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/Development of Flamelet Combustion Model with Reaction Progress\

Variable for Applying in Direct Injection 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 based on the spray droplet number size distribution moments approach.
These moments relate to volume, surface area, radius and number of droplets, respectively. The source terms
of sub-models including droplet breakup, collision, evaporation, and the interactions between the liquid
phase and the gas phase are derived in term of these droplet moments. The governing equations for both
the gas and liquid phases are developed based on the moment-average quantities and solved by the finite
volume method on an Eulerian framework. For combustion analysis, Steady Flamelet approach is employed
here combining with reaction progress variable in order to indicate the reaction level. The skeleton chemical
kinetic mechanisms consisting of 43 chemical components and 185 reactions are solved in order to create
the Flamelet library. The thermo-chemical variables in this library including flame temperature, species
mass fraction, density, and reaction rate are averaged by a probability density function averaging approach.
The simulation results predicted by developed Steady Flamelet model are compared with the experimental
data. The comparison results are relatively satisfactory. In addition, the lifted-off length predicted is also

comparable with the flame luminosity as well.
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DEIA w%auﬁa:qnlwmﬁaqmwgﬁgawa uAAgagn
AlFINUUUTIADIIZINUIBAIGINIIHANIINARDY
Aoudnennn WisGinuwsenansulnajzsssiusugn

wlnsi S lHdnansvantassainuiouansiay
agNn lavanmswnlndfasfasandunisunszes
aanﬁwumunQuﬁauﬁ’mwﬁmﬁm’ﬁ Waduwaniy
19L%al,wﬁaﬁmﬁaagmﬂuam%ﬂ Ferrefiazifunig
WMWY non-premixed forusnsnsUanlany
WaUATaIITINAl 3-4 ms SedAaudae
aviiuazlndlAseiuwan1snaany lasujAsennisun
Indtsnngasiatulusnalndis dedusesss
itﬂiﬁw%nm‘lmﬁﬂﬂﬁﬁ%m (non-reactive region)
wasuIaiaU)isen(reactive region) \i99a1n
aan%wua:gnﬁagmLﬁ'mﬂuz\i"lﬁ’maaaLﬂ%ﬂmoﬁwu
ﬁmnﬁ'qﬂ Tasszpzvinseniehdauassassniiay
Bunin srasiaIaesn (lift-off length) waziaalu
fiintuususeaseilfuuoy premixed 1asfiiian
38 ms ﬁ):LﬂumiéuqmmmaﬁmﬁwﬁuL%aLwaaL’ﬂ”'ﬂ,ﬂ
Tustpawilng dodudasinisUantsesndesu 39
AAAYAEIY  exponential auns:ﬁoéuqms:mumi
wlndl walunismeaed Wadlweznsznumiszasving
wAlndifinan 5.2 ms dotugionamaeaniu Folsis
WodalunsiSeuiiey

INTILIUDDY Akiyama LazAuy [20] 91 1Ia0
vinnsgaseidatesiildainniameasedefioandn
a Hwnafinnudurssvisamnlndiingeduden
sz 1.4 ms wesgslsfiandsznielnusnd
Uswng‘lumwmm:ﬁuﬁnm 28 ms Liarwaan
LLuuav"maaﬁﬁwmﬁumm%ﬂuLﬁﬂuoﬁ’aLLamﬂugﬂﬁ 7
WU 1 3.0 ms qmwgﬁmmﬁﬁ'}u'sm‘lﬁmn
WoUTaReAN EAAIFGINIIWANTTNARDY SRR
¥n MIUsIngresariiadannsmaaneyinli
mavaFzesUatingy widuiurdanadn Tu
NIMeaey 9 lFnTRsunlaseesanNsusNAILIN
mdmsNsUaatdsandennu dearlidnsnisvan
Uappnasaugegafinaszanu 25 ms fouandlu
it 7 Tawanuduiivingu ieduiidosangumgii
g9ty wvilunwenedelaivsnng suawadlwitlvg
Wihfias  d@nsusrezialansfifildanuuusiasy
Folufiiimuafigungiivinty 2200 K audedslu
[26, 28] AAUszaI 47 mm fpsanmwdisann
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nIneaeditian 3.0 ms lidaau vilwlisansn
suyszoedonanld dnfuiedpsenduavduiusvns
Siebers waramy [29, 30] Mlun1sviuiestes
wWadmead delAieanynUszann 40-55 mm Gy
FAAREITUNANITIUIBTBILLLS e iNRILTY
farnfiiian 4.2 wWadlwildanuuudiassasiiaiu
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#zasUafiindlAseiunwgs  uizuIRAINNAY
gavlafildnuuudassazidnnit neufiadlnay
naznuiumiszesdonmlng finar 52 ms U3
gaaarlniildanuuuiiaseaindidssiunindie
aniuuIefigasEnn

