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ABSTRACT

Low calorific value gases (LCVG) have been a primary concern of environmental pollution as
they are not easy to burn due to highly diluted fuel compositions. It is thus essential to
understand the flame characteristics when these gases are burnt, especially under oxygen
enhanced conditions. Although the study of stoichiometric flame lengths of laminar jet or co-
flow diffusion flames has been a major topic of research in last few decades, mostly focusing
on flames of either undiluted or slightly diluted fuel reacting with air. However, the flame
characteristics under extremely diluted fuel conditions are not well-studied. Hence, a set of
experiments and numerical simulations have been performed in the present work to study the
flame lengths for a wide range of fuel and oxidizer dilutions using two different jet diameter
burners (4 and 9 mm with identical volume flow rates). Both experimental and numerical
results confirm that the 4 mm burner flame length is consistently higher than the 9 mm burner
counterpart. This difference is attributed to the higher temperature of the 9 mm burner flame,
which in turn is due to its lower conductive heat loss to the ambient. Several analytical models,
available in the literature to predict the flame lengths, such as Roper, Li-Gordon-Williams
(LGW), and Wang-Sunderland-Axelbaum (WSA), have also been analyzed and compared with
the experimental data. A new analytical model is also proposed in this study by modifying the
species diffusivity and flame temperature in WSA model. This revised model predicts the flame
lengths better than the other analytical models, especially when the fuel stream is diluted.
Apart from the flame length, the understanding of lifted flame stabilization is important
in the context of highly diluted flames as well. Laminar flames of highly diluted methane in a
non-premixed co-flow configuration have been studied experimentally and numerically for two
different diameter burners (4 and 9-mm). Because the fuel is extremely diluted methane, an
oxygen-enhanced oxidizer stream is expected to produce a stable anchored or lifted flame. Two
different diluents, i.e., helium and nitrogen were used in the fuel stream, and the flame structure
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turned out to be notably different for these two cases. The nitrogen-diluted flames exhibited
almost anchored nature. However, a helium-diluted flame could be stable at a lifted position
despite having a less than unity Schmidt number (Sc). This difference is attributed to the
difference in propagation speed between helium and nitrogen-diluted flames due to mixture
fraction gradient, flame curvature and heat release impact. In comparison to nitrogen-diluted
flames, helium-diluted flames can sustain at lower oxygen percentage due to a higher
propagation speed. Apart from the difference in lift-off height, the nature of the flame length is
also explored for flames with both the diluents. The structure of the flame — whether anchored
or lifted — is also found to affect the variation of flame length with variation in oxygen
percentage in the co-flow. A comparison between two different diameter burners is also
investigated in terms of lift-oft height and flame length. The 4-mm burner usually exhibits a

higher lift-off than the 9-mm burner due to the higher jet velocity in the former case.

Vi



NI

HH HARI AF alelt [ (LCVG) Tafarur ugyur &1 uryfiie fidr @t € wife srafis
TIPd SY-T el b HRUN = ST S el & | SN SId 3 711 b1 SIATaT oirell @,
faRIy =0 @ sifefior ot 91 g uRRUfTE! 8, Tid 3 faRivdrsit & S Saxas g
BT ARFR Sie 1 $1-Ua! fEwRH Wl & U TIshmics T & TaTs BT &
fod $© G®! § MY BT TH Y a5 357 8 Sl b SATGIaR gal b 1Y Ufdifsham d
T 1 A1 91 I a1 U1S TP S8 &1 TR IR & dhisd ol & | gTeliis, afid
IIFd su- Rl & ded wad faQivdrsll &1 s aRe  Sieqg= -1el fopan T g | 3afer,
3l SCTT-3ET Y & Oe IR (4 3R 9 et o7k & T0H oall ¥ & 1Y) &7 ST B
S 3R HTRISTSIR P! favgd YTa & forg oy o1 dalTs T 310 A & fod aduH
&1 B URife 3R WRearers Rgaw g fad 7T 8| uaifie SiR WRemerss Rigase
3 UT gT uRumy 39 o1d &t gfY d § [ 4 it a7k &) vy &t deg 9 et sk

