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Abstract

The thesis reports experimental and theoretical studies of premixed combustion rates at
high pressure and temperature. It focuses on measurements of laminar and turbulent
burning velocities at high pressures and temperatures approaching those in engines,
with emphasis on flame instabilities. To encourage the development of such
instabilities, mixtures with negative Markstein numbers were employed. Three different
methods were used to measure burning velocities in a spherical bomb. The bomb was
fitted with windows for observing flame propagation at the centre of the bomb and a
transducer to measure pressure. Four fans at the wall of the bomb were employed for
mixing and the generation of turbulence. The first two methods of measuring burning
velocities were well established and involved central ignition. The third method was
new and involved implosions of two flame kernels that originated at spark plugs
mounted near the wall. It enabled the later stages of burning at the high pressures to be
observed and burning velocities to be measured. The first method depended on high-
speed schlieren photographic measurements of the flame speed, dr/dr, at different radii,

r, supplemented by pressure measurements. The second method was employed when
the flame front has propagated beyond the boundaries of the window and could no
longer be observed. The expression for the burning velocity rested upon the assumption
that the flame was spherical and the fractional pressure rise was equal to the fractional
mass burned.

Two different approaches were employed for the new third method, one was based on
geometrical considerations, the other on the fractional pressure rise. A knowledge of the
flame area and the appropriate geometrical analysis enabled two expressions to be
obtained for the burning velocity. The agreement between the two different approaches
for obtaining burning velocities, and the general consistency of the results for both
initially laminar and turbulent flames, showed the technique to be accurate and suitable
for obtaining burning velocities at high pressure. As a result, burning velocities, initially
laminar, were measured for iso-octane — air at equivalence ratios ranging from 0.8 to 1.6
at initial pressures of 0.5 and 1.0 MPa. They were also measured for hydrogen — air
mixtures at equivalence ratios of 0.3 to 0.5. Modification of the linear theory of flame
instability of Bechtold and Matalon enabled the laminar burning velocity to be obtained
from the values of unstable burning velocities. Enhancements of the laminar burning

velocity of up to six fold were measured.

Turbulent burning velocities were measured over a range of rms turbulent velocities
ranging from 0.25 to 3 m/s. It was found that these values of burning velocity were
higher than those predicted from earlier expressions, derived predominantly from more
stable flames close to atmospheric pressure. The possibility that turbulent burning
velocities might be enhanced, not only by the effect of flame stretch at negative
Markstein numbers, but also by flamelet instabilities was also investigated at high
pressures and with mixtures with very low Markstein numbers. Stoichiometric and rich
iso-octane-air flames were selected for this study and mixtures were ignited at initial
pressures of 0.5 and 1.0 MPa. This enabled burning velocities to be measured up to 6

MPa.



1

Acknowledgments

I would like to forward my thanks to my supervisors Prof. Bradley, D. and Dr. Lawes,
M. for their support, directions, and valuable discussions throughout the period of this

study and during the preparation of the thesis.

My thanks are also forward to Dr. Woolley for his valuable assistance and discussions

during the period of conducting the experimental work.

My thanks are forward to all of the staff in the Thermodynamics Laboratory and to all

of the combustion group members for their help, assistance and friendship.

I also would like to forward my thanks to the Saudi Arabian Government for granting

me this valuable chance and the financial support is greatly acknowledged.

Finally, I would like to express my deep thanks and love to my parents and my family

for their love and encouragement through out the period of my study.



1ii

Publications

The work in the thesis has given rise to the first two publications. A third is in

preparation.

“Measurements of Laminar Burning Velocities in Explosions and Implosion in a
Spherical Bomb”. Presented by the author at the Fourth International Seminar:
Fire and Explosions Hazard, London Derry, Belfast (2003). Accepted for

Publication in the Seminar Proceedings.

“Measurement of Unstable Burning Velocities of Iso-octane-air Mixtures at
High Pressure and the Derivation of Laminar Burning Velocities”. To be
presented at the Thirtieth Symposium (International) on Combustion, The
Combustion Institute Chicago, July (2004). Accepted for Publication in the
Proceedings of the Combustion Institute.

“Turbulent Burning Velocities of Stoichiometric and Rich Iso-octane-air

Mixtures at High Pressures”, in preparation.



v

Table of Contents
ADSEract. ... 1
Acknowledgments......................ccoovviiiiiiiiiiii e ii
Publications....................ooooiiiiiiii i iii
Table of Contents.....................coeviiiiiiiiiiiiieiiiie e, iv
Listof Tables...................oooiiiiiiii e, ix
LiSt Of FIGUIES. .. ..o X
Nomenclature ...t e Xix
Chapter 1. Introduction 1
1.1 General .....o.vviinniiitii e e 1
1.2 Laminar FIames..........oceeiieiiiiiiiiiiiiiiiiiiiiiei e 2
1.3 Laminar Burning Velocity ...........c..coviiiiiiiiiiiiiiiiiiiiin 3
1.4 Effects of Flame Stretch on Burning Velocities Perditions............. 4
1.5 InStability.....oovineinii e 7
1.6 The Twin Kernel Explosion (Implosion) Technique .................... 8
1.7 Turbulent FIames ........ccooveeiiiii i 9
1.8 Achievements of the Present Studies...............ooooeiiiiiiiin, 10
Chapter 2. Experimental: Apparatus and Techniques 12
2.1 INtrodUCHON. .. .veeitiet e e 12

2.2 Explosion Vessel ..........ooviiiiiiinininini 13



2.3 Auxiliary SyStemS. .. ..ovuvririnitiiie e 14
2.3.1 Ignition SYStemM.....oueuineiiiiieiiiiiiiee e 15
2.3.2 Pressure Measurement. .........ooveuenrinieneniriieieiraneerenennnnn, 16
2.3.3 Temperature Control and Measurement.............................. 17

2.4 Preparation of MiXtUres.........ccovvvviiiiiiiiiniiiiiiiiiiieieieenennnn, 17

2.5 Optical Arrangements for Schlieren Photography....................... 18
2.5.1 Central Ignition..........ccoviiiiiiiiiiiiii e, 18
252 Twin Ignition.......cooeiiiiiiii i 19

2.6 Methods of Processing..........oovevviiviiiiiiiiiiiiiiiiii e, 19
2.6.1 Central Ignition........oooeiiiiiiiiiiiii e 19
2.6.2 TWIn Ignition.......co.evreiniinniiiiiiii e, 21

2.6.2.1 Hand Based Method ...........ooooiiiiiiiiiiiiiiiee, 21

2.6.2.2 Computer Based Method ...................coii 25

2.7 Thermodynamic Properties. .........c..covueieiiiiiiiiiiiiiiiiiiiiinan 27

2.8 Practical Considerations — Geometrical Complexity.................... 28

Chapter 3. Measurement of Burning Velocities in Spherical 30

Explosions with Central Ignition

3.1 INtroduCtion. .. ...onerireii e 30
3.2 Optically Based Measurements. ..........ocovieeiiiiiiieiiniiininn, 30
3.3 Pressure Based Measurements. ...........cevveviniininieninenneenenenns 32
3.4 The Effect of Flame Thickness...........ccoooviiiiiiii, 33
3.5 Experimental Results for Central Ignition.....................oooinni 34

3.5.1 Measurements of Pressure and Flame Radius........................ 34

3.5.2 Influences of Flame Stretch. .....oovvviiiiiin e 38



vi

3.5.3 Derivation of Laminar Burning Velocities by the Two Methods... 41
3.6 Evolution of Cellular Structure in Laminar Flames...................... 43

3.7 Pressure Measurements in Turbulent Flames........cooveenneennnnn. 43

Chapter 4. Theory of Two Hemispherical Imploding Spherical

Flame Surfaces 48
4.1 Introduction..........ooviieiitiiiiiii e e 48
4.2 Geometrical Considerations and Burned Gas Volume.................. 49
4.3 Bumning Rate.........oooviriiiiiii e 52
4.4 Volume Burned and Pressure Rise............ccoviiiiiiiiiiiiiniinnn, 55
4.5 Assessmentof Method.............ooiiiiiiiiiiiiiiiiiiii e 56

4.5.1 Sphericity of the Flame Front..................cocoiiin. 56
4.5.2 Effects of V, for Laminar Flames................ccoocovvviiiiiiin 59
4.5.3 Comparison of Laminar Burning Velocity Obtained by the Two

2570 () (0] 1 O 60
4.5.4 Effects of V, for Turbulent Flames........................coii 61

4.5.5 Burned Gas Volume and Flame Area Correction for Turbulent
(@000 Ts 1151 1 1- 62

4.5.6 Correction to Turbulent Burning Velocities Measured with Radii
Centredatthe Wall...........cooiiiiiiiiii 66

Chapter 5. Development of Laminar Flame Instabilities and their

Effect on Burning Velocities 68
5.1 Causes of InStabilities. ....ooovvvitiriiiieiiiiiiiii e iiiiiineeens 68
5.2 More Recent Fundamental Studies of Flame Instabilities............... 70

5.3 Prediction of Burning Velocity of Initially Laminar Unstable



vii
Chapter 6. Results from Initially Laminar Imploding Flames 78

0.1 INtroducCtion. ......cooueineeee e 78

6.2 Measurements of Burning Velocity Using Imploding Method......... 78

6.3 Derivation of Laminar Burning Velocity, u;, from #,................... 80
Chapter 7. Results From Turbulent Imploding Flames 119
7.1 Introduction..........cooouiiiiiii e 119
7.2 Measurements of Turbulent Burning Velocity Using Imploding
Method. ..o, 119
7.3 Derivation of Effective rms Turbulent Velocity, u%, Acting on the
Flame Kernel..........ooooiiiii 122
7.4 Corrected Values of u; and Effects of Highpand T...................... 125
Chapter 8. Discussion 175
8.1 Introduction...........coiiiiiiiiiiiiii i e 175
8.2 Laminar Burning: Central and Twin Ignition............................. 175

8.3 Validity of the Twin Kernel Implosion Technique for Initially
Laminar Flames.........coooutiiiniiiiiiiiiiiiiiiiiiii e 177

8.4 Values of Laminar Burning Velocity...........cocoovviiiiiiiiinn. 177

8.5 The Rapid Increase in u, for Unstable Iso-octane Rich Mixtures...... 183

8.6 Correlations of Turbulent Burning Velocity...................c..cooo.0. 186
8.7 Predicted Values Of sy .o vnneeeie e, 194
8.8 Laminar and Turbulent Instabilities......................coooiiiin . 196
Chapter 9. Conclusions and Recommendations 204

0.1 CONCIUSIONS . ..ttt e e e, 204



9.2 Recommendations. ......oueeeeeeeeeeeee e 207

Appendix A. Typical Computational Results for Flame Radius from Edge

Fortran program............cocoviniiiiiiiiiiii i 209
Appendix B. Additional Results from Initially laminar Explosions.................. 212
Appendix C. Additional Results from Turbulent Explosion........................... 238

R I CIICES . .. oo oo e e 284



2.1

6.1

6.2

6.3

6.4

7.1

7.2

8.1

8.2

8.3

8.4

8.5

8.6

X

List of Tables

Specifications of the Kistler 701, 7261, and 810 pressure transducers.......

Schedules of all laminar explosions during which measurements were
MAAC. ...ttt

Chosen mixtures to assess the reliability of deriving values of w,............

Data for predication of unstable burning velocity, u,, from laminar
burning velocity u,, using instability theory. CHy — air, ¢ = 1.0, initial
pressure and temperature, 0.1 MPaand 298 K.............cocovveevinni....

Schedule of all laminar implosions for which values of 1, were obtained
from the measured values of u, using the modified Bechtold ~ Matalon

Summary of conditions for different values of u' for all turbulent
explosions during which measurements were made for iso-octane — air
mixtures. p, and 7, are initial pressures and temperatures.....................

Summary of all turbulent explosions during which measurements were
made for hydrogen — air mixtures, ¢ = 0.3 and ¢ = 0.4. p, and T, are
initial pressures and teMPeratures...........co.evveeiieiriiiininiieiiiinenennnn.

Initial conditions and corresponding turbulence parameters for iso-octane
- air mixtures, ¢= 1.0, p,=0.5 MPa, T, =358 K....coirviriiiiiin,

Initial conditions and corresponding turbulence parameters for iso-octane
- air mixtures, §=1.4, p,=05MPa, 7,=358 K.....c.coviiiiiiiiiiiinnnn,

Initial conditions and corresponding turbulence parameters for iso-octane
- air mixtures, ¢= 1.0, po=1MPa, T, =358 K.........cooiiii,

Initial conditions and corresponding turbulence parameters for iso-octane
- air mixtures, §= 1.4, po=1MPa, T, =358 K.

Initial conditions and corresponding turbulence parameters for hydrogen
- air mixtures, §= 0.3, p,=05MPa, 7,=358 K......cceiviiiiiia.

Initial conditions and corresponding turbulence parameters for hydrogen
- air mixtures, ¢=0.4, po=05MPa, T,=358 K.....c..oooiiiiiii,

16

79

80

83

86

120

121

198

199

200



1.1

1.2

1.3

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

List of Figures

Concentration and temperature profiles associated with one-dimensional,
premixed adiabatic flame.................ooooiiiiinin i

Maximum measured burning velocities of methane-air mixtures (initial
ambient conditions) since 1915.............cocooiiiiiiiini i,

Photographic images of: (a) stable lean butane/air flame, and (b) unstable
lean hydrogen/air flame.................ooooiiiiii i,

Schematic of the apparatus used, for central ignition, (light source: He-
Ne laser, camera: Hitachi 16 HM high-speed cine camera) and twin
ignition, (light source: 20W tungest element lamp, camera: 545-4D
High-speed Phantom digital camera)......................ooovviiiiiiinenn.

EXPlOSIiOn VESSEl....o.uueneeiiii i
Twin ignition arrangement. ...........cooeeiriieiiienenniiiieieeeenineenen
Fuel system. ... ..o e

Sequence of schlieren images of laminar flames for different methane-air
mixtures at the indicated times after spark ignition. The initial pressure
was (.5 MPa and the temperature was 358 K.............cooeviiiiiin..

Sequence of schlieren images of laminar imploded flames for different
iso-octane-air mixtures. The initial pressure was 0.5 MPa and the
temperature was 358 K.....oooiiiiiii

Sequence of schlieren images laminar imploded flames for methane-air
mixture, ¢ = 1.0. The initial pressure was 0.1 MPa and the temperature
WAS 298 Koot

Stages of image processing. (a) Laminar stoichiometric iso-octan-air
mixture at an initial pressure of 0.5 MPa and temperature of 358 K. b
Turbulent stoichiometric iso-octane-air mixture at an initial pressure of 1
MPa and temperature of 358K, (#'=2.5mS)...c..ccooeiiiiiiiii

Hand-measurement method. ..........oooiimiiiiie e,

2.10 Positions of flame fronts relative to X and Y-axiS.......covverviiuiiinnn...

2.11

Comparison between the two methods used to obtain the flame radii.......

12

13

15

17

20

22

23

25

27



2.12

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

4.1

X1

'View of inside the combustion vessel showing spark plug, window

recess and fans

......................................................................

Pressure records for (a) methane — air and, (b) iso-octane - air mixtures,
Po= 0.5 MPa and T, = 358 K. Explosions at three equivalence ratios.......

Flame radii obtained directly and deduced from pressure for (a) methane-
air and (b) iso-octane-air mixture. pp=0. 5 MPa, T) =358 K...............

Gas velocities just ahead of the flame for (a) methane — air and (b) iso-
octane — air mixtures, at pp = 0. 5 MPa, T, = 358 K, for different
eqUIVAlENCE TAtIOS. ..ouvuintinii it

Plots of flame speed against total flame stretch for (a) methane - air and
(b) iso-octane — air mixtures at pp = 0.5 MPa, T, = 358 K, three
equivalence ratios, optical measurements....................ceeviereeiinnnn....

Burning velocities from optical and pressure measurement techniques for
(a) methane - air and (b) iso-octane — air mixtures at pp= 0.5 MPa and T
=358K. ¢ =08, 1.0and 1.2. ....coriiriiiiiii e

Variations of laminar burning velocities with pressure during isentropic
compression for stoichiometric methane and iso-octane mixtures at py =
0.5MPa, Tp =358 K.oonrrieii e

Cellular flame image for stoichiometric methane-air mixture, at initial
pressure of 0.5 MPa and temperature of 358 K, 31.73 ms, from ignition...

Cellular flame image for stoichiometric iso-octane - air mixture, at initial
pressure of 0.5 MPa and temperature of 358 K, 25.48 ms, from
17541115 (o) | D P

Pressure records for turbulent iso-octane — air flames, ¢= 1.5, p, = 0.25
MPa, 7, =358 K, %' INI/S....neineintiieiiee et

Burning velocities against time for iso-octane — air flames at ¢ = 1.5, pp =
0.25 MPa, T) = 358 K, at different values of u' in m/s, using pressure
measurements Eq. 3.22. X indicates when the flame reaches the fans......

Flame radius against time for iso-octane — air flames at ¢ = 1.5, pp = 0.25
MPa, T, = 358 K, at different values of #’ in m/s. Pressure measurements,

Gas velocities for iso-octane — air flames at ¢= 1.5, pp = 0.25 MPa, T) =
358 K at different values of u' in m/s, using Eq. 3.12. X indicates when
the flame reachesthe fans..................oooii i

Derivation of volume of @ Cusp. .........oovviiiiiiiiiii

28

35

36

37

40

42

43

44

44

45

46

46

49



4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

5.1

5.2

53

5.4

Xii

‘Burned gas contained in two cusps, volume (@and b)........................ 50
Derivation of flame front area. ................cocooiiiiiiiiiiiiieieen, 52
Volume of window recess and volume occupied by fans..................... 53

Normalized rms flame front radii for twin imploding laminar flames, for
iso-octane — air mixture, ¢=1,p,=1 MPa, T,=358 K....................... 57

Normalized rms flame front radii for twin imploding laminar flames, for
methane — air mixture, ¢=1, p,=0.1 MPa, 7,=298K.............cceee..e 57

Normalized rms flame front radii for twin imploding turbulent flames,
for iso-octane — mixture, ¢= 1.4, p, = 0.5 MPa, T, = 358 K, ' = 0.25
0074 TP 58

Normalized rms flame front radii for twin imploding turbulent flames for
iso-octane — mixture, ¢= 1.4, p,=0.5MPa, T,=358 K, ' = 1 m/s......... 58

Normalized rms flame front radii for twin imploding turbulent flames for
iso-octane — air mixture, ¢ = 1.4, p, = 0.5 MPa, T, = 358 K, o' = 3

Variation of ¥, with mean normalized radius for initially laminar flames

of stoichiometric iso-octane — air, at different initial pressures and an
initial temperature of 358 K..... ..ot 60

Variations of burning velocity with time from ignition for iso-octane

mixture, ¢= 0.8, p,= 0.5 MPa, T, = 358 K, using Eqs. (4.14) and (4.19).
Broken curves: no allowance fOor V. ...vvviiiiiiiiiiii e 61

Variation of ¥, with mean radius in turbulent flames for different values

of u' (m/s), po=0.75MPa, T, =358 K. ..o 62
Flame front correction for turbulent conditions...................oooiiiii 63
Flame area correction chart for turbulent conditions, Full lines giver .... 67
Photographic image of a cellular rich propane/air/nitrogen flame........... 68
Schematic mechanism of diffusional-thermal cellular instability............ 69

Theoretical wave number, #, at limits of stability for different May,, as a
function of Peclet NUMDET. ... ...ooiriiiie i 72

Instability peninsula, with limiting wave numbers fns and n;. The critical,
cellular. Peclet number, Pe, is at the tip of the peninsula..................... 73



Xiii

6.1 ‘Iso-octane — air implosion, ¢= 0.8, p, = 0.5 MPa, T, =358 K.............. 88
6.2 .Iso-octane — air implosion, $=0.8, p,=1 MPa, T,=358 K. ............... 89
6.3 Iso-octane — air implosion, ¢= 0.9, p, = 0.5 MPa, T, =358 K. ............. 90
6.4 Iso-octane — air implosion, ¢=0.9, p,=1 MPa, T, =358 K. ...rrrrooo..... 91
6.5 Iso-octane — air implosion, ¢=1, p,= 0.5 MPa, T, =358 K. ................ 92
6.6 Iso-octane — air implosion, ¢=1,p,=1MPa, T,=358 K. .................. 93
6.7 Iso-octane — air implosion, ¢= 1.1, p,=0.5 MPa, 7,=358 K. ............. 94
6.8 Iso-octane — air implosion, ¢=1.1, p,=1MPa, T, =358 K. ............... 95
6.9 Iso-octane — air implosion, ¢=1.2, p,= 0.5 MPa, T,=358 K............... 96
6.10 Iso-octane — air implosion, ¢=1.2, p,=1MPa, T,=358 K. ............... 97
6.11 TIso-octane — air implosion, ¢= 1.3, p,= 0.5 MPa, T,=358 K. ............. 98
6.12  Iso-octane — air implosion, ¢= 1.3, p, =1 MPa, T, =358 K. ............... 99
6.13 Iso-octane — air implosion, ¢=1.4, p,=0.5 MPa, T, =358 K. ............. 100
6.14 Iso-octane — air implosion, §=1.4, p,=1 MPa, T,=358 K. ............... 101
6.15 Iso-octane — air implosion, ¢= 1.5, p,=0.5 MPa, T,=358 K. ............. 102
6.16 Iso-octane — air implosion, ¢=1.5, p, =1 MPa, T,=358 K. ............... 103
6.17 Iso-octane — air implosion, ¢=1.6, p, = 0.5 MPa, T,=358 K. .............. 104
6.18 Iso-octane — air implosion, ¢=1.6,p,=1 MPa, T,=358 K. ............... 105
6.19 Iso-octane — air implosion, ¢= 1, p, =0.75 MPa, T, =358 K. .............. 106
6.20 Iso-octane — air implosion, ¢= 1.4, p,=0.75 MPa, T, =358 K. ............ 107
6.21 Methane — air implosion, ¢=1, p,=0.1 MPa, T,=298 K. ................ 108
6.22 Methane — air implosion, ¢=1, p,=0.5MPa, T,=358 K. .................. 109
6.23 Hydrogen — air implosion, ¢=0.3, p, = 0.5 MPa, T, =358 K............... 110
6.24 Hydrogen — air implosion, ¢= 0.4, p,=0.5 MPa, T, =358 K............... 111



6.25

6.26

6.27

6.28

6.29

6.30

6.31

6.32

6.33

6.34

6.35

Xiv

‘Hydrogen — air implosion, ¢= 0.5, p, = 0.5 MPa, T, =358 K...............

Schlieren images of the two kemnels close to making contact of
stoichiometric CHs-air initially at 0.1 MPa and 298 K, (p = 0.37 MPa, T
=430 K, £ =104.86 MS)....uiueririniie e,

Symbols: experimental values of u, from two explosions of
stoichiometric CHy-air initially at 0.1 MPa and 298 K. Broken curve,

values of u, from Gu et al. (2000), full line curve, predicted unstable
bUMING VEIOCIHES, Up. «oonnveneeeee e e

Symbols: experimental values of u, from two implosions of
stoichiometric iso-octane-air initially at 0.5 MPa and 358 K, (upper

symbols). Lower symbols show values of u, predicted from these
compared with values from Bradley et al. (1998) (broken curve)...........

Symbols: experimental values of u, from two implosions of of lean (¢ =
0.8) iso-octane-air initially at 0.5 MPa and 358 K, (upper symbols).

Lower symbols show values of u, predicted from these, compared with
values from Bradley ef al. (1998) (brokencurve)..............................

Experimental values of #,, from two implosions of (a) lean (¢ = 0.8) iso-

octane-air initially at 1.0 MPa, (b) for stoichiometric iso-octane initially
1.0 MPa, both at initial temperature of 358 K (upper symbols). Lower

symbols show values of u, predicted from these...............................

Experimental values of u, from two implosions of lean (¢ = 0.9) iso-
octane-air initially at (a) 0.5 MPa, (b) 1 MPa and 358 K (upper symbols).

Lower symbols show values of u, predicted from these.......................

Experimental values of u, from two implosions of rich (¢ = 1.1) iso-
octane-air initially at (a) 0.5 MPa, (b) 1 MPa and 358 K (upper symbols).
Lower symbols show values of u, predicted from these.......................

Experimental values of u, from two implosions of rich (¢ = 1.2) iso-
octane-air initially at (a) 0.5 MPa, (b) 1 MPa and 358 K (upper symbols).
Lower symbols show values of u, predicted from these.......................

