nantagannasiiaziunou
Tunsvinidefanunsoutasenilu 4 dw diuil 1 Aenisiiunisanemanuiouvuiuig Ju
NINARBINENIANNGIRITDI AT UANTIMINzaukarlYN1sa8mANNTa UL
lpangn Tudwi 2 Wunmsfnwilassadwesvalinyumiswuudasswazauziladlnmygu

& a v Y  aa = = v o i i
msleneiuiisiendesmanea Wunsnwlassaivvesdatlniilina dennisaewmany
% & a | =i & = % & v
Fouvuiuialaense dun 3 WJunsfnwinisnsgateauieuvesindaitlvnyuaidagld
wmallAN15aN8A LU Schlieren Wunis@nwinisnszaneanudoulagldimaiinnisinmaes
uasdmsugnsasuuUasesualivaziinnsiuisusaiaumuiniureves lvaile
sonaninnsesnvesiasiulailvyuais wazluduaaredunsingamgivesdas

Il §adveadadlnaunsavaventatgaumgivesdadln Tudruilazdunisingumgives

WanlWlushveaUalnmyumanuudasslagldvesluduilalndeiia B 10udain

3.1 Tumaadradadlnuyuatsuasindsinldlunsfin

dmsunisasenisiuangumsaiunsavilinaeds wu nsvyuvioldn nsfaly
v v oa d' ! [ ! a L= A ' @& A v !
JaAufian1enuinnIsesnvemiondn nMsaenuiasedneansauriudaluviodnilanaidlily
uni 2 luduvesnuideillaasianisivanyunidagidnistvdiunansuluwndudaniely
wosasnenislunanyuals Feanugfidenldisaanan Wesnduisnisiaunsoaduas
inlufinnsladny lidudounasdalivanfoligseinlunisunsesnwgunsaliliodisuiunis
asanstranyualelagldwiuin

JUN 3.1 uanslumaliviuanlivyuanfiasiiuiazdnuazvosiida lnegiuves
v a 2 o @ v a aa (% [
Wianafraladrlivyunisiunnvdnduaiduidanunur 10 mm asawnunateiadugy

nsensrUanTdvuIaduuaUEnaIaviniu 20 mm a0 5 mm lnenseningianaisasiiuy
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o

weneonivananie Falinddindansavuin 5 mm wagasausianlaswuuniuesnigniay
JunzgauuuAunuIeiudsullumad e wiaiiomas uenaniddldmatianig
Idunannidmaweunaesstssuiuluiuduiaauianisvyuangluiemsanszuen

asamsivaduiteriliiAnailvinguais

— b, —>|
m B 1
P i i
H 3 |
1 E i
1 = 1
1 = 1
T ! i
H [
H i Q i
=t
: D=35mm !
i s s o e MO S el 1
‘\@ winan AA’
Gas inlet

5UN 3.1 lunaasienisiransuais

mafmsiemansfouveLiniUalimyunsdndudosdnulassairsveadan
ovsuaadududuun Sntsdveatadluivsuamsannsovenivgumadveadmliildan
mawlnsl Fslunsdnunlassaiisveaualninyumnagnsaiomanufousasiiinda
IWwanumm'wuﬁuﬁ’sﬁmmgjwmﬁma%’wmﬂwamguma H=2.2D, 3.4D, 4.6D, 5.8D way
7.00 Tneldufa LPG WWudleinds uarldernmaiuoondlawes Faihnsusudammsivaves
Lﬁ??aL‘WaqLLazmmﬁﬁé’mﬂﬁhuam@ $=0.8, 1.0 uar 1.2 auddu agldrseluadiuuadi
MBUInARdan Sainiyu Re=2,000, 4,000 kay 6,000 ANUE1AU UBNAINTIUNTAN W
auanasalunstmanuseuui Uit vualisreiaserin s iniaukunsuiildly
nsAnwlAmindy L=4D, 6D, 8D waz 10D swdsuuandluinalugud 3.2 dmsuiieuly

warfILUSALEluNSANYLanTluANS199 3.1

A13197 3.1 TeazideavasiiulsuazRauluiildlunisnaassveadmuadlnnyuaas

w3 Jeyanwal ANAUAAT
mmqwmﬁma%’wmﬂwamyuma H 2.2D, 3.4D, 4.6D, 5.8D way 7.0D
ANsgluantuLUDs Re 2,000, 4,000 taz 6,000
PNIIFILAUYA ) 0.8, 1.0 kag 1.2
FHLNITENINANT R UL L 4D, 6D, 8D way 10D
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+«—— Impingement plate= 400 mm ——»

£,

Camera

Square dimension =35 mm-

|
Mixture inlet sy [

Diameter of
swirl chamber = 20 mm

=== Mixture inlet

JUN 3.2 Tuwaliviuad by ueanssuinui

v <

wenanilaimanismaassvesdniuailinyuauisudisudiunsdlvenin

D

(%
a Y £

WarlnanidanuuveluideswesaNaIunsalunsaemANNS o UUUNURY NITEUNIU

N

AUGNANVDIIAALUUYDHVWIAWINTU 8 mm WagAHEIveTAALULYIBLTU 100 mm

Aauanalugun 3.3

=8 mm

100 mm

J ——

T

Gas inlet

UM 3.3 Wnailvannidauuurie

dmSunMsUSeuLieuTEnINERnAnluUyEAkask UL gl dNuNnnAn Yo
4911 a o Y v a 3 a val W I [y P v a I AY o W
Weolnasilvaninaanageseialviouamindudunan iessanidawuuveidedinalu
nstdau lunslddnsdluaniuuesngedmalndadlnladanuiaios dudie Judenlden
weluadtiuuesi Re=2,000 Faduansdluadtduuesiivnigatuaideiiades iiensiuds
Tassasswonualnidanuuananesiy uazanvazasalarlnlusasdiunaunuinty way
fidAAan1satewmanusauvuiuitvesinuallnluusazadamanindanuuanai

ag1absluknaznsanlalunisane
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3.2 91UALIDYAVBIYANAADILALIINITNARDY
= = g & v \ a = v &
yaneaesnldlunisAnwiasaiivsenauludie 4 diu fie nsAnwlaseairaveudn
Wanlwnyuade n1s@inwin1snsgateanuseuveainiailinyunidasmaiinnisaienin
WUU Schlieren n1s¥ngaumgiveaiadlnmyuais wazn1sinaiewausouvuiuiilagly

Wnianlnmyuassnzusiumavy

3.2.1 YANARLY

Ul 3.4 uansyannassililunisiinu lnenisdnwidenldiuamlnluuunaunoy
Tngldufia LPG 1udowmds warldonmduseendlawes dedunanisansuingninuay
NdmuauAufusuNeiines (Pressure regulator) asiinasniianvuginsnaass
Mndudeimdswarermaluarinusiansesarudu (Fitten) tonsoslotuasdamndng doud
dlsn1fiimed (Rotameter) uaza1drdnivuiudnanisivavod oindauazoiniea lng
13 aa¥AAIu Y (Pressure transducen) vn1sTnAuduTentomdauazoiniainads
ndsnsnlsndineslinaivindy 0.3 mbar uaz 0.2 mbar mud iy waglvaiigionas
(Mixed chamber) fintelusauiulufiognimdnauia 3 mm Tudadu 3/4 vesUsunsves
way oteliidaimAauarenmanausuldfnndsdu Sniadadudniadeislumsanniaia

wWailnlvadou (Flashback) feudiunalvasenaindanauiieringi@auailivgunis

Y

l_ Cooling tank Pump EValve

. (%) «— Data logger

=0

Regulator

Rotameter

* _ Thermocouple

Mixed chamber Rotameter —» |8

Water outlet Water inlet
Heater chamber

Pressure monitor

Power
controller

Thermocouple
5> Temperature controller

Swirling chamber ( Burner)

