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Preface

Before starting your journey reading this monograph, I want to explain three
concepts from etymology perspective (using only etymology dictionary at http://
etymonline.com/).

The first concept is “inflame,” from which flammability is derived. It first
appeared in the mid-fourteenth century, “make (someone) ardent; set (the spirit,
etc.) on fire” with a passion or religious virtue, a figurative sense, from Old French
enflamer, from Latin inflammare “to set on fire, kindle,” figuratively “to rouse,
excite,” from in- “in” + flammare “to flame,” from flamma “a flame.” Literal sense
of “to cause to burn” first recorded in English in the late fourteenth century.
Meaning “to heat, make hot, cause inflammation” is from the 1520s. In order to get
a flame, you need fuel/air combination, which is difficult to characterize, since air
itself is a mixture of oxygen/nitrogen. The tertiary nature of the mixture makes a
universal consistent flammability theory difficult to establish.

The second concept to appear is “explode,” “to reject with scorn,” from Latin
explodere “drive out or off by clapping, hiss off, hoot off,” originally theatrical, “to
drive an actor off the stage by making noise,” hence “drive out, reject, destroy the
repute of” (a sense surviving in an exploded theory), from ex- “out” (see ex-) +
plaudere “to clap the hands, applaud,” which is of uncertain origin. Athenian
audiences were highly demonstrative: clapping and shouting approval, stamping,
hissing, and hooting for disapproval. The Romans seem to have done likewise. So
the act of “explode” has nothing to do with a fuel, simply related to the capability of
air to support noise (acoustic wave) or flame (combustion wave). In this mono-
graph, the latter is used for combustion safety, not explosion safety.

Finally, “Ignite” appeared in the 1660s, from Latin ignitus, past participle of
ignire “set on fire,” from ignis “fire.” Igneous is derived from Latin igneus “of fire,
fiery,” from ignis “fire,” or Sanskrit agnih “fire, sacrificial fire.” So the latest word
has a much remote origin. Perhaps, it is the extreme weather in the 1660s that made
the fire initiation process difficult, so an ancient word was revived to describe the
difficulties in setting a fire. However, there is no air involved in the ignition process,
assuming air is always sufficient.


http://etymonline.com/
http://etymonline.com/

vi Preface

Based on the original meanings, the explosibility of air and the ignitability of
fuel are redefined to describe the flammability of fuel/air mixture. Similar concepts
have already been utilized in industry. The explosibility of air is called “In-Service
Oxygen Concentration (ISOC),” while the ignitability of fuel is called “Out-of-
Service Fuel Concentration (OSFC).” By isolating the concepts of ignitability and
explosibility from the concept of flammability, and correlating them with the simple
oxygen calorimetry, a new flammability theory is born. It shows mass transfer is
more important than heat transfer, though radiative loss is only important in
determining the flammability. In order to understand critical behaviors for gases and
vapors, we need to understand first principles in heat and mass transfer. This is the
starting point of this monograph. Hope you can have a comfortable journey with
these concepts.

In addition, I would like to take this opportunity to thank Prof. Steven Spivak for
accepting me into the ENFP program at the University of Maryland to study fire.
Without his interests in my career goal, it would have been difficult for me to pursue
fire studies 16 years ago. My second thanksgiving should be to Prof. Jose Torero,
whose teaching on advanced fire suppression technologies in the spring of 2001 lent
me the foundation to build this flammability theory. I am also indebted to Prof.
Arnaud Trouvé, from whose numerical training I developed an interest in theo-
retical development. I would also like to thank my colleagues, Drs. Michael
Larrafiaga and Qingsheng Wang, whose kind help supported my teaching work at
OSU. Special thanks should be extended to my former students, Caleb Scheve,
Nash McMurtrey, and Kevin Stamper for supporting my writing. They are the
targeted audience of this monograph and were willing to help me to get this project
through. I am proud of them.

Stillwater, USA Tingguang Ma



Contents

1 A Historical Review . . .. ... .. ... .. ... . ... . ... . ... .. 1
1.1 Dawn of Combustion Science for Safety . .. ............... 1
1.1.1 Fire Chemistry. . . . .. ...t 1

1.1.2 Flammability. . . .. ... ... . . 2

1.1.3  Suppressibility. . .. ... . 2

1.1.4 Detection by Upper Limits . .. ................... 3

1.1.5 Minimum Ignition Energy. .. ....... ... ... ... .... 3

1.1.6 Combustion ToxXicCity . ...... ... ... 3

1.2 Continued Efforts After Davy .............. ... ....... 4
1.2.1 Three Types of Flammability. . . .. ................ 4

1.2.2 Experimental Efforts. . .. ......... ... ... .. .. ... 7

1.3 Who Still Cares About Flammability?. . ... ............... 11
1.4 How This Methodology Is Developed? . . ... .............. 12
2 Classical Flammability Theories . . ... ..................... 15
2.1 Emmpirical Rules on Flammability . . .. ........ ... ... .. ... 16
2.1.1 Milestone Events on Flammability Theory ........... 16
2.1.2 Energy Dependence . . .............. ... ........ 17
2.1.3 Temperature Dependence . ...................... 18
2.1.4 Chemistry Dependence. . . ...................... 20
2.1.5 Fuel Dependence. ............. .. .. ... ..... 21
2.1.6 Pressure Dependence . . ............. ... ... ..... 23

2.2 Correlations for Flammability. . . .. ..................... 24
2.3 1SO10156 Method for Predicting Mixture Flammability . . ... .. 25
2.4 Flammability Diagrams. . . .. ... .. ... ... ... ... ... .. 27
2.4.1 Standard Flammability Diagram. . . ... ............. 28
2.4.2 Diluted Flammability Diagram. . ... ... ............ 28
2.4.3 Explosive Triangle Diagram . .. .................. 29
2.4.4 Ternary Flammability Diagram . .................. 30

vii


http://dx.doi.org/10.1007/978-1-4939-2665-7_1
http://dx.doi.org/10.1007/978-1-4939-2665-7_1
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec10
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec10
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec11
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec11
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec12
http://dx.doi.org/10.1007/978-1-4939-2665-7_1#Sec12
http://dx.doi.org/10.1007/978-1-4939-2665-7_2
http://dx.doi.org/10.1007/978-1-4939-2665-7_2
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec10
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec10
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec11
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec11
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec12
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec12
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec13
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec13
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec14
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec14

viii

2.5 Problems and Solutions. . . ......
2.5.1 1SO10156 Method . . ... ..

Contents

2.5.2 Operations in a Ternary Diagram. . ... .............

2.5.3 Reading a Ternary Diagram

2.5.4 Safe Dilution of a Flammable Gas Mixture . . ... ......

2.5.5 Methane Dilution by Air. . .

3 Combustion Fundamentals . . .. ... ..
3.1 Thermochemistry . ............

3.1.1 Chemical Reactions and Stoichiometry..............
3.1.2  Equivalence Ratio and Non-stoichiometric Equations . . . .

3.1.3 Heat of Formation . . . .. ..
3.1.4 Heat of Combustion. . . ...
3.1.5 Oxygen Calorimetry. . . . ..
3.2 Adiabatic Flame Temperature. . . . .

3.2.1 Method of Interpolated Enthalpy . . ................
3.2.2 Method of Lump-Sum Specific Heat . ..............
3.2.3 Method of Accumulative Quenching Potentials . . ... ...

3.3 Evaporation Process (Isothermal) . .
3.3.1 Vapor Pressure . ........
3.3.2 Raoult’sLaw...........
3.3.3 The Vaporization of Liquid.
3.3.4 Flashpoint. ............
3.3.5 Estimation of Flashpoints . .

3.3.6 Classification of Liquid Fuels . ... ................

3.4 Problems and Solutions. . .......

3.4.1 Balance of Stoichiometric Equations. . .. ............
3.4.2 Non-stoichiometric Equations . . ..................

3.4.3 Heat of Formation . . . . . ..
3.4.4 Heat of Combustion. . .. ..

3.4.5 Flame Temperature by Interpolation of Enthalpy . ... ...

3.4.6 Flame Temperature by Lump

-Sum Specific Heat. . . . . ..

3.4.7 Flame Temperature by Quenching Potentials. . .. ... ...
3.4.8 Suppression Modeling by Flame Temperature . . . . ... ..
3.4.9 Flashpoint by Integrated Clasius-Claperon Equation. . . . .

3.4.10 Vapor Pressure of a Mixture

3.4.11 Flashpoint of a Binary Mixture . .. ................
3.4.12 Evaporation Profiles on Liquid Surface. . ............
3.4.13 Ambient Conditions for Liquid Evaporation ..........

4 Thermal Balance Method . . . .. ... ..
4.1 Thermal Signature ............
4.2 Correlations for Flammability Limits

31
31
32
33
35
36

37
37
37
38
39
41
41
42
43
44
44
46
46
47
48
50
52
53
54
54
55
56
57
59
60
63
65
66
68
69
70
71

73
73
76


http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec15
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec15
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec16
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec16
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec17
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec17
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec18
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec18
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec19
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec19
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec20
http://dx.doi.org/10.1007/978-1-4939-2665-7_2#Sec20
http://dx.doi.org/10.1007/978-1-4939-2665-7_3
http://dx.doi.org/10.1007/978-1-4939-2665-7_3
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec10
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec10
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec11
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec11
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec12
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec12
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec13
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec13
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec14
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec14
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec15
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec15
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec16
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec16
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec17
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec17
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec18
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec18
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec19
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec19
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec20
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec20
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec21
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec21
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec22
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec22
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec23
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec23
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec24
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec24
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec25
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec25
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec26
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec26
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec27
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec27
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec28
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec28
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec29
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec29
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec30
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec30
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec31
http://dx.doi.org/10.1007/978-1-4939-2665-7_3#Sec31
http://dx.doi.org/10.1007/978-1-4939-2665-7_4
http://dx.doi.org/10.1007/978-1-4939-2665-7_4
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec2

Contents ix

4.3 The Flammability Limits of a Mixture . .................. 78
4.3.1 Le Chatelier’s Rule (LCR) . ..................... 78
4.3.2 Thermal Balance Method (TBM). ................. 78
433 Beyler’sMethod .. ....... ... ... ... .. .. .. ... 79
4.3.4 Estimation Using Correlations . . .. ................ 80
4.3.5 Non-conventional Estimations . . .. ................ 80

4.4 Temperature Dependence . ........................... 81

4.5 Reconstruction of Flammability Diagrams . . . ... ........... 83
4.5.1 Standard Flammability Diagrams . . . .. ............. 83
4.5.2 Diluted Flammability Diagrams . . .. ............... 86

4.6 Problems and Solutions. . .. ......... .. ... ... .. .. ... 90
4.6.1 Temperature Dependence . . ..................... 90
4.6.2 Flammable State with Multiple Fuels . . .. ........... 91
4.6.3 Flammable State with Multiple Diluents . . ... ........ 93
4.6.4 Flammable State of a Coal-Mine-Gas Mixture. . ... .. .. 94

5 Ignitability, Flammability and Explosibility . . . . ........... ... 99

5.1 Two Types of Flammability Problems. . ... ............... 99

5.1.1 Type I Problem (Variable Oxygen
in Background Air) . ...... ... .. L o 100
5.1.2  Type II Problem (Variable Diluents in a Stream) . . . . ... 103

5.2 Critical Points in a Flammability Diagram. . ............... 105

5.3 Critical Parameters for a Flammability Diagram .. ........... 109

5.4 Two Modes of Suppression. . . ....... ... ... ... ... ..... 110

5.5 Problems and Solutions. . .. ......... ... .. .. .. .. ... 112
5.5.1 Tank Safety ......... .. .. .. .. 112
5.5.2 Mixture Flammability. . . ... .................... 113

6 Operations Within Flammability Diagrams . . . . .............. 117

6.1 Flammable States in Diagrams. . . . ..................... 117

6.2 A Thermal Explanation. . ... ........ ... ... ........... 121

6.3 Purge in Flammability Diagrams . ... ................... 123
6.3.1 Different Levels of Safety. . ..................... 123
6.3.2 Purging Operation in the Standard

Flammability Diagram . ... ..................... 125
6.3.3 Purging Operations in the Diluted

Flammability Diagram . ... ....... ... ... ... ..... 127
6.3.4 Purging Operations in the Explosive

Triangle Diagram. . . . ......... .. ... ... .. ..... 128

6.3.5 Purging Operations in the Ternary
Flammability Diagram . ... ..................... 130


http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec10
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec10
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec11
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec11
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec12
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec12
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec13
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec13
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec14
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec14
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec15
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec15
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec16
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec16
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec17
http://dx.doi.org/10.1007/978-1-4939-2665-7_4#Sec17
http://dx.doi.org/10.1007/978-1-4939-2665-7_5
http://dx.doi.org/10.1007/978-1-4939-2665-7_5
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_5#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_6
http://dx.doi.org/10.1007/978-1-4939-2665-7_6
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec8

8

Contents

6.4 Dilution in Flammability Diagrams. . .. .................. 131
6.4.1 Diluting Operations in a Standard
Flammability Diagram . . ....................... 132
6.4.2 Diluting Operations in a Diluted
Flammability Diagram . .. ........ ... ... ... ..... 133
6.4.3 Diluting Operations in an Explosive
Triangle Diagram. . . . ........... ... ... ....... 135
6.4.4 Diluting Operations in a Ternary
Flammability Diagram . ... ..................... 136
6.5 Summary on Purge and Dilution in Diagrams . ............. 137
6.6 Application on Tank Operations. . .. .................... 138
6.6.1 Safe Operations Before Filling a Liquid Tank
(Type I Problem). . ....... ... ... ... ... ... .... 139
6.6.2 Safe Operations Before Emptying a Liquid Tank
(Type T Problem) . ........ ... ... ... ... ....... 140
6.7 Problems and Solutions. . . ........ ... . ... L. 142
6.7.1 Flammable State in a Ternary Diagram. ............. 142
6.7.2 Dilution and Purge for Gasoline Safety. .. ........... 143
6.7.3 Filling and Emptying a Fuel Tank . . ... ............ 151
Applications on Fuel Streams (Type II Problem) . . ... ......... 153
7.1 Clean Combustion Technologies. . .. .................... 153
7.1.1 Role of Diluent on Flammability . . ................ 154
7.1.2  Role of Oxygen on Flammability (Oxy-combustion). . . . . 156
7.1.3 Role of Hydrogen Doping on Flammability
(Hydrogen-Doping Combustion) . ................. 157
7.14 Role of Temperature on Flammability
(High Temperature Combustion) . .. ............... 159
7.1.5 Discussion on Fuel Properties . . .. ................ 160
7.2 Critical Flammability Ratio . . .. ......... ... ... ........ 162
7.3 Problems and Solutions. . . ....... ... ... .. . .. 165
Applications in Compartment Fires (Type I Problem) . ......... 171
8.1 Underground Mine Fires . . ... ..... ... ... ... ... ... .... 172
8.1.1 Oxygen-Modified Flammability Diagram ............ 173
8.1.2 A Global Progress Variable. . .. .................. 178
8.1.3 Fire Temperature . . . ... ...t 182
8.2 Critical Behaviors in a Compartment Fire . . ... ............ 183
8.2.1 Introduction to Backdraft .. ........... ... ... .... 183
8.2.2 Blow-Torch Effect. ......... ... ... .. ... ... ... 185
8.2.3 Critical Conditions for Backdrafts
and Blow-Torch Effects . .. ..................... 187
8.2.4 Controlling Strategies. . . ... ..., 188

8.3 Problems and Solutions. . ... ............. . . ... . ... ... 190


http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec10
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec10
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec10
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec11
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec11
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec11
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec12
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec12
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec12
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec13
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec13
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec13
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec14
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec14
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec15
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec15
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec16
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec16
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec16
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec17
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec17
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec17
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec18
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec18
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec19
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec19
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec20
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec20
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec21
http://dx.doi.org/10.1007/978-1-4939-2665-7_6#Sec21
http://dx.doi.org/10.1007/978-1-4939-2665-7_7
http://dx.doi.org/10.1007/978-1-4939-2665-7_7
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_7#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_8
http://dx.doi.org/10.1007/978-1-4939-2665-7_8
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec10
http://dx.doi.org/10.1007/978-1-4939-2665-7_8#Sec10

Contents xi

9 Summary and Conclusions . . ... ......................... 195
9.1 Review of Basic Assumptions . . . ...................... 195
9.1.1 Assumption on Constant Flame Temperature. . . .. ... .. 195
9.1.2 Assumption on Oxygen Calorimetry. .. ............. 196
92 WhatIs New? ... ... ... ... . 197
9.2.1 Thermal Balance Method . ... ................... 197
9.2.2 Two Types of Problems . . . ..................... 199
923 Three Concepts . . .. ... .ot 200
9.24 Four Diagrams. . . . ...t 202

9.3 Why a Comprehensive Flammability Theory
Is Difficult to Establish? . . .. ... .. .. .. .. ... ..... 203


http://dx.doi.org/10.1007/978-1-4939-2665-7_9
http://dx.doi.org/10.1007/978-1-4939-2665-7_9
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec1
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec2
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec3
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec4
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec5
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec6
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec7
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec8
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec9
http://dx.doi.org/10.1007/978-1-4939-2665-7_9#Sec9

Nomenclature, Subscripts, and Abbreviations

Nomenclature

Co The oxygen coefficient in a reaction, dimensionless

Hp The heating potential of oxygen based on air, dimensionless
Hr  The heating potential of fuel based on air, dimensionless, Hr = CoHp
Op The quenching potential of diluent based on air, dimensionless
Or The quenching potential of fuel based on air, dimensionless
Qo The quenching potential of oxygen based on air, dimensionless
x;,  Lower Flammability Limit (volume ratio), %, or dimensionless
xy  Upper Flammability Limit (volume ratio), %, or dimensionless
R Diluent/fuel volumetric ratio

X Concentration of a constituent in the mixture

u Stoichiometric reaction constants

v Non-stoichiometric reaction constants

¢  Equivalence ratio

A Oxygen concentration

I Fuel concentration

y Second fuel (doping) concentration

Subscripts

o il ellles
GOG o

Diluent-based potential

Fuel-based potential

Lower flammable limit

The cross point of LFL/UFL lines, or the inertion point
Oxygen-based potential

Upper flammable limit

Initial state/concentration

Xiii



Xiv Nomenclature, Subscripts, and Abbreviations
Abbreviations
CAFT  Critical Adiabatic Flame Temperature
HQR Heating—Quenching Ratio
IAR Minimal inert/oxidizing gas ratio
ICR Minimal inert/flammable gas ratio
ISOC  In-service Oxygen Concentration
LDC Limiting Dilution Concentration, LDC =1 — f3,
LEL Lower Explosive Limit
LFC Limiting Fuel Concentration, f5,
LFL Lower Flammability Limit
LIC Limiting Inertion Concentration, LIC =1 — 4,
LIL Lower Ignitable Limit
LOC Limiting Oxygen Concentration, 4,
MAI Minimum required inert gas concentration
MFC Maximal Fuel Concentration, f3;
MIC Minimal Inerting Concentration, MIC = 1 — 4.7734; — 5,
MIR Minimal Inerting (inert gas/air or oxidizing gas) Ratio,
MIR = (1 = ,)/m
MMF  Maximum Mixture (diluent + fuel) Fraction, MMF = 1 — 4.7732,
MMR  Minimal Molar (inert/flammable gas) Ratio, MMR = (1 — f5,)/f,
MOC  Minimal Oxygen Concentration, 4;
MSDS Material Safety Data Sheets
MXC  Maximal permissible Flammable gas Concentration
OSFC  Out-of-Service Fuel Concentration
UEL Upper Explosive Limit
UFL Upper Flammability Limit
UIL Upper Ignitable Limit



List of Figures

Fig. 1.1  Sir Humphrey Davy’s experimental tools for

flammability testing. . . .. ....... ... ...
Fig. 1.2 Spark ignition energy versus combustible vapor

concentration for six paraffins in air

at atmoSPheric Pressure . . . . ..o v v e o e
Fig. 1.3 The Arrhenius-type temperature curve showing the

difference between LIL/LFL/LEL . ... .................
Fig. 1.4  Typical explosibility tester by Burgessetal.. .. ...........
Fig. 1.5  Typical flammability testing BOM devices ..............
Fig. 1.6 Typical ignitability and explosibility tester by Simmons et al.. . .
Fig. 2.1  Effect of temperature on L¢/L,s ratio of paraffin

hydrocarbons in air at atmospheric pressure . . . ...........
Fig. 2.2  Effect of molecular weight on lower limits

of flammability of alkanes at 25 °C. ... ................
Fig. 2.3 Variation of flammability limits due to high pressure. . . ... ..
Fig. 2.4  Variation of flammable zone due to low pressure . . ........
Fig. 2.5  Methane in standard flammability diagram. ..............
Fig. 2.6 Methane in diluted flammability diagram................
Fig. 2.7  Methane in coward explosive triangle diagram . . .. ........
Fig. 2.8 Methane in a ternary flammability diagram ..............
Fig. 2.9  5-pts to determine the flammable zone for methane. . . ... ...
Fig. 2.10 Dilution by nitrogen in methane’s flammability diagram . . . . .
Fig. 3.1  Oxygen calorimetry for some common liquid fuels . . .. ... ..
Fig. 3.2  Interpolation of adiabatic flame temperature from known

enthalpy points. . . ... .
Fig. 3.3 Comparison of estimation result for Propane. . . . ... ... ...
Fig. 3.4  Thermodynamics diagrams for evaporation a. p-v

liquid-vapor diagram of a pure substance. b. T-V

diagram of a pure substance undergoing vaporization. . . . . . ..

S O 0o N



XVi

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

35

3.6
3.7
3.8
39

4.1
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

54

List of Figures

Due to evaporative cooling, the thermal image of a liquid
spilling on parquet floor is darker, showing a lower local

EMPETAtUIE . . o . vttt e e e 50
Fuel concentration and temperature profile on top

of a flammable fuel surface .. ........ ... ... ... ... ... 52
Four common testing devices for flash points. . ... ........ 52
Effect of temperature on liquid vapor pressure . . .......... 53
Categorization of liquid fuels in relating to ambient

EMPETAtUIE . . o . vttt e e e e e 54
HOQOR curves for determining x; and xy of methane. ........ 76
Correlations based on heat of combustion

and oxygen calorimetry . . . ...... .. .. .. ... 77
Comparison of all UFL correlations. . .. ................ 78

Temperature dependence of lower flammable limits
for some fuels. a Ethylene. b Dimethyl ether.

¢ Methyl formate. d HFC-152a. . .. ... ... ... ... ... ... 82
Standard flammability diagrams for two fuels.

a Methane, bethane. . ........... ... ... .. ... ...... 84
Standard flammability diagrams without and

with significant incomplete reaction. a propane, b hexane . ... 85
Scaling of flammable envelopes in a standard

flammability diagram. . ... ........ ... ... .. ... ... ... 85
Theoretical diluted flammability diagrams

forcommon fuels . . . ....... ... ... .. .. L. 87
Flammability diagrams for R290 (propane). a Diluted

by nitrogen, b diluted by R134a ¢ diluted by R227ea . .. . ... 90
Flammability diagrams for R600 (n-butane). a Diluted

by nitrogen, b diluted by R134a ¢ diluted by R227ea . .. . ... 90
HQR curves modified by multiple fuels. . . ... ........... 93
HQR diagram for flammable mixture modified

by multiple diluents. . . . ...... ... ... .. .. L 94
A diluted flammability diagram presenting

the flammable state . . . . ....... ... .. ... . L oL 95
Flammable state in an oxygen-modified flammability

envelope . . ... .. .. 97

Response of LOCs to variable oxygen levels for propane

in air. a diluted flammability diagram b MOC/LOC

TESPOMISES « v v v e e e e e e e e e e e 102
Response of LOCs to variable diluents for propane in air.

a diluted flammability diagram b MOC/LOC

TESPOIISES « ¢ v v o e e e e e e e e e e e e e 102
Role of nitrogen on changing the theoretical flammable

envelope. a diluted flammability diagram b MOC/LOC

TESPOMISES « v v v e e e e e e e e e e e e 104
Limiting fuel concentration for diluting a propane stream.

a LOC curves. b Diluted flammability diagram. . .......... 105



List of Figures Xvii

Fig

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.
Fig.

Fig
Fig
Fig
Fig
Fig
Fig
Fig

Fig
Fig
Fig

.55

5.6

5.7

5.8
6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

. 6.10
. 6.11
.6.12
.6.13
.6.14
. 6.15
. 6.16

. 6.17
. 6.18
. 6.19

Critical points in flammability diagrams of Methane.

a Standard flammability diagram. b Reduced

flammability diagram. ¢ Explosive Triangle diagram.

d Ternary flammability diagram . ... .................. 107
Flammability diagrams for total flooding (R290+N,).

a Diluted flammability diagram. b HQR diagram

for HQR =1lenvelope. ... ..... .. .. .. .. ... 111
Flammability diagrams for local application

(R290+R227ea). a Diluted flammability diagram.

b HQR diagram for HQR = 1 envelope. . .. ............. 111
The explosive triangle for Avgas with nitrogen dilution. . . . . . 113
Flammable zones and lines in a diluted flammability
diagram formethane . . . . ....... ... .. L L L 118
Flammable zones and lines in an explosive triangle
diagram for methane . . . .. ... .. .. . oL 119
Flammable zones and lines in a standard flammabilty
diagram formethane . . ... ......... ... .. ... ... .. ... 119
Flammable zones and lines in a ternary flammability
diagram for methane . . . . ... ... . ... oL L. 119

The distribution of HQR in the flammability domain for
methane burning in air. a Contour of HQR;
(Fuel-dominated energy release), b Contour of HQR,
(Oxygen-dominated energy release), ¢ Contour of

HOR =min (HOR|,HOR)) . . . oo oo 122
The contour surface of oxygen-modified flammable

envelope formethane . ................ ... ......... 123
Purge operations on the flammable mixture from

aminefire. .......... . ... L 124
Purging operations in a standard flammability diagram . . . . .. 125
Purging operations in the diluted flammability diagram . . . . . . 127
Purging operations in the explosive triangle diagram . . ... ... 129
Purging operations in a ternary flammability diagram . . .. ... 130
Diluting operations in a standard flammability diagram . . . . . . 132
Diluting operations in a Diluted flammability diagram. .. . ... 133
Diluting operations in an explosive triangle diagram . . . . .. .. 135
Diluting operations in a ternary flammability diagram . . . . . .. 136

Flammability diagrams for filling and emptying
operations. a Diluted flammability diagram and local
zoom up. (Filling GFC, Emptying EBD), b Explosive
triangle diagram and local zoom up

(Filling GFC, Emptying EBD) ... ... ... .. .. ... .. .... 139
Dilution operations in a diluted flammability diagram . ... ... 144
Purge operations in a diluted flammability diagram......... 144
Flammable state in a standard flammability diagram . ... .. .. 145



Xviii
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

6.20
6.21
6.22
6.23
6.24
6.25

7.1

7.2

7.3

7.4

7.5

7.6
1.7
7.8
7.9

7.10
7.11
7.12
7.13
7.14
7.15
7.16
8.1

8.2
8.3

8.4

8.5

8.6

List of Figures

Dilution operations in a standard flammability diagram . . . . .. 146
Purge operations in a standard flammability diagram. . ... ... 147
Flammable status in an explosive triangle diagram . ........ 148
Dilution operations in an Explosive Triangle diagram . . . . . .. 149
Dilution operations in an Explosive Triangle diagram . . . . . .. 150
Flammable state of gasoline in a diluted flammability

diagram . . .. ... e 152
Role of CO,-dilution on flammable envelope in a diluted

flammability diagram b 3-D HQR diagram. . .. ........... 156
Role of oxygen on flammable envelope in a diluted

flammability diagram b 3-D HQR diagram. . .. ........... 156
Flammability region prediction from WSR and thermal

balance method. a Nitrogen. b Carbon dioxide . . . ... ... ... 157

Role of hydrogen-doping on flammable envelope

for Methane/CO, mixtures in a diluted flammability

diagram b 3-D HQR diagram. ... ........... ... ...... 158
Temperature dependence of the flammable

envelopes in a diluted flammability diagram b 3-D HQR

diagram. . ... ... 160
Role of doping with different fuels . . . ... .............. 160
Role of added fuels on flammability diagrams . ........... 162
Critical flammability ratio in diluted flammability diagrams . .. 163
Critical flammability ratio in standard flammability

diagrams . ... ... 163
Critical flammability ratio in explosive triangle diagrams. . . . . 164
LOC curves modified by various diluents. . . ... .......... 164
Flammability diagrams for diluting a methane stream . ... ... 165
LEC as a result of LOC = 0.2095 for diluting a methane

SITEAIM .« v ot v e e e e e e e 166
Flammability diagrams for CO safety. a Diluted

flammability diagram. b Explosive triangle diagram ... ... .. 167
Temperature dependence of the flammability envelopes. . . . . . 168
LFC in the explosive triangle diagram for propylene . ... .. .. 169
Flammable states of the mine-fire atmosphere

before the active fire . . . . ........ ... ... ... .. ... ... 175
Flammable state of a mine-fire sample before the active fire. . . 176
Critical oxygen criteria for determining flammable status

of all samples. . .. ... .. 177
Flammable states of the mine-fire atmosphere.

a After the active burning. b After sealing. ... ........... 178
Flammable state representation using Coward explosive

triangles. a After the active burning. b After sealing . . . .. ... 179

Global explosibility indices for the mixture in the sealed
mine. a Oxygen criteria. b QHR criteria . .. ............. 180



List of Figures

Fig. 8.7
Fig. 8.8
Fig. 8.9
Fig. 8.10
Fig. 8.11

Fig. 8.12

Fig. 8.13

Fig. 8.14
Fig. 8.15

Fig. 9.1

The global indices for a control-failed mine fire.

aOxygen.bQHR ... ... ... ... ... ... ... ... ... ..

Estimated flame temperatures as a result

of oxygen depletion. . . ....... ... ... ... ... .. ...,

The sequence of events for a backdraft produced on

Bullex Flashfire simulator . .. ........ ... ... ... .....
Progress of backdraft and flashover in a compartment fire . . . .

Flammability diagrams for hexane in a backdraft
(BC = no backdraft, D = backdraft occurred). a Ternary

diagram. b diluted flammability diagram . ..............

The transition of states for an ignitable mixture based
on experimental data by Mao et al. a Backdrafts

occurred. b Without backdrafts. . .. ..................

Controlling strategies for preventing backdraft and smoke

EXPlOSION. . . . .ot
Flammability diagrams {a Ternary b Diluted} for purging . . . .

Flammability diagrams for CO safety. a Experimental
diluted diagram. b Theoretical diluted diagram.
¢ Standard flammability diagram. d Explosive

triangle diagram . .. ..... ... .. L

Three concepts are properly demonstrated in an explosive

triangle diagram . .. ... ... ...

Xix

181

183

184

185

187

188

189
191



List of Tables

Table 1.1  Critical concepts relating to flammability. ... ........... 6
Table 1.2 Summary of major experimental setup in the past

200 YEAIS. « o v ot e 10
Table 2.1  Typical values for x; /x; in Jones’ rule . . . ............. 20
Table 2.2 List of energy-based LFL correlations . . .. ............. 24
Table 2.3  List of oxygen-based LFL correlations. . . .. ............ 25
Table 2.4  List of oxygen-based UFL correlations . ............... 26
Table 2.5  Coefficient of equivalency (Ki), or nitrogen-equivalency . ... 26
Table 2.6  T; for flammable gases, or the limiting fuel

concentration for nitrogen-inerting. . . .. ............... 26
Table 3.1  Heat of formation for common species . ............... 40
Table 3.2  Heat of combustion for some common fuels fully burnt

I AIT. . ot 41
Table 3.3 Common flame temperatures inafire . .. .............. 43
Table 3.4  Thermal properties of common gases ................. 45
Table 3.5  Vapor pressure constants for some organic compounds . . . . . 47
Table 3.6  Thermal properties of liquid fuels for evaporations . . . . . ... 51
Table 3.7  The classification system for liquid fuels in NFPA3O0. . . . . .. 53
Table 4.1  The quenching potentials (Qp) of some gaseous agents

(diluents) . . . ..ot 74
Table 4.2 Critical parameters forafuel ....................... 89
Table 4.3  Thermal properties for major refrigerants. . . . . .......... 90
Table 4.4  Spreadsheet calculation of a pseudo-fuel

with multiple fuels . . ....... ... .. .. .. .. ... ... 93
Table 4.5  Spreadsheet calculation of a pseudo-fuel

with multiple diluents . . . ...... ... .. .. ... ... .... 94
Table 4.6 Thermal balance method for flammability range

of a fuel/diluent mixture . ......................... 95
Table 4.7  Thermal balance method for the thermal signature

of a fuel-only mixture . . . ....... ... ... ... ... ... ... 96

XXi



XXii

Table 4.8
Table 4.9

Table 4.10
Table 4.11

Table 5.1
Table 5.2

Table 6.1
Table 6.2
Table 6.3
Table 6.4
Table 6.5
Table 7.1
Table 8.1

Table 8.2

Table 8.3
Table 8.4
Table 8.5
Table 9.1

Table 9.2
Table 9.3

Table 9.4
Table 9.5

List of Tables

Spreadsheet calculation for fuelsonly . . ............... 96
Grouping 10 % methane with some (30 %)

EXCESS MItTOZEI. « . v v vt e et e e e e e e e 97
Grouping 5 % CO with the rest (7.27 %) excess nitrogen ... 97
Spreadsheet for calculating the thermal signature

of a flammable mixture . . . .. ....... ... ... ... ... ... 98
The critical concepts in any flammability diagram. . . ... ... 108
The analytical threshold lines in any flammability

diagram. . . .. ... 109
Analytical expressions for purge operations . . ........... 124
Analytical expressions for diluting operations. . .. ........ 125
Target safe operation points via various operations . . . . . . .. 138
Critical points for tank protections . .................. 140
Target safe operation points via various operations . . . . . . .. 151
Candidate fuels for enhancing the combustion stability . . . . . 161
Recordings of the mine-fire atmosphere during

an underground coal fire . . .. ..... .. .. .. .. . L ... 173
Input data for deriving thermal signature of different

SPECIES .« v vt it e e 174
Flammable state of samples from a coalmine fire . .. ...... 177
Definitions of backdraft. . .. ...... ... .. ... ... .. .. 183
Wind-driven fire incidents in FDNY . . . ............... 186
Comparison of the thermal balance method

with Le Chatelier’s Rule . . . ....................... 198
Summary of two types of problems on flammability . . . . . .. 200
Summary of three critical concepts in flammability

diagrams . . ... ... 201
Comparison of flammability diagrams . . . .. ............ 202

Misunderstandings hindering a coherent
flammability theory. . .. ....... ... ... ... .. ... . ... 204



Chapter 1
A Historical Review

1.1 Dawn of Combustion Science for Safety

Two centuries ago, a mine fire at Felling Colliery near Newcastle shocked Britain,
which claimed 92 lives on 25 May 1812. After this disaster, Sir Humphrey Davy
was invited to find “a method of lighting the mines from danger, and by indicating
the state of the air in the part of mine where inflammable air was disengaged, so as
to render the atmosphere explosive, should oblige the mines to retire till the
workings were properly cleared [1].” After one year of experimental work, he
published his report, releasing his findings on flammability and principles of Davy
Safety lamp. Without sufficient instruments (see Fig. 1.1), Davy investigated fire
chemistry, flammability and suppressibility, and combustion toxicity of firedamp
(mainly methane), which are still insightful in today’s views. With modern science
on combustion safety, we can have a better understanding of his findings.

1.1.1 Fire Chemistry

“One measure of it required for its complete combustion by the electric spark nearly
2 measures of oxygen, and they formed nearly 1 measure of carbonic acid.* This is
to say, the combustion chemistry has a stoichiometric oxygen/fuel molar ratio of
two. This is consistent with Cp = 1 + 4/4 = 2 for methane (CH,). We still use this
principle in thermochemistry or combustion science, where a global energy balance
is necessary to understand the energy releasing process.

© Springer Science+Business Media New York 2015 1
T. Ma, Ignitability and Explosibility of Gases and Vapors,
DOI 10.1007/978-1-4939-2665-7_1
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Fig. 1.1 Sir Humphrey Davy’s experimental tools for flammability testing [1]

1.1.2 Flammability

“In 1 part of gas and 15 parts of air, the candle burnt without explosion with a
greatly enlarged flame; and the effect of enlarging the flame, but in a gradually
diminishing ratio, was produced as far as 30 parts of air to 1 of gas.” So his lower
flammability limit was estimated as 0.5%(1/16 + 1/31) = 0.0474.

“... a common electrical spark would not explode 5 parts of air and 1 of fire-
damp, though it explode 6 parts of air and 1 of damp”. This translates to an upper
flammability limit of 0.5%(1/6 + 1/7) = 0.155.

Now we know that the official MSDS flammable range for methane is 5-15 %,
not far away from his observations.

1.1.3 Suppressibility

“Azote, when mixed in the proportion of 1-6 of an explosive mixture, containing
12 of air and 1 of fire-damp, deprived it of its power of explosion”. The original
mixture has a molar fuel concentration of 1/13 = 7.7 %, which falls within the
flammable range of 5-15 %. With azote (old name of nitrogen) dilution, the fuel
concentration is 7.7 % * (6/7) = 6.6 %, still flammable, but his ignition source
(a spark) cannot ignite this mixture.
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“1 part of carbonic acid to 7 of an explosive mixture deprived it of the power of
exploding; so that its effects are more remarkable than those of azote.” Since less
amount of carbonic acid (carbon dioxide) is used for dilution, so he concluded that
carbonic acid had a greater capacity of heat or a higher conducting power due to its
greater density. This is consistent with our observation that carbon dioxide has a
quenching potential 1.75 times of air, while nitrogen is only 0.992 times of air.

1.1.4 Detection by Upper Limits

“When the fire-damp is so mixed with the external atmosphere as to render it
explosive, the light in the safe lantern or lamp will be extinguished, and warning
will be given to the miners to withdraw from, and to ventilate, that part of the
mine.” This is a special feature about Davy’s safety lamp. Since the gauze allow
fuel and air free to migrate, high concentrations of fuel gases may render the
mixture non-explosive (short of oxygen), depriving the mixture of its explosibility
(oxygen), so the lamp fire is quenched, giving out a sufficient warning of a gas leak.
However, since this practice requires a dangerous operation to cross the flammable
zone, this principle is seldom recommended for practical uses.

1.1.5 Minimum Ignition Energy

“When explosions occur from the sparks from the steel mill, the mixture of the fire-
damp is in the proportion required to consume all the oxygen of the air, for it is only
in about this proportion that explosive mixtures can be fired by electrical sparks
from a common machine”. Now we know, the minimum ignition energy happens
near a stoichiometric composition, slightly tilted over the rich side (see Fig. 1.2).
The ignition threshold is smaller, if the mixture is close to its stoichiometric
composition. From the flame temperature theory, the stoichiometry means there is
no extra fuel and no extra oxygen for heat absorption, so the required energy can be
smaller.

1.1.6 Combustion Toxicity

“Supposing 1 of fire-damp to 13 of air to be exploded, there will still remain nearly
1/3 of the original quantity of oxygen in the residual gas.” Applying the chemical
balance to the combustion of firedamp, we have
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Fig. 1.2 Spark ignition energy versus combustible vapor concentration for six paraffins in air at
atmospheric pressure [2]

CHy + py, - (02 +3.773 - Nz) = ﬂCOZCO2 + M0 H,O + Ho, - O, + 3.773 1, - No
Since the initial oxygen/fuel molar ratio is ;. = 13/4.773 = 2.72, we have
CHy +2.72 - (02 +3.773 - Nz) =C0O,+2-H,0+0.72-0, 4+ 10.3-N,

Therefore, the remaining oxygen is 0.72/2.72 = 26.5 %, or 1/3 of the original
quantity of oxygen in the residual gas. Here the oxygen molar concentration after
explosion is 0.72/(1 + 2 + 0.72 + 10.3) = 7.1 %. Davy compared this value with his
extreme case, “an animal lived, though with suffering, in a gas containing 100 parts
of azote, 14 parts of carbonic acid, and 7 parts of oxygen.” This translates to a level
of 5.8 % oxygen. He attempted to understand whether the victims could survive the
oxygen-depleted environment after gas explosion. At current level of understanding
on human toxicity, this problem is still far from being solved.

Though primitive, Davy pioneered the scientific research on safety. After
200 years of experimental explorations, his method of ignition (spark ignition), his
combustion chemistry, his criteria of flame propagation, and a few other principles
in performing flammability tests, are still in use today. What is improved is the
standardization of equipment and better instrumentation [3]. What is still missing is
a fundamental and unifying theory behind numerous experimental efforts. To
supply a fundamental theory is the primary purpose of this monograph.

1.2 Continued Efforts After Davy
1.2.1 Three Types of Flammability

Nearly 140 years after Davy’s work, it was still claimed that “nobody has succeeded
in calculating either a lower or a higher limit of flammability of any mixture from
more fundamental physicochemical data” [4]. Even now with latest computers, the
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flammability problem is still solved case by case, without a coherent and funda-
mental theory to support engineering applications. Le Chatelier’s rule (first proposed
in 1891) is still in use today for mixture flammability, while the modified Burgess-
Wheeler’s law (first proposed in 1911) is also still in a dominant position for variable
ambient temperature. Why a reasonable flammability theory is so difficult to
establish?

As Egerton [5] states, an “inflammability limit” or the flammability, is so defined
that flame can be propagated indefinitely if the composition of the mixture and the
conditions are the same. Other researchers used “self-propagation” [6], “self-support”
[7], “self-sustained and propagate” [8] to refine the threshold “propagate indefinitely”.
Such a criterion on flame propagation is chosen based on following considerations.

e Scale-invariance. As Sir Alfred Egerton [5] believed, for practical purposes it is
important that the limits should be determined under those conditions which
represent a good approximation to the limits obtained in large volumes of gas
mixtures.

e Ignition strength. As Burgess and Wheeler [6] stated, the ignition source should
be strong enough to raise the gas mixture to its ignition-temperature, while the
flame is propagated without the influence from the heat source.

e Boundary impact. Britton [3] reviewed 200 years of experimental work, the
boundary impact is a major factor on selecting the right platform. It took nearly
150 years to find the Bureau of Mines apparatus as the standard platform for
flammability testing.

The characterizing feature about a flammability test is the flame propagation
distance, which should be halfway of the flammable space. If the fuel composition
supports the flame sweeping throughout the space, it is called explosibility. If the
flame is just ignited, but cannot propagate away from the ignition source, it is called
ignitability. These are three parallel concepts on mixture safety, however, only
flammability gains a popular position, while the other two cannot be tested and
theoretically justified, so improperly defined.

Here, ignitability is defined as the critical fuel concentration that does not
support ignition initiation. Ignitability does not have any dependence on oxygen or
environmental factors, so it is fundamental to that fuel. However, unlike a visible
flame front moving in flammability tests, the ignition criteria in ignition tests are
difficult to establish. This is a limiting case, physically meaningful, but difficult to
test or observe.

Explosibility is defined as the ability for a critical flame to propagate throughout
the entire volume of the mixture and develop considerable pressure [9], while
flammability is used to describe those limiting mixtures within which flame will
propagate through the mixture indefinitely, irrespective of whether or not pressure
is developed. Generally, explosibility requires a strong ignition source and a higher-
pressure criterion. Since the oxygen in background air supports flame propagation,
explosibility is a property of background air, or specifically of oxygen. Since the
full reaction status is difficult to quantify and validate, pressure criterion is proposed
for testing explosibility. However, in order to match flammability data, different
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pressure criteria (2, 3 and 7 %) are adopted in different experimental efforts. Since
both explosibility and flammability are limited by oxygen, and they have a small
difference between each other, they were assumed to be interchangeable [9].

Based on these definitions, we have three limiting concentrations, Lower
Ignition Limit (LIL), Lower Flammability Limit (LFL) and Lower Explosion Limit
(LEL). They are qualitatively demonstrated in an Arrhenius-type temperature curve
shown in Fig. 1.3. Theoretically, if a smaller ignition criterion is chosen, the tested
limit is ignitability, which is a property of the fuel. If a higher-pressure criterion is
chosen, the tested limit is explosibility, which is a property of background air (or
available oxygen). Flammability is a process property, which lies in between these
two fundamental properties. This leads to the difficulty and complexity on
establishing a material property database for flammability, which is more process-
dependent. Table 1.1 lists three concepts and their major differences. More theo-
retical derivations and physical meanings will be provided in Chap. 5.

The difficulty in defining these three concepts is that there is no satisfactory
definition developed for the word “flame” or “ignition”. In most cases, flames
involve strongly exothermic reactions between gases or vapors resulting in hot
combustion products, usually at a temperature above 1400 K and accompanied by
light emission, under confinement, flames typically lead to sharp rises in pressure. It
is through the criteria on temperature, radiation and pressure that we judges whether
an ignition has occurred. Van Dolah et al. [10] discussed the impact of various
ignition sources on flammability.

LFL LEL g
LiL Arrhenius-type flame
temperature curve
Explosive
y burning
Ambient temperature ignition Flame
propagation

Fig. 1.3 The Arrhenius-type temperature curve showing the difference between LIL/LFL/LEL

Table 1.1 Critical concepts relating to flammability

Mixture Definition Sub Controlling
concepts factor
Explosibility | The mixture is ignitable, support flame LEL/UEL, | Air (oxygen)
propagation throughout the mixture LOC/LIC
Ignitability The mixture is ignitable if available oxygen | LIL/UIL, Fuel
is just sufficient to start reaction/ignition LFC/LDC
Flammability | The mixture is ignitable, support flame LFL/UFL, | Fuel/air (oxygen)

propagation halfway MOC/MFC
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For European flammability standards using pressure criteria, if a LFL mea-
surement is taken under a lower pressure threshold, it is approaching the lower
ignition limit (LIL). If a higher pressure threshold is taken as the ignition criterion,
the sample is assumed to have a sweeping flame established, or the lower explosive
limit (LEL). Depending on the pressure criteria used, European flammability
standards can produce ignitability, flammability and explosibility. However, under
most circumstances their flame propagation criteria are higher than a comparable
“flammability” test, they generally report explosibility data rather than flammability
limits. So their data have a built-in safety factor [11]. This is the reason that the
experimental data from European standards are generally more conservative than
US data. Britton [3] recommended that flammable limits measured in European
standards, such as DIN51649 or prEN1839, should not be mixed with other data-
base, since the flame propagation criteria are not fully met in these standards.

Note, flammability and ignitability have different meanings in terms of liquid
safety [12]. The light hydrocarbon fuels can produce flammable mixtures at near
ambient temperatures and thus for fire safety require protection from sparks, flames
and other localized sources of energy within the vicinity of storage. The heavier fuels,
including lubricants, are not flammable in this way, but would ignite spontaneously if
subjected to general overheating. Therefore, the ambient temperature decides the
liquid fuel to be flammable or ignitable. However, this is limited to liquid safety only.

Since the testing theory for flammability is far lagging behind diverse new
materials and applications, there is a need for clarifying basic concepts and pro-
viding a new theory to check the safety concerns systematically. This monograph
will serve this role to review previous experience and solve current engineering
problems from fundamental principles.

1.2.2 Experimental Efforts

In the century after Davy, several researchers tested the flammability of methane
with improved resolution, while their experimental setups were questionable in
today’s view. The debating focus is always the ignition strength and boundary heat
losses. In order to avoid the heat loss through the boundary, a spherical vessel was
proposed to isolate the wall impact (see Fig. 1.4). The flame spread criterion is
difficult to establish in such a device, so a pressure criterion is proposed instead.
This explosibility testing device was soon given up in favor of the flame propa-
gating tube for flammability testing. However, in 1980s, there was a revival of
interests on spherical vessels, mostly undertaken by European researchers [3].

