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Abstract:

This research presents the development and implementation of a spray
combustion model based on the spray droplet number size distribution moments
approach to spray modelling. In this spray model, the droplet size distribution of spray is
characterised by the first four moments related to number, radius, surface area and
volume of droplets, respectively. The governing equations for both the gas and liquid
phases are solved by the finite volume method based on an Eulerian framework. These
constructed equations and source terms of sub-models including droplet breakup,
collision, evaporation, and the interactions between the liquid phase and the gas phase
are derived based on the moment-average quantities which are the key concept for this
spray model. For combustion analysis, unsteady flamelet/ reaction progress variable
approach is employed to implement the diesel spray flames for capturing the auto-
ignition and flame lift-off phenomena. The skeleton chemical kinetic mechanisms
consisting of 43 chemical components and 185 reactions are solved in order to create
the Flamelet library. The flamelet-progress-variable solutions embedded in RANS with
the probability density function approach signifies the turbulence-chemistry interaction.
All thermochemical scalars are represented as a function of mean mixture fraction,
mixture fraction variance, reaction progress variable and scalar dissipation rate. Mixture

fraction is assumed to follow a beta-PDF distribution, as reaction progress variable and



scalar dissipation rate distributions are assumed to be a delta-PDF. In order to assess
the capability of this developed model, the predicted results are required to compare
with the experimental data [2]. The developed model gives a reasonably good overall
predicting performance in terms of auto-ignition, flame development and flame lift-off
length. The flame temperature distributions are comparable with the formations of
luminous flames. The predicted flame growth rate is consistent with the experimental
results, but there is small over-prediction. Therefore, the present approach can
accurately and efficiently capture the auto-ignition and flame lift-off phenomena of diesel

spray flame in diesel engines.

Keywords: Auto-ignition, Combustion, Flamelet, Modelling, Spray
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wneanumaEn bnd Tlund azldna lnaaumaasnisaiuuulasisni (skeleton chemical kinetic
mechanisms)  lun1sinwgaansialjiseuaiives species 619 9 g1zl g un
A3 IUBINULIREY Laminar Flamelet  d9nalnitazlinnnuazisagndasunnniingln
1 1 . 1 v 1 . . A
WUVEBRIW (reduced mechanism) wdtaaninna lnuuuazidue (detailed mechanism) o3
Fayaf ldanmiswimiisznenludis gunnlilar danainiBiniazad species la 9
ANURILIRIBIMTHAAAIMY uazdanmuiaUjisonedl  lasdoyad1s 9 mariazgn
° = % A ' . v @ & o ° ' o
iwnAuilugudoyadaiionii Flamelet library udadayainaniazgniaundiwinsinniy
g . . dl o U dl a aAa =)
presumed probability density function LwalﬂuﬂﬁsmmmmmLaamman@maaqmﬂgu
WAL TNAAARINNITHN IR wALka99 NUUDIIaIn S Inal Flamelet  azanunsald
. y v S VA
AW LALANIZENIZAIAILYINWY (steady  state)  AIUWIIRDIRIIIAILLIRLAMDUUNAD
. . v a o P o P
Reaction Progress Variable ml‘ﬁs’saﬂuﬂ’liwmirmLWB%’]ﬂ’]iﬁg@]i&U@LLazmiLﬂaau‘ﬂmad
wadlwee Tasuanmsdwimi ldanisasnanazianusingeiiswasiluisausulasnaly

wazndnnazlrialumaswmmnanaas



UNN 2

~ A A A L/
NE) W) UASI TR IIENLN I Y

2.1 UNwI

wannadasdusaiman lnfuuumdioauduan iwawianagniadionnueu
R oA A o o A ° va o &
gadhgiasn Indaligumnluazanudugs anuauigivesndaazlumlifiivesduia
Wnansusntduldn o (ligaments) wazuanaduazaadldn § 0au azaadNLaNGINHUIL
aniszimsnaodulaamdiiasanmitoimanuiauznitazesszeanainiuainme
v é dQI =) dq’ a s v a Vo 1 1 U
Jou dlamamdsiazlunudinueimeaudnianisgnindde’ly lasdiulng drunaw
WwawdsnmazdnngluSimununaisuassdis wazlSunmanmanunsnigiainsunyle
¥ a 3 { 1 Q‘ J d { o o =)
I DINRIITANNYULADTZHZAWMUIUNWANNNTY DIgnzinanzaudmiunmaszide
189 (Autoignition) azlsznaulddrngunnIngunisawauazanuduiusassunaTaING 7
agmuld@adriianagnined (lammability limits) 4 USRI IUNTUTAINGIGINAI2ITNE
- o 4 oA X oo .
myaszdaasuazanindluadenaiis sahldgnainduedrsdunausainisdion
ANNTaudwitasnNUGATeIMael ANMIRINANHANITNAREIITNLT MIgaszida
a & a @ ! & A Aa A i gy A

aznfaluluninudu 9 vasngulaamdininimzme SalnngnstiduaaiEuseaniun
g

ANNTTUIWMTLHN ARV IF U@ IN [NENINNIT 19 UL AB FTALINTN FIALIUADY
dl o s g; 1 s YV & g; A s I 6
nEAunaIInuNLNRan 9 leadu 2 Tuaanfa nzuawnwananduazoadrasalse uaz
NIZUIUM I M IS IRNRULTOLNGY  AInUNgBuaziuwisuniiertas JsewnInduwn

leias

=1

2.2 mMsuananilvazaavailsy (Spray Atomisation)

{ A v ‘g o o o A a
Lﬁaﬂﬁ]']ﬂl%\ﬂ%'l"ilﬂﬁ "ﬂZ%”ILLUU"ﬂ"IﬂB\‘]ﬁLU%UTa\‘] Beck  [5] ¥MWRAIUT DTIWNINITUIVU
g o o ' o o o '
ﬁugﬁumaﬂuL;J%@Tmaaﬂ’n‘ﬂszﬁnUmmaammuazaaomﬂ%mm@manu [5] BIKANNITAN 9



AaaAuRANNIAN A28 lULNBATEINITNITZANLAIVRIIWINATa IR S BIUIAd1e 9 lag
@ & o & = 2 A &
aﬂﬂm:m\‘imslmwmadmﬂimzmLaualugﬂﬂlaﬂmuu@4 M2 DITURAIDIUINIGININNG
& A v A o o P & A = o A
VBIVDILART AUNIY JAVNLISITUWINYDINCDDIATURITIAU I(ﬂEIY]I&IL&I%@]L“ﬂﬂ']%"i]zl,ﬂ%@nl,l,ﬂ‘iﬂ
fenlunuuisasdosdelsznavlUdrsnisuanaizedazand MITWNKIEIRZES MIILAY

V898D MIUJTUNUTIENINAN DUV I AR

2.2.1TNLN%ﬁ(ﬂadﬂ’)?ﬂ?&‘:ﬂ’]ﬂﬁ??]ﬂdﬂ%’)ﬂﬂa‘taEh? (Droplet Size Distribution

Moments)
NNINTLAYAIVAITIWINAZ D AIFLUT U UIAG ¢ (Droplet number size distribution,

n(r)) 139 laan HAADAUININIINAIY asanutzduvasiwiuazaasnsaila o

n(r) = TN(r)dr 2.1)

We N fan1snIzaneaivednuwiaziduuesdiwiuazead (droplet  number
probability distribution)  AIBUWIIWIURZBBINIRNAABUSNIATTINENITAN LAINNNNTDUR

LNINARDATINYUIAVIRE DD

0

Qo = [ n(r)dr (2.2)

0

d' n}/ I 6 o d' d' 1 6 o t-ﬂl A =3 o = o
GITG%EKLU%INL&I%@WI']Y]%%G afmimuum’mmaanmmmmvl,ﬁilumuaammﬂu

0

Q = [n(r)r'dr 2.3)

0

waldirelunmlienziazauy@dn suniivesazeasdunsinay deuuinuiizes
8ZAIVIRNAADLSHNATINTANYINY  47Q, uszdIunasvedazasininiadalInigIw

RINITORT bea1N

Vquuid 4
Vcell 3 Q3 ( )




wonand luud Q, HIEANIDLFAITININTBIRzaaINIRUadaLSInaINle
GEERY mm‘ﬁmuuumawaammﬁmmmuﬂ%mmmuqu AITh4 LNT L UL AT UL S
4 AINAEINERIRTUMTURAINGANITUNTNTEN LA aIazaadase

A ° A ' o & v & o ' A

Wasnnawanazswmniuandsnuuedazaasmlss  asnuaulsdns g nldluns

o 1 = a KX v Y & 1 A = va a o
ANWITH LTH AU qm%gw '«Jd@]aﬂ‘mﬂummau 99 Beck [9] vL(?ﬂ‘ﬂ%U']lJLﬂﬂ'lﬂUﬂ'ﬁﬁ']

(2
Yo A

Anafsvassndsarslaaudla 9 1iaadk

Trin(r)cbdr

1 QI

Wa @, Aadtafodaluaudla 9 209auds @ anwanmsi Jevhldluiudans g
WREUNAIBANITINUANANK SRS IFAANIINIZNIAIVBIIIABLDBINA LA 9
= a ed a & o A 2 A =
wazAAT ARt lNNUANIAATIR 3INMINTEaITesIMaazesdh 9l aswlau

° . a A a
AR LLRSLIRTINEARDUTNINTIW

2.2.2 NMTUANAIYBIALD Y (Droplet Breakup)

Lﬁamaammgﬂﬁ@aaﬂmﬂﬁ’;ﬁ@ azﬁﬂﬁmaammgﬂﬁﬂé’a LENAINAH UazuanaaLdn
azaaaluﬁﬁg@ FaTvU19 ANUS? UAZANUTRTUALANGEITH  MILANGITaIReaITANNN
mﬂmwL%ﬁé'uﬂ'ﬂfﬁgai:%dwamaammua:mmmn@ﬁau Fsnnusuwniineliiiams
nyznefllasinanavesnNUERLaANULA WA oUUBABAIT8WMAY FINa RN sTaGIuaS
LﬂﬁyugﬂmaamaaLﬂaa S’fjaﬁw"l,ﬂgjﬂﬁu,@ﬂé’waaa:aaﬂuﬁq@ [17]  NMITIVTINHAIWIL
a‘hmumﬂLﬁﬂ’;ﬁ'ﬂﬂﬁﬂgﬂ’mﬁﬂm,l,mﬂé‘maaa:aaaf:wm'] HNITBENS § WYIBINIZBDLNY
nalnmMILaneIvasazeadf laanNHananas LAz TR NILANGY TINEIMTEY
auM3B9Uszans (Empirical equation) Leldvuwsdingan1suands awia anuisng
LANG UAZ LIANNSUANGD G35t

Krzeczkowski [18] g InaaasdnsnaninauasnnuniafidaTiavasnuand?
waztanmsuanda laslfasasanonuan 11 Tmues W-NBTETH UAZNALTESW B9
NIDIMUNTRANTLANAIVadazad ol 4 Ussinnwanda

1. bag breakup mode %aﬁé’nwngﬁiwﬂﬁw IR TN

2. bag4et (or umbrella) breakup mode SsfEnwoArATIBULLUIN udasiidwLNW
Pa8nAILNINGIULTMUNUNANIT89T9

3. transition breakup mode %Gﬁ]:ﬂi’mgﬁ@h Weber number fgd"ﬁu limdans

HEUNEUARIzA T FRLNRTBIRAILAzIRaNTa0ANY  lasfiduunuuaumalzdnglu



a6

a @ = g a & o o !
UiL’ngﬂ@']%‘ﬁ%\‘mQGQGWRN"UB\‘]LWRQ LLazm‘zmumiﬁﬁ]:mmuaamﬂﬂm INNINRUA

YDIRRIIZBANAIRNA
.. { P £ 'Y o
4. shear (or stripping) breakup mode \3a¢in Weber number LWNRIYU aNEZANIY
a6 d' 1 (Y n‘;‘ [ c?; % a d‘)‘d a 1 &
qwxlamaamanzl,ﬂayugﬂﬁmmm’maomm muun’mmﬂmmu@umugﬂﬁdLﬂul,mu

aaraIiwInann neunazifauananduazasddn 9 luadaun

{ v Y 1 J L Qo ! {
Lﬁaslmm'ﬂmmmu Eﬂ 2.1 ﬁ]ZLLﬁ@Gﬁdﬂﬂvl,ﬂﬂ’ﬁl,l,@lﬂ@l’l@mﬂﬂﬁ?l LLﬂzg‘ﬂﬁ 2.2 URAIDILIAN

NMIUANAINTDANR DY ﬁ")%gl]“?l 2.3 LLEWNﬁ\‘iﬂ’nNgwﬁuﬁit‘lﬂ’h\‘]ﬁﬂ’]'ltﬂqivmaLLQz“Eﬁ@“ﬂﬂﬂﬂ’ﬁ

LANA

Qooao0

@ecee

ooocoo o

- FO
i I

JUN 2.1 MWINIVBINIUANGIVBINZRDY (31N Krzeczkowski [18])

Borisov Wazame [19] l@vinnsAnsn1iuan@ivasnaasadnaanisle shock tubes
LazEINInUMNTReMILAnGIsandu 3 Tawan § ail

1. bag-type breakup, (8 < We < 40; 0.2 < Ra < 1.6) FarauanaIaTLANGItoY
poniu2  AzesanleannniTk  usrmwnaasazassfinandatmeziuwalndifnsiunoa
POARANISUAU

2. shear-type breakup, (20 < We < 2x10"; 1.0 < Ra < 20) WHATBIMAIZLTINAL
PoarAIazuandatonaaniluszeaain 9 Suanann waelvwefidnninednitaian

3. explosive-type breakup, (2x10° < We < 2x10% 20 < Ra < 2x 10°) @91w1au09

A o A A &
NCDDINLLANAIICHYWIANILANNIN



L gl

e

&

A
g -‘?Q,WI.'!P

Weber Number

gﬂﬁ 2.2 LIANIUANGIVIAZEBY (31N Krzeczkowski [18])

120
Strippi /
90 ppmg /
L —— --_---—.
&0
Transition
I ____—/
30
Bag - Jet /
—_—
No Brealap
0
10e-6 10e-5 104 10e-3 10e-2 01 1

gﬂﬁ 2.3 WHUNWNA LNNNITUANAIVBIRZE8I (3NN Krzeczkowski [18])
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~ UZ d A
$Vh) We=pg—’e', Ra=We/+Re, Re:M, waz d a1 Weber number,
O, H

Rabin number, Reynolds number, LLa:mm@Lﬁumuﬂuﬁﬂmmaaﬁ"sﬁ@muéﬁﬁu

&M3U shear breakup regime a1 MEluAsuandIENITIUTTIN Rl N

d |p
TR — /— (2.6)
Urel pg

Wa d AaidurNuguINaIveINzeaIua: U, Aaanuiiisuimiszninaduiauazin

TUINNON

Pilch uaz Erdman [20] ldvinmimiumiudayamimasasedns g uazfimsienzi I
°1°J’aagﬂhmm@mé’wamy@maommmmmLu_iaaanvl,ﬁlﬂu 5 5296991

1. vibrational breakup (We < 12)

2. bag breakup (12 < We < 50)

3. bag and stamen breakup (50 < We < 100)

4. sheet stripping (100 < We < 350)

5. catastrophic breakup (We > 350)

LR s’*l’]ﬂ'?iLL@]ﬂéﬁﬁﬁﬂﬂﬂﬁ@ﬂﬁ’]u’]iﬂﬂiz&lﬁmvl,ﬁ’i]’]ﬂ

r=1|-4 A 2.7)
UreI pg

) (12 < We < 18)

o T = 6.0X(We - 12

0.25
)

T = 2.45X(We - 12 (18 < We < 45)

-0.25

T = 14.1X(We - 12) (45 < We < 351)

0.25
)

T =0.766X(We - 12 (351 < We < 2670)

T=55 (We > 2670)
Hsiang Was Faeth [21, 22] VlﬁﬁﬁmsﬁﬂmmﬂﬂﬁwuﬂaagﬂiwLLazmiLL@méﬁmﬂu

shock wave uazl#taagiin drinnan1suan@adwiu bag, multimode uaz shear breakup &

AN We = 13, 35 a2 80 NNUAIAY LAZLIAIMTHANAINALTI

-11 -



T e —————————

down Liu uaz Reitz [23] ld¥msnasasdnsnnisuandalaslfiedasiioivuaioann
ﬁo%uﬁa Laser Diffraction Particle Analysis (LDPA) L8z Phase Doppler Particle Analysis
(PDPA) uazlimamsimwafinansaseiuie

1. bag breakup (12 < We < 80)

2. stripping (shear) breakup (80 < We < 350)

3. catastrophic (surface wave) breakup (We > 350)

Dai Uz Faeth [24] inminaaasniolu shock-wave 1iui uaznaflaae
1. bag breakup ( We < 18)

2. multimode breakup (18 < We < 80)

3. shear breakup (80 < We < 800)

4. catastrophic breakup (We > 800)

#WIL bag breakup ziTUMIUANGILNE T/t = 4.0 UAzAUgALdla T/t = 5.0 T4 M4

LA %zLﬂuﬁ;@L%uﬁumad shear breakup LLazNITUIWNIT shear breakup ﬁ]:auq@ﬁ T/t =75

d [p
rr=— |7 2.9
UreI pg ( )

Reitz uaz Diwaker [25] ldvzyliiazaasmuninuandalenuuy bag wia shear

T

. . ‘3’ 1 1 v a o ° %
(stripping) InaLnuaAn Weber number 011 We = 12 3:Aan1IuanaIuuL bag LRERIKRIU

a &/ { s ) s v
WUU shear 9zLia2%iile Ra = 0.5 I(ﬂElL’JE\ﬂﬂ’]iLL@Iﬂ@]’Jﬁ’]%SULL‘]JU bag ﬁ’l&l'ﬁﬂ‘ﬁ’lvl,@]’iﬂﬂ

3
. 7 |pd” (2.10)
"4\ o

YUNIIWTUWUL shear F1I D4 LAN

10d | p
T =—0 /— (2.11)
Urel pg
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2.2.3M13runnvadazaad (Droplet Collision)

MITWAIEHIsazoaalunszuInnIATUSan s‘fia%ua%iﬁ'ué'ﬂumzmamﬂmwmao
A20849 b9 LA AN ﬂnmmfé'fumugmﬁﬂma a5 130@n19% (non-dimensional  impact
parameter) AMUFIRIVBINAD AURWIUHWLAZAURTAVBINIVBILARILAZFNTUIAT DY
WoNNT ANGH ﬁmﬁﬂimaqa wazlassashaluiana Adanwadanssudis aaudslina
MITH (B) G‘fmﬁmmnﬂszﬂ:ﬁws:mw,é"uﬂuﬁﬂmwadazaawﬁd ldgaduamnnuianisg

& & o o A o ) & a o A o A
mﬂﬁL?ﬂL@laiﬂquLi'ﬂaNWVIﬁGﬁG'J’N@’JUuLﬁuﬂuﬂﬂﬂ’NT9\1azaaﬂaﬂﬂﬂu%uﬁ @GLLﬁ@G&LuEﬂﬂ 2.4

r 3

Rg

{ 1 = Qs vaa b
gﬂﬁ 2.4 WNUIILEAINIReNNAUTISTANITU (B = ————)

Rs + R,

O'Rourke U8z Bracco [26] Lﬂumjuﬁfﬂ%%’mnnﬁLauaLLum‘iwammwuﬁumaaazaao
G9usznovlUdrs N3N TULUuaY LAZWEIINH TINEINITINNAIAUTBIRZ 08
(coalescence) WAIINNNITT %oij’ﬂﬂsmgluu’%nmna;uazaaaﬁmaﬁﬁmwwmmuga
S LRE(SIRE %é’amnfuﬂa;uﬁfﬂﬁﬁ'ﬂ Kuo Wae Bracco [27] Bracco [28] Waz Reitz [29] e
LUUsaasitlUnagaAIN UL e F1UITUNIIE B IHNIITUN Y azaaqﬁagmﬂiuwﬁaﬁﬁ
AU azgﬂawmﬁﬁmimzmUé’aﬁaﬁnaua Ganuanutendu P §wSunsTw n A%
seningazeasnmulumasndrwinlunilsdunadiuam g0tz s laanngenng

NIz VDN Poisson TR leﬁﬁdﬁ

—a"
P = e " (2.12)
n!
A oA, A [ A o
L2 N AALBRYNIITUNUVINE DD T\‘]ﬁ"I@J"I‘Jﬂﬁ"IvL@iﬂﬂ
_ Cr 2
n :_(rs+rL) UreIAt (2.13)

cell
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A A 4 e a A ' = . e oA A !
Wa ry, r, uaz At Aedrielilafsveinguazaaszmalinnin ariadiafgvainga
azasrwIalngndn wazTuwnaIdIwIn ey SwiuazesdzeInguazaadNdialianndy
U, 1 1 s s g; s 1 A 1 1 1 o v { a 1
TWlidvinay ¢ nasnudulsgudiidiagszning 0 fs 1 gnibanldiNefansandt ms
a J A 1 v a aa ) o 1 s ¥
Tuaziialuniall andoyaiBeada azgnih luldlunmdwamdidudsnmamu ddauds
1 v 1 1 L a { a tgl & v Q
NITHIAIRaENIA1auYIN1TTRINOe NI TuNIAT BT UUUUTUUEITINA Y
(coalescence) WiuaIaTanudny mMsrnaziduuuuLdea (grazing collision) lasfidnaqudls
a ¥ J 1 g d 1 3 e a 1 1
nIswingakaziuegiuiaiiiafoveinguazaad anuduANTIzniInguazead uaz
= =) n:Sr a
FUUszANTANUAIRITEIAA?
MNUNNGMIBiMITUBaIaza89 Orme [30] AINNINIUUNANWINITREEN balTln 4
Uinnnan 9 asuaedlugui 2.5 fe
P o , A E ae : 2 o 9 o &
-Bounce: \lawasnuraimysuliganafazauzsuildnvesing Jsvhliazeasnisas
NANEaNINNNY lasNvwavadazaad lWiRsundad uannusazdfouwulad
-Coalescence: L{aWRINUIBIMITUFINDNITTUTUNTNVDINT Uel ldgawanazmus
ussAIRvesazeaNaasTuRN NG FevhlRiRemsnuaivesaceasiouny uazivwan
L A o A
Tngan lasnluluuauuazulayadaaadnn
-Disruption: Lﬁawéﬁmumaomﬂuﬁfuqomﬂwaﬁa:mu:ﬁ'ﬁuﬂ&?maaﬁmmzmaﬁaEn
d v g; a 1 o vV Aa IJ { o g 1
yadavaadiaasauialnd  Mliiieazesdnidy  lasfamauasiiwinvasnzesdtani
W@ wdluwudnunsdugyde i luszniemanu
-Fragmentation: \Jawssnuuasnszuiuag luszdungiunn mlinanainisuiia

AZDDITWIALANTIWINAIN

Bounce

Coalescence

Disruption

% Fragmentation

gﬂﬁ' 25 mansrwvasazeasiiuwllle @n Orme [30])

G A =3 I £ d' a v o
wuudsdauaasisanuduldldvainaniinnnmizusesszass  ldgniiaualas
Wn3pdwInann [31-33] wanlunfeulsnasunuedvad Qian uaz Law [34] Nlarinanis
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NAREIIDY Jiang WazamE [35] MTNMIENEUAY  LReTIN SN SANEIWGANTINA TR
neBstusasnainuazidawaslalasaunanasiia uazldimansfinsusaslugilaas
WNWHIVDITHANITT I I@ﬁuagﬁ'ﬂﬁauﬂfﬁﬁaﬁa Weber number Laz@lsnITe AILEN
lugﬂﬁ' 2.6