Experimental values of u, from two implosions of rich (¢ = 1.3) iso-
octane-air initially at (a) 0.5 MPa, (b) 1 MPa and 358 K (upper symbols).

Lower symbols show values of u, predicted from these.......................

Experimental values of u, from two implosions of rich (¢ = 1.4) iso-
octane-air initially at (a) 0.5 MPa, (b) 1 MPa and 358 K (upper symbols).

Lower symbols show values of u, predicted from these.......................

81

82

84

85

113

114

115

116

117



7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14

7.15

7.16

7.17

7.18

7.19

7.20

7.21

7.22

7.23

7.24

XV

'Iso-octane - air implosion, ¢= 1, p, = 0.5 MPa, To =358 K, u’'=0.25.....
Iso-octane - air implosion, ¢= 1, p, = 0.5 MPa, To =358 K, «’'= 0.50.....
Iso-octane - air implosion, ¢=1, p, = 0.5 MPa, To =358 K, u'=0.75.....

Iso-octane - air implosion, ¢=1, p, = 0.5 MPa, To=358 K, #'=1.0.......

Iso-octane - air implosion, ¢=1, p, = 0.5 MPa, To=358 K, u'=2.0.......
Iso-octane - air implosion, ¢ =1, p, = 0.5 MPa, To=358 K, u'=3.0.......
Iso-octane - air implosion, ¢ = 1.4, p,= 0.5 MPa, To=358 K, "= 0.25...
Iso-octane - air implosion, ¢ = 1.4, p, = 0.5 MPa, To =358 K, "= 0.50...
Iso-octane - air implosion, ¢=1.4, p, = 0.5 MPa, To =358 K, u'=0.75...
Iso-octane - air implosion, ¢= 1.4, p, = 0.5 MPa, To=358 K, u'=1.0....
Iso-octane - air implosion, ¢= 1.4, p, = 0.5 MPa, To =358 K, u'= 2.0....

Iso-octane - air implosion, ¢= 1.4, p, = 0.5 MPa, To =358 K, #'=3.0....

Iso-octane - air implosion, ¢ =1, p,=0.75 MPa, T, =358 K, u'=0.25....
Iso-octane - air implosion, ¢=1, p, = 0.75 MPa, T, =358 K, u'= 0.50....
[so-octane - air implosion, ¢=1, p, = 0.75 MPa, T, =358 K, u'=0.75....
[so-octane - air implosion, ¢= 1, p, = 0.75 MPa, T, =358 K, u'=1.0......
[so-octane - air implosion, ¢=1, p, =0.75 MPa, T, = 358 K, u'=20....
Iso-octane - air implosion, ¢= 1, p, = 0.75 MPa, T, = 358 K, u'=3.0.....
Iso-octane - air implosion, ¢= 1.4, p, = 0.75 MPa, T, = 358K, u'=0.25..
Iso-octane - air implosion, ¢= 1.4, p, = 0.75 MPa, T, = 358 K, u'=0.50..
[so-octane - air implosion, ¢= 1.4, p,=0.75 MPa, T, =358 K, u'=0.75..
Iso-octane - air implosion, ¢= 1.4, p, = 0.75 MPa, T, =358 K, u’=1.0...
[so-octane - air implosion, ¢= 1.4, p,=0.75 MPa, T, = 358 K, u'=2.0...

Iso-octane - air implosion, ¢= 1.4, p,=0.75 MPa, T, =358 K, u'=3.0...

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152



XVi

725 \Iso-octane - air implosion, ¢= 1, p, = 1 MPa, T, = 358 K,u'=0.25........ 153
7.26 Iso-octane - air implosion, ¢=1, p,=1MPa, T, =358 K, u'= 0.50........ 154
7.27 Iso-octane - air implosion, ¢$=1,po=1MPa, T,=358K, u'=0.75........ 155
7.28 Iso-octane - air implosion, ¢= 1,pob=1MPa, T,=358K, u'=1.0......... 156
7.29  Iso-octane - air implosion, ¢= 1, p, = 1 MPa, T, = 358 K,u'=20......... 157
7.30  Iso-octane - air implosion, ¢=1, p,=1MPa, 7, =358 K, u'=3.0......... 158
7.31 Iso-octane - air implosion, ¢= 1.4, p,=1 MPa, T, =358 K, u’'=0.25...... 159
7.32  Iso-octane - air implosion, ¢= 1.4, p,=1MPa, T, =358 K, u'=0.50..... 160
7.33  Iso-octane - air implosion, ¢= 1.4, p, =1 MPa, T, =358 K, u'=0.75...... 161
7.34  Iso-octane - air implosion, ¢= 1.4, p,=1 MPa, T,=358 K, u'=1.0....... 162
7.35 Iso-octane - air implosion, ¢= 1.4, p,=1 MPa, T, =358 K, u'=2.0....... 163
7.36 Iso-octane - air implosion, ¢= 1.4, p,=1 MPa, T, =358 K, u'=3.0....... 164

7.37 Hydrogen - air implosion, ¢= 0.3, p, = 0.5 MPa, T, =358 K, u'=0.25... 165
7.38 Hydrogen - air implosion, ¢= 0.3, p,= 0.5 MPa, T,=358 K, u'=0.50... 166
7.39 Hydrogen - air implosion, ¢=0.3, p,=0.5 MPa, T,=358 K, u'=0.75... 167
7.40 Hydrogen - air implosion, ¢ = 0.3, p,=0.5 MPa, T,=358 K, u’'=1.0..... 168
7.41 Hydrogen - air implosion, ¢ = 0.3, p,=0.5 MPa, T,=358 K, u’'=2.0..... 169
7.42 Hydrogen - air implosion, ¢ = 0.3, p, = 0.5 MPa, T,=358 K, #’=0.25... 170
7.43 Hydrogen - air implosion, ¢ = 0.3, p, = 0.5 MPa, T, =358 K, u'=0.50... 171
7.44 Hydrogen - air implosion, ¢=0.3, p, = 0.5 MPa, T,=358 K, u'=0.75... 172
7.45 Hydrogen - air implosion, ¢=0.3, p, = 0.5 MPa, T, =358 K, u'=1.0..... 173
7.46 Hydrogen - air implosion, ¢=0.3, p, = 0.5 MPa, T,=358 K, u'=2.0..... 174

7.47 Schlieren image of the two kernels close to making contact of lean (¢ =
0.3) H-air initially at 0.5 MPaand 358 K, u'=1m/s......................... 122



7.48

7.49

7.50

7.51

7.52

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

Xvii
'Development of effective rms turbulent velocity (Hag, 1998). ..............

Temporal development of u'%/u’, in iso-octane —air mixture, ¢=1.0and ¢
=14

..................................................................................

Corrected values of u, for iso-octane - air implosions, (a) ¢ =1 (b) ¢ =
14, at p, =0.5MPa, T, =358 Koo,

Corrected values of #, for iso-octane - air implosions, (a) ¢=1 (b) =
14,atp, =1 MPa, T, =358 K. ..o,

Corrected values of u, for hydrogen - air implosions, (a) ¢= 0.3, (b) ¢ =
0.4,at po=0.5MPa, T, =358 K........ooooiiiiiiii

Values of u, derived from three different methods for stoichiometric iso-
octane-air mixture (filled symbols) and methane — air mixture (open
symbols), at p, = 0.5 MPa and T, = 358 K. Triangle symbols indicate
double kernel values............cooiiiiiiiiii

Values of u, derived from twin kernel measurements for different values
of u, for iso-octane-air. Initial conditions 0.5 MPaand 358 K...............

Values of u, derived from twin kernel measurements for different values
of ¢ for iso-octane-air. Initial conditions 1.0 MPa and 358 K................

Variations of u,, F' and u, with equivalence ratio at 2.0 MPa and 427 K.
Iso-octane-air, initial conditions 1.0 MPaand 358 K..........................

Laminar burning velocity at two different pressures and temperatures in
isentropic compression from 0.5 MPa and 358 K. Pressures in MPa
followed by temperature. Topmost curve are values from Davis and Law,
(1998) under atmospheric conditions..............cccoeeviiiiiiiiiniinina.

Laminar burning velocity at five different pressures and temperatures in
isentropic compression from 1.0 MPa and 358 K. Pressures in MPa

followed by temperature. .............ocoeviiiiiiiiiiiiii

Experimental values of u, from two implosions of lean hydrogen-air
initially at 0.5 MPa and 358 K, (a) ¢= 0.3, (b) ¢=0.4 and (c) ¢=0.5

(upper symbols). Lower symbols show values of u, predicted from these,
compared with computed values from Verhelsts ef al., (2004) (broken

Experimental values of u, from one implosion of rich (¢ = 1.5) iso-
octane - air initially at 0.5 MPa, and 358 K (upper symbols). Lower

symbols show apparent values of u, derived from these......................

124

125

126

127

128

176

178

179

180

181

181

182



XVviii

8.9 ‘Ignition delay times for stoichiometic n-heptane mixtures at different

8.10

8.11

8.12

8.13

8.14

8.15

8.16

8.17

8.18

8.19

pressures, Peters ef al. (2002).........ouiuiiiinis e,

Integral values, i, for laminar iso-octane flame, ¢ =15p,=1MPa, T,=
358 K at the appropriate p and T and u, values for which measurements
were made

...........................................................................

Integral values, /, for laminar iso-octane flame, ¢ = 1.6, Po=1MPa, T,=
358 K at the appropriate p, T and u, values for which measurements were

Normalized u, against X for iso-octane-air mixture at different pressures
and temperatures. (a) ¢= 1.0, (b) ¢=1.4, at p,= 0.5 MPa, T, =358 K....

Normalized u, against X for iso-octane - air mixture at different pressures
and temperatures. (a) ¢= 1.0, (b) =14, atp,= 1.0 MPa, T, =358 K.....

Normalized u, against K for hydrogen - air mixture at different pressures
and temperatures. (a) ¢=0.3, (b) ¢=0.4, at p,=0.5 MPa, T, =358 K.....

Normalized u, against K for iso-octane - air mixture at different pressures
and temperatures. (a) ¢= 1.0, (b) ¢=1.4, at p,= 0.5 MPa, T, = 358 K......

Normalized u, against K for iso-octane - air mixture at different pressures
and temperatures. (a) ¢= 1.0, (b) §=1.4, at p,= 1.0 MPa, T, =358 K......

Normalized u, against K for hydrogn - air mixture at different pressures
and temperatures. (a) ¢= 0.3, (b) ¢= 0.4, at p,= 0.5 MPa, T,,= 358 K.....

Variation of U with Ma,, for K=0.025 and 0.15 (filled symbol).............

Values of U at 1.0 and 2.0 MPa. aandc, ¢ =1.0; bandd, ¢ = 1.4.

Symbols, measured values from the present work; dotted curve, Bradley
et al. (1992); bold curves, flamelet instability theory, (Sedaghat)...........

185

185

186

187

188

189

191

192

193

194



N

~-

T T T S & T o RS Y - VR S

Ly
LC} LS: LCF, Lsr

Le
Ma. Ma, Ma,,, Ma,,

my

Rl

Aer

X1X

Nomenclature

flame area

volume of burned gas contained in the upper cusp
flame area associated with flame radius 7,
enhancement burned volume factor

volume of burned gas contained in the lower cusp
thermal diffusivity

fractal dimension

instability lag factor for wave number

burning velocity enhancement factor

cusp height in Eq. 4.3

Karlovitz stretch factor

integral length scale

burned gas Markstein length

Markstein lengths, (L., L;, associated with curvature and
strain respectively for stretched laminar burning velocity,
L., L, associated with curvature and strain respectively
for stretched mass burning velocity).

Lewis number

Markstein numbers, (Ma., Ma,, associated with curvature
and strain respectively for stretched laminar burning
velocity, Ma,.,, May associated with curvature and strain
respectively for stretched mass burning velocity).

mass of burned gas

mass of unburned gas

experimental wave number of large unstable cells
theoretical wave number

unstable wave number at, n;, at Pe,;

critical unstable wave number at Pe.,

wave number at longest unstable wavelength

experimental wave number of small unstable cells

wave number at shortest unstable wavelength



XX

pressure

end pressure

Peclet number

second (cellular) critical Peclet number -
first critical Peclet number

Initial pressure

explosion vessel radius

mean radius

r.m.s values for mean radius, r

Reynolds number for Taylor scale (R; = 4R,%)
bottom flame radius

tope flame radius

flame radius

Reynolds number (R, =u'L/v)

arbitrary flame radius at 1 = 0

schlieren flame front radius

cold flame radius defined in equation (3.28)
flame radius centered outside the vessel wall
flame speed factor

stretched flame speed

unstretched flame speed

burning velocity

time from ignition

initial temperature

unburmed gas temperature

r.m.s turbulent velocity

gas velocity ahead of the flame

effective r.m.s turbulent burning velocity
unstretched laminar burning velocity
stretched laminar burning velocity
corrected turbulent burning velocity
uncorrected turbulent burning velocity

volume of combustion vessel



Greek Symbols

As

™

Ph
Plu

(T, p)

S

-

Q R

XX1

residual volume of unburned gas
net volume of residual unburned gas in turbulent flame

net volume of residual unburned gas in laminar flame

volume of unburned gas in turbulent explosion

volume of unburned gas in laminar explosion

normalized residual volume of unburned gas

wave number for a localized cell

Kolmogorov scale

flame stretch rate

stretch rate due to flame curvature

stretch rate due to flame strain

laminar flame thickness

thickness of a segment of the cusp defined in Fig. 4.1
equivalence ratio

burned gas density

unburned gas density

ratio of specific heats

Taylor turbulent length scale

kinematic viscosity

ignition delay time at the instantaneous value of 7"and p
angle by which the extent of the cusp is defined in Fig 4.1
defined angle in Fig. 4.1

defined angle in Fig. 4.13

defined angle in Fig. 4.13



Chapter 1

Introduction

1.1 General

The study of combustion and its control is ultimately important and even essential for
modern civilisation. Throughout the world, combustion still provides more than 95% of
the energy consumed. Fuels for practical combustion can be stored conveniently and
their energy is readily released. This is particularly so for the fuels used in
transportation (Griffiths and Barnard, 1995). Most of the researches in this field analyse
fundamental aspects such as ignition, burn rate, decomposition of mixtures, stretch
effects on flame propagation, and other parameters. Yet our understanding is still
incomplete. According to Webster’s Dictionary, (Turns 1996) combustion is a “rapid
oxidation generating heat, or both light and heat; also, slow oxidation accompanied by
relatively little heat and no light”. Others define it as the interaction of chemical
reactions, which occur between the fuel and oxidant (normally air), involving transport

processes and fluid motion, (Griffiths and Barnard, 1995).

The propagation of a reaction front takes two major forms. Deflagration involves the
molecular transport processes of conduction and diffusion of species and a
comparatively thin reaction zone. There are large temperature and species concentration
gradients and the flame may be laminar or turbulent. The second form is autoignitive.
Here, most of the mixture ignites after the autoignition delay time has elapsed and
molecular transport processes are less important. In this form a shock wave may be
created that generates temperatures and pressures sufficient for rapid chemical reaction.
The shock and reaction fronts then move in tandem as a detonation front. The main

physical — chemical parameter for deflagration is the laminar burning velocity: that for

autoignition is the ignition delay time.

In practice, most of the chemical reactions that occur in flames do so in the gaseous
phase. All flames can be classified as either premixed or non-premixed. In premixed

flames the fuel and oxidant are mixed prior to the combustion, whereas in non-premixed



flames mixing takes place close to the reaction zone. Flames can also be either laminar
or turbulent. For intensive burning in power systems the combustion is usually
turbulent. If the fuel is not completely vaporised or devolatilised before entering the
reaction zone, then combustion is two phased. The focus in this study is on premixed

gaseous combustion in both laminar and turbulent flames.

1.2 Laminar Flames

This type of flame occurs in residential and some commercial heating systems. It is
important to study laminar flames not only for this reason but also to help our basic
understanding of combustion, including turbulent combustion. In flamelet modelling it
is often assumed that a turbulent flame is an array of laminar flames (Peters 2000).
Mallard and Le Chatelier, (1883), were the first to develop a coherent picture of laminar
flame structure. They proposed that the back-propagation of heat from the hot gas to the
cold on-coming mixture was a controlling mechanism in flame propagation. They
identified two zones separated at the point where the second zone ignites. However, this
early thermal theory presented some difficulties, as it required the concept of an ignition

temperature, a difficult parameter to identify or measure.

Later research led to better understanding of the molecular transport pressures, chain
reactions and heat release rates, particularly in the theory of Zeldovich and Frank-
Kamenetskii (1938). Zeldovich (1959) in his classical paper allowed for conduction,
species diffusion and chemical reaction and obtained a reliable expression for the
laminar burning velocity. The chemistry became more complex with the growing

understanding of chain reactions, as a result of the seminal studies of Semenov and

Hinshelwood.

The present understanding of the laminar flame structure is demonstrated in Fig. 1.1
(Griffiths and Barnard, 1995). The temperature profile is divided into four zones: cold
reactants, preflame, reaction and products. The temperature increases initially by
conduction, from the initial to the final state. Such a one dimensional flame, for given

conditions. will have a unique value of the laminar burning velocity.



1.3 Laminar Burning Velocities

The burning velocity is influenced by the chemical kinetics of the chain reactions,
diffusion coefficients of species and thermal conductivity. It is dependent on the

pressure, temperature and mixture. It is defined as the relative velocity of the unburned
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Fig. 1.1. Concentration and temperature profiles associated with one-dimensional,

premixed adiabatic flame (Griffiths and Barnard, 1995).

gas, relative to and into a planar, one-dimensional flame along the normal to its surface.
Its value has been studied for over a century, and yet there is still a lack of consensus
both as to the most effective method for its measurement and the reliability of the
published data. The different experimental methods of measuring it have been reviewed
by Andrews and Bradley (1972), and Rallis and Garforth (1980). There are two
categories for measurements, involving burner and explosion bomb methods. Burner
methods have evolved, so that at the present time one of the most accurate methods
involves two opposed counterflow bumners with unburned gas velocities into the planar
flame measured by laser Doppler velocimetry. A particular advantage of this technique

is that it also enables the flame stretch rate (see Section 1.4) to be adjusted and



measured (Wu and Law, 1984, Yamaoka and Tsuji, 1984, Law, 1988, Law and Sung,
2000).

With regard to explosion methods, Mallard and Le Chatelier, (1883), showed that, a
cylindrical tube closed at one end with ignition at the other, open end was probably the
best method for achieving a constant flame speed over a distance sufficient to measure
the laminar burning velocity. Thereafter, the flame developed oscillations especially
with lean methane, hydrogen and rich hydrocarbon mixtures with air, and then assumed
a cellular structure with an enhanced flame speed (Guénoche, 1964). Guénoche and
Laffitte (1946) reduced the effects of potential acoustic oscillation by fitting an orifice
to vent the burned gas at the open end of the tube. The vertical open tube method
became a strongly recommended one for measuring burning velocity (Combourieu,

1961 and Laffitte, 1961).

The most common explosion method is to employ spherical explosion kernels with
central ignition (Lewis and von Elbe, 1987). Some of the different techniques based on
this are described in Chapter 3.5. Many experimental studies have been conducted to
investigate spherical flames under a variety of conditions. This method has many
advantages over others. Small quantities of combustible mixture are required, pressure,
temperature and mixture composition are controllable over wide ranges, there are no
surface interaction effects and the heat loss is negligible. The double kernel method
introduced by Raezer and Olsen (1962) involved measuring the closing velocity
between two explosion kernels. It has also been used by Andrews and Bradley (1972),
Abdel-Gayed et al. (1984) and Koroll ef al. (1993) to obtain, by direct measurements,

the laminar burning velocity at the limit where the two kernels merge.

Another flame kernel method was developed by Dery (1949), and used by Bolz (1955)
and Burlage (1960). They measured the flame radius from an equivalent sphere for the
flame area as a flame kernel was carried downstream in a laminar combustible gas
stream. The burning velocity was found from knowledge of the unburned / burned gas
density ratio determined from thermo-chemical calculations. This method has the
advantage of eliminating the effects of spark electrodes but produces a rather complex
flame—front shape since the kernel is not spherical. Burning velocities also can be

measured by explosions within a soap-bubble (Stevens, 1929 and 1932 ), a method



developed further by Fiock and Roeder (1935), and Linnett er al. (1951). A
disadvantage of this method is that if water—based soap solutions are used, dry mixtures

cannot be tested, (Rallis and Garforth, 1980, Simon and Wong, 1954).

1.4 Effects of Flame Stretch on Burning Velocities Predictions

In recent years the understanding of how flame stretch affects the laminar burning
velocity has been consolidated. Bradley (2000), following Andrews and Bradley (1972),
plotted the various measured values of maximum burning velocities against the year of
publication in the literature for methane-air mixtures and this plot is reproduced in Fig.
1.2. The flame stretch rate can be complex and be a combination of curvature and strain
rate effects. In dimensionless terms the effect of flame stretch rate on the laminar

burning velocity, u,, has been given as (Bradley ef al., 1992 and Bradley et al., 1996):

U, —u,

- K,Ma (1.1)
u,

where K, is the laminar Karlovitch stretch factor. For a positive Markstein number, Ma,
an increase in stretch rate reduces the stretched burning velocity, u,, below u,. This is
described in detail in Chapter 3.5. Both counterflow burners and spherical explosions

have yielded, not only values of u, but also of Markstein numbers.

On Fig. 1.2 the method of measurement employed for each point in the plot is identified
either in Andrews and Bradley (1972) or in Bradley (2000). It can be seen that in the
last decade the scatter between results has been reduced, principally due to the
recognition of the importance of allowing for the effects of the flame stretch rate. It is

interesting to note the consistency of results from the open tube method of

measurement.
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1.5 Instabilities

The flame instabilities observed by Guénoche (1946) were the results of low values of
K, and Ma and it is shown in Chapter 5 how thermo-diffusive instabilities can arise
under these conditions. In addition, and predating them in terms of our understanding,
hydrodynamic instabilities can arise at a reaction front ( Darrieus, 1938, Landau, 1944).
The generation of instabilities is favoured by large flames and high pressures. Figure 1.3
shows two different outwardly propagating flames, one stable (a, lean butane/air.
mixture), the other unstable (b, lean hydrogen/air mixture), (Law et.al., 2000). The
ensuing flame wrinkling can cause appreciable increases in the burning velocity. This is

particularly marked for negative values of Ma.

Fig. 1.3. Photographic images of: (a) stable lean butane/air flame, and (b) unstable lean
hydrogen/air flame (Law et al., 2000).

Such explosive flames propagate instabilities, in the form of cells and ridges and these
develop over an increasing range of wavelengths. Basic understanding of the
development of instabilities in explosion flames has advanced in recent years as a result
of experimental studies, (Groff, 1982, Kwon et al. 1992, Bradley et al. 1998. Gu et al.
2000), and theoretical studies, (Bechtold and Matallon 1987, Bradley 1999, Addabbo et
al. 2003). Some of these have shown that laminar spherical explosion flames are

unstable above a critical Peclet number (the flame radius, 7, normalised by the flame



thickness) that depends upon Ma. The burning velocity continues to increases with an
increase in the flame wrinkling. Once the flame becomes unstable it is difficult to
determine the key physico-chemical parameter, the laminar burning velocity. The
present work addresses this problem and reports a detailed experimental study of these

influences, using a modified version of the laminar instability theory of Bechtold and

Matalon (1987).

Large values of Pe can arise in large atmospheric explosions. They also can arise at
higher pressures, such as occur in engines, due to the smaller flame thickness. A higher
pressure also decreases May,, (Bradley et al. 1998, Gu et al 2000, Bradley et al. 1996,
and Aung et al 2002). The associated instabilities create a continually increasing
burning velocity and early tentative estimates of the magnitudes of this, due to increases

in both flame radius and pressure were given by Bradley ef al., (2000).

1.6 The Twin Kernel Explosion (Implosion) Technique

Large flame kernels with high pressures and negative Markstein numbers increase
instabilities. Spherical bomb explosions, with central ignition have been widely
employed to measure burning velocities and Markstein numbers of gaseous mixtures
and sprays and observe the early stages of instabilities. The provision of strong
windows facilitates such observations. Unfortunately, these central observations are not
at the highest pressure and the flame moves out of the field of view as the pressure
increases and the safe working pressure of the vessel must be designed to be much
greater than the pressure at which measurements are made. The Princeton group (Tse ef
al., 2000), has overcome this difficulty by employing two concentric cylinders, an inner
one containing the combustible mixture with an annulus between them that is filled with
inert gas at the same pressure. Just prior to ignition an encasing sleeve of the inner
cylinder is moved to align holes that then connect the inner vessel and annulus. By this
means the flame is quenched in the annulus after initial propagation in the inner vessel

at the initial pressure, close to the maximum value.