Ja H 31fF § 1 T8 iR 9 it 7R &) weie & 3= AueT o aotg ¥ §, S araHH b
goig HH DHefded gic A BT B 5| TiH B dfals MepTar & T ifige # Iudisy &3
fazauuTeT® Afed, SN AW, T-Ted-[aer (LGW), 3R difl-Yexdl 8- Taaearad
(WSA) &1 i faweivor forar € iR Urifiies St & 1Y a1 &1 718 | 39 &g |
WSA Aied & WRiW & fSTRRM iR wid dIaM &I AN B T -1 faRavuned
Ared i vRaTfad foran a1 g | g8 SN Arsd 3 faRavuers Aisal &t qa-l | e

DI TS B! deR IdTdT 8, TSR ofd 3¢ dJPd alal gl
T &1 daTs & ST, ATIH add U+ & 10U [t s et 1 fRURIHRU1 BT TS
Ayl g | AR PI-Ua fSwRH fa=am & srfeies g HIdH UeiR &1 &l SIeT-3ie

vii



Y 91 §°R (4 3R o-firefh & vanmares iR TRedss 3ienaH fhar mar || Fifes seH
31 d TP 7, T SiaiioH-afifd siaiieTger Tl  Us fRR 3=s 71l s v e
B B SHHIG 81 S99 & Ul B &1 S-S dIahd, AT BIferd 3R AT &1 SUd
forar T B, SR S I & oy TRl &1 WRaT Seara-id U § fird off | Argeior- aged
& Y 3(cTE T UK §s & | ETdifeh, Bead-addhd & 1Y Sc I U & HH 84 &
STaq[G U g13c TR FRR 81 Tadt 7 | T8 SR giferad 3R e ioM-addd TR fb SaT-
3T TR WiE o aoTg 9 81 e ioH-addhd TR &t o 3, Saral MurRH Tfe
P HRU EHTTH-IIhd Tl HH TR Tfa=rd IR a1 38 Tobal 8 | forre-3iTe grge &
3R & SIQATAT, G dIBRD| b AT AT b1 AT BI Yopial BT 7 UdT T S 8 | o
1 ATI-ATe RR 81 1 feucs BT — DI-Tell H 3l 3iTeriioi UcT=Id & 1Y Tetd
1 daTs Hf gHITad el 8 | ferue-3ifth BT3¢ SIR W &1 TialTs Bl 9HeM & oy & SfeT-
3T Y &R b d1d gl o TR § | SATaT Sie AT & HIROT 4-Foft =R 3R wR o-fiyeft
SR &1 ga- | S forve- 3t grge fexardr g1

viii



Table of Contents

CERTIFICATE ..ottt ettt et ettt e et e et e e es i
ACKNOWLEDGMENTS ...ttt ettt iee e e e eneans ii
ABSTRACT ...ttt ettt e et e et e e e aneeen senaeenee v
ABSTRACT (HINA1) . ceeiiieeiiie ettt eeveenees vii
Table Of CONENLS ......eiiiiiiieiiie ettt e e e ee e ix
LISt OF FIGUIES ...eeeiiiiiiiie it xiil
LSt OF TaBIES. ...ceeieiiiiiie et XVvil
NOMENCIALUTE ......eeiiiiiiiiie e et e e et e e et eeee e Xix
I INtrOAUCHION ...ttt 1
Lol MOTIVATION ettt e et e e et e e e e eabbeee e e 1
1.2 Background............oveiiiieiiiiiiiiiieee et a e e e e 1
1.3 ReSEArCh ODJECTIVES ....uuvviiiiiieeeieeiiiiieee e e e e e e e e earaeeeas 5
1.3.1 Flame length..........cooiiiiiiiiiieeee e e 5