Tudm | enuSisuAmsvesazeasindautnsenIavin lilina i asnedmums
INGIVBIAZEDI US|l mwm%aé’uﬁwfmaaa:aaafugaﬁu [ panafiazrusTuilda
2837 UiznaufunaU faunusiaudsmiumemad aaunwaneenantiuiafedulu
Unad amuluusnm Il asfedas UM Iue IR wYIaz0sMERaINITY D992
asanudnunuluuIn | nanfe msnuéﬁﬁmﬁﬂﬁmﬁaw’mmmL%aﬁuﬁwﬁﬁgawa )
wé’ammmi"naommufﬁomﬂﬂ’jﬁm‘hﬁ'@maamﬁméhﬁ'u ALRINALALAANITUENINNAY
AaliAamsuandninazens 2 azasinionnninii lasfinsuenainis (separation)
sunsanendasaanidusasuTiimfa NSWENLUY near head-on (U3LIth IV) S'fim:aawjmﬁ
Tunwiavazagluumigudnarsfoinu (@udsnsruiiddesuin)  uazuuy  off-centre
(U310 V) $982009 AN TUAMLULIESR IagWaIanNnsTe 820899ZHUALANAY Aaufias
mmmﬁlmﬁu LRZULENIINNG SIRTUNITHUUL near head-on &IUNTTULUL off-centre
az0099:dall udILoNeanIINt  FINRIINANTTHUULLENANAWE (U3 IV uaz V)
onvvzrialiAnazoaslng 2 azaaswiasnnniiudle

[ 3

1.0
. {II) Bouncing
z
e (V) Off-center
_E 0.6 separation
<
« 0.5 =
=
;L 0.457
—

(IT) Coalescence

I CnalescenceJ

/ (IV) Near-head-on

separation

Weber Number

gﬂﬁ 2.6 UWNBNTWVDULVANIITUVDY Qian Lae Law [34]
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2.2.4N1IN3201YAIVDIALD DY (Droplet Distribution)

TapralUudn MINIzaIreIraazaaiziiaualujlraladidudazanes
$1INaz9 (n), AU (A), WioUsunas (V) iuNsstunuawavasazess (D) udadnalsh
g frsulnausenuuuMeieangIy Aearaswnszeasmdsuiudanudmagunn
MINTIWIUINNINITNLAIVBI02009 Foazdudrunufildlunssiuimens 9 donudu

muquﬁﬂmomﬁ HE RN qu mmsnﬁmﬂﬁmn

TDpn(D)dD

- Dy
(D) =g (2.14)
qun(D)dD
Dy
ija
dn
D)=— 2.15
n(D) D (2.15)

A Y o A o P : =2
ABMIINITNLAIVRITIUIUAZEDY, dn ABTIUIURZRBINNIWIATININ D D9 D+AD,
WAz n ABIIUINADBININNG
< [y v & d A ¢ & A o o & a
loomldudy idusugudnansndeiltlunsmdSodamdsiniuennduu s:foy
14 Sauter Mean Diameter (SMD w38 D,,) tHuaiunu  dadudanainseningiunaies

¢ .« & da &
azaa\‘iaLlhil@]awuﬂwﬁmﬂﬂazaaﬂal,ﬂiﬂ

D,
| D*n(D)dD

SMD=g——— (2.16)
j D2n(D)dD

Do

a 1 v v 1 { a A &
Tuun99u3d 1Bu Yule uazaie [36] lidusugudnanaadoidalianes, D, 59

$HyININ

Dv .05
IV(D)dD =05 (2.17)

Do

Tuaruidwasinar slsoazdsznavlddirsazaoidiwinunATawIaNLana@1In
. d' % 6 d' v A
(polydisperse spray) TIN15N32N0GVaIUIaazeaIaUSazuUnidfsuldanuniadia
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POIMAD URTFNIZMINH  DenunengNagsanilasaosumadsdszsnsiialdle
FwemInTzanasivasazassmlied agnlsfiany ldsumslefaunsarimelaninnu
lunndu sunsislszsnsmduitouldiulunisvwenisnizanedivasszaasase
e Nukiyama-Tanasawa distribution, the Rosin-Rammler distribution, the Modified Rosin-
Rammler distribution .82 Gamma distribution [37].

awmsﬁaﬂs:ﬁ'ﬂﬁﬁﬁwmﬂﬁq@ lunmsvnwsnsnzansavedsazeasalsofa N3
mzanmﬁ"m:fsmL%aﬂ‘%mmé‘%agﬂﬁwmuai@ﬂ Rosin usz Rammler [38] @9&wn1s Rosin-

Rammler volume distribution W&ad 1 3aad

V(r)= (aTRj re"exp —[L] (2.18)
roe r,

iy g . . . . £ > V)
I@UaﬂwmzmiﬂizﬁnU@]’Jﬂla\‘la&lﬂ’]i Rosin-Rammler distribution ﬁlwuagﬂuaadmuﬂi
1 . . A o o o % L ¥
?‘IE] AMNIINIEINY (dISperSIOn parameter, OlR) ‘ﬁdﬁ&lW%]ﬁsﬂUﬂ’]’I&Iﬂ’J’N“UE]x‘iﬂ’]iﬂ‘i&“i]’]F_l@]’?l 11
A o . o o« A & .
NIINITANYYUIUBEY ANAINUNINNVDINIINITAINYUAILININYY n’13:n3:zmmmmﬂ§ﬂmmu
oA ' | =2 | A o A A o .
Iﬁmufﬂzuﬂﬁﬂﬂiﬂit?ﬂﬂﬂQg‘it‘ﬂ?’]\‘] 2 4N 4 ﬁ']‘i«l:aﬂ(ﬂ'lLLﬂ‘S‘ﬂu\‘]ﬂa(ﬂ’JLLﬂ?}JuW@ (Slze parameter,
2 A, @ ' A o AdAa a a &
rR) PINANLNIND Iy 0632, ﬂmaﬂasﬂmuﬂimmmam:aaa 63.2% maaﬂsmmwaammmﬁm
> v v tg/ { Y o
FUNNINIINITNLAY  Nukiyama-Tanasawa [39] "L@gﬂaﬁwumLﬁalmmmﬂms

a d o a a é v s ¥
NITINYNIY aom%aama:aaam LUAN D3 LLET@GVL@’I@Gﬁ

dn
D" aD® exp(—(bD)?) (2.19)

o a b, p wsr g Aedndsasdi asndwindiulsiiisduluaunsgs
Uszany @Taifummgmﬁ"mlumiﬁwmﬂmsmﬁ:mUﬁaﬁﬂaugﬁumu weag9 lsAaIN NI
Amasfud s auAaNuBNNE N NLAL TS 8N

Boulderston kazAnse [40]; az Chin kaz Lefebvre [41] touuziinin sunsidszany
Rosin-Rammler  3¢¥N#18n150321801TIUSNaT 66 La¥inuI8n1INIEaN8a12893 %%
az08d e bikiud #IURNNTLTIUILINY Nakiyama-Tanasawa 3¢ MAHANIYNUIEANTNTZANY
fpasswinazanslaa uarwmelalduingdgmsunsnizansdndelsines  vmefing
N3ENBENEIUFUN AT AU AUNINTZNENEIs  (ERaNTINTY azasdvasaind
SnwnzfunTenan)  SeERENAIREINNTATIWIENNINTENEEITIUS I AT I Ll s s

Uszlaatlunmad fuduinni
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') ] ° ') 'V
FUNIINIINIELINYAI Gamma T\‘]Qﬂ%’]l‘lql"ﬂﬂﬂ Beck [5] ﬁam&m:miﬂitﬁl’mm’lﬁlz

v A Y . AaA o Vo A  da o o .
IﬂaLﬂUOﬂUaNﬂqi Rosin-Rammler NiaAIMIINILNYAIILNINY 2 sﬁ\‘]Li_]uﬂqﬂuﬂlul"ﬁﬂuaU’N

uwinae [42] lapfiguns Gamma flfuaasnianszansdizasiwinazeasfiyduuuasii

16r 4r
n(r) :r—zexp(—r—J (2.20)

32 32

\Wa r,, A8 Sauter mean radius  LNBWIENNIINIINILALANTILUINIGT Rosin-

[ A o Y o {
Rammler 3LU3ouifinunuasny Gamma Gokiaualan Beck [5] azldnadauaasluglfl 2.7
AU FUMT Gamma WL IFFINIENANT Rosin-Rammler 1ug19aza3211aLan

wazvnwglaganinlugsazeasiizmenans wazlndifusiunindwivazeasuwalng

08 | |

07 —€—Rosin Rammler |
—Beck [1]

0.6

0.5

0.4 #
0.3

0.2

Volume distribution

0.1 -

0 ‘
0 0.5 1 1.5 2 2.5 3

Radius / SMR

A

PN d P > ) aa
Eﬂ‘ﬂ 2.7 MUIBUNEUNIINIZANLAIVAIRNNNT Rosin-Rammler NAAINNIINIZINE

ALYINNY 2 NUFNNITVBY Beck [5]

2.2.5 113 WVaIALD DY (Droplet Drag)

v a &/ { { d 1 =3 v & v s 1 ¥
Lmmummmﬁaaﬁnﬂmimﬁawﬁmada%mﬂmumﬁmnmau PILTIUAINA1IHAE

= 1 1 et g; = dl o 1 té IS 6 o ‘14 e tﬂq/
UHRABAINN LIJVBIRCBBN muum’]mswadazaaamumml@ 9 T uwNanTwnUIaa9%

du 3 Ure Ure
= :_CD&—'| 1 (2.21)
d 8 "~ p r
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{ o a £ @ = a v o o
\a C, Aeautszanussin T9lasUndusraziJuwesTuny Reynolds number a9

o [ { 3 . o a n€ v o s
NCa e ﬂ’]%ﬁﬂﬂ'ﬁ‘l‘ﬁaﬁ Re <10 fsulIzANIULIIGIUVDY Stokes RIRITUNTINANRINITONN

1éa1n

24

c. -2
P Re

(2.22)

o {a ° 4

lagngues Stokes MANTFUNUMS MaNlen Reynolds number ¢ ¢ Gsussniiaazdl
a a o et { Fg/ d d v o
BnTwann #wiumIlnai Reynolds number 934 Suussidasazidnandunuimuny 397

@ o a £ @ o oo v & o ae o

Iiguisedndusssnuzay  Stokes wiglaliuaiugr  asuninIspIIwIUNINTINEIIW
o a s &l v a s ea ' a A
WanasunadIdszandimanzay  Putnam [43] ldauasumadsdszandnitadanisdu

nsauazdiasrinmeldwiugr daaumsitlagninlulfadauninang [25, 44, 45).

24 . 1 o3
Cp=—(1+=Re 2.23
D Re( 6 ) (2.23)

% [

Clift uazAtue [46] N lasniauaaunadiUszandndans o lnalfosnuasd
24
Co =R—(1+ 0.15Re%%") (2.24)
e

4o o . &
feldgninlulglas Khalehgi [47] uaz Park [48] uaniwiloanui Yuen uaz Chen
[49] AEWAIUIFNNILTWN Lasla1aanNuanaranuanitay

Co =%(1+ 0.15Re%%") (2.25)

a

° @ { 3 4 @ a £ @ Y { 2 ' @
ﬁ']V\‘JUﬂ']iVL%ﬂﬁN Re > 10 mauﬂ‘sza‘nmnamu%@L‘?J"lmmﬁ 6]J’\"Iﬁﬂ"lL‘V]"I‘f’l'i.l 0.424

2.2.6 MTAYNAIINTIBUALNIA (Heat and Mass Transfer)

=) J { 1 v 1

NIISLRLVDIRZDAILNAULLILEINN ATENUNANNTDWLATNINIZAINIRZDAIVAILAR?
% (=3 £ %] n:ll o =3 £ o v =1 nn:i J 1
NUMTUINEN WAIINWNAZE8 MILUINNATUIAA AN LA a:aaaugmﬁgmgwumugw
Q { ~ =) J IQ
AUNNIILLALVAINIARZDAIRAY NNTURoULUaIan Iz NVadna L duimaaztiad wnRavas
azaaduazaNnInatuIglngnsalainad e @TaUm{l,%aumiaw@amw%”ammzma P
NIAVTURZVDILARI I BUSII HRIRUNENIFDY  1auna bUuan lumﬁl,ﬂswzﬁﬁ]zamqla’h

{ a g/ = =Y o = ¢ = =) a
ATTLIUMINAATWIULSN URIRUAFIRNNIENIAIAL (quasi-steady) LRBNTNAINNANTILLAE
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vodazaastnufnslnadesunn  dniuuuudisesmiszeadisite azauyAlddini i
o | K @ A ° . ] { =
anuauvatazaasfidigann Gidsnaligunniinoluazaasnndunsfidrinsn Teazll

- F L - .
ANNANIALARAUFIIN Harwavatazeadlngdu udatilsfianw Wesnnanudiovas
uuudiaed isothermal # 3ldgnilddszyndadrauninas [50, 511 udatalsfian ivali

° v 1 o a £ v a [ & a & =]
sanTaiwelauduiranndslnuazlnfidssnuanuduadewnndu msditstianInizane
L= a v o a o ‘é s U nl J q'/
dwasgmnnineluazessfldgnihanfiasanluunudaesdsdudaunngsau lasnaly
w7 zsuydsUimIinszansdvesgunpiinoluazesnduninluan [52, 53] Likesnnda

A A ¢ A & v W o &1 & = ' A

uwaflglunsliensfiinanniu anugndawiniridengslu udisinadainanldlunis
o { J ¥ o LY o I v v 1
fuwimienwuis  wenand luurswuuitaeslainavasnmsunsiganusewdnuniu
NIITUWAE

a d‘ [ n:{' dl =3

NINTUINTILLALVRIALBILAED BaTNTiUReuulasvadsazaadasllugn1izin

TR AN IRINITDF I DA AN

dY  RT

‘dr  D.P

Mg (1-Ye) (2.26)

A A o " A ' , A A . .
kB Mg, Y, WS D, ABBAIINIILWILTININGDRUIUNUY (mass rate of diffusion per
g 1 a ¥ a 1 s a t=6‘ 1 o e o
unit area) ﬁ@]&’)%L“HG&I’JaTa\‘JVLE]L%E]LWGG LREAIRNUIZRNDTNITULNT AN IAL mmsam;ama

va9laiTanainszuziaiila 9 azld

dy. RT r\’
=— m.|=| 1-Y, 2.27
dr D.,P © [ r) A=Ye) 227)

]
A

WRINNH FNNTBUALNIARNATINIG Y lasNdaw lvauteLuaad

r= rs T :TS YF - FS
r=r, T=T, Ye =
Azle
RT
—ln(l—YFs) =ﬁm,:s I (2.28)
C
NWIBVDI Spalding [54] FAARTNMITNLINGIA (mass transfer number, B,) be'
IR liaen
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By =—7—— (2.29)

A% DAIINIINNIONUNNIRIITANTINNY
Mg =4zrZme =4zr, Dep, In(L+By) (2.30)

luruasndny 9 N FUMIWRINBERIURzaLALIE TR WIIL laaN

dT d dT
2 2
r’'’m_Cp,—=—|rk, — 2.31
+ MR g dr( gdrj (2:31)
dmsdufiinsasunmstsdwdiouty r Tesfiddewlvreuwafiuduie
dT v o go
K, (—] =m, L Saldnasniaod
dr ), :
L dT
2 2
I, mFstg(r—Tera)—r kga (2.32)

9

o o v g [l Y o a a & A v o &
mmmm’%mauﬂﬁmmﬂm LLﬂ?ﬂﬂﬂﬁia%ﬂLﬂimaﬂﬂid GITGEJZVL@NE‘]@G‘I?L

” (2.33)

9

rsrnFSCpg _ In(cpg (Too _Ts) +lj
L

NIV DI Spalding [54] ANAILAYNTTNLNANNTOY (heat transfer number, B;)
Aeuleanaa IR InLABN AT NS LA TLIadaNda A NTaUNAaINITIUNITIZL WYL T A LWRS

LRA,

C -T
B, :M (2.34)
L
Gt 8aTMITEef ldanan M INa I uRINTaLEad la e
. k
M = 47T, ) In(1+B;) (2.35)
g
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1%&:113:%%0@&%ﬁmimﬁauvlm RUNITUFAIDAITINITANLLINANUTOBUAZNIA
o v a v 1 { & a a 1 v
’%’lLﬂu’ilz@]adQﬂ@(ﬂLLﬂa\‘l I(ﬂElﬂ’]i@lnwnﬂﬂ?LLﬂTLﬁﬂﬂ’%ﬂﬂﬂ’]iW? %GBﬂﬁWﬂﬂ’]iWTﬁ]Z“ﬁ’JﬂI%
@ : a, da & ' [ . % o & o
AINNIINNULNUATINENN YT ﬂ’]LLfﬂ“ﬂ@x‘mﬂ’]’]‘l@]QﬂLﬁ%aI@U Faeth [55] @duuaaINNIIITLAY

o [ Ada o ~ ) a o g
ﬁqﬂﬁ'ﬂﬂimvmlﬂ’]iwqLTWNWLﬂﬂ?TﬂG'ﬂzNEULLUU@Nu
Mg =271,D; p,Shin(1+B,;) (2.36)

LR

_ k
Mg =27, (C_pl Nuln(l+ B;) (2.37)

PMNEARFNNHTVBIDATINTTEALVDI LOLTBLNES (FNANTN 2.36  WaT 2.37) AUAUNNT
rhslmmm%aumm‘mLLa@ﬂugﬂmaaé‘uammsdmmma"tﬁé’aﬁ

B, =(1+B,)"" -1 (2.38)

138 @1 Nusselt number (Nu = hdlk,) uwaz Sherwood number (Sh = h, d/D;) 81013091
"L@Tanﬂaumsﬁaﬂs:é’nﬁﬁm%‘umsmzlmmflw%”aul,l,azmasaui'@qmoﬂam TaanaNIzadh
AVNUAIAIN 2 Twndn ldnIwdnaAeItad  3N9uIuUad Ranz ey Marshall

@ o

[56, 57] laldanudunussmiunsdiniwdwiagnssnay lidad

Nu=2+0.6Re"?Pr'® (2.39)

Sh=2+0.6Re"?Sc"? (2.40)

\Wa Pr A Prandtl number (Pr = Cp_u/k)) Waz Sc fia Schmidt number (Sc = /D)

¥ .. U o [ = J o a A A
#ananitAbramzon Waz Sirignano [58] latiauasnauwuwsin laadiletidnsnauaslay
%aa:ﬁ’mmumimﬂmm']w%’auuazmmz%d’mazaaaLLazﬁ’lsﬁLL’mﬁau é’affu@h Nusselt LLae

Sherwood numbers %agné’mﬂauﬂu

)0_7 In(1+ BT) (2.41)
B,

Nu=2+

(1+B;
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In(1+B,,) (2.42)
BM

Sh=2+

1+ By )"’

lapin@uaa Sh, uaz Nu, WS HINNIATUNUTTEY Ranz-Marshall  91nmM3dne
1ot Abramzon W@z Sirignano [58] l@lAANMARIN eRFUWKSVES Ranz-Marshall 3z¥inune
Andammamoinldgaiuluzig Reynolds number 1 9 (Re < 10)

Tugrusnvasmyszimeaiazassdadutiasmalienudon (heating-up period)
Tasfianuseusinlngaldannszuaumsil Lﬁauﬁy’ommﬂﬂumﬂﬁuqmﬁgmﬁﬁ'uazaaa
Faganalfiiamytamaasiiasan auﬂs:ﬁl'aqnmsj“ﬁﬁwaaa:aammﬂﬁqmﬂn“ﬁﬂsum:
LﬂﬂﬂLLa:qm%QQmﬂiua:aaaﬁwﬁﬁjzﬁmamm}a Fennuenladaiwdoasiidrintuaa
AUIINVBINT  LIARBY LLa:msm:mﬂﬁwaaqm%nﬂﬁmﬂua:aawzaﬁ%aua Lfia?;uq@
nszuaumslfenuden sasmimomuasesininesvnad  laslunszuiunslieny

Fau anuFouncumnMTLIasaN RN UAZaaIENNTDAIWI DA LN
Q, =7d*h(T, -T,) (2.43)
NIUILVAY Faeth [55] A1 Nusselt number "L@Tgﬂé'mmauﬂu

Nu = hd = Nu, —In(1+ Br)

= (2.44)
K, B,
AIANNT RN TN UNLTEEIINNIITNIE N ITUAZ LA IRINIIDLEAI LaL T
In(L+B,, )"
Qin = Z”rsk (T -T )NU Y (2.45)
gUw =1 0 /L
(1+B,, )" -1
LRZAMNTAUN LTI HIUNITIL RO A0 L TALWRIRINITON b9a1n
Quap =ML = 271,D, p, ShIn(L+ By, )L (2.46)
@99 ANNTauN TNz UM AN TaNI 9w ldann
Qheat = Qin _Qevap (2.47)
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é’(w%'uqmauﬁ'a@ho 9 MIMEMWALTIWMIAWIN 1% A TIauTas A1ans

Y & ¥ o A oaew X o d o 3 v
SR RERRIN umz"uuagﬂuqmvxgwaa‘*ﬁuﬂaw"l,aLmaLwadeﬁaﬂﬂﬂqmauazaaa Falasna lluan

a & A ¥ 3 < 1 .
qnm{]maquﬁuﬁazmmmﬂszmm"l,@mﬂﬂgﬂma’mmu (one-third rule) w84 Sparrow

waz Gregg [59] Behenal3asit

T =T, Jo=Ts ;Ts (2.48)

wananit SadlinIsuuneviwnenmaniiauegunnvastuianlugduundn [47] ud

A

atnelsfimunguikdusuiiduniivauazoauiuiuetsuninanslundsznudigunnd

U

YDITWAN R

2.3 n13tH1[%al (Combustion)

2.3.1 nizll’mn’ﬁgﬂiuﬁmadua:nﬁmﬂv?af (Auto-ignition and Combustion
Processes)

na s i va st Sun U AN URAUTUTaN  1agnTEUIWNTISNAUINNLTOLNR
=) U v ‘»d‘t:l a s ¢:{' ) v dq, a a L
wangndad W ludeum ininfioampluazanudungs Mldisamdunanfianuandd
Wuazeadtdolngd Mam'smfma”auﬁﬁqm%gﬁgw:ﬁﬂﬁazaau%aLwaol,ﬁ@mﬁzmm
naroidulauazaznsunuaimeason Walinsnaunuassbawdsuazonnia Ufnsoadn
1 n:\l a J 1 ‘ﬂl 1 s dy a A aaa a v
Aoy 9 (uiedn wdiasanluiusn aasmsldlomaiwaslumaiadjiseeldandny
1 B lRgunpideudeasn lasdjitonadaulnglutiousn azidunssaioius:
luanavwalwglifiawanidnas eluansvwmaianiswinuinwe djfsouaiiniianag
A £ ) o ad £ A A & e o @ A 4 @
Jonuuussnndu sinaldgunpifidgsdu uazgunningaziduladoddgnsdan
a a Aaa v &/ QI/ a a . ags . agn
mafadjasenadligen aunsznaiian1saszidaias (auto-ignition #3a self-ignition)
ﬁ]’mmﬁ"sm'smmﬁﬁ'ﬁlﬁlﬁmﬁaaﬁm'ﬁ@muﬁ@Laa‘lum%awm?ﬁmawuﬁ Snvlw
A { o A { ' o £ > ) oa ' o
dnunganunseidaesiannaiouandiiuiuegiuinmainldRasm 13w anueu
A A Y ) A . ad a & a
mdfusdasnelureamng Usemoussniladaanan amnININNgITIn SN
‘ﬂq, =) dl v v Qs dl L v ‘il U
Wanaanaaasneluramnng wazdanmsldsuudasnnuturasanuiauilaadday
U 1 a g a v e { QI &/ { v
onan iiudu [1, 60-62] udluilagiud afioulfidssnnuauiiiaduiiasninniawnlns
[14, 63] uazuganiasaanan [14, 63-67] tludrszyniseaszidaias 9nNINEUBe3 Crua
v da X { o & ' { a A i o
63] ANNAUNLANTWEaINNMTHN IR asranunauiazsfadsenmedad i Fanaile
lizaandasnueauues Heywood [1] LAz Akiyama wazame [14] weatgndbsnany wad be