An alternative approach would be to implode the mixture after ignition over the entire

spherical wall of the bomb and make measurements in the final high-pressure stage



through central windows. Although spherical implosions have been modelled
mathematically (Bradley et al., 1996), they are impractical. As an alternative, in the
course of the present studies a technique was developed that utilised two inwardly
propagating flame kernels. Spark ignition occurred at diametrical opposite points at the
wall of a spherical bomb and the two flame fronts met at the centre of the bomb where
flame fronts could be observed. In this way, burning velocities were measured closer to
the maximum pressure, rather than earlier at low pressure. This and the relatively large
flame kernels were conducive to the development of flame instabilities and increased
flame wrinkling. This resulted in increased measured burning velocities, compared with
those in the absence of instabilities. With the emphasis on unstable flames, this method
was advantageous in that Peclet numbers were maximised and stretch rate minimized by

large flame radii and small flame thickness.

1.7 Turbulent Flames

Most practical flames are turbulent. By wrinkling the flame, turbulence increases the
rate of volumetric heat release in combustion chambers of all types. Recent
experimental and theoretical studies of turbulent combustion are reported in Peters
(2000). However, most fundamental studies of turbulent flame propagation have been at
atmospheric pressure whereas, in practice, reciprocating engines and gas turbines
operate at elevated pressures in the region of 4 MPa. Consequently, there are few

accurate data on turbulent and laminar burning velocities at these pressures.

Bradley et al. (1992) attempted to generalise results of 1650 diverse measurements of

turbulent burning velocity, u,, from a variety of sources with the expression:

% ~1.01(KLe)™*? (1.2)
Uy

u') 1 u'L
=0.25| — and R, =
where K [ ) RS 5

u,
here, u'; is the effective rms velocity, Le the Lewis number, L the integral length scale, v

the kinematic viscosity and K the turbulent Karlovitz stretch factor. This expression
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attempts to allow for flame stretch rate effects. Another expression is that of Giilder
(1991):

0.5
u~’,= u—f +0.62 (u—‘) R (1.3)

u [Z) [7)

Uniquely, Kobayashi and his group (Kobayashi et al., 1996) have measured turbulent
burning velocities on a burner at pressures of up to 3 MPa. These measurements
suggested significant enhancement in turbulent burning velocities over the values
obtained from correlations predominantly derived for atmospheric pressure. That this
enhancement might be attributed to Darieus-Landau and thermo-diffusive instabilities in
the laminar flamelets has been confirmed by planar laser-induced fluorescence images
of flame wrinkling, Kobayashi and Kawazoe, (2000). There is a growing realisation that
these effects are more important at high pressure in turbulent flames, particularly at low

values of the strain rate Markstein number, Ma,,, the turbulent Karlovitz stretch factor,

K, and at high values of the turbulent Reynolds number, R, (Boughanem and Trouvé,
1998, Bradley ef al., 2003). Any increased flamelet wrinkling due to instabilities would

result in a further increase in the turbulent burning velocity.

With an anticipated increase in turbulent burning velocities at high pressure due to
smaller flame thicknesses and Markstein numbers it was decided to use the two kernel
implosion technique to measure them. The bomb was equipped with four fans of
controllable speed to generate uniform, isotropic turbulence. Studies of turbulent
burning in fan-stirred bombs originated at the Institute of Chemical Physics in Moscow
(Karpov et al., 1959). This technique avoids some of the problems of continuous
combustion in high-pressure burners, but presents some other problems. The provision
of windows is essential, but with central ignition observations are limited to combustion

at, or close to, the initial pressure. This limitation is overcome with the two kernel

implosion technique.

1.8 Achievements of the Present Studies

The main findings of the work are the evaluations of laminar and turbulent burning

velocities principally of iso-octane mixtures, but also of those of H, — air and CH; — air.
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Of particular importance have been studies of the effects of high pressure and
temperature, approaching those in engines. In the case of turbulent burning velocities

one of the objectives was to ascertain the effects of high pressure and any flamelet

instabilities.

In the early studies, central ignition was employed and measurements were made with
laminar burning in the early stage of combustion (pre-pressure period and with little
increase in pressure). This was followed by measurements as the pressure increased.
These two methods are well established. The third novel technique then was developed
involving two implosions originating at spark plugs mounted near the wall. This
enabled the later stages of burning at the higher pressures to be observed and burning
velocities to be measured. It was applied in preliminary studies to both laminar and

turbulent burning velocities.

Chapter Two describes the experimental apparatus and techniques, including the
methods used to measure flames radii and the image processing. Chapter Three
describes the theories for obtaining burning velocities with the central ignition
technique, and these are applied to measure burning velocities. Chapter Four develops
the theory for the twin ignition (implosion) technique. In Chapter Five flame
instabilities in originally quiescent mixtures and their effect on burning velocities are
discussed theoretically and an expression developed for the enhancements in burning
velocity to be expected due to instabilities. Chapter Six presents the measured burning
velocities, which increase with time and, from these, derives the laminar burning
velocities at different temperatures and pressures. Chapter Seven reports the measured
turbulent burning velocities. Results are discussed in Chapter Eight and an attempt is
made to generalise the turbulent burning velocities, which are higher than those

suggested by Egs. (1.2) and (1.3). The generalisations involve the earlier deduced values
of u,, free from instabilities. Chapter Nine reports conclusions extracted from the work,

with some recommendations for future work.
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: Chapter 2

Experimental: Apparatus and Techniques

2.1 Introduction

The present work utilised existing apparatus in a novel way. Therefore, only brief
descriptions, of the apparatus are given because full descriptions are given elsewhere.
Full descriptions of the data processing techniques are given in Chapters 6 and 7. A
general arrangement of the apparatus is shown in Fig. 2.1. It consisted of an optically
accessed spherical explosion vessel instrumented with pressure transducers (Section
2.3.2), thermocouples (Section2.3.3), necessary piping and valves, and an ADC system.
Two arrangements for explosion studies were utilised. The first involved central

ignition to obtain laminar measurements at pressure up to 0.6 MPa.

Spark Location for
Twin Ignition Fuel Supply

o L L MR, S N Pt Spark Location for

i High Speed / Central Ignition

! Camera ; Y
i Lens Lens |
E \ Pressure Data [:]Ct]
: Pin hole , P & T-Gauges
e T Charge
iggeri ' Amplifier Control Room
Triggering control = :
system [gnition system (Safe Area)
i
ADC

Fig. 2.1. Schematic of the apparatus used, for central ignition, (light source: He-Ne
laser, camera: Hitachi 16 HM high-speed cine camera) and twin ignition, (light source:

20W tungsten element lamp, camera: 545-4D High-speed Phantom digital camera).
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The second technique, developed by the present author, involved two spark plugs
located diametrically opposite each other close to the vessel wall as indicated by the
chain dashed lines in Fig. 2.1 and these yielded measurements at pressure up to 6 MPa.
These experiments occurred later than the single kernel ones and, by this time,
improved equipment had become available (Section 2.5.2). Methane, iso-octane and
hydrogen premixtures were ignited at different conditions. Turbulent and laminar
flames were studied with more emphasis, than with the single kernel work, on the
effects of instabilities. Further details of each component and experimental techniques

are given in the following sections.

2.2 Explosion Vessel

The explosion vessel known as “the bomb "~ is shown in Fig. 2.2 and is fully described

in Haq (1998) and Bradley ef al. (1998). It comprised a 380 mm diameter spherical
stainless steel vessel, capable of withstanding initial pressures of up to 1.5 MPa and
initial temperatures of up to 600 K, with extensive optical access through 3 pairs of
orthogonal windows of 150 mm diameter. The vessel was equipped with four identical,
eight bladed, separately controlled, fans symmetrically disposed in a regular tetrahedron
configuration. These were driven by adjustable speed electric motors, which were
controlled by solid state variable frequency converter units, over a range from 200 to
10000 rpm (3.3 to 176 Hz). The turbulence was measured by Haq (1998) using laser

doppler velocimetry and the rms turbulent velocity, «’, was found to be given by:

u' (m/s) = 0.00119 n 2.1

where # is the fan speeds in revs per minute.

The integral length scale, L, measured by two point correlation, was 20 mm (Bradley er

al., 1996a), for all the present conditions. For laminar studies, the fans were used only

for mixing the reactants.
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2.3 Auxiliary Systems

The combustion rig was mounted with several sub-systems for ignition, mixture
preparation and diagnostic purposes. These included pressure transducers, an ignition
source, and a data collection and digitising system (PC-ADC). The laboratory was
equipped with a triggering system which synchronised the operation of such items as
the spark, PC-ADC, camera and laser systems. It also included three emergency stop

buttons, which were located in different places in the laboratory.

Fig. 2.2. Explosion vessel.

By pushing any of these buttons the fans, laser and the ignition system were turned off.

The laboratory contained a safe area located by the door. This was protected from
flying debris, which might result from an explosion vessel failure, by a steel reinforced
wall. Most controls and one of the emergency stop buttons were located in the safe area

in which all personal stayed while conducting an explosion.
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2.3.1 Ignition System

Two ignition arrangements were employed. One for the central ignition technique and
the other for the twin ignition technique. For central ignition, a standard 6.35 mm
Minimag spark plug was supported at the vessel centre by a 6mm diameter stainless
steel tube. The electrical supply was provided by 12 V transistorised automotive
ignition coil which was connected to the spark electrode assembly. Further details are
provided in Haq (1998). The average spark energy generated by this system was
estimated by Bradley ef al. (1998) to be about 23 mJ.

Top spark, SP2

Bottom spark, SP1

Coil 1

Coil 2 ! l Ignition system

Control unit
J

|
N
Eriggering switch
__J

Fig. 2.3. Twin ignition arrangement.

Shown in Fig. 2.3 is the arrangement for the twin ignition technique. Essentially, it was
the same as for the single kernel except that two coils and two spark plugs were used,
the spark plugs being located diametrically opposite each other close to the vessel wall,

and were synchronized so that ignition occurred simultaneously.
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2.3.2 'Pressure Measurement

Measurements of pressure were required at a wide range of conditions and this
necessitated the use of three types of transducer, details of which are shown in
Table 2.1. The initial unburned gas pressure was measured by a Druck PDCR 810
transducer. This was located in the air inlet pipe outside the bomb behind a valve and
was isolated from the bomb for protection purposes before the unburned mixture was
ignited. During explosions at initial pressures higher than 0.1 MPa a Kistler 701

transducer was used to record the transient pressure.

Type 701 7261 810
Measuring Range (MPa) - gauge 0-25 0-1 -0.1-1.5
Max.Pressure (MPa) - gauge 25 1.2 3
Measurements setting (MPa/volt) 0.1,1.0 0.01 - 0.1
Resonant frequency kHz > 70 13 > 28
Operating Temp. Range ° C -150 to 240 -40 to 240 -20 to 80

Table 2.1 Specifications of the Kistler 701, 7261, and 810 pressure transducers.

The main problem with the Kistler 701 transducer was the difficulty in obtaining an
accurate reading of the pressure in the first 10-15 ms during which the pressure rise was
small. This is possibly attributable to the electrical interference generated by the fans
and their a.c. motors. Therefore, for explosions at low initial pressures of up to 0.1 MPa,

a Kistler 7261 was used because of its greater sensitivity.

All pressure against time records were monitored via PC-ADC system. The raw data
were captured as voltage signals which were converted to binary format by the PC-ADC
and then converted into an ASCII output file using the computer program FAMOS
provided by Keithley Instrumentations Ltd. This voltage data was then processed to
yield the variation of pressure with time, initially by a Fortran program written by

Woolley (2001) and subsequently by an approved one, written in C++ by Wu (2003).
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2.3.3 Temperature Control and Measurement

The temperature of the premixture was measured by a sheathed K type Chromel-
Alumel thermocouple. For reactant temperatures up to 400 °C, two 2 kW electric bar
heaters, attached to the inside of the access cover of the vessel, were used to warm up
and to fine-tune the temperature of the vessel to the desired level. Temperatures above
this range were attained by a larger 6kW electric bank of heaters, located on the access
cover. The heaters were interlocked such that they would operate only while all four
fans are running. This ensured good heat distribution inside the vessel, protected the
heaters from burning out and minimised possible pre-combustion reactions associated

with hot spots.

2.4 Preparation of Mixtures

After warming the vessel to the desired temperature (358K + 5K for all mixtures ignited
at an initial pressure of 0.5, 0.75 and 0.1 MPa, and 298K +5 K for methane — air mixture

Compressor Air line

Lab air
A a
Cylinder air
St $
4 i \',\o” Y
A $
DK = < I e Sl
Aol ¢ 99 ‘7[
Air|cH,|| H /‘ B
A2 / Vacuum pump Exhaust line
~
R (RO ¢ . Control room
On / Off valve .
Pressure gauge Filter H,O trap

Control valve

Fig. 2.4. Fuel system
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at an initial pressure of 0.1 MPa), prior to filling the vessel with the mixtures, the vessel
was evacuated to a pressure of less than 0.1 MPa and flushed twice with lab air from
previous explosions to remove any residual products from previous explosions (Hag,
1998). After further evacuation, the mixture components were added, fuel first, to its
respective partial pressure and then the vessel was filled to the required initial pressure
with dry cylinder air. Shown in Fig. 2.4 is a schematic of the complete arrangement for
the fuel system used in this study. For laminar flames, the fans remained running
during the filling process for mixing purposes and then were turned off for one minute
before ignition to ensure a quiescent premixture. For turbulent flames the fans remained
running during mixture preparation, ignition and the subsequent combustion event. For

this, the speed was maintained at within + 20 rpm of that required.

2.5 Optical Arrangement for Schlieren Photography

Two different arrangements were used. For central ignition studies, which were
undertaken early in the project, the light source was a laser, and the camera was a high-
speed cine camera, as discussed in Section 2.5.1. However, by the time at which twin
ignition experiments were undertaken, a more effective schlieren photography system

had become available as discussed in Section 2.5.2.

2.5.1 Central Ignition

All the main components are illustrated in Fig. 2.1. The arrangement is the same as that
used and fully documented by Haq (1998). The light source comprised a 10 mW He-Ne
laser model 106-1, with a beam diameter of 0.65 mm and a wavelength of 632.8 nm.
The beam was expanded by an Olympus A 40 microscope onto a 150 mm diameter lens
with a focal length of 1000 mm, to produce the 150 mm diameter parallel laser beam,
which passed through the windows of the bomb. The beam was then received by
another 150 mm diameter lens and focused to the original diameter of 0.65 mm. It then
passed through a carefully positioned pinhole onto the lens of a Hitachi 16 HM high-
speed cine camera, which was operated at 6000 frames/s. Flame growth sequences were

recorded on Ilford FP4 16 mm high-speed monochrome film. Typical sequences of
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flame images are shown in Fig. 2.5. The high-speed camera was equipped with a timing
mechanism to produce a timing mark on the film at intervals of one ms. and by

measuring the distance between each timing mark, the camera framing rate was derived
Haq (1998).

2.5.2 Twin Ignition

The arrangement for this technique is shown in Fig. 2.1. A high speed, model 545-4D
Phantom digital camera with 256 megabytes integral image memory was used, at a
framing rate of 3,700 frames/s and a resolution of 256 x 256 pixels. This camera was
optically more sensitive than the Hitachi 16 HM camera, described above and produced
better quality images. Although the spatial resolution was lower than for thel6 mm film
above (2000x2000), it was quite adequate for the present work. Further, the digital
camera had the very significant advantage of producing digital images, which could be
observed immediately after an experiment. This is in marked contrast with the wet film
explained in Section 2.6.1. The light beam was generated by a 20W tungsten element
lamp source instead of the He-Ne laser. The flame growth sequences were recorded and

stored using the software that was supplied the camera.

2.6 Methods of Processing

The different techniques for data processing employed in this study, are described in
Section 2.6.1 and 2.6.2. The analysis of data obtained from the first technique is
presented in Chapter 3, and that from the twin kernel technique in Chapter 6 and 7.

2.6.1 Central Ignition

The exposed films were developed by the author in a dark room and placed in a bray
film chemical processor to produce the final flame images. All processed films were
viewed on a Vanguard back projector, which was equipped with a translucent screen
with a projection screen size of 30x50 cm (Haq, 1998). For the present work, it was

found not necessary to measure every frame because there was little variation in the



121] ms

27.5.148

12.94 ms 20.04 ms

56.83 ms 26.46ms 30.81 ms

70 ms
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flame 'image between successive frames. Instead, flame diameters were measured in
increments of 6 frames, reducing processing time and producing an effective recording
rate of 1000 fps. The flames were not perfectly circular. Therefore, the flame diameter
from each image was obtained as the average from three measurements, taken

vertically, horizontally and diagonally.

2.6.2 Twin Ignition

Since there were two inwardly propagating flames, initiated from two hidden spark
plugs mounted at the walls of the vessel, great care was required to measure accurately
the radii. Typical sequences of digital flame images for iso-octane-air and methane-air

mixtures are shown in Fig. 2.6 and Fig. 2.7. Prior to quantifying the propagation rate,

these images were pre-processed using the software ~ Adobe Photoshop *, supplied by
Adobe Systems Incorporated, to yield binary images as illustrated in Fig 2.8. Two
methods of measurement were implemented: one was a manual process using a pair of

compasses; the other was done electronically.
2.6.2.1 Hand-Based Method

This method utilized a hard copy of the binary image of the flame and a pair of

compasses to strike off the flame radius as shown in Fig. 2.9. This was repeated for each

flame image, (at each time increment). Although this method was time consuming, it
allowed for full operator control and interpretation. For the processing of laminar
flames, it served as a validation exercise to give confidence in the computer-based
procedure discussed below. However, due to uncertainties in the computer analysis of

turbulent flames (Section 2.6.2.2) this hand-based method was used to analyse all

turbulent flames.
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Fig. 2.6. Sequence of schlieren images of laminar imploding flames for different iso-

octane-air mixtures. The initial pressure was 0.5 MPa and the temperature was 358 K.
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Fig. 2.7. Sequence of schlieren images laminar implodeing flames for methane-air

mixture, ¢ = 1.0. The initial pressure was 0.1 MPa and the temperature was 298 K.



Stage one

Captured flame image,

either on film or digital

=
Stage two H
Processed binary image l

a b

Fig. 2.8. Stages of image processing. (a) Laminar stoichiometric iso-octane - air mixture
at an initial pressure of 0.5 MPa and temperature of 358 K. (b) Turbulent stoichiometric
iso-octane-air mixture at an initial pressure of 1 MPa and temperature of 358K, (u'=2.5

ms).
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Fig. 2.9. Hand-measurement method.

2.6.2.2 Computer Based method

The processed binary images were used in a Fortran program, “Edge ', developed by
Kitagawa and Woolley (2003), to yield the X and Y coordinates for the flame front (and
a portion of the edge of the vessel window), as shown in Fig. 2.10. From these, the
program calculated the mean flame radius for each flame in each image. The outputs

were two files containing radius against time information for each flame. Sample
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calculations, program output and a brief description of the evaluation method are shown

in Appendix A.

The outcomes of the hand and computer methods were compared to check their
agreement for laminar flames as shown in Fig. 2.11. Results indicated that the averaged
difference between the two methods is less than 1%. However, agreement was not so
good for turbulent flames. Therefore, all turbulent flames in this work were treated
using the hand-based method since considerable care was required due to their complex
shape. For this the appropriate flame radius was taken to be that of sphere such that, on
the 2D schlieren image, the area of unburned gas outside the sphere was equal to that

within it. More details are given in Haq (1998).

Fig. 2.10. Positions of flame fronts relative to X and Y-axis.
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Fig. 2.11. Comparison between the hand and computer methods used to obtain the radii

of twin laminar flames.

2.7 Thermodynamic Properties

For single kernel experiments, all measurements were made during the pre-pressure
period. Hence, thermodynamic properties of the reactants were assumed to be constant.
However, this was not so for twin kernel measurements. The analysis of twin flames
(Chapter 6 and 7) required knowledge of the thermodynamic properties of the unburned
gas during flame development. During this period, the pressure and temperature were
changing and hence, so were other unburned gas properties such as, gas density, p,, gas
temperature, 73, specific heat ratio, y, and kinematic viscosity, v. A computer

program, GASEQ. developed by Morley (2001) was used to obtain these values.
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2.8 Practical Considerations — Geometrical Complexity

The combustion vessel is equipped with internal accessories such as fans, windows,
ignition sparks, and other components, as shown in Fig. 2.12. This results in difficulties
in estimating the net true burned and unburned gas volumes, which are required for
burning rate calculations, due to the shape complexity. There was an increase in the
total vessel volume due to the window recesses and a decrease in the volume due to

fans. This issue is discussed in detail in Chapter 4 in which an expression for evaluating

Window recess

Spark plug

Fig. 2.12. View of inside the combustion vessel showing spark plug, window recess and

fans.
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the volume correction is developed. It is of particular interest to mention here that the

true volume of the vessel was measured, by filling it with water, to be 0.0310 m’.
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Chapter 3

Measurement of Burning Velocities in Spherical Explosions with

Central Ignition

3.1 Introduction

For explosion flames there are two main categories of such measurements. The first one
involves an optical technique, to trace the propagation of the flames during the early
stages. When such observations are not optically possible in the later stages of
combustion, recourse, is made to pressure-time measurements. The theoretical bases of

these approaches follow. The assumptions are:

1. There are no heat losses to the walls of the vessel.

2. All flames propagate spherically toward the walls of the spherical vessel.
3. Either unburned or burned gases are compressed isentropically.

4. The pressure is equalized throughout the vessel.

5. The flame is infinitesimally thin.

First, expressions are derived for the burning velocity, then these are applied to

experimental measurements.

3.2 Optically Based Measurements

Let the radius of the spherical vessel be R, and the radius of the assumed flame be 75, At

any instant the masses of unburned, m,, and burned gas, m;, are given by:

rnu:43_7z-(R3_rb3 )pu (31)
4
m, = _;['rb3pb (3.2)

Here p, and pj are the densities of unburned and burned gas.

The mass conservation equations and the definition of burning velocity, S,, give

dmy __dMy _4mS p, (3.3)
dr | dr

In addition, if isentropic compression is assumed:
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H

=const.
Y. ons (3.4)
o _pPop
o  pyor (3-5)

From Egs. (3.2) and (3.3) :

dm, _4z( dp,
a 3\ o

s+ p,3n,] aa—’f): 41’8, p, (3.6)

If it is assumed that the burned gases are compressed isentropically, substituting Eq.
(3.5) into Eq. (3.6) gives

Y, Py OP or,
+ =S
3 py, ot P o u Pu (3.7)

,‘,Suzpb[arb-{— rb ap

(3.8)

This expression is often used for the laminar burning velocity when there is no change
in pressure and the second term on the right can be neglected. The density ratio, py/p,, is

evaluated from equilibrium calculations.

In the early stages of an explosion the burned gas density, pp, does not change greatly
with flame radius, but in the later stages of an explosion it does and the first burned gas
has a lower value of p, . Hence the assumption of constant, p, at all radii is invalid. This
difficulty is overcome if the burning velocity is defined in terms of the unburned gas,
when Eq. (3.1) in preferred to Eq. (3.2).

Hence, from Egs. (3.1) and (3.3):

4 3
d—?Z’(R3 —r, ) 3
3 = 47zrb2Supu (39)
dt
d )
(R3 - r3)?& —p,3r’ L= _317p,8, (3.10)
ot dt
By substituting Eq. (3.5), more accurately applied to unburned gas, into Eq. (3.10)
(R3 - r3 p“ _ag - pu?’rb2 Q‘b_ = —3rb2puSu
py, ot ot 3.11)

Therefore:
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s —d [R-r )dp (3.12)
’ dt 3p7urb2 dt .

The second term on the right represents the gas velocity just ahead of the flame. The

disadvantage of this expression is that this term is fairly close in value to the first term

on the right and, consequently, both must be evaluated accurately.