1.3.2 Lift-off height......oooiieieee e 5

2 LATETALUIE TEVIEW ...eeieiuiiiiieeiiiiieee et te e e ettt e e e ettt e e e ettt e e e ettt e e e enebeeeeannnbeeeeenaeeeas 7
2.1 Laminar diffusion flames............occooiiiiiiiiiiiiiiiie e 7
2,101 DEfINItIONS. ...eiiiiiiiiiieiiiiee et 8

2.2 Ed@E flame......uveiiiiieeieeeiieeee e e e a e e e e e e naees 10
2.3 Propagation SPEEd (S€)......ccuueeeeiruriiieeiiiiieeeeitee e et ee e et e e 11
2.4 Stabilization of diffusion flames ............cccceveieeeiiiiiiiiiie e 12
2.5 Parameters effecting the diffusion flame............cccoccoiiiiiiiiiii. 13
2.6 Research gaps found for the current work............ooccoiiiiiiiiiiniiii, 20

3 Material and MethodS........cuueiiiiiiiiiiieie e 23
3.1 Experimental SETUP ......c.ccovvuiiiiiiiiiiiieiiieeiceieee e 23
3.1.1 Gas flow measurement and MIXiNG ........ccccevrueeerriieeriieernieeenieeenieeeae 23
3.1.2  The Co-flow burner configuraion............ccceeeeuviieeeniiiieeeeeiiieee e 25

X


file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269248
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269249
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269250

3.1.3 The image capture of the flame ............cccceevriiiiiiiiiiiiieeeeeeeee 25

3.2 Experimental Procedure.............cccoueiiiiiiiiiiiiiiiiieeeiiee e 26
3.3 Flame length measuremnt...........ccceeeeeriuiiireriiiiiieeeeiiiee e eireee e 28
3.4  The Lift-off height MeasuremMnt..........cc.eeeerriiireeeiiiiiieeerieeeeerieee e 31

4 Numerical SIMUIAtION ....cc..eiiiiiiiiiiiieiiiie e 33
4.1 Numerical Model.......ccooiiiiiiiiiiiiiiii e 33
4.2 Domain of computation and boundary conditions.............ccccceeeeeeerrcnnnnnnnnn. 35
4.3 Flame length determination .............cccceeeeeeiiiiiiiiiieee e 36

S Analytical MOAEIS........uvviiiiiiiiiiiieee e 41
5.1  Analytical models for flame length..............ccoooeiiiiiiiiiiiiiiee e, 41
51T ROPEr’S MOE] .....uvviiiiieeiieiiiiieeee e e e e e 41
5.1.2 Wang-Sunderland-Axelbaum (WSA) model..........ccccvviviiieeeeeiiiinnn. 41
5.1.3 Li-Gordon-Williams (LGW) model ............cccceeieiiiiiiiiiiiiee e, 42
5.1.4 The present analytical model ............coooeeiiiiiiiiiiiiiiiieeeeeeeee, 43

5.2 Analytical models for lift-off height ...........ccccooiiiiiiii 44
5.3 Summary of the analytical models..............ccceeeieiiiiiiiiiiiiee e 45

6 Results and diSCUSSION ....ceeuueiiiiiiiiiiee ittt et e 47
6.1 Flame length variations for 12-100 % CHg with N> diluent......................... 47
6.1.1 Comparison of experimental results with analytical models................... 47
6.1.2 Numerical simulation: Results and discussion.............cccccvvveeeeeeeeeennnnns 53
6.1.3 Centerline temperature and species profiles ..........cccoecveeeeeiiiiieenninneenn. 56

6.2 Flame length and lift-off height variation for 15 % CH4 with He and N>

AIIUBIES .ot 62

6.2.1  Lift-off height.....c.coiiiiiiiii e e 62
6.2.2 Flame length........ccccoooiiiiiiiiiii e 72

T CONCIUSIONS ...ttt ettt ettt et e e e sttt e ettt e e it e e baee e 77


file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269251
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269253
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269261
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269261
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269268
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269269
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269269
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269269
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269268
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269269
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269249
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269249
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269249
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269249
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269269
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269269
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269268
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269269
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269249
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269249
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269249
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269269
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269269
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269249
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269249
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269268

