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1. Direct Numerical Simulation
2. Detailed Chemical Kinetics
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1. Hinshelwood

2 . Semenov

3. Chain Reactions

4. Detailed Chemical Kinetics

5. Tabulated Chemistry

6. Intrinsic Lower-Dimensional Manifold (ILDM)

7. In Situ Adaption Tabulation (ISAT)

8. Invariant Constrained Equilibrium (ICE) Manifold
9. Flamelet Assumption

10. Flame Prolongation of Intrinsic lower-dimensional manifold (FPI)
11. Flamelet Generated Manifold
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. Heat Release Rate

. Flame Surface Density (FSD)

. G-equation approach

. Bray-Moss-Libby (BML)

. Partially-Premixed Flames

. Propagating Flame Front

. Mixing Rate

. Lifted Flame

9. Triple Flame

10. Auto-Igniting Flamelets

11. Mixture Fraction Scalar Dissipation Rate
12. Progress Variable Scalar Dissipation Rate
13. Cross Scalar Dissipation Rate

14. Flame Index

15. Presumed Probability Density (PDF) Function
16. Joint-PDF
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1. Beta Function

2. Statistical Independence

3. Marginal PDF

4. Reynolds-Averaged Navier Stokes (RANS)
5. Large-Eddy Simulation
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1. Molecular Diffusive Flux

2. Multi-Component Diffusion

3. Soret Effect

4. Constrained Optimization Problem
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1. Inverse Error Function (erfc™1)
2. Ansys Fluent

3. Transport Equation

4. Large-Eddy Simulation

5. Unsteady
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Figure 2- CO2 production rate in the integrated flamelet table
andoi ) oo S YIS Jgur 59 (2SS lg 4igS adgi €55 -F U

1. Favre filtering

2. Turbulent Viscosity

3. Sub-grid Scalar Flux

4. Gradient Diffusion

5. Conditional Moment Closure

6. Presumed Conditional Moment (PCM)
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Figure 3- Flowchart of the procedure for calculation of filtered reaction rate and species mass fraction in the flamelet approach
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(o J5b) Blo s (K203 58 9 (Cuwly JS0) (6399 58 (Flmwlomo a8 5l Lo 90 -0 S

J> poingl Jl8le 5 sl eolaiwl b oyl 1oy g (2iSTy s o gl WSl doles odleds Jlow oS> &Volre
Lol 00 (gjlwainns ey o Yo)f%&c Y ade by, 9 e j0 ' dgdzmo ¥ aljo g, b OYolre ol .Cowl ool
slo it D81 sloand sl a0 ooliinl Tyiy 2,8 b o L8 g, Sl 2 oS> S¥olas S sl
Ay el 2ae e [V ]l ous ooliz Aé‘*‘%)@‘ o) ) S sleals 5 slagluans o \c“-i:-&)i}
L Ry Sl ool ,z S laals 5 giluand )3 bl cnl jlade ol ool 485 Sl 50 IV L 2l g <ol
Do S IVY] 55 g il Tl ool ooty a23,5 Jlas 30 [0RFV] /F Ul b imghy S 5o 50 5 [VV 0TV
oS 5o Sl b Y o/ ) el sae i a5 was e ol el Wlesls plol jielly ol 4 o Sl
AL IO 5l Al g i sae Sless aS o e L iegh cpl bl aises o)l Jlew Hlawe g Al o>
el 0als oolatl iy sae gl o/ sae ragh pl jo ol bl o glas S0
Sypote b g Spbn A8 5 5 Sl ie Kb pln b o s e S g (S ppSand 4ib ) o
30 Sy 5l e .[VY‘]og..i‘;‘sa EVEIR SN A B VRY A ROV YW ol sae ol Jlade g oo dwle (Sl

1. Linear TVD Scheme
2. Backward

3. PISO

4. Sub-Grid Scales

5. Smagorinsky

Y'Y



VP Sl opylez o)lod (oo oz Jlo (Bl g Cgu ciagly - cele 4585

5 ol (S ool Joo 5l pel 4 ) calisee slaJow b IVElcus 5 J Lawgs (iagh ol 5o Sl 0,90 dwain
30 g el VD g0y Sl ol A e aF wad e lid gt ol gl cwl 418,838 adlllas 000 SCls
Saie 0l 092y Jawgie Sy liws past [0 Swelnd 5 ol Sy j9%aw] Joo ol o Slais @glas byl pl oyl
sl 00 oolazwl Hlade pl 51 g cpl jo aS Sl NPV paatysl Jli8le 5 s ol ) (58 s

