Bl g g cdagh - cale 4 i

VAV bl (pgo o led (el Jlo
Ol @l yia! cpaasil

3 yeee 50 lgd— 59 yuud dAbumo] iy aded Solud jLd, goue oy
6‘4.?)& Q‘ p.&

T SbsS oolol ylorms 3 0155 slas e
ahmad.mosallanejad@yah00.com «:,l 5! LT caze ¢ oDl 83T olKizils ol cazms ol «SolSo g 05,5 e )| oolis IS (g gzmatils -
sobhan@pmec.iaun.ac.ir «yl !l bl cizes ¢ oMol 83T olKitils bl Cazs axly « SolKe  casdige 09,5  boliwl =¥
Cdolore o g o
QVITIYA oy QVITITS olodlol 3Tl s A8 YV sedly s &b)

SSigyly Dot 1y 093 (6 lubl ol sl Hlabl S18 jebay JUIS G 0 sad piiie dlbuel s dlad touuSe
Y e Jlasl p glaz 0 40 o> 56 adlae 4 ol S s Ao oo lis lyags gladY ales L,.,LQ) g ales
Gilwars oalazel 8 gy 5l aid,F plxl gumdn Ojgod a5 (oas (glwand opl o el ool asly gy
Gl o Vo oleard Sl ol janay (ATF) egias oddpnsd alnd Bl sl Joo 5 (LES) S5 slbab §
0ol L lojen a5 (JUIS a8l Cad (o alads SO 55 £9,0 L aS dias o lid ol gl el o sl
SRSt ol pl jo ams oo (59, alad agea )3 (Kgly (Cenlalad e g9rhn Zo g Jlad wd,
2 Ogbse alad agez SLLI b > lase st Sl alad Ojglons’ s g atS g S 0 WL S Al S Cdn
o 4 alad 05,0 b conl ajlis Sals b ez LigldY aeds O S8 4 alads soman sles (JUIS 281 jion
5 o0 gz SlS VL slaail; (Fon | ey S Sipbariaals syt Gorte Sy dad ol slaal;
i L5 Ll 8l 2, 2 sl BB s 8575 4 51 a5 e JBI 1, JUS 2 JS il slaal;

Sl osls pals gam U 1) ce s Slilugs acols Lol catislas

Sym sbbals 5 oilwand doa 595000 bolsus wo,550b slaly aled (glad¥ aleds aleds Seoliys 1 5lguuds

FRRV-P)

shomeanj g solaidl sl SIS Jdoas 3 LI jo cwl LG 4 g, ol b o imly (Jend slacs g plad
s § drisre Ljejﬂ 5 (o) 0,5 e ,S (g YL Cod Al 0)ls 392y Lwd oS g 5l colatul jo oS
Ol a5 (60,84 pazie sla Shg bloday (55,000 (o ) 50 el ad W il S gw 4 (sob; axgl
Syl 003b Vb 0stll (590,00 4 et oo b Ty opl dex 3l 0gd 0 aSlis uj sleans o (65, Jol> SO lgieas

N 58 cud b adel as > ogpdicinS ol sl oS 0 S S92y pae cdedy (Sl il ol e

I¥alss ojlal conls o jate cnl ol Jlow Slsld 5 (F59,0d slada 5 J5Is Gliml Glaygise 3 i g Colis
3985 o 4 Olgioe alex ] 51 A 808 5 (K00 Sleogas 39,0 ()T 9)0un Sl gn b anlic ;o I
5 03y byl ;3 ofigts ey L iy Jlasl sdgomma i alads a1 5ge S Vb b (07 5 5>
9 JET eg3loe S g ane) )0 lisaz sl Gla S Sleagas (nl 0,5 o L8l (B398l (6551 4 090l
el Seolips sy jo 8o Sldlas U asils o1 ], cede dasls a5 0050 Sg2sas 59,000 Cogu 5l colaal