UM 3.4 yanaaeanldlunisinw
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wenaniludiuresyanaasifnfsssuunasiiuindmsunisfingnisaiemainy

FouvunuRalaglddnuarlnimyuarsisuiuiy Wnglddugaihanduiniididssuunae

9]
< = a (Y

By Fehulsanfwesdmiulsudnnnmsivavesimldlunimaaes Bnvisiansyaaiuay

gaumgivenneulvatguruay

Y

3.2.2 3n1sAnulasesadsvaadinilaninlaundasnanea
TAssas19vaUadndnasn on1s0 18 mMAIUS aUUUN URITAenSY T sludiuvea
nsfnelassaivendailnnyuadlasldndesidneanionmaslnluvaesiiuallud

Ansafiosianawsuislugud 3.5 lumsfinulassaesdailvinyuaisuudase

Swirling
flame jet

Swirling flow
Tangential
premixed Air/LPG Tangential
ixed Air/LPG
——) E premixe
<

JUN 3.5 Tumaanlivyuaiedase

5UM 3.6 wansuruiaUadlnnyualaUsneiuiowiuneasy wenanivinnisfng

Y 9

lassasaveninuarlndaszuazilalnssuiuianldanidauuureindanuunnsiiu

Wnanliildaniidaasisnisivanyuasegisls

«— Impingement plate = 400 mm ——

;.

Camera

Diameter of
swirl chamber = 20 mm

Square dimension =51mn-| gl—
|

Mixture inlet sy |/'

(k= \r:ﬂ === Mixture inlet

JUN 3.6 nstennlassadisveniviailuueaUsngunumy
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uananildvhnsAnudvenuarliuiinainnsesnuarlunsdiiailnusny
fufususulunzelndiiansovenldfoumaiveadmlniildanshidsluudasyia
dothnsfnwlessaditldunfinnsandsavssnsdiemardeuvuiiuislusdusoly

n1sfnwlassasisvenlailivyuasuudassuasiasiasivaadailnnyunig
Ugnzusiunsvu Ssseuyavaasignaguluseiniadmdmiutlestuliliauiaiuyanaass
VUTNARDY mﬂﬁ”’uﬁwmié’qmmLUa’ﬂWMmqumaﬁaaﬂmmmﬂmaaaﬂiﬂLﬁmmiLU?{auLLﬂaq
JUSN AeAuadies wagldndesidnea (DSLR Canon 1200D) Wudiduiinamadlnmau
mavazynsmaaes dnsunstiuiinamiadlivaunssnzusunary Turussyudivh
femanvuianiaiady 400 mm ALY 400 mm LaTIUIAAIAMUY 10 mm
Qﬂﬁmﬁgwwqﬂmuauﬁmmm 2 unu (XY-Transvers system) AIUANNIUABNAIADTEMTU

[ 1 | @ =¢ 1 1 ¥ 1 1 o Y P~ =
N5USUTTEEIeIEninaUInMeeendnisununavuliegawiug wazdwlsnldlunisfine

lassainvadUalnvyuAIaAI NS 3.2

M19197 3.2 SwazideavasiulsnidlunmsAnelassaiisvaauadlnnyuns

AauUs Joyanwal AAUAAT
mmqwmﬁaaa%’wmﬂwamumq H 2.2D, 3.4D, 4.6D, 5.8D way 7.0D
AsEluanuLUS Re 2,000, 4,000 uaz 6,000
NIIFINEUYA ) 0.8, 1.0 Lay 1.2
FPUEUNTENINLANTURUNITY L 4D, 6D, 8D waz 10D

3.2.3 3nsAnenisnszateanuieuvesiniuadlivyualdeeldinaiianisdignin
BUU Schlieren
BoswagAnwinianszasanuiouveadnivalwnyumauusaudeulunsdves
Tassaauamlwdasy dslunmsfnudnuaznisivavesualimyuasliinadanisaienin
WUU Schlieren Fsuansdnuaugnisindsmulugudl 3.7 Tnsnsiasenszaniiiddusinu
gudnanaifu 300 mm uaglvinrmemveageliiaiiszey 3,000 mm nszaniisansns
oglufiamenssiutuiu Weuamingadudagndaduasiaousiuadai fvuinaiduniu
gudnanawiniy 3 mm detsduliuasanevunsraniufuiufintidavesnsyan uasiins
pssludansganciuiivisgnidediulnudnualinuasidogssrinanszaniioaos

BU WATNITINVINUIUNADIILYIIYUAY 15° AUNTLANVIIUIULTN FIDIINUULAINAETIBUIN
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nsganviniunaesgnawiuasandsludavuindnd msudagalnian dauinduniu
AugnaIsfisana 3 mm anduwinsusulufiaiidagalidaiissdndesiieifinauaudn

Y0930 waznMlasiasauaugnUuiinnanundaanausage (Hish speed camera)

\ng High speed camera

UM 3.7 yanaaesdmsuAnwinisnszaeauioulasldinalianisaneniniuy Schlieren

Schlieren WWuUs1AMSAUANIINNTTHALAD OIS LﬁaLUm"LWMgum«,ﬁmmsLm
Tnstus i uinniseen vilduasasiousyninanszanaesuiuisuIuiy 39a1u150
woniududnvaslaseadisanudeuvenladliitinananunuinduvesuias oud
Wasuld lunsfnwnisnszaeanuseudenldanssluasiuuesilnasadswaadarly

a - ¢l Y P 44' Y a
NUUANDHFILNANYIUNER ?IQG]'JLLU?LL&%NEJUI‘UEJUB] falandlunisei 3.3

AN5719% 3.3 s1gazienvasnlkystaziiaulunldlunisfneinisnseaneainudau

w3 deyanwal ANAUAAT
ANNGIVBIVRIATIINTT Iany LA H 2.2D, 3.4D, 4.6D, 5.8D uag 7.0D
ANsEluantNLUS Re 4,000
PNIIFILAUYA ) 0.8, 1.0 uaz 1.2
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3.2.4 Fn1singaungiivaauadlnnauais

gaungiivavenislassaiivendadln Fsdndudesdnisingumgiveadailu
Foreu nmstagumgiialnlagldimesluduilaviin 8 (Thermocouple Type-8, 70% Pt
30% Rh and 94% Pt 6% Rh aunsninguunilads 1,800 °C) uandluzuil 3.8 fignfinds
UUYAAIUANFIUL 2 N1 (XY-Transvers system) dwmiuindoufiainluaslil ddlunis
nasostaduliaevoaesludiladufatuadlilnenss iliusnamvowesluduida
Zowanduduas suAnnmauifedlunisinusazeds ilvigungivesuarlniigninlasines
Tududadidtiosningumniventadlnais iesnanmagyidslnensuifsduinua