In the early half of the 20th century, Bureau of Mines took the lead in harmo-
nizing the experimental work on flammability. Under a belief that flammability and
explosibility are interchangeable, American experimental efforts are focusing on
flammability tests, with numerous improvements on controlling heat losses in
various forms. Jones [9] summarized factors affecting the limits of flammability,
including the direction of flame propagation, the design, diameter, and length of the
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Fig. 1.4 Typical explosibility

tester by Burgess et al. [6] Fuel

inlet

| —

Ignitor

test apparatus, the temperature and pressure of the mixture at the time of ignition,
the percentage of water vapor present, and indirectly by the source of ignition.
Since he stressed so many heat loss terms, his definition is really flammability,
which is sensitive to various heat losses.

Currently, the most known apparatus for determining the flammability of a
premixed gas was developed by Bureau of Mines. It consists mainly of a vertical
tube, with a flame propagating from the ignition source in the premixed gases
(shown in Fig. 1.5). Most fuels are tested in gaseous or vapor form, with a con-
ditioning device for a controlled vapor production. After premixing with air for 10—
30 min, the premixed gases was ignited from the lower end of the tube. If the flame
propagates at least halfway (75 cm) up the tube, the mixture is declared flammable.
Otherwise, the test has to be restarted at a different concentration after purging and
reconditioning. Due to the presence of buoyancy, the upward flame spread is easier
than downward flame spread, so the upward propagation usually generates a wider
flammability limits, conservative for safety reasons. Thus, lower-end ignition is
adopted for producing flammability limits in all tabulations and calculations.
Though this apparatus is cumbersome and no longer popular, most published
flammability data were collected on this platform.

After the BOM flammability apparatus, new apparatus are proposed, including
glass sphere (ASTM E681) and ISO tests, with a continued effort to minimize the
wall impact. These tests are simpler to perform, but with the returned drawbacks of
ignition-dependence and unsatisfying flame propagation [3].

Note Simmons and Wolfhard [114] and Ishizuka and Tsuji [113] used a diffusion
flame for measuring ignitability and explosibility, though they did not realize their
conceptual difference from the flammability. A typical setup is shown in Fig. 1.6.

After 200 years of experimental work, all tests are generally classified into two
categories, flammability test and explosibility test. The former stresses the inde-
pendence of ignition source, while the later stresses the isolation of boundary heat
loss. Generally, explosibility tests are performed in an explosion ball/sphere with
central ignition, while flammability tests are performed in an elongated tube with
bottom ignition. Without an agreement on controlling various heat loss terms, no
flammability test has gained wide acceptance on precision and reproducibility as the
standard Bureau of Mines apparatus.
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Fig. 1.5 Typical flammability testing BOM devices [4]

The experimental history of flammability measurement is composed of the
competition between flammability and explosibility tests, as shown in Table 1.1.
Britton [3] reviewed various experimental methods to characterizing the flamma-
bility, including the famous candle experiment by Sir Humphrey Davy in 1816.
Most of previous works focused on keeping the correct reaction kinetics by
removing the sources of disturbance such as the heat losses and the impact of
ignition source strength. There is no consensus on which criterion is better, since a
fundamental theory is missing.
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Fig. 1.6 Typical ignitability
and explosibility tester by

Simmons et al. [114]
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From Table 1.2, we can see that earlier tests are predominantly flammability
tests, while later tests are predominantly explosibility tests. One reason is that
flammability tests have a clearly defined criterion (halfway propagation), while the

Table 1.2 Summary of major experimental setup in the past 200 years [3]

Researchers

Experimental setup

Ignition criteria

Davy (1816)

~100 cm® narrow necked bottle, top ignition
via candle flame for lower limits, electrical
spark for upper limits

Flammability/
explosibility test

Clowes (1896)

7.6 cm diameter glass tube, ignition via flame

Flammability test

Eitner (1902)

1.9 cm dia, 110 cm® burette, ignition at top
6.2 cm dia, 1 1 cylinder, ignition at top Ditto,
ignition at bottom

Flammability test

Teclu (1907)

1.4 cm dia glass tube, spark ignition at top

Flammability test

Burgess and Wheeler
(1911)

2 1 glass sphere, central spark ignition, visual
observation of flame

Explosibility test

Clement (1913)

Hempel pipette, top ignition, 2 1 steel
container, central spark ignition

Flammability and
explosibility test

LePrince-Ringuet
(1914)

2.7 cm dia tube

Flammability test

Coward and Brinsley

2.7 cm dia tube 11 1 bottle, complete
propagation with top ignition Vertical 170 1
box, 30 cm square section x 1.8 m long,
standing over water

Flammability test

Burrell and Oberfell
(1915)

163 1 vertical box, upward propagation

Flammability test

Jones et al. (1933)

10 cm x 96 cm vertical pipe, 41 % pressure
rise criterion

Flammability test

Simmons and
Wolthard (1955)

A counterflow diffusion flame for limit
oxygen index

Explosibility and
ignitability test

(continued)
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Table 1.2 (continued)

Researchers Experimental setup Ignition criteria

Christner (1974) 7 1 steel cylinder, various ignition strength Explosibility test

Ishizuka and Tsuji A counterflow diffusion flame established in | Explosibility and

(1981) the forward stagnation region of a porous ignitability test
cylinder

Burgess et al. (1982) 25.5 m> sphere: visual and photographic Explosibility test
observation

Hertzberg and 7 % total pressure rise criterion for 8 1 Explosibility test

Cashdollar (1983) chamber, 20 1 chamber, 120 1 sphere

Mashuga and Crowl 20 1 sphere: 10 J central fuse wire igniter, 7 % | Explosibility test

(1998) pressure rise criterion

De Smedt et al. (1999) | DIN 51649, 20 1 sphere Explosibility test

Cashdollar et al. (2000) |20 1 chamber, 120 1 sphere, 3 % pressure rise | Explosibility test
criterion

pressure criterion for explosibility tests are not widely accepted. From the theories
in this monograph, explosibility and ignitability are ideal and fundamental con-
cepts, which require limiting conditions difficult to satisfy directly. They can only
be extrapolated from a flammability diagram, giving the flammability diagram a
unique position to derive material properties (see Chap. 5).

1.3 Who Still Cares About Flammability?

Different times saw different needs from the flammability theory. During the time
prior to Coward’s BOM report, the academic interests are primarily on mine safety,
as Fieldner said [4], “a knowledge of limits of flammability of methane and of the
distillation products of coal in air and in partly vitiated atmosphere is of funda-
mental importance in the study and prevention of mine explosions”. Even with
modern instrumentation and management experience, flammable gas fires are still
imposing a serious problem, such as the coalmine fire in Turkey (May 13, 2014).

Then as the petrochemical industry boomed, chemical and process safety
gained widespread attentions on synthetic chemicals. This trend [4] could be
identified from the number and diverse requests to the Bureau of Mines for
information on the limits of flammability of various gases and vapors when mixed
with air and other “atmosphere”. The explosion of apartment buildings in East
Harlem (March 13, 2014) is a typical example of fire safety problem of a flammable
mixture in society.

In 1990s, with the political decision to phase-out Halon, numerous candidate
refrigerants were proposed for replacing Halons. Some agents are flammable,
thereby introducing the safety concerns during accidental discharge of refrigerants.
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How to control the hazards of explosive burning of a flammable leak? How to
design a refrigerant mixture with an optimum performance without introducing
additional danger of ignition and fire? In addition, most flammable mixtures in
commercial market have a potential problem of explosive burning, or explosion,
thereby demanding a comprehensive evaluation on their ignition potentials for
refrigerant safety.

On the other hand, numerous agents were proposed in the suppression field
about the same time. Material properties have been sifted thoroughly to find the best
agent without success. A good candidate with a comparable performance of Halon
1301 can never be found. Attention has been shifted to the design of suppressant
mixtures. How to design a suppressing mixture, which provides the best chemical
synergy without endangering the environment? The only hope is to check the
material properties and optimize the performance of a mixture. One motivation
behind flammability research comes from suppression engineering.

In the new millennium, under the pressure for environmental-friendliness and
fuel economy, clean combustion technologies became a hot research field, while the
flammability problem (or more precisely the ignitability problem) is of fundamental
importance to the safe operation of new combustion technologies, or specifically,
combustion safety.

1.4 How This Methodology Is Developed?

Rome was not built in one day. My first work on liquid safety is an internship with
Combustion Science Engineering, Inc. with experiments on liquid burning on
carpet, through which it was found that the wick effect is controlled by heat transfer
rather than mass transfer, or the heat balance is more critical for evaporation [13]. It
is a simple application of fundamental principles in energy conservation, which
gave me some insights on all critical behaviors.

My interests on suppression started with Dr. Jose Torero’s class on advanced fire
suppression theory in the spring of 2001. Because of the challenging nature and
lacking a consistent theory, I was fascinated with suppression theory, especially
when my first rotation position upon graduation was at Kidde-Fenwal, Inc. the
largest manufacturer for clean agent suppression systems. Then I read widely those
papers in HOTWC proceedings, with a macroscopic view on various suppression
mechanisms. In order to interpret the suppression behavior, my initial reaction was
to use flammability data, treating air as a diluent. This strategy leads to a thermal
view on suppression [14] and a thermal balance method for flammability [15]. The
reaction chemistry is almost completely bypassed as the synergistic effect was
covered as a result of the raised flame temperature threshold.

Since the critical suppression concentrations can be explained thermally, atten-
tion was shifted to interpret flammability data with a simple method. By converting
the concentration into energy terms (thermal signature) which are additive, the
thermal balance method is equivalent to Le Chatelier’s rule and solves the cases



1.4 How This Methodology Is Developed? 13

which the later cannot do, such as the role of oxygen, temperature, diluent, fuel, etc.
This method has been applied to flame temperature [16], correlations [17], coal
mine fires [18], oxy-combustion [19], etc. It is not very precise to match the
experimental data, but sufficient to meet requirements for most engineering
applications.

At the suggestions of Mr. Samuel Roger, I adopted the concept of diluent/fuel
ratio to derive dilution requirements. Later the governing equations were also found
out to be the theoretical boundaries for flammable envelopes [20]. Thus the flam-
mability diagram of all pure fuels can be reconstructed, with known system errors.
Then analytical solutions for dilution and purge operations within theoretical
flammability diagrams [21, 22] were developed. Following the advice of Mr. David
Willson from Stanbridge Capital, I solvded some flammability problems in burning
low-calorific-value gases, which formed the basis of type II problem. Here the most
important discovery is the concepts of ignitability, flammability and explosibility,
which lay the foundation for a consistent engineering methodology and systemat-
ically solve most gas-related safety problems. If all critical lines can be analytically
defined, the utility of any flammability diagram is also improved.

This monograph is devoted to solving generic and engineering flammability
problems from fundamental principles. First, a review of classical flammability
theories in history is provided in Chap. 2. Then, from the thermochemistry theory
for combustion safety (Chap. 3), the thermal balance method is reviewed to derive
the critical limits and flammability diagrams from the thermal signature of a fuel
(Chap. 4). The most important concepts are proposed and discussed in Chap. 5,
which covers two types of problems (type I and II) and three important concepts
(ignitability, flammability and explosibility), including different applications of
various flammability diagrams. Type I problem deals the flammability in a confined
space, where the oxygen is controlling the flammability and explosibility. Type II
problem deals the ignitability of a fuel stream releasing into the open air, where the
oxygen supply is infinite. With a quantitative analysis of the thermal balance at
critical limits, all operations within flammability diagrams are reviewed in Chap. 6.
These flammability diagrams are fundamentally equivalent, while they have dif-
ferent priorities in presenting data. Chapter 7 reviews type II problems, including
the roles of diluent/fuel/oxygen/temperature on flammability. They are useful for
clean-combustion technologies and for inertising an accidental release of a flam-
mable mixture. Compartment fires are typical type I problem, which are reviewed in
Chap. 8. Critical behaviors, backdraft and blow-torch effect, are also reviewed
within flammability diagrams. Finally, there is a summarizing chapter on the lim-
itations of this method, and a comparison of critical concepts. It will enforce our
impression that ignitability and explosibility are fundamental concepts, whereas the
flammability of a mixture is a delicate balance between the ignitability of air and the
explosibility of fuel.
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Chapter 2
Classical Flammability Theories

With the expectation of establishing a fundamental flammability theory, the primary
factor that determines the flammability limit is the competition between the rate of
heat generation, which is controlled by the rate of reaction and the heat of reaction
for the limit mixture, and the external rate of heat loss by the flame [7]. Many
theoretical developments are performed to determine the controlling factor, which
may be the heat loss and some aerodynamic effects. Here are a few efforts toward
this goal.

1. Daniell [23] analytically established a minimum tube radius for flame propa-
gation by analyzing the heat loss through the wall.

2. Flammability limits are explained as the instability to small disturbance from the

steady state [24].

. Flames are governed by a multiple eigenvalue problem [25, 26].

4. Flammability limits are explained in terms of kinetic properties of the mixture
[27].

5. Limit appears at the composition at which the flame becomes unstable to a
change in the curvature or extent or form of the flame front (Convectional effects
[28]).

6. Spalding [29], Mayer [30] and Berlad and Yang [31] have developed an uni-
dimensional flame theory and implied that the radiation loss produces a
fundamental limit.

7. According to Lewis and von Elbe [32], the flame propagation in a diverging
flow results in that the burned gas moves parallel to the flame and this the cause
of convection-induced heat loss from the flame into the cold mixture.

8. Heat loss and chain termination are simultaneously important at these limits
[33].

9. The extinction limit occurs as a result of flame temperature reduction when the
rate of radiative loss becomes substantial compared with the rate of combustion
heat release [34].

(98]

They all stress a certain feature interrupting the flame propagation. However, the
major mechanism for heat transfer, mass transfer, is not given sufficient attention.
Only when the flame temperature has dropped near its critical threshold, the above
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mechanisms began to play a role. In addition, there are also several conflicting
views on the controlling factors. For example, radiation losses represent a small
proportion of the total losses, which has been shown by Egerton and Powerling [35]
using silvered and blackened tubes. Linnett [28] proposed that the limits obtained in
tubes (even the widest ones) are not fundamental. Since there are so many factors
controlling the flame propagation process, a consistent flammability theory is dif-
ficult to establish. This is consistent with the fact that flammability is not fun-
damental to that fuel. This fact led many researchers to propose empirical rules to
manipulate flammability. These empirical rules work for some problems, without
the need to know the fundamental difference between flammability and
explosibility.

2.1 Empirical Rules on Flammability

2.1.1 Milestone Events on Flammability Theory

Since the pioneering experimental work by Davy in 1816, the first major theoretical
breakthrough came with Le Chatelier’s empirical rule, which first appeared in 1891
[36]. During a systematic study on diluents and flame temperature, Coward et al.
[37] first applied Le Chatelier’s rule in its present form. Burgess-Wheeler [6] tried
to establish a thermal balance for flammability limits with the concept of flame
temperature. The comprehensive flammability data were reported in a series of
BOM Bulletins, the most famous one is the last version [4], which appeared in
1952. In 1965, Zabetakis [43] compiled and published latest data for flammability
limits, auto-ignition, and burning-rate data for more than 200 combustible gases and
vapors in air and other oxidants, as well as of empirical rules and graphs that can be
used to predict similar data for thousands of other combustibles under a variety of
environmental conditions. His report is the bible on flammability, still in use today.
His work remains the core document for supplying flammability information,
showing the fact that there is little progress on flammability theory after him. In a
series of reports (first appeared in 1975), Hertzberg [38—40] tried to establish an in-
depth view on flammability theory, however, his theory is far from engineering
applications and left small impact in a computer age. With the development of
computer technologies, a detail chemical analysis has been applied for predicting
the flammability behavior [41], however, engineering applications are still relying
heavily on the empirical Le Chatelier’s rule or modified Burgess-Wheeler’s law for
estimations. Without a fundamental theory, it is difficult to provide an overview of
flammability theories, especially when the testing principles behind data are also
not well received.
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2.1.2 Energy Dependence

It was long recognized that the calorific value of the paraffin is the sole determining
factor in calculating the relative lower limits of inflammation of mixture of each
with air. Le Chatelier and Boudouard [42] observed that the heat of combustion per
unit volume of limit mixtures with air for alkanes was approximately a constant at
lower limits, an empirical finding later confirmed by numerous researchers. Out of
the simple energy balance at lower flammability limit, Burgess and Wheeler [6]
further proposed the principles in deriving the temperature dependence of flam-
mability limits. For the first time, they suggested “the heat liberated by a mole of a
lean limit mixture is nearly constant for many combustible-air-mixture at ordinary
temperature and pressure”, out of which developed the Law of Burgess and
Wheeler [43]. That is, the calorific values of the pure paraffin hydrocarbons times
their lower limits of inflammability were a constant and that a lower-limit mixture
of any of the paraffin hydrocarbons with air on combustion liberates the same
amount of heat. White [44] confirmed that the lower limit for downward propa-
gation of flame was approximately inversely proportional to the net calorific value
of the vapor used. Jones [9] further concluded that the primary factor that deter-
mines the flammability limit is the competition between the rate of heat generation,
which is controlled by the rate of reaction and the heat of reaction for the limit
mixture, and the external rate of heat flow by the flame. However, such an energy
balance was not established and applied properly, probably due to the ternary nature
of a mixture.

Based on the observation that the amount of heat contained in the products of
combustion of any given layer is just sufficient to raise to its ignition-temperature
for the layer adjacent, Burgess and Wheeler [6] established

x,-AHc =K (2.1)

where x;, is the percentage of combustible in the low limit mixture, AH¢ is the net
heat of combustion of the fuel and roughly as ~10.5 kCal/mol. Most existing
correlations follow this format to estimate the mixture flammability [17]. It is called
“K-constant” method [45], which holds for paraffin up to pentane. Note the original
Burgess Wheeler’s law [6] used K = 1059 for methane. Spakowski [46] used
K = 1040 to make his simplification. Hanley [47] proposed K = 1120, while
Ramiro et al. [17] proposed K = 1042. They all belong to the “K-constant” method.
The scattering of data shows the uncertainty in flammability measurement.
However, earlier researchers, including Burgess and Wheeler, noticed that K is
not a constant for some fuels and more heat is required to maintain the combustion
of the higher hydrocarbons. The value K increases as the paraffin series is ascended
and there is therefore an increase in flame temperature for Cp shows only a rela-
tively small change. The values increase asymptotically to about 1600 K where the
effect of dissociation begins to become appreciable [5]. Britton [48] later concludes,
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“K Constant” method implies a constant flame temperature at the LFL. White [44]
and Zabetakis et al. [49] further proposed

x.-AHc +AH =K (2.2)

where AH is the fraction of energy absorbed by ambient air.

Along with the thermal theory, a chain reaction was proposed to explain the
thermal phenomena on flame propagation ([35, 50]). Out of the chain reaction
theory, it was proposed that some species have more radicals produced in a flame.
However, these promoters appeared in the gas ahead of the flame have little specific
influence on propagation limits. It is further concluded that the main criterion for
inflammation is the maintenance of a sufficient rate of reaction and heat release in
the flame, providing thereby sufficient active radicals to inflame the entering gases.

By examining the “K Constant” method, three important outcomes are proposed
[48], the modified Burgess-Wheeler law for estimating the temperature dependence,
the “Jones’ Rule” or “Lloyd’s Rule” for predicting LFLs of paraffin hydrocarbons,
and most important of all, the Le Chatelier Rule for estimating the flammable limits
of mixtures of fuels whose individual LFLs are known. This method is the central
principle guiding the experimental and theoretical work for the past 100 years. Most
of the “hot wire” combustible-gas indicators operate on this principle directly [48].

2.1.3 Temperature Dependence

The most important parameter affecting the flammability limits is temperature, since
an increase in initial temperature leads to a widening of the flammable range [43].

Experimentally, White [44] showed that both limits are affected fairly uniformly.
There are several researches on the temperature dependence, using hydrogen [51],
low temperature of methane [52], toluene [53], upper explosion limit of lower
alkanes and alkenes [54], mixtures of gases [55], NH;—H,—N,—air mixtures [56],
pure liquids [57], etc. Their experiments have confirmed that the flammability limits
and the initial temperature are related linearly. An important error in experiments
can be due to the slow oxidation in the heated vessel before it starts burning.

Rowley et al. [58] summarized the following methods for estimating temperature
dependence. Out of the assumption on x; - AH¢ = K, the original Burgess-Wheeler
Law was expressed as

x,-AHc=100-¢, - T (2.3)

where ¢, is the specific heat at constant volume of air.
Later the temperature difference was expressed as the enthalpy ratio.
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Zabetakis [43] further simplified this dependence into a simple constant linear
dependence, which is widely adopted in any safety-related textbooks.

XL 0.75

= l _
XL0 X0 - AHe

(T —Tp) =1 —-0.000721 - (T — Tp) (2.5)
The second method is proposed by Britton and Frurip [59], which simplifies the
temperature dependence as a linear temperature dependence

T T - T T — T,
XL( ) _ ‘tAFT —1— 0 (2.6)
x(To)  Tarr — To Tarr — To

where Typr is the adiabatic flame temperature for ignition and flame spread to take
place.

Finally, Catoire and Naudet [60] developed an empirical correlation with a
simple temperature dependence as

.XL<T) —=519.957 - X0.70936 . nEO4197 . T70.51536 (27)

However, they are all related to the energy balance for the background air
(temperature or enthalpy). Among them, the modified Burgess-Wheeler Law is well
known and widely used in estimating temperature-modified limits. A comparison
with experimental data shows there is still some discrepancy between theory and
reality (Fig. 2.1). The missing part is the contribution of the fuel, though small,
generally ignored in most correlations.

Fig. 2.1 Effect of 1.2
temperature on L¢/L,s ratio of
paraffin hydrocarbons in air at
atmospheric pressure [43]

. Modified Burgess-Wheeler Law |
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Empirically, the temperature dependence is assumed be linear and expressed as
the percentage drop per 100 K temperature drop. Zabetakis et al. [49] have found
that the lower limits of hydrocarbons decrease linearly by about 8 % for 100 °C rise
in temperature. This is consistent with the decrease of net enthalpy rise of back-
ground air. Using the propane data of Kondo et al. [61], the experimental decrease
per 100 °C is found to be 8.64 %.

This linear temperature dependence applies only if the reaction is complete, the
flame temperature is constant, and no disassociation occurs during preheating.
Upper limits also increase linearly with temperature but only if the combustion is
normal. If a rise in temperature tends to cause cool flames, the flammable range
cannot be predicted reliably. With an increase in temperature the low composition
area of normal flames disappears while the cool flame region is extending the
envelope beyond the normal range [49].

2.1.4 Chemistry Dependence

Since a rigorous theory based on fundamental principles is not established, a lot of
empirical rules or correlations were proposed for estimation purpose. Among them,
the most famous one is Jone’s rule or Lloyd’s rule.

Jones [9] first observed that at any specified temperature, the ratio of the lower
limit to the amount of combustible needed for stoichiometric reaction, is approxi-
mately constant. He further proposed several constants corresponding to families of
fuels respectively (see Table 2.1).

Jones’ rule assumes ratios of the lower limits of the individual constituents to
the amount of oxygen required for theoretical perfect combustion are about the
same, however, this is true only within a family of fuels. Under a similar reasoning,
Shimy [62] used the number of carbon atoms in the molecule as the variable to
correlate flammability limits within a family of fuels with limited success. If the fuel
mixture came from a same family, the limits of mixtures of the constituents may be
determined rather accurately by Jones’ rule.

Lloyd [63] generalized Jones’ rule into one universal constant, which is widely
cited as “Lloyd’s Rule”

0.55
xp =055 xy=—"——— 2.8
L YT 144773 Co (28)
xy =3.5 x4 (2.9)
Table 2.1 Typical values for \fethane 0.52 Methy! chloride 0.67
X1,/ in Jones’ rule -
Ethane 0.57 Ethyl chloride 0.61
Propane 0.59 Propyl chloride 0.61
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At room temperature and atmospheric or reduced pressure, the lower limits of
flammability for most of the paraffin hydrocarbon series fall in the range from 45 to
50 mg combustible vapor per liter of air at standard conditions [43], which is
corresponding to a limiting oxygen concentration of 0.11 in the mixture [17]. That
means 45-50 mg of combustible vapor is sufficient to raise the temperature of one
liter mixture from ambient to the critical flame temperature, which is another
empirical rule used in industry ([64], see Fig. 2.2).

Other researchers also tried to establish the empirical relationship between LFL
and UFL. White [44] found that the corresponding upper limit is roughly 3.5 times
the lower limit. Spakowski [65] found that the upper limits were 7.1 times the lower
limit. Zabetakis [43] proposes a square-root relationship, which has be used in the
experimental work of Kondo [61].

Xy = 6.5/ = 4.8,/ (2.10)

2.1.5 Fuel Dependence

When multiple fuels are involved, Le Chatelier’s Rule is the only tool for predicting
mixture flammability. Originally, Le Chatelier [36] stated, “if we have, say, separate
limit combustible air mixtures and mix them, then this mixture will also be a limit
mixture”, or a mixture of limit fuels is still a limit mixture. This statement was
expressed as

S (2.11)
XL1  XL2

where x;,x, are the fuel concentrations in a mixture; xz 1,z are their individual
flammable limits in air. It was Coward et al. [37] who extended Le Chatelier’s rule
into its present form (see Eqs. 4.22 and 4.23).


http://dx.doi.org/10.1007/978-1-4939-2665-7_4
http://dx.doi.org/10.1007/978-1-4939-2665-7_4

22 2 Classical Flammability Theories

Le Chatelier’s Rule is a useful approximation and implies that several com-
bustibles do not influence each other’s behavior in a limit mixture. It holds well for
combustibles of the same character and even for gases with such different physical
properties as hydrogen and methane [35]. White [44] found that for a binary
mixture, the approximation is generally better for lower than for upper limits, and
better for downward propagation than for propagation upwards. For mixtures that
contain combustibles readily exhibiting pre-flame or cool flame combustion, the
law does not hold. He also found that the law does not hold strictly for hydrogen-
ethylene-air mixtures, acetylene-hydrogen-air mixtures, hydrogen sulfide-methane-
air mixtures, and mixtures containing carbon disulfide. Also, in tests on some
chlorinated hydrocarbons, Coward and Jones [4] found that the law did not hold for
methane-dichloroethylene-air mixtures, and it was also found that the law was only
approximately correct for mixtures of methyl and ethyl chlorides. It is therefore
apparent that this mixture law cannot be applied indiscriminately, but must first be
proved to hold for the gases being investigated [9].

Mashuga et al. [66] identified the assumptions in deriving Le Chatelier’s rule,

. the product heat capacities are constant;

. the number of moles of gas is constant;

3. the combustion kinetics of the pure species are independent and unchanged by
the presence of other combustible species;

4. the adiabatic temperature rise at the flammability limit is the same for all species.

N =

Here assumption No. 3 and 4 are more important than the first two. No. 4 allows
all species to compare with each other, while No. 3 allows them to be additive in
terms of energy conservation. The major concern is whether fuels are synergistic or
antagonistic to each other. Hydrogen is a typical example. In theory, due to its
lower flame temperature and high diffusivity on flame structure, hydrogen will have
a synergistic effect on other fuels. In reality, hydrogen is a common fuel and there is
no specific limit in applying Le Chatelier’s Rule for estimation purpose. The No. 1
assumption on constant heat capacities of combustion products can be dropped if
scaled by a universal species [15].

White [44] further proposed the assumption that the ignition temperature of a gas
mixture at concentrations similar to those present in a lower-limit mixture does not
vary much with the concentration of the flammable gas. This temperature is con-
stant no matter what is the initial fuel temperature, which pave the way for later
theoretical work on temperature dependence. This assumption is widely found in
most theoretical work, even implicitly used in deriving Le Chatelier’s rule [66].

Generally, there are two types of methods to use Le Chatelier’s rule covering
diluents in a mixture. The popular method is grouping a fuel with a diluent into a
pseudo fuel, and then Le Chatelier’s Rule can be applied to pseudo-fuels only. So
the diluted flammability diagram was used to compensate the inability of Le
Chatelier’s mixture law in dealing with diluents [67, 68]. A case study is provided
by Heffington [69] on the flammability of CO,-diluted fuels. Another estimation
method is to determine the equivalency between gases for a mixture. Fuels are
scaled by methane, inert gases are scaled by Nitrogen, and oxidizing gases are
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scaled by oxygen. By summing up each fuel/diluent/oxygen terms, the fuel and
oxidizing potentials are determined and compared to determine the flammable state
of a mixture [70, 71].

2.1.6 Pressure Dependence

An increase in pressure has little effect on the lower limit, though the upper limit
may be widened; the extent of the reaction at the flame front is affected [5]. Based
on the experimental data on natural gas (85-95 % methane and 15-5 % ethane)
from Jones et al. [72], Zabetakis [43] suggested that the limits vary linearly with the
logarithm of the initial pressure. That is

x, = 4.9 —0.71log P(atm) (2.12)
xy = 14.1 +20.4log P(atm)

With a standard error of estimate of 0.53 vol pct for x; and 1.51 vol pct for xy.

Figure 2.3 shows the flammability change according to high pressure. Lower
flammability limits change little, since lower limits are controlled mainly by (the
heat release of) fuel. Upper limits are changed significantly, which is related to the
flame structure and combustion kinetics. In this specific area, experimental data are
still limited.

For lower-than-ambient pressure, the flammable range is little changed until a
certain lower pressure threshold is achieved. Then the flammable zone shrink to nil,
consistent with our intuition that vacuum will not support ignition or flame prop-
agation. Lewis and Von Elbe [32] produced a pressure-modified flammable zone in
Fig. 2.4.

Fig. 2.3 Variation of 70
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high pressure
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2.2 Correlations for Flammability

Based on the above principles, several correlations were proposed for estimating the
flammability of a fuel or a mixture. They are falling into two categories, fuel-based
or oxygen-based. The former is based on the heat of combustion (of the fuel), while
the latter is based on the stoichiometric oxygen number, or oxygen calorimetry.
Heat of combustion is a property related to the combustion process, or related to the
ignitability of the fuel. Oxygen calorimetry is a property related to oxygen, or a
property of the background air, or the explosibility. This fact itself shows the energy
background for flammability is rather ambiguous and complex.

Let us check the fuel-based correlations in Table 2.2. From the modified
Burgess-Wheeler’s law, Hanley [47] proposed X; = Wzizllmol) for LFL, while

X, = % is proposed by Spakowski [73]. These are slight variations of Burgess-

Wheeler’s law, which implicitly assumed that any fuel releases same amount of
energy at lower limits. This is an oversimplification, since the information on
diluent and oxygen are completely ignored, not consistent with the fact that the
flammability is a function of local oxygen and diluent. More refinement is proposed
to improve the prediction, such as the polynomial correlation proposed by Shieh
[74] and Suzuki [75]. They are proposed based on a small set of data, so their
applicable range is limited.

Table 2.2 List of energy-based LFL correlations [17]

Correlation for LFL Average error
in estimation
Hanley X, = Weizl/mol) 0.119
Spakowski X, = % 0.069
Shieh xp = 1145 - AH;%% — 0.38 0.076
Suzuki xp, = —3.4-AH:' +0.569 - AHc +0.0538 - AHZ + 1.8 n/a
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Table 2.3 List of oxygen-based LFL correlations [17]

Original correlation Average error
in estimation
Jones’ rule/Lloyd’s rule/Zabetakis [43] 0.55 0.108
X =035 % =053 ¢,
Britton [48] 10 0.070
XL = -
Co
Pintar [76] 0.512 0.085
X, =0512 - x; = T5a773.Co Ta773.C,
Hilado [81] (CHO compounds only) 0.537 0.125
X =037 % =1773937¢,
Monakhov [78] X, = 1 0.077
4.679 + 8.684 - Co
Beyler [64] (¢ = 0.5) X, — 1 0.094
1+9.546 - Co
Donaldson et al. [80] X, = 1 0.091
5.2114 + 8.2069 - Co

Since flammability is the ability of background air to support flame propagation,
a more reasonable choice for correlation is the stoichiometric oxygen number, or
oxygen/fuel stoichiometric molar ratio. A list of correlations on this parameters is
provided in Table 2.3. From Jones’ rule, X; = 0.55 - x,, = % is listed as an
approximation of lower flammability limits. Britton [48] proposed a simpler form as
X, = é—g. Pintar [76] and Hilado [77] refined the correlation coefficients for a spe-
cific family of hydrocarbons. Monakhov [78], Beyler [79] and Donaldson et al. [80]
realized that x; - Cp is not a constant, so a constant is reserved in the denominator.
This is consistent with the modified “k-constant” rule (x; - AHc + AH = K). As we
will see later in Sect. 4.4, x; - AHc = K applies for ignitability, while 4, - AC—ZC =K
applies for explosibility. The difference is that the inerting contribution from the
fuel is ignored in the former while the oxygen-based energy release is more
dominant at critical limits.

For upper limits, no energy-based correlations are proposed, consistent with the
fact that the upper limits are oxygen-limited. The fuel mainly plays the role as a
diluent, while the availability of oxygen and oxygen calorimetry dominate the flame
propagation process. Due to the scattering of experimental data, all correlations are
rough at predicting upper limits. Details of their performance can be found in
Table 2.4, with a prediction error identified in [17].

2.3 ISO10156 Method for Predicting Mixture Flammability

Currently, the professional method to deal with multiple fuels and diluents is
provided in ISO10156 [70], which contains the testing method and calculation
methods for mixture flammability. The calculation method uses flammability limit
data and so-called Tci values of flammable gases and vapors for inputs. These data
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Table 2.4 List of oxygen-based UFL correlations [17]

Original correlation Average error in estimation
Zabetakis [43] =33 x — 33 1.227
U 22 T 4773 - Co
Pintar [76] 3.8 2.345
=38 xy=— "
v Y4773 - Co
Monakhov [78] 1 0.289
=———— for Co <75
U056 1155-Co0 0=
1
= for Co>175
VT 655440968 Cp' O
Donaldson et al. [80] = 1 0.303
YT 1277341213 Co
Beyler [64] (9 =3.0) | 1 0.182
YT 1.0+ 1591 Co

are mostly taken from the database CHEMSAFE that contains recommended safety
characteristics for flammable gases, liquids and dusts.

The Tci values are taken under atmospheric conditions with air as an oxidizer,
which is also called the maximum permissible flammable gas concentration (MXC).
MXC is the largest fraction of the flammable gas for which this gas mixture cannot
be ignited, irrespective of the amount of flammable gas being added [70]. As we
will see later (in Chap. 5), MXC is a concept of ignitability, equivalent to LFC or
OSFC in the literature. In contrast, the coefficients of equivalency relative to
nitrogen (K value) must be calculated using several flammable-inert gas system.
The K value for the mixture is calculated as

TC,‘

(100 — MXC;)

TN ) (2.13)

KiJ'Z

where 1 is the index of the flammable gas and j is the index of the inert gas, different
from Nitrogen which is used in the flammable/inert/air mixture. Table 2.5 lists
coefficient of equivalency (Ki) for some common diluents, which are close to the
concept of Quenching Potential to be introduced in next chapter. Table 2.6 lists Tci
values for common flammable gases, which is another name for LFC or OSFC for
nitrogen inertion, to be introduced and discussed in Chap. 5.

Table 2.5 Coefficient of equivalency (Ki), or nitrogen-equivalency

Gas N, CO, He Ar Ne Kr Xe SO, SF¢ CF,
K; 1 1.5 0.5 0.5 0.5 0.5 0.5 1.5 1.5 1.5

Table 2.6 7Tc¢; for flammable gases, or the limiting fuel concentration for nitrogen-inerting

Gas |H2 | CO |Methane | Ethane | Butanes | Ethylene | Propane | Propene’s | Acetylene | n-Hexane
Te; |57 |20 |87 7.6 5.7 6 6 6.5 4 35
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The mixture has to be classified as FLAMMABLE if

1 100 P
A; —-1])< B K, 2.14
> (T ) > miki (2.14)

where

A; Mole fraction of the flammable component I in the mixture in mol%

n  Number of flammable components

B, Mole fraction of the inert component k in the mixture in mol%

p  Number of inert components

K; Nitrogen equivalence coefficient of the inert component

Tc; Threshold for flammability of the flammable component I in the mixture with
nitrogen

The physical meaning of Eq. 2.14 is the fuel-needed diluent (nitrogen, left-hand
side) should be less than existing diluent (nitrogen, right-hand side) to keep the
mixture non-flammable.

A variation of Eq. 2.13 is supplied [70] as

()
Tc;
= +1 (2.15)
MXCixre  Bx1 X Kx1 + Bga X Kio

Which can be used to find the critical fuel concentrations in response to multiple
diluents.

2.4 Flammability Diagrams

The flammability problem of a mixture is difficult, since it typically involves three
components with dual functions in a combustion reaction. Fuel is not only a source
of energy, but also a heat absorber during the ignition process. Oxygen is not only a
source of energy (together with fuel), but also a heat absorber affecting the flame
temperature. Only nitrogen is a typical diluent, without any heating role involved.
Because of such a ternary combustion system, the concept of flammability is dif-
ficult to present without the help of a flammability diagram. However, various
diagrams are proposed to demonstrate the inerting and diluting process, all with
some limitations over the past century. Depending on its application field and
purpose, there are four diagrams are typically used in industry.
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2.4.1 Standard Flammability Diagram

The first diagram is called standard flammability diagram, which uses the combi-
nation of diluent/fuel to describe the state of a mixture. Since the diluent concen-
tration is serving as a major input variable, it is commonly used to compare the
agent effectiveness, in chapters of suppression theory [82]. It is also used in
flammability theory, to demonstrate the role of a diluent on changing flammable
envelopes [64]. For practical safe handling of gases, since the concentration mea-
surement is not convenient as the volume measurement (nitrogen concentration is
derived from oxygen measurement, not directly measured), the diluted diagram is
used instead of the standard diagram, which can be converted to each other easily.
The critical nose point in a standard flammability diagram is the inertion point,
which tells the Minimal Inerting Concentration (MIC) (shown in Fig. 2.5). Most of
flammability data in Zabetakis’ BOM Bulletin [43] are presented in this form, while
it provides less information as compared to other diagrams.

2.4.2 Diluted Flammability Diagram

Using the diluent/fuel ratio and the diluent/fuel fraction as inputs, we have a diluted
flammability diagram. Its original purpose is to pair a fuel and a diluent into a
pseudo fuel, then Le Chatelier’s rule can be applied to a mixture of pseudo fuels
[83, 84]. As Le Chatelier’s rule is the only hand-calculation tool in industry, and the
industry prefers the volume measurement in dilution, diluted flammability diagram
gains a special position on safe handling of flammable gases.

From the flammable envelope, two critical lines can be derived, MMR
(Maximum Molar (diluent/fuel) Ratio) and MMF (Maximum allowable fuel
Mixture Fraction), which provides a rectangular boundary encompassing the
flammable envelope. Note, MMR and MMF may not be taken from a same point on

Fig. 2.5 Methane in standard
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the envelope. Theoretically, there is only one inertion point, while in experiments,
there is a maximum MMEF (inertion) point and a maximum MMR (dilution) point,
on MMF and MMR lines respectively (as shown in Fig. 2.6). In this perspective, the
inertion point in an experimental flammability diagram is fictitious.

However, this fictitious inertion point provides valuable information (MMR and
MMF) on explosibility and ignitability for other critical points, so this diagram is
fundamental to any flammability related operations.

2.4.3 Explosive Triangle Diagram

When multiple diluents are included in a mixture, such as gases from a mine fire,
the flammable state of such a mixture is difficult to present in any diagrams with a
definite axis on diluent. Instead, Coward explosive triangle was proposed to use the
oxygen level in the mixture, avoiding the complexity induced by multiple diluents
[68]. If drawing a line from the 100 % fuel point, tangent to the experimental
flammable envelope, this is called LOC line (Limiting Oxygen Concentration) with
a cross point on Oxygen axis as LOC point. Similarly drawing a straight line from
the normal air (20.95 % O, + 79.05 % N,) point tangent to the flammable envelope,
this is called LFC (Liming Fuel Concentration) line. The cross point on fuel axis is
called LFC point. In practice, the iso-oxygen line tangent to the envelope is called
MOC (Minimum allowable Oxygen Concentration to support flame propagation),
while the fuel concentration at the tangent point of LFC line on flammable envelope
is called Minimum Fuel Concentration (MFC).

If the background air is inerted by a diluent to LOC point, the evaporation/
addition of fuel will move this point from LOC to MOC along the LOC line. If a
fuel stream is already diluted by a diluent to its LFC point, then mixing with air will
decrease this fuel concentration further from LFC to MFC along the LFC line. In
theory, LFC and LOC are better and fundamental critical targets of inertion.
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Fig. 2.7 Methane in coward
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In practice, MOC and LFC are recommended for safe-operation (dilution or purge)
targets (as shown in Fig. 2.7).

When dealing with a complex mixture, such as the gases from a burning mine
fire, various fuels are lumped into a fuel equivalent (usually methane), while
contributions of diluents will be lumped into an oxygen limit, plotted in the diagram
as the nose point. Various schemes are proposed to perform the conversion more
effectively [85]. However, the fundamental theory behind such a conversion is
provided in Chap. 7.

2.4.4 Ternary Flammability Diagram

The major problem of a diluted flammability diagram is that it is difficult to
demonstrate the dilution and purge processes (not a straight line), as composite
parameters are used. A ternary flammability diagram was proposed [43] and gained
a popular position in industry for guiding dilution and purge operations. The
advantage of a ternary diagram is that all data are directly readable and oxygen-
enriched atmosphere is allowed, while the disadvantages is that a conversion
scheme is needed to plot the data. Crowl [86] listed some engineering rules to use
this diagram better. Another disadvantage of this diagram is that oxygen only
occupies 1/5 of air, so a large part of domain is useless if we are dealing with fuels
burning in air. How to make use of space more effectively is a skill requiring special
training.

Starting with the 100 % fuel point, draw a line tangent to the flammable
envelope, it is called the LOC line. If an iso-oxygen line is tangent to the flammable
envelope, this is called the MOC line. Starting with the air point (21 % O, and 79 %
Nj), draw a line tangent to the flammable envelope, which is called the LFC line. If
an iso-fuel line is tangent to the flammable envelope, this is called the MFC line.
These four lines are demonstrated in Fig. 2.8. Again, MFC point and MOC point
may not be a same point, though both are representing the inertion point.
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2.5 Problems and Solutions

2.5.1 1S0O10156 Method

Problem 2.1 T¢; method
A gaseous mixture of 7 % of hydrogen in CO,, is it flammable in air? [71]
Solution:
K¢, Nitrogen equivalency of CO,_ is 1.5.
Therefore 93 % CO, is equivalent to 93 X 1.5 or 139.5 % nitrogen.
Normalized hydrogen concentration is xy, = 5555 = 4.78 %. The Tc; value of
Hydrogen is 5.7 > 4.78, therefore the mixture is not flammable.

Problem 2.2 T¢; method for multiple fules.

A mixture has methane/propane (20:80 mol%) altogether 5.6 %. The rest is
nitrogen. Is it flammable in air?

Solution:

Tc; values of methane and propane are retrieved from Table 2.6 as 8.7 and 3.7
respectively. Kj for nitrogen is 1 by definition. B; for nitrogen is given as
1-56 % = 944 %. Apetane =20% x 5.6% = 1.12mol%, Apropane = 80 %X
5.6 % = 4.48 mol%. So we have

& 100 100 100 <
Aill=——1)=|lL12x (——=—1) +44 ——— 1) =12835%< ) BiKi=1x9449
; (Tci ) { . <87 >+ 8>< (37 ):| 835/(2_2 K ><9 /é

k=1

Since the inequality is not fulfilled, the mixture is not fully diluted, or is clas-
sified as FLAMMABLE.

Problem 2.3 Tc¢; method for multiple diluents

A mixture has a methane fraction of 16.4 %. The rest is carbon dioxide/nitrogen
(70:30). Is it flammable in air?

Solution:

Tc; value of methane is retrieved from Table 2.6 as 8.7.

The limiting fuel fraction, MXC is computed from

100
1 ( o l) 100 _ ¢
— r +1= Exdull) +1=28.77
MXCpisure  Bx1 X K1 + Bxa X Kx 0.7x 1.5+03x1

So the limiting fuel fraction is

1
MXC—ﬁ— 11.4%<16.4%

So this mixture is non-flammable.
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Fig. 2.8 Methane in a ternary c
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Problem 2.4 Tc¢; method for multiple fuels and multiple diluents

A flammable mixture has 2 % Hydrogen, 8 % methane, 65 % Helium, and 25 %
Argon, is it flammable in air? [71]

Solution:

Using nitrogen-equivalent coefficients Kj, this mixture is equivalent to 2 %
H +8 % CHy + 0.55 25 % Ar + 0.9 x 65 %9 He =2 % Hy + 8 % CH, + 13.8 %
N; + 58.5 % N, =823 %

Rescale the mixture by 100/82.3 = 1.215, we have the mixture as 2.43 %
H, + 9.73 % CH, + (58.5 + 13.8) x 1.213 % N,

Here T¢; for hydrogen and methane is 5.7 and 8.7 respectively.

" 7100 100 100 »
A2 ) = 2 x (2 — 1) 48 x (o2 — 1) | = 1183% < 3" BiKe = 0.55 x 25% + 0.9 x 65 % = 75.25
,Zl: (TL-[ ) { x <545 >+ x <847 )] = ; kR x25%+09 x 65%

Since the above inequality does not hold true, the criterion for a non-flammable
gas mixture is not fulfilled and this particular gas mixture is considered flammable.

2.5.2 Operations in a Ternary Diagram

Problem 2.3 Use 5 points (MOC = 12 %, LFL(O;) = 5 %, UFL(O,) = 61 %, LFL
(air) = 5 %, UFL(air) = 15 %) to reconstruct the flammable envelope of methane
(Fig. 2.9).
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Fig. 2.9 5-pts to determine
the flammable zone for

methane
CH; =3
(%) , 5
Solution:
Step 1. Plot UFL(O,) = 60 % and LFL(O,) = 5 % in fuel axis as Point T/E

Step 2.
Step 3.

Step 4.

Step 5.

Step 6.

respectively.

Use nitrogen concentration of 79 % in air (point B), draw an airline AB.
Use UFL(air) = 15 % to draw an UFL line CD, crossing the airline AB
with point P.

Use LFL(air) = 5 % to draw a LFL line EF, crossing the airline AB with
point Q.

Find the stoichiometric value through the balanced equation,
CH,4 + 20, = CO, + H,0, so the stoichiometric fraction of methane in
methane/oxygen mixture is 1/(1 + 2) = 0.33. Connect point G (33 % CHy)
with H, is the stoichiometric line GH.

Use MOC = 12 % to draw an LOC line EF, crossing the stoichiometric line
GH with point S.

Now in Fig. 2.9, the triangle PQS is the flammable envelope in air, while the
polygon TPSQE is the flammable envelope of methane.

2.5.3 Reading a Ternary Diagram

Problem 2.5 There is a methane mixture composed of 50 % methane, 40 % O, and
10 % Nitrogen.

a. Is this mixture flammable?
b. If this mixture is flammable, how to make it non-flammable by adding nitrogen
for inertion?
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c. If the original mixture is 100 mol, how much nitrogen is needed?

d. If all mixture is held in a compartment of 100 m3, how much nitrogen is needed
to purge the compartment, so the mixture is not flammable (out-of-envelope,
non-flammable/explosive, non-ignitable)?

Solution:

(a) By plotting the composition of the mixture in the ternary diagram (point A),
the mixture composition point falls within the flammable envelope, so it is
flammable.

(b) Connecting composition point A with Nitrogen point, we have a straight
dilution line, crossing the flammable boundary at point B. So in order to get
the mixture non-flammable, the nitrogen should be increased from 10 to 30 %.