Time |Luminous flame [20] | Steady Flamelet model

Flamelet model

0.02 0.00 0.02 0.04

Flamelet model

0.02 0.00 0.02 0.04

3.0 ms

52 ms

Time |Luminous flame [20]| Steady Flamelet model

Flamelet model

0.00 0.02 0.04

0.02 0.00 0.02 0.04

gﬂﬁ 8 mwn’wLiJﬁﬂWﬁﬂﬂﬂﬁﬂﬂ@ﬂqmﬁﬂuLﬁﬂuﬁuwamivi’ﬂmﬂqmwgﬁmm

uona Nl MImuIFTsvaIEIRIsaS Y
oulfludesstuiiaadouandluguil 9 aziuls
£ Lﬂaaﬁﬁwmﬂlﬁ%Lﬁﬂ’ﬁuﬁaumiﬂﬁﬂgﬂmmm
INNTNAABIUIENIL 0.6 ms %omiﬂsqngmm
warfiadlunimaass udszidunieiidaudony
anwduiinduiidesnauvgfiigedu usdednsls
Ana ANHULIBINT N LERINNTNARBILALINKLL
Fapvardidnsasiindoii sefiuissaiieuly

Tasun Lﬂmgoq@wﬁﬁﬂmmlﬁmnLmuaﬁaaaa:ﬁm
WNNIHANSNARDINENUTZNIUY 8%

3000
4~ Experimental data
2500 T
Steady Flamelet model

< |
g 2000
©
© 1500 T
©
Q
5 1000 T
[

500 T

I S ‘ ‘ ‘
0 1 2 3 4 5 6
Time after injection (ms)

U 9 nmswavunlasrasuiizawadlwainniswnlng
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€ A o

gunpfizevizadsing molususeidnesuznis
nazapmuAdasusINan douaadluglil 10 Tag
Tuge 2 ms wsn Fafugrensiianuieu gungi
?Jaomaﬁﬁ”’awmﬁ):ag’[uu%nmlﬁumiwauﬁu (mixing
line) Tapgrungivesizaduivdiu 2zfA1AIn3n
aungiinaniu esnanlisudndwaainnisssve
savazeswoy ufhidainadl fnar 2 ms gungi
souradfiadaduresnanlndidseivadndu
stoichiometric a<lvigumgfifiindu qunszvioiin
mignszidaesiitialszanm 22 ms waeenil
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eaa

fimsfaliudy gunglvevsasiialwazaglulng
Wusnzanna (equilibrium line) sdugungiiiog
senhaiduionasiie eadiiimTlndssn ud
fiaulade VuifiadnsumamaNINNN 0.14
selalieuAAsouan Svgrumpdvosisaddonanil ey
ogu3nlndindn aduganszuiuniasdaiiiud
A1 38 ms AERFIUIBINENTILBAAANT NIZAN
AAY LIRARST ﬁ'«::ﬁqmwgﬁLﬁﬁ‘[nﬁqmwgﬁﬁﬂma:
augaiisanndy auluiign gunglassmnisadas
TNAIVUNUFNIZTNAA

2700 T

0.08 0.12 0.16

Mixture fraction, Z

0.20

777777 e e e i L e i e e Il
2400 +-----to ATt R R SREEES EER | 2400 +-----t 7" oo Pooooo- it REEEE EEE :
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3 1 < ]
o 1800 o 1800
3 4 3 -
g 1500 g 150
8 1200 - 8 1200 |
§ §
2 900 2 900
600 600 ‘
300 : T T i i 300 T T T T !
000 004 008 012 016 020 024 028 000 004 008 012 016 020 024 028
Mixture fraction, Z Mixture fraction, Z
1 ms after start of injection 2 ms after start of injection
2700
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2100 -
3 3
= = 1800 -
e 2
2 2 1500
o o
2 2 1200
§ §
° S 900

600
300
0.00

0.04 0.08 0.12 0.16 0.20

Mixture fraction, Z

3 ms after start of injection

4 ms after start of injection

2700
2400
2100
1800
1500
1200
900
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0.00

Temperature (K)

T
0.08

0.04 0.12 0.16

Mixture fraction, Z

0.20 0.24 0.28

Temperature (K)

0.00

0.04 0.08 0.12 0.16

Mixture fraction, Z

0.20 0.28

5 ms after start of injection

7 ms after start of injection

UM 10 MmInszaefzevgungiinddasduzeawanreg Tussninsunindiivhusldifisotuduaugs
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6. a3