WvounesluAuila (Bead thermocouple) ‘vi%aL‘fJumiqzy,Lﬁammmawwmm%’auuazmiL.Lm'

e

WFdussenevaievaaes visedwalitinnisadenieanuseuvausmesiudliUaduda

a

o

Auaililagnss anmsgadeiinadisdusiafindulavugyiinismaass 3alaviinis

]
aday

farsannisagydeninuu [32] Nanunsarmuialatenmgiininldasavesiailinguais

3‘1]17; 3.8 wodludiavin B (Thermocouple Type-B)

ananensingaugiluusavanvesuailnnyunisisandusun 3.9 Ingviinis
Tadumesluduilalvduiaiuiailvlaenss nsdeudivesnesluduialunusiumiauny
X uazwnu Y gnUsdulagyaniuausmumia 2 unu (XY-Transvers system) gaungiveailan

[y

Infgnimduarlnmyuaisiuudasefidnsdiuauyaviniu ¢=0.8, 1.0 uaz 1.2 Audeiu
= a o s o s =l % a a a )
wazAnwinansdluadduuesnilasairadatlviadiosnan aungiiveauailngnyudin
4 1 d' v = 14 a N = o o a a
Tayan1uLAIoatufintaya (Data logger) warvmgamgiad uiivetluAuingamgiii
a = T A } 4 U 3 d’l g a Y v
Asaunsgadslunisudsidausousaly Nidnsingamgivesuadluldfudsuas

Haulvlunisneaniniumisen 3.4
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Thermocouple Type-B

e

Burner exit

JUN 3.9 9 dngaumgiiluadlnivyuniedase

q Y

M13199 3.4 eaziBeavasiuwlsuazRaululdlunsingamgliveaadlv

AauUs deyanwal ANAUAAT
mmqwmﬁaaa%ﬁmwﬂwamguma H 2.2D, 3.4D, 4.6D, 5.8D way 7.0D
AsgluantuLues Re 4,000
PNTIFIUAUYA ) 0.8, 1.0 uag 1.2
qmi’@iuummef?aﬁ’uﬂ’mwmaaﬂ Y 2D, 4D, 6D, 8D ey 10D
Y atunwisatiiulinnisesn X -2D, 0D uay 2D

3.2.5 33n15ANYINITANYNAUSDUUUNUR

Tuuiddeaduifitsnmsianisaramaiudouvuiuiivazidnailinguai

(%
& a

Urnzituiuvseandu 2 38 loun nstamsanewanuiouedsuuiiuiniiniasy uaznis

[ v 6 1 14 =3 1% < 5 v 6 14
’Jﬂwaﬂsﬂﬂqiﬂ’]ﬂLVI?‘YJ’]MiEJ'L!“UENLT\]VILUG’JVLWVQU?‘YNWJEJL%umi@i’mﬁ/\lﬁﬂ"ﬂﬂ'l']iﬁ@u

¥ '
A a A

(1) msfamsanemanaoueds uuiui L vy

msfamsmemanufeuadsvuiiuiafiinar v uasuusiuns
Tnowsursvuilflumsmesssdusiuaunuaauuuusifiaumviiiy 5 mm fanuning
Winfu 400 mm uarAMENIWNAY 400 mm TasAsnansvesusurjswuivesiadududsin
dnwaignsanszuondusiuguinataintu 150 mm warusenunderugaviniy 25 mm
UnuduUuTeILHuan A gasaLil ol uidmsuliidwasieandanan sy
sUft 3.10 Tenelufainnasnssuonduludethanssuundeifu titlvadunaneluds

WinnsanszvanilidmsulvaruinuiisuluvesurunssuiawanUisuausouvaeiiuad

¥
1 v v Y Y IS

TrivigumaUengMuEIavy wagTaURIinVSINTEUBNILVNMBAUIUTUUAILAINTo U

9
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APUNUIVBIK ULV 25 mm iiedesiunarannisaadsluniiuseulunszuiunis

LaNUABUAINNS DU

Water outlet Water inlet

Impingement plate

() weuvisyunlyase (@) Tmauaunswy

UM 3.10 (n) ulunsruldase way (v) lumausdunsyy Aldlunisin

A1SAEWAINUSDURAYUUNUR

Felumsneasyinnisanawmausoundsuuiuil Tdszuuivastduinnan

(%
v v o

Wluimdednsduneduay Medlssuuivaedunldlunisnaassingedariidndu (Cooling

[

water tank) Fenreluslvnaianeuasdrnsulranudunnin wazdiiinaunall PT100 Ia

q Y

gaumgiunlasuaninawuuAdnea Juunazgauiandaiindudngndmsdudisnfives

11 (Rotameter) Aillidwmsudsusnsimsivavesiilimangaulunisneass uazid1dyn
AIUANE NN VRIUN (Temperature controller) Tagunlasuausoun1uganasiuUn

(Heater) ¥u17 1,300 W iieaunugaumniuinaud guaunswuviniy 40°C uagilounlva

¥

gurumary TuuSnaumadivesuiunuinfwiningamgil PT100 dmsuingaumgil
g uarludruniseeniivesudunavuiinnwiningamgl PT100 WWudaringaumgives

ihw1een Gsgamnivesniiiinldgnifunariueiossuiings (Data loggen)
Tumsnasosianstewmanudouadsuuiuialasnisingumnivosindn

uaztheenvesusiurssuvne iAW umsssuiuia o fuaiien Snsnnis

demmnudouRsuuiiuialdfanisd (3.1) uas (3.2)

[

& A a P ° v &
WUV]LLaﬂL‘UaEJ‘UV’]'J'nJiaua']N'ﬁﬂﬂ']ujiuvLﬂ JU

2
A= P pate (3.1)
4

lpg D Ao s uAudnaesiuikanaguAuTou (m)

plate
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NANGYDITNITINTAYNAIINS DULRALUUNURIEIUITOAIUINDN

g = TeeAT (3.2)
A

1%

g A As fudiwanilasuamnuseauszuinadailiduinvasidu (m?)
M fe dnsinsivadenavesii (kg/s)
p

C. A9 A1ANIoUTNNIZYeIln (k/kg.°C)

AT o nassvegumglsenitadiiazineannwRumagy (°0)

ludruvasnmaaeaiiiguaiunssugnauaugamgilivindu 40°C Live
LdliuarlnmyuadaUensuiunaruinnNIsAI UKL o U UNUR IR UHITUITE RTINS

nAaed logungiveniiAuaInuLIuswiNsAuNan1Inaaes Tudiuvesnisiue

¥
= a o

guvnivenhiuandsumiufeuvuiuingniuiinuaseiiowailuivuesengiuiag
amnuaos Liwasuudasguiwngnaass wagluszvinsmseassldiuiinlasiaiisves
Wanlvivyuasgnzuiunssulagndesidnoaiiiedunadnuazvoslasiaiaaliidea
sonstemaufeuadsuuiiuin Ssutswardoulaiflilunisinvinisaemanuieu