(c) Originally, there are 10 mol of nitrogen in the mixture, assume y mole is to be
added, then

10 +y

30% =
% 100 +y

— y = 28.6 mol

That means the system will be non-flammable if added with 28.6 mol of
nitrogen.

(d) From the diagram (Fig. 2.10), the out-of-flammable zone state is reached if the
fuel concentration is dropped from 50 to 40 % (point B), so the purge

requirement is Vy, = —Vp-In (;—FO) = —100 x ln(%) =223 m?. That

means 22.3 m° of nitrogen will be introduced into the compartment, so the fuel
concentration will be dropped to 40 %.

() From the diagram (Fig. 2.10), the non-flammable/explosive zone state is
reached if the fuel concentration is dropped from 50 to 18 % (point C), so the

purge requirement is Vy, = —Vy-In (%) = —100 x In(%%) = 102.2 m*.
That means 102.2 m® of nitrogen will be introduced into the compartment, so
the fuel concentration will be dropped to 18 %.

(f) From the diagram (Fig. 2.10), the non-ignitable zone state is reached if the fuel

concentration is dropped from 50 to 10 % (point D), so the purge requirement
is Vi, = Vo In(25) = =100 x In(34) = 160.9 m. That means 160.9 m’

of nitrogen will be introduced into the compartment, so the fuel concentration
will be dropped to 10 %.
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2.5.4 Safe Dilution of a Flammable Gas Mixture

Problem 2.6 A vessel contains a gas mixtures composed of 50 % methane and
50 % nitrogen. If the mixture escapes from the vessel and mixes with air, will it
become flammable? How to make it strictly non-flammable during the dilution
process?
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Solution:

. This is a problem of nitrogen dilution to avoid the flammable envelope. The
initial dilution status is shown as point B. If released into air, the final status of
dilution is pure air (Point A). Line BA shows the necessary mixing process (or
the mixing route). In order to reach purely air, the mixing line BA is crossing the
flammable zone, so there is a danger of explosion during the mixing process.

. In order to avoid the flammable zone during the mixing, a tangent line is drawn
passing the air point A, which is called LFC line or dilution line later. The cross
point with Nitrogen axis is point C (82 % nitrogen and 18 % methane). That
means, the initial mixture has to be diluted to point C (non-ignitable) by nitrogen
dilution first, then it can be allowed to be mixed with air without any danger of
ignition (or explosion).

2.5.5 Methane Dilution by Air

Problem 2.7 A 1 kg/s flow of methane is being dumped into the atmosphere. How
much nitrogen must be mixed with methane to avoid a flammable mixture in the
open?

Solution:
From the previous ternary diagram, the inertion is realized through diluting the

mixture from 100 % methane to 18 % methane with addition of 82 % of Nitrogen.
So the nitrogen molar flow rate is

. mcy, Cy, 1000g/s 82 %
— . = . == 285 ]./
N (MWCH) <CCH4> 16g/mol 18% moms

my, = iy, - MWy, = 285 mol/s x 28 g/mol = 7970 g/s = 7.97 kg/s



Chapter 3
Combustion Fundamentals

3.1 Thermochemistry

3.1.1 Chemical Reactions and Stoichiometry

Combustion is a sequence of exothermic chemical reactions between a fuel and an
oxidizer accompanied by the release of heat and conversion of chemical species.
Since combustion is a typical chemical reaction, all chemical rules apply in a
combusting reaction. Let’s start with a stoichiometric reaction to introduce the
principles in thermochemistry.

An estimation starts with a chemically-balanced equation for the conservation of
atoms. It commonly expressed in this generic form.

C,H,O.N,; + Vair(02 + 3.76N2) — vc0,CO2 + vir,oH20 + vyN» (3.1)

For the case of an ideal combustion, or a complete reaction, we call it a stoichi-
ometric reaction. Stoichiometry is a branch of chemistry that deals with the relative
quantities of reactants and products in chemical reactions. In a stoichiometric
chemical reaction, the oxygen supply and the fuel supply are proportional to a fixed
number, commonly called stoichiometric oxygen number. The reaction is balanced
if the stoichiometric oxygen number is reached, and the products have similar
stoichiometric coefficients based on the conservation of atoms. To balance the
generic Eq. 3.1, we have

b ¢
Vair =a + Z - 5
Vco, =a
b (3.2)
VH,0 = bl
d
VN = 3.76\’() + E
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Sometimes, the air/fuel ratio for a complete reaction on a mass basis,
r= (mg/mo,) ., is used to represent the reaction stoichiometry. The molecular

. . M,
oxygen/fuel ratio, v, can be derived by v ;, = r - Maf;,'

3.1.2 Equivalence Ratio and Non-stoichiometric Equations

If not all fuel or oxidant are consumed in a reaction, a new variable is introduced as
the real fuel/air ratio over the stoichiometric fuel/oxygen ratio, which is called
equivalence ratio. This concept is used to characterize the deviation from a stoi-
chiometric reaction.

(fuel/ajr)aclual .
=————"= = (fuel/air) .y, - 4.76 - Vair 13
¢ (fuel/air)ggich (fuel/air),cual v (3.3)

Equivalence ratio can also be defined as a mass ratio.

(mf/mOZ)actual _ (mf/mol)actual (3 4)
(mf/mOZ)stoich r .

The purpose of introducing equivalence ratio is to characterize the deviation of a
reaction from a stoichiometric reaction. For a fuel-rich (oxygen-lean) reaction, the
residual fuel is still available in combustion products without any oxygen to react.
This means that the real fuel supply is more than what is needed or the stoichi-
ometric requirement, i.e. ¢ > 1. Similarly for the fuel-lean (oxygen-rich) reaction,
the fuel is fully consumed with oxygen level being non-zero, i.e. ¢ < 1. Equivalence
ratio is most useful in characterizing the conditions for smoke production.

For those non-stoichiometric reactions, we have to compute the coefficients
based on the equivalence ratio. Here we will rewrite the reaction with a new set of
coefficients, which are variables based on the stoichiometric coefficients.

CoHyON, + 11, (05 + 3.773N,)

— Uco,CO2 + p,0H20 + 1y Na + 11502 + p1,C,HpO: Ny (3:5)

For a fuel-lean condition (¢ <1), the full consumption of fuel is the limiting

factor on energy release. Thus, the residual oxygen in products is a function of

initial fuel concentration x;, as shown in Eq. 3.6. For a fuel-rich condition (¢ > 1),

the full consumption of oxygen is the limiting factor on energy release. So the

residual fuel in products is a function of initial oxygen concentration xp, as shown
in Eq. 3.6.



3.1 Thermochemistry 39

p<1 ¢ >1
#airZ%:% Mair:%::ﬁ—;if
Hco, = a Heo, = (1 — ﬂf) a
Hy,0 :3 Hp,0 = (1= 1) '% (3.6)

,UN:3773,U“”+% :uN:3773:ua1r+(1_:uf)%

Hu,0

Ho = Hair — Hco, — 2 :u0:o

Hair

Vair

=0 pp=1-—

Note 1/0.2095 = 4.773 and 1/0.21 = 4.76. Both constants are used in various
literatures on flammability. Here 4.773 is used for improved resolution.

For stoichiometric reactions, two constants are generally used to represent the
reaction and serve as the only variable for correlations. One is the stoichiometric
oxygen/fuel ratio, Cp. The other is the heat of combustion, to be introduced next.
This is sometimes called the stoichiometric oxygen/fuel molar ratio, or simply
stoichiometric oxygen number. This number is representing the oxygen con-
sumption in an ideal reaction, so it is commonly used for representing a chemical
reaction or predicting the energy release.

b
Cozvm‘rza—f—z— (37)

C
2

Similarly, we can define a stoichiometric mixture/fuel ratio, Cy,, which is a slight
modification to Cop.

Cy=1+4.773-Cp (3.8)

Caution should be made on Cy, as some authors [87] used this symbol for the
stoichiometric concentration of a fuel, which is defined as

1 1

_— 39
Cy 144773-Co (39)

Xst =

3.1.3 Heat of Formation

Once the molecular ratio of fuel/oxygen is established, the next concept to be
introduced is Heat of formation. Here, standard heat of formation of a compound
is the change of enthalpy that accompanies the formation of one mole of a sub-
stance in its standard state from its constituent elements in their standard states (the
most stable form of the element at 1 bar of pressure and the specified temperature,
usually 298.15 K or 25 °C). Its symbol is AH;.
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For a typical combustion
C(graphite) + O(gas) — CO,(gas) (3.10)

The reactants are naturally available elements, so their heat of formations are
designated as zero, while AH?**(CO,) = —393.5 kJ/mol. Here the negative sign

shows that CO, is a more stable chemical than its reactants. To get this product, the
reaction is releasing energy. As a material property, heats of formation for some
common species are listed in Table 3.1.

There are some notes on applying this concept. First, the heat of formation is
based on the reference state. Secondly, heat of formation can be zero or negative
given the chemical process to get this agent. Once the state (gas/liquid/solid) and
temperature is fixed, each component has one fixed heat of formation as the
characterizing feature. If the reactants are naturally available, such as nitrogen, its
heat of formation is defined as zero. Thirdly, most fuels are formed by absorbing
energy (as they release energy while decomposing), so they have a negative heat of
formation.

Table 3.1 Heat of formation

for common species ([88]) Substance Formula State Ah}’ (kJ/mol)
Oxygen (0)3 g 0
Nitrogen N, g 0
Graphite C S 0
Diamond C s 1.88
Carbon dioxide CO, g —393.5
Carbon monoxide CO g —110.5
Hydrogen H, g 0
Water H,O g —241.8
Water H,O 1 —285.9
Chlorine Cl, g 0
Hydrogen chloride HC1 g —92.3
Hydrogen cyanide HCN g +135.1
Methane CH,4 g —74.9
Propane C3Hg g —103.8
n-Butane C4Hjo g —124.7
n-Heptane C;H6 g —187.8
Benzene CeHg g +82.9
Formaldehyde CH,0O g -115.9
Methanol CH,O g -201.2
Methanol CH40O 1 —238.6
Ethanol C,HgO 1 —277.7
Ethylene C,Hy g 52.5
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3.1.4 Heat of Combustion

Heat of formation is a material property closely related to its chemical composition.
In a chemical process, Hess’s law of constant heat summation states that the
change in enthalpy depends only on the initial and final states of the system and is
independent of the reaction routes. Thus we can have a process quantity defined as
the difference of energy summations between reactants and products, which is
commonly called the Heat of combustion, defined as

—Z UN AH})J

The heat of combustion of solids or liquids is usually measured in a device
known as an oxygen bomb calorimeter, in which a known mass of fuel is burnt
completely in an atmosphere of pure oxygen, and the heat release is measured by
means of the temperature rise to the surrounding water-bath. Table 3.2 lists some
typical heat of combustion for common fuels fully burnt in air. Note, heat of
combustion is a process property, different reaction route may lead to different heats
of combustion, as shown in sample problems in Sect. 3.4.4.

AHc = v - AH},

" Ireactants

(3.11)

products

3.1.5 Oxygen Calorimetry

Though the fuel is an energy-carrier in a chemical reaction, oxygen plays a vital role
on releasing the energy from the fuel. Burgess and wheeler [6] first observed that
the heat of combustion of one mole of fuel at the lean limit is nearly constant, for

Table 3.2 Heat of combustion for some common fuels fully burnt in air [88]

Fuel AH, (kJ/mol) AH, (kl/g) AH, [kJ/g(0y)] AH, [k]/g(air)]
Carbon monoxide (CO) 283 10.10 17.69 4.10
Methane (CHy) 800 50.00 12.54 291
Ethane (C,Hg) 1423 47.45 11.21 2.96
Ethene (C,H,) 1411 50.53 14.74 3.42
Ethyne (C,H,) 1253 48.20 15.73 3.65
Propane (C3Hg) 2044 46.45 12.80 297
n-Butane (n-C4H() 2650 45.69 12.80 2.97
n-Pentane (n-CsH;,) 3259 45.27 12.80 2.97
n-Octane (n-CgH g) 5104 44.77 12.80 2.97
c-Hexane (c-CgH,») 3680 43.81 12.80 297
Benzene (CgHg) 3120 40.00 13.06 3.03
Methanol (CH;0H) 635 19.83 13.22 3.07
Ethanol (C,HsOH) 1232 26.78 12.88 2.99
Acetone (CH;COCH3) 1786 30.79 14.00 3.25
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Fig. 3.1 Oxygen calorimetry

for some common liquid fuels 2r ° raw
[17] [ AH_=0.414C
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fuel air mixture at room temperature and pressure. Thornton [89] confirmed the
constancy between the oxygen and the heat of combustion. Huggett [90] found this
rule applies to most of solid fuels. Now called oxygen calorimetry, this rule has
found many applications in theories and experiments.

From Fig. 3.1, we can see that heat of combustion is a linear function of
stoichiometric oxygen coefficient (as shown in Eq. 3.12). The correlation is forced
to have a zero intercept, since we want to get a single constant following the theory.

AHe = 0.414 - Cp (3.12)

Equation 3.12 means that one mole of oxygen will release 0.414 MJ of energy,
which translates to 12.94 MJ/kg for oxygen calorimetry. This value is close to the
commonly accepted value of 13.1 MJ/kg [90]. This means, one mole of oxygen in
reaction will release 0.414 MJ of energy, no matter what hydrocarbon fuel is
involved. So we can estimate the total energy by measuring the oxygen depletion,
instead of measuring the mass loss of fuel directly. The fuel loss is difficult for direct
measurement, since the fuel may not be a pure substance, and the combustion
process may be incomplete and far from stoichiometry. By gauging the oxygen
concentration in the flue gases (or combustion products) and recording the mass flow
rate, the total oxygen consumption rate can be estimated. This is translated into a
total energy release rate, which is the theoretical basis for most calorimetry devices.

For those chemicals with an oxygen calorimetry well above 13.1 MJ/kg, they are
treated as explosive materials [59], which are not common fuels, so not covered here.

3.2 Adiabatic Flame Temperature

Flame temperature is important in understanding critical behaviors such as ignition
and extinction. Each fire has its own characteristic flame temperature, as shown in
Table 3.3. Adiabatic flame temperature by definition is the maximum possible
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Table 3.3 Common flame temperatures in a fire

Flame scenarios Temperature
Theoretical extreme (irreversible, stoichiometric, no diluent) ~ 6000 K
Highest flame temperature (reversible) ~3000 K
Burning in stoichiometric in air ~2400 K
Inertion at extinction ~ 1800 K
Ignition at LFL ~ 1600 K
Fire temperature 900 C-1000 °C
Large pool fire temperature 1100-1200 °C
Flame tip 320-550 °C
Warehouse storage rack fire 870 °C

Room fire, ceiling layer >600 °C
Room fire, peak value 1200 °C
Post-flashover fire 900-1000 °C

temperature achieved by the reaction in a constant pressure process [91]. The
classical method to compute the adiabatic flame temperature is proposed by Gordon
and McBride with Gibbs free energy minimization and a descent Newton-Raphson
method, as summarized in Glassman [7]. This method is widely used in commercial
tools, such as CHEMKIN®, and free tools such as STANJAN or GasEQ. Without a
computer, or a database to support such numerical tools, we still need to estimate
flame temperature for educational purposes.

3.2.1 Method of Interpolated Enthalpy

The first hand-calculation method is presented in Kuo [92]. The heat of combustion
is distributed in the combustion products. So the products enthalpy at various
temperatures are summed to interpolate the flame temperature at which the con-
servation of enthalpy is met. The implicit assumption is that the flame temperature
will be a simple linear function of enthalpy within the targeted temperature range.
This process is iterative since the thermochemical data are retrieved more than once.
However, the physical meaning of energy conservation is clear in this method. The
interpolation process is expressed in Eq. 3.13 and displayed in Fig. 3.2.

Tarr —Tn1 _ > Hg— ZH;“
Tr2 - TAFT ZHI’;I"‘Z — ZHR

(3.13)
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Fig. 3.2 Interpolation of
adiabatic flame temperature
from known enthalpy points

3.2.2 Method of Lump-Sum Specific Heat

Since the above interpolation process is iterative and tedious, a textbook method [91,
93] using lump-sum thermal properties is widely used in both classrooms and fields.
The thermal properties at 1000 K are chosen with the implicit assumption that the
flame temperature is around 1700 K, so the average temperature is 1000 K between
ambient and 1700 K. Thus the non-linearity of thermal properties at high temper-
ature is completely ignored. If the targeted flame temperature is not close to 1700 K,
then a try-and-error process or interpolation is needed to converge to the best result.

roduction > vi-AH,
Tapr = Ty + oo 00 — 998 4 = L €
dispersion YoV cpy

(3.14)

However, this method is an ideal scheme based on stoichiometric coefficients. If
the combustion is incomplete with fuels present in combustion products, it fails to
get a meaningful result, since there is nowhere to find the thermal capacity of a fuel.

3.2.3 Method of Accumulative Quenching Potentials

For the adiabatic flame temperature, the energy balance is set up as the following

AHc-xp =Y Opi- i Eair (3.15)

where AH is the heat of combustion, which can be retrieved from a material table,
or estimated from oxygen calorimetry (Eq. 3.12). Qp is the quenching potential of
each species, listed in Table 3.4.

The left-hand side is the heat source, while the right hand side is the summation
of energy absorbed by various combustion products, all scaled with the properties
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Table 3.4 Thermal properties of common gases

AH p1000 K A H,%OOO K A Hgooo K C pl 000K Quenching
(kJ/mol) (kJ/mol) (kJ/mol) (J/mol K) | potentials
@ 1600 K

Carbon monoxide - - - 33.2
(COo)
Carbon dioxide (CO,) |33.40 91.44 152.85 54.3 1.75
Water (vapor) (H,O) |23.12 72.79 126.55 41.2 1.08
Nitrogen (N) 21.55 55.98 92.70 32.7 0.99
Oxygen (0O,) 22.71 59.06 98.07 34.9 1.01
Helium (He)/Neo(Ne)/ | — - - 20.8 0.65
Argon (Ar)

of air (enthalpy of one mole air from ambient to flame temperature). Thus, we can
adopt the air correlation in a straightforward way.

AHC © Xf 2
Eur = ———1 = f(T) = 1.4893T% + 29.862T — 9.381 3.16
ST IETRAL (3.16)

Equation 3.16 can be solved directly, with a positive solution as the adiabatic
flame temperature.

—29.862 4 \/5.9572 - E;, + 947.62
Thame = v 30786 * x 10°K (3.17)

Figure 3.3 shows that this method is closely following the detail methods (GasEQ
or Cantera) until close to the stoichiometric state. The deviation of flame temperature
near ¢ =1 is associated with the reversible reaction near stoichiometry. This
method cannot capture the incompleteness of reaction, so it fails at the fuel-rich side

Fig. 3.3 Comparison of 2500
estimation result for Propane
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500 |m—m——— EAI method (¢> 1) | ;
————— Temp = 1600 K | ,
----- Drysdale's method I I
i a3 U T T T T " S . | 1
00 05 1 1.5 2 25 3 35

Equivalence Ratio ($)



46 3 Combustion Fundamentals

of reactions. In fact, as pointed out by Kuo [92], all above estimation methods are
based on the assumption that there is no dissociation in combustion products, so we
can establish Egs. 3.13 and 3.14 as representative of the combustion. Lower limits
usually occur around 1600 K, within the reliable range of any estimation methods.
These methods are valid only when the flame temperature is low. Above this limit,
the products will further decompose and dissociate, generating many intermediate
products.

3.3 Evaporation Process (Isothermal)

Combustion is essentially a rapid chemical reaction in gas phase. All liquid fuels
have to release (vaporize) flammable gases (vapors) before the flaming reaction
takes place. This evaporation process can happen with or without fire. When
exposed to the ambient atmosphere, any liquid with evaporation will absorb the
ambient energy and generate a vapor under a certain vaporization pressure.
However, the vapor may not be ignitable upon a pilot flame due to insufficient
concentration or insufficient ignition intensity. The ignition of a liquid is a two
stage-problem: the vaporization process of liquid fuels and the flammability
problem of the liquid vapor. In order to understand the ignition of a liquid fuel, we
need to understand the vaporization process first.

3.3.1 Vapor Pressure

Evaporation is a reversible iso-thermal process. When exposed to the open atmo-
sphere, most liquids will evaporate under the normal condition (ambient tempera-
ture and pressure), as a result of molecules escaping from the surface to form vapor.
If confined, an evaporation equilibrium will be reached where no further net
evaporative loss happens at the interface. The latter is a typical case in a gasoline
tank, while the former deals with any unconfined liquid spill or liquid pool fires.

The evaporation is a pressure-driven process with its saturated vapor pressure,
which is a function of local temperature, as a result of Clapeyron-Clausius
equation.

d(np®) L,
dT ~ RT?

(3.18)

where p° is the saturated vapor pressure, and L, is the latent heat of evaporation.
Integrate this equation, we have a simpler form for estimating the vapor pressure.
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Table 3.5 Vapor pressure constants for some organic compounds [94]

Compound Formula E F Temperature range (°C)
n-Pentane n-CsHy» 6595.1 7.4897 =77 to 191

n-Hexane n-CgH 4 7627.2 7.7171 =54 to 209
Cyciohexane c-C¢H o 7830.9 7.6621 —45 to 257

n-Oetane n-CgHg 9221.0 |7.8940 |—14to 281

iso-Octane CgH g 8548.0 7.9349 —36 to 99

n-Decane n-CoHs» 10912.0 8.2481 17 to 173

n-Dodecane n-Ci,Hog 11857.7 8.1510 48 to 346

Methanol CH;0H 8978.8 8.6398 —44 to 224

Ethanol C,HsOH 9673.9 8.8274 | —31to 242

n-Propanol n-C;H,OH 10421.1 8.9373 | —151to 250

Acetone (CH3),CO 7641.5 7.9040 |59 to 214

Methyl ethyl ketone | CH3CO - CH,CHj 8149.5 7.9593 —48 to 80

Benzene C¢Hg 8146.5 7.8337 =37 to 290

Toluene C¢HsCHj; 8580.5 7.7194 | —28 to 31

0 E
log,op” = —0.2185?+F (3.19)

where E and F are constants listed in Table 3.5, T is the temperature in Kelvin and
p° has a unit of mmHg.

3.3.2 Raoult’s Law

Gases usually appear in the form of a gas mixture, where an “ideal solution” is
approximated. For mixtures of ideal gases, Raoult’s law states that the total
pressure is the summation of the component partial pressure of each species. Gas
fraction is depending on its partial pressure in the system. Here, the mole (volume)
fraction of a gaseous component (i) is defined as

=D (3.20)
Ni P[
Similarly, for the vapors of ideal liquids (satisfying the ideal gas law within a

certain temperature range), one can apply Raoult’s law in dealing with the partial
pressure of vaporization.

(liquid) = il (vapor) (3.21)

n;
i(liquid) = —
x;(liquid) N P,
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where p; is partial pressure of the ith component in solution, P; is the vapor pressure
of the pure component and x; is its mole fraction in solution.

Raoult’s law establishes the relationship of pressure to concentration, so it is
important in characterizing the vaporization of a liquid mixture.

3.3.3 The Vaporization of Liquid

From general physics (or thermodynamics), we all know that materials will undergo
a phase transition given sufficient energy input. Liquids are typical phase-change
materials that are liquids under normal ambient conditions. If the ambient tem-
perature is dropped, the liquid may freeze, like water into ice at 0 °C. For any
temperature above the freezing point, the liquid will undergoes the vaporization
process, which sets up a concentration profile on top of the liquid surface.

The naturally-happened (constant temperature) vaporization process is demon-
strated in the p-v diagrams shown in Fig. 3.4. When the pressure in the liquid phase
is dropped, there is a minimum pressure at which the liquid will boil and evaporate.
Once all the liquid has turned into the vapor phase, the pressure further drops with
vapor expansion. This constant pressure associated with a mixture of both liquid
and vapor phase is called the saturation vapor pressure, denoting the state of
thermodynamic equilibrium between a liquid and its vapor.

However, most liquid spills on a solid ground will undergo the constant pressure
process, as demonstrated in Fig. 3.4b. The super-cooled liquid will absorb the
energy from the ambient, raising its surface temperature. When the boiling tem-
perature is reached, the volume begins to expand sharply with surface temperature
unchanged. When all the liquid phase is gone, the temperature will rise along with
vapor volume expanding. The lower the boiling points, the easier to receive energy
from ambient. Therefore, the boiling point is a critical surface temperature for 100 %
vapor at the liquid surface to characterize the ignition potential of a liquid fuel.

o
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Fig. 3.4 Thermodynamics diagrams for evaporation a. p-v liquid-vapor diagram of a pure
substance. b. T-V diagram of a pure substance undergoing vaporization
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The liquid molecules will absorb the energy from ambient, and leave the liquid
surface in a gaseous form. The driving force behind this process is the pressure
difference between the saturated vapor pressure and ambient pressure. Temperature
difference from surface to ambient provides the energy to start the evaporation
process. For a pure liquid, the saturated vapor pressure is a function of temperature
according to the Clapeyron-Clausius equation.

Py hY, T,
el e

where T and Py are the reference temperature and pressure. The subscript s denotes
the surface. When Ty, is equal to the normal boiling point temperature of the
liquid, the reference vapor pressure Py will equate to the atmospheric total pressure.
h](?g is the energy difference from liquid to gas phase, or the latent heat of evapo-
ration. R is a universal gas constant, R = 8.3144 J/mol K. Equation 3.22 determines
the vapor pressure at the surface based on the temperature ratio between the ambient
temperature and the surface temperature. If the surface temperature T, approaches
Ty, the surface vapor pressure approaches ambient pressure, the fuel concentration
at the surface is 100 %, and the liquid begins to boil.

Clapeyron-Clausius equation establishes that the temperature difference will
create a pressure difference, which is the driving force behind evaporation or phase
transfer. A concentration profile will be established on top of the liquid surface.
From Raoult’s law, we have the following constitutive relationship as

pr = Ppsa(T) = Xrpo (3.23)

Here pr and p( are fuel pressure and ambient pressure respectively. xg is the
volumetric (molar) concentration on the fuel surface. Combined with Clapeyron-
Clausius equation (Eq. 3.22), we have the surface concentration established as

below.
h,M 1 1
xF:p—F:exp[(—M> <———>] (3.24)
P R Ts Tb

Here hy, = h;)g /M, is the mass based latent heat. Since the molecules need
energy to leave the liquid surface, latent heat is required to sustain the evaporation,
which come from ambient air. Depending on the ambient condition, a freshly
spilled liquid pool will have a lower surface temperature during the evaporation
process. This temperature drop is sometimes referred as evaporative cooling, as
demonstrated in a thermal infared image in Fig. 3.5. A typical application of
evaporative cooling is the case when you use saliva on your finger to test the wind
direction. If the finger is facing right the incoming wind, the temperature drop is
most significant. The temperature sensing cells in your skin will tell you that this is
the windward (wind-coming) direction. Table 3.6 lists the thermal properties for
common fuels, which are used in estimations between each other.
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Fig. 3.5 Due to evaporative
cooling, the thermal image of
a liquid spilling on parquet
floor is darker, showing a
lower local temperature [95]

Since evaporative cooling is a diffusion process, we can find the species and
temperature profile in Fig. 3.6. At the instant of pouring, the concentration gradient
for evaporation is largest, while the temperature difference is smallest. Gradually
with evaporative cooling, the surface temperature will be lower than ambient due to
this evaporative cooling. A new temperature profile is established when the new
thermal equilibrium at the surface is achieved. For estimation purposes, it is
commonly assumed that the vapor concentration is linearly distributed, which is
implicitly assumed in Sect. 3.4.12.

3.3.4 Flashpoint

Once the concentration profile on top of a liquid surface is established, a natural
question is, what is the minimum ambient temperature, which provides barely
enough energy for the surface concentration of lower flammability limit, thus a flash
of fire is established for short durations? Such a critical temperature is called
flashpoint, which has wide applications on the safe handling of liquid fuels. By
definition, flashpoint is the minimum pilot-ignition temperature of a liquid at which
sufficient vapor is given off to form an ignitable mixture with the air, near the
surface of the liquid or within the vessel used, as determined by the appropriate test
procedure and apparatus [96]. Roughly speaking, flashpoint is the minimum
ambient temperature that produces the marginally flammable mixture above the
liquid surface. Since most fuels are transported and operated under ambient tem-
peratures, the difference between ambient temperature and flashpoint is a good
indicator of the energy requirement for initiating a thermal runaway reaction, so
representative of the risk of fuel handling. Flash point determinations give rise to
qualitative hazard classification systems, the most severe hazard being associated
with the liquid with a lowest flash point.

There are several test methods to find the minimum temperature to sustain the
ignition. They are shown in Fig. 3.7, which are either close-cup or open-cup devices.
For a close-cup device, the fuel is placed in a confined space with sufficient time for the
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Table 3.6 Thermal properties of liquid fuels for evaporations [94]

Fuel Formula | T1(K) T, K) [T, (K) | T{aa(K) | Xp (%) | by, (KI/g) AR® (kKJ/g)
Closed | Open
Methane CH, - - 111 910 2226 53 0.59 50.2
Propane C3Hg - 169 231 723 2334 22 0.43 46.4
n-Butane C4Hyo - 213 273 561 2270 1.9 0.39 459
n-Hexane CeHy4 251 247 342 498 2273 12 0.35 45.1
n-Heptane C;Hy6 269 - 371 - 2274 12 0.32 449
n-Octane CgHg 286 - 398 479 2275 0.8 0.30 44.8
n-Decane CioHa 317 - 447 474 2277 0.6 0.28 44.6
Kerosene ~C4Hz | 322 - 505 533 - 0.6 0.29 44.0
Benzene CeHe 262 - 353 771 2342 12 0.39 40.6
Toluene C;Hg 277 280 383 753 2344 13 0.36 41.0
Naphthalene CyoHg 352 361 491 799 - 0.9 0.32 40.3
Methanol CH;0H 285 289 337 658 - 6.7 1.10 20.8
Ethanol C,HsOH | 286 295 351 636 - 33 0.84 27.8
n-Butanol C4HoOH | 302 316 390 616 - 11.3 0.62 36.1
Formaldehyde | CH,O 366 - 370 703 - 7.0 0.83 18.7
Acetone C3;HqO 255 264 329 738 2121 2.6 0.52 29.1
Gasoline - 228 - 306 644 - 14 0.34 44.1

“Based on stoichiometric combustion in air
"Based on water and fuel in the gaseous state

equilibrium to be established. If the temperature is low enough, a small flame introduced
into the steady-state vapor will not cause ignition, because the surface concentration is
smaller than the lower flammable limit. As the fuel temperature is increased, the surface
concentration will increase to a certain point that the ignition is established. This
minimum temperature to allow the ignition is called close-cup flashpoint. Table 3.6
provides a summary of properties of common fuels used for liquid estimations.

In an open-cup configuration, the liquid fuel is placed in an open environment,
so there is a concentration gradient near the surface. The concentration of fuel
vapors is highest near the surface, and progressively diminishes toward zero away
from the surface (as shown in Fig. 3.6). Since the igniter cannot be placed right at
the liquid surface, the location of the igniter has a lower vapor concentration and
consequently the Open-cup (OC) flashpoint is higher than the closed-cup (CC)
value. A correlation is proposed by Factory Mutual [97] for their relationship.

TFP(OC) - 112 . TFP(CC) + 71 (325)

Theoretically, it is possible to use the LFL value to compute its flashpoint by
assuming that the saturation vapor pressure over ambient pressure (surface con-
centration) is equal to its LFL value (as shown in Fig. 3.8). In reality, the surface
heat loss is not negligible and flashpoint determination is device-dependent, so the
saturation pressure at LFL is always lower than those expected, which means a
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Fig. 3.7 Four common testing devices for flash points [79]

higher fuel concentration than LFL is needed at flashpoint. However, we still
assume that the flashpoint is the critical point for the fuel surface to reach lower
flammable limit, so we can perform theoretical estimations to understand the
evaporation process better.

3.3.5 Estimation of Flashpoints

Since the concentration profile above the liquid surface can be determined theo-
retically, it is natural to compute flashpoint directly from theory. From the defini-
tion, the minimum concentration for flashpoint is the lower flammable limit.
However, caution should be made since the heat transfer condition for various
liquid fuels are different, so there is some uncertainty involved in using LFL for
computing flash point directly. In fact, Kanury [98] found the fuel concentrations at
flash point are always above LFL, with some uncertain bias due to heat transfer
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Fig. 3.8 Effect of Vapor-
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conditions on the fuel surface. Here for educational purposes, we follow Quintiere’s
lead [91] on calculating the flashpoint theoretically from its lower flammable limit.
Using Clapeyron-Clausius equation, the minimum molar concentration at the fuel
surface is

_M(L_L)
xL = e K s Tv (326)

where x;, is the lower flammable limit of the liquid vapor. Solving this equation,
we can find the surface temperature Ts, which is assumed to be at its flashpoint.

3.3.6 Classification of Liquid Fuels

The primary utility of flash points is to classify liquids for safe storage and trans-
portation in various codes and standards. The transportation industry worries about
the ambient temperature and its impact on the safety transportation of liquid fuels.
NFPA 30 is a primary classification system in US, which defines the following
categories based on the flash points relative to the ambient temperature (Table 3.7).

Note such a classification system covers another important parameter: ambient
temperature. Here 100 °F (38 °C) is the maximum possible ambient temperature in

Table 3.7 The classification  cagegory NFPA Class |Flash point range
system for liquid fuels in a " - i - -
NFPA30 ammable 1A <73 °F, boiling point <100 °F
1B <73 °F, boiling point >100 °F
(@ >73 °F, <100 °F
combustible | IT >100 °F, <140 °F
IITA >140 °F, <200 °F
111B >200 °F
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A A A
1B
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22.8°C Highl 228°C\_
A | B flam?na)tl)le Highly
: _ _ flammable
Boiling point
U.S.A. U.K. UN(GHS)
Fig. 3.9 Categorization of liquid fuels in relating to ambient temperature

US. In a northern country, a different and lower temperature system may be adopted
for better economy and efficiency in transportation.

Ambient temperature in relative to its flashpoint is a single most important
parameter for the fire risk associated with transportation and handling of liquid
fuels. A comparison of three classification systems is provided in Fig. 3.9. US
system stresses the wide range of ambient temperature, while United Nations
(Globally Harmonized System) stresses extreme temperatures. The role of ambient
temperature on liquid evaporation and safety is easily recognizable.

3.4 Problems and Solutions

3.4.1 Balance of Stoichiometric Equations

Problem 3.1 Find the stoichiometric coefficients for methane, methanol, ethylene,
acetic acid.

Solution:
A spreadsheet with embedded equations is helpful to generate stoichiometric
coefficients.

Fuel Formula a b [¢ Vair vco, VH,0 VN,

Methane CH4 1 4 0 2.0 1.0 2.0 7.5
Methanol CH30H 1 4 1 1.5 1.0 2.0 5.6
Ethylene C,Hy 2 4 0 3.0 2.0 2.0 11.3
Acetic acid C,H40, 2 4 2 2.0 2.0 2.0 7.5
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CHj + 2(0, + 3.76N;) — CO, + 2H,0 + 7.52N,
CH,O + 1.5(05 + 3.76N;) — CO, + 2H,0 + 5.6N,
CoH, + 3(0; + 3.76N,) — 2CO, + 2H,0 + 11.3N,
CoH,0; + 2(05 + 3.76N,) — 2CO, + 2H,0 + 7.52N,

3.4.2 Non-stoichiometric Equations

Problem 3.2 Balance the reaction for burning propane in air, given the following
conditions

a. If the propane molar concentration is 5 %;
b. If the fuel/air ratio is 0.03;

Solution:
a. . .
o= e < el S 25
gy =ter = Lo 12005

¢ 476-x 476 x005
fico, = (1= i) -a = (1 —0.202) x 3 = 2.394

b 8
o = (1= 1) -5 = (1-0.202) x 5 =3.192

d
fy =376 - gir + (1 = 1) - 5 =15.0

Ho =0

Hair 3.99

=1 =B 27— 0202
Hy 3

Vair

Therefore, the reaction equation for 5 % fuel in mixture is balanced as:

C3Hg +3.99(0, + 3.773N;) — 2.394CO; + 3.192H,0 + 0.202C3Hg + 15.0N,

b.
(fuel/air) a 0.03
- sl _ =0714<1
¢ r 1/(5 x 4.76) =
Vair 1-— Xf 5
o lair = __7
Hair =" =476 .x, 0714
fico, =a =13
b
Hu,0 = 5 =4
fy =376 gy + > = 26.32
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Therefore, the reaction for fuel/air ratio of 0.03 is

C3Hg + 7(0; + 3.76N;) — 3CO, + 4H,0 + 20, + 26.32N,

3.4.3 Heat of Formation

Problem 3.3 Compute the heat of formation of Toluene, if its heat of combustion is
3733.11 kJ/mol.

Solution:
First, we need to find the stoichiometric reaction for Heptane.

C7Hg + Va,'r(Oz + 376N2) — VCO2C02 + VHZOHQO + VN2N2

Applying Eq. 3.2 for stoichiometric coefficients, we have vy =9, vco, =7,
vi,0 =4, and vy, = 33.96. Thus, we have the balanced equation as

C7Hs + 9(0; + 3.76N,;) — 7CO;, + 4H,0 + 33.96N,

Second, we need to find the heat of formation for all reactants and products.
From Table 3.1, we can find the heat of formation for n-Heptane, Oxygen, Nitrogen,
CO,, H,O are —187.8, 0, 0, —393.51, —241.83 (vapor), respectively.

Then,

AHc = Z vi - AH,

" lreactants

= v AH,
=1xAH;+9 x (0+3.76 x 0)

—[7 x (—110.5) +4 x (—241.8) +33.96 x 0]
= 3733.11 kJ/mol

products

So AH; = 11.22 kJ/mol

Problem 3.4 Determine by calculation the enthalpy of formation in kJ/mol of
Methane CH, given its heat of combustion is 50.0 kJ/g @ 25 °C, and the heats of
formation of carbon dioxide and water vapor are respectively: —393.5 and
—241.8 kJ/mol.
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Solution:

CH, + 20, — CO, + 2H,0

Hy = Ahycn,

H, = (—393.5) + (—241.8) x 2 = —877.1 kJ/mol

Ahc(CHy) = 50 kJ/g x 16 g/mol = 800 kJ/mol = —877.1—Ah; cy,
Ahg cn, = —77.1kJ/mol

3.4.4 Heat of Combustion

Problem 3.5 Compute and estimate the heat of combustion of n-Heptane.

Solution:
First, we need to find the stoichiometric reaction for Heptane.

C7Hi6 + 11(02 + 376N2) — 7CO, 4+ 8H,0 + 41.36 N,

Second, we need to find the heat of formation for all reactants and products.
From Table 3.2, we can find the heat of formation for n-Heptane, Oxygen, Nitrogen,
CO,, H,O are —187.8, 0, 0, —393.51, —241.83 (liquid), respectively.

Then,

AHC:ZV,“AH]?,-

” Ireactants

_Z vj - AHp;
=1 x (—2244) +9 x (043.76 X 0) — [T x (—393.51) + 8 x (—241.8) 4 33.96 x 0]
= 4464.8 kJ/mol

4464.8 kJ/mol

Or AHe =————— =44.6 XJ/,
T ate 100 g/mol &

products

By oxygen calorimetry, the heat of combustion for this reaction is estimated as
AH¢ = 0.414 x 11 = 4554 kJ/mol

Or by oxygen mass consumption: AHc = 13.1 x 11 x 32 = 4611.2 kJ/mol
Problem 3.6 Find the heat of combustion for the following reactions

a. CH, + 20, — CO, + 2H,0())
b. CHy + 20, — CO, + 2H20(g)
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Solution:

CH4+20, —CO, + 2H20(l)

—74.870—393.51(—285.83) x 2

AHc = —74.87 — (=393.51) — (—285.83) x 2 = 890.3 kJ/mol
CH4 + 20, — CO; + 2H,0(g)

CH4+20, —CO, + 2H,0(g)

—74.870—393.51(—241.83) x 2

AHe = —74.87 — (=393.51) — (—241.83) x 2 = 802.3 kJ/mol

Problem 3.7 Compute the heat of combustion per gmole of acetonitrile at 25 °C.
Acetonitrile (C,H3N) burns to form hydrogen cyanide (HCN), carbon dioxide and
water vapor with thermal properties supplied below [91].

Species Heat of formation (kcal/gmol)
Hydrogen cyanide 323

Acetonitrile 21.0

Water vapor —-57.8

Carbon dioxide —94.1

Oxygen 0

Assume constant and equal specific heats of constant pressure and constant
volume of 1.2 and 1.0 kJ/kg K.
Solution:

C,H3N + 1.50, — CO, + H,O + HCN

H; = 21.0 kcal/mol

H, = —94.1 4+ (—57.8) +32.3 = —119.6 kcal/mol
Ahc(C,H3N) = H, — Hy = —119.6 — 21 = —140.6 kcal/mol

Problem 3.7 Answer the following questions.

(a) Calculate the enthalpy change (20 °C) in the oxidation of n-Pentane to carbon
monoxide and water CsHj; + 5.50, — 5CO + 6H,0, Express the result in
terms of energy released per gram of n-Pentane burnt; express the result in
terms of energy released per gram of air consumed.

(b) the products of the partial combustion of n-Pentane (CsH,,) were found to
contain CO, and CO in the ratio of 4:1. What is the actual heat released per
mole of n-pentane burnt if the only other product is H,O?
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Solution:
() AH=H,—-H
H, = (AHyco, + ¢p.co,AT) x 5+ (AHpm,0 + ¢p1,0AT) X 6
= [(~110.5) x 5+0.0332 x (=5)] x 5+ [(—241.8) x 1 +0.0412 x (=5)] x 6
= —2005.04 kJ/mol
Hy = (AHpcon,, + CpesnnAT) X 1+ (AHypo, + ¢p0,AT) % 5.5
=[(=159.3) x 1 4+0.06 x (—=5)] x 1 +[0 x 1 +0.0349 x (=5)] x 5.5
= —160.60 kJ/mol

AH¢ = H, — H; = —2005.04 + 160.6 = 1844.44 kJ/mol

__ 1844.44KJ/mol __

(b) CsHjz + a0, — bH,0 + C(CO + 4C02)

For the conservation of H atoms 2b =12 —>b =6
For the conservation of C atoms 5=c(1+4) > c=1
For the conservation of O atoms 2a=6+1+8=15—>a="17.5

CsHy, + 7.50, — 6H,0 + 1(CO + 4CO,)

H, = (—241.8) x 6 4 [(—110.5) + (—393.5) x 4] x 1 = —3135.3 kJ/mol
H, = (—159.3) x 1 = —159.3 kJ/mol

Q0 =H, — H, = —3135.3 — (159.3) = —2976 kJ/mol

3.4.5 Flame Temperature by Interpolation of Enthalpy

Problem 3.8 Methane (CH,) is burned in air at a constant pressure with 298 K and
1 atm. Determine the adiabatic flame temperature for this condition assuming
complete combustion.

Solution:

(1) Balance Chemical Equation
CH4 +2(0; +3.76 N) — CO;, + 2H,0 + 7.52 N,

(2) Applying energy balance and the adiabatic assumption, we have

TSI
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(3) Now determine the enthalpy of reactants

ZHR = Z 1; - AHe = 802.3 kJ/mol

(4) Assume the flame happens at 1000 K, now determine the enthalpies of
products

ZHP = 33.40 + 2 x 23.12 + 7.52 x 21.40 = 240.57 kJ/mol

This enthalpy sum is far less than the enthalpy of reactants.
Now assume the flame happens around 2000 K,

ZHP = 91.44 +2 x 72.79 + 7.52 x 55.98 = 657.97 kJ/mol

It is still not enough to match the enthalpy of reactants.
Now assume the flame happens around 3000 K,

> Hp=152.85+2 x 126.55 + 7.52 x 92.98 = 1103.02 kJ/mol
(5) This time the products have more energy than reactants, so the flame tem-

perature should be somewhere between 2000 and 3000 K, which fine-tuned
through interpolation.

Tarr —2000  802.3 — 657.97
3000 — Tapr  1103.02 — 803.3

Solving this interpolation, we have Tyapr = 2324.3K

3.4.6 Flame Temperature by Lump-Sum Specific Heat

Problem 3.9 Calculate the adiabatic flame temperature (at constant pressure) for
ethane C,Hg in air.

a. at the stoichiometric mixture condition.
b. at the lower flammable limit (5.3 %)

Solution:
First, we need to establish the stoichiometric reaction as below.
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C,Hg + 3.5(0; 4+ 3.76N,) — — > 2CO, + 3H,0 + 13.16N,
Second, we will have the lumped energy and specific terms.

AH, = 1423 kJ/mol
D iy =2x 543+ 3 x41.2 4 13.16 x 32.7 = 662.5 J/mol K
Finally, the flame temperature is estimated using Eq. (3.10).

1,423,000
Tapr = 298 + —————— = 2446 K
arr =298+ =003 6

For the second part of the problem, we need to establish the fuel-lean reaction
using the lower flammability limits (3.0 % for ethane).
First, find the air/fuel ration from the lower flammability limit.

(1-3.0%)/3.0% =32.33
Next find the oxygen coefficient (or oxygen/fuel molecular ratio) in the reaction.
32.33/4.76 = 6.79
Third, a reaction is established as below.
CyHg + 6.790;, + 25.54N; — — > 2CO, + 3H,0 + 3.290; + 25.54N,
Then, the lumped specific heat is below.

Zn,-cp,,. =2x5434+3x41.24+25.54 x 32.7+3.29 x 34.9 = 1182.2 J/mol K

Finally, the adiabatic flame temperature is found using Eq. (3.10).

1423000
Tarr = 298 + W = 1502K

Problem 3.10 Calculate the adiabatic flame temperature (at constant pressure) for
acetylene burning in air.

(a) At the stoichiometric mixture condition.
(b) At the lower flammable limit.
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Solution:

(@ C,H; +2.50;, + 9.4N, — 2CO;, + H,O + 9.4N,

> vi-AH, 1255500
Tarr = To + S— =298 =3044.18K
AT = o N t(543) + 1(412) + 9.4(32.7)
(b) At lower flammable limit of 2.5 %
Air/fuel ratio is 10%9525 =39
Oxygen/fuel molar ratio is 43796 =8.193

CyH; + 8.1930; + 30.806N; — 2CO; + H,0 4 5.6930, + 30.806N;

AH.. 12
LVAHe oo 35500 = 1224K

Tarr = T,
arr = To+ 5= Cpi 2(54.3) + 1(41.2) + 5.693(34.9) + 30.806(32.7)

Problem 3.11 Calculate the adiabatic flame temperature (at constant pressure) for
propane in air.

a. At the stoichiometric mixture condition.
b. At the lower flammable limit

Solution:

Cs;Hg + Vair(OZ + 376N2) — VCOZCOZ + VHZ()HzO + VN2N2

8 8
Vair:3+Z:5; veo, =3 o =5 =4

Balanced Chemical Equation:

C3Hg + 50, + 18.8N, — 3CO, + 4H,0 + 18.8N,

S vi-AH, 2043100
=298 = 2465.8K
S o, T 3(543) 1 4(412) + 188(32.7)

(@) Tapr =To+S——

(b) LFL =2.1 %

_ 1-0.021 _
Air/Fuel Ratio = oo = 46.62

46.62 _
Oxygen Coefficient = 5% = 9.794
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C3Hg 4 9.7940; + 36.825N; — 3CO; + 4H,0 + 4.7940, + 36.825N,

i-AH, 2043100
DviAHe o0t = 1500.4K
S niycpy 3(54.3) + 4(41.2) + 4.794(34.9) + 36.825(32.7)

Tarr = To +

3.4.7 Flame Temperature by Quenching Potentials

Problem 3.12 Methane (CH,) is burned in air at a constant pressure with 298 K
and 1 atm. Determine the adiabatic flame temperature for this condition assuming
complete combustion.