Tuowdded IdjatuAnyuasinnnuoudaes
NNAMAAFTASTDINT NN IS raea U515y
Usegnidldluinseseudsioa Taslfuundasas
8799 Beck [4] Fvodendnnisndiveduimudivn
N19INILILFITOIIUIUALDDNAUSTBTUIAANG §IU
LLuuﬁflaaamiqm:LﬁmLaaLLa:miLwﬂﬁﬁ%gﬂﬁmm
Fu Feacluuusiany Steady Laminar Flamelet
Feflamwsiugrge uazldalumsduandlisn
ilavandeyazesaradsresituylsiaiideniu
Sauazgnaruiniliswenmiuazgniiulflu Flamelet
library usiiflovanuuusnasedl Lisnansaldsnm
n13yaszidaesnianisfuasaoiails farfusa
91¢t reaction progress variable aE5nluNNg
Audal Fewafildannnisduiandiiewseuiiey
AUNANIINARDITDY Akiyama LATAME [20] L&D
Wy snsavhusnisgeszidaesuaznmawalg
Taduminiewela Taggusrpeaadlnfivinungls
aclndidpeiunaniamaasy  iBguATUIATBILLUR
Wnndn suszenalsesdafiviunsldannuuy
F1aevil fronAdpTUNENMIMARBILAL INANRUSTDS
Siebers LazAe [29, 30]

7. inAnIINUsEMA

§lgurpTaUAl AMENTINNNTRILEINUIYY
amIngdusssnaans Aatuayunulunisiide
afoil ANNEIUNBINUITBNVINUIRUSTINAEAT
3

152911 2554

8. 1aNa13919D9

1. Heywood, J.B., Internal Combustion Engine
Fundamentals1988, New York: McGraw-Hill Inter-
national.

2. Tang, Q. Zhao, W., Bockelie, M., and Fox,
R.O., 2007, "Multi-Environment Probability Density
Function Method for Modelling Turbulent Combus-
tion using Realistic Chemical Kinetics", Combustion
Theory and Modelling, Vol. 11, pp. 889-907.

3. Kuan, T.S. and Lindstedt, R.P., 2005, " Trans-
ported Probability Density Function Modeling of
a Bluff Body Stabilized Turbulent Flame",
Proceedings of the Combustion Institute, Vol. 30,
pp. 767-774.

4. Beck, J.C., 2000, Computational Modelling
of Polydisperse Sprays without Segregation into
Droplet Size Classes, Ph.D. Thesis, UMIST, Man-
chester.

5. Beck, J.C. and Watkins, AP., 2002, "On
the Development of Spray Sub-Models Based on
Droplet Size Moments", Journal of Computational
Physics, Vol. 182, pp. 586-621.

6. Beck, J.C. and Watkins, A.P., 2003, "The
Simulation of Water and Other Non-Fuel Sprays
using a New Spray Model", Atomization and
Sprays, Vol. 13, pp. 1-26.

7. Beck, J.C. and Watkins, A.P., 2003, "On the
Development of a Spray Model Based on Drop-Size
Moments", Proceedings of the Royal Society of
London - Series A, Vol. pp. 1365-1394.

8. Beck, J.C. and Watkins, AP., 2003, "The
Droplet Number Moments Approach to Spray
Modelling: The Development of Heat and Mass
Transfer Sub-Models", International Journal of
Heat and Fluid Flow, Vol. 2, pp. 242-259.

9. Beck, J.C. and Watkins, AP., 2004, "The
Simulation of Fuel Sprays using the Moments of
the Drop Number Size Distribution", International
Journal of Engine Research, Vol. 5, pp. 1-21.

10. Watkins, A.P., 2007, "Modelling of Mean
Temperatures Used for Calculating Heat and Mass
Transfer in Sprays", International Journal of Heat
and Fluid Flow, Vol. 28, pp. 388-406.

11. Dhuchakallaya, I. and Watkins, A.P., 2010,
"Application of spray combustion simulation in
DI diesel engine", Applied Energy, Vol. 87, pp.
1427-1432.



358 238Uz 895, TN 35 21fuf 3 nIngIAN - Muenuu 2555

12. Peters, N., 1984, "Laminar Diffusion Flamelet
Models in Non-Premixed Combustion", Progress
in Energy and Combustion Science, Vol. 10, pp.
319-339.

13. Kim, J.S. and Williams, A., 1993, "Structures
of Flow and Mixture Fraction Fields for Counter-
flow Diffusion Flames with Small Stoichiometric
Mixture Fractions", SIAM Journal on Applied
Mathematics, Vol. 53, pp. 1551-1566.

