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1. Flame Kernel
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3. Pyrotechnic
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. Flame kernel

Jet

Edge Flame

. Tribrachial flame (triple flame)
. Bibrachial flame

. Monobrachial flame

. Direct injection engines

. Lift-off distance

. Mechanism

10. Lifted flame

11. Direct Numerical Simulation (DNS)
12. Shear-less mixing layer
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1. Smagorinsy

2. Reynolds-Averaged Navier—Stokes (RANS)
3. Germano

4. Sutherland

5. JANAF
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1. Efficiency function

2. Sub-grid scale wrinkling

3. Sub-grid scale diffusivity

4. Pressure Implicit with Splitting of Operators (PI1SO)
5. Courant number

6. Total Variation Diminishing (TVD)

7. Geometric-Algebraic Multi-Grid (GAMG)
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Figure 1- Temperature increment in sparking duration at center of sparking sphere. + signs show time steps.
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1. Splitter plate

2. Trailing edge

3. Perforated plate

4. Solidity

5. Mixture fraction

6. Fast Flame lonization Detector (FID)
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Figure 2- (a) schematic of Ahmed and Mastorakos experimental setup [2], (b) computational domain of current simulation
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1. Taylor and Kolmogorov turbulent microscales
2. Wave transmissive
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Figure 3- (up) Taylor length scale to cell size ratio, (down) cell size to kolmogorove length scale ratio in streamwise direction
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Table 1- simulation cases specification

Case No. Grid Initial Temperature [K]
1 Fine 298
2 Coarse 298
3 Coarse 248
4 Coarse 273
5 Coarse 323
6 Coarse 400
7 Coarse 500
8 Coarse 600
9 Coarse 800
10 Coarse 1000
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Figure 4- Mean axial velocity profiles at different sections in z = 0 plane. The circles show Ahmed and Mastorakos [2] experimental

results, solid lines are for coarse grid and dashed lines are for fine grid.
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Figure 5- RMS axial velocity profiles at different sections in z = 0 plane. The circles show Ahmed and Mastorakos [2] experimental

results, solid lines are for coarse grid and dashed lines are for fine grid.
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Figure 6- One dimensional energy spectra for fine and coarse grids at (40,0,0) mm position.
Py A g Sy Al gl Xx=40 mm g y=z=0 akais ;O cudbdawlne Jab oSy (555 b —F S

LM

SV JSE aS e b bglie 4 gt ad Gl o RS a4 a5l G s g 0ud@:S) S g Gl 9o
0 g o odnlive Cawl o osliiwl [FV] KLy i yui 5 bglsee puS drwlons (gl amd oo ylis | (slalax) bglse
b sl 5 8 S IS Jdody s 4 x=30mMm el JeSdge 3985 g, 4 LIS svee x=30mMm U x=0 4>U
oads ool lis lacpadas L +/29 g /¢ ) bgliue 1S (IS (] [0 i e 3985 ,S00S0 (5,0 b,z g mlazel
5,50 (950 b2 90 39 iSTas saiaolis b las cpl ol

L LS

Z: 0 02040608 1
I = T

T

0 40 80 100

x [I?Sn]

Figure 7- Contour of instantaneous mixture fraction in z = 0 plane. Solid line shows the stoichiometric iso-line while dashed lines
show Z = 0.01 & 0.99.
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Figure 8- Mixture fraction iso-lines in the z = 0 plane. Circles show experimental results of Ahmed and Mastorakos [2] and lines
present current simulation with T; = 298 K.
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Figure 9- Contours of flame kernel temperature at different instants after sparking. (a) z=0 plane and T; = 298 K , (b) z = 0 plane
and T; = 1000 K, (c) y =0 plane and T; =298 K and (d) y = 0 plane and T; = 1000 K. Solid lines represent stoichiometric iso-lines and
dashed lines show T = 1200 K iso-lines
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Figure 10- Sketch of defining the edges of the flame from a top view([3]
[B]aleds Cawd iyl g CawdYU slaad iy pai -V IS