3.3 Pressure Based Measurements

When the flame front cannot be observed, the burning rate can only be measured from
the pressure record. Following Bradley and Mitcheson (1976), for measurements that
depend solely on pressure, it usually is assumed that the fractional pressure rise is
proportional to the fractional mass burned (Lewis and Von Elbe, 1987):

m, =(m, +mb)( PP ] (3.13)
pe —po

Here, p. is the final pressure after complete combustion and p, is the initial
pressure. Bradley and Mitcheson confirmed this assumption from more detailed
computations. The treatment here follows that given by these workers. Hence, with
D, the initial density of the gas in the sphere, Eq. (3.13) gives

47R> AT (., 4r p—po)
AR on)p, = R
3 Po 3 ( ’ ),0 3 ’ P.— Po

(3.14)

From Eq. (3.14)

R pOI:I —(i’;’iﬂ - (R*=1)p, (3.15)

P~ Po

with p, /p, =(p,/p)"" . Eq.(3.15) becomes

Yy, .
23— R —R3(£"—j (_Pe_‘_P_) (3.16)
p P. P,

Y 3
rbz _ R? 1_(1’0} l:‘_pp_e_pﬁ} (3.17)
P e o

This expression is useful in giving the flame radius in terms of the pressure rise.

From Eq. (3.13)
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dmb;d(mu+mb){p—po + m, +m, | dp 3.18
dt ) dt pe—po pe_po dt (. )

The first term on the right is zero, because the total mass does not change. Hence

dm dm, 4 7R’
oo T 2 TP, dp (3.19)

dt da  3(p,-p,)dt

From the definition of burning velocity
dm,
dt
From Eqs. (3.17), (3.19), (3.20)

2
=—4m,S,p, (3.20)

1 3
_dm“ =48, p R*{1 - Po 7"[1%—1?] =i 7TR3P0 dp
4 p P.— D, 3 (pe—po) dt (3.2D)
x
R[ & ] %2
p t
5 (3.22)

1 3
Yy —_
3(p.-p,)1-| 2o {—u]
p Pe — P,
This expression is used to obtain the burning velocity when it not possible to measure

the flame radius directly. With y, = v, this is the expression derived by Liu ez al. (2001).

3.4 The Effect of Flame Thickness

It has been assumed that all the completely burned and hot gas is contained within a

sphere of radius 7,. In practice the front, upon which the definition of burning velocity is
based, will be a flame of ‘thickness’ &, ahead of this.

Hence

dm,
dt

Now from Eq. (3.17):

, 3.23
=—4mr(r, +5,) S, p. (3-23)

1

1

Po re P.—P
(rb+5('):R 1—( ] [p(’_po] +5€ (324)

p
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Hence from Egs. (3.19), (3.23) and (3.24)

i 92
x 3
u _ 3
S, | R 1_[& 7[pe p] b5 | 24 Rp, dp (3.25)
p P.— D, 3(p,-p,) dt
and
i
R[p()]}’ucji_p
P {
5= - — 3 (3.26)
1 3
Yu —_
3(p, - p,)| 1| 2 [pe p} 5
p p.— P, R
i i

Comparison with Eq. (3.22) shows the effect of flame thickness on the measured

burning velocity.

3.5 Experimental Results for Central Ignition

Schlieren ciné films of the propagating laminar flames were obtained with the Hitachi
16HM high-speed camera. The pressure rise was simultaneously recorded by the

pressure transducer mentioned in Chapter 2.

3.5.1 Measurements of Pressure and Flame Radius

All the results are for methane — air and iso-octane — air mixtures, initially at 0.5 MPa
and 358 K and cover equivalence ratios, @, of 0.8, 1.0, and 1.2. Shown in Figs. 3.1 (a)
and (b) are the variations of pressure with time from ignition for all the mixtures.
Figures 3.2 (a) and (b) show the variations of flame radii for the same mixtures under
the same conditions. Radii were evaluated from two different approaches; one rested
upon optical measurements obtained from schlieren photography and has been
discussed earlier in Section 2.6. The other rested upon the recorded pressure-time
history for each explosion and employed Eq. (3.17). Figure 3.2 shows reasonable
agreement in the later stages between the radii derived by the two methods. In the

earlier stages the pressure measurements were not sensitive enough relative to the

background noise to obtain reliable values of the radii.



35

0.62

=10 ¢=12 0.8

-
f

Methane

0.5 T 1 I T I I

0 20 40 60 80 100 120 140
Time from ignition(ms)

0.62

0.8

=
I
—
NI
=
|
—_
o
<
Il

Iso-octane

0.5 1 T T T T

10 30 50 70 90 110
Time from ignition (ms)

Fig. 3.1. Pressure records for (a) methane — air and, (b) iso-octane - air mixtures, p, =

0.5 MPa and T, = 358 K. Explosions at three equivalence ratios.
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Fig. 3.2. Flame radii obtained directly and deduced from pressure for (a) methane-air

and (b) iso-octane-air mixture. pp =0. 5 MPa, Ty, =358 K.
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Fig. 3.3. Gas velocities just ahead of the flame for (a) methane — air and (b) iso-octane —

air mixtures, at po = 0. 5 MPa, Tp =358 K, for different equivalence ratios.
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Gas velocities just ahead of the flame, u,, were found from the second term on the right
of Eq. 3.12. It represents the difference between flame speed and burning velocity. The
results are shown in Fig 3.3 (a) and (b) for methane-air and for iso-octane —air mixtures,

respectively. Not surprisingly, for the initial stages of an explosion, these do not change

much as the flame propagates.

3.5.2 Influences of Flame Stretch

In the initial stages of burning, before the development of any flame instabilities, the
flame stretch rate influences the burning velocities. The initially higher stretch rate can
stabilise the flame. At any point on the flame surface, the stretch rate, «, is the
Lagrangian time derivative of the logarithm of the area, 4, of an infinitesimal element of

the surface surrounding that point (Williams, 1985):

_dind _1d4
di A drt

Following Bradley et al. (1996), the flame stretch rate has curvature and strain rate

(3.27)

a

components, given by:

2un 2ug
a.= s

o £ (3.28)

Here r, is the cold front radius of the flame, where u, is the stretched laminar burning

velocity based on the propagation of the flame front and u, is the gas velocity due to the
flame expansion at 7.
S,=u, +u, (3.29)
The total stretch rate is given by:
a=a,+a,=28,/r, (3.30)
The Markstein lengths, which express the effect of stretch rate on the burning velocity,
are related by:

u,—u, =La +La, (3.31)
where L. and L are the Markstein lengths associated with curvature and strain,

respectively. The relationship between cold flame r, radius and the observed schlieren

flame front radius, 7. has been studied by Bradley er al. (1996). They related the two

by
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t 0.5
ro=r, + 1.955{” ) (3.32)
Ps
The flame speed is found from
dr,
S, = p (3.33)
and S, is related to u, by:
_ unpu
S, =—"" (3.34)

Spy
where S is a factor which depends on the flame radius and the density ratio and accounts

for the flame thickness. It is given by Bradley ef al. (1996):

2

5 2.2 5 2.2
S =1+1.2 —f(&J ~0.15 —f(p"] (3.35)
Tu \ P Vi \ Ps

The burned gas Markstein length L, quantifies the influence of flame stretch on the
flame speed (Gu et al., 2000, Clavin, 1985) by:

S-S, =L« (3.36)

Here S; is the unstretched flame speed and is obtained as the intercept of S, at =0, in
the plot of S, against « (Gu et al., 2000). The gradient of the best straight-line fit to the
experimental data gives L, and the unstretched laminar burning velocity u, is evaluated
from Eq. (3.8). When dp/dt is very small the second term on the right of Eq. (3.8) can

be neglected.

Shown in Figs 3.4. (a) and (b), are plots of the flame speed, S,, against the total flame
stretch rate, a, given by Eq. (3.30). Reference to Eq. (3.36) shows the burned gas
Markstein length, Lp, is negative for the lean mixture of methane-air, but shifts to
positive for the rich mixtures. For the iso-octane—air mixture L, is always positive,
increasingly so for leaner mixtures. At the lower values of ¢, cellular flames developed

in four of the mixtures. The points at which the cellularity began are indicated and the

associated increase in flame speed is apparent.
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Fig. 3.4. Plots of flame speed against total flame stretch for (a) methane - air and (b) iso-

octane — air mixtures at pp = 0.5 MPa. Ty = 358 K, three equivalence ratios, optical

measurements.
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3.5.3 Derivation of Laminar Burning Velocities by the Two Methods

The first method is optical and uses Eq. (3.8). The dp/dt term is negligible. The second
method rests on pressure measurements and uses Eq. (3.22), usually when the flame front has
propagated beyond the window boundaries. Results involving both methods for measuring
burning velocities, u,, at different times are shown in Figs 3.5 (a) for methane - air and (b) for
isooctane — air mixtures, both for ¢ = 0.8, 1.0 and 1.2. Values of u, depend on the stretch rate,
and, at low values of it, flame instabilities develop. Symbols in the figure indicate values from
the optical method, while bold lines indicate values from the pressure method. Full lines
indicate the pressure traces for the different values of @. There is good continuity between
both methods, with flame speeds and burning velocities increasing with the development of

flame instabilities.

During the pre-pressure period, before the onset of instabilities, the changes in u, correspond
to the changes in S, in Fig. 3.4, and are due to the effects of the changing stretch rate. The
fastest flame for methane was at ¢=1.0 and for iso-octane was at ¢=1.2. Thereafter, the

values of u, increased in iso-octane mixtures, ¢ = 1.0 and 1.2, due to the flame instabilities.

Shown in Fig. 3.6 for both methane and iso-octane mixtures, originally at 0.5 MPa and 358 K,
are plots of u, against the pressure, increasing due to isentropic compression. The optical
method was only employed in the initial "pre-pressure” period. The pressure method gave
values at different times until the pressure had risen to about 0.58 MPa. Values of u, (zero
stretch rate) were found as described in Section 3.5.2, and the two values are shown for 0.5
MPa. Shown by the full lines are values of u, obtained using the optical method for iso-octane
- air (Bradley et al., 1998), and methane - air (Gu ef al., 2000). These were found from the
measured pressures, with allowance for the increased temperatures. As the pressure and the

flame cellularity developed the measured values of u,, shown by the symbols and full line

curves, increasingly became higher than the corresponding values of u,.
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Fig. 3.5. Burning velocities from optical and pressure measurement techniques for (a)

methane - air and (b) iso-octane — air mixtures at pp = 0.5 MPa and 7p=358 K. ¢ = 0.8, 1.0

and 1.2.
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Fig. 3.6. Variations of laminar burning velocities with pressure during isentropic compression

for stoichiometric methane and iso-octane mixtures at po=0.5MPa, T)=358 K.

3.6 Evolution of Cellular Structure in Laminar Flames

The evidence for flame cellularity must be optical and the cellular structure was observed
from the captured images from schlieren photography. Typical images are shown in Figs. 3.7
and 3.8. The most marked cellularity was observed for the iso-octane — air mixture, ¢ = 1.2.
Cells started as cracks in the flame structure and evolved to a cellularity that covered the
entire surface as the stretch rate decreased. This caused a change in the flame frontal area,

which increased the flame propagation speeds and burning velocities. This behaviour is quite

clear in Figs. 3.5 (a) and (b).

These experiments showed the importance of high pressure and negative Markstein numbers
in enhancing burning rates due to flame instabilities and also the importance of flame

photography in observing them. This led to the developments of the implosion techniques,

described in the next Chapter.

3.7 Pressure Measurements in Turbulent Flames

As a preliminary to more detailed studies of turbulent flames, pressure records were taken for

the unstable iso-octane — air mixture, ¢ = 1.5, initially at 0.25 MPa and 358 K. Ignition was
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Fig. 3.7. Cellular flame image for stoichiometric methane-air mixture, at initial pressure of 0.5

MPa and temperature of 358 K, 31.73 ms, from ignition.

Fig. 3.8. Cellular flame image for stoichiometric iso-octane - air mixture, at initial pressure of

0.5 MPa and temperature of 358 K, 25.48 ms, from ignition.

central and rms turbulent velocities, #', ranged from 0 to 4.0 m/s, as fan speeds increased from
zero. More details of acoustic oscillations in unstable flames can be found in Bradley ef al.

(2001). The pressure records at different values of u’ are shown in Fig. 3.9. Not surprisingly,
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as u' increased, so did the rate of burning. More interesting were the acoustic oscillations
associated with the flames. The most severe oscillations occured with the fans at rest, u’' = 0,
and such explosions were the most noisy. It would appear that increased turbulence reduced

the severity of the oscillations.

The burning velocities and flame radii were calculated using Eq. 3.22, based on pressure
records, with the results shown in Figs. 3.10 and 3.11. The effect of flame brush thickness is
neglected. For #' = 0 at about 75 ms after ignition the flame radius and the burning velocity
suddenly increased, with the onset of strong pressure oscillations. These might have increased
the flame front area, beyond that due to Darrieus-Landau and thermo-diffusive instabilities
probably on account of Taylor instabilities, in turn to increase further the burning velocity.
The continuing increase in burning velocity with time for ' > 2 m/s is more difficult to
understand and motivated further study with the twin kernel implosion technique (see Chapter
7). The gas velocities ahead of each flame were found from the right hand term in Eq. 3.12,
for all turbulent flames and are shown in Figs. 3.12 and 3.13 for different values of #". The gas

velocities were influenced by the rms turbulent velocities, in a similar manner to the burning

velocities.
2.25
4 4 =0.75 Iso-octane-air
N
s 33 -
B 1.25 =05
2 u' =0.25
E u' =0
0.75 1 .
025 - T T
0 20 40 60 80 100

Time from ignition (ms)
Fig. 3.9. Pressure records for turbulent iso-octane — air flames, ¢= 1.5, p, = 0.25 MPa, T, =
358 K, «'in m/s.
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Fig. 3.10. Burning velocities against time for iso-octane — air flames at ¢= 1.5, pp =
0.25 MPa, Ty= 358 K, at different values of u’ in m/s, using pressure measurements Eq.
3.22. X indicates when the flame reaches the fans.
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Fig. 3.11. Flame radius against time for iso-octane — air flames at ¢= 1.5, pg = 0.25
MPa, T =358 K, at different values of ' in m/s. Pressure measurements, Eq. 3.17.
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Fig. 3.12. Gas velocities for iso-octane — air flames at ¢= 1.5, pp = 0.25 MPa, T = 358

K at different values of ' in m/s, using Eq. 3.12. X indicates when the flame reaches the

fans.
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' Chapter 4

Theory of Two Hemispherical Imploding Spherical Flame Surfaces

4.1 Introduction

There are many advantages in simultaneously measuring the pressure during spherical
explosions and observing the progress of the propagating flame. This technique enables
more accurate values of burning velocity to be attained and the onset of any instabilities
to be observed. However, with central ignition and windows located to view the early
flame, it is not possible in practice to view the propagating flame at the highest
pressures, as it will have moved out of view. This is a significant disadvantage. The
bomb must be designed to withstand the highest pressure yet no experimental data are

obtained at the higher pressure.

One way of overcoming this limitation is to ignite the mixture uniformly at the inside
face of the bomb to generate an implosion, the final stages of which can be observed
through windows located to view the centre of the bomb. Although such implosions
have been simulated computationally (Bradley et al., 1996), in practice uniform ignition

at the outer spherical boundary is impossible.

An alternative approach was therefore developed. It was decided to generate implosions
from two diametrical opposite spark gaps mounted close to the wall. The two imploding
flames that developed and their structure could be observed as they moved towards each
other at the centre of the bomb and their burning velocities derived. Furthermore, as

they closed together in the final stages burning velocities could be attained by the

double kernel method.

The methods for deriving both laminar and turbulent burning velocities under these
circumstances are described below. It is first necessary to obtain an expression for the
volume of burned gas. A knowledge of the flame area then enables expressions to be

obtained for the burning velocity. It is assumed that:
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(1) The flames propagate radially inwards towards the centre of the vessel, as surfaces
of spheres, but with different radii.

(11) Pressures are equalized throughout the vessel.

(ii1) Unburned gases are compressed isentropically and there is no heat loses from the
bomb.

(iv) Homogenous, isotropic turbulence throughout the vessel even in outer (fan) regions.
First a theory is presented for flame radii centred at the vessel wall. This is followed by

one, relevant to turbulent flames, for radii centred beyond the wall.

4.2 Geometrical Considerations and Burned Gas Volume

It is first necessary to find the volume of burned gas and the area of the assumed part-
hemispherical flame front. Consider a cusp, height A, of a sphere of radius R, as shown
in Fig. 4.1. The extent of the cusp is also defined by the angle, §. Consider a segment of
the cusp at a height x and thickness 6x subtending an angle ¢.

_— 1T~ 1

R L/ANE R

%

Fig. 4.1. Derivation of volume of a cusp.

The area of the segment A4 = zR’sin’ ¢ . (+.1)
The associated volume of the segment = 7ZR”sin’ ¢ & . 4.2)
Now Rcos¢g—x+h=R (4.3)

and —Rsing =gi , as hand R are fixed.
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! $=0 )
The total volume of the cusp = j — 7R’ sin’ gpdp =+ f_: 7R’ (1 —cos’ ¢)d cos¢@

¢=6 )

cos’ ¢

0
j| =ﬂR3{l—§—COSQ+

3
=7rR3[cos¢— oS 9]
g

B 7R3

2 - cos6(3 - cos? 8)]. (4.4)

Now consider the volume of burned gas. This is shown shaded in Fig. 4.2. The flame
radius after ignition at the walls is, . The burned gas is contained within two cusps of

volumes a and b.

Fig. 4.2. Burned gas contained in two cusps, volume (a and b).

From Eq. (4.4):

7R’
a =

[2 ~cosf (3 — cos’ 0)]

Similarly, the volume of the second cusp, b, is given by
b = %3[2 —cosa (3 —cos’ a)].
The relationship between r and R is found from
rt = (R — Rcos® )2 +R?sin’@= R>—2R*cosf + R*cos’ @ + R’sin’ 6
=2R*(1-cos )

r (4.5)
2R’

. cosf =1-
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Now 'rsina = Rsiné o r’sin’a = R%*sin’@ = R*(1-cos’8)

and 7’ (l—cos2 a)= (1 ~cos’ 0), where ¥ =r/R.

7

12 Pl ’ 74
From Eq. (4.5) [r] (l—cosza)zl—(l—Tj =1—1+72—T

2

¥ r
.'.l—coszazl—j . CoSa = —

Substituting for cos 6, from Eq. (4.5), in the previous expression for a,

_ A\ _ i,
7R’ = = 7R’ 72 7
a= 2—-|1-—|3~-|1-— = 2—|1-—|3-|1-7F2 +—
3 ( 2 J 2 3 > Ty
3 —2 —4 3 —4 —4 =6
ARy 1o 242 T L P S B A= A
3| 2 4 3 4 2 8
— 7R’ —3,74 _ i 4.6
3 14 8| (+:6)
Similarly, by substituting for cos o in the previous expression for b gives
3 — -2 33 =3
bzﬂ 2—r— 3——1 :ﬂ'RI" 2_3_r+r_
3 2 4 3 2 8
R’ 3rt re
= 27 - ——+—|. 4.7
e )
The total volume of burned gas is (@ + b) and
7R’ 3r*
a+b = 27 ——|. 4.8
(@a+b) 3 [ 2 :, (4.8)
The rate at which the volume changes with time is needed to express the burning rate,
and
3 r _3]0r
a(a + b) _ 7R [672 _ 373] ér_ _ 7Z'R3[272 _ rB] or (4.9)
Ot 3 ot ot

The area of the flame front, 4, also is needed, to find the burning velocity. Referring

to Fig. 4.3:

A= J:_zoa 27 sin@r 6@
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= [- dr? cos¢]‘0’ =2’ [l - cose]

7
= om [1‘5] (4.10)

Fig. 4.3. Derivation of flame front area.

4.3 Burning Rate

It is assumed that the two flames surfaces continue to be of spherical form until they
mutually begin to flatten at the leading fronts. A turbulent flame was represented by a
smoothed spherical surface such that on the 2 D schlieren image the area of unburned
gas outside the surface was equal to that within it, as in Bradley ef al. (2003). The
radius of the containing spherical bomb is R. In practice, the unburned gas volume is
increased above 4nR*/3 by some small recessed volumes at windows and spark plugs.

There may be also some unburned gas behind the apparent, photographed, flame
front. On the other hand, the volume of unburned gas will be decreased below that
suggested by the geometrical analysis given above by the volume occupied by parts of
the fans inside the apparent volume of unburned gas. Let this total net increased
volume of unburned gas, which changes with time, be termed the residual volume, 1/,
at any instant. Hence, the volume of unburned gas is that of the sphere, supplemented

by the net volume, }’,, minus the volume } (a+b) , occupied by burned gas and any

parts of fans within it.
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The mass of unburned gas, m,, is found by multiplying these volumes by the

unburned gas density, p,,
4
3 =§7zR3pu+V,pu —Z(a+b)pu (4.11)

here 2. (a+b) is sum of the two separated burned gas volumes originating from the

two diametrically opposed spark gaps. In general, the two flame radii will be
different.

Fig. 4.4. Volume of window recess and volume occupied by fans.

The area of the flame front, given by Eq. (4.10) for a single front is, multiplied by the
burning velocity, S, , and the unburned gas density to give the mass rate of burning .
This is

S,p, Y 2m*(1-7/2) , andisequalto — dm,/ot. Here, Y 27r*(1-7/2) is the sum of

the two separate flame areas. From Eq. (4.11)

ki SRRl it ]
s or or

0 b
amu 4 3 apu aVr Tl 73 apu —Z(a+b)ap" _pu Zéfa+ )

Hence, using Egs. (4.8) and (4.9),

p, [47:1{3 e 7R’ 2(273 _ﬁﬂ s BF, p,/rR"Z(b-': _:3 )ﬁ

ot 3
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-8, 277 (1--)1@ where S, =S, /R (4.12)

here )’ indicates sums over both, flame areas and volumes. This definition of burning

velocity includes the rate of burning of any unburned gas behind the defined flame
front.

If both sides of this equation are divided by p, 7R’

1 op, 14 V, 1 3 3_4) 1 0oF, _3\Or
" == 2r’ —=r" ||+ 2r° —
[3 R’ 32( 4 (r ’ )

Cp, Ot R’ ar

(4.13)

5 Yo (1__)

The assumption of isentropic compression of unburned gas gives

Pu_ Pu P , o .
o R where p is the pressure and y, is ratio of the specific heats of that

gas.

In general, the two flames will have two different radii, 7, and 7,,.

w2, v, (7 RY (B OB 1L
pr,ot|3 228 (3 8)\3 8| 2R’

I N P [ 1 oY,
T 2 )ot 2 ) ot B 27ROt

= = (4.14)
— h - 5
TR S e

This is an equation in which all units of lengths are normalized by R, but units of time

are in seconds. Evaluation of V,1s discussed in the next section.
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4.4 Volume Burned and Pressure Rise

Because V,, 7, and 7, are continually changing and have different values in different
explosions, it is clear that V, cannot be derived directly without a grate deal of
difficulty. The procedure adopted, therefore, was to obtain V, from a combination of
geometrical expressions and the following assumption concerning fractional mass
burned. The widely used assumption, supported by some detailed computations,
(Bradley and Mitcheson, 1976) of the equality of fractional mass burned and fractional
pressure rise enables another expression to be obtained for §,, based more directly on

the pressure record. The assumption gives:

m J—
M _ PTP (4.15)
mu+mb P.— Po

here my is the mass burned, py is the initial pressure in the bomb and p. the final

pressure at the end of the explosion. If p, is the initial density just prior to exploding,
4 53
m,+m, = gﬂRopO (4.16)

where R, is the equivalent radius of a sphere with the same total internal volume as the

actual bomb, allowing for recesses and fans. From Egs. (4.15) and (4.16)

m =iﬂ'R3p - m, = iﬂ'ijo PP | With m, given by Eq.(4.11):
b3 3 PP,

4 4 4 23 | PP
g Rgpo —§”R3pu— I/rpu + (al +a, +bl +b2)pu = —?’—ﬂRopo (;‘e_—po‘J. (417)

This equation enables the residual volume, V,, to be evaluated at different times during

the explosion. From Eq. (4.7) and (4.17) and by dividing by 4/37Rp,,
v, (R Ao 7 3 [5 3R] (RY pf PP
— = L v i ey © (4.18)
4 5 R) p 2 16 2 16 R) p\p.—p, :
§7Z'R u

It has been shown that the mass burning rate is given by S, p, Z py (1 - %) This is

—om, = % By invoking Egs.(4.15)and (4.16)

ot ot

equal to =

d(mu +mb) (p_Po)

‘ 7| _ dm (p. - po)
210 R RN QL e ~ Po
Supu {27”'1 l:l 2] + 2727‘2 { 2 }} dt dt
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___i l”R{;’po (3_p
3(p.—py) 0

If both sides of the equation are divided by 27R’p,, then

[

“5 = 3%(%)(2] (peipo)%

Al

(4.19)

4.5 Assessment of the Method

Three aspects of the imploding flames technique require careful assessment. First,
whether each of the two flame front are of spherical shape, second whether the
treatment of the residual unburned gas volume, V,, is satisfactory and third whether the
two expressions, Eqs. (4.14) and (4.19), give similar results for S,. The measuring
techniques for the flames radius and fans immersed volume have been discussed in

Sections 2.6.2 and 4.3. Here, the three aspects are discussed in the proceeding

paragraphs.