Sopd slrosyay sl per iy Jlow Ol o el sl ploul ailig o G vgu> Slej a5 L oo lwan
axgi b dwain ol o bongay ()l dastin dulus .05 oo plxl Yd..;lo)f 3 \HW‘J}K GbL 5l el e
Sl |y Wonyay ol Wilgi oo Vb 80 b aglis e Sy Sloj o8 IVFlcasl 55,0 Yoot BVO o by w3,
S Laas Y ) S ] Tl eS sus cgsas 6yl Labs Sz wizmen 5 00,5

e 595 32 e e S8 pln 95 Sgam gl L wlginl Ko 90 €= 1 jlade (3l £9,0 (sl adsl byb 5o
Yy Sgd> fd.;.a‘o JS )‘ JL.MJ o).S & B &‘f m}! UL°) €599,9 O JLA-AAJ .LL..J}..A Q&).m dl.».a.ﬂ » w00 )B.Ia.;.a GLO
S99 (Sl e 9 098 o0 planil (aBly f addsl byt (355 2515 (sl Al oo Fo Sgaa il (giluarnd cunl 4l e
&S o la dalsl 6,8 lhugie (gl Al Lo VY-

Pl raaroald Shisie I8 03 STl (25,8 g eyl ganm Sy aled Sy (oS S¥oles o b andyy Jslo
L (S oS SO o 29,5 0gd oo oolaiul aled gjlwand gl GRI-MECH 2,11 olens Sg5le 51 .ol oo
055 poiigl )3 (Slewlre SYlw Sealus (Gilodnd $ln 6 5 € g 00d I JLRE! (2 5 00 Sl @595

b Ll ol o sl (gooe @l orw liel Cyz 0w slacas gl o) loosls 0g2g Jrio (pl o S 5l
S5 oilul Bl g ity alize bl jo gladax) e fol)s Ty (655 STl eolainl bl g Lele
MOGA ul-A.AAJ Jiu} UJ‘ lodlds MLM W) ‘5)..5,!4...49_».9 LS‘)JU 9 Gode GLU 7 Js\w )b w‘ 0A ‘_g)j"a.wjm U= 9

WIS (0 S ) G e g 095 4 (630 (ilwand &S

Z=5 mm Z=15 mm Z=25 mm Z=35 mm

30 30 30 30
.20 20 20 20
= 10 E E E 10
é E, 10 g/ 10 é
— 0 o~ o~ o~
= s ° s 0 5 O

-10 -10 -10 -10

-20 =20 =20 =20

0 10 20 0 10 20 0 10 20 0 10 20
T (mmy) r (mm) 1 (mm) T (mm)

Figure 6- Radial profiles of the experimental (-) and numerical (O) axial velocity at different axial distances from the bluff-body
&lo e 3l lizeo (55970 Jolgd 53 (=) 00 9 (0) (2,20 (S)970 Sk puw (Sl Judg -7 S5

1. Kelvin-Helmholtz Instability

2. Vortex Shedding

3. Courant Number

4. Flow-through time

5. FlameMaster

6. Particle Image Velocimetry (PIV)

YO



sdly Slac yus (o a0 dozxo

Silodd mls Gog sletel BB adgl by, 5ol (Glalos Jolo Ggeloa VIO L aS0d 4 b yo ol 398 55

ez @5 U5 Hlie VO SE el Jls S5k itz 655wy e BBlis s dslre S5 slaals S
083 e lis IS8 ol ams e lis ol alaiie 5 o 1) Cenl ouh drlons Logiiins 45 (5 oo ol yon a4y Jlow K]
ol oo a5t ) obiie 1o (BLI g oad aculbre Logiinws alises clad Jolgd 1o i (5,0 aops Ae 5l i &S
alold o alaii g0 )0 aidl (lyz Gloj sl el i (izren Cusl o555 (IS z90g 5l A (nl S 0 el
Sy Ol b S alne bl el el Y SE 5 5 0ud delne @le e S| e les VO 9
T goae slagiluans jo 4 sl axasl Sels sl > sldasin I b o —g s el 0] oy (55970