Solution:

(1) Balance Chemical Equation
CH4 +2(0; +3.76 N) — CO, + 2H,0 + 7.52 N,

(2) Applying energy balance and the adiabatic assumption, we have

AHc - 802.3 x 1
E i = = =71.41 1
W SSEAL - p; 163 x 142 x 1.08 +7.52 % 0.99 /mo
01. Now solve Eq. (3.13) directly, we have
—29.862 5.9572 -71.41 + 947.62
AFT = v * x 10° = 2414.7K

2.9786

Problem 3.13 Find the adiabatic flame temperature for Pentane at LFL (CsH;,,
LFL = 0.014).

Solution:

a. Stoichiometric Chemical Equation

CsHyp + 8(02 +3.76 Nz) — 5 CO,; + 6 H,O + 30.08 N,
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b. Non-stoichiometric reaction @ LFL (x; = 0.014)

 (fuel/air) o 14%/(1 —1.4%)

= = =0.54<1
¢ (fuel /air) yoien 1/(8 x 4.76)
Vair 8
Hap = 5= = = 14.8
¢ ¢
fco, =a =5
b
M0 =5 = 6
d
Uy =376 p; + 7= 55.6
b ¢ 12
No :ﬂair—a—z—f—iz 148—5—74-0:68
=0

c. So the reaction equation for 3 % fuel in mixture is balanced as:
CsHj; + 14.8 (0, + 3.76N;) — 5CO; + 6H, O + 6.80, + 55.6N,

d. Since AH¢ = 3245.31 kJ/mol, applying energy balance and the adiabatic
assumption, we have

o AHc - 324531 x 1
“NTEAL - 1.63 x5+ 6% 1.08+6.8 x 1.01 +55.6 x 0.99

=42.4 kJ/mol

e. Now solve the energy equation directly, we have

—29.862 + 1/5.9572 x 42.4 + 947.62 »

= 10° = 1605.4K
At 2.9786
f. Or using lump-sum specific heat

AHc - py

Tarr =298 + =———

AFT + Z Cor

3245310
=298 + = 1558.7K

543 x5+6x41.2+6.8 x349+455.6 x32.7
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3.4.8 Suppression Modeling by Flame Temperature

Problem 3.15 Calculate the lower flammability limit of propane in a mixture of (a)
21 % oxygen + 79 % Nitrogen, air; (b) 21 % oxygen + 79 % helium, and (c) 21 %
oxygen + 79 % carbon dioxide, assuming a limiting adiabatic flame temperature of
1600 K. (Initial temperature 20 °C) [94].

Solution:

(a) Stoichiometric Chemical Equation Cs;Hg+ 5(0; +3.76N,) — 3 CO, +
4 H,O + 18.8 N,
(b) Determine the coefficients

d
Uy = 3.76 - Mair +§ =0.79 - (1 —)CL)/)CL

E_(l—XL)
2 4.76-x

b +
= = A — — J—
Ho Hair 4
Ky = 0
(c) Using lump-sum specific heat, for nitrogen

AHe - 20431
€W _ o84 043100 = 1600K

Y Gty 543x3+4x 412+ (021520 - 5) x 349 + 220 327

Tarr =298 +

x; = 0.023

(d) Using lump-sum specific heat, for helium

AHe - 1y 2043100
Tprr = 298 + = M _ 98 4 — 1600K

LGty 543 %3+ 4x 412+ (02152 - 5) x 349+ 2200 5 20.8

xz = 0.017

(e) Using lump-sum specific heat, for carbon dioxide.

Al - 1o 2043100
Tprr = 298 + =t M _ 298 4 — 1600K

XCpim 543 x3+4x 412+ (02152 - 5) x 349 4 2200 543

x; = 0.034
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3.4.9 Flashpoint by Integrated Clasius-Claperon Equation

Problem 3.15 If a n-Hexane liquid is spilled at STP(20 °C (293.15 K, 68 °F) and
1 atm). Can you ignite this vapor at the surface?

Solution:

The LFL and UFL of n-Hexane are 1.2 and 7.4 % respectively. This translate to a
vapor pressure of 1.2% x 760 = 9.12 mmHg and 7.4 % x 760 = 56.24 mmHg.
The calculation shows the vapor pressure is 107 mmHg, well above the upper limit.
So the fuel concentration at the surface is too rich to ignite. However, because of the
diffusion process in evaporation, there is a flammable zone above the surface, so
you can still ignite the liquid, if the flammable zone is ignited.

7627.2
logP = —0.2185——— +7.7171 = 2.032
og 0 85293‘15 + 03

p° = 10*%2 = 107.7 mmHg

Problem 3.16 Calculate the temperature at which the vapor pressure of n-Decane
corresponds to the lower flammability limit for n-Decane vapor. Assume that this
vapor pressure is 0.75 % by volume and that the atmospheric pressure is
760 mmHg.

Solution:
The vapor pressure corresponding to the lower flammability limit of n-hexane is
0.75 % of 760 mmHg, or 5.7 mmHg. Then log,,p = log,,(5.7) = 0.756

Thus

10912
0.756 = —0.2185% -+ 8.24809

4.836T = 1666.543
T=3448K=71.6°C

The closed cup flashpoint of n-Decane is given as 317 K, or 44 °C.

Problem 3.17 Calculate the temperature at which the vapor pressure of n-Decane
corresponds to a stoichiometric vapor-air mixture.

CioHp, + 14.5(0; + 3.76N,) — stoichiometric
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Solution:

1
=————=0.0141
14145 x4.76 0014185

M = 142 g/mol, hy = 2801J/g, T, = 447K

Xst

In(0.014185) =

280J/g x 142 g/mol (1 1
8.3144 T 447

T =319.8K

Problem 3.18 Estimate the minimum piloted ignition temperature for methanol in
air, which is at 25 °C and 1 atm.

Solution:

x, =0.067, Ty, = 337K, hg = 1100J/g, M = 32/mol

32x1100(1 1
s

0.067 = e ¥H(%) 7 =277K =4°C

As a comparison, the published flash point open cup value is 285 K, while the
close-cup value is 289 K.

Problem 3.19 Calculate the temperature at which the vapor pressure of acefone
corresponds to 0.036 atm.

Solution:
T, = 56°C; hy = 540 J/g; MW = 58 g/mol
520 J/g x 58 g/mol (1 1
In(0. = - = — T = -20.3°
n(0.036) 83144 (T 56 + 273.15> - 0.3°C

As a point of reference, the published close-cup flashpoint for acetone is —18 °C.

Problem 3.20 Calculate the temperature at which the vapor pressure of Heptane
(C7H ) is barely flammable (LFL) at the surface. Note hy = 320 J/g.
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Solution:
T, =98°C = 371 K; MW = 100 g/mol

M (L_L)
R T T
xp=e L

320J/g x 100 g/mol [/ 1 1
- — = 260K = —13°C
8.3144 (TL 371) ok

In(0.012) =

The listed FP value is —4 °C for Heptane.

3.4.10 Vapor Pressure of a Mixture

Problem 3.21 If a n-Hexane liquid is spilled at STP (20 °C (293.15 K, 68 °F) and
1 atm). Find the vapor pressure of n-Hexane for this spill.

Solution:

7627.2

J171 =2.
293.154-777 03

E
log,op° = —0.2185:+ F = —0.2185 x

p° = 107 mmHg

Problem 3.22 Calculate the vapor pressures of n-hexane and n-Decane above a
mixture at 25 °C containing 2 % n-C¢H4 + 98 % n-CgHy,, by volume. Assume
that the densities of pure n-hexane and n-Decane are 660 and 730 kg/m3, respec-
tively and that the liquids behave ideally.

Solution:
Note the mixture is presented as volume ratio, which needs to be converted to molar
concentration for apply Raoult’s rule.

a. Find mole fraction of each component

B 0.02 x 660/0.086

MCtis = 5,02 % 660,/0.086 + 0.98 x 730/0.142
B 0.98 x 730/0.142

"Cutz =602 % 660,/0.086 + 0.99 x 730,0.142

= 0.02957

=0.9704
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b. Find the saturated vapor pressure of the fuels

7627.2

273 +25
10912

273 4+ 25

For C¢Hy4, log,op’ = —0.2185 +7.7171 = 2.125 — p° = 133.3 mmHg

For CjoHaz, log,op° = —0.2185

+8.2481 = 0.247 — p° = 1.767 mmHg

c. Applying Raoult’s rule

For hexane, p = nc,n,, - p° = 0.02957 x 133.3 = 3.94 mmHg
For n-Decane, p = nc,,n,, - p° = 0.9704 x 1.767 = 1.715 mmHg

3.4.11 Flashpoint of a Binary Mixture

Problem 3.23 Determine by calculation whether n-Decane containing 1 %
n-pentane (by volume) would be classified as a Class 1C or a Class II flammable
liquid according to the NFPA Standard (This is equivalent to posing the question, is
the flashpoint above or below 37.8 °C?)

Solution:

a. Collect Initial Inputs:

Pentane (CsH;») n-Decane (C;oH»,)
Density (kg/m?) 626 730
Volume fraction 0.01 0.99
lower flammable limits 0.014 0.0075
Molecular weight (g/mol) 72 142

b. Find mole fraction of each component

0.01 x 626/0.072

0.01 x 626/0.072 + 0.99 x 730/0.142
0.99 x 730/0.142

0.01 x 626/0.072 + 0.99 x 730/0.142

=0.0168

XCsH;, =

= 0.9832

ncoHy =

c. Find saturation pressure of each component

6595.1

273.2+37.8
10912.0

273.2437.8

10ng5H|2 = —0.2185 x + 7.4897 = 2.856 — PCyHy = 718 mmHg

10 pe,giiy, = —0.2185 x +8.2481 = 0.581 — pcn, = 3.816 mmHg
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d. Find the vapor partial pressure in the mixture

CsHyp

PCuot = P, * NCity = 0.9832 X 3.816 = 3.7519 mmHg

PCsHi = Pl Mg, = 00168 x 718 = 12.06 mmHg

e. Apply Le Chatelier’s rule

12.06/760  3.7519/760
0.014 ooo75 P>l

So the lower limit has been exceeded. Thus the liquid mixture has a flashpoint
below 37.8 °C, or the mixture is definitely not class II liquid (see Fig. 3.9).

Problem 3.24 N-Dodecane has a closed cup flashpoint of 74 °C. What percentage
by volume of n-hexane would be sufficient to give a mixture with a flashpoint of
32°C?

Solution:

11857.7
+8.1510 = —0.3438 — pc, i, = 0.4531 mmHg

log pc,,n,, = —0.2185 x
7627.2

log pcen,, = —0.2185 x +7.7171 = 2.253 — pcen,, = 178.9 mmHg

100 x 178.9n/760 N 100 x 0.4531(1 —n)/760
0.95 0.6 -
19.6191 + 0.099 — 0.099n = 1

19.52n = 0.9006
n = 0.0461

1

m x 654.8/0.086

_ = 0.0461
MGt = 654.8/0.086 + (1 — m) x 749/0.170

Solving this equation, the volume fraction of hexane is m = 0.0271 or 2.7 %.

3.4.12 Evaporation Profiles on Liquid Surface

Problem 3.25 N-Octane spills on a hot pavement during a summer day. The
pavement is 40 °C and heats the octane to this temperature.

Data: ambient condition: 33 °C, 760 mmHg pressure
Density of air = 1.2 kg/m’

Specific heat of air = 1.04 J/g K

Boiling point = 125.6 °C
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Heat of vaporization = 0.305 kJ/g
Specific heat (gas) = 1.67 J/g.K

Density (liquid) = 705 kg/m3

Lower flammability limit in air = 0.95 %
Upper flammability limit in air = 3.20 %

. Determine the molar concentration of the octane vapor at the surface at the
liquid spill.

. If a spark is placed just at the surface, will the spill ignite? Explain the reason for
your answer.

. Assume a linear distribution of octane vapor over the boundary layer where it is
4 cm in thickness. Determine the region that the mixture is flammable.

Solution:

1. molecular weight = 12 * 8 + 18 = 114

7305x]l4(L7;)
X —= e 834 3

x=3.65%

. No, it is above UFL.

. Assume a linear distribution profile as x = ay + b, and apply boundary conditions:
y=0,x=3.65;y=4,x=0. We have, x = —0.9125y + 3.65, which is translated to
y = (—x + 3.65) * 1.096. That means, y = (3.65—3.2) * 1.096 = 0.49 cm is the
upper boundary for UFL and y = (3.65—0.95)*1.096 = 2.96 cm is the lower
boundary for LFL.

3.4.13 Ambient Conditions for Liquid Evaporation

Problem 3.26 Calculate the range of temperature within which the vapor/air
mixture above the liquid surface in a can of n-hexane at atmospheric pressure will

be flammable.

Solution:

For n-Hexane, the molecular weight is 86 g/mol, Tb = 342 K, hg = 0.35kl/g,

Lower flammability limit is 1.2 %. Upper flammability limit is 7.4 %.

70.35><]000><86( 1 1

0 012 —e 83144

0.35%1000x 86

_035x1000x86 ( 1 _ 1
0074 =¢ > (T" 3“2) — Ty =2745K =1.3°C

t 342) — T, =241K = -31.8°C
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Problem 3.27 Calculate the range of ambient pressures within which the vapor/air
mixture above the liquid surface in a can of n-Decane (n-C;oH,,) will be flammable
at 25 °C.

Solution:
log;op° = (—0.2185) % 182481 = 0.2472 — p° = 1.7668 mmHg
x, = 0.0075 = 1;668 — p, = 235.6 mmHg
xy = 0.056 = 17668 — p, = 31.55 mmHg

Pa



Chapter 4
Thermal Balance Method

Over the past 200 years, a fundamental theory based on energy conservation is
never fully established to find critical flammability limits. One possible reason is the
fact that the thermal properties are temperature dependent and a threshold for
ignition is not widely accepted, for this reason an iterative process must be utilized
to find the critical flame temperature iteratively. The iterative process prevents a
systematic view on all critical phenomena. This inerative process prevents a sys-
tematic view on all critical phenomena. Here we will establish the energy conser-
vation at critical limits based on a few assumptions and then analytical expressions
can be developed for flammable boundaries. Thus, we can develop more methods
out of the theoretical and experimental data to form a complete methodology.

4.1 Thermal Signature

A close check of the temperature dependence for combustion products in the tar-
geted range (300-3000 K) shows most products have a similar shape in enthalpy,
since radiation is not significant in this temperature range. It allows us to keep one
species (air is preferred) as the baseline, while others have a scaling number in
reference to it. Thus, the exact value of critical adiabatic flame temperature is no
longer important, since all species have a relatively constant magnitude in reference
to the reference species, which is shown in Table 4.1.

From this table, we can see that the quenching potential for most common
species are related to the mass ratio and stay roughly constant in the targeted flame
temperature range for critical limits (1300-1800 K). Therefore, we can define the
quenching potential of a species as

0; = E; (Hirr — Hiog.15),;
l Eir (HgFT - H(2)98.15)air

(4.1)

© Springer Science+Business Media New York 2015 73
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Table 4.1 The quenching potentials (Qp) of some gaseous agents (diluents)

Temp (K) AFT (K) He Argon N, O, CO, Air

Op 1300 0.655 0.655 0.991 1.046 1.578 1.000
1600 0.642 0.642 0.992 1.046 1.603 1.000
1850 0.632 0.632 0.992 1.046 1.615 1.000

A%VW 0.069 0.624 0.971 1.110 1.526 1.000

Similarly, we can define the heating potential of a fuel as
AHc; AHc;
Eair (HgFT - H(2)98.15)air

where H is the standard enthalpy (kJ/mol) defined by NIST. The advantage of the
above treatment is to remove the dependence on variable critical flame temperature,
thus the lengthy iterative process can be bypassed.

In order to set up the thermal balance at critical limits, the following assumptions
are needed [15]:

H; =

(4.2)

e A thermal system is binary and additive

e The flame structure is similar in conditions to be estimated. Therefore, CAFT is
constant

e Since CAFT is a constant, a baseline enthalpy of air can be established to scale
other terms

e Due to constant CAFT at mixing, the energy terms are additive and can be
manipulated between fuels

e Oxygen calorimetry applies at critical conditions. It connects two critical con-
ditions into one thermal system

Assumptions in mind, a generic combustion reaction is expressed as
C.,H,O. + C0(02 + 3.773 Nz) + CyD — CyP + CyD (43)

Co=a+b/4d—c/2

(4.4)
Cy=1+4.773-Co

Using the baseline enthalpy of air, all energy terms for the thermal balance can
be expressed as a dimensionless term scaled by the enthalpy of air.

At the critical conditions (LFL and UFL), we can establish the energy balances
below.

xL-Qr + (1 —x) =x. - Hp (4.5)

)CU'QF+(17XU):XO'(lfo)'HO (46)
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Hr = Co - Hp (4.7)

The first equation states the energy balance at LFL, which is controlled by
energy released from fuel. The second equation states the energy balance at UFL,
which is limited by energy released from oxygen. The third equation is a consti-
tutive relationship between fuel and oxygen, or oxygen calorimetry. Solving these
equations, the thermal signature can be derived.

Xy — XL
Ho

= 4.8
Co-xy-xp—xo0-(1—xy) x (4.8)

QF =1- 1/XL + C()HO (49)

From the basic parameters, C,, x; and x;, new intermediate energy terms (Qr,
H, and Hp) are derived. Since they are unique to that fuel, they can be treated as the
thermal signature of that fuel. Reversing back, we have the defining equations of
LFL/UFL as

1

y=—
" T 14 CoHo — OF

(4.10)

~ 0.2095H, — 1
"~ 0.2095Hy — 1 + O

xXu (4.11)

From these two definitive equations, the lower flammability limit can be inter-
preted as the minimum excess heating potential of fuel (Hr — QOF) heating one
unit of air (04 = 1) to CAFT, while the upper flammability limit is the minimum
excess heating potential of air (0.2095 - H, — 1, due to oxygen consumption,
since fuel is in excess) heating one unit of fuel (Qr) to CAFT.

The critical energy balance at flammable limits can be demonstrated graphically.
A Heating/Quenching Ratio (HQR), which is defined as the ratio between the
heating potential and the quenching potential, can demonstrate the relative com-
petition of energy terms. The cumulative heating potential may be zero, so it can
only serve in the numerator.

Hr -
HQOR, = — (4.12)
Or - xp+1—xF

0.2095 - (1 — XF) . HO

HOR, =
oR, Or - xp+1—xp

(4.13)

New variables show the heat balance between quenching and heating. If
HOQR,; = 1, the mixture is at its lower limit. If HOR, = 1, the mixture is at its upper
limit. Flammability limits are defined as HOR = min(HQR,, HOR,;) = 1. The HQR
curves are demonstrated in Fig. 4.1.



76

4 Thermal Balance Method
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4.2 Correlations for Flammability Limits

Given the expression of LFL and UFL in Egs. 4.10 and 4.11, we can correlate the
excess heating potential term as

Hr — QF = 21.809 - AH¢ (4.14)
Or
Hp — Qr =9.0454 - C,, (4.15)
Thus, we have two correlations for LFL.
- ! (4.16)
LT 1121809 AHe '
: (4.17)
X =—— .
LT 1+9.0454 . C,

Equations 4.16 and 4.17 are checked against experimental data, along with other
correlations provided in Sect. 2.2, displayed in Fig. 4.2.

Figure 4.2 shows that correlations for LFL are similar to each other, except those
with a polynomial regression. The latter fails if the stoichiometric oxygen number
of the fuel is outside of the tested range.

An interesting empirical rule for LFL [43, 64] is that for paraffin hydrocarbons,
Xy = 87 mg/l and x; = 48 mg/l for those with the number of carbon atoms more
than 3. Here we can derive the same rules using oxygen calorimetry. The total
oxygen consumption for a combustion system is x; - Co @ LFL and x;; - Cp @
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Fig. 4.2 Correlations based on heat of combustion and oxygen calorimetry

stoichiometric point. In addition, the oxygen calorimetry is 414 kJ/mol and a typical
heat release rate for paraffin fuel is 44 kJ/g or 0.044 kJ/mg. Therefore, we have

Co 414 kJ/mol mg
Cp=—0 o011 — 462 mg/l (4.18
L0 T T 9.0454 - ¢, X224 mol ~ 0.044 KJ mg/l (4.18)
Co 414 kJ/mol mg
L Cp=—— 0 02095 — 88 mg/l (4.19
S0 =T I3 g X 224 mol ~ 0.044 KJ mg/l (4.19)

It is not surprising since the correlation in this work is close to Jones’ Rule,
which was used in deriving these two numbers (x; = 87 mg/l and x; = 48 mg/l)
[64] (see also Fig. 2.3).

For correlations of UFL, the test data is so scattered that no consistent correlation
is widely accepted. Here based on 282 CHON fuels (removing some fuels with a
negative Hp and all fuels with F/Cl/Br which are known to change flame
temperature in combustion), two correlations are made.

1

S 42
T 1128648 - AH, (4.20)

- ! (4.21)
UETE11843 - G, '

They are compared in Fig. 4.3, along with the classical correlations in Sect. 2.2
(see p. 24).
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4.3 The Flammability Limits of a Mixture

4.3.1 Le Chatelier’s Rule (LCR)

For the flammability of a flammable fuel mixture, the flammability limits of a
mixture are estimated based on Le Chatelier’s rule:

100
25,

100
2

However, Le Chatelier’s Rule only works with pure fuel species. With diluents
involved in a mixture, the fuel-diluent combination will generate a pseudo fuel,
with new limits readable from the diluted flammability diagram. Then the Le
Chatelier’s Rule [68] can be applied to these pseudo fuels.

(4.22)

Xu

XL (4.23)

4.3.2 Thermal Balance Method (TBM)

For flammable mixtures, we have additive relationships like

Z)Ci =1
CO.m = Z COVi X

4.24
Orm = Z Ori- X ( )

1
Hp = E Hrp; - x;
f
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Then, we reverse the process to find x; and xy for the mixture. Starting with
Eq. 4.9, we have

I/XL =1+ CoHO - QF (425)
Xi/xp = xi + x;,CoHp — x,0F (4.26)
Z xz/xL sz + Z xtCOHO Z (xiQF) =1 +HF,m - QFm (427)

Therefore, we have

1
m — — 4.28
Ly I+ HF,m - QFA,m ( )
Similarly,
Or
1 =1+ —— 4.29
[ =1 G005k, — 1 (4.29)
Or
i i = X i\ = Aarce 4.30
Xif o =%+ (0.2095110 —1), (4.30)

> (i/xy) = Zx,+2(0 20;615%Fof ) (4.31)

Therefore, we have

1
X = T (4.32)
0.2095 - Hp,; — 1

The advantage of this form is that the contribution of a diluent appeared in a
form similar to fuel and oxidizer. From the above derivation process, we can also
see this method is equivalent to Le Chatelier’s Rule (LCR). However, LCR is based
on the flammability limits of fuels only, so it will be difficult to incorporate the
contribution of a diluent. This method expands the application range of LCR.

4.3.3 Beyler’s Method

Another comparable method reported in the literature is Beyler’s energy-balance
method [79], which is similar to this work in that an energy balance is performed at
the Critical Adiabatic Flame Temperature (CAFT). Though integration is used in
Eq. 4.33, the averaged specific heat of each product is used to avoid the numerical
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integration process. The original idea was to determine the flammable mixture of
unknown origin with a thermal balance to determine if a reaction would run away
(burn). Therefore, it can be used to test the flammability of a mixture.

n ciAHc,
S0 > (4.33)
T > .
i=1 anf anpdT

Beyler’s method relies on the heat balance of combustion products only because
the specific heat of a fuel cannot be retrieved from any reference. The advantage of
this treatment is the possibility of incorporating the equivalence ratio or final-state
temperature into the estimation scheme, thus allowing the vitiated combustion in a
ceiling layer to be addressed.

4.3.4 Estimation Using Correlations

Since the flammability limits of a pure fuel can be estimated from its heat of
combustion or the oxygen calorimetry it is natural to estimate the flammability of a
mixture based on its mixture energy intensity or mixture stoichiometric oxygen
number. Following Hanley’s example [47], we can derive the following
methodology.

Since the energy terms are additive, it is easy to get mixture energy term AH¢ or
the mixture mass term Cp if the components are already in gaseous state.

AHF =" x;- AHc; (4.34)
Co= Y _xi-Coi (4.35)

Using correlations in Sect. 4.2, it is possible to estimate flammability limits of a
mixture from its constituents.

4.3.5 Non-conventional Estimations

For predicting the flammability limits of complex mixtures there is a family of non-
traditional methods called neural network techniques, or artificial intelligence [99].
Using critical variables of structural groups comprising training data from the
critical variables of each structural groups, we can accurately predict the flamma-
bility limit of an analogous complex mixture having similar structure groups. These
critical variables utilize the compositional and thermochemical data from each of
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the structural groups to produce a neural network model. Through testing the
training data from the neural network model, the training and tested data from the
neural network can be validated [100]. Since this method is not based on funda-
mental principles of energy conservation, it will not be explored here.

4.4 Temperature Dependence

By embedding the temperature-dependent variation of the reference species we will
find out the temperature dependence of flammability limits. Fortunately, the ref-
erence species in the thermal balance method is air, which has a definite thermal
property. Equation 4.36 is a simple correlation for characterizing the enthalpy of air,
derived from a more-complex correlation provided in NIST chemistry website
[101]. Note this correlation is taking T/1000 as input, so the coefficients can have
more valid digits. This correlation has been utilized to find the flammability limits
of a hydrocarbon mixture [102].

Eur = (Hpr — Hygg15) = f(T) = 1.4893T% +29.862T —9.381  (4.36)

Next, define a temperature-dependent enthalpy-scaling factor #(7T) for measur-
ing the system enthalpy change in reference of air.

oo B (B —EL) 4221 — (1.4893T° 429.862T — 9.381)
n(r) = Eur  (ENO0 — E28) 42.21 — (—0.35) (4.37)

=1.212-0.035-T>—-0.702- T

Then, apply the energy conservation of flammability limits adjusted by the
enthalpy-scaling factor #(T).

xp - Qp o+ (1—x1)-n=x.-Hp (4.38)
X Qr -+ (1—xy)-n=02095- (1 —xy) - Hp (4.39)

Finally, we have the modified lower flammable limits as

n
Xy = 4.40
YT+ CoHo — OF (4.40)
This expression can be rewritten as
1
XL, CoHo—0r 1 1 +CoHo — OF - 1
—L _ niCollo=Qrn _ . =00 (4.41)

XLO  TreoH—or1 N+ CoHo — Qr -1



82 4 Thermal Balance Method

where 1 is the temperature-variation of air and 7, represents the contribution of
added fuel.

14 CoHo— OF - 1
n+ CoHo — OF - 1

1y (4.42)

This temperature dependence has two parts, one (1) is coming from the back-
ground species (air), the other (1;) is a fuel-related correction term, which is usually
ignored by all previous work. Since it can be dropped here, a simple linear enthalpy
method (designated as LinearH) is proposed to show the difference with and
without this term. Therefore, we have a new temperature dependence with a vari-
able enthalpy only.

XL E; _ (E;?rOO - Ez;ir) (4 43)
*"*E,*E1600_E298 ‘
XL0 air ( air air)

In order to compare the temperature correlations, the experimental data by
Kondo et al. [61] are used in Fig. 4.4.

Figure 4.4 shows the temperature dependence of four fuels compared with
experimental data. LinearT (Eq. 2.6) is under-predicting the slope, since the mixture
properties are not simple functions of temperature only. It oversimplifies the
inherent temperature dependence. As expected, LinearH (Eq. 4.43), Zabetakis
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Fig. 4.4 Temperature dependence of lower flammable limits for some fuels. a Ethylene.
b Dimethyl ether. ¢ Methyl formate. d HFC-152a
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(Eq. 2.5) and ModifiedBW (Eq. 2.4) produce similar results, since they are correctly
capturing the enthalpy change in the background species air. TBM (Eq. 4.41)
produces the best performance, since it takes both the contribution from the tem-
perature-modified air (17) and the contribution of the added fuel (17;). This also
explains the discrepancy in Fig. 2.2.

Most flammability-related theories are built upon the assumption of constant
energy absorption of air at ignition, or x;, - AHc = K. It is implicitly assumed that the
net energy release from the fuel is absorbed by a constant fraction of air, which
assumes the fuel has the same properties of air. So the variation of fuel properties is in
fact not considered. White [44] and Zabetakis et al. [49] realized this shortcoming and
proposed x; - AHe + AH = K, where AH is the fraction of energy absorbed by the
fuel. Based on Eq. 4.41, this method derives x;, - AHc = 1117 - (1 — x.) [17] which
can be expressed as 4 - Ac—h('f = 1117. Therefore, this method is assuming a constant

energy release from the required oxygen to match the fuel, while all other methods
are based on a constant energy release from the fuel. Since flammability is the ability
of air to support flame propagation, a constant oxygen-based energy release is more
reasonable. Both are derived from the principle of energy conservation and the
difference is small (Critical fuel concentration x;, is usually small in a fuel/diluent/air
mixture). However, since this method explicitly covers the contribution of fuel, the
temperature dependence is better predicted.

4.5 Reconstruction of Flammability Diagrams

The flammability problem of a mixture is difficult since it typically involves three
components with dual functions (heating and quenching) in the combustion. Fuel is
not only a source of energy, but also a heat absorber during the ignition process.
Oxygen is not only a source of energy, but also a heat absorber affecting the flame
temperature. Only nitrogen is a typical diluent without any heating role involved.
Because of such a ternary nature, the concept of flammability is difficult to present
without the help of a flammability diagram. Various diagrams are available to
demonstrate the safety operation on a flammable mixture. There is a need to recheck
the utility, limitation and theories behind these diagrams.

4.5.1 Standard Flammability Diagrams

One advantage of the Thermal Balance Method is the incorporation of inerting
agents (diluents) directly in computing flammability. Now it allows us to have a
new look at flammability diagrams. Here, a diluent is introduced into the system
with a concentration of xp and a quenching potential of Qp. Thus, we have
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_1_(1_QD)'XD

=TT Or+Co-Hp xro - | ( Op) - xp] ( )
Op

_ B . 4.45

Xy =Xy (xu,o + Or — 1+ H0/4-773> XD 44)

Here, the subscript O is used to denote the initial flammability limits without any
diluent. These two curves produce a flammable envelope (Fig. 4.5). The inerting
concentration is the cross-point of the x; and xy curves. An additional curve, the
stoichiometric line, is also displayed. This is governed by the stoichiometric
reaction line (Eq. 4.46).

lfxD

SR St B 4.46
ST aT g ol ) (4.46)

It should be noted that the theoretical curves are based on an isothermal process
(assuming constant flame temperature at all critical conditions), so there is an
inertion point clearly defined. This point usually lies to the right of experimentally
determined points [103]. Macek et al. [104] suggested that the flame temperature is
raised at extinction (due to the change in flame structure, a higher temperature is
needed to sustain the flame), so less agent is required (due to the rise in tempera-
ture). As Beyler [64] concludes, the flame temperature is higher at extinction
(premixed flame) than at ignition (diffusion flame) due to a distorted flame struc-
ture. Shebeco et al. [103] tried to approximate this inertion point more precisely,
though, at a price of increased complexity.

When applying this treatment to hexane, the prediction shows significant devi-
ations. The inertion point is on the stoichiometric line of CO (Eq. 4.47) instead of
that of CO, (Eq. 4.3). This shift is attributed to incomplete combustion and to the
preferential diffusion of reactants [64]. Such a shift is clearly shown in the flam-
mability diagrams for propane and hexane in Fig. 4.6. The inertion points appear to
be on the stoichiometric line favoring the partial reaction to CO.
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Fig. 4.5 Standard flammability diagrams for two fuels. a Methane, b ethane
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Fig. 4.6 Standard flammability diagrams without and with significant incomplete reaction.
a propane, b hexane
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Cy

a/2+b/4—c/2
144773 - Co

(4.47)

The above-predicted diagrams are based on a constant flame temperature under
critical conditions, which lead to a sharp inertion point. The real inertion happens
with a higher flame temperature and incomplete reactions, so experimental data will
produce a curvature near inertion. To include an incomplete reaction near the
inertion point we can project the existing flammable envelope from one thermal
agent to another. Figure 4.7 shows the scaling of flammable envelopes by various
agents; details can be found in [15].

The rescaled flammability diagram is shown in Fig. 4.7. The data points from
one curve (helium) are projected onto other curves (CO, and N,). Such a con-
version process retains some features of an incomplete reaction by rescaling the
contribution of a diluent only. This idea is useful for some refrigerants, which have
an estimated quenching potential by mass scaling.

Fig. 4.7 Scaling of

. 0.16 [ —/— He
flammable envelopes in a A
.. [« O rescaled N,
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4.5.2 Diluted Flammability Diagrams

The reconstruction of a standard flammability diagram cannot solve the problem of
safe operation targets, since only one parameter (MIC) is readable. A more fun-
damental form of flammability diagram is Coward’s diluted flammability diagram,
which will be derived here.

Firstly, the dilution ratio R is defined as

_ g (4.48)

XF
Combined with a defining equation xr + xp = x;, we have

_R'XL

= 4.49
XD 1+R ( )
XL
= 4.50
¥ =11R (4.50)
Submit them into the energy conservation equation at LFL
xXp-Qf +xp-0p+1—x, =xpHp (4.51)
We have the energy equation at UFL
XL 0 +R.xL Op + 1 XL CoH (452)
[ ——— J——— —_— Xy = —- .
1+R =" "1+R =" LN S
Similarly, we have
Rx
Y 0p + U0 41— xy = 0.2095(1 — xu)Ho (4.53)

I+R I+R
Rearrange the energy terms, we have new equations for LFL and UFL respectively.

1

4 CoHo Or Op-R
I+R 1+R 1+R

(4.54)

X, =

o025 D) (459
0.2095 - Hp — 1 =b =
( o= 1)+ 1 +R 14R




4.5 Reconstruction of Flammability Diagrams

Forcing x; = xy, we have the

~0.2095CoH, — 0.2095 - O — Co
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v = (4.56)
0.2095 - Op
A series of flammability diagrams based on Egs. 4.54 and 4.55 are listed in
Fig. 4.8.
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Fig. 4.8 Theoretical diluted flammability diagrams for common fuels (Data taken from [4, 43])
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Figure 4.8 shows a series of common fuels with experimental and theoretical
flammability diagrams. There are two major differences from experimental enve-
lopes to theoretical envelopes. First, since extinction occurs at a higher flame
temperature, the assumption on constant flame temperature breaks down near the
inertion point, so the experimental envelopes are always shorter than theory. This is
a good feature, which means the dilution requirement based on a theoretical inertion
point is generally more conservative than using experimental data.

The second deviation came from the fact that most flammable envelopes tilt
upwards, which is the result of a non-stoichiometric reaction. For upper limits, the
flame is always fuel-rich, so the reaction is incomplete, with significant CO pro-
duced inside. The CO reaction chemistry leads to a tilted flammable envelope. This
feature is bad, since it leads to a higher MMF (x /) than expected. This will affect
the inertion requirement to reach the non-flammable state.

The difference between experimental data and theoretical data shows that
experimental data are still necessary to guide safety-oriented operations, while
Table 4.2 lists critical parameters (MMR and MMF) read from published flam-
mability diagrams. They are useful to derive other operation parameters, which will
be discussed in Sect. 5.2. Theoretical values are estimated using Eqgs. 5.6 and 5.7,
supplied in Sect. 5.1.

Since the experimental data do not satisfy the basic assumption on constant
flame temperature, there is a curvature near its inertion point. In order to capture this
curvature, we can rescale the existing experimental flammable envelopes (diluted
by nitrogen) to approximate the experimental envelope of a new agent. The con-
version of the flammable envelopes is controlled by

R
R=— 4.57
on (4.57)
XF + 2D
Xy = % (4.58)
1=

Here using the thermal properties listed in Table 4.3, we can rescale the flam-
mability diagrams as shown in Figs. 4.9 and 4.10. Experimental data are taken from
Zhao et al. [105] and Coward et al. [68].


http://dx.doi.org/10.1007/978-1-4939-2665-7_5
http://dx.doi.org/10.1007/978-1-4939-2665-7_5
http://dx.doi.org/10.1007/978-1-4939-2665-7_5
http://dx.doi.org/10.1007/978-1-4939-2665-7_5

4.5 Reconstruction of Flammability Diagrams

Table 4.2 Critical parameters for a fuel, taken from the diagrams in [4, 43]

89

Fuel Formula | Cop Xz Xy exp. Ry | exp. xppy | theo. Ryy | theo. xpy
Acetone C3HgO | 4.000 |0.026 [0.128 |11.954 0.454 18.517 0.505
Acetylene - |- - - 25.873 0.800 - -
Avgas - |- - - 24.101 0.434 - -
Benzene C¢He |7.500 [0.013 |0.079 |21.180 0.430 40.447 0.537
Butadiene C4Hg |5.500 |0.020 |0.120 |17.370 0.500 22.930 0.477
Butane C4Hyo | 6.500 |0.018 |0.084 |17.550 0.430 23.719 0.443
Butene C4Hg |6.000 |0.017 |0.097 |19.001 0.469 29.419 0.515
Carbon disulfide CS, |3.000 |0.013 |0.500 |39.921 0.763 62.100 0.815
Carbon monoxide CO |0.500 |0.125 |0.740 | 4.080 0.730 4.651 0.703
Cyclopropane Cs;Hg |5.000 |0.015 |0.094 |13.750 0.460 42.137 0.644
Diethyl ether C4H;(0 | 6.000 |0.019 |0.360 |26.878 0.517 23.177 0.458
Ethane C,Hg |3.500 [0.030 |0.124 | 12.880 0.470 15.753 0.501
Ethyl alcohol C,H¢O |3.000 |0.033 |0.190 |10.012 0.497 15.104 0.529
Ethylene C,H, |3.000 |0.027 |0.360 |13.160 0.520 21.892 0.615
Ethylene dichloride | C,H,Cl, |2.500 |0.045 |0.173 2.465 0.301 9.364 0.465
F-12 CCLF, |- - - 4.159 0.254 - -
Gasoline - |- - - 24.270 0.446 - -
Hexane CeHyy | 9.500 |0.012 |0.074 |25.930 0.440 37.286 0.458
Hydrogen H, |0.500 |0.040 |0.750 | 16.420 0.760 21.788 0.905
Isobutyl formate CsH,00, |6.500 |0.017 |0.080 |14.218 0.426 27.013 0.474
Isobutylene C4Hg |5.500 [0.016 |0.100 |16.592 0.425 35.531 0.582
JP4 - |- - - 26.318 0.448 - -
MEK CgH,0 | 8500 |0.012 |0.080 |17.253 0.474 42.097 0.515
Methane CH, |2.000 |0.050 |0.150 6.005 0.423 9.530 0.524
Methyl acetate C3HgO, |3.500 |0.032 |0.160 |10.338 0.484 13.653 0.467
Methyl alcohol CH,0 | 1.500 |0.067 |0.360 5.691 0.540 6.820 0.522
Methyl butene CsHyo | 7.500 |0.015 |0.091 |22.604 0.462 30.108 0.465
Paraffin - |- - - 54.263 0.425 - -
Pentane CsHy, |8.000 |0.014 |0.078 |23.433 0.455 32.502 0.467
Propylene CsHg [4.500 [0.024 |0.110 | 15.140 0.460 19.342 0.486
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Table 4.3 Thermal properties for major refrigerants

4 Thermal Balance Method

Refrigerant | Formula MW (g/mol) | Cop |xg Xy Qror QOp |Hop
R32 CH,F, 52.02 1.0 |0.127 |0.335 1.5123 8.3646
R143a CF;CH; 84.04 2.0 |0.07 0.19 3.0539 8.1459
R152a CHF,CH; 66.05 2.5 10.042 |0.202 5.4215 11.2721
R290 CsHg 44.10 5.0 ]0.022 |0.095 |13.7849 11.6198
R600 C4Hyo 58.02 6.5 |0.018 |0.084 |12.7209 10.3502
R134a CF;CH,F 102.03 3.537

R227ea CF;CHFCF; | 170.03 5.896

(b) (c)

CH,oH,, ooty
R

Fig. 4.9 Flammability diagrams for R290 (propane). a Diluted by nitrogen, b diluted by R134a

¢ diluted by

0 [0 E]
Dsmeirton! rass, Renln,

R227ea

Y

Fig. 4.10 Flammability diagrams for R600 (n-butane). a Diluted by nitrogen, b diluted by R134a

¢ diluted by

R227ea

4.6 Problems and Solutions

4.6.1 Temperature Dependence

3 1
Dlbsarthott rats, R fn,

Problem 4.1 The lower flammable limit of propane at 20 °C is 2.1 % by volume.
Find the lower flammable limit at 200 °C.
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Solution:

1. Zabetakis’ method:

0.75
My TP (T ) =1-0.000721 - (T — T) = 1 — 0.00721 x (200 — 20) = 0.87022
X0 xp0 - AHc

X, = 1.83
2. Beyler’s method:

X,
WLOAHC =nC,(Tsp — To)

Since Ty = 1600K, Ty = 293K, x; = 2.1, we have

AHce  (Tjr—To) 1600 — 293

= =622 x 10°K
nC,  x/100 2.1/100 X

AHc  (TrL—To) 1600 — 493

At the new ambient temperature, nC,  x,/100 x2/100

=6.22x
10°K, x, = 1.8
3. Thermal balance method:

7(200) = 1.212 — 0.035 x 0.2 — 0.702 x 0.2 = 0.872

X7L _ ’l*CnH’Z)*QF‘iI — . 1+ CoHp — Qr - 1
n+CoHo — Qr -1

14+5x1234—-15.23
=0.872 = 0.84
0872 % 0.872 +5 x 12.34 — 15.23 x 0.872 0-840

1
X0 1 +CoHo—QF-1
x, = 1.76

4.6.2 Flammable State with Multiple Fuels

Problem 4.2 A group of Japanese researchers tested the following fuel combina-
tions for mixture flammability [106]. You are required to

a. Find the thermal signature of each fuel and fill into blanks;

Ethylene (C,Hy) Dimethyl ether (C,HO) Carbon monoxide (CO)
LFL 0.027 0.033 0.122
UFL 0.315 0.262 0.725
Hc 1323.1 1328.4 283.0
Co 3.0 3.0 0.5
Ho 13.314 11.0 16.219
Qr 3.905 3.697 0.912
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b. Estimate the lower flammable limit (LFL) for each combination of fuels.

No. C;Hg C,H, |C,HiO |CO Observed LCR |TBM |OBC |EBC
(vol%)

86 0 0.33 0.33 0.34 |4.02 4.00 4.00 4.51 4.89

Solution:

1. Find the thermal signature using Eqgs. 4.8 and 4.9.
2. Sum up the energy terms for a mixture

Com=» Coi-xi=033x3+033x3+034x.5=2.15
AHe, =Y AHe; - x; = 0.33 x 13231+ 0.33 x 1.3284 + 0.34 x 0.283 = 0.9712 MJ/mol
Hom= Hoi-x =033 x 13314+ 033 x 11.0+0.34 x 16219 = 13.538

Orm =Y Qri-x; =0.33 x 3.905 + 033 x 3.697 +0.34 x 0.912 = 2.819

3. Reverse back into the concentrations

1 1

OBC :x;, = = =0.0489

T +9.0454-Cop 1+49.0454 x 2.15

1 1

EBC : x, = = =0.0451

AT +21.809 - AHe 1+ 21.809 x 0.9712

1
TBM : = = 0.0400
MLm= + (3 % 13.314 —3.905) x .33 + (3 x 11 —3.697) x .33 + (0.5 x 16.219 — 0.912) x .34
100 100

LCR :x, = = =4.00%

X T 33 33 4 34
Z«W.,y 27 + 33 + 12.2

Problem 4.3 A mixture of gases is composed of Ethyl Acetate 63.5 %, Ethanol

20.8 %, and Toluene 15.7 %. Find the flammability limits for such a fuel/diluent
mixture [66].

Solution: a typical procedure for thermal balance method involves three steps.

1. Collect inputs of Cp, xz, and xy, together with the composition x; into a
spreadsheet. The thermal signature of each fuel is derived using equations.

- Xy — XL
"~ Co-xy-xp—02095- (1 —xp)-xz
Hp =Cop-Hp

Hop

, Or =1—1/x, + CoHo,

2. Sum-up the thermal signature of the mixture.

Zyi =1;Com = Z Co,i-Yi; Orm = Z Ora,i yi; Hem = ZHFJ YisHom = Hpm/Com
f 7 i 7
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Table 4.4 Spreadsheet calculation of a pseudo-fuel with multiple fuels

Fuel Co Xi XL Xy Or Ho

Ethyl acetate 5.00 0.635 0.0250 0.114 7.370 9.274
Ethanol 3.00 0.208 0.0430 0.190 3.394 8.550
Toluene 9.00 0.157 0.0243 0.071 17.346 11.101
Mixture 5.212 1.000 0.0243 0.110 7.424 9.122

Fig. 4.11 HQR curves
modified by multiple fuels

i HQR=1
----- HQR, (Ethyl Acetate)
------ HQR,(Elhyl Acetate)
————— HQR, (Ethanol)
----- HQR,(Ethanol)
#" ————- HQR,(Toluene)
- HQOR,(Toluene)
P HQR, (mixture)

x ] HQR,(mixture)
=} =
F 15

1

05} &
G i '-L L 1 "u L i
0 0.05 0.1 0.15 0.2
Fuel, x

3. Limits of the mixture are estimated using x, =

1-0.2095-Ho,,
1=0.2095-Hom—Orm"

1 —
1+HF,m_QF.»vx ’ xU’m -

A spreadsheet calculation is shown in Table 4.4, whereas the results are dis-
played in Fig. 4.11.

4.6.3 Flammable State with Multiple Diluents

Problem 4.5 A mixture of gases is composed of Methane 15.2 %, Nitrogen
79.8 %, Carbon Dioxide 0.5 %. Find the flammability limits for such a fuel/diluent
mixture.

Solution: Similarly following previous steps.

1. Collect inputs of Cp, x;, and xy, together with the composition x; into a
spreadsheet.
2. Sum-up the thermal signature of the mixture.

Zyi =1;Com = Z Co,iyi; Orm = ZQFA,:’ VisHpm = ZHFJ “Yi;Hom
7 7 7 7

= HF,m/CO,m
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Table 4.5 Spreadsheet calculation of a pseudo-fuel with multiple diluents

Input Intermediate
Fuel Co X; XL Xy Op Or Ho Hp
CH, 2.000 [0.152 |0.050 0.150 |- 13.81 164 32.8
N, - 0.798 - - 0.992 0.992 0.000 0.000
CO, - 0.050 - - 1.75 1.75 0.000 0.000
Mixture 0.304 1.000 0.0324 0.450 - 2.98 16.4 32.8
Fig. 4.12 HQR diagram for A
; . ; — — — - HQR, (Methane}
ﬂammal?le ml.xture modified 3 VS T hoRr! M efh::l
by multiple diluents vy --— - HQR, {mixture)
\ ‘s — —— HQR, (mixture)
\ g HQR=1 [ mpn—
2r AY Bl ~ e il
4 N LR R
<} N - T
- N e
s g e
1 ~ = = i
i ‘H“.‘r-.-;_" )
/ T |
/ T |
1] 2 il L L LR L T Xy
] 0.1 0.2 0.3 0.4 0.5
Fuel, x,
. . . . . _ 1
3. Limits of the mixture are estimated using x., = TH =0

— _ 1-02095Hom
AUm = 1202095 Hom—Orm

A spreadsheet calculation is shown in Table 4.5, whereas the results are dis-

played in Fig. 4.12.

4.6.4 Flammable State of a Coal-Mine-Gas Mixture

Problem 4.6 A sample taken from a sealed area yields the mixture composition as
follows: CHy ~ 10 %, CO ~ 5 %, Ny ~ 75 %, O, ~ 10 %. Is this gas-mixture

flammable?

Solution: This problem can be solved in five approaches.