\Y


www.SID.ir

LS sobol e 5015 las saxl

53 0 piiie dtbuel iy alad Seolnd (g 2 o fS Hobas il plles 5L g 4ty lalazes ;8 lgam ()59 00m disel iy
o ool ld aled g, S olis b Sulks LLs | gedge ol a5 1y wsg 1,55 5 ool Coenl 51 JUIS L ol
el Ll 513 jsbody ) S sad aiie diseel i aled Sealus [R50 ' ST5 Zleal adss cules 4o g alaize
a5 Sg)ly 53l 3l mabas elsl [FDlaboe o, Tl alas cules 3 g alas Sy ly S ot 5l ol
Gl Wl o Ll Jlo e ales USG5 a5 5,8 oawline ol il [Laal VAYA Sl o el lawgs Jlal b s ales
ez Dypot (0,5 STy Gty o) oded Azl (SLSL Ojg0h gl e )0 CO-0p aiseal iy sl
b GlaY alass boows alwds IS5 ool AVIh o i (415 gand S0 Coowd)) jrie (Sl & jg0ds o g 0el yd C5S
b 5555 alad 13,5 ol alo o gy @ Ol |y JUIS S o aled Jlid, da STy LT 5 a6 00 5l oy Ald s
el JUS s sl 8 alad oy (B8 Sy o 255 alad o e b g (55,5 Sygon aled Ll
55 5 slaY aled ipusme alad (655 S5 5 ool & jslme o aled (Bgals o] JLis ayglooloas b aled agez olos
Slas i JUIS S s andesl i aled [Lasl Gilises Jolie 51 sloyls,b o) JS8 5 tes el slalY ales cols
Slooyls 4y aleds glaasiels a5 Sleoj .ol oo Giali8l Caoyu a4y alads mhaw Glassl adgl >l e jo .l 00l oold
oo lges LLS )5 ols &, (shsels il o aled o (dl> onl 4ol oo 2l GkSE aled Cas s i, o0 JUIS
S8 i alad jLail e pr SIL il (oo il Alad g9l Cond (Sanes pladiirizen b oo AL Loyt
5 ais [ 005 o cnalive SIS lalY alnds sl 5 alads mhass Sig)ly Sules)d § S0 4 oowes cdls 5l aless
03,550 sl aled S 4 og5 Lal aalsl )5 wilgh so SIS Gl el «(5)p0 Ll yd e 5 Bl 2] bglie

D e Togtige sy s aled ol glaad 3 ola 58,506 wlad g5 0l 58 390 s

=<

Spherical ~Finger-shape Quasi-plane . Distorted tulip
Flame touching sidewall Tulip

Figure 1- Stages of distorted tulip flame formation in a premixed mixture[11]
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2. Tulip Flame

3. Distorted tulip Flame
4. Rayleigh-Taylor
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1. Flame Shedding
2. Large Eddy Simulation
3. Artificial Thickened Flame
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Table 1- Elementary reactions and reaction rate parameters for seven-step H,~O, kinetic scheme[40]

Reaction A (cm®/mol.S) B E.(cal/mol)
H+0,=0+0H 3.62x10" -0.91 1.653x10*
O+H,=H+OH 1.53x10° 2,67 6.296x10°
O;+H,=OH+OH 5.13x10% 0.00 4.805x10*
OH+H,=H,0+H 6.64x10% 0.00 5.155x10°
OH+OH=H,0+0 1.90x10% 000 | 1091x10°
H+OH+M=HZO+M 6.67><1022 =2.00 0.000
H+H+M=H,+M 220x108 -1.00 0.000

Third body efficiencies:

2.5 for Hy, 16 for H,0, and 1.0 for all other M
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1. Stiff

2. In Situ Adaptive Tabulation

3. Pressure Implicit with Splitting of Operator

4. Monotonic Upwind Scheme for Conservation Laws
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Figure 2- Schematic diagram of the closed channel (combustion chamber). Points S and P indicate the location of spark plug and
pressure sensor, respectively
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Figure 3- Time trace of flame front position in closed channel
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Figure 4- The chamber pressure history due to flame propagation
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Figure 5- Schematic diagram of the closed channel with a'90° bend
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Figure 6- Time sequence of the flame shape in the horizontal section of the channel. The colors designate the temperature (K) from
the unburned mixture (black) to the burnt gas (white)
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Figure 7- Time sequence of the flame shape passing through the 90° bend. The colors designate the temperature (K) from the
unburned mixture (black) to the burnt gas (white)
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Figure 8- Time sequence of the 3-D flame shape propagating in closed channel with a 90° bend
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Figure 9- The pressure distribution (Pa) inside the channel when the flame front passing the 90° bend
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Figure 10- The chamber pressure history due to flame propagation in the closed channel with 90° bend
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Figure 11- Time trace of flame front position in.closed channel with a 90° bend
4250 A o8 b ditwy alaizo )0 loj come p alad a0 510905 1) S50