ANNIRAIIDTRA MFANNLANAIIARA LN LLa:@mﬁaudw NABANTATINIANILLRINLL A
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a A a g o A o ) Ay A
sananazlianuini@atiannduyniu iasnanainmimanaluladdui wazdzney
U inafiafanaunTassydunisvesmaszidolas waznswamaaalal bl lddnee

asnninueinuiiiiveimaszyiagaszidaiasiunisnases Seliamunsaivua
% ¥ o dl v 1 % [ > o a 6 1 6 d! d'
TALRULG AIN LANAINILED  LTWA MALLLFIRBIN AT EaTH LN n s lasnasinitanas
A { o A A & \ v & o [
wyfinamnieszdantann  sanamaaszdefazuandiudniosluaunaninusd
Yp3unIpnaazvinuiiinua fsudinazdnelasltireindinazansaenIINIBAIND
wmilaunu [68] 1889l Kang uazam: [69] LRanlddaasnansniaielfiseuas
A o A X ' = ° P d
punnd Busduadvmanudunadilunsimuanyaszidaies lusuen Lutz usz
Atwe [70] i:qdﬁﬁwqmﬂgﬁguﬁuﬂ’hqm%gﬁﬁwﬁu 200 K aziian1iaasziiaies wanani
Rente uazame [71] IWanautAni mnﬁani‘*ﬁqmﬁgﬁmﬁﬂmUluﬁadl,mvlﬂﬁﬁ]zmmzam’h
I@uﬁwqmﬁgﬁmﬁmquﬁuﬂ’j’] 1% INANING fﬂzL‘]‘ju’ﬂ(ﬂL%Nﬁ%%ﬂdﬂﬂi@@iﬂﬁ@@d SRLISISH
é IO v Aa a k% o
onndudnaimanis vhldiiaanuianaaldanmune
lumsunlnel Jaduiagndnadasasnmisun ndvaadawdsldun aasniswauns
P9IDNMALAZLTBLNEY (mixing rate) wazdaIINIIAaUASu AN (chemical reaction rate)
laosuan azaadawadsazszonasidulauaznausivainuanmeaiiafey uSmna
AzaauTaNdviay  (@uKENL) azassanvrzgnizmonauiulensnualugisvesnsld
v 1 % g Q { { a v a aaa A v
anuian dnalilidnn mInsuiungs Waifiamaunlnd danmafadfiseeisth
ni azdhanavgunzuaumslusinany walwlun#idasondy wan premixed danulu
l % = a (% =1 I l dlﬂ/ a aaa A & a
uInvaInIgn iwd (Twiimesmdaesdie) Jndugrnaannanfedjisenaiidue
auQuditensin luiuaanauiu lusSnanlsunaunu azeandandslasdiulngas
"L&igﬂs:mslﬁ'am@ LRZAMNTNTUVDIDONTLIUADUTIIIZET AIHUAATINITHENNUIZRING
d‘lp a a =< 1 v oI dql/ a d' v o £ =3 L2
lamawmduazeandiauisdendd logawdsnldnauiuameuda Sagnlslunsinlng
a1 Muszeaudamdinidilildiznoazgninlndoinit 9 uazazgnuinlniiannz
saunfinnaunuadsnanzay mMaw mdluuTad Jagnaiuqudisdannunizadle
g A A o & A2 a ! . . A . o &
Dawadazaandian asnuwdad Wlunfizesonin wan diffusion W38 non-premixed 9%
Tumsen lndvasamysonu e dunINFNNEIWAWIERINURILLY premixed  WAZ  non-
. A o { o . . .
premixed SINQBFUAzLLLIINGNALIAVIUNIUUY premixed uaz diffusion 39gnldluns
Janzdinmsun mauuusdse [2].

2.3.2nalnijjA5anad (Chemical Reaction Mechanism)

AniaTafiud ﬁ]zL‘ﬁuv[ﬁ’j’]5@13’1?1’13@@1@?]%8%@flf?%ﬁﬂ’)’]&lﬁ’]ﬁq.j&l’m danisyinuy
nsgasziiatasuaznsi ndflugaousn dssuniseiauundrassljisonadimunzay
nandefianuududrgauazldinalunsdwialduwinly fazsinlduuudiaainiamn
Tndmdsomansai lfldonuwldass Taonalnvesljisonadisunsoudnan g sanlmiu 4
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ngulngasdt nalnuuuazidua (detailed  mechanism) nabnuuulaseng (skeletal
mechanism) N8 lNWUULBEI (reduced mechanism) WAZNA NI (global mechanism) lag
Tuwuudassuuuszdaaazldifizonaiuas species Nngatasninua aglsiann nsh
o & Uk A 7 ' o A v o w A
wwudraasiindszgndldnumsien indlueissouduu deudrsaziidadrnaun ieasnnina
s A . . . . o o & a Ada &
AR LNIAUAIFATNILAN (chemical kinetic mechanism) mmuLmameﬂuvaaImmiuauga
wag kI I NIFWITUIUNIN INNITTNLNRVEI Gas Research Institute (GRI) N& by
a A ' & v X aa & a A a , &
aziBuangniawnduinludagiuil Sidsazawdslalasnan Sinu wsues uazdisu i
A o | = & a Ada & o A = . o
Saduudiuisaindniidrlalaseniveudr inadunisaaanugisnlunisdiwainiua:
YAFINAAINGT LmeﬁéTﬂ'ﬁ‘mpLﬁuvl,ﬂﬁme‘i’mawaanaﬁnuuuimos’wmmu
woudisasna bnuuulasssenuaziianfinsmawizl fAseaidndaagrianuain
nalnuuuazidoe ATmMIndieiigafa mymdadjisouaiiiiiiean uazaadiwiu species 7
ez Dondiindwnd jiseiniiuazspecies azanaduan wangysnarwiniazsanlany
& a a ' = &N vA o o v A a dAa
Fawmddira udadglifianw Alddnmsbhuuuiaeslddszondldiugamdniidraaninu
InflAssnuInduaLTa 1% n-dodecane, n-heptane LHudn luiaIasauauua [72-74]
™ o 1 1 & s v v 1
A1 WUUINRBINA FNLULEaFIWTINANNTUToURaeNINNR NLUUAZL B ALAZILY
las9319 tHasnnan wouraasfiasifenawizljiseadinddgainainnalnuuussidos
wiauuulasire laeds sensitivity analysis LLaZ steady-state analysis AN generic
species iaUjispnafiniuuny lasfdjiteadnfidmintesazgnidas wwudiaed
a ¥ A { v 1 o J a { o a
TiainiTe Fuslawn wuus1aad Shell [75] mgﬂwwmmlﬂal%’lunwmmmmsmm knock
°ua<1m%wuﬁuuuqmuﬁmﬁﬂﬂszmﬂw LLuuﬁflaadﬁﬂs:ﬂau"Lﬂ@Taﬂﬂﬁﬁ%mmﬁgﬂw
U 8 FUNNT LAz U species 6 THa Tediduna lnuuudadinusnndszauanudnsa
lunsdszgndldiunmsvwonisaszidaiesvesiaiassudangy
A = [ Y o a " o & @
waiunswanliuuudiaes Shell Sanuusininainniu uszaansndszgndldng
£ £ t&/ o a w { [ 1 > 1 Q YV &
ldnFmnau anmidTanuwidsfidisanudt uwinmanmsdiudaudman ¢ ldidu 2
ngw ﬂ'@;uLLiﬂﬁ]:Lﬂumiﬂ%'uﬂﬁ;aLLum‘haaomiﬁwmmm%au ﬂﬁau@]‘awé'omw,l,azmamaa
. = a o @ a aaa S (XY
species luinaniadmat uazniudlvdrdaniniad jisendslddayanainnimanas
{ 1 { U 1 é v {
lapflifimafssulaslasaislassivvassuninedl [76-79] dnngunisazsiulufinis
WasulassaFalagsiuniaall taligeandainunannidenll a9nuaunIInIaaiinas
. 2 o A £ A o N A . o A o &
species T9gnaiaindwialimunetuismaaildlutisanizmaiauiinisiiu (8o,
< o nﬁ/qu @ ' Y ° A A ea
811 Swvumesitldgnldnueininiindunisdmsnneidaeseiaiassudains
[82-85] laaian n-heptane LHuGINUERILTaINEIA TS Liasandtaanmui indLasany
wanand noelna lnuuutadIwdn 9 NUszauaNNELITITUNY [86-88] addlsnarunatn
meiad’mmnﬁvlﬁa%msJVl,iJLLﬁadwﬁ%ﬁ‘iwﬁﬂluﬂﬁﬁ’lmym:mumiﬁg@mﬁ@ﬁ’m%uL%aLwaa

-26 -



Aa & \ ~ P o o a Py A
ﬂu"LaI@iﬂWiuauga VW ALTR L3h0991NANNTUTakUaINA INNIILATLAZANNRRLUF D
NHMTAIUITHAINET?
° o g = ° A A ° A =

wuydrassgaesaduiuudiassnitsgads LUUIIRaINa TN Fadwnisaanaln
LUUAZLA A IR R R AL ANIZ RN TAIAWURLN AN THNAAN LR NI TNILANTI VLN IR LI FUN1THTD
NINNINH I@mj"w'ﬁa‘*ﬁa;gamimaaaLfluﬁé'ﬂ ARANANTVDILUUINRDIR a2 UnN15aas U
o A A o XY A A & A& ' ° [ ° A wva
muﬂwmmmaﬂﬁuamq@ TadundsgastsunimnIAIEIWIBNIG CFD lunad i
LUU188932092 M RN I T2 N BUAIA N U TN BT IZR I LT W RILAZ A NHIUSNIIN LN
maaama:Ln@ﬁauﬁvl,ﬁmﬂmiﬁagam*m@aao'ﬂ%awamaamﬁme:ﬁl,%aé'aLammaaﬂa"l,mmu

a A o A & a ) | .
NCLOYUALWARINTNRUNIILANLU UV ULA L I@]Ua’mlﬂfyﬁ]ma@ﬂugﬂﬂlad Arrhenius

d[Fuel]

ra— AT "[Fuel]*[Oxidizer]’ exp(-E, / R,T) (2.49)

\la [Fuel] uaz [Oxidizer] ugeNDNRas M EINIaT4 oL TaInAsLazaandiaw £, Ao
o v o ¢ A A A o A a

WRINUABNUNUR A, n, auaz b AadIAIN  T9ldanMInaaeinIana lNUULAzLBLA
A % o A u:“’ A ] 1 13 o cu:l;l’ﬁ Qs
Wasnnlhmlumsswian lawdfes uazisdenmviuuudiaes 3583slasuanuanla
I ] e { a 1 ¥ n:' J { ¥ a
Wuaghsunasndanngluwiuwissinaiii [69, 89-91] uazanuawlaszAuandu altainas
A9 o & A & dll & P a A
ladeanlalasasuannunnin thasn1ain anana lnaauaaasniaaiiLuuazidsanIauuy
HaRIUAANNZRYN F1RTULTaINRIAINENY Westbrook and Dryer [92] la¥inninaaadmn
AnInae 9 Mnsuuuudiaednalnuvassamaslalasansuanshads 9 aauaadluaisns
2.1 iesnnuuudaasit IiRsssunadon aeuudsliddayavas intermediate species o4

WU TAIA USRIV TN N

1319 2.1 @1AINEIS 9§ FRTLLLLEIRILLLNG INTINANRNNNTA (2.49) [92]

Fuel A E, a b

C,H, 1.1%x10" 30000 0.10 1.65
C.H, 8.6X10" 30000 0.10 1.60
CH, 7.4%10" 30000 0.25 1.50
CH,, 6.4X10" 30000 0.25 1.50
CH.,, 5.7%10" 30000 0.25 1.50
C,H,, 5.1%10" 30000 0.25 1.50
CH,, 46X10" 30000 0.25 1.50
CH,, 49%10" 30000 0.25 1.50
C..H.,, 3.8%10" 30000 0.25 1.50

AU cm, g, mol, s, cal uaz K
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wanani lasd@ulngudr wuudnesnalnnuazdwsdanmiddssanuianldgs
i danalfida ldlgungiingsniinimeses iedunsdivdpsdedasmanii $1uou
FUNILANLAS species ﬁagmﬁmﬁﬂﬂlumsﬁwmm f0819T% LULEIReINA INTINFDITY

Fuel +a0, - bCQO, +¢cH,0

co+10,->co,
2

Jones WAz Lindsted [93] lauakuudiaaIna lnTINRUUEAIRTUMTIHN IaTLUL

%

premixed LLAZ non-premixed a9%

| C,H 2+202—>nCO+(n+1)H2

n' '2n+

I C.H,,.,+nH,0—->nCO+(2n+1)H,

n' 2n+
1 nH2+gO2 < nH,0

IV CO+H,0 < CO,+H,

{ o & aaa A X v Aa o a Y
°umzﬁmmummmﬂgmmmmu °uagamaaﬁwwammﬁﬁanwwmﬂmumsJLLazmi
o =3 o ¥ a J A o & o 3 [l ! o
AWITWNASTUDDUNINIVL TGLLUU%WQ@GﬂﬂVLﬂTJlJ%ﬂ']U“U%B'Vﬂ‘ﬂt'ﬂ@’ll‘ﬁagl%ﬂ@‘NLaﬂﬁﬂU

WUUIIRBINR INEDEI Lo

2.3.3 M38519UUVF1889N15LH1 48] (Combustion Modelling)

dl v 1 v 6 g: & Qs 1
NN leana1un Mk lndvesmuSonuwazidunisnannaunusznitadanuy
premixed W&z non-premixed laslugi9usnaasnsien lnaiaziduuuy premixed waLradan
WU I 1LY non-premixed AztN3NUNUALAZIARDLARNTINIANBIMIUNINAIUTRS
{ J > ] [% ™ g: =Y U L3
luzuf 2.8 Fsusasfisansinisddesaiiuien asuudsenanarsalddn nrsiwnlng
. ﬁ v 1 s 1 v . s
va3muSoLduiuy non-premixed TITBUANARANTZTATNTLHN IATUWLL premixed AU non-
premixed A FAFIUVBINANTITALINLULUAT premixed e btL/a non-premixed FAFIWANT
nanazhUsasuldonudiunis lasfdawuy  non-premixed fazlisunsandandi ludgs
a dlnl 1 a A a v dll d‘ly a A a | 1

vSnandaunaunwuinldriavrainldle lesannaledaindnesandianduain
wlunmsanlnd dsuanutulivasiinaiduatgrsnindansinlnduuy  non-premixed
g a v J 1 @ v v a =) {
wanand gunniinsin ndazinegiuanuduiuresreingy uazgmn)igigaaziian

U 9

8011 stoichiometric WazamwniNgidalinadonaiia NO, 8 AIBLNaAILAUIIMANT

U
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mnm%;ﬂ;ﬂﬁga LA bl mmsm‘iﬂﬁmmsmuqué’m RIUNIINFUN VI DL TOLNRILAS

v & a v
anmealinanzan Saonlunsljua

ﬂ; v 1 s 1 v dl &
E‘LIV] 2.8 LHBATWLIAIINNUDIBATINIURBEANNTAUUDILAIDIDUAALDR

LLum‘haaaﬁdwﬂﬁﬁg@éﬂ%%'umﬁme:ﬁmﬂmvlmﬂwu non-premixed AaUULIADY
HENULAIQN 1] (mixed-is-burned) 289 Burke uaz Schumann [94] asuaaslugd 2.9 ladl
suydzInit sanmuielfisealgaunuazdaunaula’le GaiwTanasuszaandianaz
"L;imamaa%is"mﬁ'umm LLazgmLLiaLLmﬂI@ﬂ%’uﬂﬁﬁ%muwsﬁaagﬂmﬁumummaz
stoichiometric LLa:'*?'iéhLL%ﬂaﬁazlﬁqmﬁgﬁLﬂmgaq@ uana N Ugnsenaiiazdunisiun
Induupauysal laglddasdribitiadannafad jitenainisannzauganiuadl e
uisgunnIWIBaLATENS 9 (thermo-chemical variables) aziduWsnTuBuduiuadasuves
AEH ﬁaLLﬁdﬁLLum‘haaoﬁazﬁ%a‘hﬁ'@mﬂLﬁaamnawagwumfﬁwaa wANAUNITHIIWIN
aniuuudaasilulsvinunsnmsnindluaiosoudaima (13, 95] lasarnanudouas
Iﬁwamsﬁﬁmﬂﬁa&lm@;ﬁmwmﬁmﬁsuﬁuwamsmaaa

{099 NUULINa83T04 Burke uaz Schumann azfansandfAsoiafidumannlngd
WULENYTOL sanufamanfifisadaslunm s mesifis CO,, H,0, O, udz N, udluanu
uaseudn fnawanmaniiezimsuane (dissociation) fl% species saslunsiunlnad
awnnigd L% H, OH, CO, H, O, N, NO iludn Faiwazfanuuininundu anon
mmm%iﬁﬂmmuau@amﬁ (chemical equilibrium) %aé’mwmnﬁﬂﬂﬁﬁ%mﬁaLﬂmwaﬁ'ﬁw
Isznagluanzanganaaaiian lapfidanainifininvausas  species LLa:qmﬂgﬁﬁ
amazawqmzé’uﬁufﬁumé’@dmmawauﬁmamlugﬂﬁ 2.10-2.12 Iﬂﬂﬁbﬂﬂam;amamﬁ
RINNTDAI U AN 1@31NIT minimization of Gibbs free energy %38 equilibrium constants 51?'0
s1aziBgainLAnaInnsannswlaain [85] FINBUUUS A9 RIImINNTAN M B AN

intermediate  species ¢ laglidasnistayala 9 annalnaauaaainisaluuuazidoa
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wwudraesidsldgndszanndldlunmamniwimasy (95-97] ilasandaaminineinsniens

@‘hmm"lajga LA ENANIDINERIIAIGUN RN AN Lo

Temp Fuel

0,

0 Zq 1
z

Ellﬁ 29 LLUUﬁWﬂﬂGﬂ’TSLN’]VLﬂﬁmBG Burke Lag Schumann

ualuauduaiouss é’@mﬂm,ﬁﬂﬂﬁﬁ%mvlail,ﬁmwaﬁﬁ]:ﬁﬂﬁs:uua%ﬂuama:awqa
ARDALIRNN é’aﬁmmm‘imaﬂnﬁauqamaLﬂﬁ (near  chemical  equilibrium) %38 Laminar
Flamelet 3afianananzauannnit lagluuuudiaes Laminar Flamelet azauy@in TUN3
LLwiﬁ’fmﬁ@aglisl,uu‘%nmmsvl,ﬁaLLuuﬁuﬂauﬁ"L&iLﬁ@ﬂg’jﬁ%mfuazm\m’m é’oﬁ?uﬂﬁﬁ’%mmﬁuaz
mmwimaﬂmaqaﬁz\mm srmansadszanaldindulassaonuumdms Jevnliinsdulu
M1 flame surface density ¢ReETayaUDY detailed chemistry %ﬂﬁmmngmﬁa;&amaa
Flamelet s9indlaagpasdndsafiifinnufouismunsanldnnddasiuvasnguunas
scalar dissipation 6‘%@571%%%0%&%1@@%10mﬁ?ﬁagﬂﬁﬂLﬁnunﬁmsms’mﬁuLﬂmﬁﬁmm
duthuldagrsmunzauniadinisaiwim lasnannisi Hudifisvegrsungmionis
Ui:qﬂ@ﬂ%ﬁmﬂ%awu@?ﬁma AILEaI LI uIL [95, 98, 99]
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0.9 - Fuel
—N2
0.8 02

—CO02

Major species mass fraction
o
[Sa]
L
* Stoichiometric ratio

60 01 02 03 04 05 06 07 08 09 10

Mixture fraction

31N 2.10 Lmucﬁwaaamsm"lmﬁu,uuam;amamﬁ [100]

1E-2

1E-3 A

1E-4

1E-5 4

1E-6

1E-7 4

Minor species mass fraction

1E-8 A

"'Stoichiojnetric ratio

1E'9 T T \I T T T T T
0.00 002 0.04 006 008 010 012 014 0.16

Mixture fraction

A % = a o 6 1 ° A
E‘IJV] 2.11 mimzmUmmaomwa@mmwuawaaLLuumaamw@amu [100]

Temperature (K)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Mixture fraction

dl s Aa s a s 6 o =
3‘]_]71 212 ﬂ’]iﬂizﬁﬂEl@]’)’llE]\‘iqm‘lﬁﬂ“uﬂ’]sﬁwa@]ﬂm‘ﬂﬂlGGLLUUQWQQGKN@JSLQM [100]
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2.3.4 dndIMVaINEN (Mixture Fraction)

o Ao o A A o i A o 2 A

audsnaannlslunmsaSunamann lndluy non-premixed Aa FasIuBaINEN D9il
AnauALdL conserved scalar nanaAa ldguranaantarinansled lagaaasinaInauas
WAL INLIUaNDITEAUMINRNNHIZHING baLTalNRILazaaNTLa% (ﬁ'ﬂﬁwﬁgmmvlmﬁuﬁa
LLazéTa"lajgmmvlﬂﬁ) @hfﬁﬂd’smaaNamzﬁmlﬂu@mﬂumslmsvl,mmaaaaﬂ%mu waz ALl
p X . 4 e ¥ v
A lwa NI TRaUad oI TaINRY  TIANFARIWYINENTHIURL WL A la 8N IWILAZNNT
wwitinu @wdfitenldsansadoundssiiitld  lasfionuvasensasinaainaninnug

13as

=1

mass of material having its origin in the fuel stream
mass of mixture

z

NNALNAINANEIARTUNT LAALI Lot TaLNAILALaaNTLAUINNNENAY Peters [101]
| UEAIA NN RN TYBIAFAFINY DINFUNURAFIWLTINIAVDI Lol TALWEILAZ DA NTLAW I AT

SYe Y, + Y,

SYe, +Yo, (2.50)

dla v, AodasiuiBannaraatoinasludangs doin Y., =1 uaz v, , Aedadin
Faanavadeandauluaina 3 Y,,= 0233 uazs AaA1aananliiuia stoichiometric
doiulumslnaf il fAsen daduesnanaslanriiudadgimdanasadloiomnds

@awn Bilger WazAme [102] 1A¥MINMMIRNNTEIRTLSIUI AP FARIUVDINEN

Uz TN aHIILNTARNE AI%h

Ye _Yc,z +1YH _YH,2 _Yo _Yo,z

2
M 2 M M
7 - c H 0 2.51
2Yc,1 _Yc,z +1YH,1 _YH,2 _Yo,l _Yo,z ( )
M. 2 M, M,

i M ﬁauaaIuLaqa WRzZAYEY C, H  uwaz O enusiidiwlIznauaisuan
lalasian uazoandiau aus1eD §1uRI%0s 1 uaz 2 azsreisenasfiluannzSuduvasans
mylwaldainasuazaandion audiey

lun s Iwduuy non-premixed AN MINENA WA IULAUILAZII R AN 5 811D
izqvl,ﬁﬁaﬂ@hL«a,'é"waaé’f@daumawammzmmmuﬂiﬂmumaaé’mdawawau aold

AN species  NnwiladanIuniidaluiana (molecular diffusivity) Lriiunnaiia
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RUNIIFITNURINTUNITAIWI MRINIINIZANUAIVDIANLRFHVDINAFINVAINRN LA e L d a9

2
=

WANITW source term RIANIN LL&@OVL@?GT\‘]

pZ opU.Z _ Z
opz [ opYiz _ 0 [ DZ+“‘ja (2.52)

o ox  ox Sc, ) ox,

i
e D, dasndudszantnsuns Tumslnauuuiuthu anuudsdruuesdadiuves
NRNITANABENINGaNISRaU )TN ﬁd‘tf%ﬁ’]ﬂ’l’]&lLL‘IJS?JTJ%%\‘Iﬁadgﬂﬁﬁuﬁﬁmim’] lagii
probability density function anlE32alun1sRaTEN FamumydarnsuasAlais 9N
fmsumanuulsdwrsidasiutasnauaansauaadlda i

—Sn2 T S n2 > "2 5 \2 -
opZ N opU.Z _ 0 oD, + M, |OZ Lo th oz _5C £ 5
ot OX. OX. 2" Sc OX. Sc,.. | O, Yk
L 1 N — (253)

i i 2
production dissipation

Lﬁﬂﬁﬁ]\il"}’lﬂwﬁ/’]ﬂq@ ﬁ]zLLﬁ@]dﬁdﬂ’]iNa@]LLatﬂﬁigfy FagUaIaIaNNLY TNV

RARIUWVDINFUATNAIOU laafid1 Schmidt number, Sc fRITUANLRRLUAZAIAINLUTUTIN

Y IRAFINVBINRNLALN I A7 aellAegiinny 0.9 uaz C, WAL 2.0 [103] wananil

%

WNBUNIRYRAILVDY z" mm‘mﬁ%auaiugﬂmaa scalar dissipation rate jg"lﬁmﬁ

" (2.54)

7\—1|031

7=C,

A o - & a o @ A I % 3 ' .