Using Le Chatelier’s Rule
Using HQR diagram

Mmooy

Two fuels plus excess nitrogen burning in air;
Two fuels burning in air with excess nitrogen as diluent;
Two fuels burning in oxygen-modified air.



4.6 Problems and Solutions

Table 4.6 Thermal balance method for flammability range of a fuel/diluent mixture
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Co xp (%) |xy (%) | QF Ho Hp Composition (%)
Methane 2.00 5.00 15.00 13.81 |16.38 |32.77 19.13
Carbon monoxide |0.50 |12.50 74.00 0.80 |15.59 7.80 9.57
Nitrogen - - - 0.99 0.00 0.00 71.30
Mixture 043 |21.79 41.34 343 4.63 7.01 |100.00

Approach A: Excess Nitrogen as a Diluent
This is a dilution problem where a fuel/diluent mixture (10 % CHy, 5 % CO and
37.27 % N,) is immersed in 47.73 % of air (10 % O, + 37.73 % N,).

1. Get the thermal signature from flammability limits of each component (see
Table 4.6).

Sum up each individual thermal signature into a lump-sum signature for the
mixture.

. Get the flammability limits from the mixture signature.

2.

Conclusion: Current fuel mixture has a concentration of (1 — 47.73 %)
52.27 %, well above the flammability range of 21.79-41.34 %. So this sample is too
rich to ignite.

Approach B: Excess Nitrogen as Part of a Pseudo Fuel
This pseudo-fuel is composed of two fuels and diluted by a third agent (excess
nitrogen).

a. Get the thermal signature of the pseudo-fuel first (Table 4.7) without dilution.

b. Then a dilution diagram (Fig. 4.13) is reconstructed from this mixture signature.

c. The same flammability range will be reached by either reading the diagram or
solving equations using a given R = 37.27 %/15 % = 2.48 (Table 4.7).

The above two approaches are consistently represented in Fig. 4.13. Since the
sample point lies above the flammable zone, this sealed area is too rich to ignite.

Fig. 4.13 A diluted -]
flammability diagram 05 R=2.48, x=52.27% I e
presenting the flammable state r - ~
—_ [ x,=41.34% PR 7
& 04F L e
c [ Pid g
I . e
g 03 e -~
Q [ 4 e
g [x=21.79%, e
4 7’
O 02[% -2031% e
[ B ’ 7/
3 [ i 7
'S I ’ ,/
o1k 4.\ 7 |  TT=== theory (N,, UFL)
[X=6-26%," | ceeee. theory (N,, LFL)
;. O Point of mixture
0 [” L L L

0 2 4 6 8
Inertant/fuel Ratio
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Table 4.7 Thermal balance method for the thermal signature of a fuel-only mixture

Co xp (%) |xy (%) | QF Ho Hp Composition (%)
Methane 2.00 5.00 15.00 13.81 [16.38 |32.77 |66.67
Carbon monoxide |0.50 |12.50 74.00 0.80 |15.59 7.80 |33.33
Mixture 1.50 6.26 20.31 947 [16.12 |2444 |-

Conclusion: Since the operation point lies outside the flammable zone, this
mixture is not flammable.

Approach C: Excess Nitrogen as Part of Oxygen-Modified Air
This pseudo-fuel is composed of two fuels and burning in oxygen-modified air.

a. Get the thermal signature of the pseudo-fuel first without dilution (see
Table 4.8).
b. Using oxygen fraction to get the flammable limits
c. An oxygen-modified flammability diagram is reconstructed from the thermal
signature in Table 4.8.
Here the oxygen fraction is )L:miﬁzo.ll& while Q,, = 100 +
(1 —2)0n =0.118 x 1.046 + 0.882 x 0.992 = 0.998.
Using oxygen-modified flammability equation with R = 0 (no diluent in this
case), the flammable range is estimated as

O 0.998
M S— — 0.0635
0, + Gl — O Ok~ 0998 + 15 x 16.12— 9.47
J-Ho— O, 0.118 x 16.12 — 0.998
= T X — 0.0866
7 Hp— Oy + 2+ 2%~ 0118 x 1612 — 0.998 + 9.47

Current measurement of the fuel is 15 %, which is above the flammable range of
6.35-8.66 %, so this mixture is too rich to burn.

The flammable state of this mixture is shown in the following oxygen-modified
flammability diagram (Fig. 4.14).

Approach D: Classical Method Using Le Chatelier’s Principle

The standard (classical) approach for multiple fuels with at least one diluent in
air is to group the fuel/diluent into a pseudo-fuel, then apply Le Chatelier’s prin-
ciple to find the flammable state of the mixtures. In industry, the grouping process is
released with Jones diluted flammability diagram. Here without experimental data,
the thermal balance method is applied twice to find the modified flammable range of

Table 4.8 Spreadsheet calculation for fuels only

Co |xp (%) |xy (%) |QF Hop Hp Composition (%)
Methane 2.00 5.00 15.00 13.81 |[16.38 |32.77 |66.67

Carbon monoxide |0.50 |12.50 74.00 0.80 |15.59 7.80 |33.33

Mixture 1.50 6.35 8.66 947 |16.12 |24.44 -
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Fig. 4.14 Flammable state in 02
an oxygen-modified
flammability envelope
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Table 4.9 Grouping 10 % methane with some (30 %) excess nitrogen

Co x1, (%) xy (%) Or Hp Hp Composition (%)
Methane 2.00 5.00 15.00 13.81 16.40 32.81 25.00
Nitrogen - - - 0.99 - - 75.00

0.50 19.98 36.73 4.195 16.40 8.20 100.00

two pseudo fuels. First, 10 % methane is grouped with 30 % excess nitrogen to
form a diluted methane, with a flammable range of 10-24.77 % (Table 4.9). Next,
5 % carbon monoxide is grouped with 8.4 % excess nitrogen to form a diluted
carbon monoxide, with a flammable range of 38.67-70.93 % (Table 4.10).

Here is the Le Chatelier’s rule.

3905 + 04521 = 2.40 > 1 — This means the mixture is above its lower flam-

mable limit.
5955 + 0315 = 1.26 > 1 — This means the mixture is above its upper flam-

mable limit.

Based on these two criteria, the mixture is too rich to ignite.

Approach E: Using Heating-Quenching Ratio
The simplest way to find the mixture flammable state is to compute and compare
heating/quenching potential ratio directly. Using values in Table 4.6, we have

Table 4.10 Grouping 5 % CO with the rest (7.27 %) excess nitrogen

Co xr, (%) xy (%) Or Hy Hp Composition (%)
CO 0.50 12.50 74.00 0.80 15.59 7.80 40.75
Nitrogen - - - 0.99 - - 59.25

0.204 30.65 71.26 0.914 15.59 3.18 100.00
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Table 4.11 Spreadsheet for calculating the thermal signature of a flammable mixture

Co Xy, Xy Ho Or X
H, 0.500 0.040 0.750 3.521 55.010 0.020
CH,4 2.000 0.050 0.150 13.941 16.383 0.080
Ar - - - - 0.632 0.250
He - - - - 0.632 0.650
0.170 - - 13.328 2.980 -
CoHoxr

HOR, =
ok Orxr + Qoxo + Opxp

_ 32.81 x 0.1 +7.8 x .05
~ 13.81 x 0.10 + 0.8 x 0.05 + 0.992 x 0.3727 + 1 x 0.4773

=3.164 > 1

This means the fuel-based energy release is sufficient to bring about ignition, or
the mixture is ignitable.

Ho - xo

- Orxp + Qoxo + Opxp
16.12 x 0.15

T 1381 x 0.1+ 0.8 x 0.05+ 0.992 x 0.3727 + I x 0.4773

HOR,

=0.306<1

This means oxygen-based energy release is insufficient to bring about explosive
burning, or the mixture is non-explosive.

Based on the above criteria, the mixture is ignitable and non-explosive, above its
flammable zone.

Problem 4.7 Let us redo the ISO10156 problem in Sect. 2.3. A mixture has 2 %
Hydrogen, 8 % methane, 65 % Helium, and 25 % Argon, is it flammable in air?
(71]

Solution:

This is a fuel mixture (two fuels) inerted by two diluents. We can sum-up its
thermal signature from each individual constituent (Table 4.11).

1 1

1+ CoHop— Qr 1+ .17 x 13.328 —2.98

XL

Since the LFL of this mixture is larger than one, so this mixture is non-ignitable
in air.
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Chapter 5
Ignitability, Flammability and Explosibility

5.1 Two Types of Flammability Problems

Generally, there are two types of problems dealing with mixture safety. Type I
problem deals with a static mixture in a confined space. It answers the question, is
the mixture self-flammable? Change of one component (such as fuel) will affect
other components (such as oxygen and diluents) accordingly. Therefore, a type I
problem always comes with a variable oxygen level. The dynamic process for
updating all concentrations in a confined space is called Purge, such as the inertion
of a confined space with a suppressant. A compartment fire is a typical type I
problem, where the oxygen concentration is fluctuating over time. Similarly, the
counter-solution to a compartment fire is the total flooding by gaseous agents,
which dilutes both oxygen and fuel.

Type II problem deals with a dynamic fuel stream, usually composed of a fuel
and a diluent, releasing into air. It answers the question, is the mixture ignitable in
air? Change of one component (such as the fuel) will affect the accompanying
constituent, but not the background air (or oxidizer). Therefore, a type II problem
comes with a dynamic fuel stream releasing into a constant background. The
dynamic process to change the fuel/diluent ratio is called Dilution, while
the background (or oxidizer) condition stays the same. A typical type II problem is
the dilution of a fuel leak, where the fuel concentration is so diluted that an ignition
is not possible in its fully diluted state. In suppression engineering, the local
application of a suppressant is to dilute the fuel, so it is also a type II problem.

Since the two types of flammability problems have different applications, they
have different representative curves and critical points in flammability diagrams,
through which the concepts of ignitability, explosibility and flammability will
be introduced along with mathematical expressions.

© Springer Science+Business Media New York 2015 99
T. Ma, Ignitability and Explosibility of Gases and Vapors,
DOI 10.1007/978-1-4939-2665-7_5
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5.1.1 Type I Problem (Variable Oxygen in Background Air)

As part of a combustion reaction, oxygen in the mixture serves as a major con-
trolling factor for supporting flame propagation. Here for an oxygen-modified air
with a diluent (nitrogen), the quenching potential of this mixture is defined by

Qm:(l_i)'QD'i_;L'QO (51)

where 4 is the molar fraction of oxygen in this nitrogen/oxygen mixture. Applying
A =0.2095 for normal air, we have @, =0.992 x (1 —0.2095) + 1.046x%
0.2095 = 1, which is the quenching potential of air used as the reference.

Following the thermal balance at critical points, we have the governing equation
for LFL defined as

XL R-xp XL
- . 1-— Oy = - CoH, 52
+r & TTTR Op + (1 —x)-Q 1+RrR 970 (52)
Similarly the governing equation for UFL is
0+ oy (L —x0) - Qu =2 (1=x0)-Ho  (53)
— X . m = . — X . .
1+ R Pt TR D U U o)
Solve the above two equations, we have
Om
XL = CoH B R (54)
Om + 10+RO - lg—R - 1Q+R
A-Hp— Q)
xy = 0= 0 (5.5)

7 Ho— Qp + 2+ 2F

which form the boundary of a flammable envelope.
Forcing x; = xy, we have the cross point (or the inertion point) of LFL/UFL
lines controlled by

_ CoHypl = 1Qr — CoOn
40p

Om

- O + CoHo _ _Or _ OpRwy
m 1+Ry 14+Ry 14+Ry

(5.6)

Ry

(5.7)

XLU

European definition of limiting oxygen concentration is to support ignition
initiation, or the flammable envelope is non-zero to allow ignition to start [11]. The
mathematical realization of this requirement is Ryy =0, or CoH,i — /Qr—
Co0Q,, = 0, which translates to
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CoOn

y—
>~ CoHy— Or — (Qo — On) - Co

(5.8)

For fuels burning in normal ambient air, since Qy = 0.992 ~ 1, Qp — Oy =
1.046 — 0.992 = 0.054 ~ 0 and x;, = the limiting oxygen concentration
(LOC) is simplified as

1
1+CoHo—QF’

- Co o CoxL
CoHO - QF 1-— XL

/o (5.9)

Note A, makes the background air non-explosive, no matter what fuel is used.

American definition of limiting oxygen concentration is the minimum oxygen
concentration in a mixture of fuel, air and an inert gas that will propagate flame
(Jones [107]). This definition of LOC requires that the flame be observed at some
distance away from the ignition source and have traveled through a significant
fraction of the enclosed volume (Zlochower [11]). Here A; (or MOC, minimum
oxygen concentration) is used to differentiate the flammability from the explosi-
bility, while 4, (LOC) is used for representing explosibility or ignitability.

In the diluted flammability diagram, the definition of MOC [108] is

)»1 = /1(1 —XLU) (510)

where / is the ambient oxygen concentration (4 = 0.2095 for air).
MOC does not have a significant criterion like R,y = 0 for LOC, so we have to
use Egs. 5.6 and 5.7 together to get Eq. 5.11 for MOC.

_ 9 _ 9 o (1+RLU)'Qm )
=M1 =xw) = A(l (1 +Rey) - O — RyQp + CoHo — Or 5-11)

For normal ambient air, A = 0.2095, Q,, = 1, we can further simplify this
equation as

1+ Ry Co
a=al1- _ —C 5.12
! ( 1+RLU—|—C0/A> L+ Ry + Co/i O (5-12)

This is the classical correlation for estimating limiting oxygen concentration
[97]. Comparing with Eq. 5.9, the difference is small. However, they belong to
different families of concepts.

Using above definitions (Eq. 5.9 for LOC, Eq. 5.12 for MOC), we have their
responses toward variable oxygen levels (Fig. 5.1, with Qp = 0.992 for N, and
Qp = 1.75 for CO,) and different diluents in air (Fig. 5.2, with 4 = 0.2095).

Figure 5.1 shows the response of LOCs to various oxygen levels in air. Though
xry varies sharply in Fig. 5.1a, 4; = A(1 — x;y) has no dependence on oxygen
concentration (). Equation 5.8 also shows A, has no dependence on oxygen level.
It means both are independent of oxygen levels (1), or they are mainly functions of
fuels and diluents in the mixture.
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Fig. 5.2 Response of LOCs to variable diluents for propane in air. a diluted flammability
diagram b MOC/LOC responses

However, if we change the diluent type, increasing the quenching potential,
LOC and MOC will diverge and show the difference.

Figure 5.2 shows the responses toward various diluents in air. LOC is always
larger than MOC for a certain background air, consistent with the estimation
expressions in Eqgs. 5.9 and 5.12, which are simplified for the case of burning in
normal air. The quenching potential of a diluent will change MOC and LOC almost
linearly, so the diluent is working more by mass. Since their difference is so small,
this may be the reason that Jones [9] claimed that flammability and explosibility are
interchangeable. For any fuels burning in air (4 = 0.2095 and Qp = 0.992), the
difference between LOC and MOC is small, only 2.14 % for propane in Fig. 5.2b.

Using the data from a coal mine fire, 4, is more fundamental and useful than 1,
in diagnosing the burning status in such a fire [18]. If the oxygen level drops below
Ay in the compartment, the flammable envelope disappears or goes to nil. The
reason is that 1, is a fuel property (explosibility or ignitability), while 4; is a
process property (flammability), much more complex than it looks (4; = Cox;, for a
pure fuel burning in air).
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5.1.2 Type II Problem (Variable Diluents in a Stream)

The above discussion solves the case of flammability in a confined space, which is
most common for potential hazards of supporting flame propagation. For a type 11
problem, the risk comes from the ignition potential of a dynamic fuel stream. The
purpose of a diluent is mainly to drop the fuel concentration, so the fuel stream is
too lean to ignite.

Similar to the previous example, we can set up the conservation of energy at the
critical points (LFL and UFL) expressed as

XL R-xp XL

- Om . 1-— -1 = - CoH, 5.13
1+RQ+1+R Op + (1 —xz) [+ g CoHo (5.13)
W R ) 1= 0 (1—xy) - H (5.14)
1+R m 1+R D Xu — A Xu o .

Here Q,, = Qr - B+ Op - (1 — p) is the quenching potential of the diluted fuel.
H,, = Hy is unchanged by this dilution, since the fuel type is fixed. The total energy
release is scaled down in C,, = Co - .

Solving the above equations, we have the flammable envelope bounded by

M= G, 0w 0ok (5.15)
1+ 1+R ~ 1+R liR
A-H, —1
Xy = T H 1 O ObR (516)
= L+ TR TR

Forcing x; = xy, we have a crossing point (Ryy, x;y) which is the theoretical
inertion point.

CmI_Im;L - }Qm - Cm

Ry = 70p (5.17)
1
XLy = 1 n Coll, 0w ObRiw (518)
14+Rry 14+RLy 14+Ry
Forcing Ry =0, or C,,H,,/. — A0, — C,, = 0, which leads to
Cop
= 5.19
> CoHy — O (5-19)

Again, the critical MOC is difficult to define, so we have to use Egs. 5.17, 5.18
and 5.10 combined to solve MOC. The responses of MOC and LOC are explained
and shown in Fig. 5.3.
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Fig. 5.3 Role of nitrogen on changing the theoretical flammable envelope. a diluted flammability
diagram b MOC/LOC responses

With a variable diluting ratio, the flammable envelopes are modified as shown in
Fig. 5.3a. The responses of LOC and MOC are displayed in Fig. 5.3b. It shows that
xry 1s almost unchanged by the dilution ratio, so MOC is almost constant, inde-
pendent of the dilution of fuel. MOC is higher using CO, for inertion, since CO,
has a larger molecular weight and a greater quenching potential. The diluent is part
of the fuel, turning it into a pseudo fuel burning in background (normal) air. Since
the fuel type is same, and the background air is unchanged, MOC stays constant to
support flame propagation. Here the contribution of a diluent is realized mainly
through dilution by volume.

From Fig. 5.3b, it also shows that the diluting agent will not change LOC until
the fuel is almost completely diluted when the diluent begins to influence the
background air (by changing its quenching potential). Note LOC is close to MOC
of nitrogen-dilution for pure fuels, since nitrogen is the major inerting agent in
normal air.

In summary, LOC is more sensitive to fuel fraction, slightly sensitive to diluent
type. In contrast, MOC is sensitive to diluent type, but not dependent on fuel
quantity. This fact shows that MOC is depending on heat absorption and oxygen
depletion, while LOC is dependent on fuel fraction (or the level of dilution).

For a type II problem, there is a critical concept called Limiting Fuel
Concentration (LFC) for making the fuel stream non-ignitable. Theoretically, it
means the background air cannot supply sufficient oxygen for the diluted fuel to
ignite. That means /, = 0.2095.

Starting with the definition A, = #ZI}*QM = 0.2095, we have

0.2095 - Op

LFC=p,=1-LDC =
by 0.2095 - CoH,, — Co — 0.2095 - (Qr — Op)

(5.20)

where f3, is the limiting fuel concentration for 1, = 0.2095.
Or assuming R;y = 0 for Eq. 5.17, we have the critical or limiting fuel con-
centration defined as
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A 1
LFC = f, =- % = (5.21)
/LCOHO_CO_/I' (QF—QD) 1 +RLU
Note the original definition of f is the fuel fraction in a mixture, or § = XF’Z‘XD =

1
I+R*

Submitting parameters for propane/CO, mixture, Qp = 1.75, 1 = 0.2095,
Co =5, Hp = 12.35, Or = 15.12, we have the critical fuel concentration as
f = 0.072. That is the limiting fuel concentration with CO, dilution. If the fuel
fraction drops to this value, ignition needs an oxygen level that the background air
cannot supply. It also means the fuel is fully diluted without being ignitable.
Similarly, if the diluent is nitrogen (Qp = 0.992), we have the limiting fuel con-
centration as f§ = 0.042. They are demonstrated in Fig. 5.4a, which is a zoom-up
view of Fig. 5.3b. The dilution process can also be displayed in Fig. 5.4b, which

shows that B, = =0.042 for N, dilution, and f;; = %~ +}?lu =

Therefore, this critical diluting ratio is consistent with the original definition.

TRy = el
5w = 0.072 for CO, dilution.

This limiting fuel concentration (LFC) is the threshold of fuel being fully diluted
even in normal air. This dilution criterion is based on A, > 0.2095, when the
oxygen level in air is insufficient to support ignition. However, it can still be burnt
off with a supply of high-temperature air or oxygen-enriched air. This topic will be
covered again in Chap. 7.

5.2 Critical Points in a Flammability Diagram

In a theoretical flammability diagram, the inertion point is most important. However,
since the experimental curve may not have a clear-cut inertion point, but a curvature,
we may have different MIC, MFC, MOC points. Theoretically, these points must be
derived from the inertion point. Experimentally, they are different points because the
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tangent lines cannot touch the curvature at the same point. Therefore, we have to rely
on flammable envelopes to reproduce these points separately.

Let us check critical lines first. First, connect the fuel point (xz = 100 %) with
the inertion point, we have a line called the minimum inert gas/air (oxidizing gas)
ratio (IAR) line. This ratio is defined as the smallest ratio whose corresponding inert
gas/oxidizer mixture cannot become explosive no matter how much flammable gas
is added to that mixture [70]. Here we call it Limiting Oxygen Concentration

(LOC) line. The analytical expression for this line can be derived from two points,
XLUu

. . . AP = . xp=1.0 .
the inertion point 1+ Ry and the fuel point . With a
Xo = 02095(1 — xLU) X0 =0.0
linear interpolation, we have the LOC line defined as
0.2095(1 — xp)
xozﬁ- (1 —XF) (522)

I+Rry

Now we know that 4; = 0.2095 - (1 — xzy) and xz = 7% —apply for nitrogen as
a diluent (Qp = 0.992 ~ 1), so we have

o
_1—XL

Xo : (1 —XF) (523)

Note, A; = Co - x, and Ay = S22 g0 the LOC line is controlled by

1—xg°

Xo = )Q . (1 — )CF) (524)

That means the critical end point on LOC line is LOC, which is also called In-
service Oxygen Concentration (ISOC) [86]. This LOC point means the critical
background air is fully inerted and does not support any explosive burning.
Therefore, the LOC line is the critical inertion line for background air, which dif-
ferentiates the explosive/non-explosive states. Under the LOC line, the background
air is fully inerted, addition of any more fuel will not support explosive burning.

Similarly, we can draw a line through the air point and tangent to the flammable
envelope. The tangent point is another inertion point, Minimal Fuel Concentration
(MFC). The cross point with fuel axis is called Limiting Fuel Concentration (LFC).
The mathematical expression for this line is

X0 = 0.2095 - (1 — (1 + RLU)XF) (525)
where the end point of this line on the fuel axis is

1

LFC =P =17k,

(5.26)
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This critical fuel concentration is also called Out-of-service Fuel Concentration
(OSFC) [109], or Critical Flammability Ratio (CFR) [110]. Here we call this line as
Limiting Fuel Concentration (LFC) line, which is the critical inertion line for
defining the non-ignitable state of a fuel stream. Under this LFC line, the fuel
stream is fully diluted, so adding more oxygen will not turn the fuel stream
ignitable.

The cross point of these two lines is called the inertion point, or the nose point.
The iso-oxygen line pass this point is called Minimum Oxygen Concentration
(MOC) line. Here since there are so many important points in the field, those points
related to flammability were named after M (maximum in a local view), while those
points related to ignitability or explosibility were named after L (limiting in a
global view). L is more fundamental than M, in this way, we can quickly recognize
their meaning. This naming rule makes some definitions different from existing
ones. However, since existing definitions are already arbitrary and conflicting to
each other, we can make them look better by following a rule. These critical points
are shown in Fig. 5.5, whereas their definitions are listed in Table 5.1. The ana-
Iytical expressions for critical lines are provided in Table 5.2.

From Fig. 5.5, we can see that LOC line shows explosibility is fundamental
to air, while LFC line shows ignitability is fundamental to fuel. If the fuel
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Fig. 5.5 Critical points in flammability diagrams of Methane. a Standard flammability diagram.
b Reduced flammability diagram. ¢ Explosive Triangle diagram. d Ternary flammability diagram
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Table 5.1 The critical concepts in any flammability diagram

Critical
points

Old name

Current definition

Relationship to core
parameters (Rpy,xLu)

MFC f,

Minimal fuel concentration at
inertion point

MFC = f, = {4

MIC

MIC/MAI
[70]

Minimum inerting concentration for
a specific fuel or for a space

_ — Ruxy
MIC = xp = 1R,y

MOC 4,

LOC

Minimum oxygen concentration for
inerting a space for a specific fuel

MOoC =, =
0.2095 - (1 - xLU)

MMR Ry

ICR [70]

Minimal molar (inert/flammable gas)
ratio is the smallest ratio whose
corresponding inert gas/flammable
gas mixture cannot become
explosive no matter how much
oxidizer is added to that mixture

MMR = Ry

MMR = (1 - 1)/,

MMF XLU

Maximum Mixture (diluent+fuel)
Fraction is the maximum fraction of
the diluent/fuel to be flammable

MMF = XLU

MIR

IAR [70]

Minimal inerting (inert gas/air or
oxidizing gas) ratio (MIR) is the
smallest ratio whose corresponding
inert gas/oxidizer mixture cannot
become explosive no matter how
much flammable gas is added to that
mixture

-
_Xp _ LU
MIR = xo — 0.2095-(1—x.p)

MIR = (1 —7,)/7,

LFC B,

OSFC
[861/MXC
[70]

Maximum flammable gas
concentration in a diluted fuel
stream, no matter how much oxygen
is in that mixture

—p =1
LFC =, = TR

LDC

Minimum diluent concentration for
diluting the fuel stream

LDC =1- 8,

LIC

MAI [70]

Limiting inerting concentration for
inerting the air

LIC=1-J,

LOC 4,

ISOC [86]/
MOC [70]

The maximum oxidizing gas
concentration in total gas mixture is
the largest oxidizer fraction for
which this gas mixture cannot
become explosive irrespective of the
amount of flammable gas being
added

0.2095-Co

LOC = 1 = 0.2095-R.-0p+Co

LOC = Jp = 22 )

TTHRLy

concentration in a mixture is too lean to support ignition, this mixture is non-
ignitable, where adding oxygen will not change this state. If the oxygen is too
depleted/diluted to support explosive burning, this mixture is non-explosive, where
adding fuels will not change this state.
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Table 5.2 The analytical threshold lines in any flammability diagram

Standard Diluted Triangle
Air line, AB xp=0 R=0 xo =0.2095 - (1 — x)
LFC line Xp = RLU - XF R = Xn/XF = RLU X0 = 0.2095 - [l - (l + RLU)XF]
MOC line xpF+xp=1—4773-71 |xu=1—-4773-4 |x0=14
LOC line xp =Ry oy 1y, :% xo = Aa(1 — xr)
MEFC line xr =P =5k Xy = UG =P = kg
Stoichiometric line | xp = x40 - (1 — xp) Xy = *'7\1’15‘1:_? Xo = 417;;;“/0 - XF

MOC line is passing the cross point (the inertion point) of LOC and LFC lines,
so flammability is a special case depending on both LOC and LFC lines. Thus, the
flammability is not a fundamental property of fuel or oxygen, but a result of both. If
the oxygen level drops below MOC line, the mixture will not support flame
propagation, or the mixture is non-flammable. Non-flammable is metastable state,
since adding fuel or oxygen will tip the balance easily.

5.3 Critical Parameters for a Flammability Diagram

In the diluted diagram (Fig. 5.5b), the inertion point is represented as (MMR,
MMF). Since MMR and MMF play a fundamental role on determining other
critical points or lines, we can determine their values from the flammability dia-
grams in advance. These two pieces of information comprise a parameter set
sufficient for diluting and purge operations. Thus, graphical operations on a flam-
mability diagram can be waivered if we have such a parameter database. Table 4.2
lists these critical parameters taken from the diagrams published in those famous
reports by Coward [4] and Zabetakis [43]. Theoretical MMR and MMF are
determined by Eqs. 5.6 and 5.7. For most fuels, theoretical MMR and MMF are
larger than their counterparts in experimental values (see Table 4.2), giving the
theoretical treatment a conservative nature.
Here we have a new look at these two concepts. From the original definition,
A1 =24 (1 —xpy), we have
xLU:I—%l:/I i’” (5.27)

So MMF (x.p) is the fraction of excess background oxygen in reference to
Minimal Oxygen Concentration (MOC). MMF belongs to the concept of
flammability.
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Rearrange the terms in Eq. 5.16, we have

R = =
Ly )LQD QD 2‘QD QD

_ CoHy/. — 1QF — Co _CoHo—0r  Co _Co (i B 1) (5.28)

V5 A

So the physical meaning of MMR (R;y) is the amount of diluent with O to
absorb the excess heating potential of air (Co/1) above needed (Co/1,). MMR
belongs to the concept of explosibility.

From Egs. 5.27 and 5.28, we can see that x;y controls flammability, while Ry
controls both explosibility and ignitability.

From Eq. 5.28, we can have another expression for experimental LOC

02095 Co
"~ 0.2095 - Ruy - Op + Co

Ja (5.29)

For any mixture safety problem, if MMR and MMF of a fuel are provided like
those in Table 4.2, we can directly derived the operation curves and critical points
using the equations in Table 5.1. If the fuel is not listed in Table 4.2, we can use the
theoretical equations to estimate their values. If the diluent is not nitrogen, we can
use the molecular ratio (MW/28) to rescale the equations (Eqs. 4.57 and 4.58), then
used rescaled Ry and x y to find critical parameters for safe operations. This
provides a framework of methodology in safe handling of flammable gases.

5.4 Two Modes of Suppression

Generally, there are two types of problems dealing with mixture safety. Type I
problem deals with a static mixture in a confined space. Change of one component
(such as fuel) will affect other components (such as oxygen and diluents) accord-
ingly. The dynamics process for updating all concentration profiles in a compart-
ment is called purge, with the purpose to inertize the compartment against any flame
propagation. A typical type I problem is the compartment fire, where the oxygen
concentration is fluctuating over time. The counter-solution to this problem is the
total flooding of gaseous agents, which is also a type I problem. Without fuel, the
addition of diluent will inertize the air (oxygen), which is an effective means against
explosions, including dust explosions.

Type II problem deals with a dynamic fuel stream, usually composed of a fuel and
a diluent, releasing into air. Change of one component (such as the fuel) will affect
the accompanying constituent (such as the diluent), but not the background air (or
oxygen). The dynamic process to change the fuel/diluent ratio is called dilution,
while the background (or oxygen) condition stays the same. A typical type II
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problem is the inertion of a fuel leak, where the fuel concentration is so diluted that
the ignition is not possible in its diluted state. Similarly, the local application of
gaseous agents plays the same role on the fuel, so it is also a type II problem.

For a type I problem, we can demonstrate the inertion process via oxygen-
modified flammability diagram, which is also derived from the Heating-Quenching
Ratio (HQR) diagram.

For a type II problem, the adding of diluent will change the thermal signature of
the fuel, thereby modifying the flammability diagram as shown in Fig. 5.7.

Figure 5.6 shows the impact of applying diluent in a total flooding, while
Fig. 5.7 shows the response of flammability diagram in a local application of
diluent.
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Fig. 5.6 Flammability diagrams for total flooding (R290+N,) [111]. a Diluted flammability
diagram. b HQR diagram for HQR = 1 envelope
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Fig. 5.7 Flammability diagrams for local application (R290+R227ea). a Diluted flammability
diagram. b HQR diagram for HQR = 1 envelope



112 5 [Ignitability, Flammability and Explosibility
5.5 Problems and Solutions

5.5.1 Tank Safety

Here is one example to explain the utility of MMR/MMF in dilution/purge
operations.

Problem 5.1 Historically, AVgas tank in an aircraft carrier is protected by sea-
water. That is, if 100 gallon of Aviation Gasoline is needed, 100 gallons of water
has to be pumped into the storage tank, so there is no flammable space with
dangerous oxygen inside [112]. Now, how to inert the head space if nitrogen is used
to protect a headspace of 10 m?? If the pipeline to deliver Avgas has a leakage with
10 L/s in fuel vapor, how much nitrogen is needed to inert the fuel stream?

Solution:

The first part is an inertion problem (type I), while the second part is a dilution
problem (type II). The key to the critical concentration is MMR (R;y) and MMF
(xzy), which can be found in Table 4.2.

For inerting the air prior to filling, target oxygen concentration is ISOC or LOC.
When the evaporation starts, the addition of fuel concentration will decrease the
oxygen from LOC to MOC automatically.

For AVgas, MMR = 24.101, MMF = 0.434 (from Table 4.2). Therefore, we have
the following operation targets:

1 1
1+Ryy 1424101
MOC = )y =0.2095 - (1 — x;y) = 0.2095 x (1 —0.434) = 0.1186

L0C212:0.2095(1—xw): 0.1186
1 — 2w 1 — 0.434
14+Ry 1+25.101

LFC = =0.040

If the tank is empty, the diluent requirement for Nitrogen inerting the tank prior
filling (to non-explosive) is

Xr 0.1206 X
Vi, = Vo In[2E) = —10 x In[ 22 ) = 5.52
N> 0 “(xm) % n<0.2095> m

If the tank is not empty, the target for Nitrogen inerting is non-flammable,

xp 0.1186 X
Vo= Vo ln[ £} = 10xIn{~22) =5.69
M= Yo n(xm) . n<0.2095> m
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The diluent requirement for Nitrogen diluting the fuel stream (to non-ignitable) is

o Vfuel g 10

Vyy = 2 Vg = —
M= rEC T T 0,040

—10=240L/s

These critical points can be identified from the explosive triangle diagram below
(Fig. 5.8).

5.5.2 Mixture Flammability

Here are three problems with mixture flammability. Note explosibility and ignit-
ability are stressed for two types of problems.

Problem 5.2 What is the status of a gas mixture of 5 % H,, 3 % O,, and 92 % N,?
Solution:

First, we need the critical parameter for H,, Ry = 1642, x,y = 0.76 for
hydrogen. Then we have

}vl =0.2095 - (1 _XLU) =0.05
(1

0.2095 - (1 —
I = L=x0) _ g 052
1 - 1+Rry
By = ! = 0.057
2 14+ Ry e

Secondly, we can find out the explosibility of the fuel-free mixture. Here the

fuel-free mixture is 3 % O, plus 92 % N, or 1 = 553255 = 0.032 < ;. Therefore,

the background air is non-explosive for flame propagation.

Thirdly, we can find the flammability of the mixture, which is 4 = 0.03 < 4,.
Therefore, the mixture is non-flammable.
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Finally, we can find out the ignitability of the mixture. Before that, we need to
exclude the oxygen as part of normal air. The air-free mixture is 1 —4.773 X
3% = 85.7%. Therefore, the fuel fraction is = 2 =0.058 > f,. So this

mixture is ignitable in air.

Problem 5.3 What is the status of a gas mixture of 2 % H,, 1 %CHy, 13 % O,, and
84 % N,?

Solution:

First, we need the critical parameter for H,, R,y = 16.42, x,y = 0.76 for
hydrogen and R,y = 6.00, x,y = 0.423 for methane. Then we will have

A1 =02095- (1 —x,y) =005, Jp=2220"xw) 0052, 8, = = 0.057

1 I+Ry

for hydrogen and J; = 0.2095 - (1 — 0.423) = 0.121, J, = 2205 x0) _ 0 129,

1 I+Rpy
by = m = 0.143 for hydrogen.

Secondly, we can find out the explosibility of the fuel-free mixture. Here the
fuel-free mixture is 13 % O, plus 84 % N,, or 1 = Olgw = 0.134 > 4, for either
fuel. Therefore, the background air is explosive for flame propagation.

Thirdly, we can find the flammability of the mixture, which is A = 0.134 > 1,
for either fuel. So the mixture is self-flammable.

Finally, we can find out the ignitability of the mixture. Before that, we need to
exclude the oxygen as part of normal air. The air-free mixture is 1 —4.773 X
13% = 35.0 %, which includes nitrogen and fuel. Now 2 % hydrogen needs xp =

1+R

)[‘[ = 002 — 35 1% to achieve non-ignitable, while 1 % methane needs nitrogen

0.057
Xp = )/;F = 001% = 7.0 % to achieve non-ignitable. Altogether, 2 % H, and 1 % CH,

need 35.1 + 7 % to get full-dilution, while the available nitrogen for fuel dilution is
35.0 %—2 %—1 % = 32 %. Therefore, there is insufficient nitrogen in the mixture to
achieve non-ignitable. This mixture is ignitable in air.

Problem 5.4 What is the status of a gas mixture of 10 % CO, 5 % O,, 20 % CO,,
25 % Ar and 30 % Ne?

Solution:

This is a problem of multiple diluents. First, we need to convert other diluents
into nitrogen-equivalent. Here the quenching potential for N,, CO,, Ar, Ne are
0.992, 1.75, 0.65, 0.65 respectively. The equivalent nitrogen for this mixture is
20% - goms +25% - 255 +25% - &85 = 68 %. So the new equivalent mixture is
10 % CO, 5 % O, and 68 % N,.

Now, retrieve the critical parameters for CO from Table 4.2, R,y = 4.08, x,y =
0.73 for hydrogen. Then we have
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A1 =0.2095 - (1 — x,) = 0.0566
~0.2095 - (1 — x0)

1 — 2w
1+Rry
1

= =0.197
14+ Ry

= 0.0661

2

pa

For the fuel-free mixture, the oxygen concentration is 5 % O, plus 68 % N,, or

A= % = 0.0685 > 1,. Therefore, the background air is explosive for flame

propagation.

For the flammability of the mixture, 1 = m =0.060 > 4y, so the
mixture is flammable.

Finally, we can find out the ignitability of the mixture. Before that, we need to
exclude the oxygen as part of normal air. The air-free fraction of diluent is
68 % —3.773 x 5% = 49.1%. Therefore, the fuel fraction is f = W

= 0.169 < f3,. So this mixture is non-ignitable in air.

Problem 5.5 Let us redo the problem in Sect. 2.3. A gaseous mixture of 7 % of H,
in CO,, is it flammable in air? [71]

Solution:

This is a typical type II problem. From Table 4.2, we have the critical parameter
for Hydrogen inerted by Nitrogen is MMR = Ry = 16.42. Then the critical
parameter for Hydrogen inerted by Carbon Dioxide is MMR = %l)’ = % =9.38.
The Limiting Fuel Concentration is

1 1

= = 0.096
1+Ry 1+938

LFC =

Here xp = 0.07 <LFC = 0.096, so the mixture is still in its fully diluted state
and non-ignitable.

Another solution:

Find the thermal signature of Hydrogen first

_ Xy — XL _ 0.75 — 0.04
T Co-xy-x—x0-(1—xy)-x 0.5 x0.75 x 0.04 — 0.2095 x (1 — 0.75) x 0.04
Or=1—1/x,+CoHp=1-—1/0.04+ 0.5 x 55.01 = 3.521

Ho = 55.01

Then apply Eq. 5.19, we have

B-Co 0.07 x 0.5

T B-Ho-Co—0n 007 %5501 x0.5—(0.93 x 1.75 + 0.07 x 3.521)
— 0.681 > 0.2095

a2

Since the required oxygen level (ignitability) is more than the background air
could supply, this mixture is non-ignitable.


http://dx.doi.org/10.1007/978-1-4939-2665-7_2
http://dx.doi.org/10.1007/978-1-4939-2665-7_4

116 5 [Ignitability, Flammability and Explosibility

Problem 5.6 What is the limiting oxygen concentration (LOC, or In-service
oxygen concentration, ISOC) for methane and hydrogen?

Solution:
P 0.2095 - Co B 0.2095 x 2 oa1
2702095 Ry -Op+Co 02095 %577 x0992+2
0.2095 - Co 0.2095 x 0.5
1 = — =0.0472
270.2095 Ry -Op + Co  0.2095 x 16.42 x 0.992 + 0.5

Experimentally, Ishizuka and Tsuji [113] got 0.143 and 0.052, while Simmons
and Wolfhard got 0.139 and 0.054 [114] respectively. Their designs of difusion
flame provide an effective platform for the measurement of explosiblity and

ignitability.



Chapter 6
Operations Within Flammability
Diagrams

Thermal balance method is universal in determining the flammable state of a sample
mixture, but difficult to treat various possibilities arising from dynamic changes in
composition. In addition, there are many cases dealing with safe operations, how to
turn a flammable mixture safe? In terms of trend demonstration, a diagram is useful
to present the inter-relationship between each variable.

With clearly defined concepts of ignitability, flammability and explosibility, it is
possible to draw the operation routes to reach safe states in a flammability diagram.
For each diagram, there is a critical oxygen line (LOC line), and a critical fuel line
(LFC) line. Flammability occurs near the cross point of both lines.

For a type I problem, the adding diluent is to control the explosibility (oxygen)
first, then the ignitability (fuel). Since all three species concentrations have to be
changed simultaneously, a purge operation is needed to reach this goal.

For a type II problem, the purpose is to control the ignitability of a fuel stream,
while the background explosibility (oxygen) is always fixed. Since any fuel con-
centration in a fuel stream can be controlled as a result of diluent concentration
change, a dilution operation is typical for type II problems.

Through analytical expressions for purge and dilution, we can define the route to
safety without the help of a diagram, just solving the governing equations simul-
taneously to find critical points discussed in Sect. 5.2.

6.1 Flammable States in Diagrams

A flammability diagram can be divided into different zones by some critical lines.
The position of the sample point shows the flammable state of a mixture. Let us start
with the diluted flammability diagram (Fig. 6.1), where MMR and MMF lines
encompass a rectangular domain. Firstly, a stoichiometric reaction line divides the
flammable domain into a fuel-rich and a fuel lean zone. Then the LFL and UFL lines
isolate a small area called flammable zone. Above this zone, the mixture is too rich
to react. Below this zone, the mixture is too lean to react. Then there is another two
lines, MMF (MOC) line divides unconditional non-flammable (above MMF line)
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zone and conditional flammable (below MMF line, but above UFL line) zone.
Conditional means the mixture will still be flammable if the fuel/diluent ratio is
changed without a change in oxygen. Unconditional means the mixture is non-
flammable even if the fuel fraction is changed. Similarly, there is a MMR (LFC)
line, which isolates further a space called non-ignitable. Non-ignitable means the
fuel concentration is too diluted to support ignition, no matter how much oxygen is
involved. In-between MMF and MMR lines, there is a LOC line, which defines a
zone called non-explosive. Combinations of MMR/MMF/LOC and LFL/UFL lines
divide the space into six zones of interest, flammable, rich, lean, non-flammable,
non-explosive and non-ignitable. These six zones are demonstrated in Fig. 6.1.

Operation points in these zones may have different levels of safety. If the
operation point moves just outside of the flammable domain, either in rich or lean
domain, it has a minimal safety margin. If the diluent level or fuel fraction is
changed, it may moves back into flammable zone again with added fuel or oxidizer.

If the operation point moves above the MMF (MOC) line into the non-flammable
domain, it has an intermediate safety margin. Theoretically, non-flammable means
A</y. The mixture is not supporting the flame propagation due to lacking of
flammability (oxygen). Adding diluent/fuel will not move the operation point below
the MOC line, unless air (oxygen) is added into the mixture, bringing in the needed
flammability.

The concept of explosibility is similar to flammability, but controlled by the
LOC line. Theoretically, non-explosiveness means A< 4,. For most of the time,
explosibility is harder to control than flammability (4, > 4;), with a small excep-
tion near the inertion point, where 1; </, meaning non-explosibility is easier to
achieve when the fuel concentration is too small. The MMF point is the cross point
of MMF and LOC lines, meaning 1; = 4,. Historically, this concept is not fully
recognized, so no operation is performed based on the explosibility (or LOC) line.
They are assumed interchangeable, since 4; = 4, at the MMF point.

If the operation point moves further to the right of the MMR (LFC) line into the
non-ignitable zone, it has a highest safety margin. The fuel is too lean to ignite,
and adding air will not turn the mixture ignitable. The fuel or mixture is said to be
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fully diluted and safe to release into air without worrying about the danger of
ignition or explosion. Theoretically, it means the required LOC to match the
available fuel is insufficiently supplied by the background air, or 7, > 0.2095.

In an explosive triangle diagram (Fig. 6.2), the zones are not in regular shape.
First, the air line divides the space into a realistic domain (below), and a mean-
ingless (oxygen-enriched) domain (above). Second, LFL/UFL lines divide the
space into flammable and other than flammable. Third, an LOC line connecting the
fuel point (100 % fuel) and the LOC point in oxygen axis isolates the non-explosive
zone. An LFC line connecting the air point (21 % oxygen) and the LFC point in
fuel axis isolate the non-ignitable zone. Finally, there is an iso-Oxygen line passing
the inertion point (also called the nose point of an explosive triangle), which is
called MOC line. The MOC line isolates a non-flammable zone.

The next diagram (Fig. 6.3) to be analyzed shows the role of diluent on inerting
fuels, which is most convenient for presenting experimental data, especially in the
famous BOM bulletins [4, 43]. It is called standard flammability diagram, simply
because most data in literature are presented in this form. Again, the MOC/LOC/LFC
lines divided the domain into various domains with non-flammable, non-explosive
and non-ignitable. The only readable output is Minimum Inerting Concentration
(MIC), which shows the dilution/inertion requirement clearly. However, MIC cannot
be used to derive other parameters, so its utility is much lower than the above two
diagrams. If zooming out the domain, we can also find LDC/LFC point, or LOC/LIC.
This diagram has all the information as in other diagrams, while a simple conversion
scheme cannot be found to utilize the information at inertion. For completeness, it
will be included in the discussion in various diluting and purge operations, while its
utility is poor in generating useful parameters (Fig. 6.3).

Finally, we will analyze the ternary (or triangular) diagram (Fig. 6.4) which
utilizes three axis to present all information on fuel/diluent/oxidzer compositions.
The ability to draw a 5-points ternary diagram is recommended for any textbook on
process safety, while a standard format to present data can hardly be found. Most
tri-plot tools in Excel were developed in other fields, which has a different layout of
axis than those used in petrochemical industry. This is the major obstacle to use a
tenary diagram effectively. In addtion, since most flammability problems happen in
air, only a small fraction of the domain is used, making estimations rough in values.
Finally, since everything in the diagram has to convert coordinates before plotting,
the analytical solutions in other diagrams are difficult to plot on top of the exper-
imental data.

Besides the disadvantages, there are some advantages to use ternary diagram.
Three axis are easier to read. The safe operation routes are simple to draw, while the
critical points are easy to identify and plot, making it an ideal platform for hand-
drawn solutions. Here we can see the air line (from the fuel point to air point), LOC
line (iso-oxygen line tangent to the envelope), LFC line (from the air point, draw a
line tangent to the envelope), and MOC line (iso-oxygen line tangent to the
envelope) on top of an existing flammable domain. Within the limited effective
area, the flammable zones are clearly identifiable with the above threshold lines.



6.1 Flammable States in Diagrams 121

From the above analysis, the flammable zones are equivalent to each other in all
four diagrams. Except the ternary diagram, they are isolated by characteristic lines
represented by analytical solutions listed in Table 5.2. Even we have three levels of
flammability (non-flammable, non-explosive, non-ignitable), the state of non-
explosiveness was not properly recognized and defined in the past, so the target of
dilution operation is either non-flammable, or non-ignitable. Here we will work on
graphical representation of operate routes to reach such safe targets.

6.2 A Thermal Explanation

Here we can have a thermal check on flammability diagrams. Similar to the energy
ratio proposed in Eqs. 4.12 and 4.13, we have two Heating-Quenching Ratios
(HQR) defined as

HOR, = CoHoxp _ fuel heating 'potential . 6.1)
Orxp + Qoxo + Opxp  mixture quenching potential
HOR, = Ho - xo ~ oxidizer heating potential (62)

Orxr + Qoxo + Opxp " mixture quenching potential

If HOR, > 1, the fuel heating potential is more than the mixture quenching
potential, which means fuel is sufficient to burn, or x > x;. It also means the fuel in
the mixture is ignitable, or the mixture is ignitable.