90 |
80 |
70 |
60 F
50 F
40 f
30 f
20 |
10 f
0:\..x;\\11..1.11| ....... TR R

0 2 4 6 & 10 12 14 16 18

Flame tip speed (m/s)

Time (ms)
Figure 12- Time trace of flame tip speed in closed channel with a 90° bend
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Figure 13- Time sequence of velocity vector field near the flame front. The black lines indicate the flame front
(iladeds agus oucdoylid K jolaw bahas) cilicio slaylo (ol alads dgus ©yglxo 30 Cae w1510 3 (ylao VY IS

Yv
wWWwW.SID.ir


www.SID.ir

LS sobol e 5015 las saxl

S5 Al 9 (Gaae
Gan G Dygodr glaz e Ve o3 b diy lze S 0wkl iy lerm(ispned bl Glial Gl
03,55l SlaY alas g Gl aled dmolgpo b alads polas oS S0l aled ecg,S dlads Lol alads il >l .0
> il ot dlad mhe S35l g o 4 AV alad 090 b oS 0d walie diad adgk o Gleand cpl by

w3 oo (LS 5 l9a= ()39 008 boldue (sl p ;oo @l dsa-plgp bolie (59,5 48,5550 Slilllas alie 285 )13
JB jsbas gladY aled oYL il 5 00g dalue aleds Jlicsl o gladY aled ol @l (o3 5l Glodes o jo oS
ety ] 5 S L2 gl o3 5] ol jgee L o 08 a5 s, 5125 (sl 58 35,000 e (st
ad 4 o aad ol ad Slals cepu Gl o gaoge (pl &S a8 S S o3 (3D ojlgs LS o i,
Ded o g7 3 oy 0500 Djglme j0 (VL Al edses Cwand o glalY alad i HLadl b oogd e ol (oYL
30 HlasS Sels Sl bl oz sy aled JSChay (aly ;o cslaly alad a5 aas o ylis ol gaman g3loans

g b ogd oo oYU Al g0 adgome Eely gl alals o3 OISL aS el Jls po il g Wb s JelSS 88 in
I ey a5 ¢ SLL ol jo Lol sl psie OLLS L jboolis o8 1> S jals JUK jo aled Ll ice pu jloges 4
a2 1) Col bs S b (25, alad 5 oad B8gie aladh (6505 QLD ctenl 485 3534 oues (KL 5 L3S o5
JLad p glabasde BB 05U abosel iy aled [Licsl s ;0 03 9929 45wl cdaline pol> bl @ ax gl LS oo
oeals 1) aled Cepw Sllugl disls 13 0929 45 dao o lid aled G Jloges (Jl ol bl alily alaascs

.Mo‘so

&lw

1. S. Verhelst and T. Wallner, “Hydrogen-fueled internal combustion engines,” Progress in Energy and Combustion
Science, 35, No. 6, 2009, pp. 490-527.

2. C. K. Law, “Combustion at a crossroads: Status and prospects,” Proceedings of the Combustion Institute, 31, 2007, pp.
1-29.

3. V. V. Bychkov and M. A. Liberman, “Dynamics and stability of premixed flames,” Physics Reports, 325, 2000, pp. 115-
237.

4. S. B. Dorofeev, “Flame acceleration and explosion safety applications,” Proceedings of the Combustion Institute, 33,
2011, pp. 2161-2175.

5. H. Xiao, D. Makarov, J. Sunand V. Molkov, “Experimental and numerical investigation of premixed flame propagation
with distorted tulip shape in a closed duct,” Combustion and Flame, 159, 2012, pp. 1523-1538.

6. H. Xiao, X. Shen and J. Sun, “Experimental study and three-dimensional simulation of premixed hydrogen/air flame
propagation in a closed duct,” International Journal of Hydrogen Energy, 37, 2012, pp. 11466-11473.

7. D. Dunn-Rankin and R. Sawyer, “Tulip flames: changes in shape of premixed flames propagating in closed tubes,”
Experiments in fluids, 24, 1998, pp. 130-140.

8. G. Salamandra, T. Bazhenova and I. Naboko, “Formation of detonation wave during combustion of gas in combustion
tube,” Proceedings of the Combustion Institute, 7, 1958, pp. 851-855.