AIUUTNURIYNUARINATIN 3.5

AN5199 3.5 519a208AYIRLUSHALN Ul VN T INNITAENAN S DU AL UUNUR

AuUs deydnwal AAUAAT
Sasmslnavosi i 0.033 kg/s
otz dusiumsy T 40°C
ANNGIVDIVDIATINTT ANy uA H 2.2D, 3.4D, 4.6D, 5.8D iag 7.0D
ANSIluanuLues Re 2,000, 4,000 waz 6,000
PNIIFILAUYA ) 0.8, 1.0 kg 1.2
FEHTNNTTWINUINT LR UL L 4D, 6D, 8D ag 10D
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uenniiflensuisnuieunnalivauasiiliudfufousunsey Sadinnsda
UsyAvBamvneadeu [24] veadniadlvivaunsiivengiiufawsiuser Tunisdiuanm
aufouvendamdildlunisanuasusaissTuasduiuesivafu Re=2,000, 4,000 uay
6,000 RNUEAU ﬁé’mwd’mamgmmﬁ’u $=0.8, 1.0 war 1.2 TunnIzeznaseninudniawey
waruuazynATIgavesiasadnslnansunie feiinannufeureadomasildainnis
wilvsfanunsadwaildanusnandewas LPG Aldlumsdneinisanemannudeuadsuu
fufa anunsadanildanaunisi (3.3) uavdssansnmmnsanudouduinildanaunisi

(3.4)

YSunannufauandsunandemidmesuailnmyuaislunisenlndanunsafimain

Q= My LHV (3.3)

fuel

e m, , Ae 9RsINISIaLlsnaveudalngs LPG Y (kg/s)

fuel

LHV fa Apnnudousnvadends LPG (k)/ke)

UszAnSammnamnusauanunsamuialaann

n(%) = ‘Q x100 (3.4)

fuel

el Q Ao dwsiMsaemanuTeuRdsuunuiNUalivyuavila (kw)

Qe A9 USunaumnuiouvesiiowmads LPG flaainnsnivgd (kw)
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(2) matandndnistremarusousuiiui

msfandndnstemanufeutuiiuinlnelfiduees anisdieimenudon
(Thermogage heat flux sensor, TG-1000, Vatell Corporation) éﬁLLﬂﬂﬂugUﬁ 3.11 Jun
FuruAudnasveaduwesiandndauseurindu 4 mm uasdveswasiudiidues
vadushugudnatayinty 38 mm vnmsRakikiuszuy XY-Transvers system dmsuidy
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Uncertainty of Reynold number by using premixed flame

&y [(dy N\ /8y N\ oy N &\
7—[(5)—3&1) +(a—xz’“2) +(6_x3x3> * ---(axn)

Table 1. Uncertainty of measured parameter.

No. Parameter Symbol  Instrument Uncertainty
1 Dimensions mixture inlet

Square dimensions D Vernier scale +0.001 mm

2 Mixture flow rate Q Rotameter +0.02 m%/s

Table 2. Range of uncertainty in the computed parameter for the experiment data.

Sr.No. Parameter Symbol  Values Rang of uncertainty (%)
3 Velocity of gas mixture Vi 9.88-29.5 5.043-2.985
4 Reynold number Re 2,000-6,000 6.071-4.514

To find the Reynold number (Re) ‘

e Density of mixture

pm = z:yipi

’ (s © (s C (s y ‘(s 21"
- - /%
5pm — [5yalr ] + [ 5pa|r j + stHs + CaHg 4 CaHio " pC4H10
P yair P yCaHg pcng y pC4H10

C4H10

0.5
5on (0.001)2 +(o.omj2 +(o.ooo1}2 +(o.omj2 +(o.ooo1)2 +(0.001}2
o [\0935) "\1.164) "\0.0455) (1.776) "10.0195) | 2.416

=0.00578=0.578% ~------------- Ans.



e Viscosity of mixture

_Z/uixi\/lvTi
Hn = ZXi\/NTi

s (e ¥ (¥ (M. ¥ (Suen ¥ (0% Y (oMo, Y (. Y (oxe, Y (oMY
H = (ﬁj +E Xair] +[ air] + ’ucaHB + CaHg + CsHs + CaHio + XC4H10 + C4Hio
/um Iuair Xair Mair /’lCSHS XC3H8 MC3H8 ﬂC4H10 XC4H10 MC4H10

0.5
Sty ( 0.01 jz +[0.001j2 +( 0.01 jz +(omjz +£0.0001J2 +(omjz +[0.01j2 +(o.oomj2 +(o.01)2
i, 18.75 0.935 28.97 8.29 0.0455 44.1 7.53 0.0195 58.1

= 0.0267 = 2.67% =------------ Ans.

0.5

e Velocity of mixture

— QLpg + Qair

Vm
A

EIEESE
Vm L Qair QLPG ,OA

0.5
oV, ( o.ozj2 +( o.ozj2 +(0.001)2
v, 9.4 0.48 5

0.5

= 00504: 504% ————————————— Ans_

e Reynolds Number

Re = Pn/wD

My,

SR o ¥ (su X (v} (sDYV ]
_e: ﬂ + ﬂ +| —M +(_j
Re Pn Hr Vi D

0.5

2
5R—er: (0.00578)2+(0.0267)2+(0.0504)2+(%01j }

=0.0607 =6.07%  ------=------ Ans.
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Uncertainty of Nusselt number by using Thermocouple Type-B

y

2

0x;

(0 4 (2

T X2
x5

Table 1. Uncertainty of measured parameter.

2 2

) (o) ¢ ()]

No. Parameter Symbol  Instrument Uncertainty
1 Dimensions of Thermocouple Type-B
Diameter D Linear scale +0.01 mm
Length L Linear scale +1mm
2 Temperature measurement - PT-100 thermocouple +0.05°C
3 Velocity vV Hot-Wire +0.01 m/s

Table 2. Range of uncertainty in the computed parameter for the experiment data.

Sr.No. Parameter Symbol  Values Rang of uncertainty (%)
1 Reynold number Re 0.34-1.98 4.788-4.032
2 Nusselt number Nu 3.18-6.87 4.822-4.072
3 Heat transfer coefficient 74.89-161.94 5.092-4.322
4 Temperature of gas T 1843.61-1086.81 10.52-9.06

‘ To find the Reynold number (Re) ‘

e Reynold number (Re)

Re

oRe
Re

oRe

Re

_wD
Vv

GRGRGIl

=0.04032 = 4.032%

0.5
(o.mjz (o.m}z (0.001]2
=||—| + +
2 0.25 1.786

‘ To find the Nusselt number (Nu) ‘

e Prandtl number (Pr)

Pr= Cotly
k

9

2 2 2705
SPr (5(:,,] (5;19] [5ng
= + +
Pr Cp g kg
2 2 2705
oPr 1 N 0.001 N 0.0001
Pr 1704.7 1.786 0.0177

=0.00572=0.572%




e Nusselt number (Nu)

Nu = 0.683Re** Pr®®
0.5
(2 (a2
Re Pr
oNu

W [(0.040315)° +(0.005724) | *
u

oNu
Nu

=0.04072 =4.072% ------------- Ans.