If HOR, <1, the oxygen heating potential is more than the mixture quenching
potential, which means oxygen is sufficient to burn, or x <xy. It also means the air
in the mixture is explosive, or the mixture is explosive.

The total energy release is limited by both fuel and oxygen, or the smaller of the
two, as shown in Eq. 6.3.

HQR = min(HOR,, HOR,) (6.3)

The distribution of HQR in the diluted flammability diagram is shown in
Fig. 6.5. If HOR > 1, the fuel or oxygen-based heating potential is more than the
mixture quenching potential, which means the mixture is both ignitable and
explosive, more precisely flammable, or x; <x <xy. So the flammable envelope is
controlled by HOR = 1.

Figure 6.5 shows the distribution of various HQRs for methane burning in
normal air. The flammable envelope covers the region where the heating potential is
larger than the quenching potential of the mixture. Using HQR = 1 to get the iso-
contour line, the resulting peninsula is; in the diluted flammability diagram.
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Fig. 6.5 The distribution of
HQR in the flammability
domain for methane burning
in air. a Contour of HQR;
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By manipulating the cumulative quenching and heating potentials in a mixture,
it is possible to find an iso-HQR surface in a 3-D HQR diagram. For the HQR =1
surface, it is also the surface for critical (upper and lower) flammable limits. Here is
a 3-D HQR surface modified by oxygen fraction in the mixture (Fig. 6.6).
Governing equations and variations are provided in Sect. 7.2.1.
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-0

Fig. 6.6 The contour surface of oxygen-modified flammable envelope for methane

Figure 6.6 shows the distribution of HQR for the combustion of a CO,-diluted
fuel (Methane) in oxygen-modified air. HQR = 1 is the contour surface for the
flammable envelope.

6.3 Purge in Flammability Diagrams

6.3.1 Different Levels of Safety

We have three levels of safety margin with three points as targets in the flamma-
bility diagram, which means three targets for safe operations. A diluent adding to a
flammable mixture will move the operation point to targets at three levels, out-
of-envelope, non-flammable and non-ignitable (as shown in Fig. 6.7). Here in order
to understand such three levels of safety, we need to start with a sample flammable
mixture.

Here is a sample taken from a sealed area with the following mixture compo-
sition: CH4—9 %, N,—57.7 %, 0,—15.3 %. Is this gas-mixture flammable? What are
the possible safe targets of operations?

Here the diluent (nitrogen) level for inertion is 1 — 0.09 — 4.773 %« 0.153 = 0.18.
So R =0.18/0.09 =2, x,, = 0.18 + 0.09 = 0.27. We can plot the experimental
flammability diagram for methane as shown in Eq. 6.7, where the sample lies in the
up-middle part in the flammable envelope. Therefore, this sample is flammable.
Since such a typical type I problem is difficult to control two species at the same time
(by dilution), purge is resorted to manipulate concentrations to reach the safe state.
However, we have three choices for purge, purge by air, purge by diluent and purge
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Fig. 6.7 Purge operations on the flammable mixture from a mine fire

by fuel. Their purge curves (with analytical expressions provided in Table 6.1) are
displayed in Figs. 6.8, 6.9, 6.10 and 6.11.

If purged with air, the sample point should move down to (Rg, Xg), to reach the
lean state.

If purged with fuel (methane), the sample point will move up to (Rs, xpy), to
reach the non-flammable state.

If purged with diluent (nitrogen), the sample point will first move to (R, x;), to
reach the fuel-rich state. However, this is not safe enough. So the purge should stop
at least near (R, xy), to reach the non-flammable state. Since the non-flammable
state still has the danger of crossing the flammable zone when diluted by air, the
purge should stop at (R3, x3), to reach the non-explosive state. Finally, the purge
should stop at (R4, x4) to reach the non-ignitable state. After that, the mixture is
both non-explosive (oxygen-lean, no matter how much fuel is available) and
non-ignitable (fuel-lean, no matter how much oxygen in available), so it is safe.

Since the safety targets are clearly defined, we can draw the purge routes in these
diagrams. For the purge operations with diluent/fuel/air, we have the following
dilution curves provided in Table 6.2. All curves are functions of initial condition

Table 6.1 Analytical expressions for purge operations

Standard Diluted Triangle
_ 1= . _ xr
Purge D) | xp = {52 X Xm = % x0 = 02095 - (1 — xpp — xpo) - 55
Purge (F — 1 - =, — o (I4R) =02 1 — _ Ao
e ® =1 =50 =gy | 20 = 0.2095(1 - xm0 —xpo) 155

Purge (A) | Xxr = xp - Xro/Xpo R=R, xo = 0.2095 [1 _ (1 + m) 'XF}

XF0




6.3 Purge in Flammability Diagrams

Table 6.2 Analytical expressions for diluting operations
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Standard Diluted Triangle
Dilution (D/A) | xp = xpo Xm =xro- (1+R) Xp = Xp o
Dilution (F/A) | xp =xpo X =xpgo- (1+1) xo =0.2095 - (1 — xp — xpyp)
Dilution (D/F) Xp =Xp0+Xpo—Xp | Xm =Xpo+xp0=C |xp= 0.2095(1 —XFo — XD,O)

(designated with a subscript 0). Analytical purge curves (listed in Table 6.1) are
more complex than the diluting curves (listed in Table 6.2), since the impact of
additive is shared by all constituents, while the background species is constant in
diluting operations. In a ternary flammability diagram, the purge curves is much
simpler, just draw a straight line from the initial point (sample point or initial point)
to the extreme condition (100 % diluent point).

Again, we need to apply these purge curves to a sample problem to appreciate
their utilities in guiding purge operations.

There is a static mixture sample taken in a confined space (type I problem), with
10 % methane, 20 % excess nitrogen and 70 % normal air. Perform the following
analysis on each flammability diagrams and solve it with analytical solutions.
Answer the following questions.

a. How to make the mixture safe (non-flammable) by adding fuel?

b. How to make the mixture safe (non-flammable, non-explosive or non-ignitable)
by adding diluent?

c. How to make the mixture safe (fuel-lean) by adding air?

6.3.2 Purging Operation in the Standard Flammability
Diagram

Purging operations in the standard flammability diagram are presented in Fig. 6.8.

05}
04
:é. 03 L
s 0. i
tuung 0.258 .
3 |- ™
3 - el
“ 02} _ e
I\
[ —2_9 |
01 F mmm 2 b5
——————— i ——
60 00 ‘_qr&’o’fc- 33 e LT '-----.HO“".Q“'%]
-~ +Air \ | (d“u“e
o_u N 70165y Q3417 §0.35110.429 , ,
0.1 0.2 0.4 0.5 0.6

0.3
Diluent (%)

Fig. 6.8 Purging operations in a standard flammability diagram
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a. Purge with a fuel to non-flammable.
Following the purge-by-fuel line in the diagram (Fig. 6.8), we have the safe

xp = 0.165 .
target for non-flammability. However, we can also solve the two

xp = 0.258
coupling curves (the purge-by-fuel line and the MOC line) defined by
Xp = L= *XD,0 :
I —xpo , Where the same answer can be achieved
Xp +xp = 1—-4.773 - /11 =043
analytically.

b. Purge with a diluent to non-flammable.
Following the purge-by-diluent line in the diagram (Fig. 6.8), we have the safe

xp = 0.341 .
target as However, we can also solve the two coupling

xr = 0.082°
curves (the purge-by-diluent line and the MOC line) defined by
1-— XD
XFp = *XF0 .
I —xpo , where the same answer can be achieved
Xp +XxXp = 1—-4.773- /ll =043
analytically.

c. Purge with a diluent to non-explosive
Following the purge-by-diluent line in the diagram (Fig. 6.8), we have the safe

xp = 0.361

target as . However, we can also solve the two coupling curves
xp = 0.080
(the purge-by-diluent line and the LOC line) defined by
1-— XD
XFP = " XF0
1-— XD.0

, where the same answer can be achieved ana-

_xw— 1 =Ry I
_ T TR

XF
Riy - xpy

lytically. Historically, nobody recognized and used non-explosiveness, which

was assumed interchangeable with non-flammableness. It is derived here for

completeness.

d. Purge with a diluent to non-ignitable
Following the purge-by-diluent line in the diagram (Fig. 6.8), we have the safe

xp = 0.429 . .
target as . Analytically, we have two curves (the purge-by-diluent
xp = 0.072

I—XD

. . Xp = * XF 0
line and the LFC line) I —xpo , where the same answer can be

xr = xp/Ry
achieved analytically.
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e. Purge with air will not go to non-explosive or non-ignitable, but to the fuel-lean
Xp = 0.10

state only, located at .
xr = 0.05

6.3.3 Purging Operations in the Diluted Flammability
Diagram

Purging operations in the diluted flammability diagram are presented in Fig. 6.9.
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Fig. 6.9 Purging operations in the diluted flammability diagram

a. Purge with a fuel to non-flammable.
Following the purge-by-fuel line in the diagram (Fig. 6.9), we have the safe

R =0.61 xp = 0.163
target as or . However, we can also solve the two
xm = 0.43 xp = 0.267
coupling curves (the purge-by-fuel line and the MMF line) defined
- (1 + R) *XD,0
by " R- (1 —XF,O) +Xpo , where the same answer can be

Xm = Xp + Xp = 1—-4.773- il =043
achieved analytically.

Purge with a diluent to non-flammable
Following the purge-by-diluent line in the diagram (Fig. 6.9), we have the safe

R =4.28 =0.348
or D . However, we can also solve the two
x, = 0.43

target as
xrp = 0.082
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coupling curves (the purge-by-diluent line and the MMEF line) defined by

~ (14R)-xpp
"R -xpo+1-— XD,0 , where the same answer can be achieved
Xp=xp+xp=1—4773-1; =043
analytically.

. Purge with a diluent to non-explosive
Following the purge-by-diluent line in the diagram (Fig. 6.9), we have the safe

R =4.50 xp = 0.361
target as r . However, we can also solve the two

0
X = 0.44 xr = 0.080

coupling curves (the purge-by-diluent line and the MOC line) defined by
(1 + R) “XF0

m =
R-xpo+1—xpy .
’ ' , where the same answer can be achieved
xy — 1 — Ry
xp=—"———".xp+1
Rry - xru

analytically.

. Purge with a diluent to non-ignitable
Following the purge-by-diluent line in the diagram (Fig. 6.9), we have the safe

R=6 xp = 0.430

target as or . However, we can also solve the two
x, = 0.514 xg = 0.072

coupling curves (the purge-by-diluent line and the RLU line) defined by
(1 + R) * XF0

m — .
R-xpo+1—xpo, where the same answer can be achieved

R=6
analytically.

. Purge with air will not go to non-flammable or non-ignitable, but to a lean state
R=2 {xD =0.10

located at or .
{xm =0.15 xrp = 0.05

6.3.4 Purging Operations in the Explosive Triangle Diagram

Purging operations in the explosive triangle diagram are presented in Fig. 6.10.
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Fig. 6.10 Purging operations in the explosive triangle diagram

a. Purge with a fuel to non-flammable.
Following the purge-by-fuel line in the diagram (Fig. 6.10), we

xo = 0.121
have| "¢ . However, we can also have two curves (the purge-by-fuel
xp = 0.258

I—XF

Xo = 0.2095 - . (1 — XrFro — xD70)
line and the MOC line) defined by 1 —xrp : s

Xo = 11 =0.121
where the same answer can be achieved analytically.

b. Purge with a diluent to non-flammable

Following the purge-by-diluent line in the diagram (Fig. 6.10), we have
Xo = 0.121 .
. However, we can also have two curves (the purge-by-diluent

xp = 0.082

1 —

o = 02095 - ——2 . (1 = xpo — xpy)

line and the MOC line) defined by I —xpo ’ ,
Xo = i] =0.121

where the same answer can be achieved analytically.

c. Purge with a diluent to non-explosive

Following the purge-by-diluent line in the diagram (Fig. 6.10), we have

xo =0.116
© . However, we can also have two curves (the purge-by-diluent line
xg = 0.081

1-—
X0 = 0.2095 - ——2 . (1 — xp.g — xp)
and the LOC line) defined by I —xpp ' , Where
Xo = /Lz(l — XF)
the same answer can be achieved analytically.
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d. Purge with a diluent to non-ignitable
Following the purge-by-diluent line in the diagram (Fig. 6.10), we have

xo = 0.105 .
. However, we can also have two curves (the purge-by-diluent
XFp = 0.071
1—
X0 = 0.2095 - D . (1 — XFro — XD7())
line and the LFC line) defined by I —xpy ' s

Xo = 0.2095 - [1 — (1 + RLU)-XF]
where the same answer can be achieved analytically.

e. Purge with air to fuel-lean
Purge with air will not go to non-flammable or non-ignitable, but to the fuel-lean

xo = 0.178

state located at
xr = 0.05

6.3.5 Purging Operations in the Ternary Flammability
Diagram

Purging operations in the ternary flammability diagram are presented in Fig. 6.11.
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Fig. 6.11 Purging operations in a ternary flammability diagram
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a. Using experimental data of methane, the flammability diagrams of methane are
shown in Fig. 6.11. The sample point lies outside the flammable domain, but
still above the MOC line, so it is conditional-flammable.

b. Purge with air to the fuel-lean state, the critical safe condition is {

which is the cross point of the purge-by-air line and LFC line.

xo = 0.121

c. The purging-by-fuel line will cross the MOC line at .
xp = 0.258

d. Purging by diluent will cross the MOC/LOC/LFC lines respectively. The

. . . Xo = 0.116
mixture will be non-explosive at ., non-flammable at
xr = 0.081
xo = 0.121 o xo = 0.105
, and non-ignitable at .
xrp = 0.082 xr = 0.071

e. Purge with air to fuel-lean
Purge with air will not go to non-flammable or non-ignitable, but to the fuel-lean

xo = 0.178

state located at .
xg = 0.05

6.4 Dilution in Flammability Diagrams

Sometimes, the original mixture in a confined space does not have a third species,
such as a full fuel tank or an empty fuel tank. The purge of the space is realized by
introducing an agent to displace another. In other times, the fuel/diluent combi-
nation can be strictly controlled, such as a fuel stream. The concentration rise of one
species is realized by decreasing another. In both cases, they are dilution problems,
which have only two species floating with a third species (background air) constant.

If the mixture is coming from a dynamic stream of fuel/oxidizer/diluent,
adjusting two concentrations will not affect the concentration of the third, it is
treated as a diluting problem (as compared to the static mixture in a confinement,
a purge problem). Here there are three reversible diluting scenarios, adding fuel by
displacing air (designated as F/A), adding diluent by displacing air (designated as
D/A), adding diluent by displacing fuel (designated as F/D). Here we can treat the
dynamic diluting process by moving the operation point along one of the six
directions, as shown in Figs. 6.12, 6.13, 6.14 and 6.15. Note, dilution means only
two concentrations are adjustable, while the third concentration stays constant. So
dilution (D/A) is in fact an iso-fuel line, dilution (F/A) is in fact an iso-diluent line,
while dilution (F/D) is in fact an iso-air line. From these principles, we can derive
the analytical operating curves in Table 6.2. It is difficult to express the analytical
solutions in a ternary diagram.
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Here is a typical sample problem for diluting operations.
A stream of gases with 10 % methane, 20 % nitrogen and 70 % air are released
and mixed in air. Answer the following questions.

a. How to make the mixture non-flammable or non-ignitable by adding fuel?
b. How to make the mixture non-flammable or non-ignitable by adding diluent?
c. How to make the mixture non-flammable or non-ignitable by adding air?

6.4.1 Diluting Operations in a Standard Flammability
Diagram

Diluting operations in the standard flammability diagram are presented in Fig. 6.12.

Fuel (%)
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Fig. 6.12 Diluting operations in a standard flammability diagram

Solution:

a. Using experimental data of methane, the flammability diagrams of methane are
shown in Fig. 6.12. The mixture point falls above the flammable zone, but
below non-flammable line. It is still dangerous, since MOC is not guaranteed.

b. In order to inertize the fuel mixture, more fuel is added into the mixture by
displacing the air or the diluent. Displacing air, the critical safe target is

xp =0.223
xp = 0.200
Displacing diluent, the mixture goes to nowhere, still in the flammable zone.

, which will reduce the oxygen centration to MOC = 0.121.
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. In order to dilute the fuel mixture, more diluent is added into the mixture by
displacing the air or displacing the fuel. Displacing the air, the critical diluent

.. | xr=0.100 xg = 0.100 )
fraction is for non-flammable, for non-explosive,
xp =0.323 xp = 0.363
xp = 0.100 . o o .
for non-ignitable. Displacing the fuel, the critical diluent fraction
xp = 0.600
.| xr =0.043 L.
is 0.257 for non-ignitable.
Xp = 0.257

. In order to dilute the mixture, additional air is added into the mixture by dis-
placing the diluent or displacing the fuel. Displacing the diluent, the mixture
goes to nowhere. Displacing the fuel, additional air can decrease the fuel con-

xg = 0.05
centration to 4 for the fuel-lean state or to the non-ignitable state of
xp = 0.200
xg = 0.033 . ..
. However, the flammable zone will be crossed. This is not the
xp = 0.200

recommended safe operation while crossing the flammable zone.

6.4.2 Diluting Operations in a Diluted Flammability Diagram

Diluting operations in the diluted flammability diagram are presented in Fig. 6.13.
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Fig. 6.13 Diluting operations in a Diluted flammability diagram
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Solution:

a. Using experimental data of methane, the flammability diagrams of methane are
shown in Fig. 6.13. The mixture point falls above the flammable zone, but still
under the non-flammable zone, or in the fuel-rich zone. It is still dangerous,
since MOC is not guaranteed.

b. In order to inertize the fuel mixture, more fuel is added into the mixture by
displacing the air. The critical target for non-flammability is found to be
1

R =0.87 Xm=1|14+=] " xp, xp =02
{ by solving ( R) P9 That means { r

xm = 0.43 X, = xpy = 043 xp =0.23

XF +xp = x, =043

), which will reduce the oxygen centration
XD / XFp = 0.87

(by solving {

R =0.417

to MOC = 0.121. The critical target for non-explosibility is { 0.68
Xm = 0.

1
Xm = (1 +E) *XD,0

(1—4.7734) - (1 +R)

1—-47732, +R
non-flammable or non-explosive by F/A dilution.

by solving . So this mixture can be inertised to

Xm =

c. In order to dilute the fuel mixture, more diluent is added into the mixture by
displacing the air or by displacing the fuel. Displacing the fuel, the critical target

) R=6 xp=0.043 ) ) . )
is or . Displacing the air, the critical target is
X =03 xp = 0.257

R=33 o R =346
for non-flammability, for non-explosibility, and
Xn = 0.43 Xn = 0.45

Xm =

k=6 i gnitabilit
Or non-i1gnitapility.
07 5 Y

d. In order to dilute the mixture, additional air is added into the mixture. However,
air can be replacing diluent or fuel. Displacing diluent, additional air can never
dilute the mixture to non-ignitable, or turn the mixture to non-flammable.
Displacing fuel, additional air can decrease the fuel concentration of 0.05 or to

R—6 {xF:0.O33

the non-ignitable state of { . However, the flammable

or
Xm = 0.233 xp =0.2

zone will be crossed. There is some risk involved in this diluting operation.
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6.4.3 Diluting Operations in an Explosive Triangle Diagram

Diluting operations in the explosive triangle diagram are

presented in Fig. 6.14.
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Fig. 6.14 Diluting operations in an explosive triangle diagram

Solution:

a. Using experimental data of methane, the flammability diagrams of methane are

shown in Fig. 6.14. The mixture point falls outside the flammable zone, but still
above the non-flammable zone, or in the fuel-rich zone. It is still dangerous,
since MOC is not reached.

. In order to decrease the oxygen level to MOC, additional fuel is used for
xr = 0.223

for non-flammability
o =0.121

dilution. Displacing air, the safe target is {

X
xp = 0.480 Qs . o .

and for non-explosibility. Displacing diluent, there is no safe
xo = 0.067

target available.

. Diluent can be used for displacing fuel or air. Displacing fuel, the critical safe

. ) xr =0.043 o . L. iy
target is for non-ignitability. Displacing air, the critical safe target
Xo = 0.147
xr = 0.100 7 = 0.100

X
for non-flammability, { for non-explosiveness,

is
{x0—0.121 xo =0.116

and for non-ignitability.

xo = 0.063
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d. In order to dilute the mixture, additional air is added into the mixture. However,
air can be replacing diluent or fuel. Replacing diluent, additional air can never
dilute the mixture to non-ignitable, or inert the mixture to non-flammable.

Replacing fuel, additional air can decrease the fuel concentration to 0.05 for the
xp = 0.033 R

fuel-lean state or to 0.161 for non-ignitability. However, the flammable
Xo = V.

zone will be crossed. There is some risk involved in this diluting operation.

6.4.4 Diluting Operations in a Ternary Flammability
Diagram

Diluting operations in the ternary flammability diagram are presented in Fig. 6.15.

O % = LAY R TN 0
100 90 80 ] % 30 3% sl
0 OXYGEN, volume-percent 12.

Fig. 6.15 Diluting operations in a ternary flammability diagram

Solution:

a. Using experimental data of methane, the flammability diagrams of methane are
shown in Fig. 6.15. The mixture point falls above the flammable zone, but
below the non-flammable zone, or in the fuel-rich zone. It is still dangerous,
since the condition of MOC is not satisfied.
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b. In order to dilute oxygen (or inertise the fuel mixture), more fuel is added into
the mixture by displacing air. The critical condition is the cross point between
o . . : xo=0.121 .
the displacing-by-air fuel line and the MOC line, or {XF _o11’ which will
reduce the oxygen centration to MOC = 0.12. So the mixture can be inertised by
adding fuel.

c. In order to dilute the fuel mixture, more diluent is added into the mixture by
displacing the air or displacing fuel. For displacing air, the critical condition is

xo = 0.121 . xo =0.116 .
for non-flammability, for non-explosibility and
xgp =0.10 xg =0.10

xo = 0.07 o o . o
for non-ignitability. For displacing fuel, the critical condition is

xp =0.10

xo = 0.147 R
for non-ignitability.

XFp = 0.07

d. In order to dilute the mixture, additional air is added into the mixture. However,
air can be replacing diluent or fuel. Displacing diluent, additional air can never
dilute the mixture to non-ignitable, or inter the mixture to non-flammable.
Displacing fuel, additional air can decrease the fuel concentration to 0.05 for the
fuel-lean state. However, the flammable zone will be crossed. There is some risk
involved in this diluting operation.

6.5 Summary on Purge and Dilution in Diagrams

From the above sample mixture, we have 11 possibilities (7 diluting plus 4 purge
operations) to reach a safe target. By introducing and differentiating, the concepts of
non-explosive, non-flammable and non-ignitable, flammable domains are better
presented with analytical boundaries. All these boundaries are developed from their
physical meanings. A comparison of results of above operations is shown in
Table 6.3. It is found that all flammability diagrams are equivalent to each other.
With the analytical solutions, the diluting and purging operations are differen-
tiated and presented in the flammability diagrams. This helps to turn the old state
diagram into the new operation-specific process diagrams. Thus, these diagrams can
provide more information on guiding the safe handling of flammable mixtures.
Since all diagrams are compared here, a natural question arises, which one is
best? From the above analysis, we can see that all diagrams are equivalent in terms
of conservation of energy and volume. However, from the utility perspective, we
can have the following rank, diluted > triangle > standard > ternary. Coward’s
diluted flammability diagram is best by providing rectangular flammable boundary
and critical parameters (MMR/MMEF), while the diluent/fuel ratio is a more preferred
operation parameter in industry. Therefore, it is most useful in presenting data.
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Table 6.3 Target safe operation points via various operations

Operation Standard Diluted Triangle Ternary
Dilution (D/A) to non-flammable | x; = 0.10 X, =043 xp =0.10 xp =0.10
xp=0323 |R=33 xo =0.121 | xp =0.121

Dilution (D/A) to non-explosive | xp = 0.10 X = 0.43 xr =0.10 xp = 0.10

xp =0.363 | R=3.46 x0 =0.116 | xo =0.116
Dilution (D/A) to non-ignitable xp = 0.10 X, = 0.70 xp =0.10 xr = 0.10

xp = 0.60 R=6 xo = 0.063 | xo = 0.063
Dilution (F/A) to non-flammable | xz = 0.223 | x,, = 0.43 xp=0.223 | xp =0.223
xp =0.20 R =0.87 xo =0.121 | xo =0.121
Dilution (F/A) to non-explosive xp =049 X, = 0.68 xp = 0480 | xp =0.480
xp =0.20 R=0417 xo = 0.067 | xo = 0.067
Dilution (D/F) to non-flammable | x; = 0.043 | x,, = 0.43 xr = 0.043 | xp =0.043

xp=0257 |R=6 xo =0.147 | xp =0.147
Dilution (A/D) to non-flammable | xr =0.033 | x,, = 0.233 | xr = 0.033 | xr = 0.033
=020 |R=6 xo =0.161 | xo = 0.161
Purge (D) to non-flammable xr =0.082 | x,, =0.43 xp =0.082 | xp =0.082
xp =0.341 | R=4.28 xo =0.121 | xp = 0.121
Purge (D) to non-explosive xr =0.081 | x, =0.43 xp =0.080 | xp =0.080
xp =0.361 | R=4.50 xo =0.116 | xop =0.116
Purge (D) to non-ignitable xr=0.072 | x, =0.514 | xr =0.072 | xr =0.072
xp=0429 |R=6 xo =0.105 | xp =0.105
Purge (F) to non-flammable xr = 0258 | x, =043 xp =0.258 | xp =0.258

xp =0.165 | R=0.61 x0 =0.121 | xp =0.121

Explosive triangle is a second best, since LOC and LFC are clearly defined, and
occupy a significant portion in the domain. So there is sufficient resolution in reading
data. The standard diagram has a small area for operations, so data are difficult
to read. Ternary diagram has an even smaller area for dilution and purge.
The boundaries do not have analytical expressions. In addition, experimental data to
display in a ternary diagram need special conversion, further reducing its attrac-
tiveness for safe operations. Simply by comparing the effective readable areas,
ternary diagram is inferior to other diagrams.

6.6 Application on Tank Operations

Tank fire is a serious problem in the petrochemical industry [115]. One application
of the flammability diagram is to guide the filling-tank operations on inerting a
flammable mixture within a confined space. Filling is a typical type I problem for
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Fig. 6.16 Flammability diagrams for filling and emptying operations. a Diluted flammability
diagram and local zoom up. (Filling GFC, Emptying EBD), b Explosive triangle diagram and local
zoom up (Filling GFC, Emptying EBD)

controlling the oxygen, and emptying is a typical type II problem for controlling the
fuel. Therefore, we have two types of problem to solve in a fuel tank (or a confined
space).

In order to determine the diluent requirement for inerting a tank prior to filling
the tank with gasoline, we have a reduced flammability diagram and an explosive
triangle shown in Fig. 6.16. Critical points in Fig. 6.16 are listed in Table 6.4.

6.6.1 Safe Operations Before Filling a Liquid Tank
(Type I Problem)

Before filling an empty fuel tank, the air has to be fully inertised before the filling
starts. That means the oxygen level should be controlled. Here the inertion process
started from the air point (G), to the inertion point (F). The inertion point F has an
oxygen concentration of LOC or ISOC (in-service oxygen concentration). The
ISOC represents the maximum oxygen concentration that just avoids the flamma-
bility zone. Then stop adding diluent, and allow the fuel to fill the tank. Once
the fuel evaporates, its vapor will move the point along the LOC line, from F to C.
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Table 6.4 Critical points for tank protections

Operation | Points | Name R Xm Xp XF X0

A Fictitious inertion point 24.2698 | 0.4463 | 0.8663 |0.0177 |0.116
Filling G Air point 0 0.7905 |0.7905 |0 0.2095

F LOC (or ISOC) inertion 242698 |0.442 |0.881 |0 0.119

point

C MMF point 24.2698 |0.4243 |0.8636 |0.01679 | 0.1206
Emptying |E 100 % Fuel point 0 1.0 0 1.0 0

B LFC dilution point 24.27 1.0 0.9605 |0.0395 |0

D MMR point 21.624 | 0.4463 | 0.8643 |0.01973 | 0.1160

The worst-case scenario is the point C, which is the tangent point of LFC on the
flammable envelope, or the MMF point. The non-explosive status is maintained
even fuel is allowed to come in.

This limiting oxygen concentration at point B is derived as

C
Jp = ISOC = 2L (6.4)

1—)CL

In addition, Mashuga and Crowl [109] also derived ISOC = ff);i =/ in a
ternary diagram, equivalent to Eq. 6.4. However, this is a concept of explosibility,
which makes the mixture non-explosive, or more precisely, makes the flammable
envelope shrink to nil.

Figure 6.16b shows the operating routes for protecting gasoline tanks by
nitrogen in an explosive triangle diagram. It is a type I problem, but since the fuel is
missing, the purge process is equivalent to a diluting operation. In order to fully
inertize the air in the tank, an oxygen level of 4, = 0.118 will be reached by
dilution to keep the mixture non-explosive at point B. After introducing the fuel
into the tank, the oxygen concentration will drop to 4; = 0.116 (Point D) or further,
still providing a non-explosive environment against flame propagation or explosive
burning.

6.6.2 Safe Operations Before Emptying a Liquid Tank
(Type II Problem)

Before emptying a fuel tank, the air space should be inerted before allowing more
air to leak in. From the diluted flammable envelope (Fig. 6.16), the inertion process
started from the fuel point E, and move to the (fuel) dilution point B. Once the fuel
space is fully inerted at B, the emptying process can start, which allows more air
come in to replace fuel. Under the inertion line LFC, the mixture is kept non-
ignitable. The emptying process will increase the oxygen concentration along the
LOC line, further to the point D. Point D is the cross point of LOC and MOC lines,
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or the MMR point, so the non-ignitable status is maintained even air is allowed to
come in.
The (fuel) inertion point B is controlled by LFC, derived as

LFC = B, = OSFC = (6.5)

1+ Ry

where the initial fuel concentration is x- = 1 for a full tank space with fuel vapor.
Note, Mashuga and Crowl [109] derived

XL o il o CO'XL
l—CoxL//l Co(l—;ul/)») CO'xLU

OSFC = (6.6)

where A; = Cox; is used in their derivation. Note for nitrogen in air,
QD = QN =0.992 ~ 1, so XF = XL. That is

1
osFC="L - _ T _ (6.7)
Xy X xp+xr 1+Ryy

Obviously, their OSFC is equivalent to Eq. 6.5, if nitrogen is used as the diluent.

Graphically, the fuel vapor space will be purged (or diluted, since there is no air
available yet) with a diluent (nitrogen), moving from point E to B. Then the
emptying process will bring in air. However, since the operation points are all along
or under the LFC line, the mixture is kept non-ignitable all the time. The worst-case
scenario is the point D, on both the LFC line and the envelope. Here the vapor
space is fully diluted (non-ignitable) before it has access to the air.

Figure 6.16b shows the operating routes for protecting gasoline tanks by
nitrogen in an explosive triangle diagram. The fuel concentration should be dropped
from one to §,= 0.0398 (point F) by nitrogen dilution to keep the fuel stream non-
ignitable in air. After introducing air into the tank, the fuel concentration will
further drop to ;= 0.0116 (point D) or further, still providing a non-flammable
environment against flame propagation.

In summary, the purge process prior to a filling process is to control the oxygen, so
the space is non-explosive before the filling starts. The emptying process is to control
the fuel vapor level, so that the mixture is non-ignitable before the emptying starts.
This result is consistent with the result from a ternary diagram [109]. In conclusion,
this theory extends the diluted diagram-based operations by Planas-Cuchi et al. [116],
and consistent with and equivalent to the theoretical framework set by Mashuga and
Crowl [109] based on a ternary diagram. Both can be better presented in an explosive
triangle diagram. Critical points are explained and unified satisfyingly using the
concept of explosibility and ignitability in this work.
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6.7 Problems and Solutions

6.7.1 Flammable State in a Ternary Diagram

Problem 6.1 If there is a methane mixture (50 % methane, 40 % oxygen and 10 %
nitrogen) in a compartment of 1 m>, how to purge the compartment with nitrogen,
so the compartment is

a. Barely non-flammable?

b. Non-flammable?

c. Non-explosive?

d. Non-ignitable if the fuel mixture is released into air?

, /
/ / A\
/ Flamnjable
/ B
/ mixtures
/

0
o 100 90 80 70 60 50 40 30 20 10 0 N
Oxygen (vol %)

Solution:

First, plot the sample condition in the ternary diagram as point A. Draw a line
connecting the 100 % Nitrogen point, which is the purge by nitrogen line. Then we
can identify 4 points, which are solutions to the above questions.
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a. The purge line crosses the flammable envelope at point B, which is read as 33 %
Oxygen, 43 % Methane and 24 % Nitrogen. Therefore, the diluent requirement

is Vy = =Vo-In(22) = —1-In($%) = 0.15m’,
b. The purge line crosses the MOC line at point C, which is read as 16 % Methane,

12 % Oxygen, and 72 % Nitrogen. Therefore, the diluent requirement is
Vi ==Vo-In(2£) = —1-In(lg%) = 11410’

c. The purge line crosses the MOC line at point D, which is read as 15.5 %
Methane, 11.5 % Oxygen, and 73 % Nitrogen. Therefore, the diluent require-
ment is Vy = =V - ln(fﬁ—FO) =-1 ~ln(&%) =1.17m’.

50%
d. To dilute the fuel mixture to non-ignitable, the safe target is point E, which is
read as 10 % Methane, 7 % O, and 83 % Nitrogen. Since this is a dilution

problem, the diluent requirement is %‘\jﬁ)% =83% or Vy =2.53m>,

6.7.2 Dilution and Purge for Gasoline Safety

Problem 6.2 If a sample taken from a confined crawl space underground shows the
following composition: Gasoline 1.875 %, Oxygen 14.665 %, and Nitrogen
83.46 %. Answer the following questions using the flammability diagram taken
from [4]

a. What is the flammable state of the mixture?
b. How to change the composition of the mixture to safety through dilution?
c. How to change the composition of the mixture to safety though purge?

Solution A: Using a diluted flammability diagram.

a. Take the experimental data from the standard flammability diagram, render the
data in the diluted diagram. The critical parameters for safety is R,y = 24.27,
xpy = 0.4463 for nitrogen envelope (Fig. 6.25). MOC is estimated as
21 =0.2095 - (1 — x;y) = 0.116.

b. Since x, =0.14665, we have xp=1-—xr—4.773-x,=0.2813, so
R =0.2813/0.01875 = 15. Plot the sample point in diluted flammability diagram
(Fig. 6.17). Obviously, it is flammable.

For a dilution operation, we have three possibilities controlled by different
dilution curves.

For a dilution by diluent/air, the dilution curve is x,, = xpo - (1 + R).

For a dilution by fuel/air, the dilution curve is x,, = xp - (1 + %)

For a dilution by diluent/fuel, the dilution curve is x,, = xg o + xpo = C.

All three curves are plotted on top of the flammable envelope. From these
operations, we can make the following conclusions.
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Fig. 6.17 Dilution operations in a diluted flammability diagram

(a)

(b)

(©
(d

For a dilution by diluent/air, adding nitrogen will reach (R = 22.5,x = 0.446)
for the non-flammable state, and (R = 24.27, x = 0.48) for the non-ignitable
state.

For a dilution by fuel/air, adding fuel will reach (R = 1.8, x = 0.446) for the
non-flammable state, while adding air will reach (R = 24.27, x = 0.29) for
non-ignitable state.

For a dilution by diluent/fuel, adding diluent will reach (R =24.27, x = 0.3) for
the non-flammable state.

Since x, = 0.14665, we have xp=1-—xr—4.773-x,=0.2813, so
R = 0.2813/0.01875 = 15. Plot the sample point in diluted flammability dia-
gram (Fig. 6.18). Again, this mixture is flammable.
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Fig. 6.18 Purge operations in a diluted flammability diagram
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For a purge operation, we have three possibilities controlled by different purge
curves.

. . . . xro-(14+R
For a purge operation by adding diluent, the purge curve is x,, = %
xpo-(14+R)
R( 1 —XF,O) +xpo’
For a purge operation by adding air, the purge curve is R = Ry.
All three curves are plotted on the flammable envelope in Fig. 6.18. From these

operations, we can make the following conclusions.

For a purge operation by adding fuel, the purge curve is x,, =

(a) For a purge by adding diluent, the sample will reach (R = 29.1, x = 0.4463)
for the non-flammable state, and (R = 24.27, x = 0.404) for the non-ignitable
state. They can be calculated directly from analytical curves

X, = 0.4463 R =2427
0.01875 - (1 4+ R) and 0.01875- (1 +R)
Xm — Xm =
R-0.01875+1 —0.28125 R-0.01875 +1—0.28125
(b) For a dilution on fuel/air, adding fuel will reach (R = 0.9941, x = 0.4463) for
the non-flammable state. It can be solved directly
Xm = 0.4463
from 0.28125- (1 +R)
Xm =

~ R-(1-0.01875) + 0.28125
(c) For a purge with air, it will never reach the non-ignitable state.

N
04F <3 ° Gasoline (N,)
X N e LFC line
£ N, e MOC line
i - TR
xE 0.3F ‘\ .
; N
g %,
X ~
€ 02} o,
SN
E | s
£ [ ()
S 0.1F L
a Foo0m0e g, e .
0 00 000 0000 99_61_.2092993@0_&00000“?&0%: —————
opr= == non-ignitable %,
0 0.5

Diluent/fuel ratio, R=x,/x_

Fig. 6.19 Flammable state in a standard flammability diagram
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Solution B: Using a standard flammability diagram.

a. Using xgp = xp/Ryy for drawing the dilution line, xr = x;y — xp for drawing
the inertion line, we have the safe operation zones shown in Fig. 6.19.

b. Since xr = 0.01875, we have xp =1 — xp — 4.773 - xop = 0.28125. Plot the
sample point in standard flammability diagram (Fig. 6.20).

For a dilution operation, we have three possibilities controlled by different
dilution curves.

For a dilution on diluent/air, the dilution curve is xr = xr .

For a dilution on fuel/air, the dilution curve is xp = xp .

For a dilution on diluent/fuel, the dilution curve is xf = xpo + Xpo — Xp.

All three curves are plotted on the flammable envelope in Fig. 6.20. From these
operations, we can make the following observations.

a. For a dilution on diluent/air, adding nitrogen will reach (xp = 0.455,
xr = 0.01875) for the non-flammable state, and (xp = 0.4275, xr = 0.01875)
for the non-ignitable state. They can be derived analytically by solving
{xp = 0.01875 {xp = 0.01875 ,

and respectively.
Xp + Xp = 0.4463 Xp = 24.27 - XF
b. For a dilution on fuel/air, adding fuel will reach (xp = 0.28125, xr = 0.165) for

the non-flammable state, while adding air will reach (xp = 0.28125,
xp = 0.01159) for non-ignitable state. They can be derived analytically by

. xp = 0.28125 xp = 0.28125 .
solving and respectively.
Xp +xp = 0.4463 Xp = 24.27 - Xr
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Fig. 6.20 Dilution operations in a standard flammability diagram
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c. For a dilution on diluent/fuel, adding diluent will reach (xp = 0.28813,
xg = 0.01187) for the non-flammable state. It can also be determined by solving
xp +xp =073
Xp = 24.27 - XF '

The dilution operations can be realized in a standard flammability diagram in
Fig. 6.20.

d. Since xrp = 0.01875, we have xp =1 — xp — 4.773 - xo = 0.28125. Plot the
sample point in standard flammability diagram (Fig. 6.21).

For a purge operation, we have three possibilities controlled by different dilution
curves.

For a purge operation by diluent, the purge curve is xp = 11:;?0 - XF 0.

For a purge operation by fuel, the purge curve is xp = 1 — %

- XD.
For a purge operation by air, the purge curve is xp = Xxp - Xp0/Xp 0.
All three curves are plotted on the flammable envelope. From these operations,

we can make the following conclusions.

a. For a purge by adding diluent, the operation point will reach (xp = 0.4583,
xp = 0.00918) for the non-flammable state, and (xp = 0.3877, xp = 0.0160) for
the non-ignitable state. They can be derived analytically by solving

XFp = 0.4463 — XD XF = XD/2427
1 — XD and 1 — XD
—— 2 00187 =~ .0.0187
= o215 MO8 =081 MO8
respectively.

b. For a purge with additional fuel, the operation point will reach (xp = 0.2225,
xp = 0.2238) for the non-flammable state, while it can never reach non-ignitable
state by adding fuel. This can be derived analytically by solving

XFp = 0.4463 — XD
1 —-0.01875

xp=1———c7—2p

0.28125

norsk

005

Fual, x,

itable 1
_ s s , 03877y {0452
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Fig. 6.21 Purge operations in a standard flammability diagram
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c. For a purge with air, adding air will reach (xp = 0.28813, xr = 0.01187) for the
xp+xp =023

non-flammable state. It can also be determined by solving
Xp = 24.27 - XF

The above purge operations can be realized in a standard flammability diagram
shown in Fig. 6.21.
Solution C: using an Explosive Triangle diagram.

a. Using xo = 0.2095 — 0.2095 - xf for air line, xo = 0.2095(1 — Ryy - xf) for
LFC line, and xp = 41 = 0.116 for MOC line, we have the safe zones displayed
an explosive triangle diagram shown in Fig. 6.22.

b. With initial condition xr = 0.01875, xp = 0.14665, we can plot the sample
point in explosive triangle diagram (Fig. 6.23).

For a dilution operation, we have three possibilities controlled by different
dilution curves.

For a dilution by diluent/air, the dilution curve is xp = xr.

For a dilution by fuel/air, the dilution curve is xo = 0.2095 - (1 — x — xpyp).
For a dilution by diluent/fuel, the dilution curve is xo = 0.2095
(1 —xpo —xpo) = 0.14665.

All three curves are plotted on the flammable envelope. From these operations,
we can make the following conclusions.

(a) For a dilution by diluent/air, adding nitrogen will reach (xo = 0.116,
xr = 0.01875) for the non-flammable state, and (xp = 0.1102, xp = 0.01875)
for the non-ignitable state. They can be derived analytically by solving
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Fig. 6.22 Flammable status in an explosive triangle diagram
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(b)

©

xp = 0.01875 d xp = 0.01875
an
xo =0.2095 - (1 — 0.4463) = 0.116 xo =0.2095 - (1 — 25.27 - xF)
respectively.

For a dilution by fuel/air, adding fuel will reach (xp = 0.116, xz = 0.165) for
the non-flammable state, while adding air will reach (xp = 0.14815,
xr = 0.01159) for non-ignitable state. They can be derived analytically by
. {xo =0.2095 - (1 — xp — 0.28125) {xD =0.2095 - (1 — xp — 0.28125)
solving an
xo = 0.2095 - (1 — 0.4463) = 0.116 xo =0.2095 - (1 — Rpy - xp — xF)
respectively.
For a dilution by diluent/fuel, adding diluent will reach (xp = 0.14665,
xr = 0.01187) for the non-flammable state. It can also be determined by

Lo J %0 = 0.14665
solvin .
£ 50 = 0.2095 - (1 — 25.27xz)

. The dilution operations can be realized in an explosive triangle diagram shown

in Fig. 6.23.

. With initial condition xr = 0.01875, xp = 0.14665, we can plot the sample

point in an explosive triangle diagram (Fig. 6.24).

For a purge operation, we have 3 possibilities controlled by different dilution
curves.
For a purge operation by diluent, the purge curve is xp = 0.2095-

(1 —xp —xpy) 2

XFo”

For a purge operation by fuel, the purge curve is xp = 0.2095(1—

XFo — XD,O) :
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Fig. 6.23 Dilution operations in an Explosive Triangle diagram
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Fig. 6.24 Dilution operations in an Explosive Triangle diagram

For a purge operation by air, the purge curve is xp = 0.2095 [l - (1 +);f—2) vxF].
All three curves are plotted on the flammable envelope. From these operations,

we can make the following calculations.

(a) For a purge by diluent, the operation point will reach (xp = 0.116,
xr = 0.0148) for the non-flammable state, and (xo = 0.1270, xr = 0.0162)
for the non-ignitable state. They can be derived analytically by solving

Xo = 0.2095 - (1 — 24.27 - xp)

XF and
xo = 0.2095 - (1 — 0.28125 — 0.01875) -

0.01875

xo =0.116
xg  respectively.
=0.2095 - (1 — 0.28125 — 0.01875) -
ro ( ) 501875
(b) For a purge by fuel, the operation point will reach (xo = 0.116, xp = 0.2238)
for the non-flammable state, while adding fuel will reach a non-ignitable state.
They can be derived analytically by solving

xo =0.116

17XF

— 0.2095 - [1 — 0.28125 — 0.01875] —F
o [ 001875

(c) For a purge by air, the operation point will never reach non-flammable or non-
ignitable state.

The dilution operations can be realized in an explosive triangle diagram shown
in Fig. 6.24.
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Table 6.5 Target safe operation points via various operations
Operation Standard Diluted Triangle
Dilution (D/A) to non-flammable xr = 0.01875 X, = 0.446 xr = 0.01875
xp = 0.455 R=225 xo =0.116
Dilution (D/A) to non-ignitable xg = 0.01875 X, = 0.48 xr = 0.01875
xp = 0.4275 R =12427 xo = 0.01102
Dilution (F/A) to non-flammable xp = 0.165 X, = 0.446 xp = 0.165
xp = 0.28125 R=138 xo =0.116
Dilution (F/A) to non-ignitable xp = 0.01159 X, = 0.29 xp = 0.01159
xp = 0.28125 R=12427 xo = 0.14815
Dilution (F/D) to non-ignitable xp = 0.01187 X, =0.3 xrp = 0.01187
xp = 0.28813 R =12427 xo = 0.14665
Purge (D) to non-flammable xp = 0.00918 X = 0.446 xp = 0.0148
xp = 0.4583 R=29.1 xo =0.116
Purge (D) to non-ignitable xp = 0.2238 X, = 0.404 xp = 0.0162
xp = 0.2225 R =12427 xo = 0.127
Purge (F) to non-flammable xp = 0.01187 X, = 0.446 xp = 0.2238
xp = 0.28813 R =0.9941 xo =0.116

Here is a summary of the above graphical operations in Table 6.5. They are
consistent with each other, showing the equivalence of flammability diagrams.

6.7.3 Filling and Emptying a Fuel Tank

Problem 6.3 Here is one problem on gasoline tank safety. If there is a tank of
10 m®, how much nitrogen is needed to inert the tank before filling the tank? If there
is 2 m® of liquid gasoline is already stored inside, how much nitrogen is needed to
dilute the headspace in the tank before emptying the tank?

Solution:

From the diluted flammability diagram in Fig. 6.25, we can find the critical
parameters (R y = 24.27, x y = 0.446).
For a safe filling operation, we need to dilute the oxygen level from 0.2095 to

ISOC (or LOC).

ISOC = LOC =/, =

1— XLU

1+Rry

0.2095(1 —xzy)  0.2095 x (1 — 0.446)

1 — 0446
1+24.27

=0.118
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Fig. 6.25 Flammable state of gasoline in a diluted flammability diagram
Vn, ==Vp-In ﬁ =—10 x ln(%) =5.74 m3. That means 5.74 m> of

nitrogen is needed to purge the empty space in the tank.
For a safe emptying operation, we need to dilute the fuel concentration from
100 % to OSFC (or LFC), which is estimated as:

1 1

= = 0.0396
1+Ry 1+2427

OSFC = LFC = B, =

Vi = =VoIn(£) = ~(10 - 2) x In(%%%) = 25.83 m’. That means 25.83 m’

of nitrogen is needed to dilute the headspace in the tank.