TIAILLT X %uNﬂ'ﬁ']Nﬁ']ﬂEle"lﬂl%ﬂ'ﬁ’JLﬂ‘i']:iﬂﬂ'ﬁLN']vLViﬂJLLUUﬂ%ﬂ'J% non-premixed
P a & % a S Ao, =i
L%ﬂ\‘]"ﬂ']ﬂ@]']LLﬂiuﬂﬁl‘ﬁﬂ‘iZLﬂJ%Nﬂﬂlﬂﬂﬂ']’lw‘]j%l]')uﬂll@]aﬂ’]il,ﬂUOLU%VLﬂQWﬂﬁﬂWWﬁN@JNTGG
Uansen

2.3.5uyuI1aad Laminar Flamelet

\noal flamelet  9zFafiaTuung witsdia s‘fia*’ﬁ”’umaﬂ'ml,wif:%%a;ﬂuu’%nmmﬂm
Lmuﬂuﬂmﬁz\aﬁLﬁ@ﬂf}ﬁ‘%muazvl,mﬁ@ﬂﬁﬁ%m Hannunuaastuwiaafisuanns Sadn
NNUWIAVBY eddies ﬁmﬁwauﬂmazgﬂﬁﬂﬁ%LL@:U"’Uﬂ'mﬁaamﬂmim:ﬁwaa eddies
futhu daiunn@ntsud Ssnunsndszanmawzamldindulasehuuoanind lu

UMY flamelet §AEWITININVEI species 619 9 uazgannlaziduianiFunumuaulsnan
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leun SaswveINgy Z, scalar dissipation y WAL ¢ LNBABINIIAIWITARIGILRIIVES

flamelet dsunszuuitaunulnddagnihandszendls lasiuduwannganls

oY, oz oY,
oYi _ 02 oYy (2.55)
ot ot oz
o _az ey
X, ox, oz (2.56)
LAZRUNIBUWRUTIIY
0 0 0 0
9_0 020 (2.57)
ot or otoZ
WNUAIENANTTIaUAlURNNTHIENE species 216
g opU . _
S [ o] v e a2 of e
ot ot OX; oL ot OX;  OX; OX;
(2.58)
oz oZ 0%,
o, ox, | oz’

TasluinaunaaIuas 1NN BT 8N WNa19N 1Y 1348991 NFUNITANNUADLIHA
LRSFNNNTRIONURAFTIUY AN é‘aﬁuﬁammsn%’wgﬂlmﬂﬁﬂu

N 71 &
CAI A D (2.59)
or 2LledZ” p
2
A . . . va < aZ A o dy < = [l =
\Ja scalar dissipation 1#Benaiu y=2D| — | Gvaaudshanduartvuanis
OX;
FIWMINENNBlwNMT matuluniinadalasiainsued flamelet uaz Le, fia Lewis number

284 species THaN 7 lurimasade 9 nu sunnasuiamnnfgatldidu

oT y 1 0°h & | 0%, o
c—=4 - = _NShJAZ i 2.60
Por 2 Le 0Z° ;{ (229

1umiﬂizqﬂ@“l°ﬁuuua‘imad laminar flamelet 1% 92UINNIIAWIUEUNT flamelet LA

FUMILAT 88NINNMTFAIIWIUNHNAFIFASVBS AR (CFD) wasndayan AW BTN AN
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LﬁULﬂ%ﬁ’]Wfl’a%Ja%\‘]L%ﬂﬂ’j’] flamelet library dstiuuuuinaasifEaiunsnaunauinszning
anudslunmsltnuwuazanudasnmsvinng lnnsadagazidoaunlaiiunn TayaINNNT
dwrndafulile flamelet library laun NN AMURWILUL FARIBLTININVDY  species
i3 9 FaduiarTuinafasiunasnauuas scalar dissipation aeniwluuuusiaassadasms
LR IRINIRITNUFAEINTBINEN MFIRI MR LENNTF sl uANLaza N daL o
wmefidn scalar dissipation rate §13130NWIN bALALATINNAIANVLLITUTIUVDIFARIUVD

NEY INATNIIAINGTD VN IR IWIBINNIN LT LN IA U haR aIa L1 I30N

aa

loszUunyvasuuuiiagd laminar flamelet fiftoalslunmsvinsninmn|ndazaglugy
284 steady flamelet model (SFM) W&z unsteady flamelet model (UFM) &1#ILULLLS188Y
SFM lassgsswadidatazanuninaduns léannan mixture fraction Lwas scalar dissipation rate
Fanuusaasit lasuanuitoulumsrimemarn nduuuiiuiu (104-110] tiasannain
Futauiinay wazlfiiarlun1sdwialisn wduuusiaesit Aldswisnsesiunis
Lﬂﬁsmmmamaimﬁ’maa scalar dissipation rate e [110-113] ﬁdful,muﬁmad SFM 344l
sanInnanmazidenianisauasvadladle Faazdinalagasidansrueszozilan
8086 (lift-off) inanaLeaan Ralfiuus1ass SFM funIiwenIasziianIansauss
vaailaldl dulfiiasAe reaction progress variable ipnihanlitinlunisduan las
Pierce L8z Moin [114] 1641 reaction progress variable I TUNuen scalar dissipation rate Tu
NNI&319  flamelet  library Lﬁaﬁwm:m'ﬁ'gm:l,ﬁw%aﬂﬁé’uawauﬂmﬁuﬂammu non-
premixed 95336 Ina1 ldanidiudsedalas Ihme uazaniz [115-117]

NNTafaavadIluUdNaas SFM ﬁvl,ajmmma%mﬂmigmuﬁw%amiﬁuawauﬂm
e Lﬁmmﬂgmﬁagamaa flamelet fdiad1ia laovluuda snnrvesmaidaniany
é’uawaamma:a%iu'%lfmw‘i’]met’gﬂ’mé'waqmuiﬁaﬁa S é’ouamlugﬂﬁ 2.13 lasaulds
VUITUFAIDIAI ALV IURUTNIIZAIAT FIBLAIGIUAIILUFAIDINAINNNTHRNNA UV D
asnsdn uazdnldifidanseninaduldirsgasaziindiaavvaslarfligios lag
USR03 SFM 22 RTaanst R o9 dld s s uUnLas I Ba19YIN L GatuNaanTTadlan
seflanma lidailasnusnadasnanmssussmondar senalinisduwiolifisiosnin
Lﬁ'aﬁﬁ@ﬁ;@ﬁaﬁﬁ LUUs8a3 UFM G'fiaéhLuJ‘nJaaL’smgﬂﬁmsmuﬁmiﬂﬂ %agﬂﬁmﬂﬁmu
LUUS889 SFM d9nalidnuin flamelet AidasRansanddwimAvannis lasuuuiiaasi
ldanin3denaesviwianlglunsdwismainngd (118, 119] Lﬁﬂ@%ﬂ’]ﬂﬂ’]i@iﬂiuﬁ@‘lﬁa
MITUAIVBIURILUULNT (diffusion flame)  wananiL miﬂs:qﬂ@TLLuuéﬂaaoﬁLﬁwﬁmzuu
durnk LES Aignénwlag Pitsch WAz Steiner [120] SolAuam s wi miigonnaadtUNANS

& 1 r=|
naaaILduaeea
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2800

2600 Stable branch
2400 A

\ Extinction limit

—

2000

1800 e ——
_—‘—*

g

1600 -
/

1400

1200 i __Ignition limit | N N

1000 /
b’ N4

so0 - - - T """
0 500 1000 1500 2000

Stoichiometric Scalar Dissipation Rate (1/s)

Unstable branch

Flamelet Temperature (K)

gﬂ‘ﬁ 2.13 qm%gﬁLﬂmgpqm'mmnm"l%ﬁ n-heptane NuUaN@

ilasnnanunuesdaaluuuniiaes flamelet % Jvwainuniilafisuiuana
n9panie GaRumMInIzLdIMIRAaTes Z uar y Selanuidyiazdesihanfianson
1 Weldlunsdrwmamdnaiszasfanmens 9 wUfasen  nszpaunmInieadadn
Aeadasitae Probability Density Function (PDF) Fslunszuaumsveniaasit saudsfidasls
Tumshaneilaun dafodadinzeinay 72 manuudstsn 27 uazdiady scalar
dissipation rate 7 wanMINHANBMEMINTTABTITaITILlImaiRsnDudamunewms
NATZALTUNY ﬁuﬁﬁmm“ﬁ’a;&ammﬁ Tayaan flamelet library ﬁ]:gﬂﬁﬂwﬁuﬁl,ﬂml,ﬁ"am

' = A o o ' ' ~ v g
dnasginasin il tudaly lauaunisviaads’IuITnLEas laadth

400

$=| [ #@ P2, x)d xdz (2.61)

zAnlaiuuudnaest aztiuaegadasvesauyduiidannmaial fiseswn

A o L. . o { o A £ ' o
laumsiiu@auls scalar dissipation rate adluuuusIaes WaIeaUA 7 LANTY RINALA
wpAnysumatialnisensasy lagsruusd wuud1ae9 Laminar Flamelet #ildaiaunanaa
° = ' A ° @ ) ° A
Asina lnnsedagiazidsaun g liunisdiwir awni s bl Taaldiaanlunirsdw o lal
FuLlfag Lﬁaomnﬁagaﬁvlﬁ'mﬂﬂavlﬂmomﬁazmazLE‘m@ leaun DA AURW LY
RARIWLTINIRVDY species G149 9 "L@Tgﬂﬁ’]mm"lfj”mmﬁ'mﬁ's LLa:QmﬁUVL’S’lugﬁmTa%m LlNa YD

m3isenldaa bl
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2.3.6 n’liﬁ’)ﬁ)”naﬁy[ﬂﬂ; Probability Density Function (PDF Averaging)

{ v 1 v { { a tg/ 3 1 gj 1
nlananaudr  madfsuudasfiiiedulunmsinasuudutuns  lhanm
o v [l d' e 3; 1 d' v 3 ' 2K A o 1 n:l'
ngldadianenss  datudnldnnmsivauuniuthue Bsfisuhieuelugdvasdnais
P { Aad) oo . . . A o A, { @
TIANARENIFDAN LEN A Probability Density Function (PDF) GaiduwWsnaunsatitasuaian

wiigula 9 (@) laofifiouduasii

jm@m¢=1 (2.62)

—0

lasnaady @  uazdiaunlsliw @

v
@ A

probability density function P(®) @ik

"llﬂd@T’]LLﬂiii&l RINTAWIIE AN

5=I¢w¢m¢ (2.63)

@" = [ (@-0)'P(0)d0 (2.64)

asnuluiiuaadeiny dadsaassinaiila 9 0 (ou sanmaiialisen sasiu
a . A ; \ A = o o o |
9318289 species gaunn i) lumonsinauuuiutu Suduilsidunudadiuvainaatng

La 87 RINITDATUD m%’]vl,ﬁ/’*i]’m
_ 1
0 = j 0(2)P(2)dz (2.65)
0

udluanuiduasauan anafeds 9 swesluwsisununaneaiuds dradragn 1

6 o o 3; dl' v o 1 J a t:l' | a
WINTUNLNI f UaE r LWQI%LLUU%’]QQGG"IU“E% ‘ﬂtﬁllli(ﬂ’)'] MItUfeunLUaIvd f uae riduwasse

ganu (fF'=0) auiw aadod ) ddunisla 9 39w laan

g = [[o(f,r)P(f)P(r)dfdr (2.66)

O ey
O ey

Tukuysraasmaentng  azfionlddafonietinnin PDF (density-weighted
probability density function, P(Z)) asandanauandsvasgunniings ssualiiiaay
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a

LANANTDIAMURWILUBRIDIINRBNINN I@’I gne

A ' & o =~ A o o o
Tadgnsintn P(Z) aziianusunuinu
aadeliaasinin P(Z) e

P(z)=£P(2)
P

(2.67)
fanu Aadutsihwinuessnanila 9 smwnsam ldluiueaduane dil
~ 1 ~
0= j 6(Z)P(Z)dz (2.68)
0
froghaitu sadpdisininaasdasiniiniauas species i wimldann
~ 1 ~
Y.(Z)= _[Yi (2)B(Z)dz (2.69)
0

P¢(&‘-ﬂ

3UN 214 maawnawesgld PDF Wasnnmsuauiuanndays DNS (310

Eswaran Uaz Pope [121]) anasLaasfian19uaan swal e’
TN I1aL a8 819NN ENAINETT WaNLATENALARLAZANANNLLTUTIUY I

NEUNABINITILLAD El'aﬁaom’mgﬂs"mminszmslél"maa PDF @7l Eﬂs'wﬁmm:am:mmm

ATUNENITNIZANYA LA A bTIINITANNIWANIS LAZIANANITR IS NUNKET WINTWLEA
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snwoemInszanasanfoulslasnaly laun Wersdu Gaussian function (WiansnszansUnd)
Wt Beta WazW9ridu Dirac-delta 3 NTayavaIuuudInad DNS [121] LaAINTHAWIGN
28931379 PDF éww%’uaaamﬂmsvlmaamm%ﬁﬁwé'aNawﬁ'u@“ﬁu,amsl,ugﬂﬁ 214 lavlugrs
WINVRINTZUINMINFNA JU$19 PDF aziiansoazadanuwandu double Dirac-delta ol
winoanuI snanisseafioveslaldnauiuiae ﬁﬂmgﬂiw PDF 9zdogilfauulasany
ﬁﬂmwaagﬂmﬁmmzﬁaﬂmsJLﬁ‘flumswamf:aLﬁm (homogeneous mixing) %dlumoq@ﬁw

>3 n:? 1 v A et 6 o . A a
VBINNINFUNUW Eﬂﬁ’]dﬁ]zlﬂﬂmﬂdﬂﬂﬂdﬂ“ﬁu Gaussian ®I9N1INTYUNG

P(Z)

gﬂﬁ' 2.15 Eﬂi"}waa Beta PDF

6 o & &) = A & dl 1 dl v =) 1 L A
Wengu Beta nidudnmaiennitsninaula thasnndasmafisuazasaindsfe
Aadsuazdinnuulsdnuseszesnay lunsainegline POF uazfidndty Waridu Beta
v U v J 1 Qo [ Q {
sanInaieglie POF ldnanuansduagiuszaudivaianuudssiudinaadlugli 2.15
- . LA a o .
WaanuulsUnuvesdaduvainaulanintn (y Jdnles) lash Z=05  3Ui19nns
L= ] { ¥ L c: A v Qs
nagdmazdey o Wisunnvewsuiaasd (gUszaliaiuautey SiadsnunINIENY
@LUL Gaussian) naedunmInszansanuulinauny (3 U 3wnie Seadsnums
o . : o a a & A 5 A v &
NIAUAMDY Dirac-delta) dIuanmwaemMInsznoagl Lazfadivia Z Uedvas d9az
a a g o Q Q 1 A a
uwaastangdnsnvateandiawiaidioy luuaanaunu jie J Sousasfiawn@nssnves
g a & a a £ A =z oA, A o Y v & & o
\aindaitalde anfiedwilaZ Hdwin uananit Tayaves DNS SuaadlwiAuin Warfdu
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Beta ﬁmmmmzauﬁq@ém%’um‘sﬁ‘haaagﬂiﬂa PDF maamalmivlmaawﬁ@ﬁﬁwé'\mauﬁ'u

(122] lapv'lludn Beta PDF sansndmwiacleeait law 0 < z< 1

P(Z)=Gz“'(1-2)"" (2.70)
LR
__ ')
“T@r ) &

Wa FAaWanTuunuan §uands o, fuss y aunsan leain

_Z(0-2)

a=2y B=0-2)y y= > 1 (2.72)

2.3.7 Reaction Progress Variable

o & a & & oA ) !

M3 ndvesmuSonslueTasoudazidun s lndinaunaunusesninsuuy
premixed WaY non-premixed  LHa9NNUNIFEINVEI AL TALNRILAZEINNA HNTHANABADUIY
a 7 a [ d' a 6 ﬁ I3 %
Aansanind (WTnwseuuenvesailis) lwaneiluuSnaununansesmdfodadulddas
wawnwdsazan ndfldoinuazduiiosainviasendian asuudsenafarsanldin nmn
TndauSuduuuy partially premixed LN 2.16 zUFAINILFWNN TN IRaTLULY partially
premixed  T92WAIBETLRINUFUNITHENAL (mixing  line) LRZLEWN LN AN InNa (fully

. ﬁ v 1 1 d‘lp a 1 J % < [~ a o &
burned line) Til¥nunoawin dunsuTawisdwnilagnin lnainanoiduinondaimue
us? Twsnzfdanfadiunauussundsligninnlnad damu reaction progress variable 3416

a J d' Y & a =® a dy a d' v .é s dyd 1 1

anitenudu ielfidwnawilumsfasantalTanasamdengniinind Sedaudsiliidnag
1 6 ai [ A aaa =3 A d' ngj a A I

wwivgud (Manzusuiuleslifiad§Azen) Senis (Menzenlwinmue) doawidy

v A

NfeuVad reaction progress variable a9

Yemix(Z) = Ye (2)
YF,mix (Z) _YF,dif (Z)

C (2.73)

A K o S & A A o & A a
W Y, ,, ugastidaswdiniazadlogamdsnanizen wdnswue Waiiansmian
3UN 2.15 9z1#win reaction progress variable W IUFARINYDITLHZANITERIVILFUHEN L

laglaifed§Asenusuwnsn lnduuy diffusion
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A
Ve Fuel
1
-3
N
/”
-7 PM
’¢’ ‘/ C=——
’,f’ L EM
M - .
/” - .'/‘
/” P ‘/
/’.——' —
. > 7
0 E Z 1
Oxidizer
\\\
\\
\\
\\
\\
\\
\\
_ —. . ~
—_— e = > 7
1
A
Tad E Temperature
AN~ —_ \\ C=PM
RSN EM
To -
M -——__----_—
TF -—_———_—
> 7
0 Z 1
Fully burned

— . . — Partially burned
— — — = Mixing without reaction

3‘]_]“?] 2.16 ﬂ’]iﬂiz’%?ﬂé‘ﬂﬁlaﬂm%mwaﬂ AONTLIN LLﬂzﬂqm‘V’iQﬁ@?%LLﬂ%E%]ﬁ’J%‘UENNﬁN

fﬁamﬁ'j’] Le =

1 LAZANAN mgﬂ’a'm%aml,a:ﬁmﬁfﬂiw Laqamﬁ #874  reaction

progress variable 11464 azananyniaougddidu

o T@)-T,@)

B Ty (2) =T (2) (2.74)

- 41 -



A A a . . a A P & o

\a T, Aegunpiiia diffusion nmafSeuiisudienuniaaslunisn indiiuum
a & = AI L L% 1 a .
fuslas Cant uazame [123] T9vad lnalinulszriunenueaniasen wuin Aenu reaction
progress variable 819838 IWEINIAVES laLTandIaziwe lausindindnuuyanede

T N - _ -
gunni udatslanan anuuandiitazdas o aand 1ia strain rate va3iaLANTU

#aNINH N13%heY reaction progress variable agji‘lugﬂmammawadé‘@mm%ama

a L | It:: té a { L3 I L v

vasmandanmnniluifion Ssvfiavesioiifenldazuandrsnwltng (117, 124-126]
G1881918% Ihme waz Pitsch [117] Thfienal39n

C =Yeo, +Yeo + Y0 +Yn, (2.75)

fNTUENNIFITNEVBIALARLE 9 RIINVBY reaction progress variable, C, 11170

fUI T LA

opt opue ol |l g 2.76)
ot OX; OX Sc. ) ox

a T oa ' A o a Aaaa
I@EWI @ ﬂaﬂ’]Lﬁlaﬂa(ﬂ‘i’]ﬂ’ﬁLﬂﬂﬂQﬂiﬂq

2.3.8 szaziilataasgn (Lift-off Length)

[ a o & a A A =
wasnifian1sgnindvessdfofiaa Warazedeuniadenaiiinseldauassy
a Aa & a v a Yo o A = [ & a ] o
auuTnanillamands sndiusinalnddinda sudardnsuiaziondy waisesen
(ifted flame)  WATIzHZE1INRIAA LU g9vaur0Ua3258n91 Teazalaandn (lift-off
s = P & a @ o« P a 5 S
length)  TaduszeznloBandsuazonmeatnunsununaunaziionsmn Indlin asuaas
wHwWlugUN 217 Sakuauelas Dec [127] ¢ann Siebers uazami [16] |dusnuma
myfneuazldanuinin szezidatsssarsziuandsndagdaniaifiawin 9n
v ] o X s
msdnwlagldnwaneuas Dec [127] UazluUIIa8dTad Chomiak Wag Karlsson [128]
waadldiAuit laamdsuazamafinaunuuddvzifiad jisonadsguussluuSnmsunay
~ = d' 1 s =3 v aaa dl a ‘g/ a A:?
Wi (USnaEued) Ssagdaannszozidataesdudndes  lasujisonineduluuTiomil a
daldiiansddesanuiaudrwininn danaldlgunniinafigs iondadusinldanns
. X o & aodew y 4o« X
w1 InafluwuSmdwnaununhazdulddoirawdangs i nduaziadn Ssinmnaiiiaz
o o A A @ A @ o o A a
anWaldiadeundaludalanans lasnnszuiwmamn nddiasduiudaly Tasmangu]
kg . . L% . . . a £ a
usialwidad diffusion nsgnlnaiuy stoichiometric aziinliuuimsaunanvasmisy [127,
 da & @ a g \ & a | | v &
129] wazivainifaduazgninn indinualusimi wdluanuduads wiwwdwldidanss

aantd thasannnsauaszeadadluuSnmmanuay 9 wiananauiinlulunisiwnlngd
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i v J a a '
winzgnWauazazauannIuluuInmlaonsesalie (127, 130] iumvesvanazansd
A a A J =3 U o aaa I Qs A 1
Wetmnmermanuniugndadianvhd jasenlugriveszszainasds wazazliiiain
e oYSunmemaiinnniiosnaluusnam s i vesdiunaurun  [131]  wanand