WY



VYAV Sl eJsl olas sl Jlo (3l ol g S g cidghy - sode 4y i

oo b (giluancds muls anslie .ol oo ools plis b g VY S o calises adgl slales (5ly ool Cansas b
4 Ol s el canlio 23 Gllo (silward a5 was o las [V o] ST ule 5 aesl om0 @bt b cpslS YAA adsl
aleds alondl) cae o cidl 098 o ol ol Ceomwdy alnd (loy Jab 0 a5 s e lid VY USS o aled cewaYL
50 aled CewdVh ad (palS Ae e g Fee adsl glos jo AT (S g (S ool malS Lo iuli8l b ceso ol Ceeay
A gy CawdVWl Ceomsds 5 b, g O aled CewdVWl ad (palS Ve e e 4 Lo o8l L g cwl col 0g sl
2 aad Cansiml ad olbals a5 cul ol axg BB asS auS e o il Cans il Caowds yoiossly ae
aslllas jo cwl adf Oogods ley Job jo cewoVl ad Sbals o5 Jb o il e Sogeds by Jsb
CawdVl ahats 1o bglses S (655,13 Jdoay a5 ol e slas luly slls cawoVl ad a5 ol ascie [\"L]u...w.‘
aleds (g b edgamme ;o CawdVWl bl oS (6,5 1,8 5l Lol as e L) o el jo Ll Jlasl LB osgase o
Foo adsl los jammed (63,90 y0 WS o lan Gli8l dlad 6l oogaze des ial3El L a5 cldls ax g Wb ol
g oo ylul Al PMlaslay 5 wils oo (Sl oss S o JolS O jgoas cawsYl ad (S AL

__ T=BOOK T=600K

100 e
(®) __:':"'
90 Tt
7| O Exp. (298K)
80 F 5 — — Exp. Margin d
— - - T=298K (Fine)
E = 70 F T=248K
g £ ----T=273K
- £ —T=298K
a 2 L
s g 60 sl e T=323K
» T=400K
50 [ 4 T=500K
- - T=600K
40 - =T=800K
=-=-T =1000 K
‘ | ‘ ‘ 30 | ‘ ‘
0 5 10 15 20 25 0 5 10 15 20
Time [ms] Time [ms]

(@) (b)
Figure 11- (a) Upstream and (b) downstream positions of flame edge during time for different initial temperatures
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Figure 12- Absolute flame propagation velocity for different initial temperatures: (a) Upstream edge and (b) downstream edge
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Figure 13- Relative flame propagation velocity for different initial temperatures: (a) Upstream edge, (b) downstream edge (U,=3m/s)
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Figure 14- Upstream and downstream mean relative flame propagation velocity for different initial temperature
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Figure 15- Histogram of equivalence ratio in upstream and downstream of flame edge
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Figure 16- Contours of (a) heat release rate, (b) OH mass fraction, (c) HO, mass fraction and (d) modified flame index at t = 10 ms
and different initial temperatures. Solid lines represent stoichiometric iso-lines and dashed lines show T = 1200 K iso-lines.

Slod swidd LS b bas 9 SO (6] o S 008 LiS o bghs .alizo adgl sloo g 4l Lo Ve yloj 50

ROWRNINTRL 2%

Y



Slo S50t 5 (b 8 sz ielex Bl Bolo ooyl suue Sgrus

A oy 0dbeates alad oo 9 Ty slaals 5 giluancs (hg,y sleslatul b b aY ens by je sl anl B

ad Ol (i lzel (75 @l b oy Ol 50 bsle S 5 g sl cawsay Slogi 5 nSile 590 S e
Sl sl sl 3 gileands jo cunlie C8s suiS lo g 0dd dnlie o) LS b G alad Cewo il 9 cewsYL
la. L)—l OMW 9 f‘)i Al )Lu...u‘ CaE yw Lu OMT Cowddy )‘04...! s )Lu...u‘ CaE yw O ML&A .J)‘.) S9>9 )...u Ay A
24 g0 40 iy polS B0 s slales jo ) aml i sddiznal pl,l dlad 45 amo o lis JE> sdme
5 e o lid aad LSle pw)p ogbce (S ply] aad el ce g b jload aled jlasl ce g YL slales
OlFse U 09l oo alfan Joad aled a4 Lo aled oo Jli8l b5 0sd oo JoSis ail¥go jload alads (o slabes