Chapter 7

Applications on Fuel Streams
(Type II Problem)

Recent news on a gas explosion in Taiwan (August 1, 2014) shows the ignition
potential of accidental discharge of flammable gas is still not fully recognized. This
chapter covers type II flammability. Type II flammability problems cover intertizing
fuel streams to a point where no danger of ignition is possible if the stream is
released to atmosphere. Specifically, only two types of problems are solved in this
chapter, one, how to burn diluted fuel safely for clean combustion technologies and
two, how to inert a fuel stream against potential ignition of leaking flammable
refrigerant. In both cases mentioned, the fuel streams are released into air, where the
mixture explosibility is fixed and cannot be modified. Therefore, we have to control
the ignitability of the stream instead. This method deals with difusion flames, so it is
fundamentally different from type I problem.

7.1 Clean Combustion Technologies

As environmental pressures mount on industrial companies to further decrease the
amount of hydrocarbons released to the atmosphere the combustion of low calorific
value gases (LCVGQ) are becoming increasingly important. The combustion of low
calorific value gases (LCVGQG) is becoming increasingly important as the environ-
mental pressure is mounting on releasing them directly into the atmosphere. Used in
many industrial processes but without clear definition, ‘low calorific value gases’
(LCVQG) or ‘low-BTU Gas’ is usually associated with the product of air-blown coal
gasifier which typically have higher heating values of less than 7 MJ/m?> (188 BTU/ft%)
[117]. Some industrial processes, such as coal gasification to make LCVG, are the one
of the cheapest ways to eliminate sulfur and substantially reduce nitric oxide emis-
sions both from fuel bound and air nitrogen. Fuel dilution can cause many problems,
such as a reduced flame temperature, and consequently, burning rate, narrow stability
limits and low combustion efficiencies. Since, dilution causes a narrowing of the
flammable zone we must make up for this by other means. To increase the flamma-
bility zone after dilution we can either use high temperature preheating or adopt a high
calorific value gas. Adding a high calorific value gas into the fuel stream will also
improve flame stabilization. The flammability problem of LCVG is a diluent-fuel
mixture burning in normal air.
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Though controlled combustion for industrial purpose has been adopted for
centuries, only recently has a motivation for research into clean combustion tech-
nologies increased. The research of combustion regimes is greatly expanded for
better efficiencies and lower emissions. To utilize widely available diluted fuels (or
LCVG), generally there are three types of solutions, oxy-combustion, high tem-
perature air combustion (HTAC), and hydrogen-doping. In order to reduce O,
emission from coal-fired power generation, oxy-fuel combustion is proposed to use
pure oxygen or a mixture of O, and recycled flue gas for generating high CO,
concentration product gas. Oxy-fuel capture shows advantages over post-combus-
tion capture in terms of capture cost of CO,. For oxy-fuel combustion, the concern
is the limiting oxygen concentration that will not support flame propagation. Since
the oxygen isolation process is commonly expensive, another solution is to burn the
diluted fuel with another fuel, commonly hydrogen. However, there is no theory on
why using hydrogen instead of ethane or propane, which is much cheaper. A third
solution is preheating or high-temperature air combustion [118], which is actively
researched as a low-NOx combustion technology recently.

The safe operation on LCVG depends on combustion stability, or specifically the
flammability of fuels. As pointed out by Chomiak et al. [117], although the flam-
mability limits cannot be directly applied for evaluating whether or not a LCVG can
be burned in a given device, generally practical systems operate at temperature in
excess of the adiabatic flame temperature at the lower flammable limits. Therefore,
the flammability limits may serve as a first approximate of the condition necessary
for burning a mixture. Though Muniz and Mungal [119] suggested the local flow
velocity must be near the premixed laminar burning velocity as one criterion for
stabilization, another criterion is the composition of the fuel/oxidizer mixture must
be within the flammability limits. So flammability limits are still needed for com-
bustion stability reasons.

Historically, the flammability of mixed gases has been solved by Jones and
Kennedy [120] adopting the famous Le Chatelier’s rule. Recently numerical sim-
ulations tools, such as GRI3.0 and CHEMKIN, or premixed flame code from
Sandia National Lab [121] are used. They produced some useful information about
the burning of diluted methane, however, these methods are too complex for
estimation purposes. Most empirical rules are still based on Le Chatelier’s rule,
which treat the role of diluent as part of a pseudo fuel. But pairing fuel/diluent
together into pseudo fuels, the flammability limits can be estimated (Coward [68],
Burgess et al. [122], Heffington [123]). Beyond these methods, systematic research
on flammability is still missing, probably due to the difficulty in experiments and
the limitation from a flammability theory.

7.1.1 Role of Diluent on Flammability

For CO,-diluted methane as a typical LCVG, the flammability problem is expressed
as diluted fuel burning in normal air. Here the added diluents will change the
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thermal signature of the fuel. For the diluted flammability diagram, the energy
conservation equation at LFL is xr - Qr +xp - Op + 1 — x; = xpHF, so we have
the thermal balance at critical flammability limits as shown below.

Xr, R- Xr, X

- O . 4+ (1 — 1= -CoH 1

1 +R 0 +1 R Op + ( xL) 1+ R CoHo (7.1)
all Onm + .xUQ +(1=xy)-1=4-(1—xy)-H (7.2)

I+ R "1TXR D Xu L Xu 0 .

where Q,, = Or - f+ Op - (1 — ) is the quenching potential of the diluted fuel,
H,, = Hy is unchanged, since the fuel type is the same. The total energy release is
scaled down in C,, = Co - f5.

Solve the above equations, we have the flammability envelope bounded by

I CuHy On OpR ( 'E )
+ TR T 11k L
}.. . Hm —
R ( ‘ )
I On Op-
l . H n + iR _A( ]D

Forcing x; = xy, we have a crossing point (R, x;y) which is the theoretical
inertion point.
CnH,, - 2 — 20 — Hy
A0p

Ry = (7.5)

where additive rule applies for C,, = Co-xp, Hy =Ho-xr, Qn=0r-f+

Op - (1 — f). Forcing R;y = 0 (or equivalent to say, shrinking the envelope to nil),
we have the critical fuel concentration as

4Qp

ﬁ:)vCOHo —Co —4-(Qr — Op)

(7.6)

Submit parameters for methane/CO, mixture, Qp = 1.75, 1 = 0.2095,
Hp =164, Qr = 13.8, we have the critical fuel concentration as f§ = 0.1562.
That is the limiting methane concentration with CO, dilution. If the concentration
drops to this value, the flammability envelope shrinks to nil and the mixture is
non-explosive.

A series of flammable envelopes are displayed in Fig. 7.1a. With an increasing
dilution level, both flammability limits in air are raised. However, the flammability
ratio is smaller, meaning the flammability zone is narrower, as shown in Fig. 7.1b.
An interesting observation is that the inertion point stays the same level as the fresh
fuel. That means, the dilution of the fuel will not change the minimal oxygen
concentration (MOC), which is a property of background air, or explosibility.
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7.1.2 Role of Oxygen on Flammability (Oxy-combustion)

For oxy-combustion, we have another form to present the role of oxygen on the
flammable envelope, which is controlled by two curves developed in Sect. 5.1.1.

Onm

XL

T Oy + Sofle — 00 Ok
+

1+R 1+R

/I'HO_Qm

Xy =

1 R
A-Ho — QO + 85+ 224

(1.7)

(7.8)

The flammable envelopes modified by oxygen level are presented in figure (a),
while its HQR diagram is shown in Fig. 7.2b.
Chen et al. [121] simulated the flammable region of methane in O,/N; and O,/CO,
using the well-stirred reactor (WSR) model and the detailed reaction mechanism
GRI-Mech 3.0 with an adiabatic thermal boundary condition in CHEMKIN.

(a) 1
f o8 -—
v - 3
- 6t /.’- -
g0 £ -
£ ;{/ ’
E | 4 -
E o4 i
% I 7 — 1=0.2095
'z - - - 20,4190
g 2 7~ mime=e 4=0.6285
2 § ———- 1=0.8380
D i i I i
- 0 1 2 3
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Fig. 7.2 Role of oxygen on flammable envelope in a diluted flammability diagram b 3-D HQR

diagram
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The dashed lines in Fig. 7.3 show the flammability regions under different ambient
temperature conditions with a residence time of 0.1 s. Blowout occurs when the
operating conditions is outside the flammability region.

Here the flammability problem for oxy-combustion is a high-temperature fuel
burning in an oxygen-modified background air. The thermal balance method can
produce a similar region in thick-solid lines, which are generated by finding the
flammability limits (Eqs. 7.7 and 7.8) at a certain oxygen level.

A Qm
Xy = - 7.9
t A Qm + COHO — '/IQF ( )
xu /IHO 7’7Qm (710)

~ A+Ho— 00w+ nOr

Figure 7.3 shows the flammability zones for the fuel (Methane) at various
ambient temperatures. In order to facilitate understanding, the fuel concentration is
converted to the equivalence ratio. The simulation result of Chen et al. [121] are
also displayed as a comparison. Without experimental data, it is difficult to judge
which method is better. However, this method is a hand-calculation method, while
the WSR model is a numerical tool. This method is much cheaper in terms of
computational cost and demand on external data support.

7.1.3 Role of Hydrogen Doping on Flammability
(Hydrogen-Doping Combustion)

With the narrowed flammability region caused by the dilution, a common choice of
expanding the flammability zone is adding a high-calorific value gas to the mixture.
For diluted methane as a fuel, hydrogen is commonly chosen for its high heat value,
strong diffusivity, as well as other parameters. Similar to the role of CO, to
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Methane, here the thermal properties will be added into the pseudo fuel to generate

new thermal signature of the mixture.
The addition of a new doping fuel will modify the thermal signature of the old

fuel.
Cn=Cor-(1=7)+Cop-y
On=0r -(1-)+0rp (7.11)
Hom =Co1-Ho1 - (1 =)+ Cor-Hoo -y

Then apply the thermal balance at LFL (A1) and UFL (A2)

X, R - x; XL
.0, - 1—x)-1= - CoH, 7.12
g &g tl-x) 1 g Cotlo (7.12)
L S S B (1-xy)-H (7.13)
n — . =X . — . .
1+R 1+R=P i 02 ‘) Ho

So the new flammable envelope is bounded by the following two curves.

M= TG, 0w OoR (7.14)
1+ 1+R ~ 1+R H[ZR
A-H,—1
Xy = (7.15)

Qm Q'R
A-Hy — 1+ 3%+ Tk

By varying the hydrogen concentration, we can have the modified flammability
diagram shown in Fig. 7.4. Here f = 0.3 means it is a fuel mixture of 30 %
Methane and 70 % CO,. y = 0.06 means a 6 % hydrogen-doping.
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Diluent/fuel ratio, R=x,/x,

Fig. 7.4 Role of hydrogen-doping on flammable envelope for Methane/CO, mixtures in a diluted
flammability diagram b 3-D HQR diagram
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7.1.4 Role of Temperature on Flammability
(High Temperature Combustion)

The temperature-dependence of thermal properties is established upon the enthalpy
relationships between species provided by NIST chemistry webbook. Reconstructing
a simpler correlation for air, we have the enthalpy of air.

Eair = (Hypr — Hyog1s) ., =f(T) = 1.4893T> +29.862T —9.381  (7.16)

Note the input is T/1000, so the coefficients can have more valid digits. Next,
define a temperature-dependent enthalpy-scaling factor #(7) for measuring the
system enthalpy change in reference to air.

. E;  (E)N™—EL) 4221 — (1.4893T° 4 29.862T — 9.381)
n(r) = Eur  (ES00 _ g29%8) — 4221 — (—0.35)

=1212-0.035-T>-0.702-T

(7.17)
For the thermal balance at critical limits, we have
XL Q +R'XL Q +1 XL C H (7 18)
. —_— _ x . = — .
1+ R F 1+R D L n 1+R oflop

Rearrange the terms, we have a new equation for LFL with R as the only input.

X, = o o onR (7.19)
n+ (e - % — %)
Similarly, we can solve
g4 BV o4 0.2095(1 — xg)H (7.20)
—xy | -n=0. —x .
T RF T RZY ul-n u)tio

Sometimes, the stable burning of the diluted fuel is accomplished through pre-
heating. With a temperature factor #, the flammability equations are updated as

n
CoH OF OpR-
’7""(1‘:—1?0_#1?_ 1D+Rn)
- }v'Ho—ﬂ
hoHo—n+ (B +-58)

(7.21)

XL =

(7.22)

Xy
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Forcing x;, = xy, we have the cross point

_ COHO - ’7QF - CO” (7 23)

Ry
n0Op

Using the thermal properties of the fuel/diluent/oxygen, we can set up the
temperature-modified flammability diagram shown in Fig. 7.5.

7.1.5 Discussion on Fuel Properties

Currently in the U.S. market Ethane is as cheap as methane in terms of calorific
value, so why not use Ethane for doping? See Fig. 7.6 for examples of simulations
conducted with Ethane and Propane.

Figure 7.6 shows that 10 % of ethane or propane will expand the explosibility
(increasing the inerting R, or LOC is increased by doping since net fuel is more),
but not the flammability (x,, stays roughly constant, or MOC is unchanged by
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doping since the fuel properties are similar). Adding Ethane/Propane will enhance
the explosibility (net fuel LHV, lower heating value, is increased), but will not
affect the energy releasing capability of oxygen which is fuel specific, so UFL is
almost the same.

Doping with ethane or propane will affect LFL (specifically lower LFL, or
expand explosibility) only, since they belong to a same family of fuels with
methane. However, they can be used as the supporting fuel for High-Temperature
Air Combustion (HTAC), which will change the flammable envelope by raising the
air temperature. Numerous research work has been performed and published
without knowing this theoretical flammability diagram, for example, the mono-
graph on high-temperature combustion [118].

What is the best candidate fuel for doping? Literature gives no clue. It is
commonly recommended that a fuel with a larger heat of oxidation is a better
choice. Heat of oxidation is the amount of energy release per unit mole of oxygen.
Any fuel with a better oxygen-based energy release will serve as the doping fuel for
expanding the flammability zone.

From the process for constructing the flammability diagram, the ratio of heat
releasing potential (Hp) over heat absorbing potential (QF) is a good index for the
purpose of expanding the flammability region. A larger ratio means this fuel con-
tributes more energy and absorbs little energy by mass. Table 7.1 lists some fuels
with a larger ratio, which may serve as candidates for the doping purpose on
improving the flammability zone in burning diluted fuels.

Comparing with methane’s ratio of 1.19, hydrogen has a ratio of 15.68, while the
best fuel (pentaborane) has a ratio of 290.94. Indeed, pentaborane can expand the
flammability zone much larger than hydrogen, since it is highly reactive and used as
a rocket fuel. A comparison of some potential fuels are provided in Fig. 7.7.

Table 7.1 Candidate fuels for enhancing the combustion stability

Fuels Co Xz Xy Or |Ho HolQOFr
Pentaborane 9.74 | 042 |98 |0.08 |24.35 |290.915
Diborane (g) 450 | 0.84 |98 |0.09 |26.27 |285.825
Urea (s) 1.50 | 0.9 [98.0 |0.29 |73.65 |250.099
Methylhydrazine (monomethylhydrazine) 250 | 25 |97 0.07 | 15.64 |222.141
Dichlorosilane 1.50 | 47 |96 0.08 |13.58 | 176.667
Unsymmetrical dimethylhydrazine (UDMH) | 4.00 | 23 |95 |0.06 |[10.64 |164.45
Chloroprene 500 | 40 |20 |0.03 | 4.81 |160.551
Di-tert-butyl peroxide (DTBP) 1149 | 0.8 |88 0.17 {10.80 | 62.7076
Trichlorosilane 050 | 7.0 |83 1.02 |28.64 | 27.9662
Formaldehyde (g) 1.00 | 70 |73 |0.72 |14.01 | 19.5745
Carbon monoxide (g) 050 |12.5 |74 |0.80 |15.60 | 19.5726
Arsine (g) 025 | 5.1 |78 5.39 [96.07 | 17.8082
Deuterium (g) 050 | 49 |75 2.77 | 44.38 16.0458
Hydrogen 0.5 40 |75.0 |3.51 |55.02 | 15.6802
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Figure 7.7 shows the performance of some candidate fuels on enlarging the
flammable envelope. Surprisingly, hydrogen is not the best performer while urea
has a better performance on expanding the envelope. The impact of CO-doping is
trivial, which is unique to CO only and perhaps related to the special CO chemistry.
Generally, the contribution of a fuel is not only dependent on its own thermal
signature, but also on the thermal properties of the primary fuel and ambient air.
Some fuels may have a better performance than hydrogen. To be utilized at
industrial scale, they must be subject to other selecting criteria, such as availability
and cost. Flammability diagram provides a useful tool for checking their perfor-
mance against a certain mixing combination.

7.2 Critical Flammability Ratio

The Bureau of Mines showed an early interest on the flammability of refrigerants
when American mines were developed deep enough requiring the protection of
refrigerants [124]. Attention to the flammability of refrigerants arises again as a
result of the ban of Halons and the phase-out of hydrochloroflorocarbons (HCFCs).
Even in this post-Halon era, an ideal refrigerant fluid to meet all property
requirements cannot be found. Instead, mixtures of fluids are proposed to generate
the best properties for the replacement of HCFCs [110, 111]. Different HFCs offer
favorable characteristics, such as thermodynamic properties, performance, and
compatibility with existing equipment, moderate toxicity and relatively low cost
comparable with HCFCs. However, mixing of HFCs may induce the problem of
accidental explosion if not treated properly. So the flammability of mixtures has
both theoretical and practical value to the design of an ideal refrigerant blend.

In order to understand the flammability of a mixture, standard flammability
diagram [125], diluted flammability diagram [105] and the ternary diagram [110,
126] were developed to demonstrate the change of flammability envelope upon
mixing. However, a consistent theory to interpret this change is still missing.
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Thus the understanding of mixture flammability is fragmental and not complete.
After 100 years, Le Chatelier’s rule is still the core theory behind the mixture
flammability [105].

For inerting a dynamic fuel stream, the concept of critical flammability ratio (CFR)
is introduced to guide the mixing of refrigerants. Generally, the critical flammability
ratio of a blend is the critical ratio of the sum of the flammable component molar
(volumetric) concentrations to the sum of the inert (nonflammable) component
concentrations. So CFR = 1/R;y. Thus, the CFR yields the maximum allowed
concentration of flammable component necessary to obtain an overall nonflammable
refrigerant blend formulation in air at a defined temperature and pressure.

Figure 7.8 shows how to read R;; from the diluted flammability diagram. By
definition, CFR is the critical fuel/diluent ratio, or the reverse of R; ;. This diagram
can be reorganized into standard flammability diagram, as shown in Fig. 7.9. Note
the dilution lines in Fig. 7.9 are controlled by Ry = f{—lp’

Finally, we can reorganize the data into the explosive triangles shown in Fig. 7.10.
The dilution line is controlled by xp = x;0c2 = 0.2095[1 — (1 + R.y) - x¢|, while
the inertion line is controlled by MIC lines.
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Figure 7.10 shows the flammable envelopes in explosive triangle. The extension
of dilution line will cross the fuel axis, the cross point is called the critical diluted
fuel concentration or the out of service fuel concentration(OSFC) [125], the critical
flammability ratio (CFR) [110], or minimum molar ratio (fuel to diluent)(1/MMR)
[70], or Minimal inert/flammable gas ratio (ICR) [70]. Note, CFR =

1 _ __1
R ICR = RLU’ and OSFC = T R"

The physical explanation for OSFC is that the fuel concentration is so diluted
that the required oxygen concentration (LOC) is raised above what the ambient air
could supply. Theoretically, we have the following equations for predicting this
critical value, as shown in Fig. 7.11.

1 _
MMR —

CpH, J.— 7O — Cpy
AQp

Ry = (7.24)

1 10p
LFC = =
14+ Ry }vCOHO —Co — j.(QF — QD>

(7.25)
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Figure 7.11 shows LOC curves modified by various diluents. When the back-
ground air cannot supply enough oxygen to fully consume the diluted fuel, the fuel
stream is fully diluted. Sometimes, it is also called inerted [125]. Here dilution is
preferred instead of inertion. Inertion is realized mainly by mass, while dilution is
realized mainly by volume. Here the diluent (R227ea) is mainly working on volume
(molar) basis. On mass basis, the diluent requirements are significantly different
among various diluents. This fact is in sharp contrast to an inertion problem, where
the diluent mass is roughly constant between various diluents [14]. In other words,
inertion is controlled by mass (of the diluent), while dilution is controlled more by
volume. They are different concepts, which should be clarified within a flamma-
bility diagram.

7.3 Problems and Solutions

Here are examples on type II problems, inerting a fuel stream.

Problem 7.1 If a stream of diluted methane (30 % of fuel with 70 % of nitrogen,
1 m%/s) is released into the air. How much nitrogen is further needed to inert the
stream? [79]

Solution:

1. Using Table 4.2, find the MMR/MMEF of methane, MMR = 6.005, MMF =
0.4231

Find LFC, LFC = 1/(1 + MMR) = 1/(1 + 6.005) = 0.143

Here the fuel concentration is 30 %, which needed to be diluted to 0.143.

Solving LFC = 143 % = \(/)r3+“//lu = ii(‘)/s, we have Vp = 1.10m>/s

In addition, MFC = 1/(1 + MMR) = 1/(1 + 6.005) = 0.0605

That means, when the fuel stream is released in air, its fuel concentration will
drop from 0.143 to 0.0605, still non-ignitable. The above calculations are dis-

played in Fig. 7.12.
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Problem 7.2 If there is a methane leak from a 100 % methane pipeline at a rate of
2 L/s. How much diluent (L/s) is needed to dilute the methane stream so the mixture
is non-ignitable? (using theoretical flammability diagram).

Solution:

1. Find the thermal properties of methane: Cp = 2,x;, = 0.05,xy = 0.15
2. The thermal signature of methane is found to be Hp = 16.4 and Qr = 13.8.
3. For dilution by nitrogen (Qp = 0.992), we have

AQp

" ACoH, — Co — .- (Qr — Op)
0.2095 x 0.992

T 0.2095 x 2 x 16.4 — 2 — 0.2095 x (13.8 —0.992)

LFC

= 0.095

In order to dilute the methane stream from 100 to 9.5 %, the nitrogen stream is
: _ _ V. _ 2 -
found by solving OSFC =9.5% = Vp:\'/p = 359, OF Vp =19.05 Lis.
4. Similarly, for dilution by CO, (Qp = 1.75), we have
_ 200
ACoHy — Co — 2+ (OF — Op)
_ 0.2095 x 1.75
~0.2095 x 2 x 16.4 —2 —0.2095 x (13.8 — 0.992)

LFC

=0.156

In order to dilute the methane stream from 100 to 9.5 %, the nitrogen stream is

found by solving OSFC = 15.6 % = VVW =55 or Vp = 10.82 LJs.

A graphical explanation of the result is shown in Fig. 7.13.

Problem 7.3 Here is an example about CO safety. There is a CO leakage with 10
L/s, how much diluent (N,) is needed to inert this stream? Without an experimental
flammability diagram, redo your estimations based on theoretical flammability
diagrams.

Fig. 7.13 LFC as a result of 025
LOC = 0.2095 for diluting a
methane stream _ oz2f
[
LT
on
g 015}
s
£ 1 1
% 01
! L mmem—— Air
£ i ——— 4,(0,)
< 005} | i 75 (N,)
| (N
0 B=0.095 | P A R

0 0.05 0.1 0.15 0.2 0.25 03
jp (fraction of fuel)
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Solution:
This problem can be solved in two ways, using experimental data and using
theory.

(a) Using experimental data, the out-of-service fuel concentration (LFC or OSFC)
is 0.197 in the explosive triangle diagram (as shown in Fig. 7.14b). Therefore,

the diluting requirement for inerting the fuel stream is VN2 = O‘;f”;lc — Vfuel

o107 197 — 10 =40.76L/s.
(b) Without experimental data, the theoretical inertion point for nitrogen (shown
in Fig. 7.14a) is determined as
CoHyl — 2Qp — CoQy 02095 x 0.5 x 15.59 — 0.2095 x 0.8 — 0.5 x 1

Ry = - = =4.64
Lo 7.0p 0.2095 x 0.992
Onm 1
XLu = Oy + Collo _ 0r _ OoRw 1 4 05x1550 — 08 0992x464 =0.702
m T 4Ry — T+Rw  1+Rw 1+4.64 — T+4.64 1+4.64

Then the critical concentration is determined as

1 1
LFC = = =0.177
1+Ryy 14+4.64
So the diluting requirement for inerting the fuel stream is VN2 Ovsf”;lc Vﬁ,el =

9. 10 = 46.5 Ls.

Problem 7.4 Here is an example on temperature dependency. A certain process is
releasing methane diluted by carbon dioxide. The fuel fraction in this stream is 0.3.
In order to ignite and burn this diluted fuel @ 16 %, what is the minimal tem-
perature for preheating the fuel stream to be ignitable?
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Solution:

Diluent/fuel Ratio, R=x,/x,

Step 1. Find the thermal signature of the fuel using the spreadsheet below.

Xi Co XL Xu Or Ho
CO, 0.70 - - - 1.75 -
CH,4 0.30 2.00 5.00 15.00 13.81 16.40
Mixture - 0.60 - - 5.37 16.40

Step 2. Using the thermal properties of the diluted fuel we can set up the tem-
perature-modified flammability diagram shown in Fig. 7.15.

Step 3. From this diagram, we can find a raised temperature of 400 K is enough to
lower the lower flammable limit to 0.16.

Another solution: Solve the conversion factor # directly from the

il 0.16 ! !
L= ) N U106 = Coll, = 0.6x164 _
n+ (Clo«geo - %F-Ig - Qfﬁe”) I+=r—0r 1+75 5.367

n = 0.92655
E,  (EN®—ET) 4221 — (1.4893T% 4 29.862T — 90.381)
1T = g = (g — %) — 4221 - (~0.35)
=1.212-0.035-72 — 0.702 - T = 0.92655

T? +20.06T — 8.156 = 0
T=0415

So the answer is 415 K.
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Problem 7.5 If there is a propylene gas leak similar to the gas explosion in Taiwan,
ROC, and the leak rate is 1 kg/min, how much nitrogen is needed for dilution? How
much carbon dioxide is needed? What is the difference in mass flow rate?
Solution:

From the measured diagrams in Fig. 4.8, we can have an explosive triangle
diagram for propylene reconstructed below. From the tabled critical parameters in
Table 4.2, we have Ry = 15.14 for nitrogen inertion and Ry = 7.735 for carbon
dioxide inertion. This translate to LFC = 0.058 and LFC = 0.114 respectively (as
shown in Fig. 7.16).

The molecular weight of propylene is 44 g/mol.
The volumetric flow rate is 1000(g/min)/44(g/mol)*22.4(L/mol) = 509.1 L/min.
The dilution requirement for nitrogen is

Vi 509.1

Vn,
The dilution mass requirement for nitrogen is

~ 8268.5

iy, = o x 28 = 10335 g/min = 10.3 kg/min

The dilution requirement for carbon dioxide is

Viel - 509.1

LFC VM = o112~ 509.1 = 3956.7 L/min.

Veco, =

The dilution mass requirement for carbon dioxide is

3956.7

a4 X 44 = 7772 g/min = 7.77 kg/min

mco, =


http://dx.doi.org/10.1007/978-1-4939-2665-7_4
http://dx.doi.org/10.1007/978-1-4939-2665-7_4

Chapter 8

Applications in Compartment Fires
(Type I Problem)

A compartment fire is characterized by its variable oxygen level inside the com-
partment. This leads to the non-explosive zone overlapping with the non-
ignitable zone. The standard procedure for treating a compartment fire is to set aside
the oxygen as part of normal air, then treat the leftover as a flammable air-free mixture
burning in air. A typical compartment fire problem is an underground coal mine fire.
Since Sir Humphrey Davy’s time, the explosion potential of flammable gases in a
confined space is a constant research topic. This flammable mixture is characterized
by multiple fuels, multiple diluents, reduced oxygen level and above-ambient tem-
perature. During the combustion process, various flammable gases are generated in
flaming or smoldering processes, complicating the situation of a variable oxygen
level. Fuels are typically dealt with either Le Chatelier’s rule. Without a consistent
theory to treat variable oxygen, explosive triangles are resorted to find the flamma-
bility of fuel vapor in air, rather than a modified oxygen/nitrogen background (self-
flammability). Various improvements were proposed to better present flammability of
amixture. Cheng et al. [85] summarize 6 graphical methods to determine the mine gas
explosibility, ternary diagram, revised Le Chatelier’s Rule, Maximum allowable
oxygen (MAO) analysis, USBM method, Coward’s explosive triangle and Kukuczka
method. Ternary diagram is the standard diagram proposed by Zabetakis [43], Crowl
[86], Schroeder et al. [127]. Kukuczka method [128] is a variation of Coward
explosive triangle, which is also the standard method for analyzing mine gases [129
—131]. USBM explosibility diagram is a popular method used in mine industry [43],
with a targeted methane-air-inert range. Revised Le Chatelier’s Rule has been adopted
in estimating inerting concentrations [132]. In practice, explosive triangle (for oxygen
content) plus Le Chatelier’s Rule has been widely used to determine the mixture
explosibility since 1948, and still being improved for better presentation effects [133].

Comparing with mine fires, the critical fire behaviors in compartment fires, such
as backdraft and blowtorch effect, are attracting more attentions recently. Though
the exact triggering event may be different, the nature of these critical behaviors is
explosive burning induced by mixing ignitable but non-explosive fuel mixture with
non-ignitable but explosive air. Experience from studies on mine fires can be
tailored to understand these critical behaviors. Lacking a consistent theory to treat
the role of oxygen, most flammability diagrams are treating the flammable gases as
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a fuel burning in normal air. Various schemes are proposed to improve the repre-
sentativeness of some indexes, but not from the first principles. Here with the
flexibility of the thermal balance method, and the intuitiveness of flammability
diagrams, we can have a better look at type I problems, including mine fires and
compartment fires.

8.1 Underground Mine Fires

Underground coal fire problems are becoming a serious environmental disaster
[134] due to their duration and uncontrollable state. Uncontrolled coal mine fires
have contributed a significant share of carbon dioxide to the atmosphere, enhancing
the potential of global warming [135]. China, India, and US are major coal con-
sumers, suffering more from the burden of underground coal fires [136]. Generally,
the control of underground coal mine fires is realized through sealing, i.e., stopping
the supply of oxygen. However, due to the complexity in underground structures,
the oxygen supply cannot be easily controlled, which calls for a gas diagnosis for
explosibility control. Numerous efforts are put into the detection, diagnosis, and
suppression of such fires [135]. One of the challenges in diagnosing the under-
ground fire is that the fire is sealed underground with limited information available.
Safety regulation requires that the air samples directly from active underground
areas should be taken and analyzed on a regular basis. As long as the problem area
continues to be ventilated, certain gases, gas ratios, and equations can be used to
determine the status of burning. Morris [137] discusses the technical aspects of gas
sampling and analysis methodologies. In order to extract the information from the
gas sampling results, several indices are proposed to get some information from the
sampled species information. According to Timko [131], these indices are proposed
to answer four questions

1. If a fire exists

2. What is burning

3. What is the status of fire after sealing?

4. If the sealed atmosphere is explosive when ventilation commences?

For the first question, the presence of carbon monoxide or carbon dioxide [138]
is a good indicator of a fire. For the second question, Jones-Trickett Ratio [139]
determines the sample reliability. For the third question, the power industry engi-
neers used the relative intensity equations [140] to characterize the quantity of air
available to burn a unit mass of fuel, the percentage of oxygen consumed, and the
effect of temperature on temperature. Litton [141] developed Litton’s ratio to
monitor a sealed mine atmosphere. In another paper [142], Litton proposed the
R-index as Xco / X%, which is a ratio of fuel/diluent, checking the ignitability (fuel)
of the mixture. Realizing that low molecular weight hydrocarbon concentrations
increase with rising temperature, Justin and Kim [143] developed the hydrocarbon
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ratio to describe the status in a mine fire. For the last problem, Zabetakis et al. [144]
modified Coward’s diagram, which examined explosibility by comparing methane
and oxygen. They also proposed the Maximum Allowable Oxygen (MAO) analysis
to determine if the atmosphere is inert or explosive. Without a reasonable under-
standing of the thermal nature of each constituent, they convert all fuels into
methane, all diluent into nitrogen, to draw the graph. Cheng et al. [145] refined
Coward’s explosion triangle to generate an explosibility safety factor for assessing
the explosion risk. Ray et al. [146] applied the above indices to assess the status of
sealed fire in underground coal mines. Singh et al. [147] gave some case studies on
applying these indices.

More than one century of experimental and theoretical work on flammability
stresses the ternary (fuel/oxygen/diluent) picture of a flammability problem, making
a universal graphical method difficult to apply and explain. How to reliably predict
the role of fuel/diluent/oxygen on the flammable envelope requires a detail analysis of
the thermal balance within a mixture. So a thermal balance method [15] adopting a
binary view on each species has been proposed. All species has a mass, with a
non-zero quenching potential, while fuel or oxygen can release energy, with LFL
controlled by fuel and UFL controlled by oxygen. This binary treatment makes the
contribution of each species cumulative and additive, thus making a hand-calculation
possible. This method has been applied to find the flammability of a flammable
mixture. Now this method will be tailored to reconstruct the flammable envelope
under various oxygen levels, with a special emphasis on analyzing the flammable gas
mixtures from a coal-mine fire.

8.1.1 Oxygen-Modified Flammability Diagram

On May 13, 1940, a fire was discovered in the Continental mine of the Hazel Brook
Coal Co. Centralia, PA [129]. This is a well-instrumented, well-documented and
thoroughly analyzed fire, where typical samples of the mine fire atmosphere are
listed in Table 8.1. Each mixture sample is composed of two diluents, three fuels,
plus oxygen.

Table 8.1 Recordings of the mine-fire atmosphere during an underground coal fire

Date, 19- 21- 24- 24- 4-Jun |5-Jun |5-Jun |5-Jun |5-Jun | 7-Jun | 8-Jun
1940 May |May |May |May

Sample |1 2 3 4 5 6 7 8 9 10 11
CO, 9.53 | 370 | 6.50 | 6.90 |12.30 |13.00 |12.60 |12.50 |11.10 | 2.20 | 14.00
0, 8.13 | 1530 | 11.50 |10.20 | 2.90 | 040 | 0.20 | 0.70 | 4.30 |18.00 | 2.60
CcO 091 | 060 | 1.10 | 140 | 1.00 | 450 | 6.60 | 6.60 | 2.30 | 0.30 | 0.40
CH, 0.08 | 0.00 | 0.00 | 0.00 | 0.10 | 090 | 1.00 | 0.80 | 0.00 | 0.10 | 1.00
H, 041 | 060 | 1.50 | 190 | 1.50 | 7.00 | 8.80 | 9.90 | 2.70 | 1.00 | 8.30
N, 80.94 |79.80 |79.40 |79.50 |82.20 |74.20 |70.80 |69.50 |79.60 |78.40 |73.70
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Tal.)l(.s 8.2 Input Qata for C, X, Xy Or H,
deriving thermal signature of
. . CO, - - - 1.75 -

different species
0O, - - - 1.06 -
CO 0.5 12.5 74.0 0.80 15.59
CH, 2.0 5.0 15.0 13.81 16.40
H, 0.5 4.0 75.0 3.51 55.02
N, - - - 0.99 -

As shown in Sect. 7.1.2, Oxygen level is affecting the upper flammable
boundary. In order to reconstruct a flammability diagram, the thermal signature of
each component should be determined first. Following the procedure in thermal
balance method in Sect. 4.1, the thermal signatures of all components are either
retrieved (for a diluent) or derived (for a fuel). Fuels get their thermal signature
from LFL/UFL information, while the quenching potentials of diluents and oxygen
are directly computable from their enthalpy information (retrievable and constant in
reference to air enthalpy, i.e., the original definition, see Eq. 3.2). Then the thermal
signature of this mixture is estimated by summing-up energy terms. Here the
thermal signature of all species is provided and listed in Table 8.2.

Flammability limits are estimated by reversely converting the energy terms into
the concentration domain. Flammable envelopes outlined by LFL and UFL lines
can also be reconstructed from the thermal signature of this mixture.

Here is a typical example for reconstructing diluted flammability diagrams. For
the sample taken on May 19, 1940, it has the following constituents: 9.53 % CO,,
8.13 % 0,,0.91 % CO, 0.08 % CHy, 0.41 % H,, and 80.94 % N,. You are required to

a. reconstruct the flammability diagram to determine the flammable state of this
mixture.
b. redraw the Coward’s explosion triangle for the flammable state of this mixture.

Solution:

Part A. This is a flammability problem within a variable-oxygen environment. The
air is composed of 8.13 % O, + 80.94 % N, the fuel is composed of 0.08 % CHy,
0.41 % H,, 0.91 % CO. The diluent is 9.53 % CO,. In order to reconstruct the
flammability diagram, the following steps are necessary.

1. The oxygen fraction in the air is 8.13/(8.13 + 80.94) = 9.13 %. Therefore, the
quenching potential of air is Q,, = 4- Q¢ + (1 — 1) - Oy = 0.997.

2. The quenching potential of the fuel mixture is Cp = 0.586, Qp = 2.33,
Hp =25.61

Fuel Fraction Xi (%) Co XL Xy Or Hop

CO 0.91 65.00 0.5 12.5 74 0.80 15.59
CH,4 0.08 5.71 2 5 15 13.81 16.40
H, 0.41 29.29 0.5 4 75 3.51 55.02
Sum 1.40 100 0.586 2.33 25.61
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3. The operation point is x, = xr + xp = 0.014 4+ 0.0953 = 0.1093,R = 9.53/
1.4 =6.81.

4. Using Op = 1.75 for carbon dioxide, reconstruct the flammability diagram
using the above inputs in Egs. 7.14 and 7.15.

5. Since the operation point is outside the flammability envelope (see Fig. 8.1), this
mixture is not flammable (too lean to burn).

Part B. This is a flammability problem in a variable-oxygen atmosphere. MOC is
used for the nose value in the Coward’s explosion triangle.

1. Find the LFL point as
O 0.997

R =
Qu + Seflo — G — 208 0.997 +0.586 x 25.61 —2.33
= 0.0729

XL(R = 0) =

xo=/A-(1—x)=0.0913 - (1 — 0.0729) = 0.0846
2. Find the UFL point as

A-Hp — Om 0.0913 - 25.61 — 0.993

7 Ho — O + 25+ 228~ 0.0913 - 25.61 — 0.993 + 2.33

Xy = = 0.366

xo =/ (1—xy) =0.0913 - (1 — 0.366) = 0.0579
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3. In order to the nose point, the inertion point has to be determined first.

- CoH} — 4-HoQF — CoHo

R
LU 4+ HoQp
_0.0913 x 0.586 x 25.612 — 0.0913 x 25.61 x 2.33 — 0.586 x 25.61 — 35766
- 0.0913 x 25.61 x 1.75 o
O 0.997
Xy = O+ &KZ — 1+QI§LU — 1%1)elfu T 0997 + 038625 61233 T53.5766 = 04155

Then the nose point is determined as

xo=4-(1—xpy)=0.0913- (1 —0.4155) = 0.0533
- XLU - 0.4155
14+R 1+3.5766

= 0.091

XF

4. The operation point from measurement data is xr = 0.014, xo = 0.0813
5. With the above four points, we can reconstruct the Coward’s explosive triangle
diagram as below (Fig. 8.2).

For the gases from a mine fire, all fuels (CO, H,, CH,) are grouped together as a
pseudo fuel, while nitrogen and oxygen are grouped together as a pseudo air. Then
the carbon dioxide is treated as the diluent. From the thermal properties of the pseudo
fuel/air/diluent, we can determine the flammable state by comparing oxygen levels.

A< A1 — non—flammable
J.< Ay — non—explosive (8.1)

A< Ay — non—ignitable

Here for a confined space, non-explosive and non-ignitable are equivalent
concepts. Applying the oxygen criteria in Eq. 8.1 to all samples, we can have the
status of each sample listed in Table 8.3 and compared in Fig. 8.3.

Fig. 8.2 Flammable state of a 01
mine-fire sample before the
active fire 0 O

006

Oxygen

004

002 Exp Tri

Operation Point

) O T ST T S S U S R
0 01 0.2 03 04
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Table 8.3 Flammable state of samples from a coalmine fire

177

Oxygen |LOCI1 LOC2 Flammability Explosibility Ignitability
1 0.081 0.10728 0.042972 | Non-flammable | Explosive Ignitable
2 0.153 0.101318 |0.03228 Flammable Explosive Ignitable
3 0.115 0.091742 |0.029714 | Flammable Explosive Ignitable
4 0.102 0.090822 | 0.029728 | Flammable Explosive Ignitable
5 0.029 0.094508 | 0.02901 Non-flammable | Non-explosive | Non-ignitable
6 0.004 0.015931 |0.0305 Non-flammable | Non-explosive | Non-ignitable
7 0.002 0.009645 |0.031349 | Non-flammable | Non-explosive | Non-ignitable
8 0.007 0.026094 | 0.030068 | Non-flammable | Non-explosive | Non-ignitable
9 0.043 0.087427 |0.030741 | Non-flammable | Explosive Ignitable
10 |0.180 0.069755 |0.026526 | Flammable Explosive Ignitable
11 ]0.026 0.047244 |0.023329 | Non-flammable | Explosive Ignitable
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Figure 8.3 shows the oxygen criteria for determining the flammable state of each
sample. If 1 < 1,, the mixture is non-explosive or non-ignitable, which means the
mine is actively burning inside. Otherwise, the mine is experiencing smoldering, so
there is less fuel produced than oxygen leaked-in. Figure 8.3 also shows the
measured oxygen concentrations in reference to theoretical LOCs. MOC is a
concept of flammability, as it is derived from and controlled by oxygen and diluent.
LOC is a concept of explosibility, so it is a function of the fuel only. If the oxygen
level drops below MOC, the reaction is stopped because of insufficient oxygen or
too much diluent to sustain the flame propagation. If the oxygen drops below LOC,
the reaction is stopped due to insufficient oxygen to match the fuel, and the
flammable envelope is non-existent. This is the reason that we cannot make
flammability diagrams for samples 6-8.

Following the procedure outlined in Sect. 8.1.1, we can reconstruct the diluted
flammability diagrams shown in Fig. 8.4. Note, sample 1-5 were taken before a
period of explosive burning at sample 6—8. After that, sample 9-11 were taken when
the major burning has been over and the ventilation was resumed and then stopped.
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Fig. 8.4 Flammable states of the mine-fire atmosphere. a After the active burning. b After sealing

Figure 8.4a shows the flammable states before the active burning. Initially, the
sample is too lean to burn at sample 1 (non-flammable but explosive). Then as
smoldering continues, more fuels are released and the flammable envelope expands
in response to oxygen level increase due to leakage. Right before the active burning
(sample 5), the flammable envelope is significantly reduced due to oxygen deple-
tion in a sealed compartment. Without high temperature to expand the flammability
envelope, the sample should be located under the envelope since the fire is sealed.
With a sufficient temperature, the fuel continues burning until fuel or oxygen is
fully consumed, which is a typical scenario in a furnace.

Figure 8.4b shows the state of the mine-gas atmosphere after the opening of the
seal at sample 9. The leaked oxygen will expand the flammability envelope. The
flammable state is switching from conditional flammable (too lean to burn, sample 09
and sample 10) to another conditional flammable (too rich to burn, sample 11) again,
in response to further production of fuel due to smoldering. Unfortunately, the local
temperature was not recorded and used in the analysis, so the flammability infor-
mation may not be complete (oxygen level drops means the fire is burning again,
so the temperature is rising. However, no temperature information is recorded.).

From the above two diagrams, we can see that the oxygen level determines the
flammable envelope size (mostly through lifting the UFL line), while the fuel
production is reflected on the position of the operation points. The flammable state
of a mixture is depending on the relative position between the envelope (mainly
controlled by oxygen) and the sample point (mainly controlled by fuel).

Following procedures in the previous example, we can reconstruct the explosive
triangle diagrams shown in Fig. 8.5. They are equivalent to the diluted diagrams in
Fig. 8.4.

8.1.2 A Global Progress Variable

One of the challenges in controlling an underground coal mine fire is that it is fully
sealed with limited information available through gas sampling. Most of previous
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Fig. 8.5 Flammable state representation using Coward explosive triangles. a After the active
burning. b After sealing

works look at the fuel content of the mixture, or the explosibility. A better choice is
a progress variable to check both fuel and oxygen for diagnosing what is the status
of fire after sealing, and when the sealed atmosphere is explosive if a leaking is
allowed.

In essence, the flammability problem of mine gases is a mixture problem of
multiple fuels, with carbon dioxide as the diluent, in an oxygen-modified air [148].
The dimensionless variable, Heating/Quenching Ratio, is representative of the
competition between heating and quenching.

CoHoxr

Orxr + Qoxo + Qpxp
fuel heating potential

HOR, =
(8.2)

 mixture quenching potential

~ ignitability

Ho-)CO

Qrxr + Qoxo + Qpxp
oxidizer heating potential

HOR, =

(8.3)

~ mixture quenching potential

~ explosibility

HQOR = min(HQOR;, HOR;) ~ flammability (8.4)

If HQR1 > 1, the mixture is ignitable. Note here ignitable has a broad definition,
characterized by LFL line, not LFC line. Similarly, explosiveness is characterized
by UFL line, not LOC line. That means If HQR2 > 1, the mixture is explosive.
If HOR = min(HQR,, HOR;) > 1, the mixture is both ignitable and explosive, or
flammable, which is most dangerous. The utility of HQR diagram in defining the
flammable envelope is shown in Figs. 6.5 and 6.6.

Here they are applied to any mixtures for understanding the flammable/explosive
status of a sealed fire. It can also be used to find the flammable envelope in a
flammability diagram. It is a global variable reflecting the fundamental energy
balance in a gaseous mixture.


http://dx.doi.org/10.1007/978-1-4939-2665-7_6
http://dx.doi.org/10.1007/978-1-4939-2665-7_6
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Fig. 8.6 Global explosibility indices for the mixture in the sealed mine. a Oxygen criteria. b QHR
criteria

The first fire to be analyzed happened in China [145]. It was detected in the
morning at 6:40 am, sealed though Longwall panel at 8:40 pm, nitrogen injected at
23:00 pm, and the gas sampling began at 10 am the next day. The clock in Fig. 8.6
started then. Compared with normal underground coal mine fires (see next prob-
lem), this fire has no hydrogen produced (maybe due to insufficient heat accumu-
lation or low flame temperature), little CO production (around 50 ppm) and C,Hg¢
production (less than 33 ppm), so they are omitted here. Note this fire is consistent
with the early stage of the next fire, so it is a typical scenario for a sealed fire in its
early stages.

The explosibility problem of mine gases is a mixture problem of multiple fuels,
with carbon dioxide as the diluent, in an oxygen-modified air. Here is a summary of
typical steps in data analysis [18].

1. Get the thermal signature (Cp, Hp, QF) of a pseudo fuel by summing up the
energy terms of each fuel.
2. Reconstruct the explosibility diagram using the thermal signature for this pseudo
fuel.
. Get the global quenching heating ratio for this
4. Extract MOC and LOC from the flammability diagram.

W

The results of global indices are presented in Fig. 8.6.

Figure 8.6a shows the oxygen evolution history. The continuous drop of oxygen
concentration shows that the sealing is well maintained in all 6 days. LOC stays
constant, reflecting the fact that the fuel type is unchanged in the mixture. If the
oxygen level drops below MOC, the mixture is non-flammable. If the oxygen drops
below LOC, the mixture is non-explosive, or the flammable envelope shrinks to nil,
which means the gases are no longer explosive. However, due to the energy trapped
inside, the reaction continues locally since the temperature will expand the envelope
and allow the reaction to continue. Due to insufficient oxygen supply, this reaction
must be smoldering. In contrast, MOC is the ability to support flame propagation
and a function of ambient oxygen and diluent, so it roughly follows oxygen
measurement inside.
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Fig. 8.7 The global indices for a control-failed mine fire. a Oxygen. b QHR

Figure 8.6b shows the fuel-dominated energy release (QHR1, ignitability) and
the oxygen-dominated energy release (QHR2, explosibility). The minimum of the
two (QHR, flammability) is the global explosibility index of the gas mixture. If
QHR > 1, the gas mixture is flammable, as the point 3 and 4 shown in Fig. 8.6b.
This is the most dangerous period with a high risk of explosion potential.