A A % v 6 =® v v XK o va a A

s managuInmduwmihzaslmomlioazgnfadanuauuazien il 3 lilgunniigen
% ' . v a & ' %

Umsvasmdioasdainglunindie Schiieren uaznagnlnsiziinludamoluivassyis

AmenUansvasaidsuinfawn ldn9nin

Combustion Product

Diffusion Flame

Rich Premixed Combustion

Vapour Fuel/Air Mixture

Liquid Fuel

Liftoff Length | _A W R
Air Entrainment
Il -) K- Ir Entrainmen

U 2.17 WNWAIWYIN IR IRl Se

iasanszeziadsssdinadanisoanuuuwairin nduazUSunanatnfiad u
GoiuIainIsedwann ﬁwmsﬁﬂmaw'ﬁwamaaqmmﬁ anunm s lurasinn lnel
ANUAK YWAVDINIAA Adnadaszazilasassalwadasoudaia DI [15, 16, 131-133]
WU 282U aN808AI9TRARY LﬁaqmmgﬁﬁamwwmuuumUluﬁaum‘l%mﬁwfu Uae
5202182808029 AN % Lﬁammé’u%‘%amm@gmaaﬁaﬁmﬁ'uﬁu SINAMIANINGINET7
sasnihanaeanusunuslasls powerlaw scaling S9tanalas Siebers uaz Higgins [15]

LRz Siebers LazAtLe [16] M43

Lt measures € (AP) 2 (T) " (0) % (Yo,) (2.77)

1a8 Siebers [15, 16] lAaMuLAWIN szozilaasdtuaziianusuRuEiUIMIA3I0IR A0
[ = [ ' [% [ A o =
ROONIN  TIANUABAING FOAARBINUNANITIVEVDS Venugopal Was Abraham [134] T

v
v A

LRUAATUTUNWE LI A7
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Lt computea % (AR ) (T) 78 (0) 7 (Yo, ) % (2.78)

1 - o = R a A o AA
@ax Friters uazamz [67] ITMIAnwNianTwasaIzn1IznIinuwildaszazidan
F0UA7 1A8FNINARBINANUAKLAZYIAVBIRIRAAINT 103 MPa Uag 177 pm aus1ay

d' (% % % 6 ,_-3’
TG A UTUN T AT
-0.16 -3.46
Lf,measured oc (p) (T) (2.79)

#aNAINNH NANINARBIVDY Pickett uazamhz [135] UAASIALARIN WaWRINTIaN
%moﬁgmuﬁm‘h ALHINA IR IZ DL AR LA BTN

o a 1 ] @ A @ o 1 a S <
srazilalnaualaciienuin 5$U$1ﬂ70q@]ﬁ]’]ﬂ%'}%@v[ﬂUG@]’]LL%%GQM%J’]N@\‘] GINI@]U‘Y]’JVL‘LJ

A
3899 JaiSuLaen (threshold) vasfine OH %%a%m‘%mﬂ‘é"ﬂumaaqmﬁgﬁ FaTaSulanmn
wanflezuandsniuldanusindse laslunmmesssasfouldnsdasuasasing OH 1w
e IR LR IEPRR Farzauanuuresussilsseanunlaafing OH wFUNUTIUg WD
LEINNNITTILTINIUIY ﬁﬁoﬂ&iﬁmanuﬂ%d’l drdasuasnimunzauaaniuriilus
A

\iw gonniin 2200 K idudndadufounldlunuids (136, 137] wifigumnldining

1600 K E]ﬂLﬁaﬂsl%lﬂué'aﬁmumzH:Lﬂmaaﬂéﬁi@ﬂ Lehtiniemi wazatue [99]
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UNN 3

Llﬂili;’)ﬂé')ﬂﬂ?\?ﬂtﬁﬁﬂ?ﬂﬁ{

3.1 UNwI

1uuwf'ra]zﬂﬁinﬁa‘q@aumimugu (governing equations) nsvaaRlElunsaTuNemy
wnlndasslSe Tagluginusnazetunefismssounuinsemasslds Gslufidl sudoes
anefuneldnnluwudninznedivessmanzest (Q, Q, Q, Uz Q) dafildnandalu
vt 221 laslutndasnsnazuaasdslsunns Auifn 5a8 uazdmiusesazaasnsnua
MUEIRY TILREIWOFINIUNITLEAIWGANTINNIINIZANLG1 098z 0898115 GRIRIR
aumsmugwaaﬁml,a:azaaommf:"L@Tgﬂa%“wuwﬁugmmaa@hmﬁm%ﬂmum‘f (moment-
average quantity) MNUWIAATES Beck [5] @sluuudinaniiozldlunsairsuuusnaasdan
pa9mUSnaiUenoulU@IonIzuInnITUANGD NMITUAK N1IITADVDINZES UAZNT
U FUNUTITNININTURZVBILNAR? Tusuflndavasunit aznanfansshuuuitaeins
g Fodusiunanosanwised luwauisedl alduuuiiassnisnluwduuy Steady
Laminar Flamelet %aﬂuﬁﬁﬂuluﬂaa}ﬁuﬁ Lﬁaammnmma:lﬁmgﬂﬁaaﬁgaLL@ﬂifLﬁﬂﬂ%
myswaldan saftlansnuudluinge 2.3.3 udilesanieifensnvesuuuiiaesi
da  suTariweldlanizanizasad é’aﬁ?u’%“a"l&immmﬁﬂmﬂm‘sqmuﬁmaa (ignition)
WATAIALUAY (extinguishing) 2adiarllled Tndsnsviwealaasdl (ited flame) o
Gaiudedasinmsaesul Rt Anduanda reaction progress variable N 1gTnluns

a S ¥ o ' g 1 '
NI TINHAZLBLAVDINIIRIIULUINR DI 9 ﬁ'ﬂzgﬂﬂﬂﬁ’]@]ﬂvlﬂ

3.2 ﬂNﬂ’)iﬂ'JU@&lﬁ’m;Uﬁ'm (Gas Phase Governing

Equations)
a [ A e a o @ 6 ' =3
Iummmﬁmﬁagmm g4INuUY aavl,maaaamu: miﬂgamwuﬁizmwmmmw NS 2100

o o ) ] . . s a v &
a:uuaualugﬂmaa fAaIUTI9I19 (void fraction, 6) Tehenaliaeh
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O=1— Vquuid

v (3.1)

cell

Wa Vv

cell

sasndwmldlasasinnmsnzanovedluwud Q,  AInuFINTERINYNIATEINTI

A a &4 v 3 A o 1 1 '
ﬂE]lli&n@]i”ﬂ'ri]dL‘IiﬂﬂﬁGﬂiZﬂE]‘lJvLﬂ@’J HNTHNSUBDILARD I@]ﬂﬂﬁ@]ﬁ’)%“ﬁ@x‘]’]’]ﬂ

L dql
1NN le,@] A%

0 0
a(é’ﬁg)Jra(gﬁgggj):Sm (3.2)
J

A A a
ke S, Ad Source term °11aamss:mmlaaazaamaﬁmﬂuﬂ‘immmuqu

a

a & & £ A & . @ v & o= Lo & & a
1%ﬂ’]5’3LﬂTWZVIﬂEy‘VV]”HE]GiﬁLlIiEl‘INNﬂ']’]?JLTJﬂB%’U’NQG mumﬂummmaﬂﬁwamaa

2
Yo A

ws9likaiag é’oﬁfuaum‘smﬁﬂﬂuLuuﬁuﬁs’mNa*’uaommﬁuﬂmﬁammmLLamvl,ﬂmu

g(gﬁgggi)ﬂLai(‘gﬁgQgiggi)_ggi %(Hﬁg)+a%(9'5ggj) -

ot X, j g
_ (3.3)
0 g gy P 2 0 (_- o g
87 eﬁé’ K‘F o —Ha—XI—gea—Xj pgké‘ij-i—ﬂeﬁaT +Sm(gl3i_ggi)+sui

j j i Kk

]
a

W8 &, @o Kronecker delta uaz S, @8 source term aIluLUUANTIINBINTZNING
YDIRRILAZNNTG  MUVDI MARRDIULLAL mauﬁmmaaawmsmaﬁ’mﬁﬂﬂﬁaﬁmwhﬁ'ugmﬁ
A < o ¢ A o . A
asnniunagmmasaunsayInsula [138] lunsdivaslnagasannus manaina1dazian
v o [ o A d o
Vlmmﬂugluﬁ a’msumamaaq@‘mUsml,ﬂummJLLamﬁdmiLﬂﬁﬂmLﬂawaﬂmuu@m’m
anuTadnanasduwanuiTime hasnnmadfewsniwe [139]

7" effective turbulent viscosity, 4, , F1N1TNWT AN

|Z2
Mg = Hyam T /59 u = (34)

M

{ ' . @ ) . . = [
\ia ¢, AAuviiiy 0.09 uazinan u,,, Aadn molecular viscosity Taanunintlszanld

1NgATVe3 Sutherland At

-|71.5
Hiam = 1f&+—A2 (3.5)

- 46 -



{ : { g v " -6
Wa A, uaz A, faaiasn Slunuwiivueldliduiny 1.458x10° uaz 110.4

ANEIAL
=3 CZ) [ % ] 2 ] aaa a a
faudraunsauinsluwudanazlidnngmasvasmamnng udd jisonefiszlng
289NNNABNDANITNNIT AR LHBINNRINUANNSauN s wRIMIvaula) s liany
P , = = A . A a [ A
wha ANURBILLL wazausvestTidfsuudasldadrsuinilaifisununisna
Unandfiseiad

IurinuaafoInt FUNTFIEIONRINUERTUANT AL ANUNBNANTENLINANNTIY

2
=

A aaa a v a e a v
L%a\‘]ﬁ]’mﬂ'ﬁi&‘ﬂﬂLLﬂtﬂgﬂiEﬂLﬂﬂJ LTWVLﬂI‘%ﬂ']TJLﬂTR:VS ‘D\‘iﬁ']&l']iﬂl."ﬂﬂ%v[,(ﬂ(ﬂd

ﬁ(gﬁgﬁg)Jri(eﬁgngﬁg):% ’;e:f 0 2—29_ —9§(E)+SE+E)FQF (3.6)
J ] J

18 S, Ao source term VAINITNLNANNTDULHBINMTILIAY &% Q. ABAIWY

v A ' P 9 - A _o a Aaaa & a
jau'ﬂl]a@ll]ﬂaE]Lua\‘]"i]’]ﬂﬂqil,qul’%w LS Wr ﬂaa@l‘i’]ﬂ’]ﬂsﬂ@ﬂgﬂ'ﬁﬂnmadLTBLWQG

LUDREDDNUBDILTALNRILNANIIILLRE "ﬂzﬂqlﬁu'ﬂamaﬁ‘lalfﬁal’waﬁLW;JNAIﬂ“]Ju ezt
v = { = d { o < = { a @y @ a &
ﬂ‘].lﬂ’]ﬁjﬁu | T@Lﬂaauﬁ@’lﬂﬂjquijmaﬂﬂﬁlsﬁ ﬁ]uluﬁq@Lﬂ@ﬂqiaﬂvbﬁuaﬂNaiﬂqm%ﬁuaﬂmu
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3.3 ﬂNﬂ’)iﬂ'JU@&lﬁ’mﬁlﬂaama'J (Liquid Phase Governing

Equations)
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3.3.1 uwuudaasnisasansluiunaazaas (Droplet Moment Transport Models)
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3.3.2 §NNTEIA18EINIVVDILARN (Liquid Phase Transport Equations)
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3.3.3  LUURIABINIIUANAVAIATDad (Droplet Breakup Models)
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3.3.4  LWULRIADINIIBRNWVDIRLD DI (Droplet Collision Models)
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3.3.5  LWUUINABINITATUITAIED N (Inter-phase Drag Models)
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3.3.6 LLuuFﬁﬂaaoqnmgﬁ‘ﬂaaazaaa (Liquid Phase Temperature Models)
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qm%gwﬂlﬂmmumaamauqm%gmaammﬂsmmuazam%gmaammwu'ﬂm ]

)
wuudraasitlagniamlas Watkins [11] lasauy@dn nmanszansdivesgunpiinieluazesd

. A o~ A i dT i A o o
ﬂidﬂﬂ&lLﬂ%WWﬁ’]Ian TG&ILGBHVLT"IIQHLT@IQQ T=TS i r=r, LR d—=0 1 =0 LUBQINVAY S
r
=3 4?’ a [ g: 6 o a L agl/
LRANDNNBNITBIRNC D muuﬂan“ﬁumaaqm%gwmﬂluazaama@ﬂ@mu

S

2
T(n=T, —g(Ts 7)) 1—@ (3.51)

LB Td ﬂﬂqm%{}ﬂL%ﬂﬂL’ﬁﬂﬂi&ﬂ@ﬁ TIKYIUNIIN

T

oY —

redr = jTrzdr (3.52)
0

>

NNITNUNANNTOUAILNTUNIANNTDUNIBRIAZADIENNNITDAIWI DL LA AITH

. dT _
Qg =KA ol 207k, r (T, —T,) (3.53)

r=rg

\Wa k AasnsinanuTauuaiazaadtine

USunmausaunangmnnInae ﬁ']&l’ﬁﬂ‘ﬁ']vlﬁ I@] HAUNINTAARDATINTIUIAVDINZD DY

AMNUARINNIINIZINYAIVUDIV RN D DI GIi\‘ifﬂzvl(ﬂ
Qn = IQin,dn(rs)drs =207k, (T, = T,;5)Q, (3.54)
0

Wa gnnReduBiNunia T, uszaamnlduiilinnes 7, vadazeed henuan

N

T,Q: = [Trn(r,)dr, (3.55)
0
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TI3Q1 :J--Ird rsn(rs)drs (356)
0

[
A a

NI aqmmq]ﬁmﬁm%dwuﬁmuazﬂ%mm A VANMNINNUTNUA I

Q
T|2 :T| + - (3.97)
3 .
207k Q,
ANFNNITIZLAL LA qm‘mgﬁmﬁﬂL%aﬁuﬁﬁmzﬁmmﬂﬂdﬂqmﬂgﬁLaﬁm‘%dﬂ%mm
A £ o o L . @ °
wwe  wazile T, uaz Q, WewmldnnsumIsiing uar Q. wildanuuudiaasny

famanuian iaainaunwasluaumszsunIamen T, 1o

3.3.7  WUUINABINITINYNAMNIOWUALZHNIA (Droplet Heat and Mass Transfer

Models)

NIILLAEVOIAZABILNAIINNITANUINNIAUAZAINNTOWIZHININZDILRZANF

WINEAN LFNAUIN maﬁgqu,ﬁwaoazaauamLﬁaaﬁnﬂmSLLwi mmmﬁgmﬂﬁmn
m. =2zr,p,D,Sh, In(1+B,;) (3.58)

\la Sh, Aa Sherwood number uaz D, ABFIMIIUWITINIG  IINANFNAUTUDS

2
=]

Sherwood number Ntaualas Ranz waz Marshall [56] oK)

Sh, =2+0.6Rej® Sc*** (3.59)
- - e & 2p,U, -U_)r. “
oo Re, #i8 Reynolds number Safionalidaft Re, = P Ua Vo)t o o6

Hy
. L & a a a 1 (Y [
Schmidt number TILTUWIRIZINMNVUIAVAINEDDI aumﬂmawmsmmmﬂ@ source term

P2IMIENUNNIN 9%

0.5

2pg(lJIZ _Ug)

S,, = 2p,D, In(L+B,, )| 2Q, +0.6 p
g

gp03® (Qle)o.s (3.60)
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& =3 d' a dgl/ aia a 1 o 1

TIONWSUARUTINUNAY U, dianumuizsuninlumadiwiadn  Reynolds
number  &WlULNWAN b LTI IWIBLANFINITOUTENI DA LGNNI RLALRVLNHIAIV D
Tutina lnaLae-

o & PN & L w e A
@3 Sherwood LAz Reynolds number a:gnummuml%mﬂumﬁ [11]

Sh, =2+0.6Re,** Sc*** (3.61)
LAY
20 (U, -U
Re, = M(&] (3.62)
/ug Ql
a1 source term dwsUMTT BN sa pwlnallaidu
S, = 27p, D, In(L+B,, )Q;Sh, (3.63)

source term §wiuAunfimansngaldluriuesadie 9 du lasmnualinig

a & [ o A o &
i,;(ﬁyLﬁ&l&l’)ﬂLﬂ%ﬂx‘iﬂ"ﬁ%ﬂ’]'ﬁ‘iﬂ&l"ﬂa\ﬁazﬂ8\1@0%

= p dar®r (3.64)

a K A |

A9t MILURULURIVDITANINTNNIFDIADRUIBNIRNFULRDIINAL DU

q ¥

sy 1
on  2mpr

(3.65)

WNUANIFULRONIN §UANT (3.57) adluagungnedu aldaannsdfsundasiad

v
v A

gnaIFadlunad

o(r?) _ pyD,Shy In(1+By,)
ot P

(3.66)

a a

aufiinInasaaTvTWIATadazaad 3l source term §MIU Q, LHosaInMITLRAY

p,D
So, =——=In(1+B,,)Shy,Q, (3.67)

P
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Taui
Shy, = 2+0.6Regg Sc™** (3.68)

Re.. = M(&J (3.69)

<@ /ug QO

PMNIUILVEY  Faeth  [145] NM3aneinanusaniiedannnisng §mIuazaadag

2
=

RIUITOURAS LA A9

: In(L+B,, )"

QC,d = 27Z'rskg (Tg _Ts)Nud m (3.70)
M

b Nu, A8 Nusselt number W&z Le fia Lewis number (Le=SclPr) lasuriasauan Sc
W Pr @hoﬁﬂu‘émzmnmmmaaazaao

NNNUIBVI Spalding [54] 19 A RENNVBIAURVANTELLNNIA B,, 1u3ﬂmaa§@mu
\Bennavedlomawid Y, Liaedh

Y..-Y. P.M
— ,S — v,s 2 1_Y _Y
"Iy P I\/Ia( F)—Ye (3.71)

a,s

A A & a 2 o, 1A
ba M, iae M, ﬂE]SJ’]ﬂIﬂJLQTJE‘I‘Uﬂﬂaﬁﬂ’]ﬂLLavaE]L"ﬁE]LWﬂ\‘] I@]EJ S RV DINATLLAIND

Vaincaa

>

INFRFNNUTVAY Nusselt number Niaualag Ranz Waz Marshall 13697
Nu, =2+0.6Re}® Pro3® (3.72)

BUNLNTARUNIT (3.69)  ANDATINVWIAVIALDAIANURANNITNIZINYAIVDITIUIN

>

A % A
UBINVINC DN SINQZVL@NQ@G%

0
2p,U;;-U,)
e R R
M Hy

: In(L+B,,)""*

5
Qi = 27K, (T, = T,,) Pri*®(Q,Q)"° | (3.72

1 v =) J 1 &
\iulag Nug, lannitanaduanlnaiiu (1]
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0.5 0.333
Nu, =2+0.6Re;” Pr (3.74)
@914 DOIINITNUNAMNTANIINLTHINN NIRRT B bwal Ten Tl

: In(L+B,, )"

Qin,c = Zﬂkg (Tg _T|2) (1+ B )l/Le _lQlNuQ (375)
M

mw%fauz%m%'uLﬁuqmﬂ{]mﬁa:aad Lﬁaa:aaommﬁqmﬂ{]ﬁ@hndﬁqm%gﬁau T

FNIINAUD ﬂLvLéf’*ﬂ’m

: In(L+B,, )"

Qin = Qin,c _Qevap = Zﬂkg (Tg _TIZ) (1+ BM )1/Le _1Q1NUQ - Sml— (3.76)

lag L Aad1anudaullitadnIIseing a9t source term &IWIURUNITRIGNG

WRIITUVDIVDILARD AW TR AN

In(L+B,, )"

Sg = _27[Q1|:kg (Tg —T|z)m
M

Nu,, — p, D, In(L+ B, ) Sh, L} (3.77)

losiaTasnanevas source term Ludidsuandt waswRaMIgYEIMIG WIS

LAz lATUNIIFI UV IR

3.3.8 ﬁ’aauqﬁmaamsnszmﬂéfwawmﬂaxam (Droplet Size Distribution

Assumptions)

' 6 a J A a P ' °
Eﬂ?']\'i“lla\‘iﬁl,ﬂiﬂLﬂ(ﬂ“llul.uaﬂ'ﬂ']ﬂﬂ"liﬂi&‘ﬂ']ﬂ@]?mﬂﬂ“ﬂuqﬂmaﬂﬂzﬂaﬁ‘ﬂquﬁuqLaﬂJa 1%
o & o | & & o s v
LUTINRBIW miﬂizmUmazaQuuwug’mmaﬂmuumaammua:aa\‘lsﬁdvlﬂLauaI@U Beck [5]
I@]Uﬁ&lﬂ:‘laﬂqiﬂizﬁnﬂé’?mad"ﬁquﬂumuq@]azﬂﬂdL'ﬂ%LL‘U‘ULLﬂ&I&nﬁﬁéf’JLLﬂiEﬂi'ﬁL'ﬁ’]ﬁU 2 1’%1%

[ dj a o et dq‘
RUUANRDY DININBTUSAIU

16r 4r
n(r)=——exp| —— (3.78)

32,ref 32,ref

e T, @8 SMR&1983use r Az SMR Nidhwniila 9 3Bnsfiezfiansmins

Qs AI v e v a g v a é d 1 d
ﬂﬁt’%’]EJ@]’JLiﬂJ@I%L‘ﬂuﬂ’]iﬂiz’%’lﬂ@]’Jﬂ’]ﬂaﬂﬂ%ﬁugﬁuﬂla\‘i SMR 81484 T99za9N vL&lL‘LIﬁEJ%LLl]i
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grumadfouulainas SMR Aidunsisle 9 w1 laNNMIAANaRNNINIZI LA A REAAR D
AU SMR fidnwminldnnaunssaiodniy Q uar Q, @1 SMR fdannniiendads
mmsnﬂszmm"lﬁmﬂmié'@ahuazaawmmﬁﬂmaamsnizmﬂﬁaaaﬂé‘mamlugﬂﬁ 3.2
TunIasInugny tawiares SMR ENNIA181989 unsadszanaslaanmsinazaasswe
Ingjeananmianszanada dauaaslugui 3.3

25
4
c 27
i=
=]
2 15 1
ki
=]
g2 17
£
=2
Z 05 A
0 +—— : : ; 4—0—0—4—0—9—0—0—0—+
0 ¢’ o5 1 15 2 25 3
Radius / SMR

gﬂﬁ 3.2 MIAANOUNIINIZINUAIVAINZDAIVWIALANDN LUDTWIA SMR NEWITH LR

1@ lnni1 SMR 81984 [5]

1.6

1.4 -

1.2

0.8 -

0.6 -

Number Distribution

0.4 -

0.2

b — o — i — o — o — i — i — o — o ——
T T 0040000900000 00

0 0.5 1 ¢’ 15 2 2.5 3
Radius / SMR

37U 3.3 mIdanauniInizanudizedazaasuwialnaasn Weawia SMR Ndwimld

Fauatannin SMR 81484 [5]
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ATNTALTN 1la SMR Aduniila 9 Ja1unninal SMR 81989 MINTEANE6EL