Tl FINAINES .eiviiieiiiiiie ettt e e ettt e e e et e e e e e tbeeeeeennnaaeens 77

7.2 Scope of future WOrk ........ccccuiiiiiiiiiiiiiiiieeee e 78
RETEIENCES ..t 79
Research papers from the current Worki...........coooeveiiiieiiiiiieeeniiieeeeee e 87
A APPENDIX The uncertainty analysis........ccccceeeeviieeeriiiieeeniiieeeeninieee e 89
B APPENDIX Reaction mechanism for helium flames.............ccceeeeriiinennns 91

B.1 96-steps reduced San Diego mechaniSm ............coeeveeiiiiiiiieeeeeeniiciiiieeeeeenn. 91
BIOGRAPHY ..ottt ettt e ettt e e as 107

xi


file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269269
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269269
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269318
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269318
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269319
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269324
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269326
file:///D:/combustion/weekly%20research%20meeting_Literature%20survey%20&amp;%20Results/chapter%202_literature%20review/Bisrat%20Phd%20Thesis.docx%23_Toc477269331

Figure 2.1

Figure 3.1
Figure 3.2 (a)

Figure 3.2 (b)

Figure 3.2 (c)

Figure 3.2 (d)

Figure 3.2 (e)

Figure 3.3 (a)

Figure 3.3 (b)

Figure 3.3 (¢)

Figure 3.3 (d)

Figure 4.1
Figure 4.2

Figure 4.3 (a)

Figure 4.3 (b)

Figure 6.1 (a)

List of Figures

Tribrachial flame structure in (a) 2D mixing layer in first and (b) laminar jet in the
SECONA fIGUIE [0 ... ittt e e e 11
Schematic of the experimental SEt-Up..........c.ovviiiiiiiiiiiii i, 27

Experimental flame length measurement corresponding to the 9-mm diameter burner

for 12 % CHs in the jetand 100 % Oz inthe co-flow...........cooiiiiiiiiiiiii, 29
Experimental flame length measurement corresponding to the 9-mm diameter burner
for 50 % CHa in the jet and 100 % Oz in the co-flow.........ccovviiiiiiiiiiiin, 29
Experimental flame length measurement corresponding to the 4-mm diameter burner
for 50 % CHa in the jet and 100 % Oz inthe co-flow.........ccovviviiiiiiiiiin, 30
Experimental flame length measurement corresponding to the 9-mm diameter burner
for 100 % CHainthejetand 30 % Oz inthe co-flow..........cooiviiiiiiiiiiiiiiin, 30
Experimental flame length measurement corresponding to the 4-mm diameter burner
for 100 % CHy in the jet and 30 % Oz inthe co-flow..........coovviiiiiiiiiiiiin., 30
Image corresponds to a 4-mm diameter burner for nitrogen flame at 15 % CH4 in
the jet and 100 % O, in the co-flow at 1 Ipm jet flow rate...................ooieenennin. 31
Image corresponds to a 4-mm diameter burner for nitrogen flame at 15 % CH4 in
the jet and 50 % O in the co-flow at 1 Ipm jet flow rate..................oooeiiieinn.n. 31
Image corresponds to a 4-mm diameter burner for helium flame at 15 % CHj in the
jet and 100 % O in the co-flow at 1 lpm jet flow rate.............c.cooooeiiiiiat, 32
Image corresponds to a 4-mm diameter burner for helium flame at 15 % CHa in the
jet and 30 % O; in the co-flow at 1 Ipm jet flow rate............c.cooeiiiiiiiiiiinn 32
Two-dimension axisymmetric computational domain and boundaries................... 36

Flame length determination corresponds to fuel composition 65 % CHys in jet and 30
% O,1in co-flow (a) for 9-mm diameter burner (b) for 4-mm diameter.................... 38
Numerical flame length determination of a helium flame corresponding to 15 %