14. Pitsch, H., Chen, M,
1998, "Unsteady Flamelet Modeling of Turbulent

and Peters, N,

Hydrogen/Air Diffusion Flames", Proceedings of
the Combustion Institute, Vol. 27, pp. 1057-1064.
15. Bilger, RW., Starner, SH., and Kee, R.J.,
1990, "On Reduced Mechanisms for Methane---air
Combustion in Nonpremixed Flames", Combustion
and Flame, Vol. 80, pp. 135-149.
16. Pitsch, H., Barths, H.,

Three-Dimensional Modeling of NOx and Soot

and Peters, N,

Formation in DI-Diesel Engines using Detailed
Chemistry Based on the Interactive Flamelet
Approach, in SAE Technical Paper Series No.
9620571996.

17. Liu, S., Hewson, J.C., Chen, J.H. and
Pitsch, H., 2004, "Effects of Strain Rate on High-
Pressure Nonpremixed n-Heptane Autoignition in
Counterflow", Combustion and Flame, Vol. 137,
pp. 320-339.

18. Pires da Cruz, A. Baritaud, T.A, and
Poinsot, T.J., 2001, "Self-Ignition and Combustion
Modeling of Initially Nonpremixed Turbulent
Systems", Combustion and Flame, Vol. 124, pp.
65-81.

19. Issa, R.., 1986, "Solution of the Implicitly
Discretised Fluid Flow Equations by Operator-
Splitting", Journal of Computational Physics, Vol.
62, pp. 40-65.

20. Akiyama, H., Nishimura, H., Ibaraki, Y., and
lida, N., 1998, "Study of Diesel Spray Combustion
and Ignition using High-Pressure Fuel Injection
and a Micro-Hole Nozzle with a Rapid Compres-
sion Machine: Improvement of Combustion using
Low Cetane Number Fuel", Society of Automotive
Engineers of Japan, Vol. 19, pp. 319-327.

21. Crua, C., 2002, Combustion Processes in a
Diesel Engine, Ph.D. Thesis, University of Brighton,
Brighton.

22. Bruneaux, G., Augé, M., and Lemenand, C.
A Study of Combustion Structure in High Pressure
Single Hole Common Rail Direct Diesel Injection
Using Laser Induced Fluorescence of Radicals. in
The Sixth International Symposium on Diagnostics
and Modeling of Combustion in Internal Combus-
tion Engines, COMODIA 2004. 2004. Yokohama,
Japan.

23. Ganippa, L.C., Andersson, S., and Chomiak,
J., 2003, "Combustion Characteristics of Diesel
Sprays from Equivalent Nozzles with Sharp and
Rounded Inlet Geometries", Combustion Science
and Technology, Vol. 175, pp. 1015-1032.

24. Larsson, A., Optical Studies in a DI Diesel
Engine, in SAE Technical Paper Series No. 1999-
01-36501999.

25. Chomiak, J. and Karlsson, A. Flame Lift-off
in Diesel Sprays. in The 26th International Sym-
posium on Combustion. 1996. Pittsburgh.

26. Tap, F.A. and Veynante, D., 2005, "Simu-
lation of Flame Lift-off on a Diesel Jet using
a Generalized Flame Surface Density Modeling
Approach", Proceedings of the Combustion Institute,
Vol. 30, pp. 919-926.

27. Laguitton, O., Gold, M.R., Kennaird, D.A,
Crua, C. Lacoste, J., and Heikal, M.R. Spray

Development and Combustion Characteristics for



2130 ITuuarWRIN 895, TN 35 aifufl 3 nIngiaw - Mueneu 2555

Common Rail Diesel Injection Systems. in IMechE
Conference on Fuel Injection Systems. 2002.
London, UK.

28. Senecal, P.K, Pomraning, E. Richards,
KJ., Briggs, T.E., Choi, C.Y. McDavid, R.M., and
Patterson, M.A., Multi-Dimensional Modeling of
Direct-Injection Diesel Spray Liquid Length and
Flame Lift-off using CFD and Parallel Detailed
Chemistry, in SAE Technical Paper Series No.

359

2003-01-10432003.

29. Siebers, D.L. and Higgins, B.S., Flame
Lift-off on Direct-Injection Diesel Sprays under
Quiescent Conditions, in SAE Technical Paper
Series No. 2001-01-05302001.

30. Siebers, D.L., Higgins, B.S., and Pickett, LM.,,
Flame Lift-off on Direct Injection Diesel Fuel Jets:
Oxygen Concentration Effects, in SAE Technical

Paper Series No. 2002-01-08902002.