4.5.1 Sphericity of the Flame Fronts

The visible front was checked for sphericity, using the measurements of flame radii.
Mean radii, », and rms values for these, 7', were found for each flame front. This was
done for a range of explosions. Shown here are results from two laminar explosions
with 27 flame fronts in each. Also shown are results from three turbulent explosions,
with 17, 11 and 9 flame fronts in each. The rms flame front radii, normalized by the
mean radius, for twin imploding laminar flames, are plotted against the mean
normalized radius in Fig. 4.5. The data are for a stoichiometric iso-octane — air mixture.
at initial conditions of 1.0 MPa and 358 K. Also shown in Fig. 4.6 are similar plots for
stoichmetric methane — air laminar flames, initially at 0.1 MPa and 298 K. The values
cover the full range of measured radii of the two kernels. The normalized rms values are

consistently low, giving support to the assumption of spherical flame fronts.
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Fig. 4.5. Normalized rms flame front radii for twin imploding laminar flames, for iso-

octane — air mixture, ¢ =1, p,= 1 MPa, T,= 358 K.
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Fig. 4.6. Normalized rms flame front radii for twin imploding laminar flames, for

methane — air mixture, ¢= 1, p,= 0.1 MPa, 7,,= 298 K.
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Fig. 4.7. Normalized rms flame front radii for twin imploding turbulent flames, for iso-

octane — mixture, ¢= 1.4, p,= 0.5 MPa, 7,=358 K, &' = 0.25 m/s.

0.08
o (o] (o] fo) °
(o} o O 4 o
0.06 - °
o
O.
r' | O o
700 . .
(o]
002 7 o Y ® I"/I'l
o or'/n2
0 T T T
0.6 0.7 0.8 0.9 1

. . h+r,
Mean normalized radius )

Fig. 4.8. Normalized rms flame front radii for twin imploding turbulent flames for iso-

octane — mixture, ¢= 1.4, p,= 0.5MPa, T,= 358 K, ' = 1 m/s.
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Showh in Figs. 4.7 - 4.9, in ascending order of 4", are values of r//r for turbulent flames.

Not surprisingly, this ratio is greater than that with laminar flames and it increases with

’

u.
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Fig. 4.9. Normalized rms flame front radii for twin imploding turbulent flames for iso-

octane — air mixture, ¢= 1.4, p,= 0.5 MPa, T,= 358 K, v' = 3 m/s.
4.5.2 Effects of V, for Laminar Flames

The residual volume of unburned gas, V,, is given by Eq. 4.18. As explained in Section
4.3, this volume, which changes with time, is that residing in recesses of windows and
behind the apparent, photographed, flame front minus the volume occupied by parts of
the fans inside the apparent volume of unburned gas. With R, = 192.78 mm and R = 190

mm, the normalized valuesl7r= V./4/37 R® given by Eq. 4.18 are shown in Fig. 4.10
plotted against the mean normalized radius for laminar flames in different mixtures, at

different pressures.

The general slow decrease in ¥, with increasing radius is due to the burning of gas in
the windows recesses. At a given mean radius the volume of parts of the fans inside the
apparent volume of unburned gas is likely to be the same. The decrease in 17, with

pressure is most possibly due to the associated decrease in flame thickness.
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Fig. 4.10. Variation of ¥, with mean normalized radius for initially laminar flames of

stoichiometric iso-octane — air, at different initial pressures and an initial temperature of

358 K.
4.5.3 Comparison of Laminar Burning Velocity Obtained by the Two Expressions

Values of laminar burning velocity obtained from the expressions, Eqs. (4.14) and

(4.19) are shown, plotted against time from ignition, in Fig 4.11. Both of the full lines
show values allowing for V.. The broken lines show values when the effect of V, is

neglected. It can be seen that it is important to allow for this effect. When this was done
there was reasonable agreement between the two expressions for burning velocity and
this was found to be generally so in all explosions. There was evidence of a relatively

low frequency flame oscillation and this also appeared in many explosions.

In the early stages, when the flame radii are relatively small, there is a greater difference
in the two values of u,. This would appear to be associated with greater error in the

measurement of flame radii when they first come into view through the windows.
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Fig. 4.11. Variations of burning velocity with time from ignition for iso-octane mixture,
¢= 0.8, p, = 0.5 MPa, T, = 358 K, using Egs. (4.14) and (4.19). Broken curves: no

allowance for V,.

4.5.4 Effects of V, for Turbulent Flames

The V, values for turbulent flames were deduced in such a way that sectors of circles

were fitted to the observed flame-fronts and virtual centers were deduced. Results for

the turbulent flames are shown in Fig. 4.12. Here there is a decrease in V. as u' is

increased. The values of ¥, became significantly less than those observed in laminar

explosions. The extent of this represents a decrease in the volume of unbumed gas,
beyond that due to the volume of parts of the fans. This can only be attributed to a
greater volume of burned gas than is suggested by the flame radii. Whereas laminar
flames tend to propagate from a point source, turbulent flames initiated close to the wall
would spread along the wall of the bomb. As a result, the assumed spherical surface as
the flames developed would be centered outside the vessel wall. It can be seen from Fig.

4.13 that this would result in the deduced increase in the volume of burned gas and

decrease in the volume of unburned gas.

With turbulent flames the definition of a flame radius is much more difficult than with laminar

flames. Measurements of flame radii, centered beyond the vessel wall were compatible with the
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observed flame front. However, because of the wrinkled nature of flames, measurements of
burned gas volume from flame radii were less reliable than they were with laminar
flames. Hence, recourse to the pressure measurement method became more important to

find the amount of gas burned. This is fully explained in the next Section.

For a given mean radius the value of V, was noted for the comparable laminar

explosion. The difference between this and the smaller value of V. in the turbulent

r

explosion gave the additional volume of gas burned in the latter.
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Fig. 4.12. Variation of ¥, with mean radius in turbulent flames for different values of

u' (m/s), p, = 0.75 MPa, T, =358 K.

4.5.5 Burned Gas Volume and Flame Area Correction for Turbulent Conditions

Here the burned gas volume and flame area are derived for flame radii centered outside
the inner wall of the spherical vessel. This condition arises when the burned gas volume
exceeds that which is possible when the radii are centered at the wall. The geometry is
shown in Fig. 4.13. The flame radius is now ry, while the r is the radius if it were

centered at the wall. This is shown by the broken curve. The new centre for the radius of
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the burned cusp is a distance kR along the axis of symmetry from the centre of the
spherical bomb. It can be seen that the new radius, r,, decreases the volume of unburned

gas. The angles o' and ' are defined on the figure. Clearly,

r,—r=kR—-R (4.20)
r,cos@’'+Rcos@' =k R (4.21)
Rsin@'=r, sina’ (4.22)
from the initial expression for a and b in Section 4.2
a’:(ﬂR3/3)l2—cosﬁ’(3—0052 9’)] (4.23)
b’=(7zR317v/3)[2—cosoz'(3—cos2 a’)J (4.24)
where 7,=r, /R.
rV
\
kR
R
0
Y
Fig. 4.13. Flame front correction for turbulent conditions.
From Eq.(4.22) 1—cos’0'=F? (1-cos” @) (4.25)
From Eq.(4.21) cos a'=(k—cos&')/T, (4.26)

From Egs. (4.25) and (4.26)
[—cos’ 0'=F ll—(k—cosé?')2 /FVJ

=F‘,2 _k*—cos’ @ +2kcosb'
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Hence cos 0’:(1—FV2 +k2)/2k (4.27)
From Eq.(4.20) 7, =7 +(k-1) (4.28)
Equation (4.26) and (4.27) give

cosa’'=(2k> ~ 1472 -k )/ 2k, (4.29)
cosa'=(k2—1+7v2)/2k7v (4.30)

From Eq. (4.8), with r centered in the vessel wall
(a+b) (xR?/3)" =27°-37% /4 (4.31)
=2(7, +1-k)’ -3(F, +1-k)* /4 (4.32)

invoking Eq. (4.28).
From Eqgs. (4.23) and (4.27)

_ 1—72 4+ &2 1-72 +k2Y)
d( R 3 =2 T TE 3| 1T TR

From Eq. (4.24) and (4.29)

_ k21472 -1+72Y
iz R3] =7 2| 00 | (3o 2220
(R /3) rv{ [ . H[ [ i H (4.34)

For a given value of r let V,, be the net volume of 'residual’' unburned gas in a laminar

explosion. This is in excess of that in the equivalent turbulent explosion at the same

distance, r, on the centre line in Fig. 4.13: namely a volume of 'residual' gas indicated
by V,,. Let V,, be the volume of unburned gas in a laminar explosion and ¥, that in a

turbulent explosion for the same volume of . (In the case of the turbulent explosion this
is not a true cusp radius, only the distance from the point of ignition to the intersection

of the cusp with the centre line in Fig. 4.13). If Eq. 4.11 is divided by p,, then

V., =47R*[3+V,,=> (a+b). (4.35)

u

For the turbulent implosion if it is assumed the flame radii are given by r, and not r,,

v, =4aR>[3+V, - (a+b). (4.36)
The decrease in volume of unburned gas in a turbulent implosion, as compared with a
laminar implosion, is

V==V, (37)
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Both V,, and V,, were found from Eq. (4.18). The greater volume of burned gas in the
turbulent implosion has been derived from the radius, ,, centred outside the vessel and

the volume ) (a’'+ b’). Hence

V, =4nR’[3+V; =Y (a'+ D). (4.38)

The residual voume V., now no longer expresses an enhanced volume of burned gas in
the turbulent implosion: this is now accounted for within the } (a' + b') term. Instead
V', reverts to expressing the recessed volumes of unburned gas at the windows minus

any volume of unburned gas occupied by the fans. If the assumption is made for the

same value of 7 in the two types of implosion that V,,= V", then from Eqgs. (4.36), (4.37)
and (4.38)

v,-V, =Z(a + b)—z (a' + b') =V,-V,. (4.39)
The enhanced volume of burned gas in the turbulent explosion is found from the

experimental results and is

Ya'+b)-Y.(a+b)=V, -V, (4.40)

It is conveniently normalized by the volume of burned gas, T (a+b), for comparable
values of r to give an enhancement burned volume factor, B. This factor was found
experimentally for each radius during the explosion. The factor can also be derived
analytically. For convenience it is assumed that the radii of the two kernels are the

same. This assumption is not restrictive for present purposes. Hence

2a’+b')-2(a+b)
B = )

2(F, +1-k) =3(F, +1-k)' /4

. 2 _ 147’ K2 -1+72)
2k7‘v y Vre _V

S R (4.41)
27, +1-k) -3 (7, +1-k)' /4 2(a+b)
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4.5.6 Correction to Turbulent Burning Velocities Measured with Radii Centred at
the Wall

From Eq. (4.10), with a flame of radius, r, the area of the flame front, 4, is given by
A2rR*=7>(1-7 /2) (4.42)
=(r,—(k-1)) (1+k-7,)/2 , from Eq. (4.28). (4.43)

Similarly, with the flame radius, r,, the area of the flame front, 4", is given by

A 127 R =7} (1-cosa')=F (1-|k* —14 72| 1247, (4.44)

Again, assuming the radii of the two kernels are the same

A 1=k -1+72) 247,

A F-k-1)f (+k-7)2]

(4.45)

Equations (4.41) and (4.45) enable 44 to be plotted against B for different values of &
and 7 ,. This is done in Fig. 4.14. The broken lines are for values of k equal to 1, 1.2,

1.3, 1.4, 1.6, 1.8 and 2.0. The lines are for values of 7 E=1-k+ ;v).

Because 4A' > A, when the area of the flame front was taken to be A the value of u, was

overestimated. It should correspond to the area 4’ and be reduced by dividing 4’/ 4 to

give a more accurate value. The procedure adopted was to evaluate B = (V,,- V,,) / £

(a+b) at different values of 7 from the experimental values of V, for the turbulent
explosion and a laminar explosion. From the known values of B and 7, the flame area

correction factor 4’/ A was readily obtained from Fig. 4.14.

Values of turbulent burning velocity based on the flame radius being centered at the
wall of the vessel are given in Chapter 7.2. These are indicated by the symbol /. When

these values are corrected using the measured values of V, they are indicated by the

symbol u,.
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: Chapter 5

Development of Laminar Flame Instabilities and their Effect

on Burning Velocities

5.1 Causes of Instabilities

The study of the phenomena of flame instability goes back many years. Darrieus (1938),
Landau (1944) and Landau & Lifshitz (1987), showed that the propagation at a constant
speed of a wave of density discontinuity creates a hydrodynamic instability. A flame
advancing into unburned gas comprises such a surface. In the models of these
researchers, the structure of the flame was neglected and, consequently, thermo-
diffusive effects were also neglected. The instability was explained by considering the
gas motion relative to the wave. When cold reactants (unburned gas) move into the crest
of a flame front they diverge and this locally increases the pressure. Conversely, when
the oncoming cold gases approach the trough of the flame front they converge and this
motion locally decreases the pressure. These localized pressure changes deform the
flame surface and, as a consequence, the overall burning velocity is increased. This type
of instability, known as a Darrieus-Landau instability, results from the interaction of the
flame with the hydrodynamic disturbances. This mechanism was thought to be
responsible for the wrinkled, or cellular, flames structures that have been observed by

several experimentalists (Lind ef al., 1977, Ivashchenko et al., 1978).

Fig. 5.1. Photographic image of a cellular rich propane/air/nitrogen flame,

(Markstein, 1964).
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Cellular flames have been studied in both plane flames (Markstein, 1951, Mitani ef al.,
1980), and spherical flames (Manton et al., 1952, Troshin et al., 1955, and Palm-Leis er
al., 1969). Cells were observed to form with rich mixtures of heavy hydrocarbons, and
lean mixtures of lighter methane and hydrogen. As the understanding of flame structure
increased, it began to be recognised that thermo-diffusive phenomena must be
important. These involve the competing effects of heat conduction from, and reactant
diffusion towards, the reaction zone. In unstable spherical explosion flames, a wave-like
deformation develops at the leading edge. A coherent cellular structure within a

stationary flame on a burner is shown in Fig. 5.1.

The thermo-diffusive mechanism for such cellularity is indicated in Fig. 5.2. With a
wavy flame front, there is a diverging conductive heat flux away from the flame surface
into the cold unburned gas (reactant) ahead of it and a converging diffusive flux of the
deficient reactant into the flame surface. The relationship between the conductive heat
flux and diffusive flux in terms of magnitudes plays a main role in characterizing the
flame as either stable or unstable, depending on which one dominates. Clearly, the
Lewis number, Le = « /D, the ratio of thermal to mass diffusivity, plays an important
role. When the mass diffusivity of the deficient reactant is sufficiently greater than the
thermal diffusivity, Le < 1, the flame front is more likely to be unstable. Conversely if

Le > 1 the flame tends to be stable.

Burnt Side

——» Heat Diffusion
______ »  Mass Diffusion

Fig. 5.2. Schematic mechanism of diffusional-thermal cellular instability,

(Law et al., 2000).
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Gostintsev ef al. (1988) have studied large hemispherical flames, and concluded that at
high values of Peclet number (flame radius normalized by flame thickness) there was a
transition to a very unstable cellular flame at a critical Peclet number. After the
transition, they expressed the flame radius, r, as a function of time by the following

relationship:
r=r,+At"” (5.1)

Here r, is an arbitrary flame radius at a time ¢ = 0 and 4 is a constant that depends upon
the mixture (Bradley, 1999). This temporal dependency might be expected from flame

surface area fractal considerations.

Below the critical Peclet number the exponent of ¢ was less than 1.5. Experimental
studies (Bradley ef al., 1998 and Bradley, 2002), have shown that a sharp transition to a
fully developed cellular flame, with associated flame acceleration, occurs at a

significantly lower critical value of Pe than suggested by Gostinstev ef al.
5.2 More Recent Fundamental Studies of Explosion Flame Instabilities

In addition to the experimental studies, theoretical studies have also been conducted by
(Sivashinsky, 1977, 1983), and these have given a satisfactory general explanation of
the experimental observations. Sivashinsky’s equations have focused on the evolution
of the flame surface. Filyand er al. (1994) gave a qualitative description of the flame
wrinkling and demonstrated the dependence of the flame speed upon ¢ 2 Generally
such approaches underestimate the flame speed. Cambray ef al. (1996) suggested that,
with regards to the causes of cell splitting, the theoretical understanding of this
phenomenon deteriorates as Pe exceeds the critical value. Ashurst (1997) used a
potential flow assumption combined with two-dimensional Lagrangian simulations to

derive an expression for flame propagation that again confirmed the flame speed

dependency upon ¢ 12,

In experimental studies of lean propane-air closed vessel explosions Groff (1983)
observed that the onset of a cellular flame structure occurred somewhat later than was
theoretically predicted. This was also found to be so by Bradley and Harper (1994),

while Gu et.al. (2000), in their studies of bomb explosions, proposed a correlation
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between the Markstein number of the mixture and the critical Peclet number. Pe,,, for

the onset of flame cellularity.

Of particular relevance to the present studies, Bechtold and Matalon, (1987) have
presented a comprehensive linear instability theory for spherical explosion flames. The
Markstein number was not explicit in this theory, but it was derived from the other
employed parameters by Bradley and Harper, (1994). It is possible to derive a
theoretical explosion peninsula, within which flames are unstable, of wave number
plotted against Peclet number for different positive values of, Ma,, and particular values
of density ratio, p, /pp. Bradley (1999) and Bradley et al. (2000a) have derived such
penjnsulas in terms of the wave numbers, n; and »n; of upper and lower unstable
wavelengths, as shown in Fig. 5.3. Within the peninsula the amplitude of the flame
disturbance is amplified. At the boundary wave numbers, there is neither amplification
nor attenuation of the disturbance. Outside the peninsula the flame is stable. It can be
seen that the range of unstable wave numbers increases with an increase in Peclet

number, Pe, and a decrease in the strain rate Markstein number, Ma;,.

Large values of Pe can arise in large atmospheric explosions. They also can arise at
higher pressures, such as occur in engines, due to the smaller values of &, A higher
pressure also decreases Ma,, (Bradley ef al., 1998, Gu et al., 2000, Bradley et al., 1996,
and Aung et al., 2002). Of particular relevance to the present thesis, the associated
instabilities create a continually increasing burning velocity. Tentative estimates of the
magnitudes of this, due to increases in both flame radius and pressure are given in
Bradley (2000). The Bechtold and Matalon theory shows that only when a critical value
of Pe, indicated by Pe.,, wave number n.,, has been attained can instabilities develop

(Bradley, 2000). It can be seen from Fig. 5.3 that Pe,, decreases with Ma,.

Unfortunately, the experimental data from large scale and laboratory bomb explosions
are not in complete quantitative agreement with the theory. The experiments show that a
cellular structure only develops fully, through fissioning of a few larger into smaller
cells, at a second critical value of Pe., that is greater than Pe., (Bradley, 1999 and

Bradley et al., 1998). This also implies that instabilities only develop below a critical
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value tof the Karlovitz stretch factor. In general, an increase in

stabilises a flame with a particular value of May;.

flame stretch rate

400 T Y I r : -
Ma,, = 1.5 Ma,, = 1.828
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Fig. 5.3. Theoretical wave number, #, at limits of stability for different Ma, as a

function of Peclet number, (Bradley et al., 2000a).
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3.3 Prediction of Burning Velocities of Initially Laminar Unstable Flames

The approach adopted in the present work was to combine flame instability theory with
the assumption of fractal wrinkling of the flame surface to obtain a burning velocity. It
was first necessary to find the range of flame unstable wavelengths. Unstable spherical
explosion flames at constant pressure first begin to show cracks propagating across their
surfaces at critical Peclet numbers that are close to the theoretically predicted values for
the onset of flame instability, Pe., (Bradley and Harper, 1994). However, full cellularity
and an associated increase in flame speed only occur at the higher critical Peclet
number, Pe,;, (Bradley et al., 2000a, and Gu et al., 2000). It is as if, in practice, there is
a lag in the full development of the instability. In particular, the theoretical wave

number, #;, of the

//

" /
/

wave number

Pe
n;

Peclet number

Fig. 5.4. Instability peninsula, with limiting wave numbers fns and n;. The critical,

cellular, Peclet number, Pe,, is at the tip of the peninsula.
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smallest unstable wavelength or inner cut-off, given by Bechtold and Matalon (1987). 1s
reduced. There is no comparable change in the wave number, n,, of the longest unstable

wavelength, which changes much less with Pe. Wave numbers are related to

wavelengths by

n=2nPel/ A (5.2)

Where A is the wave length associated with any wave number n, normalised by §,.

To allow for the lag effect, Bradley (1999) proposed, that the theoretical wave number,
ns, assumes a value of fn;, where fis a numerical constant less than one. The range of
unstable wavelengths that contribute to the flame wrinkling only exists beyond the tip of
the instability peninsula where Pe > Pe.. The value of Pe,, is obtained experimentally
by observing when full cellularity has developed and the flame speed begins to increase.
An idealised and simplified instability peninsula for particular values of May and p,/0s
is shown in Fig. 5.4. This contrasts with the theoretical peninsula in Fig. 5.3. The tip
condition enables f'to be evaluated, because at Pe,, (fis) is equal to the wave number
of the largest unstable wavelength, n;, also, like »;, given by the Bechtold — Matalon

theory.

Throughout the present study this theory is, of necessity, supplemented by experimental

findings, particularly at negative values of May. Experimental values of Pe.,; have been

correlated in terms of Mag, by Gu et al. (2000):

Pey =177Mag, +2177 (5.3)
although this relationship is less reliable for negative values of May. For these

increasingly unstable flames, measurement of Pe,; is easier than of Ma,.

For Pe = Pe,, because the theoretical relationship of n, increases close to linearly with

Pe, the largest unstable wave number at Pe is given by (Bradley, 1999)

dfn
(ﬁ'ls )Pe - (fns )cl * (Pe —Pey )( ;;; )P (5.4)
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The full theory of Bechtold and Matalon, (1987) is only valid for A, > 30, which
generally implies Ma, >3. Within this regime the theory enabled (dfn/dPe)p. to be

evaluated for the appropriate values of Ma, and ratio of unburned to burned gas
density, p,/ps. The rate of increase (or decrease) of the amplitude of any flame
instability was obtained for different values of » at a particular value of Pe. The highest
wave number at which the rate became zero was n,. The lowest wave number at which

it became zero was ;. Other such pairs of points were identified at different values of

Pe.

For Mag, < 3 recourse was made to experimental findings concerning the cellular
structures of unstable flames. In Bradley et al. (2000) these structures appeared to be in
dynamic equilibrium. Small cells increased in size as a flame kernel grew. This
decreased the localised flame stretch rate at a cell surface and, consequently, the cell
became unstable. It re-stabilised by fissioning into smaller cells, with higher, stabilising,
local stretch rates. Just prior to fissioning it was found that the wavelength of a localised
cell, A,, was close to that of the original flame kernel at the cellular Peclet number, Pe,,.

From Eq. 5.2, this consideration gives

A, =27Pe, [(n;),,, (5.5)

With n = fhy and A = A; Eq. 5.2 gives
. ) 2 (5.6)
dPe ),, A,

from Egs. 5.5 and 5.6

(dﬁs) )y 57
dPe Jp, Peg

this expression was used for Ma;, < 3.

Clearly, there must be a lower physico-chemical limit to the value of the wavelength of
a localised cell, A,, below which a wrinkled flame sheet cannot be maintained. It might

be surmised that this occurs at the order of the flame thickness and the diagnostic
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studies in Bradley et al. (2000) suggested an inner cut-off, given by the wavelength of
the smallest cells, of A; = 50. With this inner cut-off, the maximum limiting value of
(dfn [dPe) p, at highly negative values of Ma,, , from Eq. 5.6, is given by:

(%)% 55

The pressure remains constant in the theory of Bechtold and Matalon, (1987) and
Bradley, (1999). This does not cover confined explosions, in which the pressure and
unburned gas temperature are increasing, accompanied by associated decreases in 6, and
May,. Unburned gas temperatures were found from the measured pressures on the
assumption of isentropic compression and in some instances Ma, could be found from
previous measurement of it. Together with p,/0p, this enabled (dfir /dPe) p, to be found
from the theory of Bechtold and Matalon (1987) and Bradley (1999), at the different

values of Pe for Ma, >3. During an explosion (dfi;/dPe) po increased due to the

decrease in Ma,,. At lower values of Ma,, either Eq. 5.7 or Eq. 5.8 was employed.