‘ To find the Heat transfer coefficient (h) ‘

e Heat transfer coefficient (h)

_ Nuk
D

2 0.5
sh (5Nuj2 5k, (éDJZ
- = - +| —= +| —
h Nu kg D
05
N _| (0. 0a072)’ +(0.0001)2 +[o.01)2
h ' 0.0177 0.75

=0.04322 =4.322%

h

‘ To find the Temperature of gas (T) ‘

e Heat loss from radiation (g, )
Urog = 08, (Tb4 _TA)

w

100

sh [0.01)2 (0.001)2 ( Jz (o.o5j2 "
—= + + +
h |\567) \1257) (184361 30

=0.054312 =5.432%

o Cross-section area of wire (A)

_ zD?
4

Gl

r 0.5
SA_|(0001)" (0.01Y
A [3141) (075

A

=0.01334 =1.334%

o Surface area of bead (A )
A =7nLD

(o] {ﬁ)l(@)z]

A [Lz) LL) LD

SA _(o.omj2 ( 1 jz (0.01]2}0'5
= + +

A 3.141 915 0.75

=0.01338 =1.338%

e Heat loss from conduction (g, )

. _ kA
qcond - E(Tb Ta)
e
qcond k A L A Tb Ta

. 2 2 2 2 05
o _ (0'01) +(o.01334)2+[1j +(0.01338)2+( 10 ] +(°'°5j
Qg | 17816 915 184361) | 30

=0.05749 =5.749%



e Temperature of gas (T)

T :Tb + qcond +qrad

-

=

= 0.10524 = 10.524% ~—---=m-n-m=rmrmrmrmememenooee-

|

(

h

, ‘ , N ,705
EJ +(é‘.qcond J +(6.qfad J +(5_hj
Tb qcomd qfad h

5 05
100 j +(0.05749)° +(0.05432)° +(0.04322)2}
1843 61
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STUDY OF HEAT TRANSFER CHARACTERISTIC OF PREMIXED FLAME JET
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1. UN

FROM PIPE NOZZLE

unansa
av X 2 o o a '
Nuitpiidumsansansmslassaisvesdad W dassuazmsnumainy
Sanvaadndar lWuuumaden nadenzaias sy lunmasassadadnlesldas
a 4” a e a v o v 23
AL TaINRY LPG navamaluuuwiauiaa1alureinsinszuan lavimualiuds
LPG ﬁa”mwmivlmag;ﬁ 0.3 Aasdauw ﬁé’m‘nmuauyja 0.8, 1.0 WaT 1.2 UREIZHENI

vaa

sufi L=2D, 4D, 6D ,8D uaz 10D & wsuni1sanmilassaiavesiniadlnldss

a

1 a =3 a =3 =1 1 U ﬁw a
o nlunsduasindaszuaziinlvatng wazAnEInIIoIEmMAIINTUUUNUA?
Winidad W lnadenzlasldiowmafiandainuion nuanis@nwiwuindsses L =
10D fidameauyan 1.2 idWandanuiaugiiaa 1 28 kw/m?

Ardagy : Lﬁmﬂaﬂwmmu,ﬁ’aﬁmmu nozzle,MIENEMNAINNITOU

Abstract

This research was to study the structure of free flame jet and heat
transfer characteristics of flame impinging jet on flat plate. In the
experiment, flame was formed by injecting a mixture of LPG and air
through the pipe nozzle. The flow rate of LPG gas was fixed at 0.3 liters
per minute at equivalence ratio 0.8, 1.0 and 1.2 .The jet-to-plate distance
was varied at L= 2D, 4D, 6D, 8D and 10D. The flame jet structure was
visualized and recorded with digital camera and the heat transfer rate of
impinging flame jet was measured with heat flux sensor mounted on the
impingement surface. The results of the study jet-to-plate distance at L =
10D at equivalence ration 1.2 gave the highest heat flux at 28 kW/m?.

Keywords: Flame jet, nozzle flame jet, Heat transfer
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Study of Heat Transfer Characteristic Premixed Flame Jet

From Swirl Chamber
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Seunnidauuuriewaziidaiiduiemsinszuenaineinisivanyuaisuuin 20 mm wavAINEIvedvios 32
mm Tunsneaesldiualvluuunaunouseninaamaiazeinie nemmvualia LPG ddnsinislwansi 0.3
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Abstract

This research was to study the structure of swirling flame and pipe nozzle flame for ability heat
transfer characteristics of flame impinging jet on flat plate. Diameter of swirl chamber 20 mm and high
of swirl chamber 37 mm are used to obtain swirling flame jet. In the experiment, premixed LPG-Air in
mixed chamber before to flame jet. The flow rate of LPG gas was fixed at 0.3 liters per minute and
equivalent ratio varied 0.8, 1.0 and 1.2. The flame jet structure was visualized and recorded with digital
camera and the heat transfer rate of impinging flame jet was measured with heat flux sensor mounted
on the impingement surface. the result of study all equivalent ratio from swirling flame jet at distance
L=2D, 4D and 6D gave highest heat flux more than pipe nozzle flame jet up to 20%. When distance
increased, Heat flux lower than 50%

Keywords: Swirling flame jet, Nozzle flame jet, Flame structure, Impinging flame jet, Heat transfer
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Abstract

This research was to study the structure of array swirling flame
and heat transfer characteristics of flame impinging jet on flat plate. In the
experiment, swirling flame was formed by injecting a mixture of LPG and
air in a cylindrical chamber tangentially. The cylindrical chamber was
varied high of swirl chamber (H) at 2.2D, 4.6D and 7.0D, fixed inter jet
spacing (S) 2D inline 16 jet on same steel plate burner. In the experiment
fixed Reynolds number at 1000 from equivalence ratio 0.8, 1.0 and 1.2.
The jet-to-plate distance (L) was varied at 2D, 4D, 6D, 8D and 10D. The
array swirl impinging flame jet structure was visualized and recorded with
digital camera including measurement on the average heat flux of
impinging flame. The results of study showed that the array flame at
H=4.6D with equivalence ratio at 1.2 gave highest average heat flux for all
L/D.