Al alan aled 4 ailEge Jload aled Lo glp Jole Wl oo 5 Lo (ial38l i g Lol,S pogdle (S

&lw

1. E. Mastorakos, "Ignition of turbulent non-premixed flames," Progress in Energy and Combustion Science, 35, 2009, pp.
57-97.

2. Dreizler, S. Lindenmaier, U. Maas, J. Hult, M. Ald"en and C. F. Kaminsk, "Characterisation of a spark ignition system by
planar laser-induced fluorescence of OH at high repetition rates and comparison with chemical kinetic calculations,"
Applied Physics B, 70, 2000, pp. 287-294.

3. J. V. Pastor, J. M. Garcia-Oliver, A. Garcia and M. Pinotti, "Laser induced plasma methodology for ignition control
injection sprays," Energy Conversion and Management, 120, 2016, pp. 144-156.

4. S. Gashi, J. Hult, K. W. Jenkins, N. Chakraborty, S. Cant and C. F. Kaminski, "Curvature and wrinkling of premixed
flame kernels-comparisons of OH PLIF and DNS data," Proceedings of the Combustion Institute, 30, 2005, pp. 809-817.

5. A. Mulla, S. R. Chakravarthy, N. Swaminathan and R. Balachandran, "Evolution of flame-kernel in laser-induced spark
ignited mixtures: A parametric study,” Combustion and Flame, 164, 2016, pp. 303-318.

6. G. Lacaze, E. Richardson and T. Poinsot, "Large eddy simulation of spark ignition in a turbulent methane jet,”
Combustion and Flame, 156, 2009, pp. 1993-2009.

7. S. Ahmed and E. Mastorakos, "Spark ignition of lifted turbulent jet flames," Combustion and Flame, 146, 2006, pp. 215-
231

8. C. Zhi, R. Shaohong and S. Nedunchezhian, "Numerical study of transient evolution of lifted jet flames: partially
premixed flame propagation and influence of physical dimensions," Combustion Theory and Modelling, 20, 2016, pp.
592-612.

9. M. Eidiattarzade, S. Tabejamaat, M. Mani and M. Farshchi, "Studying the Effects of Temperature on Ignition of
Methane-air Jet using LES Method," Fuel and Combustion, 9, No. 2, 2016, pp. 1-19. (in persian)

10. S. Ahmed, R. Balachandran, T. Marchione and E. Mastorakos, "Spark ignition of turbulent nonpremixed bluff-body
flames," Combustion and Flame, 151, 2007, pp. 366-385.

11. V. Subramanian, P. Domingo and L. Vervisch, "Large eddy simulation of forced ignition of an annular bluff-body
burner," Combustion and Flame, 157, 2010, pp. 579-601.

12. Triantafyllidisa, E. Mastorakosa and R. Eggelsb, "Large Eddy Simulations of forced ignition of a non-premixed bluff-
body methane flame with Conditional Moment Closure," Combustion and Flame, 156, 2009, pp. 2328-2345.

13. Eyssartier, B. Cuenot, L. Y. Gicquel and T. Poinsot, "Using LES to predict ignition sequences and ignition probability of
turbulent two-phase flames," Combustion and Flame, 160, 2013, pp. 1191-1207.