When (dfirg /dPe) p, Was changing during a confined explosion, the highest unstable

wave number ( Jn, ) o at a given Pe was found from a quasi-steady state modification of

Eq. 5.4:
Pe
<! S
(s )pe =(fts)ey + | ( ZD’)P dpe (59)
Pe €

Pe was evaluated for the mean radius of the two kernels with &, = v/u, , where v was

the kinematic viscosity of the mixture. The value of u, was either known a priori or was

evaluated by iteration.

The ratio of the limiting values of the unstable wave numbers is inversely proportional
to that of the wavelengths. Fractal considerations previously employed by other workers

and in Bradley (1999) gave the ratio of the fractal surface area with a resolution of the

inner cut-off to that with a resolution of the outer cut-off off as (fng /ny )D ~2_ where D is

the fractal dimension. A value of D = 7/3 has been employed for turbulent surface

wrinkling (Bradley, 1992). The ratio of burning velocities with and without instabilities
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is equal to that of the surface areas, provided flame stretch effects on localised burning

velocities can be neglected. Hence, at Pe

13
F= (”—") :(ﬂJ (5.10)
ug Pe ny Pe

where F is a burning velocity enhancement factor that expresses the ratio of the burning
velocity enhanced by instabilities to the laminar burning velocity at any instant.

Theoretical values of n; were found for appropriate values of Ma,, and p,/p» and Pe.

Equation 5.10 enabled values of u, to be derived from experimental measurements of uy,.
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Chapter 6

Experimental Results From Initially Laminar Imploding Flames

6.1 Introduction

The present Chapter reports on the measurements of burning velocities, u,,, using the

twin kernel technique described earlier, in the spherical bomb. The flames were initially
laminar and the expressions for u, are presented in Chapter 4. It is first necessary to
obtain an expression for the amount of burned gas. Two approaches were employed for
this, one based on geometrical considerations, the other on the fractional pressure rise.
A knowledge of the flame area then enabled two expressions to give values of the
burning velocity, u,. The detailed procedure for deriving the laminar burning velocity,
u,, from u, allowing for instabilities, is described in Section 6.3. This procedure rests on

the theoretical approaches of Chapter Five.

6.2 Measurements of Burning Velocity Using Imploding Method

Table 6.1 summarizes all these explosions, in terms of the fuel, equivalence ratio, initial
pressure and temperature. The experimental results, presented in Figs. 6.1 to 6.25,
appear at the end of the Chapter. All follow the same format. Each figure shows, plotted

against time from ignition, (a) measured temporal variations of pressure and

temperature, (b) radii of the two flame kernels, (c) flame speeds, or/ot , and (d) values
of u, derived from both Egs. (4.14) and (4.19), for the appropriate initial conditions.

Equation (4.14) is based on the flame speeds and the unburned gas volume, while Eq.
(4.19) is based on the unburned gas volume deduced from the pressure rise. The
unburned gas temperatures during the explosions were obtained from the measured
pressures, using the GASEQ codes (Morley, 2001) on the assumption of isentropic
compression from the initial temperature and pressure of the reactants at ignition. In all
cases V, was found from Eq. (4.18) and the burning velocities obtained by the two
methods were in close agreement. After the leading edges of the two kernels began to

flatten. indicated by “flat” on some of the figures, the method was no longer applicable.
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Thereafter, values of u, were obtained directly by the double kernel method. This gave
the limiting burning velocity as the two kernels merged together. The filled triangles in
the bottom right hand quadrant (d) indicates the burning velocity measured by this
technique. The values often showed a continuation of the trends observed with the other
two methods. All experiments were repeated at least once to check repeatability, which
was generally good. Results from only one explosion are presented in this chapter.

Those all repeated experiments are shown in Appendix B.

Fig. No CsHis po(MPa) T,(K) Fjg No CsHiz po(MPa) T, (K)

6.1 0.8 0.5 358 6.2 0.8 1 358
6.3 0.9 0.5 358 6.4 0.9 1 358
6.5 1.0 0.5 358 6.6 1.0 1 358
6.7 1.1 0.5 358 6.8 1.1 1 358
6.9 1.2 0.5 358 6.10 1.2 1 358
6.11 1.3 0.5 358 6.12 1.3 1 358
6.13 1.4 0.5 358 6.14 14 1 358
6.15 1.5 0.5 358 6.16 1.5 1 358
6.17 1.6 0.5 358 6.18 1.6 1 358
6.19 1 0.75 358 6.20 1.4 0.75 358
CH4
6.21 1 0.1 298
6.22 1 0.5 358
H,
6.23 0.3 0.5 358
6.24 04 0.5 358
6.25 0.5 0.5 358

Table 6.1. Schedules of all laminar explosions during which measurements were made.
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Having established the general consistency of the twin kernel implosion technique, it
was first necessary to assess the reliability of deriving values of u, in this way. To do

this, mixtures were exploded for which the values of u,, Ma, and Pe. were already

known. Three mixtures were chosen for this purpose and the details of them are given

below in Table 6.2.

Po T,
Mixtur Data for u, and May,
pre $ MPa) (K) AT
CHy4 - air 1.0 0.1 298 Gu et al., (2000)
i-CgH3g - air 1.0 0.5 358 Bradley et al., (1998)
1-CgH ;g - air 0.8 0.5 358 Bradley et al., (1998)

Table 6.2. Chosen mixtures to assess the reliability of deriving values of u,.

6.3 Derivation of Laminar Burning Velocity, #,, from u,

The aim was to estimate the enhancement in the measured burning velocity u, above u,
that is a consequence of flame instabilities. This was done using the modified Bechtold
and Matalon approach described in Chapter 5. This enabled values of laminar burning

velocity, #,, to be obtained at the different temperatures and pressures during an

explosion.

The methodology was first checked using the CHgy-air mixture, ¢ = 1.0, initial pressure

0.1 MPa and temperature 298 K, for which %, and Ma,, had been well characterised over
the full range of pressures by Gu et al. (2000). The various measured experimental
values for two explosions of methane —air mixture are given in Fig. 6.21, plotted against
time from ignition. Schlieren images of the two kernels at an instance close to their
making contact are given in Fig 6.26. The two sets of values of u,, shown by different
symbols in Fig. 6.27, are in reasonable agreement, giving some confirmation of the
validity of the twin kernel analysis. Importantly, they are significantly greater than the

values of laminar burning velocity measured by Gu et al. (2000), with central ignition
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for the corresponding pressures and temperatures and shown by the dotted curves in Fig.

6.27. This confirmed that, once the critical Peclet number had been exceeded. the

continually developing burning velocity, u,, increasingly exceeded the value of u, at the

same temperature and pressure.

This aspect was studied using Eqgs. 5.2 to 5.10 and the instability theory. This theory
was used to predict the unstable burning velocity, u,, from the laminar burning velocity.
Part of the processing spread sheet, for increasing values of pressure, p, in a single
implosion is reproduced in Table 6.3. The procedure adopted was to find the isentropic
temperature, column C6, of the unburned mixture at the measured pressure, p, given in

column C3. GASEQ was used to find this temperature and also the kinematic viscosity,
v, from which the mean Peclet number, column C5, could be found from the measured
mean radius and 8, = v/u,. Values of u,, C4, were given by Gu ef al. (2000) and those
for Ma,,, C2, also were obtained from this source. From the data in Gu ez al. (2000) and
the theoretical data in Bradley ef al. (1996) these depended upon p and 7, and are shown

in column C2.

Fig. 6.26. Schlieren images of the two kernels close to making contact of stoichiometric

CHg-air initially at 0.1 MPa and 298 K, (p = 0.37 MPa, 7=430 K, 1 = 104.86 ms).
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Fig. 6.27. Symbols: experimental values of u, from two explosions of stoichiometric

CHj-air initially at 0.1 MPa and 298 K. Broken curve, values of u, from Gu et al.
(2000), full line curve, predicted unstable burning velocities, u,,.

The Bechtold - Matalon, (1987) theory then was employed for the known values of
P/ ps and Ma,,. The value Pe,; was found for each value of Ma,, from Eq. 5.3 and (»,)
and (ns);; were evaluated as described in Chapter 5.3. Computations of #n; using the
Bechtold - Matalon, theory over the appropriate range of Pe gave dfn/dPe. Shown in
C7 is fny, evaluated from Eq 5.9 for the different values of Pe. From these, also utilising
the theoretical values of #; at the particular values of Pe in Eq. 5.10, the values of F, the
burning velocity enhancement factor due to the instabilities, could be found from Eq.
5.10, see C8. The final column, C9, the product of u, in column C4 and F gives the
theoretical value of the unstable burning velocity, u, for each value of p and Pe. These
predicted values are shown by the upper full line curve in Fig. 6.27 and are in good

agreement with the experimental values measured in the two explosions and indicated

by the symbols.
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‘ Cl1 C2 C3 C4 C5 Cé6 C7 C8 Cc9
|dfn/dPe|Ma, |p MPa)| u, Pe T (K) fn, | F factor |y, theory

4 0.100 0.356 800 298 0.000 1.000 0.356

4 0.120 0.362 2885 314 0.000 1.000 0.362

0.00245 4 0.130 0.364 2920 321 6.816 1.004 0.365
0.00246 0.135 0.364 3100 324 7.259 1.027 0.374
0.00247 0.141 0.366 |3384.73]327.774| 7.962 1.059 0.387
0.00247 0.144 0.366 |3515.28(329.848| 8.284 1.074 0.393
0.00247 0.145 0.367 }3617.01(330.808| 8.536 1.085 0.398
0.00247 0.147 0.367 |3689.98|331.698| 8.716 1.094 0.401
0.00248 | 3.5 | 0.150 0.368 |3823.48333.835| 9.047 1.109 0.407
0.00248 | 3.5 | 0.154 0.368 3960 |336.121| 9.385 1.123 0.414
0.00248 ] 3.5 | 0.158 0.369 |4066.91|338.488] 9.651 1.135 0.419
0.00249 0.162 0.370 |4207.351340.813] 10.000 1.149 0.425
0.0025 0.165 0.370 | 4314.7 [ 3429821 10.269 | 1.160 0.429
0.00251 0.170 0.371 |4459.88|345.516] 10.633 1.174 0.436
0.00252 ¢ 3 0.174 0.372 |4607.33|347.836| 11.005 1.188 0.442
0.00252 | 3 0.179 0.373 14719.111350.556] 11.286 | 1.198 0.446
0.002521 3 0.183 0.373 [ 4871.34| 352954 11.670 1.212 0.452
0.00252 | 3 0.188 0.374 |14983.49|355.416| 11.953 1.222 0.457
0.002521] 3 0.193 0.375 | 5141.2 |1357.992| 12.350 | 1.236 0.463
0.00252| 3 0.198 0.375 | 5256.06|360.776| 12.639 | 1.246 0.468
0.00253 0.203 0.376 |541791(363.106| 13.049 | 1.260 0.474
0.00255 0.208 0.377 | 5534.521365.939| 13.346 | 1.270 0.479
0.00257 0.214 0.378 | 5703.13|368.573| 13.780 { 1.283 0.485
0.0026 0.219 0.378 | 5819.71(371.017| 14.083 1.293 0.489
0.00263 0.225 0.379 |5937.55]1373.746| 14.393 1.303 0.494
0.00266 | 1.25| 0.230 0.380 | 6114.17|376.472| 14.862 1.319 0.501
0.00269 0.237 0.381 |6233.93(379.237| 15.185 1.330 0.506
0.00271 0.243 0.381 | 6417.42(382.039| 15.682 | 1.345 0.513
0.00273 0.250 0.382 | 6546.83|385.049| 16.035 1.356 0.518
0.00275 0.257 0.383 |6697.17|388.042| 16.449 | 1.368 0.524
0.00281 0.264 0.384 | 6857.03(391.143| 16.898 1.381 0.530
0.00288 0.271 0.385 | 7003.87|394.101{ 17.321 1.394 0.536
0.00296 0.279 0.386 | 7160.96|397.281| 17.786 1.407 0.543
0.00305 0.288 0.387 |7369.13400.632| 18.421 1.425 0.551
0.0031 0.296 0.387 |7490.021403.683| 18.795 1.435 N/A
0.00313 | -1.5{ 0.350 0.391 8000 422 20.392 | 1475 N/A

Table 6.3. Data for predication of unstable burning velocity, u,, from laminar burning
velocity u,, using instability theory. CHs — air, ¢ = 1.0, initial pressure and temperature.
0.1 MPa and 298 K.
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Fig. 6.28. Symbols: experimental values of u, from two implosions of stoichiometric
iso-octane-air initially at 0.5 MPa and 358 K, (upper symbols). Lower symbols show
values of u, predicted from these compared with values from Bradley er al. (1998)
(broken curve).

The second well-characterised mixture was iso-octane-air, ¢ = 1.0, initially at 0.5 MPa
and 358 K. Values of u, and May, for the appropriate pressures and temperatures were

known from the experimental measurements of Bradley et al. (1998). The upper

symbols in Fig. 6.28 are the experimental values of u,, while the symbols below
indicate the derived values of u,, obtained from a value of F, derived as just described.

These derived values compare well with those measured by Bradley et al. (1998), at up

to 1 MPa, for different temperatures and shown by the broken curve in Fig. 6. 28.

The third test condition was for the iso-octane mixture, ¢ = 0.8, listed in Table 6.2.
Results for this mixture are given in Fig. 6.29. As with the stoichiometric iso-octane —
air mixture, values of u, were obtained from the modified Bechtold — Matalon theory

and are shown by the lower symbols in the figure. As before. these compare well with

the values shown by the broken line, again measured in central ignition explosions.
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Fig. 6.29. Symbols: experimental values of u,, from two implosions of of lean (¢ = 0.8)
iso-octane-air initially at 0.5 MPa and 358 K, (upper symbols). Lower symbols show
values of u, predicted from these, compared with values from Bradley er al. (1998)
(broken curve).

Because of these satisfactory predictions in Figs. 6.27 to 6.29, it was decided to extend
this approach to process a wide range of measurements, covering equivalence ratios,
from ¢ = 0.8 up to 1.4 for iso-octane — air mixtures and ¢ = 0.3 to 0.5 for hydrogen — air
mixtures to yield values of u,. shown at the end of the Chapter, in Figs. 6.30 — 6.35.
These figures show, plotted against pressure, upper experimental values of u, and lower
derived u,. Initial conditions for the mixtures presented in this way are summarised in

Table 6.4. These covered two different initial pressures for iso-octane mixtures, (p, =
0.5 MPa and 1.0 MPa) and one initial pressure ( p, = 0.5 MPa), for hydrogen mixtures.

All explosions were at an initial temperature of 358 K.
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§

Fig.No Cstlis p,(MPa) T,(K) FigNo CsHis p,(MPa) T,(K)

6.30 a 0.8 1 358 6.30b 1.0 1 358

6.31a 0.9 0.5 358 6.31Db 0.9 1 358

6.32a 1.1 0.5 358 6.32b 1.1 1 358

6.33 a 1.2 0.5 358 6.33b 1.2 1 358

6.34a 1.3 0.5 358 6.34b 1.3 1 358

6.35a 14 0.5 358 6.35b 14 1 358
8.8 1.5 1 358

H»

8.7a 0.3 0.5 358

8.7b 0.4 0.5 358

8.7c 0.5 0.5 358

Table 6.4. Schedule of all laminar implosions for which values of u, were obtained from
the measured values of u,, using the modified Bechtold — Matalon theory.

As the pressure increased there was an increased early pressure range in the explosions
during which no values of u, could be measured because the two kernels were out of
view. This was ameliorated by, where possible, using measured values of u, in
explosions with central ignition at the initial pressure, before instabilities had developed

(Bradley et al., 1998).

Another problem at high pressures was that the values of Ma, may not have been
measured. Experimental measurements of Mas require a stable flame to exist for
sufficient time to measure the gradient of a plot of burning velocity against flame stretch
rate. This became impossible with very unstable flames. The alternative of measuring
Pe,,, discussed in Chapter 5, was then adopted, except that in the case of very unstable
flames, particularly those in lean hydrogen mixtures, even this approach was difficult.
For these mixtures, all values of Pe. were taken to be 100 for ¢ = 0.3, 0.4 and 0.5

respectively. All these mixtures were assumed to have a "saturated” inner cut-off with

A,=501n Eq. 5.8.
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For iso-octane mixtures, necessary values of May, for the derivation of u, were obtained,
or estimated, from the data in Bradley et al. (1998), where this was possible. These were
supplemented by experimental measurements of Pe,. The theoretical treatment
described in Chapter 5.3 for Ma, > 3 could be used for ¢ up to 0.9 (0.5 MPa) and 1.0
(0.5 MPa partially). That involving Eq. 5.7 was used for values of ¢ from 0.9 (1.0 MPa)
and 1.0 (0.5 MPa partially) up to ¢ = 1.3 (1.0 MPa partially), while the limit inner cut—
off of A; = 50, with the use of Eq. 5.8, was reached for ¢ > 1.3 (1.0 MPa partially).

Another problem was that it was necessary to know the Peclet numbers of the kernels in

order to derive the values of #, from those of u,, using instability theory. Because §,=v/

u,, this necessitated assuming an initial vale of u,. A revised value then emerged from
Eq. 5.10. This enabled an updated value of Pe to be employed. Solution for u,
converged well, usually within four iterations. The derived values of #, for the hydrogen
— air mixtures are compared with computed values in Chapter 8.4. The enhanced

instabilities of the iso-octane — air mixtures, ¢ = 1.5 and 1.6, are discussed in detail in

Chapter 8.5.
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Chapter 7

Experimental Results From Turbulent Imploding Flames

7.1 Introduction

The present chapter reports measured values of turbulent burning velocities, u,, using
the twin kernel technique as described previously for turbulent conditions in Chapter 4.
This technique has the advantage of yielding data at higher pressures and, in addition,
the larger kernel diameters give a greater degree of flame surface development into the
longer wavelengths of the turbulent spectrum (Abdel-Gayed et al., 1987), an advantage
also enjoyed by well-designed burners (Bédat and Cheng, 1995).

All of the turbulent results from this technique are summarised in Section 7.2. The
effective value of rms turbulent velocity, u', affecting flame wrinkling is derived in
Section 7.3. Stoichiometric and rich iso-octane-air flames, ¢ = 1.4, were selected for
study in order to provide a contrast between a mixture that under atmospheric
conditions gave a reasonably stable laminar flame and one that gave an unstable one.
Mixtures were ignited at initial pressures of 0.5 and 1.0 MPa. This enabled burning
velocities to be measured up to 6 MPa. Values of »' ranged from 0.25 to 3 m/s and the

integral length scale, L, for turbulence was 20 mm.
7.2 Measurements of Turbulent Burning Velocity Using the Twin Kernel Method

At least two explosions for each gaseous mixture condition were exploded in the
spherical bomb. Tables 7.1 and 7.2 summarise all explosions during which
measurements were made. Figure numbers indicate where the experimental data,
including u', can be found and the figures covering each explosion are given at the end
of the chapter. Data from additional explosions are given in Appendix C. Values of '
(m/s) were based on the assumption that a spherical flame front was centred at the
vessel wall and these were found from Egs. (4. 14) and (4. 19). Corrected values. u,,

based on ¥, and obtained as described in Section 4.5, are presented in Figs. 7.50 - 52 in

Section 7.4.
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A wide range of conditions was investigated at different rms turbulent velocities, u'.
Pressure measurements coupled with high-speed flame photography during the
explosions, allied to the appropriate geometrical considerations, yielded values of u',.
For iso-octane-air mixtures these covered ¢= 1.0 and 1.4 over the pressure range 0.73
to 6 MPa. For hydrogen — air mixtures, these covered ¢ = 0.3 and 0.4 over the pressure
range 0.63 to 1.65 MPa. The unburned gas was assumed to be compressed

isentropically and the temperature was obtained, using the GASEQ code, from the

measured pressure.

Iso-octane p=1 $p=14
FigNo b PoMPD) () FigNo M po(MPD) T, ()
7.1 0.25 0.5 358 7.7 0.25 0.5 358
7.2 0.5 0.5 358 7.8 0.5 0.5 358
7.3 075 0.5 358 7.9 075 0.5 358
7.4 1 0.5 358 7.10 1 0.5 358
7.5 2 0.5 358 7.11 2 0.5 358
7.6 3 0.5 358 7.12 3 0.5 358
7.13 0.25 0.75 358 7.19 0.25 0.75 358
7.14 0.5 0.75 358 7.20 0.5 0.75 358
7.15 075 0.75 358 7.21 075 0.75 358
7.16 | 0.75 358 7.22 1 0.75 358
7.17 2 0.75 358 7.23 2 0.75 358
7.18 3 0.75 358 7.24 3 0.75 358
7.25 0.25 1 358 7.31 0.25 1 358
7.26 0.5 1 358 7.32 0.5 1 358
7.27 075 1 358 7.33 075 1 358
7.28 1 1 358 7.34 1 1 358
7.29 2 1 358 7.35 2 1 358
7.30 3 1 358 7.36 3 1 358

Table 7.1 Summary of conditions for different values of u' for all turbulent explosions

during which measurements were made for iso-octane — air mixtures. p, and 7, are

initial pressures and temperatures.
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Hydrogen $=0.3 $=10.4

FigNo “ . po(MPa) T,(K) F ' MPa) T, (K
g mis) ©° Fig. No (ws) Po (MPa) (K)
7.37 0.25 0.5 358 7.42 0.25 0.5 358
7.38 0.50 0.5 358 7.43 0.50 0.5 358
7.39 0.75 0.5 358 7.44 0.75 0.5 358
7.40 1 0.5 358 7.45 1 0.5 358
7.41 2 0.5 358 7.46 2 0.5 358

Table 7.2 Summary of all turbulent explosions during which measurements were made
for hydrogen — air mixtures, ¢ = 0.3 and ¢ = 0.4. p, and T, are initial pressures and

temperatures.

The presentation of the experimental results is similar to that adopted for the laminar
explosions. Figures 7.1 to 7.46 give plots against time from ignition of (a) measured
temporal variations of pressure and temperature, (b) radii of the two flame kernels, (c)
flame speeds, or/dt, and (d) values of u’, for the appropriate conditions. After the
leading edges of the two kernels began to flatten the method was no longer applicable
and again the double kernel method was applied in the limit as the two kernels merged
together, to yield the burning velocity. The filled triangle in the bottom right hand

graphs at the end of the explosions always indicates the burning velocity measured by

this technique.

A typical schlieren image of the two kernels is given in Fig. 7.47 for a hydrogen — air
mixture, ¢ = 0.3, at an rms turbulent velocity of 1 m/s. In general, the flame kernels had
different radii and the surface of turbulent flame was represented by a smoothed
spherical surface, such that on the 2D schlieren image the area of unburned gas outside

the surface was equal to that within it, as in Bradley et al. (2003).
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Fig. 7.47. Schlieren image of the two kernels close to making contact of lean (¢ = 0.3)

Hj-air initially at 0.5 MPa and 358 K, »'= 1 m/s.

7.3 Derivation of Effective rms Turbulent Velocity, u', Acting on the Flame

Kernel

When a flame kernel grows from a point source, initially only the smaller wavelengths
from the full spectrum of turbulence wavelengths can wrinkle the kernel. The longer
wavelengths contribute a velocity that convects the kernel. As the kernel propagates, an
increasing part of the spectrum, starting with the smallest wavelengths, will wrinkle the
flame front (Abdel-Gayed et al., 1987). Following Abdel-Gayed et al. (1987) and Scott

(1992), the effective rms turbulent velocity, u, is given by:

1/2

/ g
|7 rs( ), (7.1)
u' R, -

Mk

here S (IFV ) is the non - dimensional power spectral density based on the Kolmogorov scale,

n.
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An earlier expression for S (I?U ) employed by Abdel - Gayed et al. (1987) and based on

the integral length scale was replaced by a more accurate one by Scott (1992), given by :

0.01668R;> +3.74R2° — 70R;*!
— \5/3 — _
1+ (01278, I + (L.1sRI2E, | + (127807, |

5(k, )= (7.2)

here, k; is a dimensionless wave number and R; = u’4 /v is the Taylor scale Reynolds
number based on the Taylor microscale of turbulence, 1. This is related to the integral

length scale by: A/L=A4/R; (7.3)

here, 4 is a numerical constant = 16.