Keywords: Impinging flame, Swirling flame, Heat transfer
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Article history: The objective of this research is to study flame structure and heat transfer
Received 20 December 2019 characteristics for the premixed flame jet from the swirling chamber. In this study,
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equivalence ratios (¢) of LPG and air were considered at 0.8, 1.0, and 1.2 under a
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Reynolds number Re = 4,000. The swirl flame was generated by double tangential
inlets in cylindrical chamber. The diameter of chamber was fixed at D = 20 mm and
the hydraulic diameter of the inlet was D, = 5 mm. In this study, the effect of
chamber geometry on flame structure was investigated by varying the chamber
from H = 2.2Dp, to 7.0D,. The structures and temperature of the free flame jet was
record with camera and measured with a thermocouples. The heat transfer rate of
impinging flame jet was also measured at distance from chamber outlet to flame
impingement surface varying from L = 4D, to 10Ds.The results show that the
maximum of flame temperature occurs at ¢=1.2. Impinging flame jet for case of
chamber height at H = 4.6D5, and impingement distance at L = 4D give the highest
heat transfer for all equivalence ratios due to the reaction zone of combustion
appearing near the heat transfer surface.
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1. Introduction

Impinging flame jets have been extensively used in several industrial applications for heating,
grilling or drying process, for examples, annealing of glass, processing of heating and metal and glass
including cutting and welding, drying of textiles film and paper [1-4] and drying or grilling of food
products [5-8]. The impinging flame jets can produce high heat transfer rate on the impingement
surface. However, it demands high fuel consumption for producing a flame jet. Viskanta [9, 10] and
Tuttle et al. [11, 12] explained that the thermal performance of a flame jet impingement system is

* Corresponding author. Tel.: 07428-7035 ; Fax. : 07455-8830
E-mail address: chayut.n@psu.ac.th (C.Nuntadusit).
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depended on many factors, such as nozzle geometry, fuel-oxidizer type, the flow rate of fuel-oxidizer,
impingement surface condition, and configuration between jet nozzle and impingement surface.

Most of past studies focused on a flame jet from the pipe nozzle. The flame jet can locally be
heating in the impingement region. The swirling flame jet can be improved demerit of the non-
swirling flame jet from the pipe nozzle. Swirling jet is one of the methods for obtaining uniform heat
transfer and higher heat transfer rate on the impingement surface. This is due to the mixing
characteristics of the swirling jet promote the spreading rate and turbulence intensity in the jet
before impingement. Recently, many researchers [13-16] studied the flame structure and heat
transfer characteristics of swirling flame jet, which generated with different techniques such as
twisted tape insert, swirling vane installed in pipe nozzle. Huang et al. [13] studied the heat transfer
characteristics of a premixed impinging circular flame jet with induced swirling under the
stoichiometric air/fuel condition (¢ = 1.0) with the Reynolds number varied from Re = 800 to 1,700.
They reported that the heat flux on the impingement plate was more uniform and the flame
temperatures became higher when compared with a similar flame jet without swirling. Zhao et al.
[14] evaluated the thermal performance of premixed impinging circular flame jet arrays with induced
swirling at ¢ = 1.0 to 1.8 under Re = 500 to 2,500. They concluded that the thermal performance
increased with increasing the Re and the ¢, while decreased with increasing nozzle-to-plate distance.
Zhen et al. [15] studied the emission characteristics of impinging swirling and non-swirling for inverse
diffusion flames (IDF) using the hood method. They found that the swirling IDF emitted less NOx and
CO under most of the experimental conditions. Then, Singh et al. [16] investigated the effect of
swirling impingeing flame on heat transfer characteristics at ¢ = 1.0 to 1.5 under Re = 3,500 to 6,000.
They reported that average heat flux increased significantly with Re while the variation of heat flux
was not too considerable with the change of equivalence ratio. Besides, the heat flux distributions
on impingment surface were more uniform with swirling flame jet as compared to non-swirling flame
jet.

Recently, heat transfer characteristics of swirling impinging flame jet using twisted tapes are
conducted by Hindasageri et al. [17], who used four twisted types of twist ratios 2, 3.2, 4.5, and 7.5
to obtain the swirling flame jet at ¢ = 0.7 to 1.5 and Re = 500 to 2,500. They found that the swirling
flame jet could enhance the heat flux by 40-140% at low Reynolds number. Kotb and Saad [18]
compared the thermal and emission characteristics of co-and counter swirl inverse diffusion flames
using liquefied petroleum gas (LPG). The results showed that the centerline temperature profile of
the co-swirling IDF was higher than the centerline temperature profile of the counter-swirl IDF for all
values of ¢ used in their study. Kuntikana and Prabhu [19] studied the influence of equivalence ratios
on the thermal performance of the Impinging flame jet at Re = 500 to 1,000. They reported that the
maximum thermal performance reached when the mixture was near stoichiometric. And the burner
exit was spaced from the impingement surface such that the premixed cone tip touched the surface.
Additionally, the 3D swirling flame structure using stereo-PIV was investigated by Boushaki et al. [20],
who employed at the swirl number of 0.8 to 1.4 and the ¢ of 0.8 to 1.0. They found that the flame
induced a larger radial flow spreading rate with higher mean velocities and higher turbulence
intensity in jet structure.

As aforementioned above, the previous studies focused mostly on the effect of burner exit-to-
target distance ratio and the equivalence ratios on heat transfer characteristics of the impinging
swirling flame jet. However, most of the swirl generators have complex geometry, and some
generators are not suitable for using in practical industry. In this study, we applied the swirl chamber
to generate swirling premixed flame jet by double tangential inlets in a cylindrical chamber. The
effect of chamber geometry on premixed swirling flame structure was investigated by varying the
chamber height with fixed chamber diameter and inlet configuration. The heat transfer rate for all

18



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 77, Issue X (202X) XX-XX

swirling flame jet was also studied at different jet impingement distances and equivalence ratios
between LPG and air.

2. Experimental setup and procedure
2.1 Experimental model and parameters

Fig. 1 shows the details of a swirling chamber for generating swirling flame jet used in this present
work. The swirling chamber has cylindrical geometry and made of steel pipe having a diameter (D) of
20 mm. The bottom of the chamber has connected to double inlets with a square cross-section. The
hydraulic diameter (Dp) of the square tangential pipe was equal to 5 mm. The flow from double inlets
was injected tangentially to the main chamber to generate swirl flow in the chamber. The effect of
chamber height on the structure of swirling flame jet was investigated by varying at H=2.2Dp- 7.0Dp,.

In this study, the LPG (Propane 70%, Butane 30%) and air was considered as gas fuel and oxidizer
for the premixed flame jet. The equivalence ratios (¢) of 0.8 to 1.2 for LPG-air was varied at ¢ = 0.8
for fuel-lean, ¢ = 1.0 for stoichiometric and ¢ = 1.2 for fuel-rich. All case of equivalence ratios were
conducted at a constant Reynolds number (Re) of 4,000 which based on the mean mixing velocity.

For heat flux measurement of impinging flame jet, the effect of distance from chamber exit to
impingement flat surface was evaluated in the range from L = 4D, to 10Ds. Likewise, the essential
parameters examined in this work were summarized in Table 1.

Camera

|:| hxw=5mmx5mm

pi
Mixture inlet == |

h <g@== mixture inlet

Fig. 1. Details of a swirling chamber used this study.

Table 1

Experimental parameters for this study

Parameters and symbol Values

Diameter of swirl chamber, D 20 mm

Inlet geometry (w x h) 5mmx5mm
Hydraulic diameter of double inlets, Dx 5 mm

Chamber height, H 2.2Dn, 4.6Dp, and 7.0Dn
Chamber exit-to-impingment surface distance, L~ 4Dn, 6Dn, 8Dn, and 10Dx
Equivalence ratio, ¢ 0.8,1.0,and 1.2
Reynolds number of LPG-air mixture, Re 4,000
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2.2 Experimental apparatus

Fig. 2 illustrates the schematic diagram of an experimental apparatus for this study. The
experimental setup was composed of two main parts, viz.,, flame jet generation part and
impingement plate cooling part.