Generally, QHR index shows the flammable state of the mixture, while oxygen
curves in Fig. 8.6a shows oxygen responses to the controlling efforts, which are
better demonstrated in the next example.

A second mine fire came from India, where the original data are provided else-
where [146]. Applying the global indices, the progress of this fire is better presented.

Following the procedures described above, Fig. 8.7 shows the oxygen evolution
history at two sampling points. It clearly shows that there are several bursts of fire
within this half-year period. If the oxygen level drops, it means the active burning
inside and the positive pressure inside is preventing any oxygen intake. As the
oxygen level drops below LOC, the reaction is so slow that there is insufficient
pressure to prevent the oxygen from leaking-inside. Therefore, the oxygen level
rises during this smoldering period, until the next explosive burning starts over
again. Each explosive burning creates more oxygen leaks, so the burning intensity
is higher and higher along the way.

Before the first explosive burning, LOC is about 10.2 %, which is mainly the
LOC of methane. However, after the first explosive burning at day 13, the hydrogen
production in the mixture pulls down LOC. At day 87, the hydrogen level is smaller
and the LOC slightly rises. For most of the sealed burning time, LOC stays around
3.4, which is reflecting the major species production in a mine fire.

From Fig. 8.7a, we can find five peaks of oxygen measurement above LOC,
signifying that there are five explosive burnings inside. The intensities and dura-
tions were increased overtime, showing an increased oxygen supply via the
increased destroying power of explosive burnings.

From Fig. 8.7b, we can check the corresponding events represented as QHR
peaks. Every smoldering stage will allow more oxygen to leak inside (increasing
the explosibility), while every flaming stage will produce more fuels (increasing the
ignitability). Smoldering and flaming are alternating over time. Since the fire in a
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sealed compartment is controlled by the limited oxygen supply, QHR is dominated
by QHR2, or oxygen is limiting the total energy release. The peak at day 115 is
confirmed by field observations of explosive burning [146].

8.1.3 Fire Temperature

All existing explosibility diagrams for mine gases share a common drawback that
the temperature information is not included. Since the gases sampled are com-
bustion results from the burning fire, the oxygen level is typically very low. By
definition, if the oxygen level drops below LOC, the explosibility diagram will not
be available [108]. There are several cases where the oxygen level really drops
below LOC, showing that the impact of high temperature cannot be ignored.
Assuming the oxygen measurement is the limiting oxygen concentration in a hot
environment, we can find the scaled contribution of each component at the limit.
Derived from these scaled contributions, the critical temperature to reach that
oxygen level can be estimated. Remember, this approach only works for low
oxygen levels (especially for those oxygen levels below LOC), which is caused
strictly by explosive burning process, not valid for high oxygen levels, which are
mainly caused by leaking from outside.

According to the general observation, the flame will extinguish if the ambient
oxygen concentration drops below 11 %. However, all oxygen will be consumed in
a furnace if ambient temperature is maintained high enough. Based on this rea-
soning, a higher ambient temperature will have a scaled contribution to the reaction.
Starting from Eq. 7.23 and forcing R = 0, we have

CoHp
= oo (8.5)
1/xp +QOF — 1
where x;, Co,Hp, OF are all mixture properties for the fuel mixture. However, # is
the quenching potential of air, which is a simple function of temperature.

n(T)=1212—-0.035-T> —0.702- T (8.6)

Solving these two equations, we can find the estimated reaction temperatures
shown in Fig. 8.8. Note the assumption applies only to the low oxygen levels,
which are the results of extinction without sufficient temperature. High levels of
oxygen are the result of uncontrolled leaking, not burning, so they will generate
some unrealistic low temperatures. Ignore these temperature drops, only the
peaks are estimatable from the levels of low oxygen. The flue gas composition may
tell more information about the combustion inside if the extinction criteria are
considered properly. However, further experiments are needed to validate this
theory.


http://dx.doi.org/10.1007/978-1-4939-2665-7_7
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8.2 Critical Behaviors in a Compartment Fire

8.2.1 Introduction to Backdraft

Backdraft is a critical fireground behavior, which endangers the lives of firefighters.
It has many definitions, showing the complexity of the concept. According to
NFPA, backdraft is the burning of heated gaseous products of combustion when
oxygen is introduced into an environmental that has a depleted supply of oxygen
due to fire. The burning often occurs with explosive force. The Institute of Fire
Engineers defines backdraft as an explosion of greater or less degree, caused by the
inrush of fresh air from any source or cause, into a burning building, in which
combustion has been taking place in a shortage of air. Fire Research Station (FRS)
defines backdrafts as the deflagration due to poor ventilation. “Limited ventilation
can lead to a fire producing smoke gases containing significant proportions of
unburnt gases. If these accumulate then the admission of air when an opening is
made to the compartment can lead to a sudden deflagration, moving through the
apartment and out of the opening. This deflagration is known as a “backdraft”.
According to the Swedish definition [149], a backdraft is the combustion of unburnt
smoke gases, which can occur when air is introduced into the room where the
oxygen content is significantly reduced due to the fire. Combustion can then occur
more or less rapidly. A comparison of different definitions is provided in Table 8.4.

Here is our definition. A backdraft is a flame spread (deflagration) phenomenon,
where fuel-rich (ignitable but non-explosive) mixture in a compartment is supplied
with fresh air (ample with explosibility) and ignited, creating a fireball rushing out

Table 8.4 Definitions of backdraft

NFPA IFE FRS Sweden
Process Burning Explosion Deflagration Combustion
Cause Oxygen supply Air supply Poor ventilation Air supply
Results Explosive force - Deflagration Rapid combustion
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Fig. 8.9 The sequence of events for a backdraft produced on Bullex Flashfire simulator

of the ventilation. Since the ignition usually starts near the door, first draw-in the
air, then push-out a fireball, it is called backdraft. Before the air supply begins, the
mixture is ignitable, but not explosive. With the incoming air, the mixture is both
ignitable and explosive, or flammable, creating a fireball rushing out of the
ventilation.

With the Bullex® Flashfire simulator, we can reproduce a fireball mimicking a
true progress of a backdraft. Here is a sequence of events for a backdraft. The
simulation process is displayed in Fig. 8.9.

1. The chamber was filled with propane, up to a concentration of 2.2 % Xx
440 % = 9.7 %. The fuel vapor was visible with the addition of an aerosol. Then
the door opened a cloud of fuel vapor rushed out.

2. The igniter near the door produced a spark, which ignited the premixed flame
(bluish flame) near the door;

3. The premixed flame will rush out of the door, while the diffusion (yellowish)
flame is still visible near the door. The fuel vapor inside is still too rich to get
flame propagation throughout the space.

4. The burning fuel stream rush out of the door, forming a fireball.

From Fig. 8.9, we can see that a backdraft can occur when the fire is ventilation-
controlled at a very early stage if the compartment is closed from the outset or if
there are only limited openings. When the oxygen level drops the temperature in the
room falls too. If the door to the room is then opened the smoke gases can ignite
and cause a backdraft. When a backdraft occurs, usually the whole compartment is
fully involved in flames.
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Typically, a backdraft has the following features or steps:

Unburnt fuel gases accumulate

An oxygen-rich current comes in

There is a well-mixed area of unburnt gases and air

An ignition source ignites the gases in the well-mixed area
A turbulent deflagration occurs in the room

A fire ball is ejected out of the room.

The progress of a backdraft is demonstrated in Fig. 8.10. Flashover is also shown
as a comparison. Initially, the fire is free burning given the fuel-limited burning
status. As the burning area is growing, more fuel vapor will be released and
flashover will follow. However, if the ventilation is limited, the transition to
flashover is unfinished when the oxygen is depleted. The trapped energy will bring
out more fuel vapors, forming a fuel-rich vapor. Suddenly, the air supply is resumed
by breaking the sealed status. The ignitable but non-explosive mixture combined
with air will suddenly burst into a fireball and rush out of the compartment. Without
further fuel vapor supply, the fire will die down quickly. The hazard of a backdraft
is typically reflected on the concentrated release of trapped energy, so it is a major
hazard to firefighters in fireground operations.

8.2.2 Blow-Torch Effect

A similar phenomenon in fireground operations is called blowtorch effect. Unlike
the sudden air supply through ventilation in a backdraft, this effect is caused by a
sudden wind, leading to “a rapid developing fire that results from prevailing winds
entering a fire-vented location of a structure, which pressurizes the interior, creating
a deadly flow path of blowtorch effect flames and untenable temperatures when a
secondary opening (vent point) is created” (Bowker’s definition [150]).
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Table 8.5 Wind-driven fire incidents in FDNY [150]

Date Location Victims Stories | Fire floor
1/23/80 | 30 Montrose Avenue, Brooklyn 1 civilian fatality 16 11th
2/11/89 | 23 Horace Harding Expressway, | 3 civilian fatalities 16 14th
Queens
11/2/94 | Park Ave, Bronx 2 civilian fatalities 20 18th
1/5/96 40-20 Beach Channel Drive, 1 firefighter fatality 13 3rd
Queens
177197 1 Lincoln Place, Manhattan 18 firefighters injured |42 28th
12/18/98 | 77 Vandalia Avenue, Brooklyn 3 firefighter fatalities 10 10th
12/23/98 | 124 West 60th St, Manhattan 4 civilian fatalities, 9 51 19th
firefighters injured
4/23/01 Waterside Plaza, Manhattan 30 firefighters injured, |37 24th
4 civilians injured
9/9/04 20 Confucius Place, Manhattan 12 firefighters burned |44 37th
1/26/06 | 40-20 Beach Channel Drive, 3 firefighters burned 13 6th
Queens
2/26/06 | 20 Moshulu Parkway, Bronx 3 firefighters burned 41 24th and
25th
1/03/08 | 1700 Bedford Avenue, Brooklyn |1 firefighter fatality, 4 |25 14th
firefighters burned, 4
civilians injured
3/28/08 | Grand Avenue, Manhattan 1 civilian fatality, 45 26 4th
injured
4/2/08 Sutter Ave, Brooklyn 3 firefighters injured 22 5th

Wind is extremely dangerous in a high-rise fire, since the airflow is unstable
above the atmospheric boundary layer. A sudden wind will bring the ample
explosibility (in air) into the ignitable mixture (fuel), creating an immerse firewall
which can disorient and trap unsuspecting firefighters instantaneously. New York
Fire Department (FDNY) has observed many accidents involving blowtorch effects
(Table 8.5).

Currently most research interests on blow-torch effect focus on the wind-driven
effects and relating firefighting tactics [151]. Various curtains are proposed to block
the air supply through open windows. Positive-pressure ventilation (PPV) are
recommended to counter-balance the impact of wind. Madrzykowski [151] even
advocates that no ventilation be attempted until after the fire has been knocked
down in wind-driven fire conditions because of the danger of fire being pushed
down on the interior crews. In a wind-driven fire with firefighter casualties, the
Incident Command will be closely scrutinized and possibly be held responsible
should anything happen.

However, the real danger is the smoke explosion behavior induced by a sudden
air supply through the wind. In this perspective, a correct diagnosis of the imminent
danger in a compartment fire is more important. Through an analysis of the smoke,
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we can diagnose the danger of an ignitable but non-explosive (fuel-rich) mixture,
and take precautions against it. The flammable state of the smoke inside the
compartment is the key to both backdraft and blowtorch effects.

8.2.3 Critical Conditions for Backdrafts and Blow-Torch
Effects

Since the classical review by Croft [152], numerous researchers have studied this
topic, however, due to the limitation of existing flammability theories, the critical
backdraft conditions were represented as a fuel mass fraction of 0.10 [153], 0.16
[154], 0.098 [155], 0.0878 for natural ventilation and 0.1171 for mechanical
ventilation [156], or the ratio between the volume fraction of combustible gases
inside and the lower explosion limit of their mixture (still a fuel concentration) [157].
The reason for this diversity is that oxygen is not considered in the analyzing
scheme, only fuel is considered. The impact of a variable oxygen level is completely
ignored. With so many fuel criteria identified, it is difficult to apply them directly in
guiding fireground operations. This fact limits the universality of one rule to cover
all possible scenarios, including real mixtures from a compartment fire. Now with
the new flammability and explosibility theory, it is possible to perform a fast analysis
on the gas mixture and detect a potential smoke explosion through a gas analysis.

Traditionally, a ternary diagram is used to explain the occurrence of a backdraft,
as shown in Fig. 8.11a. This ternary diagram is taken from Gottuk et al. [154] and
has been adopted by a few other researchers [155, 156], while a diluted flamma-
bility diagram (Fig. 8.11b) can show a similar result.

Applying the concept of Heating/Quenching Ratio to the experimental data
taken from Mao et al. [156], the flammable mixtures with and without backdrafts
are clearly shown in Fig. 8.12. For those cases in which a backdraft occurred, the
explosibility is increasing along with the air while the ignitability is decreasing due
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Fig. 8.11 Flammability diagrams for hexane in a backdraft (BC = no backdraft, D = backdraft
occurred). a Ternary diagram [154]. b diluted flammability diagram
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Fig. 8.12 The transition of states for an ignitable mixture based on experimental data by Mao
et al. [156]. a Backdrafts occurred. b Without backdrafts

to dilution by air. If the non-ignitable state is reached (through dilution by air)
before the mixture turns explosive (through oxygen addition), backdraft will never
occur. This provides an effective means to detect the backdraft potential of any
mixture. The essence of backdraft control is to reduce the ignitability (via purge by
air) of the mixture before it gains sufficient explosibility (via oxygen intake) to be
explosive (ignitable). The dangerous scenario is the case when both HQRs are
above unity, which should be intervened before its occurrence.

For those cases with a backdraft occurred, the mixture is turning explosive along
with the purging air supplying explosibility, while the ignitability is decreasing due
to dilution by air. If the non-ignitable state is reached (through dilution by air)
before the mixture is turning explosive (through oxygen addition), backdraft will
never occur.

8.2.4 Controlling Strategies

From the above analysis, we can find the following conditions for a backdraft to
occur:

Accumulation of a flammable mixture without sufficient oxygen supply. The
hot mixture is fuel-rich, or full of ignitability, and oxygen-lean, lacking explosibility.

Sudden supply of oxygen in the air. Oxygen brings the explosibility. Only
when a mixture is ignitable and explosive, it is flammable. Thus a fireball is formed.

Presence of an ignition source at the right position. Usually, the ignition
source is located low in the compartment, away from the ignitable mixture, so the
mixture will not be ignited before the supplying of air. Therefore, backdraft is not a
frequent phenomenon in every fire.

Bengtssen [149] also supplied the following conditions for a backdraft.
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Fuel’s arrangement (or type of fuel). The lower the fuel’s pyrolysis temper-
ature, the easier to produce a fuel-rich mixture in the upper layer of a compartment
fire. The higher up in a room the fuel is located, the more combustible pyrolysis
product will accumulate there.

Initial opening’s location and size. The lower down the opening is, the less
pyrolysis products leak through the opening. If the opening is too small, the oxygen
supply is small, so the fire may be smothered due to lack of oxygen and heat loss
through the wall. If the opening is too large, the fire will transit smoothly into
flashover without sufficient flammable smoke accumulation under the ceiling.

Insulation in the compartment. Reduced heat losses through the compartment
wall will lead to a higher temperature rise in it. This temperature can stay for a long
time, even if the fire is almost smothered by the limited ventilation.

Now, we can develop a qualitative control strategy for preventing a backdraft. The
introduction of a diluent is to dilute the fuel stream, so the stream is non-ignitable
upon leaking into air. This is a typical type II problem, or local application of diluting
agents. Traditionally, only mist is considered as a suppression agent for preventing
smoke explosions, because it is light and expanding upon evaporation. If vaporized,
a drop of water will expand 1700 times, extremely well for diluting purpose or for
local applications. Other light agents may have the same diluting effect as mist.

However, there is no quantitative theory to understand the role of mist on local
application. Here based on the new theory in the diagrams shown in Fig. 8.12, the
controlling strategies can be represented and compared in the following diagram
(Fig. 8.13).

Curve A. The ignitability of the mixture (due to fuel) is always decreasing due to
mixing with incoming agent. Curve B. The explosibility of the mixture (due to
reduced oxygen) is increasing due to incoming air, which occurs as a result of
opening the door for ventilation. Curve C. The explosibility of the mixture is
controlled if the incoming agent (in air) has a same heating/quenching ratio (HQR),
which is adjustable by adding water mist or some inert gases. Curve D. The
explosibility of the mixture is completely suppressed by mixing with a pure inerting
agent, nitrogen or water mist. The new flammability theory will provide a better
comparison and leverage between different controlling strategies.

Fig. 8.13 Controlling A
strategies for preventing
backdraft and smoke
explosion

HQR, Flammability or
Explosibility

\

Fraction of incoming agent
(air/mist/nitrogen)
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As long as the incoming mixture (diluent + air) will not bring up the explosibility of
the mixture, the mixture with excess ignitability will be diluted and inerted eventually.
This is the safety principle for preventing both backdrafts and blowtorch effects.

8.3 Problems and Solutions

Problem 8.1 A methane leak fills a 200 m® room until the methane concentration is
30 % by volume. Calculate how much nitrogen must be added to the room before
air can be allowed in the space.

Solution:
Classical solution [64]:

The solution involves flammability diagrams and it can be shown that we need to
reduce the methane concentration to 13 % in the mixture. The simple solution
assume that as the N, is added, the initial mixture is ejected, and the amount of N,
needed is

30—13

o X 200 = 113 m?

However, there is generally no way to prevent mixing of the initial mixture with
nitrogen before its ejection, so some of the nitrogen is lost. The most complicate
solution considers this by assuming a “well-mixed” solution, leading to

%
C= Co-exp<—7N>

So Vy = =V in(&) = ~200in (%) = 167 m

New solution:

1. Using Table 4.2, find the MMR/MMF of methane, MMR = 6.005, MMR = 0.
4231
. . _ (14+R)xpp
2. The purge curve is described as x,, = g —1-:—
xpo+1 Xp0
3. To reach the non-flammable state (MMR = 0.4231), we have R = 0.72,
Xn = 04231, or xp=0.245 xp=0.177. The needed nitrogen is

Vi = =V-In(£) = ~2001n(%2£) =405 m’

4. To reach the non-ignitable state (MMR = 6.005), R = 6.005, x,, = 0.75 or
xXp = 0.107, xp = 0.643. The needed nitrogen is Vy = —V - In (CL) — ~200
In (%) =206.2 m?
All important points are demonstrated in Fig. 8.14.
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Fig. 8.14 Flammability diagrams {a Ternary [64] b Diluted} for purging

Problem 8.2 There is a potential CO leakage in a 100 m” room, how much diluent
(N,) is needed to fully inert this compartment against any CO leakage? Without an
experimental flammability diagram, redo your estimations based on theoretical

flammability diagrams.

Solution:
This problem can be solved in two ways, using experimental data and using theory.

(@)

(b)

Using experimental data, the minimum inertion concentration is directly read
from the standard flammability diagram as MIC = 0.575 for Nitrogen. So the
initial oxygen concentration is 0.2095, the target oxygen concentration is
0.2095*%(1 — 0.575 — 0.575/4.079) = 0.0595. Or MOC is estimated as
MOC = 0.2095 - (1 — x ) = 0.2095 x (1 —0.709) = 0.061.

In order to achieve this oxygen concentration, the total volume of diluting
nitrogen is

B X 0.0595 ;
Vao = =Vo+In 2= —100 - In g os = 125.9m

without experimental data, the inertion point for nitrogen is determined as

CoHpl — AQr — CoQp _ 0.2095 x 0.5 x 15.59 —0.2095 x 0.8 —0.5 x 1 464

Ry =
Lo 70p 0.2095 x 0.992
On 1
ALu = O + CoHo __Or _ OoRw [ 1 03xI550 _ 08 _ 0.992x464 = 0.702
m T 1+Ry — T+Rp  1+Ruy 11464 T+4.64 T+4.64

Then the critical concentration is determined as

Riy 464
T+ Ry T 11464
MOC = 0.2095 - (1 — xzy) = 0.2095 x (1 —0.702) = 0.0624

MIC = -0.702 = 0.578
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In order to achieve this oxygen concentration, the total volume of diluting
nitrogen is
0.0624

X2 3
Vi = Vo 122 = —100 - In— — 1211 m’
Ny oy 10.2005 m

The critical points for this problem are displayed in Fig. 8.15.

Problem 8.3 As part of a hazard analysis of a particular room fire, the composition
of the hot layer during fire development has been estimated. The results of the
analysis indicate that the following composition represents the highest concentra-
tion of fuel gases expected:

Hot layer temperature = 700 K, 10 % methane, in the form of CHy, 2 % CO, 1 %
Hy, 15 % CO,, 2 % O,, 70 % N,. Cold layer temperature = 300 K, 20 % O,, 79 %
N,. Will this hot layer burn? [79]

Solution:
Step 1. Find the thermal signature of the fuel mixture through weight-averaging in
spreadsheets.
(a) (b)
09 o8
Q0 0 0 0 OO0 O &
0Bky = 07
o %'.';5"% [ S O o SO O T O OO > I
+ 07 o = 1
’ 2 o o i
oo rxcosee __ 1 B o0 | |
- 05 H 0 o :
£ ol 0%a° |
& 050} !
Eoaf o i '
3| 52 : | !
= 1 1
“ o1 0° H | 0.1 | i
4 . I Ry=2.144 Ry,=4.073 ) R,=2.63] | R, =4.64]
] 1 2 3 4 5 30 1 2 3 4 s
Diluent/fuel ratio, R=x_/x_ Diluent/fuel ratio, R=x/x,
(c) (d)
09 [
0ar O CO+N, 02f o :?I‘:;
} 1 I B
o7t 8 o Gosco, \ mimiimim LFC line
¢ i —————— LOC line
08 - o i MOC line
& | Q 3
oS5
| o
X153
0z} a
04| COTTED QoG Le ._\ .
L, _ Mic=0.401; 1IC=0.575 _ iLFC=p.197, e
g 0 02 04 08 0g 9 o1 02 03 04 05 08 07 08 09 1
Diluent, x,, Fuel, x,

Fig. 8.15 Flammability diagrams for CO safety. a Experimental diluted diagram. b Theoretical
diluted diagram. ¢ Standard flammability diagram. d Explosive triangle diagram
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CO CHy4 H, Mixture
Co 0.50 2.00 0.50 1.65
X 12.50 5.00 4.00
Xy 74.00 15.00 75.00
Or 0.80 13.81 3.51 11.01
Ho 15.59 16.40 55.02 19.25
Fraction 0.15 0.77 0.08

Step 2. Find the thermal signature of the mixture

FHP = CoHopxp = 1.65 x 19.25 x 0.13 =4.13
OHP = Hpxp = 19.25 x 0.02 = 0.385

oP = ZQF,,- .x; = 1.05 x 0.02 4+ 15.59 x 0.02 + 16.40 x 0.1
1+55.02 x 0.01 4+ 1.75 x 0.15 + 0.992 x 0.7 = 2.41

Step 3. Find the temperature correction factor for the hot layer.

E;
n(T) = ——=1212-0.035-7° = 0.702- T

=1.212 - 0.035 x 0.7> — 0.702 x 0.7 = 0.70345

This hot layer temperature will affect the quenching potential of the
mixture

QP =2.41 x0.70345 = 1.695

Therefore, the mixture has

FHP 4.13
HOR, = — -
OP x n(T) ~ 2.41 x 0.70345
HoR, — —OHP 0385 s

OP x n(T) ~ 2.41 x 0.70345

This hot layer is ignitable (HQR; > 1), but non-explosive (HOR, < 1).
Step 4. If mixing with cold air, HOR, is decreasing, while HOR, is increasing

413 x (1 = xq)
2.41 x 0.70345 x (1 — xgr) + 1 - Xair
0.385 x (1 — X4iy) + 0.2095 - x,0, - Ho
2.41 x 0.70345 x (1 — xgr) + 1 - Xair

HOR, =

HOR, =

These two curves are displayed in the diagram below.
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This diagram shows that if diluted by cold air, the mixture has a potential to
ignite and burn between the air fraction of 0.28 and 0.72. Before that range, the
mixture is ignitable, but non-explosive. After that, the mixture is explosive and non-
ignitable.



Chapter 9
Summary and Conclusions

Instead of focusing on the delicate energy balance at critical limits, the conservation
of energy by mass transfer is explored in this monograph. More fundamental
concepts, such as ignitability and explosibility, are given new meanings using
oxygen thresholds. Here is a review of basic assumptions and what can be achieved
using the thermal balance method. It provides a systematic approach or an engi-
neering approach toward common safety problems on mixture flammability.

9.1 Review of Basic Assumptions

9.1.1 Assumption on Constant Flame Temperature

In order to apply the energy balance, one necessary assumption is the constant
flame temperature at limits. Similarly, one of the premises to apply Le Chatelier’s
rule is the assumption on constant flame temperature [66]. The flame is only
propagated (or ignited, or burnt) if a certain minimum temperature can be main-
tained in the flame boundary, which is approximately constant for a given com-
bustible. Here we will check the history of this assumption by previous researchers.

The idea of using flame temperature for predicting gas limits is not new, it was
assumed in 1914 [158] that the ignition temperature of a gas mixture at concen-
trations similar to those present in a lower-limit mixture does not vary much with
the concentration of the inflammable gas. This assumption has not been proved to
hold generally, but it has been shown to hold for hydrogen-oxygen mixtures by
Dixon and Crofts [159], while Tizard and Pie [160] believe that the ignition tem-
perature changes little throughout the whole range for Heptane-air. It has also been
shown [44] that at the lower limit in ammonia-air and -oxygen mixtures the the-
oretical flame temperature remains practically constant for a range extending from
the ordinary temperature to 450 °C.

Egerton [50] found that there is no synergistic effect in flame propagation, and
the adiabatic flame temperature at the lean flammability limit remains approxi-
mately constant in hydrocarbon-air mixtures. His observation supports the thermal
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view in this work that the flammability is a result of a thermal balance between heat
release and heat absorption, with other heat losses playing a minor role on flame
propagation. Egerton is a pioneer on the chain-reaction theory of combustion, who
insists the critical flame temperature on flame propagation. Whether combustion
takes place or not is dependent upon the temperature of the flame being sufficient to
maintain a certain boundary flame temperature. This threshold provides a certain
concentration of active radicals in the boundary region and inflammations produced
in the unburnt gas mainly from the radical derived from the flame [35]. However,
White [44] showed that there was no relation between limits for propagation and
flame ignition temperature as originally projected.

In reality, there is no such a constant flame temperature to follow. Dixon and
Coward [161] showed that the ignition-temperatures of the paraffin hydrocarbons
appear to fall slightly as the series (C,H,,+2) is ascended. In attempting to use this
equation for the calculation of the quantities of the paraffin hydrocarbons necessary,
one is faced with the difficulty that their ignition-temperature are very ill-defined [6].

However, if Burgess and Wheeler’s relations holds true, the critical adiabatic
flame temperature should be nearly constant [5]. Zabetakis [43] used 1300 °C as the
threshold for flammability. It has also been common knowledge for a long time that
the computed (equilibrium) adiabatic flame temperature for lean-limit mixtures in
air cluster near 1500 or 1600 K for many hydrocarbon-type fuels [104]. Mashuga
and Crowl [162] used a 1200 K threshold and obtained reasonable estimates of the
flammable regions for the gases methane and ethylene. Hertzberg et al. [163]
showed that methane flammability could be predicted using CAFT isotherms in the
1500-1600 K range. Melhem [41] used a 1000 K threshold to predict flammability
limits. Beyler [164] reviewed the history of using 1600 K as the critical threshold
for predicting fire extinction. In a recent research [165], a CAFT threshold tem-
perature of 1200 K was used to predict flammability limits of vapor mixtures.

The real flammability limit temperatures are not constant. However, there is no
published database for determining flammability by flame temperature. Some
algorithms for predicting the limit temperature, such as Mathieu’s work [166], were
proposed. However, the safety problem does not require a precision on critical
limits, so it provides the arena for engineering methods in this monograph.

9.1.2 Assumption on Oxygen Calorimetry

The role of oxygen has two meanings on flammability theory. Firstly, it means a
conversion from chemistry to energy (physics). White [44] noticed that the amount
of oxygen available for the combustion of a vapor in its limit mixture bore a fairly
constant ratio to the amount required for the perfect combustion of 1 molecule of
the vapor. That means the “oxygen using capacity” is roughly constant. Egerton and
Powling [35] confirmed this finding, “the heat of combustion per mole of the
mixture” is most important in governing the limit [5]. Britton [48] stresses the
universal role of oxygen in flammability theory, and used the heat of oxidization in
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his series of correlations. The ratios of the lower limits of the individual constituents
to the amount of oxygen required for theoretical perfect combustion are about the
same. Huggett [90] further generalized this principle for solid fuels, and called it
oxygen calorimetry, which later became the foundation of heat release measure-
ment. Under this reasoning, more correlations based on stoichiometric oxygen
number were proposed than on the heat of combustion [17]. Britton [59] used this
oxygen calorimetry as the threshold for defining explosive materials.

Secondly, the availability of oxygen limits the heat release at the upper limits. As
Thornton [89] first proposed, the upper limit bears a direct relation to the amount of
oxygen needed for prefect combustion (theoretical complete combustion), which is
called Thornton’s rule. This rule makes the energy conservation at upper limits
possible, which is also vital to the success of the thermal balance method.
Explosibility is based on the delicate balance between oxygen-based heat release
and mass-based heat absorption. Therefore, Thornton’s rule sets the foundation of
explosibility. Jones and Kennedy [107] discussed the prevention of gas explosion
by controlling oxygen concentration. The diluted flammability diagram was pro-
posed to guide the inerting operations. They found that carbon dioxide is more
effective than nitrogen as a diluent, so the concept of MOC and flammability was
implicitly assumed. Their method is still a major means against potential explosions
in a confined space (type I problem).

9.2 What Is New?

As a summary, we need to find out what is new in this monograph. Frankly, there is
nothing first proposed in this work. Major concepts first appeared elsewhere. For
example, Crowl and colleagues [66, 109, 162, 167] have utilized the concepts of
ISOC and OSFC in protecting storage tanks, while Schréder and his colleagues [70,
78, 127, 168, 169] have identified critical points and lines in a ternary diagram.
What is missing in the past is a rigorous theory from fundamental principles. Here a
framework of theory is established upon the thermal balance, allowing us to check
all flammability-related concepts and methods. So old concepts are given new
meanings under the principle of energy conservation. In summary, this monograph
is built upon one method, two problems, three concepts and four diagrams, with
five applications. Let us go over them one by one.

9.2.1 Thermal Balance Method

The concept of using CAFT to find the mixture limits is not new. Hansel [170] has
already adopted this concept in solving mixture problems using commercial soft-
ware while Mashuga et al. [162] tried to develop flammability diagrams using
critical temperatures. What is new here is a binary view on each species in the
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mixture [15]. All species has a mass, with a non-zero quenching potential, while
fuel or oxygen can release energy, with LFL controlled by fuel and UFL controlled
by oxygen. This binary treatment makes the contribution of each species cumula-
tive and additive, thus making a hand-calculation possible. The primary utility of
this method is to find the flammable limits of a flammable mixture. Since the
estimated results are highly dependent on the accuracy of the inputs, any errors
introduced by initial measurements will be passed on to the estimated results. For
some flammability data, the published LFL. may be small in value. Caution should
be taken in using these data for predictions. This method is in essence a conversion
scheme, converting one limit condition to another, which has been confirmed by
flammability diagrams.

In fact, all estimation methods are dependent on the assumption on flame tem-
perature or flame structure explicitly or implicitly. Hydrogen changes the flame
thickness through its diffusivity, thus decreasing the flame temperature. Halon 1301
changes the flame temperature through its scavenging effect on reacting ions. Both
will be difficult to predict using this theory. This limitation applies to other esti-
mation methods, including LCR and Beyler’s method, because all estimation
methods are based on the assumption of a constant CAFT. This method is better
than other methods because it considers the contributions from the quenching
potentials of fuel/oxygen/diluents, which are not covered in other works. Though
equivalent with Le Chatelier’s Rule mathematically, a comparison is provided in
Table 9.1.

The utility of the thermal balance method has grown beyond mixture flamma-
bility. In addition to mixture flammability estimation, the thermal balance method
provides additional functions:

1. A temperature dependence replacing modified Burgess-Wheeler’s law;

2. Theoretical flammability diagrams based on limited inputs;

3. Critical points and lines on ignitability, flammability and explosibility.

4. A graphical representation of controlling variables and safe operation routes.

Table 9.1 Comparison of the thermal balance method with Le Chatelier’s Rule

Thermal balance method | Le Chatelier’s Rule
Limitation on No limitation Fuels only
components
Temperature Mixture enthalpy Background air enthalpy only (modified
dependence Burgess-Wheeler’s law)
Treating diluents Using quenching Using diluted flammability diagram or
potentials ISO10156 method
Nature Derived from Empirical
fundamental principles
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9.2.2 Two Types of Problems

This work also solves two types of flammability problem. Type I problem is a static
inertion problem, with flammable mixture in a confined space. The purpose of inertion
is to control the explosibility in the mixture, where the oxygen level can be controlled in
a confined space. Total flooding the space is a typical type I problem. For type I
problem, we have MOC and LOC, representing flammability and explosibility
respectively. MOC is required for supporting the flame propagation, while LOC is
required for supporting explosive burning. LOC defines the minimal oxygen require-
ment to fully consume the fuel, so it is a fuel property. Each fuel has its unique LOC
with a specific diluent. MOC defines the oxygen level to support flame propagation,
which is a process property. MOC only applies to the condition of the inertion point (or
nose point), where the explosibility (LOC) line and the ignitability (LFC) line cross each
other. MOC is a concept in flammability, while LOC is a concept in explosibility. It is
difficult to derive a simple expression for MOC, since the energy conservation for flame
propagation is too delicate to develop into a mathematical expression.

If the oxygen level drops to MOC, we defined 1< 4; as “non-flammable” (since
oxygen is lean), or simply “inerted” (since the role of diluent is both diluting and
quenching). LOC provides the necessary oxygen to fully consume the fuel, while it
can be fully determined from the thermal properties of the fuel. Or LOC is the total
oxygen requirement to match fuel (LEL), so it is more fundamental. If 1 <4, the
flammable envelope is shrinking to nil, so the mixture is non-explosive or fully
inerted. Here “inerted” is a good expression, since the role of diluent is not only
diluting (causing oxygen depletion), but also heat absorption.

In contrast, type II problem is a dynamic dilution problem with flammable
streams leaking into ambient air. The purpose of dilution is to control the ignit-
ability of the fuel stream, which is released into the air of fixed explosibility. Local
application of a suppressant is a typical type II problem. Since the background air in
the open cannot be controlled, more agents are needed to dilute the fuel so the
ignition is not possible in air. For type II problem, we have MFC and LFC, rep-
resenting flammability and Ignitability respectively. Limiting Fuel Concentration
(LFC) is used to control the ignitability of the fuel stream. Analogous to LOC, LFC
is the critical fuel fraction, which does not support ignition, even in air. MFC is the
critical fuel fraction when air is involved at the inertion point or the nose point.
Therefore, MFC is a concept in flammability, while LFC is a concept in ignitability.
If 2, =0.2095 is reached, the diluted flammable envelope is tilted outside the
effective domain, or the background oxygen is insufficient to support ignition. Then
no ignition is possible. So we label it as “non-ignitable” (since fuel is too lean) or
simply “diluted”. Previously, we say the fuel is inerted by the diluent, if it cannot
support ignition of any kind. Here “diluted” is a preferred word to stress the lean
state of the fuel mixture and the volume displacement by a diluent.

A side-by-side comparison between two types of problem is shown in Table 9.2.

For an inerting problem (type I problem), the role of a diluent is to reduce the
concentration of oxygen in the background, or reducing the explosibility of air. For a
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Table 9.2 Summary of two types of problems on flammability

Type I problem

Type II problem

Typical Sealed underground coal fires or filling | Leakage of a flammable/diluent
scenario a liquid fuel tank mixture into air or emptying a liquid
fuel tank
Typical Is the mixture self-flammable? Is the mixture ignitable in air?
question
Fuel Confined space Open/confined space
Operation Purge/dilution Dilution
Suppression | Total flooding Local application/total flooding
mode
Safety goal | First control explosibility (oxygen), Control ignitability (fuel)
then control ignitability (fuel)
Role of First, inerting air by diluting the Inerting fuel by diluting the fuel
diluent oxygen, later inerting mixture by
diluting the fuel
Target Control the flammability (oxygen) and | Control the ignitability (fuel) of the
explosibility (fuel) of the mixture mixture
Target of With fuel, xp </; (non-flammable) xo = 0.2095 </, (non-ignitable)
inertion Without fuel, xo </, (non-explosive/
ignitable)
Fuel - Without oxygen, xr <[5, (non-
ignitable)
With oxygen, xg <f5; (non-
flammable)
Diluent With fuel, xp > MIC (non-flammable) | With oxygen, xp > MIC (non-
flammable)
Without fuel, xp > 1 — 4.7737, (non- | Without oxygen, xp > LDC =
explosive/ignitable) 1 — f, (non-ignitable)
Critical MMF = xp +xp > 1—4.773 -/ MMR = xp/xr > Ry
parameters

MMR = XD/XF > Ry

dilution problem (type II problem), the role of a diluent is to reduce the concentration
of fuel in the fuel stream, or reducing the ignitability of fuel. Combined together, the
flammability of the mixture is determined. They have different working mechanisms
and controlled by different flammability diagrams as shown below.

9.2.3 Three Concepts

Though ignitability and explosibility are not new concepts, they are poorly defined in
the past. Here they are reused to label the property of fuel and air respectively. A
demonstration of three critical concepts is supplied in Fig. 9.1. By analyzing the
physical meaning in a flammability diagram, it is found that ignitability is
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Fig. 9.1 Three concepts are
properly demonstrated in an
explosive triangle diagram

Ethyl Alcohol + N,
- air line

+ MOC line

« LFC line

LOC line

i Explosibility T Yy
&\ __—lgnitability . . i
0 psFc 025 05
Fuel, x,

fundamental to fuel, while explosibility is fundamental to air. Flammability is a
special case (at the inertion point) on both LOC and LFC lines. If this inertion point
can be determined by reading experimental flammable envelope, all critical operation
parameters can be derived, giving it a pivotal position in any flammability diagram.
By establishing a database (like Table 4.2) on this inertion point, it is possible to

derive any dilution requirement without the help of a flammability diagram.
A comparison of these three concepts is provided in Table 9.3 to show the utility
of these concepts in solving flammability problems. Figure 9.1 demonstrates these

Table 9.3 Summary of three critical concepts in flammability diagrams

Ignitability Flammability Explosibility
Property Material property Process property Material property
Associated | Fuel Fuel/oxygen Oxygen
with

Safe status

Non-ignitable (fuel-lean,
fully diluted)

Non-flammable

Non-explosive
(oxygen-lean,
fully inerted)

Physical Background oxygen in air | Insufficient oxygen in Insufficient oxygen in

meaning is insufficient to support air to support flame air to support explosive
ignition propagation burning

Flammable | Flammable envelope tilts | — Flammable envelope

envelope out of the domain by shrinks to nil by inertion
dilution

Problems Type IVlI Type 1 Type VI

Fuel xXp <P, xr<py xp = 1< f3,, impossible

Oxygen xo = 0.2095 < ),2 X0 < )vl X0 < /lQ

Concepts LFC/LDC MMF/MIR/MMR/ LOC/LIC

MOC/MFC/MIC
Major role | Inerting fuel by diluting Inerting air by diluting | Inerting air by diluting
of diluent the fuel both the oxygen and the | the oxygen

fuel
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three concepts in one diagram. Their fundamental difference come from the ignition
criterion, whether the mixture support ignition, flame propagation or explosion,
which can be expressed as an oxygen criterion. Therefore, their physical meanings
are clear and meaningful. The essence of flammability lies on more fundamental
concepts of ignitability and explosibility. The major purpose of this monograph is
to explain these concepts in flammability diagrams, so all gas-safety related
problems can be solved directly or intuitively.

Here MOC is the old concept of LOC, LOC is the traditional concept of ISOC,
and LFC is the traditional concept of OSFC. Therefore, there is no new concept
introduced in this monograph, while all concepts are redefined and reorganized
around flammability diagrams. With right oxygen thresholds, ignitability, flam-
mability and explosibility are better defined for describing critical points in Fig. 9.1.

9.2.4 Four Diagrams

Finally, we have four types of flammability diagrams discussed in detail. Given the
importance of critical points in determining the flammable state and purge/dilution
requirements, we can demonstrate the purge or dilution routes in any of the four
flammability diagrams. All diagrams are equivalent and interchangeable with a
simple conversion scheme. Using which diagram depends on the operation target and
familiarity. Here we have a comparison of four diagrams summarized in Table 9.4.
These four diagrams have different priorities in presenting data. Standard dia-
grams are used frequently for presenting experimental data, while ternary diagrams
are usually used to demonstrate the dilution and purge operations. A diluted dia-
gram is most fundamental in presenting the inertion point, while an explosive
triangle is comprehensive to demonstrate major critical points. Failing to compare
all four diagrams is a major reason of conflicting views on various critical points.
This monograph tries to unify these concepts with the help of all four diagrams.

Table 9.4 Comparison of flammability diagrams

Standard Diluted diagram | Explosive Ternary diagram
diagram triangle
Inputs Xp, Xp R, xm XF, X0 Xp, Xp, X0
Major outputs | MIC MMR, MMF LOC, LFC, LOC, LFC, LDC/LIC
LDC/LIC, MOC, MFC, MIC
MOC, MFC,
MIC
Advantages Read dilution | Fundamental Clear Reading data directly;
requirement parameters; easy | definitions of | clear definitions of
directly to derive other LOC and LFC | LOC and LFC
parameters
Disadvantages | Difficult to Need a Need a Difficult to apply
find LOC conversion to get | conversion to | analytical solutions
XD, XF, X0 get MIC
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Though the method outlined in this monograph is powerful enough to solve all
flammability-related problems, five typical problems are solved in this work. They
are:

The analysis and diagnosis of combustion products from a sealed mine fire;
The compartment fire diagnosis for backdrafts and blow-torch effects;

The factors affecting the flammability of clean-combustion technologies;
The critical flammability ratio for refrigerant mixtures;

Safe operations before filling or emptying a fuel tank.

Nk =

9.3 Why a Comprehensive Flammability Theory
Is Difficult to Establish?

Here comes the final question, why a flammability theory is difficult to establish?
After 200 years of experimental and theoretical work, we are still living on islands
of knowledge without a coherent theory on flammabilty.

One reason deals with the complexicity of flame propagation. Radiative heat loss
[171] determines the flame speed, whereas the ambient pressure [172] makes a
contribution. The original definition of flammability, to support flame propagation
indefinitely, is ambiguous on the flame speed, so there is some uncertainty on
critical threshold. The flame propagation criterion is simple in experiments, but
difficult to quantify in numerical or theoretical analysis. Numerical experiments,
such as [121] and [172], can have different results if the threshold is changed, as
shown in Fig. 7.3. This puts the prediction of mixture flammability in a delicate and
sensitive position. If one of the ambient parameters is changed, the results can be
sharply different. In contrast, mass transfer is dominating the heat transfer process.
Flame temperature change primarily as a result of mixing. Only when the tem-
perature is approaching the critical value, radiative loss fraction becomes signifi-
cant. The methodology in this monograph is focusing on the mass transfer side
instead of the heat transfer side of a flammability problem.

Another reason is that flammability is a process concept or a mixture property,
which relies heavily on local oxygen and diluent to support the flame propagation
process. Flame propagation always depends on a series of environmental factors,
such as the direction of flame propagation, the design, diameter, and length of the
test apparatus, the temperature and pressure of the mixture at the time of ignition,
the percentage of water vapor present, and indirectly by the source of ignition.
Therefore, flammability is not a fundamental material property. It was chosen
mainly because the ignition criterion is easy to follow in flammability tests, while
an ignitability or explosibility test is too ideal to perform. In addition, the MFC line
and the MOC line are used as dividing lines, both are not fundamental as the LOC
line or the LFC line. Therefore, flammability is not fundamental to that fuel. Only
because flammable limits and explosive limits are close to each other for a pure fuel
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burning in air, and explosive limits and ignitable limits are equivalent in a confined
space (type I problems), it was assumed flammability and explosiblity are inter-
changeable, giving the flammability a dominant position for the past two centuries.

Zabetakis [43] noticed that the modified Burgess-Wheeler’s law cannot predict
the temperature dependence correctly. The surface reason is that the contribution of
fuel is not included in the extrapolation scheme, while the core reason is that
Burgess-Wheeler’s argument is based on the concept of ignitability (of fuel), while
most data are taken under flammability tests (of mixture). Without knowing the
difference between flammability and ignitability, most energy conservations were
biased towards fuel, further complicating the flammability problem where oxygen
plays a vital role. Failing to differentiate the concepts between explosibility and
ignitability is the major reason that the energy principle does not work properly in
almost all previous work.

In contrast, explosibility and ignitability are more fundamental and abstract
concepts. Explosive limit is the limiting oxygen concentration (LOC) for supporting
explosive burning, while ignitable limit is the limiting fuel concentration (LFC) for
supporting ignition initiation. Explosibility is a simple conversion from oxygen to
fuel and the capability of background air to support flame propagation, being more
fundamental to the background air. Ignitability is the capability of the fuel in the
stream to support ignition, fundamental to that fuel. Theoretically and idealistically,
you need to remove fuel to find the explosibility of the background air, or remove
oxygen to find the ignitability of the fuel stream. They are not easy to realize in any
experimental setup. However, Ishizuka and Tsuji [113] and Simmons et al. [114]
did measure the explosibility and ignitability in counter-diffusion flames. Instead,
the critical ignitability (LFC) line and the critical explosibility (LOC) line can only
be extrapolated from the flammability diagram, and they decide the position of the
inertion point, or the flammability. Flammability is a delicate balance between
explosibility and ignitability, not a fundamental property of that fuel. A summary of
major misunderstandings is provided in Table 9.5.

There is nothing new under the sun. For the fundamental concepts of explosi-
bility (ISOC/LOC) and ignitability (OSFC/LFC), Ishizuka and Tsuji [113] and
Simmons et al. [114] measured them, Crowl and colleagues [109] extrapolated

Table 9.5 Misunderstandings hindering a coherent flammability theory

Traditional views [70, 109] Current views
Energy Fuel-based energy release: Oxygen-based energy
conservation Xy, - AHC =K release: )2 ACI:IC =K
Limiting oxygen Flammability: 2; = Cp - x. Explosibility: 1, = CO AL
concentration g
Role of fuel Out—of—s.ervice fuel cor}ncentration Ignitability: f, = ;75— RLl/
(OSFC) XOSFC = m
Role of oxygen In-service oxygen concentration Explosibility: 4, = Cu %,
(ISOC): xis0c =52 2
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them in a ternary diagram. Schréder and his colleagues [70] utilized these concepts
implicitly in developing ISO10156 methods. However, they all failed to relate the
ignition criteria to their findings. These ignition criteria are closely related to a fuel-
based energy release or an oxygen threshold. These concepts are not following the
classical definition of flammability, to propagate flame indefinitely. They are unified
in this monograph.

In order to utilize the original definitions for ignitability, flammability and ex-
plosibility, a framework of mathematical treatment is needed. Thermal balance
method in this work is serving as a powerful tool to derive the ideal cases (ex-
plosibility and ignitability) and the special case (flammability). With clearly defined
oxygen thresholds, ignitability, flammability and explosibility are also properly
defined. Utilities of various flammability diagrams are demonstrated in safe oper-
ations (dilution and purge) or suppression modes (total flooding and local appli-
cation) on flammable gases and vapors. This is the major mission of this monograph
and mission is accomplished.
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