9. C.Clanetand G. Searby, “On the “tulip flame” phenomenon,” Combustion and flame, 105, 1996, pp. 225-238.

10. H. Xiao, Q. Wang, X. He, J. Sun and X. Shen, “Experimental study on the behaviors and shape changes of premixed
hydrogen—air flames propagating in horizontal duct,” international journal of hydrogen energy, 36, 2011, pp. 6325-6336.

11. H. Xiao, Experimental and numerical study of dynamics of premixed hydrogen-air flames propagating in ducts, Springer
Theses, Berlin Heidelberg, Springer-Verlag , 2016.

12. M. Matalon and J. L. McGreevy, “The initial development of a tulip flame,” Proceedings of the Combustion Institute,
25, 1994, pp. 1407-1413.

13. J. Dold and G. Joulin, “An evolution equation modeling inversion of tulip flames,” Combustion and flame, 100, 1995,
pp. 450-456.

14. D. Dunn-Rankin, P. Barr and R. Sawyer, “Numerical and experimental study of “tulip” flame formation in a closed
vessel,” Proceedings of the Combustion Institute, 21, 1988, pp. 1291-1301.

15. T. Kratzel, E. Pantow and M. Fischer, “On the transition from a highly turbulent curved flame into a tulip flame,”
International journal of hydrogen energy, 23, 1998, pp. 45-51.

YA


www.SID.ir

16.

17.

18.

19.

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,

VYAV Ll ¢pg ol o3l Jlo (3l 5 g il - cole 4,85

R. Starke and P. Roth, An experimental investigation of flame behavior during cylindrical vessel explosions,”
Combustion and Flame, 66, 1986, pp. 249-259.

F. S. Marra and G. Continillo, “Numerical study of premixed laminar flame propagation in a closed tube with a full
Navier-Stokes approach,” Proceedings of the Combustion Institute, 26, 1996, pp. 907-913.

D. Rotman and A. Oppenheim, “Aerothermodynamic properties of stretched flames in enclosures,” Proceedings of the
Combustion Institute, 21, 1988, pp. 1303-1312.

H. Xiao, Q. Wang, X. He, J. Sun and L. Yao, “Experimental and numerical study on premixed hydrogen/air flame
propagation in a horizontal rectangular closed duct,” International journal of hydrogen energy, 35, 2010, pp. 1367-1376.
H. Xiao, R. W. Houim and E. S. Oran, “Effects of pressure waves on the stability of flames propagating in tubes,”
Proceedings of the Combustion Institute, 36, 2017, pp. 1577-1583.

K. Jin, Q. Duan, K. M. Liew, Z. Peng, L. Gong and J. Sun, “Experimental study on a comparison of typical premixed
combustible gas-air flame propagation in a horizontal rectangular closed duct,” Journal of hazardous materials, 327,
2017, pp. 116-126.

M. Tagawa, F. Matsubara and Y. Ohta, “Heat transfer characteristics of a non-premixed turbulent flame formed in a
curved rectangular duct,” Combustion and flame, 129, 2002, pp. 151-163.

B. Zhou, A. Sobiesiak and P. Quan, “Flame behavior and flame-induced flow in a closed rectangular duct with a 90
bend,” International Journal of Thermal Sciences, 45, 2006, pp. 457-474.

H. Xiao, X. He, Q. Duan, X. Luo and J. Sun, “An investigation of premixed flame propagation in a closed combustion
duct with a 90° bend,” Applied Energy, 134, 2014, pp. 248-256.

H. Xiao, Q. Duan, L. Jiang, X. He and J. Sun, “Effect of bend on premixed flame dynamics in a closed duct,”
International Journal of Heat and Mass Transfer, 88, 2015, pp. 297-305.

H. Xiao, X. He, Q. Wang, J. Sun, “Experimental and numerical study of premixed flame propagation in a closed duct
with a 90- curved section,” International Journal of Heat and Mass Transfer, 66, 2013, pp. 818-822.

S. Emami, K. Mazaheri and A. Shamooni, “Numerical simulation of propagation and.evolution of the premixed flame in
a closed channel using artificially thickened flame approach,” 12th Conference of Iranian Aerospace Society, Amirkabir
University, Tehran, Iran, February 2013. (in Persian)

F. Wang, Computational fluid dynamics analysis, Beijing, Tsinghua University Press, 2004.

T. Poinsot and D. Veynante, Theoretical and numerical combustion, Second Edition, Philadelphia, RT Edwards, Inc.,
2005.

O. 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.

J. Humphrey, A. Taylor and J. Whitelaw, “Laminar flow iin a square duct of strong curvature,” Journal of Fluid
Mechanics, 83, 1977, pp. 509-527.