For the flame jet generation part, LPG gas was supplied from the LPG storage tank. The
compressor pump generated the airflow. LPG and air were then passed the pressure regulators with
humidity filters and pass through the calibrated rotameters with flow control valves to the mixing
chamber. The mixing chamber was installed with some metal balls about % of the mixing chamber.
The diameter of the metal ball was 3 mm. This metal balls helped for mixing between LPG and air
and also prevent flashback of flame. The pressure of the gas mixture before entering the swirl
chamber was about 250 Pa.

For impingement plate cooling part, the impingement plate was cooling by circulating the cooling
water. Moreover, the heat transfer rate from the impinging flame jet was evaluated from the amount
of heat to water. The water from a cooling tank was circulated by a 1 hp of water pump passed a flow
control valve to the rotameter to control the flow rate. Then, it was passed to the temperature
control chamber contained with 1300W heaters to control the water temperature by using a
temperature controller and power controller. A thermocouples type K was monitored at the chamber
outlet. The temperature was controlled at 40°C to avoid condensation on the flame impingement
surface. After that, the water flowed into the impingement plate. Fig. 3 shows the detail of the
impingement plate with the cylindrical water chamber. The cylindrical water chamber was made of
stainless steel of 150 mm in diameter and 25 mm in height. The cylindrical water chamber was fixed
by the high-temperature cement insulator of square shape of 20 mm x 20 mm and a thickness of 25
mm. For measurement, the flame jet impinged on the surface of cylindrical water chamber. The
water inlet and water outlet were on the rear side of the cylindrical water chamber. The rear side
was also insulated to protect the heat loss from the water chamber. Furthermore, the digital data
logger (midi LOGGER GL840) was used to measure the temperature of water inlet and outlet from
the water chamber.

Pum
Regulator Cooling tank P Valve
l Rotameter >

5] o4 «— Data logger
4+ —

Mixed chamber
’ Water outlet Water inlet

Pressure monitor

¢

Power
controller

I ) Thermocouple
| Temperature controller
Swirling chamber ( Burner)

Fig. 2. Schematic diagram of the experiment setup
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Cylindrical impingement
chamber

Water inlet Water outlet

Insulator
$ - Insulator e NN mass

Impingement plate

Fig. 3. Detail of impingement plate consisting of cylindrical water chamber equipped in the middle
of insulator plate.

2.3 Flame structure and average heat flux measurements

To investigate the structure of swirling flame jet, the free flame jet and impinging flame jet were
captured with a digital camera. Moreover, the temperature (75 of the free swirling flame jet was
measured by a type-B thermocouple (70% Pt 30% Rh and 94% Pt 6% Rh), which placed in the flame
controlled position with X-Y transverse system. For accuracy measurements, the bead thermocouple
was considered the convective and radiative heat losses to surrounding evaluated with a heat
balance correlation of the bead, which suggested by Krishnan et al. [21]. The temperature
measurement positions of the swirling flame jet structure in this work were evaluated in the range
of 2<Z/Dy<10 and -2<r/Dy<2, as shown in Fig. 4.

For average heat transfer measurement, the water temperature both inlet and outlet from the
cylindrical impingement chamber was monitored by a data logger. When the temperature reached a
steady-state, the water temperature was started recorded for about 5 min (about 300 data) and then
averaged for water temperature at inlet and outlet.

Type-B thermocouple

Measurement
w  point

Outlet burners

Fig. 4. Temperature measurement positions in swirling flame jet.
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3. Data reduction

All experimental tests of the premixed flame jet from a swirling chamber were carried out at
fixed Reynolds number (Re) of 4,000 based on the mean mixture velocity (V) before entering the
swirling chamber and the hydraulic diameter (Ds) of the inlet.

Hm
_ LHXiM;
,um - ZX]'\/I\T]' (2)
Pm = LYiPi (3)

where p_ is the density of mixture gas between LPG and air, p,, is the viscosity of mixture gas, X;
and M; are respective the mole fraction and the molar mass of component j.

The evaluation of the equivalence ratio (¢) is as follow:

actual fuel / air ratio

¢ = (4)

stoichiometric fuel / air ratio

The average heat flux from a swirling flame jet can calculate from Eq. (5).

1CpAT

g = (5)

A

where m is the mass flow rate of water, ¢, is the specific heat of water, AT is the different water
temperature between inlet and outlet, and A is the heat transfer area.

The experimental uncertainties were evaluated according to the method described by Moffat
[22]. The maximum uncertainty of the Reynolds number and the equivalence ratio was about 4.3% -
4.8%. The temperature recorded with a type-B thermocouple was less than 2%, and heat flux was
less than 5%.

4. Results and discussion
4.1 Flame structure
4.1.1 Flame visualization of the free swirling flame jet

Fig. 5 shows a snapshot photograph of the free swirling flame jet for case of H = 4.6Dp, ¢ = 1.0,
and Re=4,000. The swirling flame jet structure consisted of three main zones, viz., neck zone, reaction
zone and post-combustion flame zone. The neck zone is the region next to the burner exit which the
diameter of flame are equal to the chamber diameter. The reaction zone appears next to the neck
zone, which chemical reaction of combustion occurs significantly due to intense mixing. And the post-
combustion flame zone is the region outside the reaction zone, which the flame jet separated to
forming two plumes. The total length of these zones is defined as the flame length (Ly).
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Fig. 5. Snapshot photograph of a free swirling flame jet
for case of H=4.6Dp, ¢ = 1.0, and Re=4,000.

Fig. 6 demonstrates some snapshot photographs for the free swirling flame jet. The effect of
swirling chamber height and equivalence ratio was shown with varied at H = 2.2Dy, 4.6Dp,, and 7.0Dp,
@ =10.8, 1.0, and 1.2 under Re=4,000. It is observed that the chamber height provide the effect on
the spreading of flame structure and the equivalence ratio show effect on the size and position of
the reaction zone in flame structure.

The post-combustion flame zone covers a more extensive and more extended region when the
equivalence ratio (¢) increases. In case of chamber height H = 2.2Dj, the post combustion zone of
flame is the shortest when compared with other cases. Whereas, free swirling flame jet gain the
longest length when the chamber height H increases because the swirling flow in the chamber was
confined and the strength of tangential velocity decreases when compared to the jet axial velocity.
The two jets from the double inlets separated clearly and formed two plumes of post-combustion
flame zone. The separation between the two jets appears the largest hor chamber hight H = 4.6Dj,
especially at ¢ = 1.2. In contrast, the separation becomes narrower at H = 4.6D5 and ¢ = 0.8. The
reaction zone for case of H =4.6Dj gains the larger area than case of H = 2.2D and 7.0Dy, specifically
at ¢ = 1.0 and 1.2. Additionally, the results show that the orange flame region will appear in post-
combustion zone when increasing the ¢.
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Fig. 6. Comparison of free swirling flame jet structure at different chamber heights H=2.2Ds,
4.6Dp, and 7.0Dp and ¢ = 0.8, 1.0, and 1.2 under Re=4,000.