Haq (1998) derived the largest effective wavelength of the turbulence at a given time in
the explosion by multiplying the mean cold gas speed by the elapsed time from
initiation. This might be valid for small time intervals, but is less so for longer times and
larger kernel sizes, such as those in the present study. The alternative approach was
adopted of using the kernel diameter directly at any instant as the largest effective
wavelength for flame wrinkling. As a result, the associated smallest effective wave

number in the integral in Eq. (7.1) is

27 T
ko =22 = 7.4
“ 2r Pes, (7:4)

where r is the kernel radius, Pe the Peclet number and &, the flame thickness.

Normalized by the Kolmogorov scale, 7, it gives z,,,(

r 2 A (7.5)
k = k =
= pes, (15“25 R;’-S)
where the term in the bracket expresses 77.
With &, =v/u, (7.6)
. 0.
o7 A (O ° _ 7 Au, ’ a7
* T Pes,| 157 | u'A Pel5%% | u'6,
The turbulent Karlovitz stretch factor K = (u’/4) (5,/u,). (7.8)
Hence:
ky = 0.6264PeK " . (7.9)

From Eq. (7.3), with 4 = 16,
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R, =4R"® where R;= u'L/v. (7.10)
Equation (7.10) enabled S (1;77) to be evaluated for different values of %,,. The integral
expression, Eq (7.1), could then be evaluated to give u} /4’ by integrating between the

limits %,,k = oo and l;ﬂ_k' given by Eq. 7.9.

Values of the integral were found from different values of /;,7“,61 using the software

implemented by Haq (1998). Values of v were obtained from the GASEQ code. Figure
7.48 shows the values of u} /u" plotted against I;,;kl for different values of R; using this

software. Over the full range of values in the present work values of u} /u' ranged
between 0.644 and 0.932. Typical ways in which u} /4’ developed during the present

explosions are shown in Fig. 7.49. This covers two different mixtures and different

values of " There is a rapid development of uj /u’ even before the flames appear

within the windows. However, it is of an importance to mention here that u, were
related to ¥’ which was measured in the central (isotropic) region of the bomb and that

u'in the outer regions near the walls may not necessarily have the same value.

Fig. 7.48. Development of effective rms turbulent velocity (Haq. 1998).
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¢=10and ¢g=14.
7.4 Corrected Values of #, and Effects of High p and T

Values of turbulent burning velocity, u,, corrected as explained in Section 4.5.6 at
different pressures and temperatures are shown plotted against the effective rms
turbulent velocity, u’ in Figs. 7.50 and 7.51. These cover iso-octane - air mixtures, (a)
with ¢=1.0 and (b) with ¢= 1.4, at initial pressure of 0.5 MPa and 1.0 MPa,
respectively. All initial temperatures were 358 K. Particular values of p were selected
and as many data points as possible were obtained from the different explosions. Shown

in Fig. 7.52 are the corrected values of u,;, for hydrogen - air mixtures, (a) with ¢ = 0.3

and (b) with ¢ = 0.4, at an initial pressure of 0.5 MPa and initial temperature of 358 K.

All the results show what appears to be a linear increase in u, with u’ at constant
pressure and temperature. There also appears to be a general tendency for u, to increase
with pressure at a given value of u'y at the lower pressures, but this trend levels out at
the higher pressures. These results and how they might be correlated are discussed in

the next chapter, after discussion of those for quiescent mixtures and the appropriate

values of u,.
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Chapter 8

Discussion

8.1 Introduction

This chapter discusses the application of the twin kernel technique, first in the initially
laminar flame implosions, then in the turbulent ones. The initially laminar implosions
with central ignition demonstrated the importance of flame instabilities and associated
increases in burning velocity. These increases are associated with increases in Peclet
number, due to the decreasing flame thickness, and the decreasing values of Markstein
number with increasing pressure. These effects have been quantified semi-theoretically.
In this Chapter they are further discussed and generalized. With regard to turbulent
flames, the measured burning velocities are expressed more generally using
dimensionless groups. A theoretical approach is applied based on the influence of

negative Markstein numbers and instabilities in flamelets.

8.2 Laminar Burning: Central and Twin Ignition

The twin ignition is more difficult to employ than is the central ignition technique, and
the processing of the measurements is more time consuming. Its advantage is that it can
be employed closer to the maximum operating pressure of the bomb. In terms of

measuring burning velocities over a full pressure range, the techniques are

complementary.

This is illustrated by reference to explosions of stoichiometric methane — air and iso-
octane — air mixtures at initially 0.5 MPa and 358 K. Measurements for these are given
in Fig. 3.5 (a) and (b) for central ignition and in Figs. 6.5 and 6.22 for twin ignition.
These measured values of u, are plotted against pressure on Fig. 8.1 and the method of
measurement is indicated. Central ignition values, using Eq. (3.8) (optical method) in
the initial "pre-pressure” period, are given by the bottom set of symbols. Again with

central ignition, but using Eq. (3.22) (pressure method) the pressure rise was measured
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Fig. 8.1. Values of u, derived from three different methods for stoichiometric iso-
octane-air mixture (filled symbols) and methane — air mixture (open symbols), at p, =
0.5 MPa and T, = 358 K. Triangle symbols indicate double kernel values.

up to about 0.58 MPa. For twin ignition at the higher pressures (implosion method),
Egs. 4.14 and 4.19 were used. Thereafter, the broken curves are interpolations between

these values and those from the double kernel method, indicated by the triangle

symbols.

For the Optical Method u, was plotted against the flame stretch rate during the pre —
pressure to give a value of u, at zero flame stretch rate and the two values are shown for
0.5 MPa. All other values are those of u,, for flames that soon became unstable and
cellular. Shown by the lines at the bottom of the graph are values of u, originally
obtained using the Optical Method. These curves were obtained from previous
correlations of the variation of smooth, stable burning velocities with p and T, for iso-
octane by Bradley ef al. (1998), and methane, by Gu ez al. (2000). In these cases great

care was taken to avoid the onset of flame instabilities. The enhancements of u, above
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these 'values of u, at the higher pressures have been shown in Chapter 6.2 to be
explainable in terms of flame instabilities and wrinkling. Figure 8.1 shows that the early

stages of flame propagation from central ignition exhibit some enhancement of burning

velocity due to flame instabilities.

8.3 Validity of the Twin Kernel Implosion Technique for Initially Laminar Flames

The agreement between the two different methods of obtaining u,, described in

Section 4.2 for the twin kemel technique, and the general consistency of the results
show the technique to be accurate and suitable for obtaining burning velocities at high
pressure. The studies also clearly demonstrate the importance of instabilities, even at

lower pressures, in enhancing burning velocities.

The other aspect of the twin kernel technique is the application of the modified Bechtold
— Matalon theory to obtain values of laminar burning velocity, u,, from the unstable
burning velocity, u,. For explosions in which #, and Ma, are known and the Bechtold —

Matalon theory is applicable it has been shown in Section 6.3, by reference to three test

explosions, that the approach adopted seems to be valid. Difficulties arise when data on
u, and Ma, are more sparse and values have to be extrapolated from known values.
With regard to the theoretical approach of Bechtold — Matalon, this is only valid for
positive values of Ma,,. Otherwise, as described in Chapter 5.3, recourse has to be made
to experimental evidence to determine the inner cut—off (lowest wavelength for
instability). There is strong evidence that there is a lower limit for this, which in the
present study is taken to be 506,. The limiting value for Ma, when this value is attained
is not clear and more work is required on this question. But perhaps the greatest
uncertainty occurs at negative values of May, that are numerically less than those that
initially create “saturation” at the lower limit wavelength. Here the instabilities can be so

severe initially that even measurements of Pe are difficult.

8.4 Values of Laminar Burning Velocity

It follows from the previous Section that more confidence can be placed in some

derived values of u, than others. Shown in summary in Figs. 8.2 and 8.3 are the derived
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values of u, for different values of ¢ for iso-octane-air, at different pressures. p, and

températures, T. The derived values of u, appear to be reasonably consistent, with
tolerable scatter of the experimental points. Some of the scatter is attributable to the
increasingly sparse data on Ma, and Pe,,, particularly for the richer mixtures at higher
pressures, and the inherent difficulty of obtaining these because of flame instabilities.
On Fig. 8.3 the curve crossing with ¢=1.0 and 1.1 is probably anomalous. Resolution of
the problem is not helped by the gap in the data between the initial pressure and the next
closest higher pressure. Measurements are least accurate with the smaller flame surfaces
when these have just come into the field of view. Consequently, the accuracy of the

values of u, was least for these early values.
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Fig. 8.2. Values of %, derived from twin kernel measurements for different values of ¢
for iso-octane-air. Initial conditions 0.5 MPa and 358 K.
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Fig. 8.3. Values of u, derived from twin kernel measurements for different values of ¢
for iso-octane-air. Initial conditions 1.0 MPa and 358 K.

Figure 8.4 shows the derived variation of u, at 2.0 MPa and 427 + 2K for different

values of ¢. Also shown is the variation of the values of the burning velocity, u, , at
this condition. The data on Fig. 6.27, shown in Section 6.3, exhibit a value of
enhancement factor, F, of 1.42 at 0.29 MPa, for a mixture that might otherwise have
been assumed to be stable. Those on Fig. 8.4 for 2.0 MPa show F (broken curve) attains

a value as high as 6.6, due to the increasingly negative values of Ma, for richer
mixtures. Unlike values of u,, those of u, are not physicochemical properties, but ones
that depend on the history of their development and which would change even if p and

T remained constant. The values of F increase continuously with ¢, due to the

decreasing values of May,. These also tend to increase u,, , but with an increase in ¢ for

the richer mixtures this is countered by a decrease in u, and u,, begins to fall.

Derived values of u, are plotted against ¢ in Figs. 8.5 and 8.6 for different values of

pressure and temperature, shown on the Figures. Figure 8.5 1s for two different

pressures and temperatures in isentropic compression from 0.5 MPa and 358 K. Values
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Fig. 8.4. Variations of u,,, F and u, with equivalence ratio at 2.0 MPa and 427 K. Iso-
octane-air, initial conditions 1.0 MPa and 358 K.

of pressures on the figure in MPa are followed by those of temperature. Also shown by
the topmost curve, for comparison, are values measured by Davis and Law, (1998)
under atmospheric conditions. Shown in Fig. 8.6 are the laminar burning velocities at
five different pressures and temperatures in isentropic compression from 1 MPa and 358
K. The lowest curve for 3.0 MPa rests upon only two measured points and the general

shape of the other curves.

The present work confirms an earlier study (Bradley et al., 2002) that showed laminar
burning velocities of iso-octane-air mixtures tended to decrease slightly with isentropic
compression and not increase, as suggested by some previous experimentalists. It also
can be seen on Figs. 8.2, 8.3 and Figs. 8.5, 8.6 that u, tends to decrease more sharply
with increasing temperature and pressure during such compressions with rich mixtures

than with lean ones. Note. from Fig. 6.27, that CHs-air mixtures exhibit an opposite

trend in that u, tends to increase with isentropic compression.
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Fig. 8.5. Laminar burning velocity at two different pressures and temperatures in
isentropic compression from 0.5 MPa and 358 K. Pressures in MPa followed by
temperature. Topmost curve are values from Davis and Law, (1998) under atmospheric
conditions.
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Fig. 8.6. Laminar burning velocity at five different pressures and temperatures in
isentropic compression from 1.0 MPa and 358 K. Pressures in MPa followed by

temperature.
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Fig. 8.7. Experimental values of u, from two implosions of lean hydrogen-air initially at
0.5 MPa and 358 K, (a) ¢=0.3. (b) = 0.4 and (c) #= 0.5 (upper symbols). Lower

symbols show values of u, predicted from these, compared with computed values from
Verhelst ef al., (2004) (broken curves).
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It would appear that earlier reported increases in u, in such compressions of iso-octane-
air, which varied significantly between different researchers at higher pressures, were
probably a consequence of flame instabilities. This is not only of practical, but also of
theoretical importance, in that laminar burning velocities derived from chemical kinetic,
one-dimensional, models can only be validated against experimental measurements in

which either there is no inherent instability or the effects of it have been removed.

For the results for hydrogen —air mixtures, shown in Figs. 8.7 (a), (b) and (c) the
symbols show derived values of u, for ¢=0.3, 0.4, and 0.5, plotted against pressure.
The broken curves give values of u, obtained by Verhelst et al. (2004), from the CHEM
1D code for these different pressures and temperatures. It can be seen from the figures
that u, tends to increase slightly with isentropic compression. However, the agreement

between the two sets of values for the leanest condition, ¢= 0.3, is unsatisfactory. The
issue was discussed in some detail with Professor G. Dixon-Lewis. He was of the view
that the most likely explanation of the disagreement lay in the inadequacies of the

species diffusion fluxes at low values of ¢ in the model.

8.5 The Rapid Increase in u, for Unstable Iso-octane Rich Iso-octane Mixtures

With ¢ > 1.4 the pressure records for iso-octane — air mixtures, p, = 1 MPa, ¢= 1.5 and
1.6 in Figs. 6.16 and 6.18 reveal the development of strong oscillations at about 2.4
MPa. These are also associated with sharper increases in u,. Shown in Fig. 8.8 for ¢ =
1.5, are measured values of u, plotted by the circle symbols against pressure and below

these, the apparent values of u, derived from these. These latter values are different from

those with ¢ <1.4 in that , is seen to increase with compression. This and the pressure
oscillations that can be seen on Fig. 6.16 suggest an additional phenomenon might be
affecting the burning rate. One possibility is that autoignitive reactions might be

significant ahead of the flame front.

To explore this possibility, the autoignition integral

7

dt

t:0 T(T’p)

(8.1)

i =
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was evaluated. Here 77, ,)is the ignition delay time at the instantaneous values of T and
D, at the elapsed time, ¢, from the start of the end-gas compression process (r=0), and ¢,

is the time up to which the integral is evaluated. When the integral attains a value of

unity autoignition occurs (Heywood, 1988).

1.9
o
1.7 4
o
1.5 4
— o
E 134 Iso-octane-air, § = 1.5, 1 MPa, 358 K
‘? 1.1 4 o
L
(]
2 J
%" 0.9 50 ©
: 0.7 - —
0.5 - °°
0.3 -
D GG
0.1 r G000 ; T ,
1 1.2 1.4 1.6 1.8 2 2.2 2.4
MPa

Fig. 8.8. Experimental values of u, from one implosion of rich (¢ = 1.5) iso-octane - air
initially at 1 MPa, and 358 K (upper symbols). Lower symbols show apparent values of

u, derived from these.

A worst case condition was chosen for the evaluation of the of the integral: namely, that

the values of 7y , be those computed by Peters et al. (2002) for stoichiometric
heptane — air and shown in Fig. 8.9. These values are significantly lower than those for
iso — octane air. Interpolations had to be made for the appropriate values of p and T
corresponding to the explosions at ¢ = 1.5 and 1.6. The values of the integral, at the
different times are given on Figs. 8.10 and 8.11, respectively. For ¢ = 1.5, i was no
higher than 0.021, and at ¢ = 1.6, i was no higher than 0.031. As a consequence of this
analysis, it is legitimate to conclude that autoignition was not a cause of this sudden

increase in the burning velocities, u, for these unstable flames.

Another possible explanation of the enhanced values of u, and v, is that they arise from

further wrinkling of the flame due to Taylor instabilities (Bradley and Harper. 1994).
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The rapid rise in u, due to flame instabilities might contribute to a further feed-back

mechanism through the generation of strong pressure oscillations that contribute to

further flame wrinkling.
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Fig. 8.9. Ignition delay times for stoichiometic n-heptane mixtures at different

pressures, Peters et al. (2002).
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Fig. 8.10. Integral values, i, for laminar iso-octane flame, ¢ = 1.5, p, = 1 MPa, T, = 358
K at the appropriate p and T and u, values for which measurements were made.
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Fig. 8.11. Integral values, i, for laminar iso-octane flame, ¢ = 1.6, Po=1MPa, T, =358
K at the appropriate p, T and u, values for which measurements were made.

8. 6 Correlations of Turbulent Burning Velocity

Correlations of u, have been expressed in terms of U, = u, /u}, , as a function of either

the Damkoéhler number (Peter, 2000), or the turbulent Karlovitz stretch factor, K,

sometimes with additional influences of Le or the May, (Bradley, 2002 and Brutscher et

al., 2002). From Equations (7.8), (7.10) and &, = v/u,, it can be shown that K= 0.25
(uw/u)’ RO

At higher pressures and temperatures, for the reasons already discussed, there is a
problem in obtaining reliable values of u,. The derivation of values through detailed
chemical kinetic modelling is difficult because of the relatively more frequent three
body reactions, the rate constants for which are not accurately known at high pressures.
Consequently, the currently measured values of u, given in Figs. 8.2 to 8.7 were used

throughout, supplemented by those in Bradley er al. (1998), for the current study.
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Fig. 8.12. Normalized u, against K for iso-octane - air mixture at different pressures and

temperatures. (a) ¢ = 1.0, (b) §= 1.4, at p,= 0.5 MPa, T, =358 K.
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Shown in Figs 8.12 and 8.13 are the turbulent burning velocities for iso-octane — air

normalised by the effective rms turbulent velocity, u, /v’ x » to give U, plotted against, K.

Figure 8.12 (a) shows these parameters for ¢ = 1.0, and Fig. 8.12 (b) shows them for ¢

= 1.4, both at an initial pressure and temperature of 0.5 MPa and 358 K. The data for
these figures are drawn from those in Figs. 7.50 (a) and 7.50 (b). Figure 8.13 (a) and (b)
shows otherwise the same parameters for these same two mixtures, but with an initial
pressure of 1.0 MPa. The data for these figures are drawn from those in Figs. 7.51 (a)
and 7.51 (b). The experimental data for hydrogen — air mixtures for ¢ = 0.3 and 0.4 in
Figs. 7.52 (a) and (b) appear in plots of U against K in Figs. 8.14 (a) and (b),
respectively, both at an initial pressure and temperature of 0.5 MPa and 358 K.There is
a general tendency with all mixtures for U to increase with p, particularly at the lower

values of K.

All the experimental data used in the plots of U against K are given along with the other
relevant parameters in Tables 8.1-8.6 at the end of the chapter. These also contain
values of U given by the expressions of Bradley and co-workers (Bradley et al., 1992
and Bradley, 2002), Eq. 1.2 and Gtilder (1991), Eq. 1.3. Both of these expressions were
predominantly obtained for flames at pressures close to atmospheric. Equation 1.2
included Le in an attempt to allow for thermo-diffusive and flamelet quenching effects.

Values of Le were computed for each condition using the in-house software

"Properties”.

Kobayashi and co-workers (Kobayashi et al., 1998) have measured #, up to 1.0 MPa for
C,H4—air (¢ = 0.5, 0.7 and 0.9) and up to 0.5 MPa for C;Hg—air (¢ = 0.9). The results,
along with those for lean CHy—air from (Kobayashi et al., 1996), were correlated by an

equation that can be expressed as

n , n-1
U:C(ﬁj (“—"j , (8.1)
po ut’
where (a) for the CHs—air and C,Hs—air flames C =2.9 and » = 0.38, and, (b) for the
C;H; - air flames C = 1.9 and n = 0.40. Values of U with these different constants are

designated by U a and U b, respectively. The differences in values were attributed to

Lewis number effects. Values of U a and U b are also presented in Tables 8.1-8.6. The
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Fig. 8.15. Normalized u, against K for iso-octane - air mixture at different pressures and

temperatures. (a) ¢= 1.0, (b) §=1.4, at p,= 0.5 MPa, T, = 358 K.
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different predictions given by these two equations are given by Ka and Kb in Figs. 8.15
- 8.17, along with the experimental values and the values given by Bradley et al., B. and
Giilder, G. The present experimental results are indicated by A. For both iso-octane
mixtures the values of U predicted by Giilder’s expression are closest to the measured
values, followed by values predicted by the expression of Bradley er al. This tends to be
reversed for the hydrogen mixtures. In all cases the predictions of the two expressions
of Kobayashi et al. tend to be significantly lower. The iso-octane mixture that produces
the most unstable laminar flames is that at an initial pressure of 1 MPa, with ¢ = 1.4,
and for these conditions the values of U given by these expressions are much lower than

the experimental values.
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Fig. 8.18. Variation of U with May, for K=0.025 and 0.15 (filled symbol).

The influence of Ma,, upon U at fixed values of K is demonstrated in Fig. 8.18. This
shows U plotted against Ma,, for values of K equal to 0.025 and 0.15. Although the

values of May, cannot be accurate, the figure demonstrates that a more negative value of

Ma,, increases U at constant K.

8. 7 Predicted Values of u,

The laminar flamelet approach presently being developed by Sedaghat at Leeds

attempts to improve the theoretical understanding of negative Markstein number
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turbulent flames. It rests on (i) derivation of reliable pdfs of flame stretch rates as a
function of K, R, and Ma,,, (ii) extinction of flames when the stretch rates exceed those
at which the laminar flames extinguish (iii) allowance for the effect of Ma,, and stretch
rate on the burning rate of flamelets and (iv) allowance for wrinkling of flamelets due to
their instabilities at low values of K and Ma,. This theory was applied by Sedaghat to
measurements of #, at 1 and 2 MPa with the iso-octane—air mixtures, ¢ = 1.0 and 1.4.
The results are shown in Fig. 8.19. Figures 8.19 (a) and (b) are for 1 MPa and ¢=1.0
and 1.4, respectively, in explosions of mixtures initially at 0.5 MPa. Figures 8.19 ¢ and
d are for 2 MPa and the same corresponding values of ¢, but this time for an initial

pressure of 1.0 MPa.

The symbols show values interpolated from the present experimental results. The bold
full lines curves show values given by the complete theory of Sedaghat (2004), which
allows for the instability of some flamelets. The bold broken curves show theoretical
values but without any such instability effects, (see iv above). The differences between
these two values of U indicate the influence of instabilities. The dotted curves in the
figure show the predictions of Eq. (1.2) (Bradley ef al., 1992). Equation. (1.3) (Giilder,
1991) gave slightly higher values of U. Although the expression of Bradley et al.
includes Le in an attempt to allow for thermo-diffusive effects, the predicted values of U
are consistently below those measured, particularly at the lowest Markstein number.
Perhaps surprisingly, at the positive values of May, they are closer to the measured
values than are the present theoretical values. For these conditions the closeness of the

continuous and broken bold curves indicates that, with the present theory, there is little

influence from flamelet instabilities.

On the other hand, for the two conditions with Ma,, = -2 the theory shows a significant
instability contribution that brings theoretical values closer to those measured. For all

the negative values of Mag, the value of the inner cut-off, i;, was the limiting one of
505,. In general, as K increases, the instability contribution to U decreases
Computations (not shown) for Mag, =-3 at both 2.5 MPa and 6 MPa showed negligible

instability enhancement beyond K=0.30, in accordance with the general predictions of

Boughanem and Trouvé (1998). It is, however, interesting to note that an increasingly
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la 1 MPa, 428 K, Ma,, = 2 1 MPa, 426 K, Ma, = -2

ic 2 MPa, 428 K, Ma, = 1 1d 2 MPa, 428 K, Ma,, = -2

0 0.01 0.02 003 o 0.05 0.1 0.15 0.2

Fig. 8.19. Values of U at 1.0 and 2.0 MPa. aandc, ¢ =10, bandd, ¢ = 1.4
Symbols, measured values from the present work; dotted curve, Bradley et al. (1992);
bold curves, flamelet instability theory, Sedaghat (2004).

Negative value of Mag, increases U, even without an instability contribution. However,
these predictions at high pressures were hampered by insufficient data on both

Markstein numbers and laminar burning velocities.

8. 8 Laminar and Turbulent Instabilities

Measured and theoretical values of U become particularly high at the lowest values of
K, as the flame tends towards a laminar flame. It is shown in Section 6.3 that, at high

pressures and lower values of May, , laminar flames can exhibit a high enhancement

factor. F. the ratio of unstable burning velocity to u,. At the lowest values of u'/u, and K
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the value of U, which can be as high as 8, tends towards that of u,/u,, which has
similarities to that of F in laminar burning. The maximum value of F measured for the
mixture conditions of Fig. 8.19 d for the corresponding unstable, but originally laminar
flame was 6.6. Nevertheless, with values of U of 3 or more and with u'; of, say, 3 m/s,
the value of u, = 9 m/s. This burning velocity is significantly higher than what might be

obtained with unstable burning of an initially laminar flame.