CHs in jet and 100 % Oz in co-flow. The solid black line and the dashed red line
correspond to 1000 K isotherm and Z; iso-contour of the corresponding flame,

SIS 0111 38
Numerical flame length determination of a helium flame corresponding to 15 %

CHys in jet and 30 % O, in co-flow. The solid black line and the dashed red line
correspond to 1000 K isotherm and Z; iso-contour of the corresponding flame,

SIS 0117 39

Flame length variation at 12 % CHy in jet with varying co-flow oxygen %............... 50

xiil



Figure 6.1 (b)
Figure 6.1 (c)
Figure 6.1 (d)
Figure 6.1 (e)
Figure 6.2

Figure 6.3

Figure 6.4 (a)
Figure 6.4 (b)
Figure 6.5 (a)
Figure 6.5 (b)
Figure 6.6 (a)
Figure 6.6 (b)
Figure 6.7 (a)
Figure 6.7 (b)
Figure 6.8 (a)
Figure 6.8 (b)
Figure 6.9

Figure 6.10

Flame length variation at 20 % CHys in jet with varying co-flow oxygen %................ 50
Flame length variation at 40 % CHys in jet with varying co-flow oxygen %................ 51
Flame length variation at 65 % CHys in jet with varying co-flow oxygen %................ 51
Flame length variation at 100 % CHa in jet with varying co-flow oxygen %.............. 52
Flame length variation with Ri under momentum-controlled regime................... 52
Flame length variation with Ri under buoyancy-controlled regime..................... 53
Centerline temperature profile for 65 % CHa in jet and 30 % O> in co-flow.......... 57
Centerline temperature profile for 100 % CHas in jet and 30 % O, in co-flow.......... 58
CO species profile for 65 % CHj in jet and 30 % O in co-flow.............coeevinanen 58
CO species profile for 100 % CH4 in jet and 30 % Oz in co-flow.................oeeee. 59
OH species profile for 65 % CHs in jet and 30 % O, in co-flow........................... 59
OH species profile for 100 % CHy in jet and 30 % O; in co-flow.............ccc.....c.... 60
CH species profile for 65 % CHain jet and 30 % O in co-flow...............c...cccee.... 60
CH species profile for 100 % CHy in jet and 30 % O in co-flow..........................61
CO; species profile for 65 % CHs in jet and 30 % O in co-flow.......................... 61
CO; species profile for 100 % CHy in jet and 30 % O; in co-flow............................62

Variation of lift-off height for nitrogen (left) and helium flames (right) with varying
oxygen % in the co-flow for both 4-mm and 9-mm jet diameter burners.................... 63
Photographs of helium flames for both 4 and 9-mm diameter burners at two

extreme oxygen percentages (100 % and just before blow-off) for 15 % CH4 with
Qicte=1LPMand QCF =10 LPM......c.iuiuiiiiiitiiie e 64

Figure 6.11 (a) The flame corresponds to 15 % CH4 and 85% He in the jet and 30 % O in the co-

flow with Qjee = 1lpm using the 4-mm burner diameter. The 1000K isotherm (black
solid line), the stoichiometric mixture fraction contour, Z;; = 0.17 (red dashed line)
and the iso-velocity line corresponding to 0.63 m/s (blue dash-dot line) near the

FlameE Dase. . ... e 67

Figure 6.11 (b) Enlarged view of Figure 6.6 (a). The plot shows the intersection point between the

Figure 6.12

1000K isotherm and the Zg; line, which is the flame base. The 0.63 m/s iso-velocity

line passes through that same intersection. So, the propagation speed of this flame is

Mixture fraction gradient at burner exit, 20 and 60 mm above burner for the case of

15 % CHy and 30 % O; for 4-mm diameter burner. .........cooieeeeeeieeieiiiiiannn.. 69

Figure 6.13 (a) Axial velocity decay along the axial direction at different radial locations for 4-

MM IAMELET DUIMIET. . oottt et ettt e et et et et e ie e eeeeeaans 69

Figure 6.13 (b) Axial velocity decay along the axial direction at different radial locations for 9-