4.1.2 Temperature distributions of free swirling flame jet

Fig. 7 shows the radial temperature distributions in the free swirling jet at a different distance
from the chamber exit Z= 2Dy, 4Dy, 6Dy, 8Dy, and 10Dy, for different chamber heights H =2.2Dy, 4.6Dy,
and 7.0Dy and ¢ = 0.8, 1.0, and 1.2 under Re=4,000. It should be noted that the flame temperature
is less than the adiabatic flame temperature due to the heat losses to surrounding and air
entrainment [23].

The results show that the variation on equivalence ratio from stoichiometric condition to rich or
lean mixture condition results in a decrease in the flame temperature. For fuel-lean (¢ = 0.8), the
flame temperature gives the lowest for all of the chamber height. While, the flame temperature
appears at stoichiometric mixture condition (¢ = 1.0), especially at Z = 6Ds for case of chamber height
at H =4.6Dy. For fuel-rich (¢ = 1.2), the flame temperature gains the highest for all the height of swirl
chamber because the swirling flame jet mixed with the surrounding air and the mixing become
stoichiometric as going far from the exit.
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Fig. 7. Comparison of radial temperature distributions in free swirling jet at position Z = 2Dy, 4Dy,
6Dn, 8Dy, and 10Dy, for different chamber heights H = 2.2Dy, 4.6Ds, and 7.0D, and ¢ = 0.8, 1.0, and
1.2 under Re=4,000.

4.1.3 Flame visualization of impinging swirling flame jet

To understand the effect of impingement distance on swirling flame jet impingement structure,
Fig. 8-11 shows the snapshot photograph of impinging flame jet structure for case L = 4Dy, 6D, 8Dy,
and 10Dy, respectively. Each figure compare the flame structure at different chamber heights H =
2.2Dp, 4.6Dp, and 7.0Dp and ¢ =0.8, 1.0, and 1.2 under Re=4,000.

For case of L = 4Dy, the swirling flame jet at chamber height H = 2.2Dp, spreads on the impingement
surface better than case of H = 4.6Dn, and 7.0Dx. However, it is found that the reaction zone for case
of H=4.6 D, will attach on the impingement surface when the ¢ increases. Besides, the results show
that the impinging flame jet at H =7.0D, and $=0.8 (fuel-lean) spreads over the region between the
impingement plate and chamber exit due to the smallest impingement distance and the richest of
LPG fuel. This leads to the complex flame structure above the impingement surface.

For case of L = 6D, it is found that the post-combustion zone of flame jet impinges obliquely on
the impingement surface. There is no flame impingement on the center region of the surface for case
of H=2.2Dn and 4.6Dx. This is due to the separated flame jet in the post-combustion zone as found
in the free swirling jet. For case of H = 7.0Dp, the impinging flame jet covers an overall area on the
surface. When increase the equivalence ratio, the size of the reaction zone in flame structure increase
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and move more near the surface as increase the chamber height. The flame color on the

impingement surface become the red-blue color for case of p=1.2.
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Fig. 8. Comparison of impinging flame jet structure for case L = 4D, at different chamber
heights H = 2.2Dp, 4.6Dp, and 7.0D, and ¢ = 0.8, 1.0, and 1.2 under Re=4,000.
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Fig. 9. Comparison of impinging flame jet structure for case L = 6Dy, at different chamber heights H =
2.2Dp, 4.6Dp, and 7.0Dp and ¢ = 0.8, 1.0, and 1.2 under Re=4,000.
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For case of L = 8Dy, the swirling flame jet in the post-combustion flame zone clearly separated
and impinged on the impingement surface. The separation of the two post-combustion zones in
flame jet become larger when compared to case of L = 6Ds. This phenomenon was the same for case
of L = 10Dy. As increasing the impingement distance, the reaction zone of combustion in all flame
structure is farther from the impingement surface. The surface was impinged by the post-combustion
zone of the flame jet. Furthermore, it should be noted that the post-combustion zone appears orange
in the color of the flame tip because the combustion was incompleted. Whereas, some swirling flame
jet in the post-combustion zone shows blue color because the surrounding air is more induced into
swirling flame when impinging distance increases. This leads to more completed combustion.
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Fig. 10. Comparison of impinging flame jet structure for case L = 8Dy, at different chamber
heights H = 2.2Dp, 4.6Dp,, and 7.0D, and ¢ = 0.8, 1.0, and 1.2 under Re=4,000.
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Fig. 11. Comparison of impinging flame jet structure for case L = 10D at different chamber
heights H = 2.2Dp, 4.6Dp, and 7.0D, and ¢ = 0.8, 1.0, and 1.2 under Re=4,000.

4.2 Overall average heat flux

Fig. 12 shows the overall average heat flux for different impingement distance L = 4Dy, 6Dy, 8Dy,
and 10Dy at different chamber heights H = 2.2Ds, 4.6Dp, and 7.0D, and ¢ = 0.8, 1.0, and 1.2 under
Re=4,000.

It is found that the average heat flux in case of L = 4.6D, provides the highest for all ¢ and
chamber height H when compared with other impingement distances, especially at L = 4Dy (up to
about 10-15%) because the reaction zone directly exposed on the impingement surface that gives
the highest flame temperature. Average heat flux values in case of H=2.2Dp, give the lowest for ¢=1.0
and 1.2. Whereas, the average heat flux at $=0.8, L = 4Dy and 6Dy in case of H = 7.0Dy offers the
lowest heat flux as swirling flame structure was short and not attached on the impingement surface.
This leads to the lowest heat flux. Moreover, the results show that the average heat flux for fuel-rich
(¢=1.2) produce the highest of above 5-10% for all values of impingement distance, except case of L
= 4D, when compared to other ¢ cases. Because swirling flame jet in the post-combustion zone
impinges directly and also gain the most uniform heat flux on the impingement surface.
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Fig. 12. Comparison of overall average heat flux for different impingement distance L = 4Dy, 6Dy,
8Dy and 10Dy at different chamber heights H = 2.2Dy, 4.6Dp, and 7.0D, and ¢ = 0.8, 1.0, and 1.2
under Re=4,000.

5. Conclusions

The main objective of this research was to study the heat transfer characteristics for the premixed
flame jet from a swirl chamber. The effect of chamber height on fame structure and heat transfer
characteristics were investigated. The effect of equivalence ratios (¢) was also studied at 0.8, 1.0,
and 1.2 for Re = 4,000. All experimental results can be concluded as follows:

1. The flame structure of both free and impinging flame has been changed significantly, which
depends on the chamber height and the impingement distance. Whereas, the reaction zone in the
flame structure is the main factor of heat transfer enhancement of impinging jet.

2. The swirling flame in the reaction zone gives the highest temperature when compared to the
other flame zone. Furthermore, the flame temperature at the fuel-lean mixture (¢=0.8) becomes the
lowest while the maximum temperature occurs at the fuel-rich mixture (p=1.2) because the swirling
flame can induce the ambient air entrainment due to the completed combustion.

3. The overall average heat flux depends on the chamber height and the impingement distance.
The effect of swirling flame can increase the average heat flux on the impingement surface by 10—
15% for case of equivalence ratio ¢=1.0, swirling height H = 4.6D5 and impingement distance L = 4Dp,.
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