In summary, an initially laminar explosion flame with a negative value of Mag, would

soon become unstable and its burning velocity would accelerate. If the flame front were
then to propagate into an increasingly turbulent mixture, the turbulence would gradually
over-ride the natural instability of the flame. Eventually, flame wrinkling and the
consequent value of the turbulent burning velocity would be the result solely of the
turbulence of the mixture, with no contribution from laminar flamelet instability and the

burning velocity would be higher.



Po D T u'y K u' R, Le U, y U U U Ua Ub
(MPa) (MPa) (K) (m/s) (m/s) (m/s) m>/s  Presentwork Bradley Giilder  Kobay. Kobay. _
0.5 1.00 426 0.22 0.0037  0.25 1786 1.417 0.32 2.80E-06 7.67 5.52 6.55 3.10 4.70
0.5 1.03 429 0.22 0.0037  0.25 1818 1.417 0.32 2.75E-06 7.75 5.51 6.55 3.13 4.74
0.5 1.50 471 0.23 0.0035  0.25 2262 1.417 0.31 2.21E-06 8.93 541 6.49 3.51 5.27
0.5 1.02 428 0.44 0.0107  0.50 3610 1.411 0.31 2.77E-06 5.19 4.05 5.04 2.06 3.08
0.5 1.11 438 0.44 0.0107  0.50 3802 1.411 0.31 2.63E-06 5.47 4.02 5.01 2.10 3.14
0.5 1.50 471 0.45 0.0106  0.50 4525 1.411 0.30 2.21E-06 6.30 3.93 4.96 2.28 3.37
0.5 1.77 491 0.46 0.0105  0.50 4975 1.411 0.29 2.01E-06 6.56 3.89 4.95 2.39 3.53
0.5 1.00 427 0.66 0.0227  0.75 5376 1.416 0.29 2.79E-06 4.75 3.21 4.18 1.51 2.24
0.5 1.53 474 0.69 0.0222  0.75 6881 1.416 028 2.18E-06 5.40 3.49 4.30 1.72 2.52
0.5 1.03 429 0.77 0.0195 1.00 7273 1.407 0.30 2.75E-06 4.53 3.86 4.45 1.44 2.12
0.5 1.51 472 0.83 0.0209 1.00 9091 1.407 0.29 2.20E-06 5.40 3.49 4.30 1.59 2.32
0.5 1.73 488 0.85 0.0210 1.00 9804 1.407 0.29 2.04E-06 5.71 3.42 4.29 1.65 2.41
0.5 2.52 535 1.77 0.0882 2.00 24540 1.390 0.27 1.63E-06 4.62 2.15 3.18 1.17 1.67
0.5 3.27 569 1.81 0.0865 2.00 28777 1.390 0.26 1.39E-06 3.25 2.11 3.37 1.26 1.78
0.5 3.90 591 1.84 0.08901 2.00 31746 1.390 0.25 1.26E-06 5.32 2.05 3.32 1.30 1.83
0.5 2.55 536 2.66 0.1621 3.00 37037 1.39 0.27 1.62E-06 4.36 1.78 2.83 0.92 1.30
0.5 3.31 571 2.73 0.1579  3.00 43478 1.390 026 1.38E-06 2.62 1.75 3.00 1.00 1.40
0.5 3.96 595 2.78 0.1744  3.00 48387 1.390 0.24  1.24E-06 3.08 1.67 2.91 1.01 1.40

Table 8.1 Initial conditions and corresponding turbulence parameters for iso-octane - air mixtures, ¢ =1.0,p, =0.5 MPa, T, = 358 K.
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Po p T u'y K u' R, Le Uy v U U
(MPa) (MPa) (K) (m/s) (m/s) (m/s) m?/s  Present work Bradley
0.5 1.01 425 0.18 0.0186 0.25 1845 0.898 0.14 2.71E-06 11.00 4.81
0.5 1.09 432 0.18 0.0184 0.25 1931 0.898 0.14 2.59E-06 10.84 4,73
0.5 1.01 424 0.44 0.0524 0.25 3704 0.89 0.14 2.70E-06 6.22 2.88
0.5 1.45 462 0.46 0.0495 0.50 4587 0.894 0.14 2.18E-06 7.03 2.83
0.5 1.76 484 0.46 0.0548 0.50 5155 0.894 0.13 1.94E-06 7.30 2.72
0.5 1.06 429 0.66 0.1028 0.75 5703 0.89 0.13 2.63E-06 5.25 2.36
0.5 1.43 461 0.67 0.1163 0.75 6818 0.892 0.12 2.20E-06 6.15 2.23
0.5 1.69 479 0.68 0.1239  0.75 7576 0.892 0.11 1.98E-06 6.57 2.16
0.5 2.24 512 0.69 0.1376  0.75 8929 0.892 0.10 1.68E-06 7.31 2.07
0.5 1.05 428 0.872 0.1669 1.00 7576 0.937 0.13  2.64E-06 5.07 2.02
0.5 1.49 466 0.90 0.1866 1.00 9390 0.937 0.12 2.13E-06 5.28 1.90
0.5 2.29 514 0.92 0.2099 1.00 12121 0.937 0.10 1.65E-06 6.27 1.79
0.5 2.52 526 1.81 0.5537 2.00 25641 0.887 0.11 1.56E-06 5.45 1.38
0.5 3.02 548 1.83 0.5733 2.00 28777 0.887 0.10 1.39E-06 4.79 1.35
0.5 2.56 528 2.72 0.88642 3.00 38961 0.8854 0.11 1.54E-06 5.20 1.20
0.5 2.90 543 2.74 0.8915 3.00 41958 0.885 0.11 1.43E-06 4.64 1.19

U

Giilder

5.02
4.96
3.24

3.23
3.15

2.81
2.71
2.66
2.60

2.55
2.46
2.40

1.96
2.04

1.82
1.91

Ua Ub
Kobay. Kobay. _
2.17 3.25
2.20 3.29
1.27 1.86
1.41 2.06
1.45 2.10
0.99 1.44
1.03 1.49
1.06 1.53
1.11 1.59
0.82 1.19
0.87 1.25
0.94 1.34
0.66 0.92
0.69 0.95
0.54 0.75
0.56 0.77

Table 8.2 Initial conditions and corresponding turbulence parameters for iso-octane - air mixtures, ¢ =1.4,p, =0.5 MPa, T, =358 K
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Po p T Uy K u' R, Le U,y v U U U U a Ub
(MPa) (MPa) (K) (m/s) (m/s) (m/s) m>/s  Presentwork Bradley Gilder  Kobay.  Kobay. ~

1 1.59 403 0.22 0.0038 0.25 3125 1.418 0.27 1.60E-06 6.13 5.60 6.84 2.63 3.99
2.09 431 0.22 0.0037  0.25 3676 1.418 0.26 1.36E-06 7.35 5.45 6.72 2.82 4.26

1 2.64 457 0.23 0.0036 0.25 4202 1.418 0.26 1.19E-06 7.92 5.39 6.70 3.02 4.54

1 2.09 431 0.45 0.0102  0.50 7353 1.418 0.27 1.36E-06 4.99 3.99 5.25 1.86 2.77

1 2.00 426 0.66 0.0191 0.75 10714 1414 0.27 1.40E-06 4.52 3.38 4.67 1.45 2.15

1 2.53 452 0.68 0.0186  0.75 12295 1.414 0.26 1.22E-06 5.04 3.33 4.65 1.55 2.28

1 3.12 476 0.69 0.0181 0.75 13889 1414 0.26 1.08E-06 5.49 3.30 4.66 1.66 2.42

1 1.99 426 0.86 0.0292 1.00 14286 1.410 0.27 1.40E-06 4.38 3.05 4.38 1.24 1.83

1 2.45 448 1.32 0.0533 1.50 24194  1.409 0.26 1.24E-06 4.27 2.49 3.63 1.03 1.49

1 3.01 472 1.35 0.0504 1.50 27273 1.409 0.26 1.10E-06 4.63 2.48 3.69 1.10 1.59

1 4.44 519 1.82 0.0710  2.00 45506 1.402 0.26 8.79E-07 5.29 2.22 3.71 1.07 1.52

1 6.07 559 1.86 0.0667 2.00 54870 1.402 0.25 7.29E-07 4.08 2.21 3.76 1.18 1.67
3.16 477 2.23 0.1061 2.50 46729 1404 0.26 1.07E-06 5.24 2.01 3.24 0.83 1.19

4.79 528 2.30 0.0977  2.50 59595 1.404 0.26 8.39E-07 4.97 1.99 3.34 0.95 1.35

1 6.28 563 2.83 0.1261 3.00 84151 1.398 0.25 6.46E-07 3.35 1.80 3.31 0.92 1.29

Table 8.3 Initial conditions and corresponding turbulence parameters for iso-octane - air mixtures, ¢ = 1.0,p, = 1 MPa, ', =358 K.
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Po p T u'y K u’ R, Le U, v U U U U a Ub
(MPa) (MPa) (K) (m/s) (m/s) (m/s) m2/s Present work Bradley  Giilder ~ Kobay.  Kobay.

1 2.05 426 0.22 0.0219 0.25 3731 0.896 0.11 1.34E-06 7.95 3.71 4.09 1.65 2.44
2.62 452 0.23 0.0221 0.25 4310 0.896 0.10 1.16E-06 8.48 3.63 4.04 1.75 2.58

1 2.01 424 0.44 0.0549 0.50 7407 0.895 0.12 1.35E-06 5.78 2.84 3.40 1.12 1.65
2.05 426 0.65 0.1140 0.75 11194 0.892 0.11  1.34E-06 5.39 2.32 2.97 0.86 1.26

1 2.57 449 0.67 0.1127 0.75 12821 0.892 0.11 1.17E-06 6.20 2.27 2.94 0.91 1.32
3.31 477 0.68 0.1104 0.75 15000 0.892 0.10 1.00E-06 6.72 2.23 2.94 0.98 1.41

1 2.11 429 0.90 0.1735 1.00 15267 0.89 0.11 1.31E-06 4.73 1.96 2.63 0.72 1.03

1 2.77 457 0.92 0.1730 1.00 17857 0.892 0.10 1.12E-06 5.43 1.92 2.62 0.77 1.10
3.28 490 0.93 0.1806 1.00 21575 0.892 0.10 9.21E-07 5.77 1.83 2.57 0.82 1.16

3.20 473 1.32 0.3486 1.50 29412 0.887 0.10 1.02E-06 5.43 1.63 2.41 0.63 0.89

1 4.36 509 1.35 0.3701 1.50 35211 0.887 0.09 8.52E-07 6.18 1.56 2.37 0.67 0.94
4,52 513 1.78 0.5761 2.00 48019 0.886 0.09 8.33E-07 5.60 1.39 2.22 0.58 0.80

1 5.96 546 1.83 0.5660 2.00 57061 0.886 0.09 7.01E-07 4.85 1.36 2.22 0.62 0.86

1 6.24 552 2.85 0.8969 3.00 87848 0.882 0.09 6.83E-07 4.62 1.14 2.00 0.50 0.69

Table 8.4 Initial conditions and corresponding turbulence parameters for iso-octane - air mixtures, ¢ = 1.4,p, =1 MPa, T, =358 K.
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Do p T u'y K u' R, Le U, Y U U U Ua Ub
(MPa) (MPa) (K) (m/s) (m/s) (m/s) m?/s  Presentwork Bradley  Giilder Kobay. Kobay. —
0.5 0.60 377 0.22 0.0822 0.25 1142 0.416 0.075 4.38E-06 2.08 3.15 2.58 1.07 1.59
0.5 0.62 381 0.22 0.0746 0.25 1160 0.416 0.078 4.31E-06 2.32 3.20 2.61 1.10 1.64
0.5 0.60 378 0.43 0.2323 0.50 2288 0.416 0.075 4.37E-06 2.33 2.36 2.10 0.72 1.05
0.5 0.70 394 0.46 0.1484 0.50 2475 0.416 0.092 4.04E-06 3.40 2.55 2.26 0.83 1.22
0.5 0.71 395 0.67 0.2717 0.75 3741 0.42 0.092 4.01E-06 3.35 2.18 2.04 0.66 0.97
0.5 0.81 410 0.68 0.2659 0.75 3989 0.42 0.092 3.76E-06 3.85 2.16 2.03 0.69 1.00
0.5 0.71 396 0.90 0.4193 1.00 4963 0.417 0.092 4.03E-06 3.17 1.90 1.86 0.56 0.81
0.5 0.80 409 0.91 0.4105 1.00 5291 0417 0.092 3.78E-06 3.36 1.88 1.85 0.58 0.83
0.5 0.80 409 1.80 1.1580 2.00 10638 0.417 0.092 3.76E-06 3.50 1.40 1.55 0.38 0.55
0.5 0.91 424 1.82 1.1470  2.00 11331 0.417  0.091 3.53E-06 3.60 1.38 1.54 0.40 0.57

Table 8.5 Initial conditions and corresponding turbulence parameters for hydrogen - air mixtures, ¢ =0.3,p, =0.5 MPa, T, =358 K.
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Do p T Uy K U R, Le U, v U U U U a Ub
(MPa) (MPa) (K) (m/s) (m/s) (m/s) m>/s Present work Bradley Gillder Kobay. Kobay.
0.5 0.71 395 0.22 0.0053 0.25 1208 0.452 0.29 4.14E-06 8.07 7.06 5.84 2.59 3.95
0.5 0.90 423 0.22 0.0056 0.25 1359 0.452 0.28 3.68E-06 8.90 6.77 5.63 2.72 4.11
0.5 0.91 424 0.44 0.0158 0.50 2732 0.452 0.28 3.66E-06 6.27 5.01 4.36 1.81 2.70
0.5 1.02 438 0.45 0.0159 0.50 2915 0.452 0.27 3.43E-06 6.49 4.94 4.33 1.86 2.78
0.5 0.70 394 0.65 0.0279 0.75 3597 0.452 0.29 4.17E-06 5.27 4.35 3.91 1.34 2.00
0.5 0.80 409 0.66 0.0289 0.75 3856 0.452 0.28  3.89E-06 5.87 4.21 3.81 1.37 2.04
0.5 0.81 410 0.85 0.0444 1.00 5155 0.453 0.28 3.88E-06 5.14 3.82 3.58 1.18 1.74
0.5 0.91 424 0.87 0.0447 1.00 5479 0.453 0.28 3.65E-06 543 3.74 3.53 1.21 1.78
0.5 1.03 439 0.88 0.0448 1.00 5865 0.453 0.27 3.41E-06 5.59 3.68 3.50 1.25 1.83
0.5 1.29 468 0.90 0.0442 1.00 6579 0.453 0.26  3.04E-06 5.76 3.62 3.47 1.33 1.94
0.5 1.25 464 1.80 0.1253 2.00 12945 0.453 0.26 3.09E-06 5.86 2.65 2.82 0.87 1.25
0.5 1.43 481 1.82 0.1248 2.00 13841 0.453 0.26 2.89E-06 5.90 2.63 2.81 0.90 1.29

Table 8.6 Initial conditions and corresponding turbulence parameters for hydrogen - air mixtures, ¢ =0.4,p, =0.5 MPa, T, =358 K.
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‘ Chapter 9

Conclusions

9.1 Conclusions

The different methods for measuring burning velocities in spherical explosion vessels
have been examined. Those involving central ignition were first employed: one
predominantly involving optical observation of the flame front, the other involving
pressure measurement. The experiments with initially laminar flames have confirmed.
first, the effects of flame stretch rate and, second, the onset of flame instabilities with an
associated increase in the burning velocity. The latter became more important as the
pressure increased. Mixtures with negative Markstein numbers were more prone to
instabilities and enhanced burning velocities. There was evidence of related effects in

turbulent flames.

In order to measure burning velocities at high pressure a new technique, involving twin
imploding kernels with ignition at diametrical opposite points at the combustion vessel
wall has been developed. Two different analytical approaches were employed, one
based on geometrical quantification of the volume of burned gas, the other on the
fractional pressure rise. A knowledge of the flame area then enabled two corresponding
expressions to be obtained for the burning velocity. The agreement in values of u,
between these two different approaches and the general consistency of the results

showed the technique to be accurate and suitable for obtaining burning velocities at high

pressure.

The thesis also has addressed the difficulties in deriving the laminar burning velocity
from the measured unstable burning velocities. This derivation has been attempted
using an adaptation of the instability theory of Bechtold and Matalon. The validity of
the approach has been confirmed for methane — air and iso-octane — air explosions,
under conditions where the laminar burning velocities and Markstein numbers at high
pressure were known from previous explosions using the central ignition techniques.

For very unstable flames it was not possible to measure these parameters and even the
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measurement of Pe.; was unreliable. However, with flames that are so unstable that the
smallest wavelength of instability is "saturated”, the derivation of , is simplified by the

assumption that A; = 50.

This implosion technique was also applied to the measurement of turbulent burning
velocities in the fan-stirred bomb. For both turbulent and non-turbulent explosions
emphasis was placed on the effects of instabilities. The onset of instabilities was
facilitated, not only by the use of high pressures and larger diameter flame kernels, but

also by the use of mixtures with negative Markstein numbers.
In summary, the principal findings are:

1. Laminar flames became increasingly unstable, as both the distance they had
propagated and the pressure increased. This was particularly so for rich mixtures of iso-
octane and lean mixtures of H, — air. This is explained by the influences of Pe and Ma,,

as explained by the instability theory of Bechtold and Matalon.

2. The agreement between the two different expressions for obtaining #, with the twin
kernel technique and the general consistency of the results showed the technique to be
accurate and suitable for obtaining burning velocities at high pressure. The studies also
clearly demonstrated the importance of instabilities, even at lower pressures, in

enhancing burning velocities.

3. The theory of Bechtold and Matalon (1987), as modified by Bradley (1999) has
enabled laminar burning velocities of methane — air (¢ = 1.0), iso-octane — air (¢ = 0.8
to 1.4) and hydrogen — air (¢ = 0.3 to 0.5) mixtures to be obtained over ranges of
pressure and temperature in isentropic compressions. There were, however, difficulties
with the Bechtold - Matalon approach, in that it is not directly applicable for Ma, <3
and it requires a knowledge of values of Markstein numbers, which were in some
instances sparse at high pressure. The hydrogen flames were so unstable that

measurements of Ma,, and Pe.; were almost impossible.
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4. The increase in laminar burning velocity due to instabilities is indicated by an
enhancement factor F. This is not constant but continually increases as the flame
propagates. The value of F' was low for a mixture that might otherwise have been
assumed to be stable (value of 1.42 at 0.29 MPa, for methane — air, ¢ = 1). For richer
mixtures of iso-octane — air, ¢ = 1.4, F attained values as high as 6.6, at 2.0 MPa.
Similarly with lean mixtures of hydrogen — air flames, ¢ = 0.3, at 0.9 MPa, also with a

negative value of May,, F' attained a value of 4.4.

5. The values of u, for iso-octane mixtures confirmed an earlier study (Bradley et al.,
2000) that showed they tended to decrease slightly with isentropic compression and not
to increase, as suggested by some previous experimentalists. It also emerged that u,
tended to decrease more sharply for richer mixtures with increasing temperature and

pressure during such compressions.

6. The earlier reported increases in u, in isentropic compressions varied significantly

between different researchers and are probably a consequence of flame instabilities.
This is not only of practical, but also of theoretical importance, in that laminar burning
velocities derived from chemical kinetic, models that omit flame instabilities can only
be validated against experimental measurements in which there is either no inherent

instability, or the effects of it have been removed.

7. A numerical study based on known "worse case” autoignition delay times, for iso-
octane — air mixtures, ¢ = 1.5 and 1.6, initial pressure 1.0 MPa, showed that autoignition
was highly unlikely in the end gas. This conclusion is most probably also true for all

other mixtures studied.

8. Further increased values of u, and u, at ¢ = 1.5 and 1.6 are possibly a consequence of
the rapid increase in u, and increased pressure oscillations. These could give rise to

further wrinkling of the flame front due to Taylor instabilities.

9. Turbulent burning velocities measured by the new technique, particularly when May
was negative, tended to be higher than those suggested by expressions predominantly

based on measurements much closer to atmospheric pressure. These explosions were of
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iso-octane — air mixtures (¢ = 1, 1.4) at initial pressures of 0.5 and 1.0 MPa and

hydrogen — air mixtures (¢ = 0.3, 0.4) at an initial pressure of 0.5 MPa. It was possible

for burning velocities to be measured up to a maximum of 6 MPa.

10. The twin kernel technique not only had the advantage of yielding data at high
pressures close to the safe working pressure of the bomb but, in addition, the larger
kernel diameters gave a greater degree of flame surface development into the longer
wavelengths of the turbulent spectrum. As a result, u'; was closer to #'. In the case of
laminar flames the larger diameters gave higher Peclet numbers and increased flame

instabilities.

11. There was collaboration with Dr. Sedaghat in his theoretical studies of turbulent
burning velocities. These showed that increasingly negative values of May, increased the
burning velocity of the stretched flamelets. There was a further increase in the turbulent
burning velocity at the smaller values of the Karlovitz stretch factor due to instabilities
in the flamelets. However, the range of unstable wavelengths in turbulent burning is less
than that in laminar burning and the effects of instabilities are less pronounced.
Whereas the largest unstable wavelength is of the order of the flame diameter in laminar

flames, it is of the order of the integral length scale in turbulent flames.

9.2 Recommendations

a. A more detailed picture of unstable and turbulent flame structure would be obtained

from laser sheet imaging, including Planar Mie Scattering (PMS), and planar laser

induced fluorescence (PLIF).

b. Due to the size and position of the optical windows, it was not possible to have
complete views of the leading edges of flames. It would be informative to install a small

optical window, positioned to observe the flame front. Alternatively, ion probes might

be used to map the flame front.

c. It would be advantageous to measure the flow field and u' during flames propagations

using laser doppler and particle image velocimetry.
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}
d. Present results should be compared with the findings of related direct numerical

simulations in the collaborative work with the Universities of Cambridge (Dr. S. Cant)

and Central Lancashire (Dr. V. Kallin), when their studies have been completed.

e. There was a particular difficulty in measuring Markstein lengths and critical Peclet
numbers when laminar flames became almost immediately unstable after ignition. It
would be useful if a mean of overcoming this could be found, possibly by the

measurement of cell sizes.
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Appendix A

Typical Computational Results for Flame Radius from “Edge ', Fortran Program
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Appendix A

Briefly, the “Edge ", program (Kitagawa and Woolley, 2003), performs the following
tasks:
1. Finds the edge: identifies the border between white and black and gives a list of
coordinates, (Fig A.1).
2. Rejects any coordinates outside the window of the vessel.
3. Splits coordinate into flame 1 and flame 2.
4. For each flame and each point on the flame front (coordinate), it computes the
distance from the spark.

5. Calculates the mean radius for each flame.

The program needed the following inputs:

Filename — Number of the first image to be processed and the last one — scaling factor
(mm/pixels) — Size of processed images, fixed (256x256 pixels) — Centrr coordinates,
fixed (128,128), which is the center of the window — the starting location (point) in the

image which the program starts the computation from. The following is an example:

Next line - filname begin
E03d080703

™~

Next line -frame number begin, end Flame 2

160, 262

+
Vessel center
Next line - scaling, units = mm/pix

Flame 1
0.574 \

Next line - Image size: xpix, ypix
256,256

Fig. A.1. Binary image.

Next line - centre coords X, y
128,128

Next line - start point
255,31
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A Sarhple for the computational results preformed by “Edge *, program is shown in

Table A.1.

File name Bottom flame File name Top flame
rl (mm) r2 (mm)
e03d080703166a 122.42 €03d080703166b 126.97
€03d080703172a 128.98 €03d080703172b 131.35
e03d080703178a 134.22 €03d080703178b 135.79
e03d080703184a 138.87 €03d080703184b 140.50
€03d080703190a 143.08 €03d080703190b 144.64
e03d080703196a 147.30 €03d080703196b 148.34
€03d080703202a 151.35 €03d080703202b 151.55
€03d080703208a 154.86 €03d080703208b 154.91
€03d080703214a 157.85 €03d080703214b 158.35
€03d080703220a 160.69 €03d080703220b 161.53
¢03d080703226a 163.58 €03d080703226b 164.21
€03d080703232a 166.38 €03d080703232b 166.60
€03d080703238a 168.74 e03d080703238b 169.13
€03d080703244a 170.99 €03d080703244b 171.46
e03d080703250a 173.23 €03d080703250b 173.48
e03d080703256a 175.60 €03d080703256b 175.40
e03d080703262a 177.64 e03d080703262b 177.07

Table A.1 Sample calculations for Edge program.
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Appendix B

Additional Experimental Results From Initially Laminar Imploding Flames
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Additional Experimental Results from Turbulent Imploding Flames
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