Sl o\.l.o] Cewdds @9} w)_o; L:

Z =25 mm z=15mm
40 : . 10° - -
O Expriment |10
35¢ . o<;»0° Total e == =10mm
30 09000 O  |—.—-Resolved : — — -5/3 slope
=™
Y —_
C:E\ 25 107
=20 2
I3 Ry
15
10+ \ - -10
\ 10
5 : : ; i !
0 5 10 15 20
10? 10 106

r (mm
(mm) Frequency (Hz)
Figure 7- Power spectrum density of axial velocity (right figure) and radial variation of turbulent kinetic energy (left figure)

(G J5b) (paser (551 (o8 lad Ol g (Sl ) JSB) (559500 & (lgi Sk (S -V S5

bopll aleig, (558 5 ooliinl ascs jo conl Ka <4 5l jiaS alad cpl jo 5ug)l5 sue [PA] )0 ol 4 4595
ol Olae g9, » Bl ! Ol Sl anslie lp Cal azge dlads () (gilwancds glp aBls 15,5 glaaled s, 5l ool
& . & .- & & . e F hd T S :..- .
OMsS pgal 4y s gy 3l (SO cewl ool ools ioles A S j0 005 g 0 o ladasd | Sl GleSs sle LSl
RSP CRP S KV Y ER RO FR L S RN S P CEX PO SO SOV Uy . S EOVCOUN I © I DUONI SN o PSR CEX BN
e f ) . . . v e -

3Bl g Sudy )3 0y Glyr WA o0 paal @ 0sF ]y Sl 235 5 05 Glz Glae Dolds JSS Gl (eizren
wad il g LoyS ssleoll s o8 bz o a5 Jb o el Jloye5 65V Stas] cas b 5y, e, bsle
o Blasil 5 JBz (205 Jdoay peizman 05500 el Gz 5 00,5 Ty Gl (Siasl olie €55 oSl 23

Sl 6 et bl Bl Gl lase o 7 oniE Al oglail aled Cezy o

1. Power Spectrum Density (PSD)
2. Turbulent Coherent Structures
3. Vortex Breakdown

4. Worm-like Structures

5. Recirculation Zone

\Y#



VP Sl opylez o)lod (oo oz Jlo (Bl g Cgu ciagly - cele 4585

Figure 8- Turbulent coherent structures in iso-surface of Q-criterion 106 in the cold flow (right figure) and reacting flow (left figure)
simulations
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Figure 11- Radial profiles of the axial velocity in simulation of turbulent reacting flow using the algebraic variance model for
different values of a
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Figure 12- Radial profiles of the axial velocity in simulation of turbulent reacting flow using the transported variance model for
different values of 3.
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Figure 13- Radial profiles of the averaged turbulent kinetic energy in simulation of turbulent reacting flow using the algebraic
variance model for different values of a
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Figure 14- Radial profiles of the averaged turbulent kinetic energy in simulation of turbulent reacting flow using the tranported
variance model for different values of 3.
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The objective of this paper is two-fold: a comprehensive literature review of the combustion model based on
the laminar flamelet assumption; and implementation, application and sensitivity analysis of one of these
flamelet models for simulation of turbulent premixed flames. Large-eddy simulation is one of the most
reliable approaches in turbulence modelling. Since the computational cost of this approach is substantially
more significant than the Reynolds-averaged Navier-Stokes models, the most economical and thus widely-
used combustion models in the context of large-eddy simulation are models based on the flamelet
assumption. Nevertheless, flamelet models have known shortcomings presented and discussed in detail in this
work. The Flamelet-Generated Manifold (FGM) model is one of these models utilized in this work for a
large-eddy simulation of a turbulent flame stabilized behind a bluff body. The results show that the accuracy
of this model depends on the sub-grid scale variance. An algebraic model was used to approximate the
variance, but the results were not accurate enough; so that the flame height was under-estimated by
approximately 30%, and the error in the mean axial velocity was more than 60% at some points in the
domain. However, solving a transport equation for this quantity improves the accuracy of the predictions.

Keywords: Turbulent combustion, combustion modelling, flamelet model, large-eddy simulation
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