500180 W VE21 00 =< ol 0101 0 1) (P 70

X1v



Figure 6.14 (a) Axial velocity decay along the axial direction for nitrogen diluent for both 4 and

9- mm diameter burner

........................................................................ 70
Figure 6.14 (b) Axial velocity decay along the axial direction for helium diluent for both 4 and
9-mm diameter DUIMET. . ... ...ttt ettt ettt e e e ee e 71
Figure 6.15  Variation of flame length with varying oxygen percentage for nitrogen (left) and
helium flames (FIght).......o.oiriiii e e e eee e 74
Figure 6.16  Variation of flame length and lift-off height with varying oxygen percentage for
helium flames. ......ooui e 74

XV



List of Tables

Table 2.1 Molar stoichiometric Tatio (S)........veuriniiitt ittt e e e e naenaans 09
Table 3.1 Summary of the test matrix (flame length)...............coooiiiiiiii i e, 28
Table 3.2 Summary of the test matrix (lift-off height)................cooiii i, 28
Table 5.1 The values of Trand D, at 20 % CHa4 in jet with varying O, % in the co-flow.................... 44
Table 6.1 Richardson no. for 12 % CHy case at different oxygen percentages................oeevveeerennne. 49
Table 6.2 Comparison of expt. and numerical data for flame length and max. temperature............... 55
Table 6.3 Effect of radiation on flame length and peak temperature...................cooevviiiiinininnn, 55
Table 6.4 Conductive heat loss per unit flame length for different cases......................ooevvini 56
Table 6.5 Lift-off height and propagation speed of helium flames for 4-mm diameter burner.........66

Table 6.6 Lift-off height and propagation speed of nitrogen flames for 4-mm diameter burner....... 67
Table 6.7 Density differences, St, and Richardson number for helium diluted flames.................. 71
Table 6.8 Density differences, St, and Richardson number for nitrogen diluted flames.................72
Table 6.9 Comparison of experimental and computed flame length and lift-off for extreme cases
when He diluent used. ... .. ..o 75
Table 6.10 Comparison of experimental and computed flame length and lift-off for extreme cases

When No dilUent USEd. ..o e 75

xvii



Zs

d, 1o

Qr

Uf,o

Ri
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axial location (m)
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burner diameter, the radius of the
fuel nozzle (m)
volumetric flow rate of fuel (m*/sec)

fuel nozzle exit velocity (m/sec)
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Richardson number, Ri = (pct-

pr)gd/ (pru’so)
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Xix

radial location (m)

mean flame density (kg/m?)
the density of co-flow mixture
(kg/m’)

mean flame temperature
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fuel jet mass fraction at location (x,
r)

co-flow oxidizer mass fraction at
location (x, r)

fuel jet mass fraction at nozzle exit

oxidizer mass fraction at co-flow
exit

mole fraction of oxygen

mole fraction of nitrogen

soot volume fraction

local flame temperature (K)
Stefan-Boltzman constant
(5.67x10% w/m*K*)

the characteristic temperature of

the flame
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SL

LBV
MFCs
Fr
NDF
Mox

CFD

Planck mean absorption coefficient
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equivalence ratio

mole fraction of oxygen in the
oxidizer stream

Lift-off height

laminar burning velocity (m/sec)
Zeldovich number

Laminar burning velocity (m/sec)
Mass flow controllers

Froude number

Normal diffusion flame

total flow rate of oxidizer (kg/sec)
computational fluid dynamics

specific heat of fuel gases (J/kg.K)

S the ratio of the volume of ambient
gas to the volume of burner gas for
stoichiometric combustion

S the ratio of the mass of ambient gas
to the mass of burner gas for
stoichiometric combustion

k thermal conductivity of gases close
to the edge of the flame (W/m/ K)

o heat release rate

Se  propagation speed (m/sec)

Xs  scalar dissipiation rate (sec™)

Subscript

F Flame

0 Ambient

0 The initial condition of the fuel

st stoichiometric

ad adiabatic

b burnt gas
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