14. F. Bourgouin, D. Durox, T. Schuller, J. Beaunier and S. Candela, "Ignition dynamics of an annular combustor equipped
with multiple swirling injectors,” Combustion and Flame, 160, Issue 8, 2013, pp. 1398-1413.

15. M. Boileau, G. Staffelbach, B. Cuenot, T. Poinsot and C. Bérat, "LES of an ignition sequence in a gas turbine engine,"
Combustion and Flame, 154, 2008, pp. 2-22.

16. M. Klein, N. Chakraborty, K. W. Jenkins and R. S. Cant, "Effects of initial radius on the propagation of premixed flame
kernels in a turbulent environment," Physics of Fluids, 18, 055102, 2006,.

17. S. Chung, "Stabilization, propagation and instability of tribrachial triple flames," Proceeding of the Combustion Institue,
31, 2007, pp. 877-892.

18. Buckmaster, "Edge-flames," Progress in Energy and Combustion Science, 28, 2002, pp. 435-475.

19. EidiAttarzade, S. Tabejamaat, M. Mani and M. Farshchi, "Numerical study of ignition process in turbulent shear-less
methane-air mixing layer," Flow, Turbulence and Combustion, 99, 2017, pp. 411-436.

YA



20

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

38.

39.
40.

41.

42.

43.

44,

45.

46.

47

VYAV Sl eJsl olas sl Jlo (3l ol g S g cidghy - sode 4y i

. S. F. Ahmed and E. Mastorakos, "Spark ignition of a turbulent shear-less fuel-air mixing layer," Fuel, 164, 2016, pp.
297-304.

K. M., "Toward an understanding of the stabilization mechanism of lifted turbulent jet flames: experiments," Prog
Energy Combust Sci, 33, 2007, pp. 211-231.

V. Favier and L. Vervisch, "Investigating the effects of edge flames in liftoff in non-premixed turbulent combustion,"
Proceeding Combust Institue, 27, 1998, pp. 1239-1245.

Y. Mizobuchi, S. Tachibana, J. Shinio, S. Ogawa and T. Takeno, "A numerical analysis of the structure of a turbulent
hydrogen jet lifted flame," Proc Combust Inst, 29., 2002, pp. 2009-2015.

J.Ohand Y. Yoon, "Flame stabilization in a lifted non-premixed turbulent hydrogen jet with coaxial air," International J.
of Hydrogen Energy, 35, 2010, pp. 10596-10597.

M. Briones, S. K. Aggarwal and V. R. Katta, "Effect of H2 enrichment on the propagation characteristics of CH4-air
triple flames," Combustion and Flame, 153, 2008, pp. 367-383.

S. Yoo and H. G. Im, "Transient dynamics of edge flames in a laminar nonpremixed hydrogen-air counterflow,"
Proceeding of the Combustion Institue, 30, 2005, pp. 349-356.

R. Owston and J. Abraham, "Exploratory studies of modeling approaches for hydrogen triple flames," International J. of
Hydrogen Energy, 36, 2011, pp. 8570-8582.

S. VEERAVALLI and Z. WARHAFT, "The shearless turbulence mixing layer," Journal of Fluid Mechanics, 207, 1989,
pp. 191-229.

L. Mydlarski and Z. Warhaft, "On the onset of high-Reynolds-number grid-generated wind tunnel turbulence,” Journal of
Fluid Mechanics, 320, 1996, pp. 331-368.

S. Gerashchenko, G. Goodand and Z. Warhaft, "Entrainment and mixing of water droplets across a shearless turbulent
interface with and without gravitational effects," Journal of Fluid Mechanics, 668, 2011, pp. 293-303.

G. H. Good, S. Gerashchenko and Z. Warhaft, "Intermittency and inertial particle entrainment at a turbulent interface:
the effect of the largescale eddies," Journal of Fluid Mechanics, 694, 2012, pp. 371-398.

P. J. Ireland and L. R. Collins, "Direct numerical simulation of inertial particle entrainment in a shearless mixing layer,"
Journal of Fluid Mechanics, 704, 2012, pp. 301-332.