=

ﬁ]:gﬂé}”@muﬁﬁazaawm@Lﬁﬂaaﬂm‘mmmc é’dLLamlugﬂﬁ 3.2 QIBUNITIRNLNIANNT

o Ao f [ vl @ ' o
N3z U@nﬁ@]@ﬂau@]aﬂ@TQGSﬂﬁﬁ]Ziﬁsﬁﬁuﬂﬂﬂjqﬁuﬁ

jn(r)dr:J'_lz6r exp __4r dr <1 (3.79)

c c 32,ref r32,ref

wWasumudndy r’Fadusandiuvessaida SMR 81959
jl6r’exp(—4r')dr’ = (4¢’+1) exp(—4c") (3.80)
’

lapfinn ¢'=c/T,,, DINATINTBITIWIUGZEDY WITSIUTIRAWIINL @, aInuu

FUMITNAUFINITOURAIANUFUN WAL Q, taash

1 (8¢ +4c’ +1) exp(—4c")

_ Q [emiende O 2 (3.81)
R (4c'+1)exp(—4c’)j ()= QT e (4c’ +1) exp(-4c)

¢’

v s

o % Qs [ e 6 t:‘la‘
luuasadns 9 i Q, Waz Q, MNNIAUEAIANVFUWUSIL Q, laash

w 1 (32¢” +24¢"* +12¢' + 3) exp(—4c)

Qo 2 ' ’ +2 8 (382)
= d =
< (4¢’ +1) exp(-4c) Jrinrdr = Qs (4¢’ +1) exp(-4c)

¢

1 (32¢" +32¢” +24c¢" +12¢' + 3) exp(—4c')

o : (3.83)
Q3 Qo 32,ref (4C'+1)exp(—4C')

>

andsnltiranluniidanawniInizatual datea et

Q
X = _& 1 (3.84)

r-32,ref

>

WNUANENNNIT (3.82) Uas (3.83) adluaunns (3.84) Deaslewsrian X el
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_ 32" +32¢"° +24¢"” +12¢'+3
32¢" +24¢"” +12¢'+3

(3.85)

We UL I89089n1361 ¢ IFlwnIzuInNIIAANanNIINIZAINLA lauN X a1N1In

Wl NauMITITIEIMIY Q, Uaz Q, AIUWANUTNNUTIEI ¢ NU X susndszanasle
. . é v L dql
270 curve fitting 9 lAHAAIH
2 3 4\0%
=(0.192X +3.71X* +0.796X > +2.10X *) (3.86)
A ] ) & o A A LY
WaNTu Q, uar Q, MMNFUMIFINY  Sanlulnanizagailiniolaun Q, uaz Q,
fansarm leannaunIn (3.81) uaz (3.82) Saduweituny ¢’

lunsdinas nanmsigatiade 9 nu udaulmldizeslunsdanaunianszanse

2HyININ

Q (3.87)

ANITAUALNIAFNNINIZANLFIARAATIITAN DL L6

1
¢ ~11—(8c"? +4c’ +1) exp(—4c) \
Q= I N(r)dr’ = QuFe; 2 [ ] (388,
1-(4c +1) exp( 4c) ¢ ’ 1—(4c"+1)exp(-4c’)

1 [3-(32¢" +24¢” +12¢" + 3) exp(—4c') |

5 (3.89)
Q Qo 32, ref 1— (4(;' + ]_) exp(—4C’)

1 [3 —(32¢" +32¢"” +24¢"* +12¢' +3) exp(—4c')]

5 (3.90)
Q Qo 32,ref 1—(4c’+1)exp(-4c)

laon X Teienaluaunin (3.87) snansadaunlndlaidu

3-(32¢" +32¢" + 24¢” +12¢" + 3) exp(-4c’)
3-(32¢" +24¢” +12¢" + 3) exp(-4c")

X = (3.91)
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A

#ONANH TouadwNFNI% FIRTULLLUIIRINITULANAILRZ NI TTUNUYDIAZDDI LaWT

u

TULunaUDIaz DY LT 911 TA3 LazNWRIVaIazaad Aolutesed a < r< b 11701

161N MTBUALNIANIINIZAINLAIVDITIWINAZDDINRAATINNINTIM LiaA1 SMR N
= ] 1 U a 1 (% % a (:‘;’

la § ¥A1NINNI1A1 SMR 819849 Al une Lo 9 RIUITOWT L INAINFUN T

j'r‘n(r)dr

Qi asr<b :Qi w (3.92)

jrin(r)dr
wazEuMIi

b .
Ir'n(r)dr

Qlacrar =Q —— (3.93)
J'r‘n(r)dr
0

azldfmnIunTaia SMR Ndwnidla o fa1dasnin SMR 81489

3.4 wyUIIeaINITHIINA Unsteady Laminar Flamelet/

Reaction Progress Variable

a o dy o a ea A o v 6 A

lwsuddodh wwusrassnmeadamaasniaanlslunsitmemsenndvasmdsofa
unsteady flamelet model tiiasanlAnan1I¥iueALLugIni steady flamelet model wazlaj
aullfoaningnimadmann tasinndaysvesdnaisvesmudneliisenuiauazgn
Vulilu flamelet library  waziial@uuusiasd unsteady flamelet model $aauuaingINIn
a £ ° a % L% .
Baulumadimsniiaszbauaznisimn lndvessysodios dauys reaction  progress
variable %agﬂmmﬁwmmi’m TINuazduamIdwinzaTusdaly

aanldnanuudri uuudraesiiagunana@zin chemical time scale WuaWNBINa
A o v 1aaa a J A & a 1 . . . = o v
Mz lduisenfedwissmelutuuns g USIMEIBNEY stoichiometric 39vilWlavsasny

aAaa L I =) 1 =) l}/ =) g; Qs g; = 1

203U A38189001TuanTuT wazn1TunNIaz e wlufian19aIaINNUTHRITOIEIBNEN
stoichiometric TI&UNTT flamelet AZURAIFASIULTINIRD DY species §149 9 LLazqm%QﬁL‘ﬂu

WINTUNURARIUVBINEY Z, scalar dissipation y LaziIaN 7 ad%
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2 .
M _x 10N o

94
or 2Ledz® p (399
LR
o _ x| OT 10,01 1. (3.95)
Por Palazr c oz az ) o, 5" '

Wa 7, c, Y, h uaz @ fa LM, ANNIANUTBRINNIENANUALAIN, FAFIWITINIG
, Lunat wazdamaialisenielvay species | AMNRIAL

o o & 2 & o 7 o o

TINaaWTUDI flamelet JaiduWedTuvad y usr Z wiku SmuzduuuaunIves

.. . & Y ad S A Ada A,
scalar dissipation rate I@Um"lﬂl,l,ma]:gﬂamqmmu Fsyduuundunibauha inverse error
function Laualay Peters [101] sugduuvdudiuaadlu [146, 147] Adsasdldmly sty
ANBWUSANT MABEIUNINT FNNTHIAINITNTLANUAIVY scalar dissipation rate luAna Z 1Tu

G
a, ~ _ 2
;((Z):;exp{ Z[erfc 1(ZZ)] } (3.96)

A A . A =2 A = 1A,
b a;, A strain rate 511\'1LLa@]\‘iﬂGLﬂ‘iL@ﬂuﬂ'ﬂ’]ULi?fﬂ@q@l WR erfc €8 inverse error

function LiaraaaILily a, ean lasvinilugasiunan1iz stoichiometric 92 la

exp {—2 [erfcl(ZZ)T}

exp {—2 [erfcl(zzst)]z}

x(Z)= x4 (3.97)

o o 4 @ & g @ o o . = va [
NTUAROFIUVBINENY uAtaziRenlTanaunuiuas Bilger [102] S9laRenuli

\Huweituny reactive species 1iaadh

Yc _Yc,z +1YH _YH,Z _Yo _Yo,z

2
M 2 M M
Z= ¢ H o 3.98
2Yc,1 _Yc,z _I_EYH 1 Yy 2 Yo,l _Yo,z ( )
M., 2 M, M,

Wa M ﬁamaimaqa LazaIvay C, H uszO nunsisEIntInauasuan
vLE’lI@iL"ﬂ% URZDONTLIAU AUS1AY §IWAIRDE 1 ez 2 fuzﬁwaﬁa@hmmuamazﬁuﬁmaamU

NI ABLTALWRILAZ 8 NTLA% ATUAIAL
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AIUUHAANTVDIFNNT flamelet NwImlddsuanalugt ¢z, z,) e @ aznanuiis
SAFIULITINIAYY species, gUNN WIndaMuAaURToel udlllaRTINFNNTTEY
unsteady flamelet model aztiAwi1 e ¥, la 9 azldnaawtuas flamelet unniwniiadn
1Hh0991NNaNTB9IA1 AIUUTIGaIlTaILLT reaction progress variable, C aNTIBITYEIURIA

= v cal J A o v o a
VaINATWEVRI flamelet  lhFalauundalin Teazvirldmnisariuienisaszidaies

. iy Ny L s . . v 1 o A &
(autoignition) MIN@WIAITEILNY LazmMIaUasuadiladlW (extinction) lalaiugnanngslin
tﬁl s tﬁq‘ I3 a 1 s 1 ' A A‘dq, . .
lagnaudshaziiudaszanagasinasnauuasan ¥, 91w reaction progress variable

A a =3 a a 6 @ Aa e . A
L RONALIVAN I TN N U RANAINIIUITBVY |hme WAz Pitsch [117] fp
C =Yeo, +Yeo + Y0 +Yn, (3.99)
GIUUHARNTYDIFNNT flamelet dwammlddtaglugd Az, € x) laslumaais

. & ' Aa o a a v ~ [ { I3
flamelet library 4w /1 C unz g, azpnauy@dn iuduls@asziu Z Sawaawsfaziiulily

flamelet library afludafoifaia nunin Probability Density Function averaging G
_ o 1
¢5=”¢5(Z,C,;cst)B(Z,C,;(st)dZdCd;(St (3.100)
00

PMNFNYATIHNI A1 C uaz g, \udasznuen Z a9tun1InIzane@ sy PDF 2892

2
=

wlsnanth 3 udaredanials RINIIDUFAI LAGT
P(Z,C 24)=P(Z)P(C)P(xy) (3.101)
TuA% NINITTNYAIVDIRARIUUDINEY augad%ﬂmmu beta LAZNIINIZANLAILLY

Dirac-delta 13U reaction progress variable &34 scalar dissipation rate IN13N3231869
WUU Dirac-delta @aniuananmstnsan 39dswlndlaidu

P(2.C. )= B(2:2.2)5(C:C) 8 (1 ) (3.102)

o & ' { ~ A [ s & { ] :’ o e
muummﬁmmm? ¢ ﬁmmvlm’mwaawﬁmmmwm flamelet LaRYHIUIARBNNLNT

N32918 PDF 81013013831 Lo aadh
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6= | j¢(Z,C,Zst)B(Z;@,5"2)B(C;@)B(zst;93t)dZdCdzst (3.103)

\Wa y, Ao quenching strain rate NENMITEUR ALafeanant ¢ d19 9 39
sunsadwia b izt wazAul3lu flamelet library Tasiduwarituniudr 2, 22, C uas
o & o ' A o A A o A = . a v o A
Y asnudayavasdnaivrasindsiadidsanuioniinivlilu library azgnisonlslavud
Wanmudn 2, 22, € uaz g, vlbinanldlumdimaaasailuediiunn e
WU BUAUMIEIRNMIRITNDEINTL species @9 9 uddwimlasass lapdl Z, 27
o . y I
waz € wanit sansaduwimldanannsasinuaade lud
FUMTEITNIIRTUALRRDVRIRARIUVRINEN TS anudenazaifl source term weilu
a w dy 6 A =3 o v 1 1 a ] o & =S v
NwIh suseiinnsrsmevedazeadilas B lRauIssdnodn ladmunzay asnulgla
ﬂ%uﬂ;aimmﬂﬁsLﬁw source term fWIUMITsvadavaadrlandn ldluannmssetnoanue

= o &
neo ad

op,Z o6pU,Z o |(_ M\, 07 |
+ - D, +4 |§—{+m 3.104
at oX, oX, Pe=2 s, i (3.104)

{ s a ng 1 o a 0
e D AafaulszaNdINITUNT uag Mme AAINNNTITIRDVDINZD0INDY FIBRUNT

RITNUVBIANARYTIIIRUNEINIUAIANN LU TUTINY DIRAFIUVDINRNEINIIDLRAI LA AT

206 %:;2 00 .U E”z 2 5\? e
pg + pg 9 — i EDE"Z + H p2] aQ +2 ell'lt % _ HEC i%ﬂZ (:
ot X, OX; Sc,,, | ox Sc,,, | 0x; “ k

Tauen Schmidt number, Sc VaIFLRRHLAZAIANNLUTUTINYDIRAFIUVDINFN T AN
WinAL 0.9 waz C, iU 2.0 [103] uAzen scalar dissipation rate JaNNFUAUTALAN

2" Gail
. g,
Z=Cz§§ 2 (3.106)

WRZHIRIURNNIFIENGRINTL reaction progress variable N1 Ulﬁaugagm NILWILTY

luanawiiunnaodia species H3dunuasii
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o0p,C ogpU4C 5 8] -
Po= =92 2l 5o + 2 |0+, (3.107)
ot 28 X Se; ) X

A -~ A a a aaa A | a a & a o 6 @ o =
N} Wy ﬂaa@mmim@ﬂgmmmm @ FITUNITINVDIDA TN INANTNIAN UTNAINAI

D = Wcp, + Og + Wy o + Oy, (3.108)

#nsuluauddndt n3adns flamelet  library  ialdvinuansen lndvasamysolu

A &l & A o aaa A ' . .
in3adsuaaLaths azidanltna indfizoafiuuulassing (skeletal mechanism) 189 Liu Lae
A o & A A A A v a [ A a
Atue [88] TILTLTBLNEY n-heptane unudiaa Lhasannidraaninulnalfissny lasnalnd &
sudsznavaldiuin 43 rllauazsunistednidisenludeniuazdounausindiuan

185 FUN1T VA9t

@17197 3.3 nabnufAseeiiuuulasesnsgmiy n-heptane [88]

Number Reaction A n E
1f 0, + H—0H +0 2.000E+14 0.00 70.3
2f H, + O—0OH +H 5.060E+04 2.67 26.3
3f H, + OH—H,0 +H 1.000E+08 1.60 13.8
4f 20H—H,0 +0O 1.500E+09 1.14 0.42
5f 2H+ M —H, + M 1.800E+18 -1.00 0
6f 20+ M —0, + M 2.900E+17 -1.00
7f H+OH+M —H,0 + M 2.200E+22 -2.00 0
8f H+ 02+ M —HO, + M’ 2.300E+18 -0.80 0
of HO, + H—20H 1.500E+14 0.00 4.2
10f | HO, + H—H, + O, 2.500E+13 0.00 2.9
11f HO, + H—H,0 +0 3.000E+13 0.00 7.2
12f | HO, + O—OH + O, 1.800E+13 0.00 1.7
13f | HO, + OH—H,0 + O, 6.000E+13 0.00 0
14f | 2HO, —H,0, + O, 2.500E+11 0.00 -5.2
15f 20H + M" —H,0, + M’ 3.250E+22 -2.00 0
16f | H,0, + OH—H,0 + HO, 5.400E+12 0.00 4.2
17f CO + OH—CO, +H 6.000E+06 1.50 -3.1
18f CO + HO, —CO, + OH 1.500E+14 0.00 98.7
19f co+0+M —co,+M 7.100E+13 0.00 -19
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Number Reaction A n E
20 CH + O, HCO +0O 6.000E+13 0.00 0
21 CH + CO2 —HCO + CO 3.400E+12 0.00 2.9
22f CH + H,0—CH,OH 5.700E+12 0.00 -3.2
23f HCO+M —CO+H+M 1.566E+14 0.00 65.9
24f HCO + O, —CO + HO, 3.000E+12 0.00 0
25f 3-CH, + H—CH + H, 6.000E+12 0.00 -7.5
26f | 2 3-CH, —C,H, + H, 1.200E+13 0.00 3.4
27f 3-CH, + CH; —C,H, +H 4.200E+13 0.00 0
28f 3-CH, + O, —CO + OH +H 1.300E+13 0.00 6.2
29f 3-CH, + O, —CO, + H, 1.200E+13 0.00 6.2
30f | 1-CH,+ M —3 1.200E+13 0.00 0
31f 1-CH, + O, —™CO + OH +H 3.100E+13 0.00 0
32f 1-CH, + H, —™CH; +H 7.200E+13 0.00 0
33f | CH,0+M —HCO +H+ M’ 5.000E+16 0.00 320
34f CH,0 + H—HCO + H, 2.300E+10 1.05 13.7
35f CH,O + O—HCO + OH 4.150E+11 0.57 11.6
36f CH,0 + OH—HCO + H,0 3.400E+09 1.20 -1.9
37f CH,O + HO, —™HCO + H,0, 3.000E+12 0.00 54.7
38f CH; + O—CH,0 +H 8.430E+13 0.00 0
39f | CH, + H—CH, ko 6.257E+23 -1.80 0

ko 2.108E+14 0.00 0
40 CH; + OH—CH;0 +H 2.260E+14 0.00 64.8
41 CH; + O, —CH,0 + OH 3.300E+11 0.00 37.4
42f CH; + HO, —CH;0 + OH 1.800E+13 0.00 0
43f CH; + HO, —CH, + O, 3.600E+12 0.00 0
44 2CH; —™C,H, + H, 1.000E+16 0.00 134
45f | 2CH, —C,H, Ko 1.272E+41 -7.00 11.6

ks 1.813E+13 0.00 0
46f CH,O0 + M' —CH,0 + H + M’ 5.000E+13 0.00 105
47f | CHO + H—CH,0 + H, 1.800E+13 0.00 0
48f | CH,O + O, —CH,0 + HO, 4.000E+10 0.00 8.9
49f | CH,OH + M —CH,0 + H + M’ 5.000E+13 0.00 105
50f | CH,OH + H—>CH,0 + H, 3.000E+13 0.00 0
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Number Reaction A n E
51f CH,OH + O, —™CH,0 + HO, 1.000E+13 0.00 30
52f CH, + H—H, + CH, 1.300E+04 3.00 33.6
53f CH, + OH—H,0 + CH, 1.600E+07 1.83 11.6
oaf HCCO + H—3-CH, + CO 1.500E+14 0.00 0
55 HCCO + O—2CO +H 9.600E+13 0.00 0
S6f C,H, + O, —™HCCO + OH 2.000E+08 1.50 126
57f C,H, + 0—3-CH, + CO 1.720E+04 2.80 2.1
58f C,H, + O—HCCO +H 1.720E+04 2.80 2.1
59f C,H; —C,H, + H Ko 1.187E+42 -7.50 190

Ko 2.000E+14 0.00 166
60 C,H; + O, —CH,0 + HCO 5.420E+12 0.00 0
61f C,H, + M’ —>C,H, + H, + M 2.500E+17 0.00 320
62f C,H, + H—C,H; + H, 1.700E+15 0.00 62.9
63f C,H, + OH—C,H; + H,O 6.500E+13 0.00 24.9
64f C,Hs —C,H, + H Ko 1.000E+16 0.00 126

Koo 1.300E+13 0.00 167
65f C,Hs + H—2CH, 3.000E+13 0.00 0
66f C,H; + O, —C,H, + HO, 1.100E+10 0.00 -6.3
67 C,Hs + H—C,H; + H, 1.400E+09 1.50 31.1
68 C,Hs + OH—C,H; + H,O 7.200E+06 2.00 3.6
69 C,He + CH; —C,H; + CH, 1.500E—07 6.00 25.4
70 C;H, + OH—CH,0 + C,H; 1.000E+12 0.00 0
71 C;H, + OH—HCO + C,H, 1.000E+12 0.00 0
72f C,Hs —C,H, +H 3.980E+13 0.00 293
73f C,Hs + H—C;H, + H, 5.000E+12 0.00 0
74f C;Hs + O, —™C;H, + HO, 6.000E+11 0.00 41.9
75f C,Hg —C,H; + CH, 3.150E+15 0.00 359
76f CsHg + H—C;H; + H, 5.000E+12 0.00 6.3
77f C;Hg + OH—C,H; + CH,O 7.900E+12 0.00 0
78f | CsHg + OH—>C,H; + H,0 4.000E+12 0.00 0
79 C;Hg + CH; —C,H; + CH, 8.960E+12 0.00 35.6
80f N-C;H;, —CH, + C,H, 9.600E+13 0.00 130
81f N-C3H7 —H + C3H6 1.250E+14 0.00 155
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Number Reaction A n E
82f | N-C3H, + O, —>C;H, + HO, 1.000E+12 0.00 20.9
83f | 1-C,Hs —>C;Hs + CH, 8.000E+16 0.00 307
84f | 1-C,Hg + OH—>N-C;H, + CH,0 6.500E+12 0.00 0
85 | P-CHy —>C,Hs + CoH, 2.500E+13 0.00 121
86 | 1-C4H;; —>C,H, + N-C3H; 3.200E+13 0.00 119
87 | CgHyy —>CyHs + CoHy 2.500E+13 0.00 126
88 | 1-C4Hy, —>N-CgH, + C3Hs 2.500E+16 0.00 298
89 | 1-CeHyp + H—CgHyy + H, 5.000E+12 0.00 0
90 | 1-C4Hy, + OH—>CgHy; + H,0 5.000E+12 0.00 0
91 1-C;Hys —>1-CsHyy + C,H, 2.500E+13 0.00 121
92 | 2-C;H;s —>P-C,Hg + C3He 1.600E+13 0.00 118
93 | 2-C;H;s —>1-CgHy, + CH, 4.000E+13 0.00 138
94 | 1-C/Hys —>2-C/Hys 2.000E+11 0.00 75.8
95 | 2-C;Hy;s —>1-C/Hys 3.000E+11 0.00 88.4
96 | N-C;H;s —P-C,H, + N-C3H, 3.160E+16 0.00 339
97 | N-C;H;g + H—1-C/Hys + H, 7.300E+07 2.00 32.2
98 | N-C;H;q + H—2-C/H,s + H, 3.500E+07 2.00 20.9
99 | N-C;H;g + OH—1-C;H,5 + H,0 1.056E+10 1.10 7.6
100 | N-C/Hys + OH—>2-C;H;5 + H,0 5.200E+09 1.30 2.9
101 | N-C/Hys + HO, —>1-C/H,s + 1.790E+13 0.00 81.2

H,0,
102 | N-C/Hys + HO, —>2-C/H,5 + 1.340E+13 0.00 71.2

H,0,
103 | N-C/Hys + O —1-C;H;5 + HO, 5.500E+13 0.00 205
104 | N-C/Hys + O, —>2-C;H;5 + HO, 8.000E+13 0.00 199
105f | 1-C,H,s + O, —RO, 2.000E+12 0.00 0
105b | RO, —>1-C/Hys + O, 1.750E+15 0.00 117
106f | 2-C,H,s + O, —RO, 2.000E+12 0.00 0
106b | RO, —>2-C/Hy5 + O, 1.750E+15 0.00 117
107 | RO, —R'O,H 6.000E+11 0.00 85.6
108 | R'O,H + 0, —O,R'O,H 5.000E+11 0.00 0
109 | 0,R'"0,H—HO2R"'O,H 2.000E+11 0.00 71.2
110 | HO,R""0,H—OR''O,H + OH 1.000E+09 0.00 31.4
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Number Reaction A n E

111 | orR"'0,H—0R"'0 + OH 8.400E+14 0.00 180

112 OR"'"0—CH,0 + 1-C4H,, + CO 2.000E+13 0.00 62.8

#1428: mole, cubic centimeter, second, kilojoule, Kelvin.