Ansys fluent theory guide, Release 14.0; ANSYS, Inc., 2011.

T. Butler and P. O'rourke, “A numerical method for two dimensional unsteady reacting flows,” Proceedings of the
Combustion Institute, 16, 1977, pp. 1503-1515.

H. Xiao, J. Sun and P. Chen, “Experimental and numerical study of premixed hydrogen/air flame propagating in a
combustion chamber,” Journal of hazardous materials, 268, 2014, pp. 132-139.

K. Kuo, Principles of Combustion, Second Edittion, New York: John Wiley & Sons, Inc, 2005.

J. P. Legier, T. Poinsot and ' D. Veynante, “Dynamically thickened flame LES model for premixed and non-premixed
turbulent combustion,” Proceedings of the Summer Program, Stanford University, Center for Tuerbulence Reaserch, pp.
157-168, 2000.

V. Zimont,W. Polifke, M. Bettelini, and W. Weisenstein, “An efficient computational model for premixed turbulent
combustion at ‘high reynolds numbers based on a turbulent flame speed closure,” Journal of Engineering for Gas
Turbines and Power; 120, 1998, pp. 526-532.

V. Zimont, F. Biagioli, and K. Syed, “Modelling turbulent premixed combustion in the intermediate steady propagation
regime,” Progress in Computational Fluid Dynamics, 1, 2001, pp. 14-28.

A. De and S. Acharya, Large eddy simulation of premixed combustion with a thickened-flame approach,” Journal of
Engineering for Gas Turbines and Power, 131, 2009, pp. 061501-061501-11.

G. Lacaze, B. Cuenot, T. Poinsot and M. Oschwald, “Large eddy simulation of laser ignition and compressible reacting
flow in a rocket-like configu ration,” Combustion and Flame, 156, 2009, pp. 1166-1180.

A. Shamooni, Implementation of In Situ Adaptive Tabulation (ISAT) algorithm for simulation of flameless combustion
furnaces, MSc Thesis, Department of Mechanical Engineering, Tarbiat Modares University, Tehran, 2012. (In Persian).
S. B. Pope, “Computationally efficient implementation of combustion chemistry using in situ adaptive tabulation, ”
Combustion Theory and Modelling, 1, 1997, pp. 41-63.

M. Gonzalez, R. Borghi and A. Saouab, “Interaction of a flame front with its self-generated flow in an enclosure: The
“tulip flame” phenomenon, Combustion and Flame, 88, 1992, pp. 201-220.

M. Matalon and P. Metzener, “The propagation of premixed flames in closed tubes,” Journal of Fluid Mechanics, 336,
1997, pp. 331-350.

Y4


www.SID.ir

LS sobol e 5015 las saxl

English Abstract

Numerical study of the dynamic behavior of premixed hydrogen-air flame
in a 90-degree bend duct
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The dynamics of premixed flame propagating in a channel is inherently unstable. This instability shows itself
as a flame inversion and finally tulip flame. The present study is investigated the effect of a 90° bend on the
propagation of the tulip flame. The three-dimensional (3-D) large eddy simulation (LES) approach is
performed utilizing the artificially thickened flame (ATF) combustion model with a 7-step chemical
mechanism. The present results show that the onset of the flame deformation at the horizontal portion of the
channel that coincides with the decreasing in the pressure growth and the flame front propagation speed, the
flame inversion occurs. At this moment, the formation of a pair of large-scale vortex in the burned gas near
the flame causes a change in the flow field around the flame front. In the horizontal section of the channel, the
3-D tulip flame forms with four tongues. After entering the bend, the lower tongues speed up and dominate
the flame propagation. Hence, after a while, the upper tongues completely fade and the lower tongues occupy
the entire width of the channel. Although the bend has not a significant change on the increasing trend of the
chamber pressure, the amplitude of the flame speed oscillation decreases to some extent.

Keywords: Flame dynamics, Tulip flame, Distorted Tulip flame, hydrogen-air mixture, Large Eddy
Simulation


www.SID.ir