Fathali and M. K. Deshiri, "Sensitivity of the two-dimensional shearless mixing layer to the initial turbulent kinetic
energy and integral length scale,” Physical Review E, 93, 043122, 2016.

E. Mastorakos, T. A. Baritaud and T. J. Poinsot, "Numerical Simulations of Autoignition in Turbulent Mixing Flows,"
Combustion and Flam E, 109, 1997, pp. 198-223.

Ma and Z. Warhaft, "Some aspects of the thermal mixing layer in grid turbulence," Physics of Fluids, 29, 1986, pp. 3114-
3120.

T. Poinsot and D. Veynante, Theoretical and Numerical Combustion, Philadelphia, USA, Edwards, 2005.

. J. Smagorinsky, "General Circulation Experiments With The Primitive Equations,” Monthly Weather Review, 91, 1963,
pp. 99-164.

L. Gicquel, G. Staffelbach and T. Poinsot, “Large Eddy Simulation of gaseous flames in gas turbine combustion
chambers," Progress in Energy and Combustion Science, 38, 2012, pp. 782-817.

S. B. Pope, Turbulent Flows, Cambridge, United Kingdom, Cambridge Univesity Press, 2000.

T. Butler and P. Rourke, "A numerical method for two dimensional unsteady reacting flows," Symposium (International)
on Combustion, 16, 1977, pp. 1503-1515.

Colin, F. Ducros, D. Veynante and T. Poinsot, "A thickened flame model for large eddy simulations of turbulent
premixed combustion,"” Physics of Fluids, 12, 2000, pp. 1843-1863.

M. Shahsavari, M. Farshchi and M. H. Arabnejad, "Large Eddy Simulations of Unconfined Non-reacting and Reacting
Turbulent Low Swirl Jets,” Flow, Turbulence and Combustion, 98, 2017, pp. 817-840.

H. G. Weller, G. Tabor, H. Jasak and C. Fureby, "A tensorial approach to computational continuum mechanics using
object-oriented techniques,” Computers in Physics, 12, 1998, pp. 620-631.

R. Issa, "Solution of the implicitly discretized fluid flow equations by operator splitting," Journal of Computational
Physics, 62, 1986, pp. 40-65.

N. Kornev and E. Hassel, "Method of random spots for generation of synthetic inhomogeneous turbulent fields with
prescribed autocorrelation functions,” Communications in Numerical Methods In Engineering, 23, 2007, pp. 35-43.
Kazakov and M. Frenklach, http://www.me.berkeley.edu/drm/, Accessed 2 Jau 2018.

. R. W. Bilger, "The Structure of Diffusion Flames," Combustion Science and Technology, 13, 1976, pp. 155-170.

A



Slo S50t 5 (b 8 sz ielex Bl Bolo ooyl suue Sgrus

English Abstract

Numerical investigation of the effects of initial temperature on the ignition
in a shear-less mixing layer
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Ignition process in a shear-less mixing layer is studied in this paper and the main goal is to investigate the
effects of initial temperature on the flame propagation phase of ignition process. The investigation is done
using large eddy simulation method, coupled with thickened flame approach and DRM19 chemical
mechanism. Mean and RMS axial velocities from both coarse and fine grids and mean mixture fraction are
validated against experimental results. Most upstream and downstream positions of the flame edge are in
good agreement with the experimental data. By increasing the initial temperature from 323K to 1000K, the
mean edge flame propagation velocity increases from 1 to 4.2m/s. The same trend exists for flame kernel
volume. Comparing the calculated edge flame propagation velocity and laminar flame speed and its root
density correction shows that corrected laminar flame propagation can better predict the edge flame
propagation velocity. Also, by increasing the initial temperature, bibrachial edge flame converts to a triple
flame.

Keywords: Ignition, shear-less flow, Large eddy simulation, Thickened flame approach, Edge flame
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