UsenSamwnsTunuuas Third body Aa [M'] = 3.0[n-C;Hys] +1.0[H,] + 0.75[CO] + 0.40[N,] +6.5[H,0] + 0.4[0,].
fnsueesfisnn k, %o%ua%iﬁumwﬁu 108 ko UAZ koo WA IIIUONT UaE k = FhoIMI/(kao + KoIM]),

\§lo 1ogso F = logso FJ(1+ (log1o(koMVkao)/N )°) and N = 0.75- 1.27 logy F..

I@mﬁ Broadening function ﬁmﬁaﬁ” F 39 = 0.577 exp(-T/2370 K), F4s = 0.38 exp(-T/73 K) + 0.62 exp(-7/1180 K),
F 59 =0.35, and Fg, = 0.411 exp(-73.4 K/T ) + exp(-T/422.8 K).

3.5 suilgyIsiBinay

3.5.1 Discretisation LazNITUIBAITHIATABDY

Tuawdsedt ﬁ]tLﬁ%ﬁﬂi&’]ﬁdWﬂ@ﬂiiNﬂ’]iLN’]vL%ﬁ"ﬂa\‘lmﬂ‘é{ﬂLﬁaﬂizﬂqﬂ@ﬂﬂmﬂ%adﬂuﬁ
fima eonuluiasdu anpaemIManwasadi Indzgnauydinduninszuen
aummé’fomeﬁuﬁﬁﬁﬂﬁ@lugﬂ 38 Fudufiteanawaas (z 1 I@ﬁﬂ;@aumsdadw
Favre-averaged Navier-Stokes ﬁ]sgﬂmwamaﬂﬁ’m?’ﬁ Finite volume 1ula39319%849 Eulerian
ﬁy’wa\‘immua:ﬁ"ﬁﬁ mﬂ%mﬁwadﬂ%mmmgm (staggered grid arrangement) ﬁlzgmﬁaﬂi"f
TumsAm seNuEIsveaIuazing 35 Euler implicit temporal differencing uaz hybrid
upwind/central spatial differencing 3zgnltlunisdaaiagaaunsasdioliaglugiaas Finite

= < o &
volume mﬁgﬂl,mumvlﬂ Wuaath

P 0 0 o
9 (xp0)+-2(xp0U V=-2| xr %P |is 3.109
5 (XP?) axj( pou)) x| ek (3.109)

lavdauds X, p, U, Iy uaz source term So dnibudazaumylaaiunouasluiide
33 uazr 34 . NIMHARADUIFNN1ITIIGY launsBuiiinianaeadIinasaiugul
9080 & S9nessduauainizuinmii sansaniudeldn  Versteeg  uas
Malalasekera [138] 3920linanfslufil  wousraaseruiludiwdenld standard ke
Wlasnndasmaamaswimion Uszneuiumenwdvesaisofidn Reynolds number

ﬂ'auﬁwgo
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0.01

Radial distance (m)

0.0%00  0.025  0.050  0.075  0.100  0.125  0.150  0.175 _ 0.200

Axial distance (m)
3N 34 ansuzveinianltludiinasniugu @auend 0.20 was Sl 0.03 was

UIU 109x73 LTAR)

FIRIUNTTUIRNTRIAN8LIZE19BINIZTLIUNNT PISO (Pressure Implicit with Splitting
of Operators) U84 Issa [148] lapfinsinaunsvearand ) nszuaums PISO si 1w
ASAENABLLUL non-iterative ARaNTAW lasazUudienuauuazanuiilisaandaani
lasandamnaia operator splitting WAIPNAIABLYBIFNANT LNLUUA NN LUINAG predictor-
corrector gm3ulnuuudrassmsoi aumﬂwLuuﬁmaammazgﬂﬁ’lmmﬁmﬂ%y‘al,am
AaUGHGU time step %9 BIn1354335 non-iterative HuazdsnaliiAanIsguagnslums
fwrm udrazgnavdalumadwindu time step daly Feluunudnaasit wuudiaastesns
LANAIUAZNITUNUYDINZDBIITONAIMITAYNEFAVDY time step WA source terms §wTL
sumIastsauazluuudn @, Adwinld anldlu time step daly TaompaziBuadas
sansoniudnldann Beck uaz Watkins [6] @sludift azvensifiasnszuaumsasni o

€ A &
LUt A3

IUN 1 UARUNIEIEERNTULUARA Q, U8z Q,VAININIZANLAIVDIVWIANZADT FANIH
784774 (void fraction) 929nLFUUAIINAN Q, Il smluuudnwie Q, uaz Q, ay
sansndszanmdnldanminsznedivesswaszeasnauy @i dseTusluiada
3.3.8

PN 2 UARNMIEIENEWRINUIBILAA QRN TUAZAMURWILUUTBIRAaEYNLTILA

IUN 3 UAFNNNIAT source terms VBINITHITAIFAULIRTL UUAG 9

& A [ ' ' o o o 3 A a [

aui 4 uisumssadnslunauimiumenuisiasoiluaug U, uaz U,

Iui 5 unsumsssasluwuauisniuigezldanuiwasins

IuN 6 unsunIUsuAIauauaTINnie  (@ITpasiBualu Issa [148]) A2NAL AW

AU u,a:mmSwaaﬁﬁngﬂﬂ%'mlﬁ
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WN 7 W1 source terms FIRIUFNNIIRICNUTARIUVDINKUUWAS reaction progress variable
91N Flamelet library 2mnNi AURWILLK LRZHARIWLTINIAYDI species 64 9
andyuud

w8 uRsuMIRIIDAdaETaINEY 2 uasenanuulssin 27

dui 9 uEWAIRIENDAN reaction progress variable C

I 10 uiFINTESENINTIRTeIINT LRaUTU UM ounaTasinanslulmennsianlna
waznanlownsiEn bns g iuasANURILUUY I gL LA

A 11 uRFUMIUSUAA IR ANUG ANURIILL LATANLTIVBIMNTILYN
Usuun

dii 12 uRauANIEsEne turbulence kinetic energy, k Was dissipation rate, & TINDINTUA

®UN1T wall function

3w 13 1 source terms  MNIUANGIVINZDBIT LLAAETUAZMITWIUDDIAZADS FIATL
A nsluaunIsainouaLasluBaNed Q,
u,um‘haaoff"[ﬁ%’umsmaauwmﬂﬂ%&LLammm’?iauvlmﬁaﬂgaﬁ stability GF
robustness  UaIUULINAAS UANANG anupndasuduinfidelafgadasnnglunuide
wanudw [6-10, 95] naluatdoiAansienlnduazlifianswnlned §msu grid uas time-

step dependence ladiiumInagauua lwnuidstsan 39ldvauaaslusaanni

352 (3awlyvay (Boundary Conditions)

6 (2 o A ] U Iw=| & 6 A v
°11amlaamﬂimz@aagnm%umoauvl,wamw Az LI WaNTHI o WA I BUAILARD
a i o @ a L4 v & ..
Unngluginmnlifivesnar lasdnuadduddntimanzauliiduaudluaunis Finite
& a o I di v A d%’
volume GaiaudnTn hasanlansauuuitad
' A A o oA o & A = A o
fnIaw lvvauanlaunn Adudugudnauazinisean TaudaulavauNigunin
AuiNaIAa ANUFNANAINIIUAI U TUAZBIRAD Iﬂmmqmawﬂ@@m 9 Y8919 1Az
A & a > & o & o & = A o ,
denfideuneFadiivindugudadauiduiiuguinaig A9 T NIT IR AT NN
= d g o A ) o ' = a & o o
NANAT  T9Tawluvaush sNTaaLinnTle laofnuaaianusluiaasainnuaaulng
mwhﬁ"uﬂuﬁﬁﬂuamu:ﬁﬂmmwaamm fuldanluraunni1daanid i wnT I WA N A
AfNy 9 nufe dAgmant@d 9 vesvesinaldnniideuluficasainiunseanianriiny
AE
U
dl dl = o v ~ g: =1 dlda g: > @ A 1
HawluvauNugd laanirna lia1 N3N0 IR A LA ANTNAAAAIRINNUNIEI D AN
@ { e A . ° @ a L4
WAUgUENNIE Tanaunofaan1iz  no-slip Tauinuwaasulszan NNz aN gy

Imuué’wlﬁwﬁﬁuguﬁ wvalwiiiladn TN AN et wanan®hn1T maunuutwi s
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A v o & ., . [y o : f A g v o o
vinalndnbiidnadannugndassasnuuiinasanututhu  Salunfezldiunudaes
wall function 789 Launder sz Spalding [140] anlbdunilywiaina1n laglunuudiaach e

Aa & £ aa . v [
suydn1ywailuuuy Couette wiafid luan1iz quasi-steady lavkazasnylnalnauiisle

Qﬂﬁfﬂ’ﬁtwﬁ’mluﬁuﬂ’ﬁﬁdﬁ’m turbulent kinetic energy @2
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UNN 4

Nammwﬂé"maamamﬁmmamf

HasnN1sAIIEN

4.1 UNwI

Twudpdh wuusIaaInIAmamaasnILH sl unsteady laminar flamelet 379N
. . rd v a tﬂl v v v tﬁl o U 6
reaction progress variable @1ldaTuneliluunfiuga lagnldinarhuwsnismindzasslse
ALTALULATDILUG TINANIIHIWILATLN AN VAL LT 18I0 INE1D azgn%msﬁ:ﬂuuwﬁ
WD LA WANYAINW LAZANNLNWBEIVILLULUFIN0Y laani1TiaTzrazitiaantduwaadain
Ao myaszidaies WRZNNTLH 193] BIn39aszLdala s Lﬂuqﬂst@umaaﬂwsLﬂ@ﬂi:ﬂwU"Lw
ﬁqn"[uﬁ LRZEIWUDINTITLNA bR b4 auﬂuﬂﬁﬂgmszﬁﬁ@iaLﬁadﬁnﬂms@muﬁmaa
J s d' a J 6 A & & a 1 J d' a 6 d
#ANINNG ‘5:51:°nauﬂmaammflm@‘*nuiumﬂmm%nLﬂuaﬂmwmﬂgmLmﬁz'ﬂ TINANIT
° AV o ° o ' ° = = o A A o
P8 Laa NI LLIN80909INA17 a:gﬂmvlﬂLﬂmmmmuwamimaaa VNBLT WA TE WO W
GRRHBRULRLRIBTHEREER TaanantinasasntinudSouiay Tuni azi8anwan1Inaaas
W8y Akiyama wazatwe [14] 18 AN IAWIA la N nLULINRD unsteady flamelet/ reaction

progress variable urasluiteda lUi

4.2 Nan’liﬁ’m’afw’gﬂﬂwn’ﬁ laminar flamelet

dl' o = o o & : & o A A %
waltanlolumdwinwasiuudisesiianss dnadvrasaudsaiiBinnuion
19 9 leun gaunnd anwrwwiu dannafedjiseed uasdaduBInIav09 species
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@19 9 Fedasgndwrnnlidamin uaziiulilu flamelet library lavazifudaiduiuer Z,

772 C uaz ly

st

asue i luiride 3.4 s lAiBaLwas n-heptane NUBINNA AFANITANNAK 27 bar

aanulun1Iaing flamelet library 396899 INAANTVRITATNNNT Flamelet 69

gonnTa1n1e 830 K uazamngiiiiaindy 298 K lavlufiiiazld FlameMaster code [149]
) o @ & a ' . L A
grolumsdwios lasltnalnaauaaasnaaivuulasesnived Liu  wazame  [88] T3
° ' a A Ad A o < 2 ° '
FWINFIRLTENOULAN 43 TRALATRNMILATALNLITIINIFY 185 FUNIT  MANITAIWITH AN
289 mixture fraction uazanuulIUTIMRUAzguLsaandn 141 uaz 21 90 awdey

° [ .&’ [} . . . . . . !
1UIU flamelet 18 79 fﬂzgnm’]wumﬂlumo stoichiometric dissipation rate 3¢%1313 0.1 14

o ° ' -1
2,12513 WRSVULUANITAURIVDILUAD Zst, q "ﬂ’]ﬂﬂ’]iﬂ']%?f%ﬁﬂ']ﬂiguqm 2,12513 s
#BNING uldazA1wes dissipation rate 3TwL4AN reaction progress variable tiagadblan 29

74 AIBWITWIU flamelet TINNIFW 522 74 gﬂlﬁﬁamsﬁ;ﬁaga 1,545,642 GUAHI L4129

finaas Z, 27, € uaz ly

st

QﬂL%ﬂﬂi%ﬁ?%ﬁ% ’%Zﬂi@‘ﬂﬂ@&l@]ﬂﬂ@]nﬂﬁaﬂladﬂ’]iﬁlﬂi&ﬁ@ ﬂ’]iLNWVL‘V\ﬁ URZNIAUAIDILUA?

o & ”Q U 2 s a A P
mumwulﬂmw °]JQ%Ja"ﬂax‘]@l'lLLﬂ‘qu%ﬂ"IWL"ﬁ\‘]LﬂN@n\‘] 1N

2800 +

2600 ———
2400 -

2200

2000

1800
1600 ———

Flamelet Temperature (K)

1400
1200 ————
1000 -

800 et e L, S HY— T
0.001 0.01 0.1 1 10 100 1000 10000
Stoichiometric Scalar Dissipation Rate (1/s)

gﬂﬁ 41 WRAWDVBILULIIRDY unsteady flamelet NNNTLHN LAaT n-heptane Lz
a1ne (T=298 K, T,=830 K, 27 bar)

mngﬂﬁl 4.1 %GLLamqnmQﬁmiLmvlvsﬁgoq@ﬁ"lﬁmﬂmsﬁﬂmmmmm%ﬁmao n-
heptane ALBINTE WNIBUNUAT stoichiometric scalar dissipation rate %dﬁﬁmﬂmmﬁf’mgﬂiﬁdﬁ’s
s Taunszuaum st lndiSuduann @uldsnsuaninyeIaTasdueway vamsfins
Lﬁ@ﬂg’jﬁ%mﬁumnﬁu amnnilazaan 9 gﬁu aumzﬁ"uﬁmmsqm:l,ﬁ@ﬁm mixture fraction
Aty F9Anitaztaaninfianiaz stoichiometric LLazmiﬁ'@umﬁwauﬂma:?;uq@ﬁl,ﬁﬂﬁa
aIgn1zAIag I@ﬂqm%nﬁmmgaqmzwuﬁ e G 9 fientszanm 2,650 K uaziladn

.. ) a £ o @ & X a o \ o a
dissipation rate LNV ﬁ]xﬂﬁiﬁﬂ?ﬂutﬂuLuaL@mﬂwnawadwauaﬂm ﬁﬂNal%qmﬁﬁNLﬂa’ga@
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o K% ' { -1 < Aa o
fag uazdidtasndn 2,000 K iy, Uszanm 2,100 s aunsznatdar Wiian1sauas twane
Ufiseadldaunnduiiudalylditiosaindninaas Arrhenius  kinetic  lapgafuash
= o AV o ° = & .
Unnglusy azuaaafisnadwinldnnnsduingaauns unsteady flamelet F9aziAnit 0
\ A o ¢ a ! A A o ! A @ .
i g, 1o 9 azlnaawivad flamelet (30FuUa9) N nnimisdr i ldgniadanld reaction
. d YU s aaa i a £ o
progress variable \alTusuanfivszauliseifiaduluiuudiass
dl' a d' g: v Ql o aaa a o 1 v a AI
WaNasoangdf 4.2 ssasduazisuidisoeiinu danaligunpiides 9 iy
& @ { a A A A £ ' = A
§93u% uazrufiniianisyeszide gungiiszguiininedemaii lavgagigaresgmnyl
audaz flamelet azday 9 IRaWTNIWIAIFAEIBUDINEUNINIIE  stoichiometric  LiaLIAN
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Reaction Progress Variable
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4.3 n13gasziiiaiay (Auto-ignition)

m‘sa;m:l,ﬁ@LaaLﬂ%ﬂﬁﬁ&lﬁmaaﬂﬁm%ﬁ lavduniszasnsaszibaiasaziing
@iagﬂiﬁwaammﬁlﬁ@%u Lﬁaamnﬂg‘jﬁ‘%mn’m,mvlmﬁﬁ]:l,l,ﬂsﬁumuqmﬁgﬁﬁlﬁugﬁu HING
e lWuenaaeenldainemass luawu’fs%'ﬂf:azﬁan%ﬁﬁmwmsgmuﬁmLawaa Kang
LRzADLE  [69] it namiInIasziie ﬁmmnmﬁqmﬁgﬁ*’naaﬁmﬂ'uﬁuamanm‘%a
Tagraldudr nszuawmaman lnsfazdiinmaldias ﬁ@iaLﬁaaﬁé&aﬁuﬁqmwgﬁﬁgawaﬁa:
suFAzlsgedn Selufid aldamnnifl 1000 K (Iugmnginisgasziliaes Taslums
ﬁﬁmmf:a:‘l%ﬁagamwmﬁaﬁ 4.1 LLﬂZﬂ%@ﬁlﬁ%ﬂ%&ﬂ@]iﬂ’mﬂuﬁdLL&@NI%Eﬂ‘ﬁI 3.4 Gyuai
Iannmsdwiasdesit

P Y P o o o &
AN 4.1 °1.|ﬂ;{{ﬂﬂlﬁ%ﬂ’ﬁﬂ’]%ﬁmuUUﬁ]’]ﬂaﬂﬂﬁliLN’]‘l%ﬂJﬁLﬂiﬂ

Time step (Us) 0.5
Inlet SMR (Ltm) 10
The smallest grid width (mm) 0.5
Cell grid (zXr cells) 109x73
Trap pressure (MPa) 2.7
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Injection pressure (MPa) 80.0

Trap temperature (K) 830

Liquid temperature (K) 298

Injector radius (mm) 0.09

Injection duration (ms) 3.8
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4.4 n15181[naT (Combustion)
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ABSTRACT

This work emphasises the modelling capabilities of the unsteady flamelet/reaction progress variable
approach to implement diesel spray flames for capturing the auto-ignition and flame lift-off phenomena.
The droplet size distribution based on the moment scheme characterises the poly-disperse spray model
[1] employed in this work. The flamelet progress variable solutions embedded in a Reynolds-averaged
Navier—Stokes (RANS) framework, together with the probability density function (PDF) approach, sig-
nify the turbulence—chemistry interaction. All thermochemical scalars are represented as a function of
mean mixture fraction, mixture fraction variance, reaction progress variable and scalar dissipation rate.
Mixture fraction is assumed to follow a beta-PDF distribution, because the reaction progress variable and
scalar dissipation rate distributions are assumed to be a delta-PDF. In order to assess the capability of this
developed model, the predicted results are compared with experimental data [2]. The developed model
gives a reasonably good overall prediction performance in terms of auto-ignition, flame development and
flame lift-off length. The flame temperature distributions are comparable with the formations of lumi-
nous flames. The predicted flame growth rate is consistent with the experimental results but there is
a small over-prediction. Therefore, the present approach can accurately and efficiently capture the auto-
ignition and flame lift-off phenomena of diesel spray flame.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

combustion models based on the fully premixed or fully non-
premixed theories are not exactly appropriate for this concern.

Due to superior fuel economy, spray combustion is utilised in
a wide range of engineering devices, such as gas turbine engines
and internal combustion engines. Because the fuel is injected into
the high-temperature chamber, the fuel droplets are partially
evaporated and then mixed with the oxidiser. The chemical reac-
tion plays a key role in this period until the auto-ignition takes
place. The remaining unmixed fuel is then burned more slowly
due to limited oxidiser. Therefore, spray combustion can be con-
sidered as a partially premixed combustion mode. Thus, standard

* Corresponding author.
E-mail address: dhuchakallaya@yahoo.com (I. Dhuchakallaya).

1359-4311/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.applthermaleng.2012.12.016

Many studies have been performed to investigate the underly-
ing physics governing partially premixed combustion [3—6]. These
studies strived to capture spray combustion accurately and effi-
ciently. In general, the key parameter used to predict the partially
premixed lifted flames is the reaction progress variable. The
method widely applied to model diffusion flame is the laminar
flamelet approach proposed by Peters [7]. The formulations of the
flamelet that incorporate the reaction progress variable are the
steady flamelet model (SFM) and unsteady flamelet model (UFM).

The basic concept of the laminar flamelet model, as introduced by
Peters [7], considers that the turbulent diffusion flames behave
locally as an ensemble of laminar stretched flamelets. Each laminar
flamelet is subjected to the local flow field, convecting and
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stretching in terms of the instantaneous scalar dissipation rate at the
stoichiometric condition. This model is generally adopted based on
a steady state assumption and thus, it is known as the steady
flamelet model. The flame structure then can be described just by
the local mixture fraction and the scalar dissipation rate as inde-
pendent variables. Therefore, the thermochemical variables of flame
field such as temperature, species mass fractions, density, etc., can be
pre-calculated and tabulated into a database; the so-called flamelet
library. This makes the SFM popular in turbulent combustion stud-
ies. This model has been successfully applied to turbulent combus-
tion [8—10]. Subsequently, many theoretical and experimental
studies [10—12] have identified the deficiency of the steady state
assumption, in that the laminar flamelet structure cannot suffi-
ciently respond to the rapid changes of scalar dissipation rate in the
turbulent flow field. Due to a highly non-homogeneous and tran-
sient environment in the spray, the SFM is not able to predict the
extinction and re-ignition of these flames. The incorrect lift-off of
diffusion flames results in large discrepancies in flow field pre-
dictions, which would certainly yield inaccuracies in the prediction
of pollutants [6]. In addition, the accuracy of this model decreases as
the Damkohler number decreases [13]. The Damkohler number is
characterised as the ratio of the turbulent to chemical time scales.
When the chemistry is fast compared with the turbulent scale (large
Damkoéhler number), the diffusion flame layer is supposed to be
relatively thin. Because the Damkoéhler number is small, the local
flame structure is then far from the assumption of a laminar flamelet.

The local extinction and re-ignition states cannot be described
properly by SFM. The reason for this is that the solution space used
in SFM is very restrictive. Typically, the ignition and extinction
states are defined as the turning points on the S-curve, as shown in
Fig. 1. The upper branch indicates the stable burning flames, and the
lower branch is the non-reactive solutions. The middle branch is
unstable solutions that are obtained from the flamelet equations. In
SFM, only the upper and lower branches are used. Because the
solutions need to jump between the upper turning point and the
lower branch for dissipation rates around the extinction limit, the
numerical solutions become unstable. In order to eliminate this
weakness of SFM, a relevant time variable is introduced into the
flamelet structures. This leads to the unsteady flamelet models. The
importance of transient effects in flamelets models is described by
Haworth et al. [14]. Many researchers have attempted to apply the
unsteady flamelet model to combustion with local extinction and
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Fig. 1. Unsteady flamelet solution space for n-heptane/air flame.

re-ignition. Mauss et al. [15] investigated the extinction and re-
ignition of methane jet diffusion flames based on the unsteady
flamelet model. Pitsch and Fedotov [16] developed a stochastic,
interacting flamelet model, which extended the unsteady flamelet
model to account for re-ignition effects due to the interaction of
different flamelets. An application of the unsteady flamelet model
to large eddy simulation was also demonstrated for a piloted jet
diffusion flame by Pitsch and Steiner [17] and an excellent agree-
ment with experimental data was obtained.

To broaden the ability of the classical steady flamelet model in
predicting the extinction and re-ignition of diffusion flames, Peters
[4] introduced the reaction progress variable to SFM. Pierce and Moin
|6] modified this approach by applying the reaction progress variable
instead of the scalar dissipation rate to parameterise the flamelet
library, in order to predict the local extinction and re-ignition of non-
premixed turbulent combustion. Later, such a methodology was
investigated and improved by Ihme and Pitsch [18,19]. Furthermore,
the distribution of reaction progress variable with beta- and delta-
probability density functions (PDF) for lifted flames in the Reynolds-
averaged Navier—Stokes (RANS) and large eddy simulation (LES)
frameworks was also studied by Ravikanti [3]. The lift-off length and
temperature predictions are very encouraging. However, the pre-
sumed delta PDF presents an under-prediction of flame lift-off
length. All the above investigations were conducted based on the
consideration of a steady flamelet solution with reaction progress
variable.

To improve the numerical accuracy, the unsteady flamelet so-
lutions are used in combination with the reaction progress variable
to predict the partially premixed flames. This approach was used
with reasonable success by Pitsch and Thme [20] in predicting
emissions in non-premixed flames. With this confidence, the pre-
sent study uses the unsteady flamelet approach with the variations
in scalar dissipation rate, coupled with the reaction progress vari-
able approach, to predict the lifted flames of diesel spray, which is
considered as partially premixed flames. Certainly, the computa-
tional cost of the unsteady flamelet approach is marginally greater
than the steady flamelet model. To reduce computational cost,
the delta PDF for both the progress variable and scalar dissipation
rate and the beta PDF for the mixture fraction, are presumed in
this flamelet library. In addition, extensive experimental and nu-
merical investigations [21—23] indicate that the delta PDF is a good
approximation for the scalar dissipation rate. Hence, the objective
of the present work is to capture efficiently the auto-ignition and
flame lift-off for diesel spray flames by means of the unsteady/re-
action progress variable combustion model in a RANS framework.

2. Unsteady/progress variable approach

The flamelet model introduced by Peters [4], assumes that the
thin reacting layer embedded in a turbulent flow field is much
smaller than the Kolmogorov length scale, the smallest length scale.
The structure of this reaction zone then remains laminar and dif-
fusive transport occurs in the direction normal to the surface of
stoichiometric mixture. Under the unity Lewis number assumption,
the one-dimensional flamelet equation can transform into the
mixture mass fraction space, as follows:

ay;  xd%y; .
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where 1, ¢, Y, hj and o; are the time, specific heat at a constant
pressure, mass fraction, enthalpy and chemical production rate of
the ith species, respectively.

Generally, the distribution of the scalar dissipation rate x in the Z
space is presumed. The popular functional form of such a distribu-
tion in a counterflow diffusion flame is an inverse error function, as
proposed by Peters [7]; however, other expressions have been
proposed [24,25]. The inverse error function can be written as:

as 1 2

x(2) = Zexp { - z[erfc (22)] } (3)
where as is the strain rate, indicating the maximum velocity gra-
dient and erfc! is the inverse error function. Eliminating the
physical space parameter as, the scalar dissipation rate at stoi-
chiometric condition is introduced. Thus, the distribution of x as
a function of Z can be rewritten as:

exp { - 2[erfc*1(22)]2}
exp { — 2[erfc1 (ZZst)}z}

Thus, the solutions of flamelet equations can be written as ¢(Z,
Xst), where ¢ denotes for species mass fractions, temperature or
chemical source terms.

As shown in Fig. 2, the S-shaped curve of the unsteady flamelet
solutions represents the stoichiometric temperature as the function
of stoichiometric scalar dissipation rate. For a given scalar dis-
sipation rate, there are multiple solutions of stoichiometric tem-
peratures. Definitely, a new parameter has to be introduced to
parameterise the unsteady flamelet solutions. This parameter, the
so-called reaction progress variable C, identifies the unique state of
each single flamelet along the S-shaped curve covering all the
branches. The reaction progress variable is commonly defined as
the summation of product mass in different ways [19,26—28]. In the
present work, the definition of Ref. [19] is chosen as follows:

(4)

X(Z) = Xst

C = Yco, + Yco + Yn,0 + Yh, (5)

For construction of the flamelet library, the reaction progress
variable and scalar dissipation rate are independent parameters
together with the mixture fraction. Therefore, each scalar dis-
sipation rate has an individual distribution of reaction progress
variable and mixture fraction. In Fig. 2, the vertical dots in the
middle branch represent the individual unsteady flamelet solutions
between the equilibrium and unburned limits. Thus, each flamelet
solution depends on the mixture fraction Z, the reaction progress
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variable C and the stoichiometric scalar dissipation rate ys. The
flamelet space for any scalar can be expressed as:

¢ = ¢(Z7 Cv Xst) (6)

The reaction progress variable and scalar dissipation rate are
independent of the mixture fraction. These three parameters are
then assumed to be independent of each other and thus, the joint
PDF is simplified as:

P(Z.C,xst) = PZ)P(C)P(xst) (7)

Here, the distribution of the mixture fraction is assumed to be
beta-PDF and a delta-function closure for the reaction progress
variable. The distribution of the scalar dissipation rate is assumed to
follow a delta-PDF distribution. Hence, the above equation can be
represented as:

P.Cox) = B( 2:2.2 ) (C5C)o (i (8)

The mean scalars ¢ can be determined from the instantaneous
flamelet solutions by weighting them with a joint PDF as:

Cinax

Xq 1
¢= / / / $(Z,C.xst)P| Z2:2,2" p(c;&)P(xst;i;)dZdCdXst
0 0 O

(9)

where xq is the quenching strain rate. With this expression,
a flamelet library of all mean scalars ¢ can be constructed as
a function of the mean values of the mixture fraction Z, its variance
7", reaction progress variable C and stoichiometric scalar dis-
sipation rateys;.

The unsteady flamelet solutions employed here are solved by
the FlameMaster code developed by Pitsch [29]. The skeletal
mechanism for n-heptane with 43 species and 185 reactions of Liu
et al. [30] is used. In Fig. 2, for a specific scalar dissipation rate, the
initial conditions start from a non-burning flamelet. As the chem-
ical reaction grows, the temperature continues to increase until
ignition is reached at some mixture fraction. The development of
the temperature profile then ends up at the steady flamelet solu-
tion. For n-heptane/air combustion, temperatures up to 2650 K are
observed for small y; and the maximum temperature then drops
beneath 2000 K at a value of about 2100 s~! prior to extinction. As
seen at yss = 100 s~!, the peaks of stoichiometric temperature
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Fig. 2. S-shaped curve for n-heptane/air flame and temperature history at s = 100 s~! (T = 298 K, T, = 830 K, 27 bar).
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slightly shift to lower values of mixture fraction with time. The
development of the reaction progress variable distribution in the
mixture fraction space for various scalar dissipation rates is also
shown in Fig. 3. As the turbulent fluctuation becomes stronger
(higher X ), the peaks of the reaction progress variable distribution
profile (graph on the left) are definitely lower. This is because the
turbulence significantly disturbs the chemical reactions resulting in
a slower burning rate. Again, the time evolution of peaks for the
reaction progress variable profile obviously shifts to lower values of
mixture fraction. This represents a unique relationship among C, Z
and X;; to map a single thermochemical scalar in the unsteady
flamelet approach.

As explained above, the mean thermochemical properties
stored in the flamelet library are a function of Z, Z2, C and ¥g.
These quantities can be determined from the transport equations
for the reaction progress variable, mixture fraction and its variance.
The transport equation for the Favre-averaged reaction progress
variable, based on the assumption of unity Lewis number for all
species involved, is given as:

opC opU;,C o [ /- e\ 9C| -
it - D 4+ -t ) =
at ax, o | \PPCTseJax [ Tee

where D is the diffusion coefficient and Sc is the Schmidt number. &
is the mean chemical source term of C. Referring to the definition of
C, this source term is then defined as the summation of production
rates of major combustion products:

(10)

(11)

d)c = (l)co2 + (DCO + d)HzO + d)H2

For spray combustion, the mixture fraction is no longer a con-
served scalar because of the evaporation of spray droplets [31,32].
In order to take into account the evaporation effect, the transport
equation for mixture fraction is modified as:

pZ puUZ o [ e\ 0Z
at X ox pDZ+SCZ ox; + Sm (12)

where S, is the mass transfer rate due to the evaporation of the
liquid droplets. The mixture fraction is defined by Bilger [33] as:
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Fig. 4. Grid used in the spray combustion (The domain is 0.2 m long and 0.03 m in
radius with 109 x 73 cells).
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where M is the molecular mass and the subscripts C, H and O
indicate the quantities for the elements carbon, hydrogen and ox-
ygen, respectively. The subscripts 1 and 2 refer to the constant mass
fraction in the original fuel and oxidiser streams, respectively.
The mixture fraction variance is also needed when the proba-
bility density function must be evaluated. The Favre-averaged
balance equation of the mixture fraction variance can be written as:

aﬁ?/lz aﬁgii//z 0 _ U 62//2
orie 9 D~ 4t
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oz’ g

Mt —~ €512
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where C, is about 2.0.

3. Numerical method and validated configuration

In this study, the main effort focuses on the application of spray
on combustion phenomena. In order to simplify, the uncomplicated
geometry of the combustion chamber, as studied here, is axisym-
metric, as shown in Fig. 4. The Favre-averaged Navier—Stokes
approach is sufficiently appropriate to lead to a successful study
on the turbulence—chemistry interaction. Based on the finite
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Fig. 3. Reaction progress variable distribution for various scalar dissipation rates and its development.
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Fig. 5. Comparison between predicted flame temperature distributions and photographs of flame luminosity [2].

volume method, the solution of the transport equation system is
carried out in an Eulerian framework. All the conservation or
transport equations for both the liquid and gas phases are solved on
the same two-dimensional (z, ) axisymmetric orthogonal com-
putational grid. A staggered grid arrangement is adopted for the
liquid and gas phase velocity components. Euler implicit temporal
differencing and hybrid upwind/central spatial differencing are
employed to render all the liquid and gas phase transport equations
into a finite volume framework. The sub-models for droplet
breakup, collision, evaporation and the interactions between the
liquid phase and gas phase, are detailed in Beck and Watkins [34],
based on the drop number size moment scheme. In high Reynolds
number spray combustion, a standard k—e¢ turbulent model can
perform efficiently due to low computational cost. The wall func-
tion of Launder and Spalding [35] is taken into account for the ef-
fects of a near wall flow. The solution algorithm is based on the PISO
algorithm of Issa [36], with the liquid phase equations added to it.

The accuracy of such an approach has been partially assessed in
earlier publications [34,37—43], both in non-reactive and reactive
applications. Numerous grid and time-step dependence tests have
also been carried out in the earlier publications. The results from
those tests have been used to set these parameters in this work.

In the flamelet library generated in this work, the mixture
fraction and its variance spaces are divided into 141 and 21 cells,
respectively. A set of 18 flamelets is created with the stoichiometric
dissipation rate ranging from 0.1 to 2125.13 and the corresponding
extinction limit s, ¢ is found to be about 2125.13 s~ L In every single
dissipation rate step, the reaction progress variable space is sub-
divided into 29 flamelets. Hence, the thermochemical properties
can be recalled by mapping these flamelets within their validity
ranges.

The experimental investigation used for validation of this sim-
ulation model is the diesel spray combustion measurements of
Akiyama et al. [2]. A 0.18-mm-diameter nozzle is used to inject the

Fig. 6. Lifted flame temperature contour predicted by unsteady flamelet model.
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diesel liquid with a maximum pressure of 80 MPa. The air in the
combustion chamber is preheated to 830 K and pressurised to
27 bar. The quantity of liquid diesel injected is 28 mg during the
3.8 ms of the injection period. The ignition delay time is evaluated
by the combustion chamber pressure history and the flame tem-
perature is analysed by the two-colour method. A spray distribu-
tion with a Sauter Mean Radius of 10 microns is presumed in this
simulation and the time-step in the calculation is 0.5 ps.

4. Results and discussion

The temperature evolution from the early stage of ignition to
further combustion of the spray, compared with the experimental
results of Akiyama et al. [2], is shown in Fig. 5. The upper and lower
halves of the plots represent the flame temperature contours pre-
dicted by the unsteady and steady flamelet models combined with
the reaction progress variable, respectively. In the SFM, the mean
chemical source term of reaction progress variable in Eq. (10) is
obtained by the PDF—EBU scheme proposed by Dhuchakallaya and
Watkins [43]. This source term is a combination of a single-step
chemical reaction rate and Eddy break-up model. In Fig. 5, the
reactive activity begins at the outer edge of the spray, as shown by
means of a locally increased temperature. The ignition kernel of
SFM in particular, occurs close to the place where the flame lift-off
will settle, whereas this activity is placed further downstream in
the UFM. Both models are satisfactory in predicting the ignition
delay time at approximately 2.2 ms; however, the first appearance
of the significant luminous flame in the experiment is observed
later, at around 2.8 ms. The flame then propagates downstream and
upstream from the ignition locations. The outer edge of the spray is
consequently fully reacted and the combustion region expands to
the inner volume and the maximum temperature continues to rise.
As seen, the SFM presents a slightly larger high-temperature region
than the UFM. In the present work, the flame lift-off length is
defined as the height from the nozzle tip to the threshold tem-
perature. Because there is no certain threshold temperature to
define the lift-off length in the simulation, the threshold temper-
ature of 2200 K is chosen, as in Refs. [44,45]. The lift-off lengths
obtained from both models are relatively comparable at about
50 mm, as the lift-off length measured directly from photographs is
around 48 mm. This length corresponds to the approximated
power-law scaling of Siebers et al. [46], which gives this value in the
range of 40—55 mm. The flame shapes obtained from the UFM are
more closely related to the luminous flames than those predicted
by SFM, especially in the spray head region.

The lifted flame is represented by the temperature contour, as
shown in Fig. 6, taken at the time of 3.7 ms after injection. In the
inner region of the spray downstream of the lift-off, the tempera-
ture gradually increases due to the partially premixed rich flame. It
is clearly shown that higher temperatures appear over the stoi-
chiometric contour, as expected in diffusion flames. The flame lift-
off predicted by the unsteady flamelet model is around 51 mm.
From this figure, it can be stated that the present model is able to
capture, at least qualitatively, the main features of the diesel flame
structure.

The predicted flames clearly emerge prior to the flame lumi-
nosity, as seen in Fig. 7 and then the discrepancy of the predicted
flame areas with the experimental results trends towards stable
values. This illustrates that both models give over-predictions of
flame propagation. However, the flame area found in the UFM is
obviously closer to the experimental results than the SFM predic-
tion. This might be because the source term of reaction progress
variable employed in the SFM is based on a chemical time scale that
is derived from a single-step irreversible chemical reaction. This
naturally provides an over-prediction in reaction rate, as has been

Fig. 7. Development of flame area compared with the experimental results of Akiyama
et al. [2].

reported by many researchers. This is also shown in Fig. 5, where
the thicker band of high temperature appears in the SFM predic-
tion. As observed in the experiment, the flame front approaches the
combustion chamber wall at the time of 5.2 ms. Therefore, the
results after the time of 5.2 ms are not considered.

As shown in Fig. 8, the heat release rate in the early stages
slightly decreases below zero due to the heating of the liquid
droplets. It then increases sharply after ignition leading to the peak
reaction rate. Consequently, the shortage of mixing improperly
between fuel vapour and air becomes dominant, resulting in the
diffusion flame behaviour revealed later on. As shown in the
comparison, the SFM prediction apparently correlates well with the
experimental data in the early stages of combustion. This is cer-
tainly due to the fine-tuning of the modelling constants of & in the
PDF—EBU approach, which depends on both the structure of the
flame and the chemical reaction. This differs appreciably from the
UFM scheme where o is taken from the flamelet database, which
requires no further tuning. The peak of experimental results is
significantly lower than that predicted by both models. However, in
the main combustion, both models function very similarly to the
experimental data. Interestingly, a large discrepancy emerges
beyond 4.8 ms after injection. This might be due to the disturbance
of the wall, which the flame front impacts at a time of 5.2 ms. In all
aspects of comparison, the UFM is apparently better able to match
the experimental results than the SFM prediction.

The distribution of flame temperature in the mixture fraction
space is represented as scatter plots shown in Fig. 9. During the

Fig. 8. Time history of heat release rates compared with the measurements of Akiyama
et al. [2].
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Fig. 9. Scatter plot of predicted temperature in Z space during combustion (blue lines denote to equilibrium states). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

heating period in the first 2 ms, all temperature data are close to the
mixing limit. Some are located beneath this line due to the evap-
orating cooling of spray droplets. Auto-ignition takes place at a time
of 2.2 ms and the temperature then starts rising to continue the
main combustion process later on. The predicted temperatures vary
between the mixing and equilibrium states, because the lifted
flame tries to detach and re-ignite in the period of 3 and 4 ms.
Following the end of injection at 3.8 ms, the data begin to depart
from the mixing to equilibrium lines. As the spray combustion
process continues, the temperatures rise increasingly close to the
equilibrium state. Hence, the lifted flame is well represented by this
developed model.

5. Conclusions
In the present study, the unsteady flamelet model, combined

with the reaction progress variable approach, is implemented to
describe and analyse auto-ignition and combustion phenomena

in a turbulent environment for conditions typically encountered
in internal combustion engines. The spray model employed is
based on the droplet size distribution moments approach intro-
duced by Beck [1]. This simulation study with n-heptane as
a surrogate for diesel fuel, demonstrates the model’s capabilities
to capture the spray formation, subsequent auto-ignition and the
existence of a lift-off length. The results show that this approach
appears to be an effective method for capturing essential flame
characteristics, such as auto-ignition and flame lift-off, without
the need to apply any additional ignition model, as compared
with the experimental results of Akiyama et al. [2]. The predicted
flame temperature contours are reasonably comparable to the
formations of luminous flames. However, the UFM provides
a small over-prediction in flame area but overall, the UFM per-
forms slightly better than the SFM. Therefore, the unsteady
flamelet/reaction progress variable model can be applied with
confidence for partially premixed lifted flames, such as diesel
spray in reciprocating engines.
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Abstract

This research investigates on the development of a spray combustion model for diesel engine
applications. This spray model is originated from work of Beck [1] in which the model can predict the
distribution of spray quite accurately. For combustion analysis, the unsteady flamelet combining with
reaction progress variable approach is employed here. For constructing the flamelet library, the
skeleton chemical kinetic mechanisms of Liu et al. [2] consisting of 43 chemical components and 185
reactions are applied. The results predicted by present developed model are compared with the
experimental data of Akiyama et al. [3]. The present simulation results are relatively satisfactory with
the luminosity flames, both in the flame formation and the lifted-off length.
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JULUUANNITVDY
Taovhluudn  avauydlusuves

scalar dissipation rate

inverse  error

¥
=1

function #4il
a, 3 _ 2
2(2) - exp{ 2] erfe™(22)] } (3)

We a, Ae strain rate FwansdansAeu
-loa .

mmﬁaqqqm ey erfc AB inverse error function

Woidnduwds a, een leevindudadiufianiog

stoichiometric agle

exp{—z[erfc*(zz)]z}
exp{—Z[erfc’l(ZZ”)]z}

(@)

Z(Z) = X

sUldsh s Fdldnnuadnsnisduantes
wuudraes UFM dauandlugudl 1 agufiuléfin fien
Zo b0 9 Avdnadnsvad flamelet (I0FuAQ) 11NN
vl Fodeeddiuls RPY, C WYY
Fumiwemadnsves flamelet Ii¥aiauanndstu
wazasauaquynUInanluldld  vewadns
Teiluudr RV eeflonufunasiuvesiineg

NARANY  Fevlinvesineiidonazuansnatuluiing
[13-16]  Tuidl azdenanziondssuesivanaiy

fg1uvpd Ihme wag Pitsch [15] A

C=Yeo + Yo+ Yo +Y, (5)
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lun1sa$s flamelet library A1 C uag Kst
auyfinduiulsdaseiu 2 Fefunadnsvosusas
flamelet ﬁaﬁ'ﬁuaavjﬁ“u Z, Cuay g, lawn1snszany
fwee mixture fraction ‘Luﬁﬁ%auyamﬂumu
beta WazN1INILALAIMUY delta dm3U RPV Uay
scalar dissipation rate fin13nszaEFUY delta
fofurndeanatd 4 senldenuadnitivas
89 flamelet wasehaiminiuen POF Sadeuls
il

X CI
0 0

j.¢(Z,Caﬂcsz)ﬁ(Z;Z?’E)f’(C;E)

P(z,32,)dzdcdy, (©)

Lﬁa Xa R quenching strain rate mﬂam’liﬁ
flamelet library vosrnadsana1s ¢ e o fiadns
Juanduiladfudivan Z, 27, C way 7, e
wiantl anansafuiaildannaunisasanesielui

dusunsinlugdaiuse mixture fraction aglal
Juainansiineidndely  ilewinnisssmeves
avoaIlayvasasy [17, 18] FatBvENaNAS
sueadeadindlUluaunsdseneves

fraction A4t

»Z +7apUiZ =a{le L jaz}—kSm (7)
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ilo D foAndudszananisuns Sc Ao Schmidt
number Way S, APERNTINITIELREYDIALBBINDY
eg mixture fraction 1u‘1‘71"1§%ﬁ8mmu Bilger [19]

@A NULUTUTIUTDS mixture fraction 9
gldlunsduanmzusiaves POF uuy beta el
Haog1uINFBNITNAUNRTEY Ingaun1saeaneg
dmdunnuuUsUsaues mixture fraction 1
wandlasail

i, SN i
opZ Jr(3,0U,Z =i pD_ + M, |0Z
ot Ox, O, 7 Se s ) o
oz ;
H —~ €-m
2= e, 2z (8)
Sc_; [6&} Pe

Tnedien Schmidt number dnsuaLadewazen
ALUTUTILTEY mixture fraction Tnevialuuda
mﬁ”’admﬁu 0.9 uag C, Wiy 2.0 [20]

duaunsdsangdmiu RPV Sguuuudell

pC pU.C o oC| =
AN ASS {(pDC LA j}+a)6 9)
Ot Ox, Ox, Sc; ) Ox,

i

A T A o a aaa ~ = &
W @ ARERTINISIAAUNIEIIY C Futu
NASIUVDITNIINISIANINAN S us e NeaT]

O = W, + O+ Wy o+ Oy (10)

3. s2iguaTNTAUIANBIR LAY

sUSanuzvetieuntng  szimuadu
NTINTTUONAULINT  Uazszidouds Favre-averaged
sggnlfifteurtymuesufdusius
semieuiuthuuasufisonedl lnsedeinaie
YAFUNTAIEA dduiia
anuzfanazvesvaniililumsuidgmazeglusy
999 Eulerian  LazN1sI3898U99N3A staggered g
grlddmsuanuiesian e uazvauna

Navier-Stokes

finite volume

7% Euler implicit temporal differencing ag
hybrid upwind/central spatial differencing augn
TdlumsbianSnypaunisdenieg Tegluguves finite

volume dwsunuvinassaututiuazidenly
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04 Akiyama uazanz [3] fauandluzuil 3 1agld
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stoichiometric contour VBIELUSUFAILARIA2E
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snduusnalndhidn Favaadnwasiitendt wWan
aeuin Tnefiusnaruluvessumisnisasesives
Wan gungfiagaes 1 Wiugeiulunufiansnisia
dlosnmawlduuy partially premixed waztdu
fndanndn qmmﬁLﬂmqﬂqmmﬁmﬁuhu?mm
stoichiometric contour Wuluaumannisvesilan
non-premixed

a

381 3.0 ms gaunniiainawinliasiaias

AIWaNINeans srebiiewnan n135U31n4383
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Fn dmSuszeziaassi Jeleuainszezann
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a
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nsEUIUNSaRsY SYeviUaansfiannuuusiass
fienUssanm 52 wu. druszeziatasusafiie
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